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ABSTRACT

Understanding how interactions between vectors, hosts, and pathogens, as well as their
responses to climate and landscape conditions, influence disease emergence events is crucial for
planning effective disease monitoring and control strategies. In southern Québec, the emergence
of Lyme disease has been attributed to the northward range expansion and increase in abundance
of both the disease vector - the black-legged ticks (Ixodes scapularis Say), and the reservoir host
— the white-footed mice (Peromyscus leucopus Rafinesque). The goal of my thesis is to quantify
interactions between populations of black-legged ticks and white-footed mice in southern
Queébec, as well as their individual responses to landscape heterogeneity using the multi-taxa
integrated landscape genetics approach (MTILG). MTILG can provide valuable insights on
biotic and abiotic variables that influence zoonotic disease emergence in a region by revealing
correspondences in spatial genetic patterns that distinguish possible cases of species-coupled
dispersal or shared spatial dependence, and identifying landscape variables and the extent to

which they influence species movement.

When | investigated white-footed mouse population structure relative to the landscape and
examined spatial morphological variation among populations, | found that white-footed mouse
populations in southern Québec exhibited significant genetic differences among populations that
could be explained by the presence of barriers to gene flow. There was also evidence of
adaptations for dispersal and range expansion in the form of a significant and positive correlation
between mouse foot length and latitude. | found evidence of weak genetic differentiation among
populations of black-legged ticks, as well as multiple genetic signatures of frequent long-
distance dispersal events, supporting the hypothesis that migratory passerine birds are the
primary transport of black-legged ticks into southern Québec. Furthermore, | found that tick
genetic diversity exhibited greater temporal variation than spatial variation, a result that | was

able to utilize to determine stages of establishment for each tick population.

Finally, using structural equation modeling that incorporated insights from the previous
chapters, along with climate and landscape variables, | was able to produce a model that
successfully projected current Lyme disease risk observed in the field. The model revealed that
Lyme disease infection risk (defined here as the prevalence of Borrelia burgdorferi at a site) was

significantly dependent on climate-based disease vector occurrence probability. This model can



be a useful tool for projecting future Lyme disease infection risk in response to changing climate
and landscape conditions, and can also be used to assess the potential effectiveness of different

disease intervention strategies (e.g. land management policies vs. host culling).

The research in this thesis reveal the importance of an integrated approach for
understanding some of the underlying variables influencing disease emergence events, and for
more accurate and reliable predictions of disease risk that are essential for disease control and
monitoring efforts. Insights obtained from my work will prove valuable in future efforts to
control and monitor Lyme disease emergence in southern Québec, and at the same time serve as
a useful source for raising both public and physician awareness of the emerging Lyme disease

threat in Québec and the rest of Canada.



RESUME

Comprendre comment les interactions entre les vecteurs, les hotes et les agents pathogenes,
ainsi que leurs réponses au changement climatique et la structure du paysage, influencent
I'émergence des maladies zoonotiques infectieuses est essentielle pour la planification efficace
des stratégies de surveillance et de contr6le de ces maladies. Dans le sud du Québec, I'émergence
de la maladie de Lyme a été attribuée a I'expansion vers le nord et I'augmentation de I'abondance
a la fois du vecteur de la maladie - la tique a pattes noires (Ixodes scapularis Say), et de I’hote
réservoir - la souris a pattes blanches (Peromyscus leucopus Rafinesque). Par conséquent,
I'objectif de ma these est de quantifier les interactions entre les populations de tiques a pattes
noires et de souris a pattes blanches dans le sud du Québec, ainsi que leurs réponses individuelles
a I’hétérogénéité du paysage en utilisant une approche génétique intégrée multi-taxons du
paysage (MTILG) (chapitre 2). Cette approche peut fournir des indications précieuses sur les
variables biotiques et abiotiques qui influencent I'émergence des maladies zoonotiques dans une
région, en révélant des correspondances spatiales entre les patrons de différentiation génétique
qui distinguent les cas possibles de dispersion d'especes-couplée ou partageée, et d'identifier la
dépendance spatiale avec les variables du paysage et dans quelle mesure elles influencent le

mouvement des espéces.

Lorsque j'ai étudié la structure de la population de la souris a pattes blanches par rapport au
paysage et examiné la variation morphologique spatiale, j'ai trouvé que les populations de souris
a pattes blanches dans le sud du Québec présentaient des différences génétiques importantes
entre les populations qui pouvaient étre expliquées par la présence de barriéres au flux génique.
J’ai aussi détecté une signature possible d'adaptations pour la dispersion et I'expansion de l'aire
de distribution de la souris sous la forme d'une corrélation positive entre la longueur de pied et la
latitude. La tique a pattes noires présente une faible différenciation génétique entre les
populations, ainsi que la signature génétique de fréquentes dispersions a longue distance, qui
appuie I'nypothése selon laquelle les oiseaux passereaux migrateurs sont la source primaire des
tiques a pattes noires dans le sud du Québec. En outre, j'ai trouvé que la diversité génétique de
tiques présente une plus grande variation temporelle que spatiale, un résultat que j'ai été en
mesure d'utiliser pour déterminer les stades d'établissement de chaque population de tiques.



Enfin, a I'aide d’un modele d'équation structurelle et en utilisant les résultats des chapitres
précédents sur I’influence du climat et des variables du paysage, j'ai été en mesure de produire un
modele qui a projeté avec succes le risque de la maladie de Lyme observé sur le terrain. Le
modele a révélé que bien que le risque d'infection par la maladie de Lyme (défini ici comme la
prévalence de Borrelia burgdorferi a un site) était significativement dependant de la probabilité
d'occurrence du vecteur de maladies en fonction du climat. Ce modele peut étre un outil utile
pour la projection du risque futur d'infection par la maladie de Lyme en réponse a I'évolution du
climat et des conditions du paysage, et peut également étre utilisé pour évaluer I'efficacité
potentielle de différentes stratégies d'intervention (par ex. les politiques de gestion des terres ou

I'eradication des hotes).

Mes travaux de recherche révelent I'importance d'une approche intégrée pour la
compréhension de certaines des variables sous-jacentes qui influencent I'émergence des maladies
zoonotiques et obtenir des informations plus précises et fiables pour prédire le risque de maladie
qui sont essentielles pour les efforts de controle et de surveillance de la maladie. Les resultats
obtenus a partir de ce projet s'avéreront utiles pour les efforts futurs pour contréler et surveiller
I'émergence de la maladie de Lyme dans le sud du Québec, ainsi que de servir de ressource pour
augmenter la sensibilisation du public et des médecins sur la menace de la maladie de Lyme en

émergence au Québec et dans le reste du Canada.
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CHAPTER ONE

General Introduction

EMERGING INFECTIOUS DISEASES

An emerging infectious disease is defined as ‘an infectious disease whose incidence
increases following its first introduction into a new host population or whose incidence increases
in an existing host population as a result of long-term changes in [its] underlying epidemiology’
(Woolhouse and Dye 2001). Disease emergence events have often been attributed to several
factors acting independently or in unison (Jones et al. 2008, Engering et al. 2013). For example,
genetic drift or shifts resulting from selective pressures have resulted in microbial adaptations
that have produced drug-resistant pathogen strain types (Schrag and Wiener 1995). Similarly,
evolutionary processes and increase encounter rates between humans and wildlife have also
allowed for cross species infections, producing new pathogenic species or strain types that are
now capable of infecting humans (Daszak et al. 2000). Meanwhile, climate change and land use
change have resulted in ecological changes across different regions of the world, promoting
disease vector and pathogen invasion (Patz et al. 2008, Johnson et al. 2015). Finally, changes in
human demography have further facilitated the rapid spread of diseases across the world,
rendering disease outbreaks difficult to control without employing excessive measures like
mandatory quarantines and mass health screenings. Struggles to contain and manage the sudden
and rapid emergence of these diseases can be labour-intensive, time-consuming, and resource-

draining (Daszak et al. 2000).



Emerging vector-borne zoonotic diseases

Zoonoses, or infectious diseases that can be transmitted between animals and humans, are
of particular interest to health officials. According to the Centers for Disease Control and
Prevention (CDC), over 70% of recently emerging infectious diseases has animal origins and
roughly 60% of all human pathogens are zoonotic (Jones et al. 2008, Johnson et al. 2015). Well-
known examples of zoonotic pandemics include the plague in the 14™ century, as well as the
more recent H5N1 and H1N1 avian influenza viruses. Furthermore, genetic evidence has
suggested that many diseases now known to transmit freely human-to-human (such as
HIV/AIDS, SARS, measles, tuberculosis, and smallpox) originated as adaptive strains of
pathogens with animal origins (Li et al. 2005, Pearce-Duvet 2007, Li et al. 2007, Furuse et al.
2010, Sharp and Hahn 2011). Common wildlife species often identified as sources of emerging

zoonotic diseases include bats, birds, primates, small rodents, and sometimes livestock and pets.

Zoonotic disease can come in many forms. Some of them involve direct transmission
between wildlife and humans, whereby animals are reservoir hosts that maintain populations of
disease agent within their bodies. In these cases, humans are often dead-end hosts for the
pathogens in the sense that humans are essentially the end of the transmission line for the disease
pathogen. Alternatively, zoonotic diseases may require a medium, also known as a vector,
through which transmission occurs. Common vectors include hematophagous arthropod species
like mosquitoes, fleas, and ticks. For vector-borne diseases, the presence and distribution of
competent vectors are often employed as measures of disease risk. As a result, many control
methods for these zoonotic disease transmission systems generally aim to control or reduce
vector populations using combinations of chemical and biological controls (e.g. Vreysen et al.

2000).



In North America, a recent emerging zoonotic infectious disease that has been of

increasing concern is the tick-borne spirochete disease — Lyme disease.

LYME DISEASE

Lyme disease, or Lyme borreliosis, is an emerging infectious zoonotic disease that is
caused by spirochete bacteria from the Borrelia burgdorferi complex and has been reported
across temperate regions of Europe, Asia and North America (Marques 2010). However,
historical records suggest that the disease may have been present in Europe centuries prior to its
discovery in 1975 in the towns of Lyme and Old Lyme, Connecticut, after which the disease was
named (Benach and Garcia-Monc6 2010). Today, Lyme disease is considered the most common

vector-borne disease in North America (Ostfeld 2011).
Epidemiology

The Lyme disease transmission cycle involves three sets of organisms: the pathogen
(Borrelia burgdorferi sensu lato), the vector (ticks from the genus Ixodes), and competent
reservoir hosts (Ostfeld 2011). The pathogen is generally acquired by larval ticks during their
first blood meal from infected hosts (usually small mammals) (Marques 2010) (Figure 1.1).
After molting to the nymphal stage of the life cycle, infected ticks can transmit the pathogen to
the next host that provides its second blood meal, creating new reservoirs that perpetuate the
disease transmission cycle (Figure 1.1). The relative efficacy and success of disease transmission
between ticks and hosts depends on host competency (defined as the host’s ability to sustain or
make pathogens available to a vector). In the final adult stage of the tick’s life cycle, ticks will

feed almost exclusively on larger mammals that are often poor reservoir hosts for the pathogen



(Lane et al. 1991, Jaenson and Télleklint 1992) (Figure 1.1). Studies have shown that Borrelia
spirochetes are rarely, if never, transmitted transovarially — from the adult female to its eggs
(Magnarelli et al. 1987, Zhioua et al. 1994, Rollend et al. 2013), therefore the feeding behaviour

of juvenile ticks is crucial for maintaining pathogen population in a community.

The risk of acquiring Lyme disease varies with distribution, density, and prevalence of
infection in endemic tick populations (Marques 2010). Lyme disease is endemic in several areas
across Europe and Asia. In North America, most reports of Lyme disease in human occur in
Northeastern and Midwestern United States while incidences in the west and Southeastern USA
remain low (Margos et al. 2011). Such regional variation in disease cases is attributed to host
preference and human biting behaviour of the main vectors in each region, varying pathogenicity
of different genetic strains of the bacteria, and other ecological factors (e.g. reservoir hosts
competence or climate driven tick seasonality) (Killilea et al. 2008, Margos et al. 2011).
Although both nymphal and adult ticks are capable of transmitting the pathogen, majority of
Lyme disease cases in humans tend to be the result of bites from infected nymphs as they are
often difficult to spot given their relatively small size (Marques 2010). Laboratory studies
suggest that successful transmission of Borrelia from tick to human is a long process that
requires at least 24 hours (Marques 2010). However, a recent literature review suggests that
Borrelia infection can potentially occur in humans as early as 6 hours post-attachment although

specific transmission times differ depending on the vector and pathogen species (Cook 2015).

The disease-causing organism — Borrelia burgdorferi sensu lato

The causative agents of Lyme disease in humans are bacteria from the genus Borrelia.
Borrelia bacteria are members of the Spirochaetaceae family that have characteristic helically-

shaped bodies with multiple endoflagella enclosed between the inner and outer cell membranes



(Aguero-Rosenfeld et al. 2005, Marques 2010). These bacteria can infect a wide variety of
vertebrate animals including small mammals, lizards, and birds (Tilly et al. 2008). Borrelia
spirochetes exhibit a great amount of taxonomic diversity, likely resulting from an explosive
species radiation near the time of species origin (Brisson et al. 2012). It has been suggested that
up to nine species of Borrelia spirochete, all of which belonged to the Borrelia burgdorferi sensu
lato complex, can cause Lyme disease in humans (Schotthoefer and Frost 2015). However, the
most commonly cited examples include three species: B. burgdorferi sensu stricto, B. afzelii, and
B. garinii (Marques 2010, Brisson et al. 2012). These three Borrelia genospecies are
antigenically distinct and have discrete geographical distributions (Marques 2010). While only B.
burgderferi sensu stricto is present in North America, and B. garinii and B. afzelii common in

Asia, all three genospecies can be found in Europe (Marques 2010).

Borrelia burgdorferi is the first spirochete bacteria to have had its complete genome
sequenced (Aguero-Rosenfeld et al. 2005). Its genome is complex, consisting of segmentations
and linear DNA molecules. (Brisson et al. 2012). Generally, Borrelia spirochetes have single
linear chromosomes approximately 900,000 base pairs (bp) long and numerous linear and
circular plasmids that range between 9,000 to 62,000 bp long (Casjens et al. 2010).
Housekeeping genes are maintained on the chromosomes while plasmids encode for proteins that
facilitate interactions between Borrelia and their arthropod vectors or vertebrate hosts (Casjens et
al. 2010). Interestingly, despite its genomic complexity, Borrelia spirochetes chromosomes do
not have genes that encode enzymes necessary for synthesizing amino acids, nucleotides, fatty
acids, and enzyme cofactors (Brisson et al. 2012). Instead, the bacteria have over 50 genes that
encode for transporters and/or binding proteins of carbohydrates, peptides, and amino acids,

allowing the bacteria to import and scavenge what it needs from its vector and host (Brisson et



al. 2012). Researchers have also found that Borrelia spirochetes maintain a significant amount of
chromosomal genes that encode for proteins important in chemotaxis and motility, allowing the
pathogen to identify and approach optimal colonisation niches in their hosts (Brisson et al. 2012).
Borrelia plasmids are the focus of much research due to their potential role in causing disease.
Although no genes encoding for typical virulence factors have been found, Borrelia plasmids
nonetheless carry important genes that facilitate bacterial infectivity, promote successful
establishment in hosts, and aid in long term immune response evasion (Casjens et al. 2010). For
example, outer surface proteins (e.g. OspA and OspC) play important roles in successful Borrelia
transmission among hosts and vectors (Casjens et al. 2010, Brisson et al. 2012). Similarly,
unusual genetic adaptations by Borrelia allow it to effectively evade host adaptive immune
response in the mammalian host via antigenic variation of a surface lipoprotein (e.g. vIsE

recombination) (Brisson et al. 2012).

Multilocus sequence analysis (MLSA) and multilocus sequence typing (MLST) studies on
housekeeping genes of Borrelia burgdorferi sensu lato have revealed patterns of geographical
structuring among populations of Borrelia spirochetes across the world (Heon et al. 2009,
Margos et al. 2011, Margos et al. 2012). In Europe, B. afzelii and B. garinii exhibited population
structures that imply restricted dispersal among different regions of Europe and Asia (Margos et
al. 2011). However, the strength of these observed population structure differs depending on the
host species with which the bacteria are associated. Unsurprisingly, European Borrelia
populations associated with avian hosts tend to show more evidence of spatial mixing compared
to those associated with small rodents (Margos et al. 2011). MLST studies on B. burgdorferi
sensu stricto in North America have revealed that although the pathogen populations there

originated from Europe (Margos et al. 2008), they are genetically distinct with limited gene flow



occurring between both continents (Margos et al. 2011). Additionally, divergence time estimates
suggest that B. burgdorferi was present in North America several thousand years prior to
European settlements (Heon et al. 2009). Further examination of North American B. burgdorferi
spatial distributions of sequence types (STs) and inferred population boundaries revealed
restricted pathogen gene flow among three separate regions: Western, Midwestern, and
Northeastern USA (Heon et al. 2009, Margos et al. 2012). These three distinct sub-populations of
the Lyme disease agent likely arose from a common ancestral population (Margos et al. 2012)
that underwent multiple prehistoric population expansion events (Heon et al. 2009). Genetic
evidence strongly suggests that B. burgdorferi populations in Northeastern USA originated from
southern USA, followed by an east-to-west radiation into Midwestern USA (Heon et al. 2009).
B. burgdorferi populations have since been persisting in separate refugia, only recently re-
emerging in response to favourable population expansion conditions (i.e. increase in abundance

of vectors and hosts).

The vector — Ixodes sp. ticks

Ticks are obligate hematophagous ectoparasites, feeding on animal blood and fluid (Allan
2001). Tick feeding activities can cause local irritation at the feeding sites which may become
potential sites for secondary infections, and severe infestation on a single host individual can
result in hypovolemia as well as tick paralysis (Allan 2001). More importantly, ticks are known
to vector a wide variety of pathogens, making them important medical and veterinary arthropods
(Allan 2001). All tick species today belong to one of three families: the Nuttalliellidae, the
Argasidae (soft ticks), and the Ixodidae (hard ticks). Ixodidae forms the largest family of ticks,
comprising over 650 species. Ixodid ticks are generally teardrop-shaped, with an anterior

capitulum that is dorsally visible (Allan 2001). They have a hardened scutum that is sexually



dimorphic, covering the entire dorsal surface of the males and only the anterior portions in
juvenile and female ticks (Allan 2001). All Ixodidae ticks have four life stages: egg, larva (three
pairs of legs), nymph (4 pairs of legs and no genital pore), and adult (4 pairs of legs and a genital

pore) (Allan 2001).

Lyme disease is transmitted primarily via bites of infected ticks from the largest genus of
hard ticks in the world: I1xodes. The particular species of Ixodes tick vectoring Lyme disease
differs from region to region. In Europe and Asia, the disease is transmitted by I. ricinus and 1.
perculcatus, respectively while 1. pacificus and I. scapularis are the primary vectors in western
and eastern North America, respectively (Andersen 1989, Lane et al. 1991, Eisen and Lane 2002,
Xu et al. 2003). All four principal vectors of Lyme disease belong to the Ixodes ricinus species
complex, however they are not sister species, suggesting that the ability to transmit Borrelia
pathogens evolved independently multiple times (Xu et al. 2003). All Ixodes ticks are three-host
ticks, with life cycles that span between one to two years (Allan 2001). Egg masses are usually
laid in leaf litter. Larvae that emerge from these eggs will immediately seek to attach to their first
host, usually small mammals, and will feed until fully engorged. Once blood meal is complete,
the larvae drop to the ground and molt into nymphs. The nymphs in turn seek and attach
themselves to a second host for their second round of feeding and will once again detach when
replete and molt into adults on the ground. Unlike the immature ticks, adult ticks tend to seek out
and attach to mid- or large-sized hosts. While female ticks require a blood meal for successful
egg production, male ticks feed very little. Mating can occur on the host or on the ground prior to

attachment (Allan 2001).

In eastern North America, I. scapularis is known to parasitize a broad range of host species

(Allan 2001). Its distribution and abundance across eastern North America is influenced and



constrained by a combination of factors including habitat suitability, host abundance, climate,
and host dispersal (Lane et al. 1991, Lindsay et al. 1998, Lindsay et al. 19993, Lindsay et al.
1999b, Legér et al. 2013, Ostfeld 2011). For instance, I. scapularis ticks spend a significant part
of their life cycle in the environment off the hosts, during which they are vulnerable to drowning,
desiccation, predation, and freezing (Allan 2001, Legér et al. 2013). The presence of a protective
layer of leaf litter can provide microhabitat conditions that offer the ticks some protection and
contribute to off-host survival (Allan 2001, Lindsay et al. 1999b). In addition to habitat
conditions, host availability also determines tick fitness and survival as blood meals from hosts
are essential for the parasites’ growth and development (Lane et al. 1991, Allan 2001, Legér et
al. 2013). Finally, as arthropods, 1. scapularis development rates are heavily dependent on
climatic conditions. Insufficient degree day accumulations due to low ambient temperatures can
hinder the completion of the tick’s life-cycle (Lane et al. 1991), just as prolonged exposure to
temperature extremes or drastic fluctuations in ambient temperature can severely reduce tick
survival probability (e.g. Hermann and Gern 2013). Similarly, low ambient humidity (<80%)

can greatly increase desiccation and reduce survival (Lane et al. 1991).

Studies on the phylogeography of I. scapularis in eastern North America using
mitochondrial 16S ribosomal deoxyribonucleic acid (rDNA) revealed that I. scapularis
populations there originated from a few migrants in southeastern USA that expanded rapidly into
the northeastern states before subsequently colonising the Midwest in the last century
(Humphrey et al. 2010). Qiu et al. (2002) found genetic signatures of recent colonization and
rapid population expansion events in both Northeastern and Midwestern USA. The recent shared
ancestry of I. scapularis populations in both regions is further evinced by the amount of

phylogenetic similarity and lack of significant genetic structure among populations between both



regions. Indeed, estimates of divergence times found that I. scapularis populations in the
Midwest are younger than those in the northeastern states, while populations in the southeastern

states are the oldest (Humphrey et al. 2010).

The reservoir hosts and vector hosts

The Lyme disease transmission system comprises two groups of hosts, ones that are
competent reservoirs for the disease pathogen, and others that are important for vector
development, survival, and reproduction. Both sets of host species are not mutually exclusive.

Species can simultaneously be competent hosts for both vectors and pathogens.

The local establishment of a disease transmission system requires maintaining a
successful pathogen population, which in turn requires the presence of competent reservoir hosts
that can efficiently receive and transmit the disease-causing pathogen. Zoonotic pathogens are
usually host generalists, capable of infecting a broad spectrum of host species (Brunner at al.
2008). However, different host species vary extensively in their relative importance with regards
to disease transmission and infection dynamics (Brunner at al. 2008). For example, variable host
immune system responses can influence host infectivity/susceptibility, reservoir competence
(ability of infected host to make pathogen available to a vector), and reservoir potential (ability
of host to sustain transmission of pathogen to vector) (Mather et al. 1989, Brunner et al. 2008).
This in turn determines host competency in disease transmission processes. This species-specific
variation among host species has led to the hypothesis that disease incidence in a region is the
function of host species community composition and biodiversity (Keesing et al. 2010).
However, the exact mechanism and effects remain very much under debate (Randolph and
Dobson 2012, Ostfeld 2013, Randolph 2013, Wood and Lafferty 2013, Ostfeld and Keesing

2013, Lafferty and Wood 2013).

10



Host species that serve as important reservoirs in Lyme disease transmission systems
differ geographically. However for the most part, small mammals tend to be efficient reservoir
hosts as large proportions of populations can often remain infected while exhibiting little to no
disease symptoms (Lane et al. 1991, Talleklint and Jaenson 1994, Gern et al. 1998, Marques
2010). Furthermore, small mammals tend to host large numbers of juvenile ticks and are often
cited to be extremely efficient at transmitting Borrelia spirochetes to feeding ticks (Lane et al.
1991). Conversely, mid-size and large mammals usually serve as secondary reservoirs with low
transmission efficacies or are altogether incompetent at disease transmission (Lane et al. 1991,
Jaenson and Télleklint 1992, Télleklint and Jaenson 1994). Birds such as thrushes, wrens, and
songbirds have also been proposed as competent reservoirs for Borrelia burgdorferi sensu lato in
both Europe and North America but to a much lesser degree compared to small mammals (Lane
etal. 1991, Gern et al. 1998, Comstedt et al. 2006, Marques 2010). However, it has also been
suggested that the exact role avian hosts play in the Lyme disease transmission cycle in North
America may actually be zooprophylactic, thus reducing Borrelia infection prevalence in ticks

rather than amplifying it (Ogden et al. 2008).

In Europe, small reservoir hosts for Borrelia garinii and B. afzelii include field mice
(Apodemus sylvaticus, A. flavicollis), voles (Clethrionomys glareolus, Microtus agrestis),
dormice (genus Glis), and shrews (Sorex araneus, S. minutus, Neomys fodiens), while mid-sized
secondary reservoirs consist of hedgehogs (genus Erinaceus), rats (genus Rattus), squirrels
(genus Sciurus), and hares (Lepus europaeus, L. timidus) (Télleklint and Jaenson 1994, Gern et
al. 1998). Large mammals such as the roe and red deer are incompetent hosts (Jaenson and
Talleklint 1992). In eastern North America, the white-footed mouse (Peromyscus leucopus) is

considered as the primary reservoir host of Lyme disease, although other small mammals like

11



chipmunks (Tamias striatus), squirrels (Sciurus carolinensis), and shrews (Blarina brevicauda)
may serve as secondary reservoirs (Lane et al. 1991). Mid-size mammals like raccoons (Procyon
lotor), opossums (Didelphis virginiana), and skunks (Mephitis mephitis) are known to carry
Borrelia burgdorferi infection (Lane et al. 1991). Large ungulates like the white-tailed deer

(Odocoileus virginianus) are poor reservoirs of the Lyme disease pathogen (Lane et al. 1991).

In addition to a thriving pathogen population, vector-borne zoonotic disease transmission
system also requires the presence of well-established vector populations. In the Lyme disease
transmission system, hosts are crucial components of the tick’s life cycle. Tick development,
survival, and reproductive success rates are heavily dependent on biological and behavioural
differences among host species from which ticks obtain their blood meals (Allan 2001). Tick-
host interactions are complex and dynamic, a perpetual arms race between host defences and tick
counter-measures to said defense in the quest for successful blood feeding (Wikel 2013). Ticks
are known to modulate host defenses via the secretion of various salivary peptides, lipids and
proteins that counteract host itch or pain responses to cutaneous irritation, down-regulate
hemostasis coagulation pathways, and evade or supress host immune responses (Wikel 2013).
The ability of the tick vector to exploit one or several hosts will not only influence its own
population dynamics and evolutionary trajectory, but also that of the pathogens it transmits

(McCoy et al. 2013).

In Europe, the main vector of Lyme disease, I. ricinus, feeds indiscriminately on
numerous species of reptiles, birds, and small to large mammals (Lane et al. 1991). For the most
part, immature ticks tend to attach primarily to small rodents and insectivores while medium to
large animals are preferred by adult ticks (Lane et al. 1991). Tick infestation in ground foraging

birds can be five times that observed in other bird species, although the overall numbers are still

12



20-30 times lower than that observed in rodents (Comstedt et al. 2006). In western North
America, immature |. pacificus frequently feed on western fence lizards (Sceloporus
accidentalis) while adults are common on black-tailed deer (Odocoileus hemionus columbianus)
(Lane et al. 1991). Rodents (Peromyscus maniculatus and P. truei), lagomorphs, and birds in the
region generally yield much lower tick infestations despite their greater abundances (Lane et al.
1991). In eastern North America, | scapularis ticks have an extensive host range, with immature
ticks parasitizing over 80 species of mammals and birds. The white-footed mouse (P. leucopus)
is the host species most frequently parasitized by juvenile 1. scapularis (Ostfeld 2011). Other
small mammals often parasitized by 1. scapularis include gray squirrels (Sciurus carolinensis),
eastern chipmunks (Tamias striatus), and short-tailed shrews (Blarina brevicauda). Mid-sized,
secondary mammalian hosts include racoons, opossums, and striped skunks. Adult 1. scapularis
are limited mostly to medium or large-sized mammals, with the white-tailed deer (Odocoileus
virginianus) being often identified as the main and primary reproductive host (Lane et al. 1991).
Tick infestations on white-tailed deer can be intense, with up to 500 individuals reportedly found
on a single individual. High abundances of adult ticks in a region have often been associated

with large deer populations (Ostfeld 2011).

Lyme disease pathogenesis, diagnosis, and treatment

Pathogenesis

Pathogenesis is the series of cellular events and pathologic mechanisms that result in the
development of diseases in an organism. Types of pathogenesis can include microbial infections
(invasion and multiplication of microbial organisms into host tissues), inflammation (protective
response of immune system), disruption of cell function, and tissue breakdown (cellular damage

and premature cell death). Most diseases are caused by a combination of these processes.

13



Pathogens usually employ a variety of techniques to cause pathology including rapid replication,
physical damage to host cellular tissues, toxin production, and overstimulation of host immune
responses. If pathogens successfully evade host immune defenses, they can prolong their

presence within the host and increase the amount of damage inflicted.

The exact mechanism by which Borrelia burgdorferi sensu lato causes pathology in its
human hosts is still a subject of much research attention. Attempts at sequencing the spirochete’s
complete genome have failed to identify genes that promote cellular biosynthetic reaction and
none of the typical virulence factors (lipopolysaccharide, toxins, and secretion systems) have
been found in either the bacteria’s single chromosome, or the many associated plasmids (Tilly et
al. 2008, Marques 2010). Instead, evidence is increasingly suggesting that Lyme disease is likely
the result of human immune-pathological responses (McKisic et al. 2000, Wooten and Weis
2001, Tilly et al. 2008, Marques 2010, Norris et al. 2010). Therefore, it is the pathogen’s
prolonged ability to evade host immune responses, rather than classical virulence factors that is
the mechanism by which the pathogen persists and causes disease in a susceptible human host
(Tilly et al. 2008). Borrelia spirochetes have developed multiple genetic adaptations that increase
their chances of successful infectivity and persistence within their mammalian hosts (Tsao 2008,
Norris et al. 2010). These adaptations generally focus on changes in gene expression that
promote successful transmission from tick vectors to host and evasion of host immune responses

(Norris et al. 2010).

One method Borrelia spirochetes employ to evade host immune response during the
transmission stage is to attach to tick salivary products that inhibit host immune responses. As
Borrelia spirochetes are transmitted from their tick vectors to vertebrate hosts, the bacteria

upregulates the production of the outer surface protein C (OspC) (Marques 2010, Norris et al.
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2010). OspC has the ability to attach to tick salivary protein Salp15 which is itself known to
inhibit CD4+ T cell activation in vertebrate hosts, a process that facilitates prolonged tick
feeding periods (Tsao 2009). At initial disseminate stages in host dermal tissues, tick feeding
activity and the presence of an invasive microbe will activate the alternative complement
pathway of the host innate immune response, which aids in the opsonization and eradication of
pathogens by macrophages (Tsao 2009). The alternative complement pathway is activated when
the host C3b protein binds to the microbe cellular surface (Tsao 2009). However, C3b can attack
both host and bacterial cells indiscriminately in the absence of regulator proteins (factor H or H-
like proteins) produced by infected hosts (Tsao 2009). Borrelia pathogens take advantage of
these host regulatory factors by producing complement regulator-acquiring surface proteins such
as BbCRASP-1, BbCRASP-2, BbCRASP-3, OspE, and other Erp proteins that allows them to
bind to regulatory proteins meant for host cells and thus permitting them to evade recognition

and eradication by complement (Tsao 2009).

Upon successful infection and early evasion of host immune systems, Borrelia
spirochetes enter host bloodstream (spirochetemia) where they may remain between 10 — 14 days
as they disseminate to various host tissues (Tsao 2009). At this stage of infection, the spirochetes
begin to down regulate OspC production and introduce new antigenic agents to cope with host
adaptive immune responses. One of the mechanisms involves antigenic variation of an outer
surface lipoprotein (VISE) which comprises a huge repertoire of variants (Cabello et al. 2007,
Tsao 2009, Marques 2010). In the late invasion stages, the spirochetes exit the bloodstream and
invade host tissues with the aid of motility and chemotaxis proteins (Norris et al. 2010). At this
stage, they continue to evade host immune systems by hiding in protective niches in host internal

organs, central nervous system, synovial fluid, and collagenous tissue in skin, joints and tendons
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(Wooten and Weis 2001, Cadavid et al. 2000, Tsao 2009). Specifically, Borrelia spirochetes
produce proteins like DbpA, DpbB, BmpA and BmpB that facilitate attachment to host
extracellular matrix (ECM) elements (e.g. proteoglycan decorin, glycosaminoglycans, and
fibronectin) (Cabello et al. 2007, Tsao 2009). ECM components may inadvertently interfere with
host immune responses by denying complements, antibodies and lymphocytes access to the
pathogen (Cabello et al. 2007). Other ways Borrelia spirochetes evade host immune response in
late dissemination stages includes hiding within host cells (Cadavid et al. 2000, Tsao 2009) or
binding to invaginations of cell membranes, allowing them to avoid phagocytosis and other

antibodies or antibiotics (Tsao 2009).

Diagnosis

Diagnosis of Lyme disease is dependent on compatible clinical symptoms, reasonable
probability of exposure to ticks in an endemic Lyme region, and results from laboratory screens
(Spach et al. 1993). There are several laboratory tests for B. bugdorferi infections and each
approach has its own advantages and disadvantages (Spach et al. 1993). They include culturing
the pathogen from patient skin samples, serological tests, and detecting pathogen genetic

markers.

A test for Borrelia burgdorferi infection is to directly culture the pathogen from the
patients’ erythema migrans lesions (Spach et al. 1993, Marques 2010). However, culturing B.
burgdorferi successfully requires a specially enriched bacteriologic medium that is not easily
available, and results will usually not be available for weeks due to slow bacterial growth rates
(Marques 2010). While culturing B. burgdorferi has a success rate of up to 90%, the test’s lack
of sensitivity for any samples other than that sampled from the defining symptom of Lyme

disease (erythema migrans) renders the test redundant (Marques 2010). An alternate and most
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commonly employed test for Lyme disease detects antibody production via serology. This
method usually includes a two-tier approach, first with an enzyme-linked immunosorbant assay
(ELISA), followed by a confirmation test via Western immune-blot that specifically targets the
antibodies 1gG and IgM (Spach et al. 1993, Marques 2010). This is because ELISA is prone to
producing false-positives due to cross reactive antigens like flagellar and heat-shock proteins
(Marques 2010). Unfortunately, serological tests for Borrelia burgdorferi infections are full of
limitations. For one, the tests do not distinguish between active and inactive infection as patients
can remain sero-positive for years post-infection (Marques 2010). Furthermore, serological tests
operate on a time constraint as antibodies for Borrelia burgdorferi in patients are generally
detectable only within 6 weeks of infection date, or after the disease itself has reached late
dissemination stage (Spach et al. 1993). Additionally, antimicrobial treatments can potentially
abort detectable antibody responses, generating false-negative results (Spach et al. 1993). With
recent advancements in molecular techniques, laboratories have begun to screen for Borrelia
burgdorferi presence by detecting genetic markers unique to the pathogen using polymerase
chain reactions (PCR) (Marques 2010). Yet the sensitivity of this approach is heavily dependent
on what type of Lyme disease the patients are suffering from and the source of DNA template.
For example, PCR has an 85% detection rate for patient suffering from Lyme arthritis, but only if
DNA amplification was performed on synovial fluid (Marques 2010). Similarly, PCR performed
on cerebrospinal fluid (CSF) has a less than 40% detection rate for patients with neuroborreliosis

(Marques 2010).
Treatment

If detected and identified early enough, Lyme disease can be successfully treated with

antimicrobial agents (Spach et al. 1993). Delayed or inadequate treatments may lead to severe

17



chronic pathology that can be debilitating, however the existence of chronic Lyme disease and
the acceptable treatment approach remains largely controversial (see Feder et al. 2007, Lantos
2015). Some have suggested that the persistence of inflammation with or without residual
Borrelia infection may explain why some patients with Lyme borreliosis remain symptomatic
despite treatment with adequate doses of antibiotics (Cadavid et al. 2000). Most Lyme disease
patients with early localized infection usually respond well to 2-3 weeks of oral prescriptions like
doxycycline, amoxicillin, cefuroxime, or azithromycin (Spach et al. 1993). For late Lyme
infection stages, doctors generally prescribe intravenous drugs like ceftriaxone or penicillin for
periods between 2 to 3 weeks (Spach et al. 1993). If patients exhibit no symptoms but report
having been recently bitten by a tick in an endemic Lyme region, doctors may prescribe

prophylactic antimicrobial agents but this practice is contentious (Spach et al. 1993).

LYME DISEASE EMERGENCE IN CANADA AND SOUTHERN QUEBEC

Lyme disease has been garnering increasing amounts of interest in Canada as we witnessed
a substantial rise in reported human cases across the country, with numbers increasing over ten-
fold between 2005 and 2013 (Government of Canada 2015, Kulkarni et al. 2015). In southern
Québec specifically, 6 cases of human Lyme disease were reported in 2004, while the first
endemic (or locally acquired) case was reported in 2008. By 2014, this number had risen to over
120 (Institut National de Santé Publique du Québec 2014) (Figure 1.2). Due to its emerging
status across the country, Lyme disease was declared a reportable disease by the Public Health
Agency of Canada in 2009 (Ogden et al. 2009). However, recent studies have suggested that
Lyme disease cases may be under-reported at rates from 40% (Henry et al. 2011) to 90%

(Centers for Disease Control 2013), likely due to misdiagnosis resulting from the multi-systemic
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nature of the disease, as well as lack of public and physician awareness. The risk of contracting
Lyme disease in Canada is considered particularly high in regions where established populations
of the vectors (black-legged ticks [I. scapularis] and western black-legged ticks [I. pacificus])
are present (Ogden et al. 2009). Currently, known and suspected endemic hotspots of Lyme
disease extend from the province of British Columbia on the Pacific Coast and westward towards
the Atlantic provinces of New Brunswick and Nova Scotia (Government of Canada 2015). At
present, there is low risk of encountering infected ticks across most of Canada, although the

number of risk areas is on the rise, particularly in eastern Canada (Ogden et al. 2009).

Unanimously, researchers and health officials agree that the emergence of Lyme disease in
Canada resulted primarily from the range expansion of both the main disease vector and
competent disease reservoir hosts into the region (Heon et al. 2009, Ostfeld and Brunner 2015).
Currently, there are two driving forces hypothesized for Lyme disease emergence in Canada: [1]
climate change and associated changes in species distribution (Legér et al. 2013, Simon et al.
2014), and [2] the effects of human land use on biodiversity composition in the region (Margos
et al 2011, Simon et al. 2014). Studies have attempted to predict and project current and future
disease risk across the country based on these predictions (e.g. Simon et al. 2014). Unfortunately,
Lyme disease is a complex system made up of several layers of interactions within and among

abiotic and biotic variables which makes it difficult to study (Ostfeld 2011).
Role of climate change on Lyme disease emergence in southern Québec

Climate change has often been cited as the predominant cause of infectious disease
emergence as it may influence multiple components of any zoonotic disease transmission system
(Ostfeld and Brunner 2015). For instance, ambient temperature influences multiple vector, host

and pathogen biological traits such as survival rates, phenology, fecundity, behaviour, and
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vector/pathogen competency. Similarly, the combined effects of humidity and temperature can
determine habitat suitability, microclimate conditions, and community species composition.
However, it remains difficult to understand and predict the exact effects of climate conditions on
disease emergence processes via the alteration of host, vector, and pathogen demographic

processes and distributions.

In the context of the Lyme disease system in Canada, the role of climate change on the
range expansion, establishment, and maintenance of endemic tick populations is undeniable
(Legér et al. 2013). As exothermic arthropods, almost all aspects of tick biology and population
establishment success are dependent on their surrounding environmental conditions. Specifically,
warmer summer temperatures and steady winter temperatures are likely to promote tick
developmental rates, survival, and fitness (Ogden et al. 2008, Wu et al. 2013). Similarly, greater
relative humidity promotes greater activity and host seeking behaviour (Vail and Smith 2002).
This in turn increases encounter rates between ticks and their hosts, promoting the transmission
of the disease pathogen to vertebrate hosts (both humans and animals) and facilitating B.
burgdorferi persistence in a community. Finally, since invertebrate immune responses are
temperature-sensitive, changes in environmental temperatures could potentially influence tick
immune responses which will in turn influence the vector’s disease transmission efficacy

(Ostfeld and Brunner 2015).

Unlike the tick vectors, hosts in the Lyme disease system are endothermic and thus the
immediate effects of climate change will be buffered by physiological regulations. Nonetheless,
climatic conditions can determine habitat suitability which in turn influences the distribution and
demography of host species that are essential for the persistence of stable pathogen and vector

populations (Legér et al. 2013, Ostfeld and Brunner 2015). For example, the distribution of
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established populations of the white-footed mouse, the primary Lyme disease reservoir host in
Eastern Canada, is influenced by winter length (Roy-Dufresne et al. 2013). Likewise, ground-
foraging bird migratory range and timing, that are hypothesized to be the main mechanism of
long-distance tick invasion into Canada, are significantly influenced by climate change (Ogden
et al. 2008, Hulbert and Liang 2012). Finally, changes in the local species community
composition in response to climate change will also influence disease emergence via dilution
and/or amplification effects, though the specific mechanisms underlying the effect of

biodiversity on disease risk remains context-specific (Miller and Huppert 2013).

Climate change also influences the rate at which the Lyme disease agent B. burgdorferi
becomes established in Canada, simultaneously exerting evolutionary pressures that could
determine pathogen virulence in human. We know that climate influences tick phenology, and
studies have shown that this will in turn determine the evolution of B. burgdorferi genotypic
strain types (Ostfeld and Brunner 2015). Specifically, it has been hypothesized that warmer
climatic conditions that promote asynchronous tick life cycles are most likely to select for
persistent B. burgdorferi strain types that are suspected to be particularly virulent/pathogenic in
humans (Hamer et al. 2012). It has been postulated that it is this indirect selective pressure
exerted by varying regional climate conditions that produced the differences in reported Lyme

disease incidences and transmission risk across North America (Gatewood et al. 2009).
Role of land use change on Lyme disease emergence in southern Québec

In recent decades, with human population growth, resource use, and technological
advances, anthropogenic activities have altered our surrounding landscape to a considerable
extent and at a great rate. Forests have been cleared for logging, converted into agricultural land

for food production, and to make way for urban and residential developments. Rivers have been
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diverted for irrigation, generating electricity, and to create steady supplies of drinking water for
consumption. These human-mediated, large-scaled changes on the landscape have significant
effects on the local biodiversity, which has in turn facilitated disease emergence (Jousimo et al.
2014, McFarlane et al. 2013). Studies on the Lyme disease system in North America have shown
that disease transmission risk in a region is correlated with landscape heterogeneity (Brownstein
et al. 2005), habitat conditions (Ostfeld et al. 2006), and local biodiversity and species
composition (Ostfeld and Keesing 2012). For instance, as habitat fragmentation decreases forest
patch size, changes in local vertebrate species composition and abundances can alter disease risk
(Allan et al. 2003, Brownstein et al. 2005). Since host species can exhibit varying levels of
competency for transmitting or maintaining disease vector and pathogen populations (Ostfeld
2011), the composition and relative abundances of available competent and susceptible host
species in a habitat patch will determine encounter rates among species that play important roles

in a disease transmission cycle.

In southern Québec, forest patches have been increasing in number and decreasing in size
(Bélanger and Grenier 2002, Ménard and Marceau 2007) as trees are cleared for agricultural
purposes and urban development. This habitat fragmentation produces an environmental
condition that is optimal for the colonisation and establishment of efficient Lyme disease
reservoir hosts like the white-footed mouse and the eastern chipmunks (Brownstein et al. 2005).
As the number of established local host populations and abundance increase, so does the
probability of Borrelia burgdorferi pathogen gaining footholds within the region. We have also
seen in recent years an increase in the white-tailed deer populations in southern Québec. White-
tailed deer generally prefer edge habitats that have increased substantially in the past few

decades due to the combined effects of habitat fragmentation and reforestation efforts, allowing
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their abundance to reach levels previously unseen in the region (Legér et al. 2013). While white-
tailed deer are not considered competent reservoir hosts for the Lyme disease pathogen, they are
nonetheless important reproductive hosts for the disease vector and may also play a role in local
vector dispersal (e.g. Pound et al. 2010, McShea 2012). We know that gene flow and dispersal of
white-tailed deer and white-footed mouse can be significantly influenced by physical barriers
like rivers and roads (Rogic et al. 2013, Marrotte et al. 2014, Robinson et al. 2012, Locher et al
2014). Therefore, land use changes that influence host abundance and dispersal behaviour may

indirectly influence spatial patterns of disease emergence.

APPLYING INTEGRATED MOLECULAR APPROACH IN STUDIES ON DISEASE

EMERGENCE DYNAMICS

Most studies on zoonotic disease ecology and emergence patterns tend to focus on a single
representative species (the pathogen or the vector) and individual predictor variables (climate vs
landscape). From there, attempts are made to predict current and future risk in order to inform
disease management and control programs. However, disease emergence, transmission, and
persistence dynamics can be simultaneously affected by multiple factors (Tabachnick 2010). As
discussed above, changes in the climate and landscape can influence disease risk considerably.
Furthermore, many zoonotic disease systems involve interactions among multiple species, each
of which play independently crucial roles in the transmission and persistence of disease in a
region (Alexander et al. 2012, Estrada-Pefia et al. 2014). These species are also likely to react
differently to changes in their environment which can in turn alter the facet of their individual

role in disease transmission (Manel and Holderegger 2013, Johnson et al. 2015). To further
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complicate disease models, climate, landscape, and biotic variables all operate at varying spatial

and temporal scales.

It has become evident in recent years that zoonotic disease systems are more complex than
expected, and that determining mechanisms of disease emergence based on constrained studies
or broad definitions can result in erroneous conclusions regarding the dynamics of the disease
system (Estrada-Pefa et al. 2014, Rosenthal et al. 2015). Effective monitoring and control of
zoonotic diseases therefore requires a thorough understanding on how host-vector-pathogen
interactions define the role each species play in disease transmission, as well as how species
responses to changing environmental conditions determine disease evolution, transmission,
emergence, establishment, and persistence (Rosenthal et al. 2015). Comprehensive studies that
integrate all relevant species and variables that influence species biology, behaviour, and
demography will provide clearer insights that can inform disease control efforts (Johnson et al.

2015).

With recent advances in molecular techniques, it is now possible to conduct large-scale
studies on zoonotic disease dynamics at the molecular level, allowing researchers to better study
important evolutionary and ecological processes at historical and contemporary time scales
(Gubler 2010, Biek and Real 2010). Molecular approaches have been employed in several
studies on disease systems (Muellner et al. 2011). These studies ranged from identifying sources
of a disease agent (e.g. Furuse et al. 2010, Sharp and Hahn 2011), tracing historical and
contemporary spatial patterns of disease spread across a landscape (e.g. Lemey et al. 2010,
Paquette et al. 2014, Biek et al. 2007), and uncovering pathogen evolutionary history and
population dynamics (e.g. Margos et al. 2008, Black et al. 2009). Molecular approaches have

also allowed for studies on evolutionary processes that influence disease virulence, as well as
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interspecific interactions such as host-dependent dispersal that may affect disease emergence rate

and spatial pattern (e.g. Biek et al. 2006).

The field of population genetics or genomics can allow us to investigate variables that can
promote and facilitate disease emergence and rapid spread (Engering et al. 2013, Manel and
Holderegger 2013, Estrada-Pefia et al. 2014, Rosenthal et al. 2015). For example, population
genetic analyses with appropriate genetic markers can reveal population evolutionary dynamics
(McDonald and Linde 2002, King and Lively 2012, Rosenthal et al. 2015), likelihoods of
successful population establishments (Lee 2002, Barrett and Schluter 2008, le Rouzic and
Carlborg 2008, Hill et al. 2011, Rosenthal et al. 2015), and mechanisms underlying patterns of
disease spread (Bialozyt et al. 2006, Excoffier et al 2009, Cristescu 2015). Application of
landscape genetics or genomics, which detects genetic discontinuities and correlates such
patterns with landscape features, can further reveal how geographical and environmental features
structure genetic variation at both population and individual levels (e.g. Blanchong et al. 2008).
For vector-transmitted diseases, landscape features that influence vector dispersal are the
foremost determinants of rates of epizootic spread (McCallum 2008). Therefore, the ability to
identify and estimate current and future rates and spatial patterns of disease emergence relative to
landscape effects on critical disease vector or host species will be a significant contribution to

disease monitoring efforts.

Using a combination of population and landscape genetics, we can begin to [1] uncover
mechanisms underlying the range expansion of the disease vectors, pathogens, and host species,
[2] identify established species populations that may translate to regions of greater disease
ecological risk, and [3] categorize landscape features influencing the contemporary gene flow

and movement of these critical species. These insights will be useful for extrapolating future
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species range expansion and disease emergence patterns. For the Lyme disease system in
southern Québec, spatio-temporal examination of population genetic patterns and turnover rate
could help us identify the establishment stages of black-legged tick and white-footed mouse
populations in southern Québec (Engering et al. 2013, Estrada-Pefia et al. 2014). Meanwhile,
landscape genetics analyses can help us understand how landscape features influence both
current and future white-footed mouse and black-legged tick dispersal patterns across southern
Québec. Finally, we can examine and quantify the role of host-dependent dispersal on black-
legged tick movement across southern Québec. It is well established that ticks are poor
dispersers (Falco and Fish 1991) and that any significant movement across a landscape will be
dependent on the host (Madhav et al. 2004). Using population and landscape genetics, we could
identify critical players of disease spread in the region (Ogden et al. 2015, Khatchikian et al.
2015) to help public health officials design efficient, targeted control approaches (Artois et al.

2011).

SCOPE OF THESIS

Traditionally, most studies on disease systems focus on a single species or variable. In
this thesis, | focus on a multi-taxa approach using Lyme disease emergence in Québec as a case
study. I employed an integrated multi-taxa approach by investigating the population and
landscape genetics of two major players in the eastern North America Lyme disease system: the
vector (the black-legged tick) and the reservoir host (white-footed mouse). There are several
reasons why | chose to focus on these two species. First of all, as previously mentioned, both the
ticks and mice are important players in the Lyme disease system and their presence is necessary

for successful local establishment of the disease system. Secondly, both species are currently
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undergoing range expansion into Canada which may have likely contributed to the rapid
emergence of Lyme disease in the region. Finally, the current species range of ticks and mice in
southern Québec are still somewhat limited, thus making it feasible to sample across their current

known range in the region.
There are in total, five objectives to this thesis which are divided into four data chapters.

The first objective of this thesis is to present the conceptual framework and workflow of
the multi-taxa approach | am using to studying the Lyme disease system (Chapter 2). In this
chapter, | discussed and explored how multi-taxa integrated landscape genetics (MTILG), an
approach that integrates concepts and methods from population genetics, landscape ecology, and
spatial statistics, can reveal how interspecific interactions and landscape variables influence
disease transmission system spread. | provided an example of the power of the power of MTILG
by modeling the emergence of a hypothetical disease system. Simulated microsatellite data from
these models were analysed via the MTILG approach to the different stages of analysis and the
conclusions about disease spread that can be drawn from it. | was able to identify how landscape
heterogeneity and geographical barriers indirectly influence disease emergence patterns by
limiting species movement across a landscape. It also allowed me to conclude that the extent and
rates of disease spread is dependent on dispersal capability of the host species responsible for

dispersing vectors and pathogens across a landscape.

The second, third and fourth objectives involve field surveys and analyses on empirical
data. | examined the spatial genetic diversity of both the white-footed mouse (Chapter 3) and
black-legged tick (Chapter 4) across southern Québec. Both species were sampled across their
current known overlapping ranges in the region and genotyped for sets of species-specific

microsatellite loci. For the white-footed mouse, | further examined B. burgdorferi prevalence
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data and compared it against mouse genetics and morphological traits to investigate possible
associations between species traits and disease infection prevalence. My analyses revealed that
white-footed mouse populations in Québec exhibit significant genetic differentiation, and that
their gene flow is affected by linear barriers to migration. At the same time, | found evidence of
morphological gradients (e.g. allometrically increasing hind-foot length) in the direction of
species range expansion which has interesting implications for future rates of mouse range
expansion. Finally, a comparison of mouse genetics, morphology, and B. burgdorferi infection
prevalence revealed that while the white-footed mouse species traits do not appear to influence
the species’ susceptibility to Borrelia infection, white-footed mice play a critical role in Lyme

disease emergence as hosts for both ticks and pathogen.

When | examined black-legged tick genetic variation in my study area (Chapter 4), | found
evidence supporting the hypothesis that frequent long-distance dispersal events were the primary
mechanism of tick invasion into southern Québec. Furthermore, such long distance events
coupled with high rates of local extinction has produced rapid genetic turnover in tick
populations over both space and time. This allowed me to accurately identify established tick

populations, which in turn provides insights on hotspots of disease risk in the region.

Finally in the Chapter 5, I achieved the final objective of the thesis and integrated genetic
information, field observations, climate-based species distribution information, and landscape
effects on species abundances to create a model that projects Lyme disease infection risk in
southern Quebec. I first quantified the relative importance of white-footed mouse and black-
legged tick on B. burgdorferi prevalence and subsequently examined the level of interactions and
co-dependency between both ticks and mice with regards to movement across the landscape. |

then determined the effect of various climatic conditions and landscape variables on both white-
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footed mouse and black-legged tick distribution and abundance across the landscape using a
combination of climate-niche modeling and redundancy analyses. From there, | identified and
quantified relations among pathogen prevalence relative to the combined effects of climate and
land-use changes on the species distribution of the disease vector and reservoir host using
structural equation model (SEM) analysis. Armed with estimated parameter coefficients from my
SEM analysis, | was able to project current B. burgdorferi prevalence across the study area. My
results revealed that Lyme disease infection risk was greatest at the southwestern region of my
study area, along the US-Canada border, and that infection risk declined in a north-easterly

direction.

In summary, my thesis examined Lyme disease emergence patterns and rates in southern
Québec, with particular emphasis on the disease vector (black-legged tick) and reservoir host
(white-footed mouse). By examining each species independently, | was able to identify
mechanisms of species range expansion as well as uncover species adaptations/traits/roles that
can potentially facilitate disease emergence rates. When | examined both species simultaneously
using the MTILG approach, | was able to identify how interspecific interactions, climate
conditions, and surrounding landscape contribute to disease prevalence in a region. From there, |
was able to project disease infection risk in my study area. The studies in this thesis exemplify
the importance of applying an integrated, multi-taxa, molecular approach when studying the
dynamics of an emerging disease system (e.g. West Nile Virus, Hantavirus, or other tick-borne
diseases like Babesiosis). Doing so can produce valuable insights and tools that help us better
understand disease emergence processes from an ecological perspective. Such information will

in turn, be crucial in disease management and intervention policies.
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Figure 1.1. Typical life cycle of Ixodes scapularis and transmission cycle of Lyme disease in

eastern North America.
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Figure 1.2. Annual number of cases of Lyme disease reported in humans in southern Québec
(blue) and Canada (red) collated from annual reports from provincial health departments across
the country. Numbers for Québec were obtained from the Institut National de Santé Publique du
Québec. Please note that these numbers were reported as of July 2015 and that final numbers for
2014 may yet be incomplete. The ‘*’ in the figure indicates when the first endemic case of Lyme
disease in human was reported in Québec.
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ABSTRACT

Zoonotic disease transmission systems involve sets of species interacting with each other
and their environment. This complexity impedes development of disease monitoring and control
programs which require reliable identification of spatial and biotic variables and mechanisms
facilitating disease emergence. To overcome this difficulty, | propose a framework that
simultaneously examines all species involved in disease emergence by integrating concepts and
methods from population genetics, landscape ecology, and spatial statistics. Multi-taxa integrated
landscape genetics (MTILG), first described in a study on mountain pine beetle-fungi interaction,
can reveal how interspecific interactions and landscape variables influence disease emergence
patterns. | test the potential of the MTILG-based framework by modelling the emergence of a
disease system across multiple species dispersal, interspecific interaction, and landscape
scenarios. My simulations showed that both interspecific-dependent dispersal patterns and
landscape characteristics significantly influenced disease spread. Using my framework, | was
able to detect statistically similar inter-population genetic differences and highly correlated
spatial genetic patterns that imply species-dependent dispersal. Additionally, species that were
assigned coupled dispersal patterns were affected to the same degree by similar landscape
variables. This study underlines the importance of an integrated approach to investigating
emergence of disease systems. MTILG is a robust approach for such studies and can identify

potential avenues for targeted disease management strategies.
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INTRODUCTION

Emerging zoonotic infectious diseases can threaten biodiversity and impose significant
pressures on public health systems at local, regional, and global scales (Taylor et al. 2001, Jones
et al. 2008, Brito et al. 2012). Over 70% of recently emerging infectious diseases have animal
origins and roughly 60% of all human pathogens are zoonotic (Jones et al. 2008, Johnson et al.
2015). For vector-borne diseases, the presence, distribution, and movement of competent vectors
across a region are important variables determining disease risk and emergence patterns (Gubler
2010). We can therefore monitor zoonotic disease emergence by identifying landscape variables
influencing movements of organisms, and hence disease spread, across a landscape (Gilchrist
2002, Roth 2011).

Spatial metacommunity dynamics are critical when species involved in a disease system
are distributed across heterogeneous landscapes (Hess 1996, Arino et al. 2005, Alexander et al.
2012, Estrada-Pefia et al. 2014). Changes in land use and habitat adjacency can influence species
dispersal, population dynamics, and biotic interactions that in turn shape patterns of reservoir,
vector, and/or pathogen distribution and disease occurrence (Grenfell & Harwood 1997, Suzan et
al. 2015). For instance, in the Lyme disease system variability in habitat conditions that alter
species composition, relative abundances, and interspecific interactions within an ecological
community can influence vector abundance and pathogen persistence (LoGiudice et al. 2003,
Biek & Real 2010, Ostfeld 2011, Ostfeld & Keesing 2012). Landscape structure influences
disease spread as it affects both movement patterns and densities of hosts, disease vectors and
pathogens (McCallum 2008). For vector-transmitted diseases, landscape features that influence

vector dispersal are the foremost determinants of rates of epizootic spread. Physical barriers to
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dispersal and habitat fragmentation can influence the distributions and affect rates of species
movement and population connectivity, including on the epidemic front (McCallum 2008).
Additionally, most complex zoonotic disease transmission systems often include multiple
sets of host, vector, and pathogen species, each with roles of varying importance in disease
transmission, and it has become clear in recent years that disease emergence processes should be
studied in a multi-species context (Estrada-Pefia et al. 2014). The dispersal and evolution (i.e.
host specificity, speciation) of pathogens and vectors in a vector-borne zoonotic diseases system
are often dependent on host species (Blasco-Costa & Poulin 2013, Suzén et al. 2015, Maze-
Guilmo et al. 2016, Grégoir et al. 2015). Therefore, interspecies-dependent dispersal patterns
should result in observable signs of shared spatial dependence (James et al. 2011, Blasco-Costa
& Poulin 2013, Mazé-Guilmo et al. 2016) that can provide insights on key species facilitating the

spread of pathogens across a region.

With recent advancements in molecular techniques and rapid improvements in
bioinformatics, combinations of good genotypic and landscape datasets paired with appropriate
statistical analyses can improve our understanding of biotic mechanisms and abiotic variables
influencing disease emergence in a region (Hudson 2008, Archie et al. 2009, Ekblom & Galindo
2011). For example, we might be able to identify stages of disease emergence, detect species-
specific genotypic or phenotypic adaptations and habitat characteristics that promote or inhibit
species and disease establishment. In multi-taxa disease systems it is critical to quantify inter-
specific interactions and estimate how landscape features impact these interactions and hence the
emergence of the disease transmission system (Biek & Real 2010).

Here, | develop a framework using the multi-taxa integrated landscape genetics (MTILG)

approach (James et al. 2011) to identify biotic and abiotic factors influencing disease emergence
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(Figure 2.1). MTILG integrates concepts and methods from population genetics, community
ecology, landscape ecology, and spatial statistics. It allows the simultaneous examination of how
multiple species interact with each other and their surrounding environments. Different types of
datasets, such as species-specific genetic or phenotypic information, site information, and
landscape features can be used and paired with appropriate statistical analyses to identify and
quantify biotic mechanisms and abiotic variables influencing disease emergence in a region
(Hudson 2008, Archie et al. 2009, Ekblom & Galindo 2011) (Figures 2.1 & 2.2).

With this MTILG-based framework, we can potentially quantify species gene flow and
movement across the landscape and estimate how landscape features impact spatial patterns of
the disease transmission (Biek & Real 2010). Rates and amounts of gene flow among
populations are often positively correlated with species’ mobility and dependent on
environmental constraints and dispersal barriers (Slatkin 1985). Landscape genetics can reveal
how geographical and environmental features structure genetic variation at both population and
individual levels (Manel & Holderegger 2013) by detecting genetic discontinuities and the
correlation of these discontinuities with specific landscape features (Figure 2.1). Alternatively,
interspecies-dependent dispersal patterns can result in correlated spatial genetic patterns (James
et al. 2011, Blasco-Costa & Poulin 2013). Therefore, we would expect to observe high
congruence in interspecific spatial genetic patterns if species within a disease system exhibit
coupled-dispersal behaviour (e.g. pathogens and their vectors) or share similar spatial habitat
extinction and colonization dynamics (e.g. in fragmented landscapes) (Figure 2.1). There are
several approaches to studying concordance in spatial genetic patterns between species that range
from simple Mantel comparisons of pairwise genetic distance among species, to complex graph

theoretic approaches (e.g. Widmer et al. 2012) (Figure 2.1).
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To test the effectiveness of my MTILG-based framework, | simulated the emergence of a
disease system (consisting of two hosts species, one vector and one pathogen species) over four
distinct landscape scenarios of increasing heterogeneous complexity and two host species
dispersal scenarios (Figure 2.2) (Epperson et al. 2010). In order to simulate host dependent-
dispersal patterns, vectors and pathogens dispersal were coupled with either of the host species.
Upon completion of the disease emergence simulations, genetic data produced from the
simulations were used in the MTILG framework to test the framework’s effectiveness. | first
examined the extent, rates, and time taken for disease emergence across simulation scenarios,
testing for the effects and contributions of landscape characteristics, species dispersal rates, and
species interactions on measures of disease emergence. | then analysed population genetic
differentiation among host, vector, and pathogen populations, quantified interspecific
interactions in the form of host-dependent dispersal, and identified the extent to which landscape
features determine species gene flow and constrain disease emergence and establishment

patterns.

MATERIAL AND METHODS

Model Overview - Purpose

| wanted to capture how landscape characteristics, host species dispersal rates, and
interspecific interactions influence disease transmission system emergence within a region
(Figure 2.2). Using computer simulations, | modelled the emergence of a hypothetical disease
system over four landscape scenarios and two dispersal mechanisms (Epperson et al. 2010).

Model Overview - Variables and landscapes
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Our simulated disease transmission system consists of four species — a pathogen (P), a
disease vector (V), and two host species (H1 and H2) (Figure 2.2). The pathogen in the system
has no free-living life stage and is transmissible only via an infected vector that picks up the
pathogen from an infected host. The pathogen is not transmissible either horizontally (i.e.
between members of the same host/vector species) or vertically (i.e. directly from the mother to
its offspring). Both host species H1 and H2 are equally competent reservoirs of the disease-
causing pathogen and are also suitable hosts for the parasitic vector (Figure 2.2). | assumed that
the pathogen has negligible effects on hosts and vector behaviour, survival, or fitness. While the
system contains two host species, the presence of either host within a habitat is sufficient to
maintain the disease transmission system locally. | ran eight different simulation scenarios
(Table 2.1). I modelled the spread of the disease system within 14 sites located across four
distinct landscapes with increasing complexity, from a completely homogeneous landscape (e.g.
undisturbed forests) to a heterogeneous landscape with a river (e.g. forest fragmentation with
linear barriers to species movement) (Figure 2.2). | also simulated two distinct dispersal rates of
the hosts driving the movement of the vector and the pathogen across these landscapes to
examine the effects of species dispersal capabilities on disease emergence (Table 2.1).

Model Details - Initialization

I modelled the gene flow of all species in the disease transmission system using the
program PEDAGOG. PEDAGOG is an evolutionary ecology software that simulates individual-
level population dynamics while producing genotype, pedigree, and phenotype information that
can be used in subsequent analyses (Coombs et al. 2010). I simulated population statistics and
genetic data for all fourteen sites in the system over a period of 30 generations, by which time

disease emergence events woud have reached equilibrium. Each simulation of unique landscape
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and dispersal scenario was performed with 10 replicates each, which was sufficient to capture
any inherent stochasticity due to demographic and genetic mechanisms and sampling. This
resulted in a total of 80 replicate simulations. Fourteen sites were randomly placed on habitat
patches across each landscape to serve as populations from which genetic data was sampled. All
specimens were genotyped for ten microsatellite loci and sampled only once at initial capture.
The number of alleles simulated per locus was random across loci and across simulation
scenarios. For all subsequent genetic analyses, | used the simulated genetic data produced for the

30™ generation in my simulations (i.e. after disease emergence have reached equilibrium).

Model Details — Input

In the PEDAGOG simulations, | kept all initial species-specific genetic diversity,
demographic rates, growth rates, mating designs, heritability, and mutation rates constant for all

species, regardless of landscape or dispersal scenarios (see Table Al in Appendix A).

Spatial variables were represented in raster format. Each simulated landscape measured
100 by 100 cells. In the homogeneous landscape, all cells were given the value 1. In a
heterogeneous landscape, 18 habitat patches measuring 10 by 13 cells were randomly distributed
across the landscape. In this scenario, all cells representing a habitat patch was assigned the
value of 1 while any remaining cells in the landscape were assigned a value of 5 to represent
greater resistance to species movement. In the presence of a geographical barrier in a landscape,
the barrier extended across the full wideth of the landscape. The width of the barrier ranged from
8 to 15 cells, and all cells representing the barrier in the landscape were assigned a value 10 to
indicated substantial barrier to species movement.

| simulated interspecific interactions in the form of host-dependent dispersal by coupling

vector and pathogen dispersal to either host species H1 (short-distance disperser) or H2 (long-
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distance disperser). | determined probabilities of movement from a source site and amongst sites
for all species beforehand by incorporating least-cost distances calculated for each landscape
scenario and species-specific dispersal capabilities as a simple negative exponential distribution

function:

pij = ae( ﬁli) {Eqn l}

where p;; is the probability of dispersal between sites i and j, o the probability of an individual
remaining at the original site, d;; the least-cost effect distance between sites i and j based on

resistance values, and f the estimated mean dispersal capability of the species of interest.

| retrieved values of least-cost distances (d;;) using the raster (Hijmans et al. 2015) and
gdistance (van Etten 2015) packages in R. I first rasterized maps of our four landscape scenarios
using the raster function and assigned resistance values of 1, 5, and 10 to three landscape
variables respectively: habitat, non-habitat, and physical barrier. I then obtained transition values
for each landscape using the transition function and from there calculated the least-cost distances
(d;;) among fourteen sample sites using the function costDistance. | set species dispersal
capabilities - B (defined as the maximum resistance each species can overcome per dispersal
event in the simulated landscapes) - at 80 and 160 for short-distance and long-distance
dispersers, respectively. | set the probability of an individual remaining at the original site (o) at
0.85. Although the parameter values used in these simulations are not reflective of any real-

world system, they are not unrealistic relative to the spatial and temporal scale of the model.

Analysis - Extents, rates, and time taken for disease system emergence

| determined differences in the spatial extent of disease emergence and time taken to

reach maximum extent for all scenarios based on species-specific simulated data. The disease
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transmission system was considered locally established at each site when populations of vector,
pathogen, and at least one host species had established stable populations. Species populations
were considered established when effective population sizes (Ne) were 20 or more for at least
three consecutive generations. Rates of emergence were calculated as the final proportion of sites
in which disease has established divided by the time taken from when the disease system began
to colonize patches in the landscapes.

| first tested for the effect of simulation characteristics (landscape heterogeneity,
presence of geographical barriers, and species dispersal rates) on the extent and rate of disease
outbreak, along with time taken to reach equilibrium among the eight simulation scenarios via
ANOVA. | then performed a series of linear regression analyses using simulation characteristics
as explanatory variables and the extents, rates, and time taken for disease emergence to reach
equilibrium as response variables. | subsequently performed stepwise model selection using the
stepAlC function in R package MASS (Ripley et al. 2015) to identify which explanatory
variables best explained disease emergence patterns. Finally, | assessed the relative importance
and contribution of each predictor in the model with the calc.relimp and the varpart functions

from the R package relaimpo and vegan, respectively.

Analysis - Genetic differentiation among species populations

| examined population structures using AMOVA in the software Arlequin ver. 3.5.1.3
(Excoffier et al. 2010). ). Estimator options for AMOVA analyses in Arlequin are limited to Rst
(Slatkin 1995) or Fst (Wright 1950). Since Fst measures do not account for the stepwise
mutation process inherent to microsatellite markers (Balloux & Lugon-Moulin 2002), 1 elected to
employ Rsr as an estimator for measuring genetic differentiation. Rst is a measure of genetic

differentiation (Excoffier et al. 1992) and higher Rsr values generally indicate greater genetic
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differentiation among populations. Similar Rst values among associated species would be
indicative of shared spatial dependence, coupled dispersal, or interspecific interactions. | was
able to examine how interactions among landscape heterogeneity, geographical barriers, and
species dispersal rates influence genetic differentiation among species populations by applying a
stepwise model selection on a model that regressed observed Rsr values against landscape
variables. Stepwise model selection was performed using the stepAIC function in R package
MASS. The relative importance of each predictor in the model was measured using the

calc.relimp function from the R package relaimpo (Groemping & Matthias 2013).

Our next step in the MTILG framework investigated interactions among species that
exhibited similar genetic differentiation among populations by testing for concordance in their

spatial genetic patterns.

Analysis - Quantifying interspecific interactions facilitating disease emergence

| quantified interspecific interactions in the form of host-dependent dispersal based on
concordance of spatial genetic patterns among species by calculating ordination solutions (James
et al. 2011) of allele frequency differences and pairwise genetic distance among populations of
all species in each simulation across all replicates. | obtained ordination solutions of allele
frequency differences among populations using the rda function in the vegan package in R
(Oksanen et al. 2015). I also performed additional analyses based on pairwise genetic distances
using Principal coordinate analyses (using the pairwise.fst and capscale functions in R packages
adegenet (Jombart et al. 2014) and vegan, respectively). | compared PCA (obtained from raw
allele frequencies) and PCoA ordination solutions (based on pairwise Fst values) using a series
of Procrustes rotation tests, a variant of co-inertia analysis to assess similarity between

multivariate datasets. | found significant and high correlations between all PCA and PCoA
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ordination solutions (average correlation coefficient = 0.8334, average p-value = 0.0115),
suggesting that PCA ordinations likely do not violate evolutionary assumptions (e.g. mutation,

selection, isolation, and mixing) and can be used in subsequent analyses.

| then performed a series of pairwise Procrustes rotation tests on ordination solutions of
allele frequency differences among populations for all possible pairs of species in each replicate
of disease emergence simulation scenario. This allowed us to evaluate the concordance in spatial
genetic patterns of differentiation across species. In the event vector or pathogen species are
dependent on a specific host species for dispersal, | expect the Procrustes Rotation test to register
significantly similar patterns of allele frequency distributions between ordination solutions of
these associated species. All Procrustes rotation tests were performed using the protest function

from the R package vegan.

Analysis - Landscape features affecting spread

| converted spatial environmental data into site-specific measurements by calculating the
connectivity of each site relative to all other sites based on the resistances values and least-cost
effective distances estimated for each landscape variable. Connectivity was calculated using Eqgn.

2:

j
1
e Egn 2
S, ledi]_, {Eqn 2}

where S; is the connectivity of site i to the rest of the metapopulation network (Bdj;), d;; the least-

cost effect distance between sites i and j based on resistance values, and 3 the estimated mean

dispersal rate of the species of interest.
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Using log-transformed allele frequencies as response matrices and measures of spatial
connectivity as predictor variables in a series of RDA analyses, | identified ordination models
that best described genetic similarities relative to landscape variables. | first standardized
measures of spatial connectivity by standardizeding and detrending the values against euclidean
distances. I subsequently selected optimal models via forward selection analyses using the

ordistep function in the R package vegan.

RESULTS

Extent, rate, and time taken for disease system emergence

The spatial extent of disease emergence differed among simulation scenarios (Figure 2.3)
and was dependent on both landscape characteristics and species dispersal rates (Table A2 in
Appendix A). Interactions among landscape heterogeneity, geographical barriers, and species
dispersal rates accounted for most of the variance observed in disease emergence extent (Table
A2), with landscape heterogeneity and geographical barriers being the primary contributors to
the variance (Table A2).

The amount of time taken for disease emergence to reach equilibrium also differed
among simulation scenarios (Figure 2.3). Interactions between landscape heterogeneity and
species dispersal rates best accounted for variance in time taken for emergence to reach
equilibrium (Table A2). However, an assessment of the relative importance of the individual
contributions of these variables, along with variation partitioning analyses revealed that
landscape heterogeneity was the main driver of time taken for disease emergence to reach
equilibrium, and that species dispersal capabilities rates contributed very little to none of the

observed variance (Table A2).
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Finally, ANOVA analyses indicated that rates of emergence also differed amongst
simulation scenarios (Figure 2.3), and selection tests on multiple regression models revealed that
interactions between landscape heterogeneity and geographical barriers best explained the
observed variance in emergence rates. However, tests of relative importance and variance
partitioning once again showed that landscape heterogeneity was the most important and primary
contributor to the observed variance (Table A2).

Genetic differentiation among species populations

Stepwise model analyses of regression models (using Rst values as response variables
and landscape characteristics and species dispersal capabilities as explanatory variables) showed
that population differentiation for all species was significantly influenced by, in order of
importance, landscape heterogeneity, geographical barriers, and species dispersal rates.
Populations distributed across homogeneous landscapes tended to exhibit lower Rst values than
those in heterogeneous landscapes (Table A3). Furthermore, Rst values tended to be greater
among populations of species with short distance dispersal than those capable of long distance
dispersal (Figure 2.4, Table A3). These patterns matched the null expectations of isolation-by-
distance, where populations experiencing greater amount of gene exchanges exhibit greater
genetic similarities.

Rst values also provided a proxy for the strength of interspecific interactions. | found that
in six out of eight simulation scenarios, associated host, vector, and pathogen species generally
shared similar patterns of genetic differentiation (Figure 2.4, Table A3). Rst values were often
similar among vector and pathogen species and the host species upon which they depended for
dispersal (Figure 2.3) (i.e. coupled species in the simulation models). Conversely, Rst values

were generally significantly different among unassociated species (Figure 2.4).
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Quantifying interspecific interactions facilitating disease emergence

The spatial genetic patterns of vector and pathogen species generally exhibited greater
concordance with that of the associated host species upon which their dispersal depended (Table
2.2). 1 also found that statistically significant concordances were more frequently observed
among associated species (~60% of 80 simulation replicates) than unassociated species (~35% of
80 simulation replicates) (Table 2.2). The unexpected statistically significant concordances
among unassociated species may have occurred as a result of the landscape characteristics
producing similar gene flow pressures across all species (i.e. shared spatial dependence) (James
et al. 2011). A brief analysis of the differences in correlation coefficient values between
associated and unassociated species revealed that the difference decreased with increasing
landscape complexity. Additionally, | noted a positive relationship between the frequencies at
which significant concordance between unassociated species was detected and landscape
complexity. This underlines the importance of the ensuing step in the MTILG framework, in
which I identified and quantified the relative roles of landscape variables on species gene flow
via landscape genetics analyses. Landscape genetic analyses can differentiate whether any
observed concordances in inter-specific spatial genetic resulted from genuine host-dependent
dispersal or shared spatial dependence.

Landscape features affecting spread

Landscape heterogeneity and geographical barriers significantly affected species spatial
genetic and dispersal patterns, which confirmed the model design. Results from selection tests
revealed that the spatial genetic patterns of all species in the disease system can often be
attributed to the same landscape variables, regardless of interspecific associations (Table A4).

This is a strong indicator of the effects of shared spatial dependence, where the movements of all
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species studied were affected by the same landscape variable. However, the extent to which these
landscape variables explained species genetic patterns differed starkly depending on relations
among species. Overall, | found that the proportion of genetic variation explained by a given
landscape variable tended to be similar among host, pathogen, and vector species whose
dispersal rates were coupled (Figure 2.5). This suggests that gene flow patterns of associated
host, vector, and pathogen species were influenced to similar degrees by the same landscape
characteristic (Figure 2.5), indicating potential coupled dispersal and intimate interactions among

associated species in the simulations.

DISCUSSION

| chose to model disease emergence patterns over several landscape and dispersal
scenarios to test the efficiency of my MTILG-based framework under these varying scenarios
(Epperson et al. 2010). Despite the apparent simplicity of my computer simulations and disease
system, | was able to reveal that interactions among landscape characteristics, interspecific
interactions, and species dispersal rates can have different effects on disease emergence rates and
extent (Figure 2.3). Furthermore, | was able to, using my framework, identify landscape
variables that influence patterns of species (and therefore disease) spread, as well as identify
potential coupled species dispersal patterns. However, the framework revealed a rich set of
outcomes that depended on the landscape scenario. I now discuss these aspects and link to

known patterns of emergence in zoonotic diseases.

Insights from MTILG on zoonotic infectious disease emergence
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Most studies on emerging zoonotic disease to date tend to focus on a single, identified
keystone species or a limited number of environmental variables. However, it is becoming
evident in recent years that zoonotic disease systems are more complex than expected, and that
determining mechanisms of disease emergence based on constrained studies often result in
erroneous conclusions regarding the dynamics of the disease system (Estrada-Pefia et al. 2014).
For instance, while single-species landscape genetics study may provide important spatial
information about population structure for a particular host, vector, or pathogen species, it cannot
discern general underlying evolutionary and ecological factors that affect the disease system as a
complex of species (Manel & Holderegger 2013). Interacting species in a complex disease
system have distinct ecological niches that overlap only in certain portions of environmental and
geographical space (Estrada-Pefia et al. 2014). The landscape variable that influences one species
at a particular spatial scale does not necessarily affect another at that scale. If disease risk is
enhanced when multiple species are present, we need to simultaneously compare multiple host
and vector species across spatial and temporal scales to identify cross-scale relations that
facilitate disease emergence. These common variables can then be applied in models to
accurately project realistic future geographic disease emergence patterns.

In addition to knowing how variables influence disease movement or establishment
within the landscape, it is also imperative that we identify the species’ roles and interspecific
interactions in a disease system. This is especially true in the case of disease pathogens and
vectors. If the dispersal of pathogens or vectors is dependent or coupled with host species
movement, identification and quantification of the relative importance of these hosts as
dispersers can help us identify likely spatial paths for disease emergence that can then be

targeted for disease control. Targeted control strategies, such as vaccination, medication, host
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population size manipulation, or environmental manipulation, will be more cost-efficient, and
potentially decrease risks of detrimental impacts on ecosystems (Artois et al. 2011).

Challenges with the framework

The data requirement of MTILG may seem demanding in their extent and complexity.
Nonetheless, recent advances in molecular techniques (e.g. high-throughput next-generation
sequencing), satellite imaging, and the maintenance of online databases such as those maintained
by the National Center for Biotechonology Information (NCBI) or the European Bioinformatics
Institute (EBI) are all contributing to making MTILG-ready dataset more common. The nature of
these datasets also promotes collaboration amongst experts across multiple disciplines, pooling
and sharing resources and data, which reduces the amount of time required for data assembly and
analyses.

The reliability and accuracy of results from the MTILG-based framework will depend on
the temporal and spatial scales over which data are collected (Anderson et al. 2010). For
instance, observed genetic patterns are the outcome of historical gene flow, and there is therefore
a time lag between actual gene flow events and production of measurable genetic signals
(Landguth et al. 2010). The types of molecular markers used will determine the temporal and
spatial scales of data collection. Spatial scale is a crucial feature of landscape genetics and my
simulations stress the importance of multiscale datasets. This is because the effects of landscape
features vary greatly across scales (Cushman & Landguth 2010). This is in part functional
because the relative impact of landscape features as barriers or as corridors depends strongly on a
species’ perceptions and movement rates. While analyses that partition populations according to
assumed barriers of gene flow (e.g. hierarchical AMOVA) can potentially help identify the

relative amount of variance explained by each landscape variable, erroneous classifications of
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perceived barriers can result in incorrect conclusions. It is therefore critical to obtain or estimate
appropriate and biologically realistic estimates for movement parameters (i.e. landscape
resistance values and mean species dispersal distances) prior to analyses. Inaccurate values may
result in over- and/or under-estimations of landscape effects on species gene flow, leading to
unreliable projections and misinformed disease management decisions.

Additionally, my study suggests that the performance of the MTILG framework tends to
improve with increasing landscape complexity. For instance, the framework was able to identify
signals of coupled dispersal patterns (i.e. similar population structures, and concordant spatial
genetic patterns) among hosts, vectors, and pathogen more frequently under heterogeneous
landscape conditions. Conversely, application of the framework under homogenous landscape
scenarios identified coupled-dispersal interactions at lower frequencies. I also found that the
MTILG- framework was better at identifying landscape variables influencing species movement
when the landscape was fragmented, although this is more likely a consequence of the inherent
lack of variables to test in a homogeneous landscape. It is also interesting to note that the
framework did not appear to perform differently under either of the scenarios of dispersal-driven

disease emergence.

Applications of the framework

MTILG can be applied to a variety of emerging zoonotic disease systems. The emerging
Lyme disease system in North America is a good example of a complex disease transmission
system that lends itself to my MTILG-based framework . The disease system involves multiple
host species, each of which exhibit varying efficacy in maintaining and supporting tick vectors

and pathogen transmission (Brunner et al. 2008, Ostfeld 2011). In recent decades, climate and
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land use changes have facilitated the rapid spread of Lyme borreliosis across North America
(Allan et al. 2003, Brownstein et al. 2005, Simon et al. 2014). By simultaneously comparing and
investigating interactions among ticks, their multiple hosts and the structure of the surrounding
landscapes, researchers can begin to improve disease control strategies by identifying and
targeting specific host species or landscape conditions that foster spread and mediate prevalence.
Another emerging zoonotic disease system that might benefit from the application of
MTILG is rabies - a viral disease of the central nervous system in warm-blooded animals
transmitted via scratches, bites, or contact of saliva with mucous membranes (Rupprecht et al.
2002). Wildlife hosts such as raccoons, skunks, and bats are competent hosts that can maintain
rabies in a region, albeit with different antigenic variants or strains that may exhibit varying
virulence (Smith et al.1984, Rupprecht et al. 2002). As climate and landscape changes alter
wildlife species abundances, distribution, and behaviour, the distribution and prevalence of
rabies may change as well. The framework can help to identify important variables and
mechanisms that influence the spread of more virulent rabies strain types and allow development

of targeted, more cost effective control programs (Rupprecht et al. 2004).

CONCLUSION

Zoonotic disease systems often involve complex networks of interactions among multiple
species and their surrounding environment. To obtain a clearer understanding of the factors that
influence disease emergence in a region, it is essential to simultaneously examine the species
involved in the disease system and how their interactions and movements occur in the landscape.
In this paper, | showed that the MTILG framework can reveal how biotic and abiotic variables

influence zoonotic disease emergence in a region. Specifically, | was able to identify shared

67


http://en.wikipedia.org/wiki/Virus
http://en.wikipedia.org/wiki/Warm-blooded

spatial occurrences and the interspecies-dependent dispersal patterns between associated species.
| was also able to demonstrate how interactions among landscape heterogeneity, geographical
barriers, and species dispersal rates can influence the spatial extent and rate of disease
transmission system spread through time. Modelling interactions among multiple species and
how they interact with the landscape is essential for informed management decisions aimed at
preventing disease emergence and spread. MTILG will become necessary and feasible as large
datasets become available and can be tackled by the pipeline of analyses | described. New
statistical and modeling tools facilitate regional models with greater forecasting accuracy (Sork
& Waits 2010). Better forecasts will improve our ability to mitigate and even counter emergence

of infectious diseases world wide.
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TABLES

Table 2.1. Description of simulated scenarios A to H, with details on the different landscape
characteristics (heterogeneity and barriers) and disease dispersal patterns employed in each
scenario. The numbers in subscript following Ps and Vs indicate which host species their

dispersal is dependent on. Short-distance and long-distance dispersal are driven by H1 and H2,

respectively.

Scenarios Landscape Physical Dispersal Species
heterogeneity Barrier scenario Simulated

A Homogeneous x Short-distance H1, H2, V4, P,
B Heterogeneous 4 Short-distance H1, H2, V4, Py
C Homogeneous v Short-distance H1, H2, V4, P,
D Heterogeneous v Short-distance H1, H2, V4, P;
E Homogeneous b Long-distance H1, H2, V5, P,
F Heterogeneous 4 Long-distance H1, H2, V,, P,
G Homogeneous v Long-distance H1, H2, V,, P,
H Heterogeneous v Long-distance H1, H2, V,, P,
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Table 2.2. Summary of results from Procrustes rotation tests that determined strength and
significance of correlation between interspecific spatial genetic patterns. Associated species refer
to pathogen, vector, and host species that were assigned shared spatial dependence and dispersal
rates in each scenario. Average correlation coefficients and standard deviations calculated from
all replicates are provided. The frequencies of statistically significant correlations are also
included in the table. Simulation scenarios are labelled as in Table 2.1.

Average correlation Frequency of statistically
coefficients [SD] significant cases

Scenario A
Associated species 0.643 [0.179] 70.0%
Non-associated species 0.446 [0.156] 26.7%
Scenario B
Associated species 0.791 [0.201] 73.3%
Non-associated species 0.656 [0.116] 60.0%
Scenario C
Associated species 0.478 [0.210] 30.0%
Non-associated species 0.499 [0.147] 26.1%
Scenario D
Associated species 0.716 [0.156] 50.0%
Non-associated species 0.624 [0.075] 50.0%
Scenario E
Associated species 0.578 [0.151] 60.0%
Non-associated species 0.482 [0.141] 30.0%
Scenario F
Associated species 0.688 [0.161] 76.7%
Non-associated species 0.618 [0.208] 56.7%
Scenario G
Associated species 0.581 [0.137] 50.0%
Non-associated species 0.448 [0.157] 29.2%
Scenario H
Associated species 0.647 [0.145] 56.7%
Non-associated species 0.599 [0.084] 50.0%
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Figure 2.1. Visualisation of the multi-taxa integrated landscape genetic (MTILG) framework. |
present examples of types of data that can be used (ovals) as well as how this data can be used
for application of Multi-taxa Integrated Landscape Genetics (MTILG). Results and information
from MTILG can then be incorporated into models and simulations that can help predict patterns

(i.e. extent and rate) of disease emergence in a region.
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Figure 2.2. An integrative approach to examine how interspecific interactions, species dispersal
rates, and landscape characteristics influence disease transmission system emergence in a region.
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, H2: long-distance dispersing host, V: vector species, P:
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Figure 2.3. Extent and rate of disease system establishment across different landscapes and
dispersal scenarios after 30 simulated generations. The contour lines and heat colours on the
maps indicate frequencies with which the disease system had established successfully spatially
over 10 simulation replicates. Warmer colours indicate greater frequencies of successful
establishment. Plots below each map show proportion of sites in which the disease transmission
system has established (y-axis) over time (x-axis) with variations across replicates accounted for.
Simulation scenarios are labelled as in Table 2.1.

80



“T°Z 9|CeL Ul Se pajjage| a4e SOLIRUIS UOIRINWIS 'S.q, PUE S B, 9SBD JOMO] (IIM PjedIpul

ale uoIR|INWIS Yyaea ul $a1oads Buowe senjeA sadlpul uoliexiy ul saoualaip uesipiubis “(Aaib painojoo ase TH 1soy bBuisiadsip
aour)ISIP 10oYs AQ pastadsip s10199A pue susaboyred 6°8) SIN0J0I awes ayl ateys saloads Paje1dossy "(SMod) wisiueydsw Jestadsip
pue (suwnjod) oureusds adeaspue| yaea 10} suolejndod usamiaq sadualajjIp d118uab J1419ads-sa19ads Jo suostiedwo) 'z a4nbi4

saadsg saladsg salads sapadsg
ZA zd ZH IH A d ZH M A zd TH H ZA zd H M
L 1 L L - L L ! ! o L L L L a 1 1 1 1 -
L. & Fe - 2 F o
q q g o [8 q q q b q q qg o [ 8 ] D o o [8
o = = o
-5 2 e ]
- L Bl : -
F o - - g s - F o
0 = [f|& B T A L R
o
T S Trg |+ T - 8 B O (s |= 5 3
i 1 . 1 5
1 1 I - 1
o = i o : =] ' e =N
re e T re +~ 2 a
- -
: - - . = u u ®
- e i TR ik
S [=] = =
-2 Fe -] -8
H 9 | 3
1A ld ZH M A ld 2ZH IH LA i ZH MM A ld  TH IH
1 L 1 1 = 1 1 1 1 - 1 1 1 1 a 1 1 1 1 a
- o - o = 2 - o
D p g D s D D q D s D p gq D - D p P D s
o o o =}
= O ] ] =1
= - g g g
. = Bl - o T
- B -t = . B B —_— ’ - l.m m
“ ﬂ - {m =
- - . T |m rm ﬂ |m m_ y Mlm 3
= " T L 5
- =IF | B oa 4
4 E o
. - m = 3
4 lﬂ_ IO . o Iﬂ. I.ﬂ_
- e ] & 2
= e = =
8 " 8 -8 8
a J 4 v

81



H1

g

H2

Py

Vi

B
[o]
[=]

H2
P2
Va
H B H+B ED H B H+B ED H B H+B ED H B H+B ED
Legend % variance explained
H: Heterogeneity
B: Barrier ! ! ] ] —
H+B: Heterogeneity+ Barrier 0 0.05 01 015 02 0.25 0.3

ED: Euclidean Distance

Figure 2.5. Species-specific landscape genetics results from redundancy analyses using allele
frequencies as response matrices and landscape variables as predictor matrices. The relative
amount of genetic variance accounted for by each landscape variable is given for each simulation
scenario, with darker shading indicating greater percentage of variance explained. Boxes on the
figures indicate predicted landscape variables that should exert observable effects on each species
in each simulation scenario. Simulation scenarios are labelled as in Table 2.1.
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CONNECTING STATEMENT

Multi-taxa integrated landscape genetics (MTILG) allows us to understand and identify
ecological processes driving zoonotic disease emergence by simultaneously examining multiple
key species in a disease system. In Chapter 2, | showed that the MTILG approach can reveal how
interspecific interactions and landscape heterogeneity influence overall extent, rate, and pattern of
disease spread across a landscape. In the subsequent chapters of this thesis, | begin to apply
MTILG to the Lyme disease system in southern Québec. I first examine the host and vector
species independently in Chapters 3 (white-footed mouse) and 4 (black-legged tick), before

applying MTILG to both species in Chapter 5.

In Chapter 3, | focused first on white-footed mouse populations across southern Québec,
examining their genetic diversity, population structures, morphological variation, tick burden,
and pathogen prevalence. The goal is to obtain a better understanding of landscape effects on
mouse movement, mouse morphological variation in the context of range expansion, and to

identify the role the white-footed mice plays in the Lyme disease system.
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CHAPTER THREE

Genetic and morphological variation in white-footed mouse populations at the leading edge

of its expanding range: Implications for the emergence of Lyme disease

ABSTRACT

The northward range expansion of Peromyscus leucopus (white-footed mouse) into
southern Québec is of considerable interest for public health as these rodents are excellent
reservoir hosts of the Lyme disease pathogen Borrelia burgdorferi. A simultaneous examination
of white-footed mouse genotypes, phenotypes, as well as pathogen prevalence and vector
burdens, will help us better understand how the range expansion of this species may influence
Lyme disease emergence at the northern edge of its range. White-footed mouse population
genetics revealed that the effects of geographical barriers that limit gene flow (i.e. rivers) can be
overcome, which suggests the potential for further range expansion. Comparisons of populations
for mouse morphology and genetic diversity revealed some phenotypic variation among genetic
clusters. While I found no significant differences in the measures of white-footed mouse genetic
diversity along a latitudinal gradient, | observed a significant allometric increase in mouse hind-
foot length as latitude increased. The latter may influence mouse dispersal rate and further range
expansion and warrants further research. Finally, | found that the genotypic and phenotypic traits
examined in this study were not associated with the mouse’s susceptibility to infection or
parasitism. However, | found indirect evidence suggesting that the white-footed mouse’s role as
a host of both the Lyme disease vector and pathogen is a major determinant of B. burgdorferi

presence in a community. As such, future Lyme disease monitoring efforts in southern Québec
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should account for white-footed mouse distribution in the region relative to landscape features
that represent significant barriers to gene flow as well as potential adaptive traits that influence

species’ dispersal ability.
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INTRODUCTION

Recent years have led to the rapid range expansion and emergence of several zoonotic
diseases (Crowl et al. 2008, Engering et al. 2013). By examining how changes in species traits
affect or reflect population fitness, survival, and dispersal ability, we can begin to predict
population colonisation success which in turn influences patterns of disease emergence and
spread (McCoy 2008, Tabachnick 2010, Hill et al. 2011). Similarly, surveillance of pathogen and
parasite burdens on species undergoing range expansion can indirectly reveal rates and
mechanisms of disease emergence in a region (Metz et al. 1983, Hadorn and Stark 2008). By
simultaneously examining phenotypic traits, spatial genetic structure, and pathogen and parasite
burdens we can: (i) quantify species movement relative to landscape features (McCoy 2008,
Manel and Holderegger 2013), (ii) identify phenotypic adaptations that may potentially increase
rates of range expansion and disease emergence (Hill et al. 2011, King and Lively 2012), and
(iii) characterise a species’ role in disease transmission and emergence (Altizer and Pedersen
2008). When combined, this information can help predict future species distribution and identify

possible avenues for controlling disease spread (McCoy 2008).

The white-footed mouse (Peromyscus leucopus) is one of the most abundant rodent
species in North America. In recent years, the white-footed mouse range has expanded
northwards at rates of approximately 10-15km/year (Myers et al. 2009, Roy-Dufresne et al.
2013, Simon et al. 2014). This is a public health concern in southern Québec as the white-footed
mouse is widely recognised as the primary reservoir host of the Lyme disease pathogen Borrelia
burgdorferi (Ostfeld 2011) and the Hantavirus (Plyusnin and Morzunov 2001). Indeed, in
conjunction with the rapid range expansion of white-footed mouse in southern Québec, we have

also observed a substantial increase in the abundance of the Lyme disease vector, the black-
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legged tick (Ixodes scapularis) (Ogden et al. 2006), and incidences of human Lyme disease cases

(Ogden et al. 2009, Institut National de Santé Publique Québec 2014).

Studies on the genetics of white-footed mouse populations in southern Québec have
provided some insight on how the landscape influences mouse gene flow in the region.
Specifically, Rogic et al. (2013) and Marrotte et al. (2014) found that while landscape
heterogeneity such as agricultural land use posed little resistance to mouse movement, urban
environments, rivers, and highways significantly determined mouse population genetic structure.
While these results are useful for potential disease monitoring and control, both studies were
performed in a small geographical area measuring approximately 633.5 km? located in the center
of the current white-footed mouse distribution in Québec. Therefore, these results may not be
applicable at broader spatial scales, as effects of landscape variables do not translate equally

across geographical scales (Meentemeyer and Box 1987).

Another study on white-footed mouse in southern Québec had revealed surprisingly high
concordance in mouse genetics and cranial morphology (Ledevin and Millien 2013). This
concordance in inter-population genetic and morphological variation may be due to ongoing
range expansion by founder effects from independent colonization of forest patches, or to local
adaptation of white-footed mice to distinct habitat conditions (Simon et al. 2014). However, the
cranial traits examined in Ledevin and Millien (2013) do not lend themselves well to direct tests

of hypotheses about range expansion pattern.

Finally, while a study by Simon et al. (2014) revealed a strong association between the
presence of B. burgdorferi and the occurrence of white-footed mice in a region, it is unknown if
variation in mouse morphology or genetics might further influence B. burgdorferi prevalence

and rates of black-legged tick parasitism locally. Ticks can develop host-associated genetic and
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phenotypic differentiation (e.g. Dietrich et al. 2013) that arise either due to selection or drift from
isolation. Similarly, B. burgdorferi strain types and virulence have been shown to undergo
selection for particular tick phenology or host composition in a habitat (Ogden et al. 2008). It is
likely therefore that local adaptation in the white-footed mouse may influence parasitism or
pathogen infection success and rate. Correlations between white-footed mouse traits and
measures of parasite and pathogen infection could reveal specialization or ongoing co-

evolutionary processes that may modulate Lyme disease emergence in southern Québec.

While previous studies have provided valuable insights on the range expansion of white-
footed mouse into southern Québec, none of them have integrated white-footed mouse genetics,
morphology, B. burgdorferi prevalence, and measures of tick presence into a single
comprehensive study. Here, | attempted to do just that to improve our ability to understand and
predict Lyme disease risk and emergence patterns as driven by the white-footed mouse in

southern Québec. My objectives were four-fold:

1) 1 evaluated how landscape heterogeneity affected neutral white-footed mouse gene
flow across its current known distribution in Québec and its role on the ongoing range
expansion northward into the rest of the province.

2) | compared observed patterns of variation between white-footed mouse genetics and
external morphology to identify potential local adaptations within local populations.

3) | tested for spatial trends in measures of genetic diversity and morphological traits
variation in white-footed mice along a latitudinal gradient.

4)  Finally, I explored relationships among mouse morphology, genetic differentiation, B.

burgdorferi infection rate, and black-legged tick burden. Significant correlations
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among these variables are expected to influence the contribution of the white-footed

mouse to Lyme disease emergence in Québec.

MATERIAL AND METHODS

Study sites and specimens

| sampled 485 individuals of white-footed mouse from 16 sites across an area of southern
Québec measuring approximately 140 km by 110 km (15,400km?) (Figure 3.1, Table B1 in
Appendix B). Specimens were live-trapped with Sherman traps set out 5-10 meters apart in grids
of 4x7 or 4x10. All captured specimens were euthanized the morning after capture and dissected
on the same day. Harvested tissue samples (e.g. heart, liver, kidneys) were stored in 90% ethanol
and stored in a -20°C freezer. DNA was extracted for all specimens from liver tissue using a

standard 3-day phenol/chloroform extraction procedure as described by Sambrook et al. (1989).
Microsatellite genotyping

| genotyped the white-footed mouse specimens using eleven polymorphic microsatellite
markers (Table B2). Polymerase chain reactions (PCR) were performed in 15 pL reactions
containing 8.6 UL 10X PCR buffer, 0.2 mM of each dNTPs, 0.5 pmol/uL of each primer, 0.05
U/uL of Taqg polymerase and 2.5 pL DNA template. All PCR thermocycling conditions included
an initial denaturation step at 95°C for 30 s, 30 cycles of 95°C for 15 s, loci-specific primer
annealing temperature for 30 s, and 72°C for 45 s. PCR amplified products were visualized on an
ABI3730 capillary sequencer (Applied Biosystems, Foster City, CA) at Genome Québec

(Montreal, CA) and genotyped using the program GeneMarker (SoftGenetics LLC., State
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College, PA) with GeneScan 500-L1Z (Applied Biosystems, Foster City, CA) as the size

standard.
Analyses on genetic variation

| carried out individual-based clustering analyses in the software structure ver. 2.3
(Pritchard et al. 2000) using the ‘no admixture’ and ‘independent allele frequency’ models. | first
analyzed each possible number of populations (k = 1 - 10) for ten iterations each before
calculating the most likely number of genetic clusters (Evanno et al. 2005). A more thorough
analysis that runs for 500,000 Markov chain Monte Carlo (MCMC) generations (burn-in = 10%)

was then performed with the most likely ‘k’ value obtained.

| then assessed the presence and amount of genetic structuring among and within each
genetic cluster identified by structure using Analyses of Molecular Variances (AMOVA), in
Arlequin ver. 3.5 (Excoffier and Lischer 2010). AMOVA was performed based on the sum of

squared differences (i.e. Slatkin’s R-statistics (Slatkin 1995)) over 1000 permutations.
Landscape genetics analyses

| conducted isolation-by-distance (IBD) and isolation-by-resistance (IBR) analyses using
Mantel Tests over 999 permutations. Pairwise genetic distances between sites were calculated
using the pairwise.fst function in the R package adegenet (Jombart et al. 2014). For IBD
analyses, | calculated pairwise geographical distances (as the crow flies) between sites using the
pointDistance function from the R package raster (Hijmans et al. 2015). To obtain the resistance
distance matrix for my IBR analysis, I first created a raster plot of the study area in which

different landscape features were assigned pre-determined resistance values (Marrotte et al.
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2014). 1 then calculated pairwise least-cost resistance distances among the sites using the

costDistance function from the R package gdistance (van Etten 2015).

In addition to tests of dissimilarity among distance matrices, | also examined relations
between mouse spatial genetic patterns and specific landscape features (Table B3) using
redundancy analyses (RDA). RDA is a form of constrained ordination that investigates the extent
to which a set of predictors explains variance in a set of observed variables. Analysis of Variance
(ANOVA) was performed on the constrained ordination model to examine the effect of
individual landscape variables on spatial genetic patterns. Using log-transformed allele
frequencies as response matrices and measures of spatial connectivity as predictor variables in
the RDA, | identified ordination models that best describe genetic similarities relative to
landscape variables. Spatial environmental data (Table B3) were first converted into a site-
specific index by calculating the connectivity of each site relative to all other sites in the
metapopulation network using published resistances values (Marrotte et al. 2014) and least-cost
effective distances for each landscape variable. Connectivity was calculated using a general

ecological connectivity metric (James et al. 2011):

j
Si= ) !
' - 1+ pdy’

where S; is the connectivity of site i to the rest of the meta-population network (Bd;;), d;; the

least-cost effect distance between sites i and j based on resistance values, and 3 the estimated

mean dispersal rate of the species of interest.

Measurements of morphological traits
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Standard external morphological traits measured on the mouse specimens were body mass
(9), head-and-body length (mm), hind foot length (mm), tail length (mm), and ear length (mm).
Missing data (e.g. broken tails) were estimated via linear regression using head-body length as a
predictor variable. All raw measurements were log-transformed prior to analyses. | calculated
two additional measures of white-footed mouse morphology: ratio of head-body length to tail
length, and body condition. Body condition was estimated by residuals from a regression of log-
transformed body mass (g) against log-transformed head-and-body length (mm). Juvenile and

pregnant individuals were excluded from all morphological analyses.
Comparing morphological and genetic variation

Using a series of ANOVA analyses, | investigated variation in mouse morphology among
genetic clusters and sub-clusters previously identified in structure. | then compared observed
population-level morphological variation against population-level genetic variation to evaluate
the congruence of pairwise morphological and genetic differences among my sampled
populations. Inter-population pairwise genetic and morphological distances were calculated and
compared using a Mantel test, and co-phenetic correlations between UPGMA trees produced

from the distance matrices were quantified using the R package dendextend (Galili et al. 2015).
Latitudinal gradients in white-footed mouse morphology and genetics

| surveyed for gradients in white-footed mouse genetic diversity and morphological traits
using a series of Pearson’s product moment correlation coefficient tests. All correlation tests
were performed using the cor.test function in R. Measures of genetic diversity in each population
included the average number of alleles, allele richness, as well as observed and expected
heterogeneity calculated from allele frequencies. Finally, I looked for changes in the effective

population sizes of each white-footed mouse population sampled. Effective population sizes
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were estimated from mouse genetic data using the software NeEstimator ver.2 (Do et al. 2014).
Effective populations were estimated using the linkage disequilibrium, heterozygote excess, and
molecular coancestry methods with a random mating model. Lowest allele frequency allowed for
analyses was 0.05. Results from each model were averaged to estimate consensus mouse
effective population sizes. For white-footed mouse external morphology, | tested for allometric
changes by taking the residuals of the measurements (head-body length, tail length, ear length,
hind-foot length, head-body: tail length ratio, and body condition) regressed against individual
geometric size and comparing them against latitudinal data from collection records. | also
examined changes in the variance of the measurements of white-footed mouse external
morphology from south to north to indirectly identify the presence of directional selection on

specific mouse phenotype.
Estimating Borrelia burgdorferi presence at each site and prevalence in white-footed mice

Only white-footed mouse specimens captured from 2011 onwards (N=389) were tested for
B. burgdorferi infection at the National Microbiology Laboratory of the Public Health Agency
(Winnipeg, MB, Canada) using DNA extracted from heart tissues. Mice specimens were
considered infected if they tested positive for two B. burgdorferi genetic markers: the 23S
ribosomal RNA (rRNA), and the ospA gene (Ogden et al. 2011). Borrelia burgdorferi prevalence
in each mouse population was calculated as the proportion of mice that tested positive over the
total number of mice tested from each population. I also tested black-legged ticks and other small
mammal species sampled from the same sites for B. burgdorferi infection. Positive screening
results from any of the species tested were taken as indicative of the pathogen presence at the

site.
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Measures of tick burden on white-footed mouse

All mouse specimens were thoroughly examined for ectoparasites and number of black-
legged ticks collected from each specimen was recorded. For each population, measures of
black-legged tick burden on white-footed mice were represented as tick prevalence (proportion
of mice parasitized out of all examined), tick intensity (mean number of ticks found on

parasitized mice only), and tick abundance (mean number of ticks found on all mice examined).
Relations between B. burgdorferi prevalence, tick burden, and mouse genetics and morphology

| performed a series of partial RDA analyses to hierarchically investigate relations among
B. burgdorferi presence at a site, B. burgdorferi prevalence in white-footed mouse, tick burden
on host species, and mouse genetics and morphology. Since my variables may be confounded by
site proximity, | specified site coordinates (latitude and longitude) as conditional matrices in the
analyses. All partial RDAs were performed using the rda function from R package vegan

(Oksanen et al. 2015).

In the first and second analyses, | independently determined how white-footed mouse traits
(genetics and morphology) influenced black-legged tick burden and B. burgdorferi prevalence at
the population level. Population-level white-footed mouse genetic variation was estimated by
extracting scores of the first axis obtained from a spatial principal components analysis (SPCA)
on log-transformed allele frequencies, using the spca function from the R package adegenet
(Jombart et al. 2014). | chose to employ sPCA as it allowed me to investigate allele frequency
distribution while accounting for spatial correlation among sites. Meanwhile, population-level
measures of white-footed morphological variation were determined based on scores extracted

from the first axis of a between-group (i.e. population) PCA analysis (gpPCA) on log-
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transformed morphological data. gpPCA was performed using the dudi.pca and bca functions

from the R package ade4 (Dray et al. 2015).

In the third RDA, | examined how the combination of white-footed mouse species traits,
and vector burden determined observed B. burgdorferi prevalence among white-footed mouse

population.

RESULTS
Genetic variation among white-footed mouse populations

Preliminary AMOVA analyses on white-footed mouse genetics revealed no significant
temporal variation among mice collected between 2007 and 2014 (Rct = 0.000, p-value = 0.954,

% variance = 0.000).

Structure analysis sorted the white-footed mouse individuals into two distinct genetic
clusters (Ln likelihood = -24735.06, AK =267.636). The first genetic cluster (Cluster 1)
consisted primarily of individuals from populations on the northern shore of the St. Lawrence
River, as well as individuals from Longueuil Parc (LP) (Figure 3.2A). The other genetic cluster
(Cluster 2) consisted solely of individuals collected from populations on the southern shore of
the St. Lawrence River (Figure 3.2A). Variance partitioning analysis in locus-by-locus AMOVA
revealed that these genetic clusters accounted for 10.42% of the overall observed genetic
variation (Rcr = 0.104, p-value = 0.001). However, there appeared to be further structuring
within genetic clusters (Rsc = 0.116, p-value < 0.001, % variance = 10.42%). Individuals from
populations assigned to Cluster 1 in the initial analysis could be further divided into two sub-

clusters (Ln likelihood = -5189.48, AK = 42.004) (Figure 3.2B). Individuals from populations
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assigned to Cluster 2 formed three distinct genetic sub-clusters (Ln likelihood = -5189.48, AK =
42.004) (Figure 3.2C). These sub-clusters explained 4.00 % and 2.98 % of observed genetic
variation within Clusters 1 (Rct = 0.040, p-value = 0.021) and 2 (Rcr = 0.030, p-value = 0.000),

respectively.
Landscape genetics on white-footed mouse populations

There was a positive but not statistically significant correlation between genetic distance
and geographical distance between mouse populations (r = 0.248, p = 0.076, Rzad,- = 0.0536), but
a significant positive correlation between genetic distance and landscape connectivity based on
resistance values (r = 0.302, p-value = 0.049, Rzadj = 0.0597). RDA revealed that all measures of
site connectivity based on resistance values (see Marrotte et al. 2014) assigned to different
landscape variables examined significantly explained approximately 13.2% (F = 1.457, p =
0.0225) of genetic variation observed amongst white-footed mouse populations (Table 3.1).
However, only water bodies significantly accounted for variation in allele frequencies (F =

1.947, p = 0.018, R, = 0.062) (Table 3.1).
Morphological vs. genetic variation in white-footed mouse

Overall, white-footed mouse from Clusters 1 and 2 differed in their morphology (p <
0.001). Specifically, ear length was longer in mice from Cluster 2 (F = 13.14, p < 0.001), while
body condition was generally poorer in mice assigned to Cluster 1 (F = 4.97, p = 0.027) (Table
3.2). Within Cluster 1, white-footed mice assigned to different sub-clusters also exhibited
significant morphological differences (p = 0.001). Individuals in sub-cluster 1 (red in Figure
3.2B) had longer tails, shorter ears, lower head-body: tail length ratios, and better body
conditions (Table 3.2). There was no significant morphological difference among individuals

from different sub-clusters in Cluster 2 (Table 3.2). Direct comparisons revealed no significant
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correlation between mouse genetics and morphology (Mantel r = 0.006, p = 0.516). Similarly,
UPGMA trees estimated from both datasets were not significantly correlated with each other (co-

phenetic correlation = - 0.099, p = 0.690).
Latitudinal gradients in white-footed mouse morphology and genetics

Correlation tests revealed no significant changes in measures of overall genetic diversity
among white-footed mouse populations on a south-north gradient (Figure B1 in Appendix B).
Estimates of effective population sizes calculated from genetic data revealed an overall
decreasing trend on a south-north gradient, although the final correlations were not statistically
significant (Figure 3.4). | identified a statistically significant allometric increase in white-footed
mouse hind-foot length (Figure 3.3A). This increase in hind-foot length was accompanied by a
significant decrease in foot length variance among mouse populations on the southern shore of
the St. Lawrence River (Figure 3.3B). | also found a significant increase in the variance of head-
body: tail length ratio among mouse populations on the northern shore of the river. No other
statistically significant latitude-associated gradients were identified in the remaining

morphological traits (Figures B2 and B3).
Borrelia burgdorferi prevalence and black-legged tick burden on white-footed mice

Borrelia burgdorferi was detected in 4 out of 15 white-footed mouse populations (26.7%)
tested, with prevalence in white-footed mice ranging from 0.056 to 0.133 at each site (Table B4).
Eleven out of 389 white-footed mice tested positive for B. burgdorferi (B. burgdorferi
prevalence = 0.0282). Of the 16 sites from which small mammals, black-legged ticks, and white-

footed mice were screened, B. burgdorferi was present in 8 sites.
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Black-legged ticks were found in 11 out of 15 sites (73.3%) for which white-footed mice
were examined for ectoparasites (Table B4). Overall, 28% of white-footed mice in this study
were found to carry black-legged ticks. An average of 0.835 ticks were found on all white-footed
mice examined (ranging from 0 to 33 ticks per individual), while the mean number of ticks
reported on infected mice only was 2.981. Site-specific black-legged tick prevalence, intensity,

and abundance on white footed mice are summarised in Table B4.
Relations among B. burgdorferi prevalence, tick burdens, and mouse genetics and morphology

The first and second partial RDASs revealed that neither white-footed mouse genetic nor
morphological variation explained observed tick burden or B. burgdorferi prevalence on white-

footed mice in this study.

However, using RDA, | found that B. burgdorferi prevalence in white-footed mice was
significantly correlated to the proportion of white-footed mice found carrying ticks (i.e. tick
prevalence in mice) (F = 35.0175, p = 0.002) and the mean number of ticks found on each mouse

individual (i.e. tick abundance on mice) (F = 5.6985, p = 0.037).

DISCUSSION

| investigated population-level relations among white-footed mouse genetics,
morphology, tick burden, and B. burgdorferi prevalence to improve our understanding of the
species’ rapid range expansion in southern Québec. Significant correlations among these

variables reveal factors mediating the rate and pattern of Lyme disease emergence in the region.
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Genetic variation of white-footed mouse in southern Québec

As white-footed mice have limited dispersal ability (Goundie and Vessey 1986), | expected
to find significant spatial genetic structure among mouse populations. | found two distinct
genetic clusters that were for the most part associated with northern and southern shores of the St
Lawrence River. This pattern is similar to that found in a phylogeographic study performed on
white-footed mouse mitochondrial DNA (Fiset et al. 2015) and strongly supports the hypothesis
that current white-footed mouse populations in southern Québec originated from two refugia
lineages during the Last Glacial Maximum. Furthermore, the Saint Lawrence River serves as a
barrier which kept both lineages from panmixia. Isolation-by-resistance and landscape genetics
analyses revealed that landscape heterogeneity significantly influenced observed spatial genetic
patterns of white-footed mouse populations in the region. Specifically, water bodies accounted
for the observed spatial genetic patterns among white-footed mouse populations in southern
Québec (Rogic et al. 2013, Marrotte et al. 2014). Unlike results from studies by Rogic et al.
(2013) and Marrotte et al. (2014) however, | found that roads were not effective barriers against

mouse gene flow at the spatial scale of my study (Meentemeyer and Box 1987).

An interesting finding from this study is that the barrier effect of the St. Lawrence River
on mouse gene flow was not absolute, as is evident by the unexpected genetic similarity between
white-footed mice collected from Longueuil Parc, on the south shore, and those sampled on the
northern shore of the St. Lawrence River. Genetic similarity was also observed among white-
footed mice sampled from both shores of the much smaller Richelieu River. Several studies have
shown that white-footed mice are proficient swimmers and may swim for distances up to 40
meters (Sheppe 1965). However, it remains highly unlikely that a small species like the white-

footed mouse could cross the St. Lawrence River, which has an average stream channel width of
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over 2700 meters (Downing et al. 2012). Population connectivity facilitated by human-mediated
movement (e.g. major tunnels and bridges across the St. Lawrence River) is a more likely
explanation for the unexpected genetic similarity in some populations on either side of the river.
Such human-mediated movement of organisms within or beyond their past or present range and
dispersal potential can break natural distribution boundaries. This has important implications on
the potential for continued range expansion of the white-footed mouse in the southern Québec.
However, the rate and final extent of white-footed mouse colonisation of novel habitats in the
region remains limited by local habitat suitability and environmental conditions (Roy-Dufresne
et al. 2013). Given the important role white-footed mice play as reservoir hosts for the Lyme
disease pathogen, the rate and pattern of ongoing northward range expansion of this species has

important implications for Lyme disease emergence in southern Québec (Ostfeld 2011).

In addition to results from the population and landscape genetics analyses on white-footed
mouse populations, this study did not reveal any significant changes in genetic diversity or
effective population size in the direction of range expansion. Generally, in cases of species range
expansion, one expect to observe patterns of decreasing genetic diversity and population size
with increasing distance from the species distribution core (Excoffier et al. 2009). The lack of
such a pattern in the mouse populations was unexpected, but could be explained by several
factors. First of all, my current study area was small relative to the range of the white-footed
mouse across North America. Once again spatial scale may be a factor influencing the results of
this study and I note that any future attempts to study changes in genetic diversity resulting from
founder effect or genetic drift among mouse populations in this region will have to be conducted
over a greater spatial scale. Second, it has been shown that populations at the leading-edge of

species range have the potential to rapidly restore their genetic diversity through the combined
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effects of long-distance gene flow and inbreeding avoidance (e.g. Hampe et al. 2013). We know
that the white-footed mouse tends to avoid breeding with closely related individuals as doing so
can result in substantial inbreeding depression (i.e. small litter size and lower offspring weight)
(Keane 1990a, 1990b, Jimenez et al. 1994). Furthermore, the results from this study suggest that
the white-footed mouse may have the potential to travel great distances if human-mediated

dispersal is at play.
Morphological variation of white-footed mouse in southern Québec

| found evidence of minor morphological differentiation among white-footed mice
associated with different genetic clusters, as well as variation in certain white-footed mouse
morphological traits along a latitudinal gradient, which may be the results of directional
selection. Although some of the results in this study were inconclusive due to the large amount
of variance in the correlations, | nonetheless consider that morphological variation in white-
footed mice warrants more research attention, particularly in the context of disease emergence.
Species experiencing range expansion often exhibit changes in life history traits that increase
colonization success and dispersal ability (Hill et al. 2011). In the case of the white-footed
mouse, increased hind-foot length due to rapid adaptive change or spatial selection can
potentially improve dispersal ability (e.g. Philips et al. 2006, Sparrow 2015), which can in turn
accelerate species range expansion and influence rate of disease spread. Similarly, changes in
body conditions among populations may not only indicate a change in dispersing individual’s
potential to establish and persist in novel habitats, but also provide insight regarding the
individual’s susceptibility to pathogen infection or large parasite burden (e.g. Schmidt et al.

1999).
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When | compared variation in mouse genetics and morphology, | expected to observe
inter-population morphological variation that corresponded with that observed in the mouse
genetics (Haldane 1930). However, | found no such correspondence at the population-level. This
result runs counter to what was previously described by Ledevin and Millien (2013), where
strong concordance was observed between white-foot mouse skull morphological differentiation
and genetic structure among populations. While Ledevin and Millien (2013) focused on subtle
variation in white-footed mouse skull morphology, | examined only broad external
morphological traits for which subtle signals of phenotypic variation may not be easily
detectable. Nonetheless, the poor concordance between white-footed mouse genetic and
morphological variation in this study may also be explained by metapopulation dynamics.
Generally, one expects to observe correlations between species gene flow patterns and
population adaptation to local conditions, as the former plays an important role introducing or
reducing genetic variation in a population (Haldane 1930, Gillespie 1975, Takahata 1983).
However, the combined effects of migration and environmental heterogeneity in a
metapopulation context can produce mosaics of varying degrees of local adaptation across a
region (Kaltz and Shykoff 1998). Strong drift-migration dynamics as well as local habitat quality

can also interfere with local selection processes (Kaltz and Shykoff 1998).
Role of white-footed mouse on Lyme disease prevalence

The Lyme disease transmission system comprises two distinct types of hosts: competent
reservoirs that facilitate disease pathogen persistence and transmission (Brunner et al. 2008), and
host species that are important for vector development, survival, and reproduction. In eastern
North America, the white-footed mouse is widely recognised as the most competent reservoir

host for Lyme disease and it is also the host species most frequently parasitized by juvenile
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black-legged ticks (Ostfeld 2011). Through its role as a host for both disease vector and disease-
causing agent, the white-footed mouse plays an important role in determining Lyme disease
presence in a region. | found that as tick burden on white-footed mouse increased, so did B.
burgdorferi prevalence in said mouse populations. This is unsurprising, since black-legged ticks
are primary vectors of the Borrelia pathogen, and increased encounter rate between hosts and

infected vectors should lead to an increase in pathogen transmission probability (Ostfeld 2011).

White-footed mouse species traits (genotypes and morphology) examined in this study
appeared to have little effect on the species’ ability to host both the Lyme disease vector and
disease-causing agent. Borrelia burgdorferi and black-legged tick infections are reported to have
little effect on the fitness, immunological, and behavioural responses of white-footed mice
(Ostfeld et al. 1996, Schwanz et al. 2011), suggesting that the pathogen and ticks exert little
selective pressures on the white-footed mouse. However, a more targeted approach that
sequences or genotypes candidate genes commonly associated with white-footed mouse
immunological responses or morphological species traits that promote or inhibit species
susceptibility to infections or parasitism might reveal otherwise. Additionally, since this study
took place at the northern-most limit of the white-footed mouse species range, disease dynamics
may differ from that in established areas. Studies that compare white-footed mouse populations
from both the core region in the United-States and the edges of the range in southern Québec will
produce a more comprehensive picture of pathogen-vector-host interactions that will help inform

disease emergence surveillance strategies.
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CONCLUSION

In this study, | found that white-footed mouse populations in southern Québec exhibit
significant genetic differentiation and gene flow affected by physical barriers. However, it
appeared that these barriers may potentially be circumvented by human activities. This implies
that the combination of human activities and the white-footed mouse’s natural ability to navigate
a heterogeneous landscape can facilitate the continued and rapid northward range expansion of
the species. Additionally, the observable trend in a functional trait associated with species
dispersal capability (i.e. hind-foot length) may have implications for future white-footed mouse
dispersal rate and merits further research. Finally, | found that white-footed mouse genetic and
morphological traits examined in this study do not exhibit concordant variation, nor do they
appear to be associated with rates of tick parasitism and pathogen infection in the species
(although I also note that the markers employed in this study are assumed to be neutral and
therefore not under selection). Rather, B. burgdorferi presence in this region of active white-
footed mouse movement appeared to be indirectly determined by the rodent’s role as hosts for
both disease agent and vector. Lyme disease monitoring strategies and projection models should
therefore account for white-footed mouse distribution and predictive modelling of its future
range, keeping in mind that changes in functional traits may influence a species’ ability to

navigate a landscape.
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TABLES

Table 3.1. Summary of results from performing ANOVA on redundancy analyses (RDA)
investigating the influence of spatial heterogeneity on white-footed mouse genetic variation.
Connectivity among sites was estimated from resistance values (Marrotte et al. 2014) assigned to
each landscape variable. Statistically significant results (p < 0.05) are in bold.

Analysis b:rr}ggtll?pe F p R* R%qg Resistance value assigned
RDA All 1.457 0.0225 0.421 0.132
Roads 1.497 0.0751 0.087 0.021 2.12
Water bodies 1.947 0.0180 0.125 0.062 3.01
Agriculture 1.468 0.0831 0.072 0.006 0.49
Urban / 1.052 0.3924 0.139 0.078 4,00
Developed
Forest 1.321 0.1502 0.091 0.026 0.00
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Table 3.2. Summary of white-footed mouse morphological variation relative to genetic clusters.
Genetic clusters were assigned to individuals based on results from structure. Additional
analyses on sub-clusters within clusters were also performed. N: number of individuals.

Statistically significant results (p < 0.05) are in bold.

Global Structure

Cluster 1 vs 2

Cluster 1

Sub-clusters 1 vs 2

Cluster 2

Sub-clusters 1 vs 2 vs 3

(N =280) (N =60) (N =220)

F p F p F P
HB 2559 0.111 0.156 0.694 0.084 0.773
Tail 0.260 0.610 7.634 0.008 0.420 0.518
Foot 0.034 0.853 1.764 0.190 2.037 0.155
Ear 13.14 0.000 6.348 0.015 0.242 0.632
HB:Tail 0.593 0.442 6.400 0.014 0.353 0.553
Body 4975 0.027 5.023  0.029 2.364 0.126
Condition
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FIGURES

Figure 3.1. Study area and sixteen white-footed mouse sampling sites in southern Quebec,
Canada. Details of each sampling locality are provided in Table B1.
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Figure 3.2. Results from Structure’s clustering analysis on [A] all 16 white-footed mouse
populations; [B] 4 populations that were assigned to Cluster 1 (red in A); and [C] 12 populations
that were assigned to Cluster 2 (green in A). Pie charts on each map show proportion of
membership of each white-footed mouse population in each cluster. Bar-plots indicating
probability of individual assignment are provided as inserts in each map.
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Figure 3.3. Comparisons of Peromyscus leucopus [A] allometric hind-foot length and [B]

amount of variance observed in hind-foot length measurements against latitude. The coloured
lines in plot [B] represents results for all populations (black), populations on the northern shores
of the St. Lawrence River (red), and populations on the southern shore (green).
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Figure 3.4. Effective population sizes estimated from genetic data for each Peromyscus leucopus

population over a latitudinal gradient.
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CONNECTING STATEMENT

In Chapter 3, | examined the spatial genetic diversity of the white-footed mouse across my
study area. | found significant genetic differentiation among white-footed mouse populations in
Québec, and that gene flow is affected by linear barriers to migration. | also found increasing
hind-foot length in the direction of the species range expansion, which has potential
consequences for mouse dispersal ability. Finally, a comparison of mouse traits, tick burden, and
B. burgdorferi infection prevalence revealed that the white-footed mouse’s role as host for both

ticks and pathogen play a critical role in Lyme disease emergence.

Armed with a better understanding regarding how white-footed mouse movement, species
traits and morphology potentially contributes to the pattern of Lyme disease emergence in
Québec, my focus in Chapter 4 now turns to the black-legged tick. In the following chapter, |
study the spatio-temporal genetic diversity of tick populations in the region. Information from
this study has allowed me to empirically identify the primary mode of tick movement into
southern Québec (i.e. long vs. short distance dispersal). At the same time, information on genetic
turnover rates within a tick population allowed me to identify stages of tick population
establishment. This information will be useful for projecting regions of greatest Lyme disease

infection risk in Chapter 5.
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CHAPTER FOUR

Genetic signature of range expansion in a disease vector and the pattern of Lyme disease

emergence.

ABSTRACT

Monitoring and predicting the spread of an emerging infectious disease requires that |
understand the mechanisms of range expansion amongst its vectors. Here, | examined spatial and
temporal variation of genetic structure among populations of the Lyme disease vector, the black-
legged tick, in southern Quebec, where this tick species is currently expanding and Lyme disease
is emerging. | found multiple genetic signatures of frequent long-distance dispersal events,
supporting the hypothesis that migratory birds are the primary transport of black-legged ticks
into southern Quebec. | also found that temporal genetic variation among the tick samples
greatly exceeds that of spatial variation, indicating that while cohorts of black-legged ticks can
rapidly invade large areas across southern Quebec, they are also undergoing frequent turnover.
Finally, I was able to determine stages of establishment and identify established versus
adventitious tick populations. My results allow us to better understand the seasonality of Lyme
disease infection risk and help public health officials to predict the future spread and risk of

emerging zoonotic disease systems in general.

119



INTRODUCTION

Species range expansion is occurring globally across a wide range of taxa and is driven
by climate and land use changes (Chen et al. 2011, Dawe et al. 2014). Range expansion is
causing the rapid emergence of a number of zoonotic diseases (Crowl et al. 2008, Engering et al.
2013) because new pathogen, arthropod vector, or vertebrate host species are being introduced
into naive regions (e.g. Legér et al. 2013, Fuller et al. 2012). Species range expansion produces
observable genetic signals, such as lower genetic diversity and greater genetic structuring among
populations at range edges (Excoffier et al. 2009, Cristescu 2015). We can thus apply concepts
from population genetics to identify and quantify the degree of establishment of invasive
pathogen, vector, or host populations that facilitate disease emergence and rapid spread

(Engering et al. 2013, Estrada-Pena et al. 2014).

The number of reported Lyme disease cases in Canada has been increasing rapidly in
recent years (Ogden et al. 2009), a phenomenon largely attributed to the range expansion of the
Lyme disease vector, the black-legged tick, Ixodes scapularis, into the country (Ogden et al.
2008). The number of established black-legged tick populations in Canada has increased
substantially from one at Long Point, Ontario in the 1990s (Ogden et al. 2009), to numerous
populations now found across five Canadian provinces (Ogden et al. 2014). Despite the threat
black-legged ticks present for Lyme disease exposure risk, attempts have been seldom made to
examine the genetic diversity of black-legged ticks in Canada. Research performed to date
focused on active or passive surveillance, and predictive modelling of future tick distributions
(e.g. Ogden et al 2006b, Leighton et al. 2012). To my knowledge, only a few studies have
examined black-legged tick genetic diversity in Canada using the 16S ribosomal RNA

mitochondrial marker (Krakowetz et al. 2011, 2014) or the mitochondrial cytochrome C cox1
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marker (Mechai et al. 2013). Although these studies assess tick genetic diversity, population
structure, and potential source populations, these genetic markers do no reflect contemporary

gene flow among tick populations.

Here, | applied population genetics using a set of fast-evolving, selectively neutral
microsatellite markers to investigate the range expansion of black-legged ticks into southern
Quebec. Black-legged ticks are unlikely to travel great geographical distances on their own
(Falco and Fish 1991), because their movement across a landscape is dependent on their hosts
(Ogden et al. 2006a). Migratory birds may contribute to the long-distance movement of ticks
from USA into Canada during their annual migrations (Ogden et al. 2008, Ogden et al. 2015),
while terrestrial hosts play additional roles in the expansion of tick populations at the edge of
their current distribution range (Khatchikian et al. 2015). Theoretical population genetics
predicts that long-distance and short-distance dispersal produce distinct and observable patterns
of allele frequency distributions across the landscape (patchy allele distributions versus a
gradient of allele frequency in the direction of spread, respectively) (Excoffier et al 2009,
Bialozyt et al. 2006). The frequency of dispersal may be also apparent in the pattern of genetic
diversity observed across the landscape (Bialozyt et al. 2006). If the introduction of ticks into
Quebec was driven primarily by hosts that exhibit frequent long-distance dispersal behaviour
(i.e. migratory birds), | expect tick populations in southern Quebec to present patchy allele
distributions, low population structuring, and consistently high genetic diversity across the

region (Bialozyt et al. 2006).
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Temporal variation in allele frequency is also the net result of colonisation and extinction
in a population. While abundance in the population may remain stable in time, genetic diversity
may vary and populations at earlier stages of establishment exhibit greater genetic turnover rate
compared to well-established populations (Figure 4.1). As new individuals are introduced into a
population, I expect to observe influxes of new genetic material. However, the relative amount of
novel genetic material relative to that already present locally will differ depending on the
establishment stage (Figure 4.1). Such differences in temporal genetic differentiation within each
population can provide insights on population establishment stages. One would expect to observe
great genetic turnover rates within populations undergoing recolonisation-extinction cycles
(Figure 4.1A), moderate turnover rates in populations at the colonisation stage (Figure 4.1B), and
low genetic turnovers in well-established populations (Figure 4.1C). Based on these hypotheses,
| attempted to quantify rates of genetic turnovers in tick populations for each of my sampling
sites to estimate the degree to which these populations are established across the landscape. This
is something that to my knowledge has never been attempted on black-legged ticks. In order to
test the validity of my hypothesised relation between the amount of genetic turnover and tick
population establishment stage, | compared my estimations against results from a study by
Ogden et al. (2008b) which estimated the certainty for the occurrence of established tick

populations based on surveillance survey in the region.

MATERIAL AND METHODS

Study sites and data collection
| sampled and analysed data from 613 black-legged ticks of all three life stages (larva,

nymph, and adult) from ten sites across a study area in southern Quebec spanning approximately
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2080 km? between 2011 and 2014 (Figure C1). Ticks were collected by dragging through
vegetation and from small mammals captured using Sherman traps (Table C1). The sampling for
this study occurred primarily in the summer months of July and August. As a result, over 85% of
my specimens were larvae or nymphs (Table C1: larvae = 21% of specimens, nymphs = 65% of
specimens, adults = 14% of specimens). Given that nymphs and adults are frequently sampled
near the end of each sampling season, | am relatively confident there is a high probability that
individuals sampled in the same year belong to the same cohort. In the event multiple larvae
were sampled from a single drag or host individual, | used only one specimen in my genetic
analyses to remove the potential confounding effect of kinship or cryptic population structuring.
A set of ten microsatellite loci developed by Fagerberg et al. (2001) for black-legged ticks were
used to genotype all individuals (Table C2). A subset of randomly selected specimens (10 per
sampling site) was genotyped twice to ensure consistent alleles calling.
Genetic analyses

| performed Analyses of Molecular Variances (AMOVA) to examine the genetic
differentiation amongst individuals sorted by sampling localities using an analog of Slatkin’s R-
statistics (Slatkin 1995) in Arlequin ver. 3.5 (Excoffier and Lischer 2010). I also conducted
isolation-by-distance analyses via Mantel Tests over 999 permutations to investigate overall
genetic variation relative to geographical distance. Pairwise Euclidean geographical distances
and genetic distances between sites were calculated using the pointDistance function from the R
package vegan (Oksanen et al. 2015) and the pairwise.fst function in the R package adegenet
(Jombart et al. 2014), respectively. | further correlated measures of genetic diversity (i.e.
expected heterozygosity, observed heterozygosity, and number of allele) against a latitudinal

gradient based on sampling locality GPS coordinates. Measures of genetic diversity were
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estimated using the Excel Microsatllite Toolkit (Park 2011). I identified spatial patterns of allele
frequency distributions among tick populations using both individual-based clustering analyses
and spatial principal components analyses (SPCA), a multivariate method to identify both local
and global spatial genetic patterns. The former analysis was performed using STRUCTURE ver.
2.3 using the no admixture and independent allele frequency models (Pritchard et al. 2000). The
latter was performed using the spca function from the R package adegenet, using the Delaunay
triangulation approach to estimate a connection network among tick individuals.

| then sorted the specimens according to sampling sites and sampling years and removed
samples for which I had only one year of sampling or fewer than 12 individuals in a given year
to examine temporal genetic variation (Table C1). | performed principal components analyses
(PCA) at individual and population levels using raw genotype data and log-transformed allele
frequency respectively using the dudi.pca function from the R package ade4 (Dray et al. 2015).
Next, | performed hierarchical AMOVA in Arlequin to quantify genetic variation among
samples to test the effect of sampling site nested within sampling time, as well as the effect of
sampling time nested within sampling site. This allowed us to estimate the respective effects of
time and geographic location on genetic variation. | also performed individual within-sample
(either within year or within site) AMOVA analyses (Table C1).

I then examined genetic differentiation across years for specimens sampled within each

site using pairwise genetic distances calculated in Arlequin from the AMOVA analyses.
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RESULTS
Spatial genetic patterns in black-legged tick populations

There was no significant correlation between genetic distance and geographical distance
(Mantel’s r = 0.0350, p = 0.422), and measures of genetic diversity exhibited no significant
evidence of clines along latitudinal gradient. Expected heterozygosity, observed heterozygosity,
and allele numbers in all sites remained relatively constant along a latitudinal gradient (p > 0.05).

| detected patchy allele frequency distributions among my sampling sites, with additional
cryptic structures among individuals within each site (Figure 4.2). There was a significant but
low amount of genetic structuring among ticks sampled from different sites across the study area
(Rst = 0.03746, p = 0.000, % variance = 3.75%). However | also obtained a significantly
positive Ris (Ris = 0.39775, p = 0.000, % variance = 38.29%) value, which suggest the presence
of cryptic subpopulation structures. I identified three distinct genetic clusters among the 613
black-legged ticks included in the analysis (K = 3, mean LnP(k) = -19692.96, AK = 177.989),
but did not detect any clear pattern in the geographic distribution of these clusters (Figure 4.2.).
Specifically, | found that more than one genetic cluster may be found in 12 out of 13 sampling
sites. Finally, sSPCA on individual data revealed significant global (p = 0.001) and local (p =
0.017) genetic structures among black-legged tick samples, as well as a patchy allele distribution
patterns (Figure C2).

Spatio-temporal genetic variation in black-legged tick populations

A preliminary analysis comparing pairwise differences among ticks collected from
different sites at different years revealed that genetic variation observed among tick individuals
was better explained by collection year than sampling locality (Figure C3). This suggests that

there were greater temporal than spatial genetic variation in my tick specimens.
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PCA analyses at the individual and sample levels both revealed observable grouping
according to collection years (Figure C4). However the grouping was weak in the individual-
level analysis, with the first two PCA axes accounting only for 15.16% of total variation (Figure
C4A). Conversely, PCA analysis based on allele frequencies calculated for each sampling site
revealed much stronger grouping by sampling year (1% PCA axis = 25.528%, 2" PCA axis =
21.780%) (Figure C4B), where samples from sites sampled in 2012 and 2014 grouped together,
away from samples from sites sampled in 2011 and 2013 (Figure C4B).

Hierarchical AMOVA performed with sampling time nested within sites, revealed no
significant genetic structuring among black-legged tick sampling sites (p = 0.600) (Table 4.1).
Conversely, AMOVA analysis with sampling sites nested within collection year, revealed
genetic structures, and sampling time accounted for 6.23% of the genetic variation observed
among black-legged tick specimens (Table 4.1). Site-specific analyses (i.e. testing genetic
differentiation among sampling years within sites) revealed consistently significant low to high
amounts of genetic structure (Rstvalues: 0.0519 — 0.209; average Rstvalues = 0.1120) among
the black-legged tick specimens (Table 4.1). Sites for which specimens were sampled two years
apart (i.e. in 2011 and 2013) had generally lower Rstvalues (0.0519 — 0.1138) compared to sites
that had ticks sampled in both odd and even years (Rstvalues = 0.1328 — 0.2029).

Status of black-legged tick establishment

Pairwise genetic distances of samples of individuals sampled at different years within
each sampling site ranged extensively from 0.0553 to 0.251. However, for the most part, these
pairwise genetic distances tended to be lower when there had been even number of years
between sampling time (i.e. 2011 vs. 2013), as opposed to odd number of years between

sampling time (i.e. 2011 vs. 2014, 2012 vs. 2013, 2013 vs. 2014) (Table 4.2). Pairwise genetic
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distance between sampling years were also lower for sampling sites located closer to the
Canadian-US border compared to sampling sites located further north (Table 4.2). Specifically, |
note that populations exhibiting lower amounts of temporal genetic differentiation were
consistently located in regions where the certainty of the presence of established tick populations
was comparatively higher, as determined by Ogden et al. (2008b - Figure 4.3). | therefore
propose that black-legged tick populations located in the most southern part of the study area are
more established than the populations located further north, which are still experiencing

substantial recolonisation-extinction cycles (Figure 4.3).

DISCUSSION

We have witnessed in recent years the rapid emergence of Lyme disease in southern
Quebec, along with the range expansion of the disease vector into the region. To obtain a better
understanding of the processes and mechanisms underlying this phenomenon, | examined both
the spatial and temporal genetic variation among black-legged ticks using a set of species-
specific microsatellite markers.

Employing microsatellites in tick population genetic studies

The employment of microsatellite loci on any species carries its own challenges and
technical difficulties (null alleles or cryptic population structures) and this applies to ticks too.
Yet, we continue to see many published studies on tick population genetics that have used
microsatellite markers and most have managed to provide significant insights on tick
evolutionary history, ecology, gene flow, and population structure (e.g. McCoy et al. 2002,
McCoy et al. 2003, Ullman et al. 2003, Kempf et al. 2009, Kempf et al. 2011, Leo et al. 2014 -

see review by Araya-Anchetta et al. 2015 for full list). Aware of such potential problems, I was
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extremely careful in my sampling to avoid cryptic population structures in my analyses.
Specifically, my specimens include nymphs almost exclusively. If multiple larvae were sampled
from a single drag or host individual, I used only one specimen to avoid potentially sampling
C3siblings. Technical issues were countered by genotyping a subset of specimens twice to ensure
consistent alleles were being called.

Additionally, there has previously been concern in the literature regarding the low
amounts of polymorphisms exhibited by the microsatellite loci designed by Fagerberg et al.
(2001) — the same ones | employed in this study. However, a closer examination of the work by
Fagerberg et al. (2001) and the subsequent paper that examined the same markers (Ullman et al.
2002), revealed that the markers were tested only on ticks originating from Bridgeport,
Connecticut. Specifically, Fagerberg et al. (2001) assessed their markers using F1 and F2
progenies descended from a single female collected from the site. Meanwhile, Ullman et al.
(2002) tested the same markers from F1 and inter-crossed F2 progenies descended from 4 female
individuals, also collected from the same site. It is not surprising that one would observe low
heterogeneity given such limited sampling of lineages. Here, 1 used large sample sizes collected
from multiple distinct populations scattered across a landscape. Therefore, | expected greater
levels of polymorphism in my data relative to that observed in previous studies that had used the
same markers.

Mechanism of black-legged tick range expansion into southern Quebec

My first objective was to detect the genetic signature of black-legged tick range
expansion into southern Quebec. Depending on the frequency and type of dispersal mechanism, I
expect distinct genetic signals (Bialozyt et al. 2006). In the case of pure diffusion or short-

distance dispersal, | expect allele distribution to occur in clines with steady loss of diversity
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along the colonisation corridor (Bialozyt et al. 2006). However, long-distance dispersal events
will produce patchy allele distributions due to “embolism effects”, whereby the migration of
genetic material along a colonisation corridor is interrupted or blocked due to the establishment
of certain genotypes ahead of the main colonisation front (Bialozyt et al. 2006). This blocking
effect tends to increase in intensity as the frequency of long distance dispersal increases
(Bialozyt et al. 2006). Yet, past a certain frequency threshold of long-distance dispersal events,
any patterns resulting from blocking can be masked by homogenising effects, whereby we find
consistently great amounts of genetic diversity across sites and lower genetic differentiation
among sites (Bialozyt et al. 2006).

| found genetic patterns supporting the hypothesis that ticks are being introduced into the
region via long-distance dispersal events occurring at a high frequency. Specifically, my analyses
revealed a relatively patchy distribution of allele frequency across the study area. I also
uncovered patterns that correspond with signatures of high frequencies of dispersal events such
as no significant isolation-by-distance, consistently high amounts of genetic diversity in ticks
across my sampling sites, and low amounts of genetic differentiation among sites. The primary
candidate hosts responsible for facilitating frequent long distance dispersal events in ticks are
migratory passerine birds that perform annual long-distance migrations between their over-
wintering and breeding sites (Ogden et al. 2008a).

Frequent long distance dispersal events driving vector introduction into a region will
affect the rates of vector and disease spread in the region. Frequent long distance dispersal events
can greatly reduce the time taken for successful tick population colonisation and establishment
(Bialozyt et al. 2006), given suitable habitat and host availability. It has previously been

estimated that tick range expansion into Canada may occur at rates of up to 46 km per year
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(Leighton et al. 2012, but see Simon et al. 2014). However this value is subject to factors that
locally influence tick development rates, survival, behaviour and fitness such as temperature,
rainfall, and host availability (Simon et al. 2014, Brunner et al. 2012). Furthermore, specific rates
of B. burgdorferi emergence will be dependent in part, on the relative susceptibility of these
avian hosts to tick parasitism and B. burgdorferi infection (Newman et al. 2015, Schneider et al
2015).

My conclusion differs from that of another study performed in New York in which
mitochondrial markers suggested that tick dispersal patterns were driven not by long-distance
migration, but by local dispersal events, possibly over multiple tick generations (Khatchikian et
al. 2015). There are several possible explanation for the differences in the results, the first being
my choice of genetic markers (mitochondrial sequences vs. microsatellites), and the second
being the locations of the study relative to tick’s range edge (i.e. established tick range vs.
leading edge of range expansion). Future research should attempt to quantify the roles of local
dispersal and long distance dispersal once tick populations have established in the region
(Khatchikian et al. 2015). This can be done by directly comparing the population structure and
spatial genetic patterns of the ticks against those observed in other candidate host species (See
Chapter 2: Leo et al. 2016). Similarities in such structures or patterns can be indicative of
interspecific dependency for dispersal (Chapter 2: Leo et al. 2016). Additionally, while I was
able to identified long-distance dispersal events as the primary mechanism of tick northwards
dispersal into Canada from the United States, it would be interesting to examine if this same
process is responsible for the north-to-south dispersal of ticks identified by van Zee et al (2015)

within the United States.
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Establishment stages of black-legged tick populations in southern Quebec

Temporal genetic structure in black-legged ticks examined in this study greatly exceeded
any observed spatial structure, with individuals sampled two years apart being more genetically
similar to each other than specimens that were sampled either one or three years apart. This two-
year temporal pattern in tick genetic variation is consistent with the species’ life history. Sample
collection in this study was performed predominantly in the summer months, when larvae and
nymphs were at their peak activity levels. Due to the two-year life cycle of black-legged ticks
(Ostfeld 2011), the juvenile ticks sampled in a single year are the offspring of a generation that
were themselves in their juvenile stages two years before. It stands to reason that offspring would
be more likely to exhibit genetic similarity with their parental generation than with an alternate
generation that may not be closely related. It has been suggested that tick phenology changes
with climatic conditions (Gatewood et al 2009, Ostfeld and Brunner 2015). Changes in black-
legged tick phenology that synchronises larval and nymphal tick activity periods can exert
selection pressures that promote changes in pathogen virulence within a transmission system
(Gatewood et al. 2009, Ogden et al. 2008c). As global temperatures increase and tick populations
establish in the region, it will be interesting to continue examining the temporal genetic variation
of tick populations to see if the two-year pattern is maintained over time.

The substantial temporal genetic turnover patterns and the relatively low amounts of
spatial genetic structure in the black-legged tick strongly suggest that while ticks can be
introduced over a wide geographical area, populations are constantly replaced due to the
combined effects of local extinction and constant introduction of new individuals (Dinsdale et al.
2012). My analyses suggested that temporal genetic variation among individuals within each site

appeared to increase towards the north, suggesting that black-legged ticks sampled from different
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sites in this study exhibit varying degrees of population establishment. | propose that sites in this
study exhibiting low (genetic distances < 0.10) to moderate (genetic distances between 0.10 and
0.15) amounts of temporal variation, while located in regions that Ogden et al. (2008b) identified
to be at high risk of established tick populations, may be considered more established (Figure
4.3). Meanwhile, the sites with great amounts of temporal variation (genetic distances > 0.20)
and located in regions of ‘moderate’ risk (as defined by Ogden et al. 2008b) can be considered
less established (Figure 4.3).

The status of black-legged tick spread has important implications for Lyme disease risk
across a landscape. Both adventitious and established ticks are capable of transmitting Lyme
disease to humans (Ogden et al. 2006b). However, the timing of disease risk differs: risk of
infection by adventitious ticks is higher during the early spring and autumn activity periods of
adult ticks, whereas risk is greater during spring-early summer peak activity period of nymphs in
areas where tick populations are established (Ogden et al. 2006b). Furthermore, regions with
establish black-legged tick populations are likely to have higher tick abundances, allowing for
increased human-tick encounter rates, further increasing risks of tick bites and disease
transmission (Ostfeld 2011). Finally, a recent study has estimated a temporal gap between tick
and B. burgdorferi establishment into Canada, where tick population establishment is generally
followed by B. burgdorferi establishment approximately three to five years later (Ogden et al.
2013). Early detection of established tick populations in a region can foretell the possibility of

future emergence of local Lyme disease hotspots.

CONCLUSION

132



This is the first study to investigate contemporary population genetic variation of black-
legged ticks at the regional level in Canada since records of tick presence first began. The salient
point of this study is the application of concepts from population genetics to assess mechanism
of species range expansion. | was able to quantify empirical patterns of genetic diversity and
structure among populations of an important invasive disease vector species and identified
specific range expansion processes and mechanisms (i.e. frequent long-distance dispersal events)
that would create such patterns. I also further identified stages of population establishment at the
leading edge of a disease vector undergoing range expansion, eliminating the need for labour-
intensive and time-consuming surveillance efforts in the field. Furthermore, the identification of
established vector populations will allow public health officers to identify when disease risks in a
region will be greatest (e.g. adventitious vs. established ticks) and disseminate crucial
information to medical professionals and the general public for diagnostic and preventative

efforts respectively.
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TABLES

Table 4.1. Hierarchical AMOVA table and corresponding values for Rst. Rst values are
statistically significant when p < 0.05. Amount of observed variance explained at each

hierarchical level is provided.

Hierarchical Structure Rst p % variance
Location > Time P -0.009 0.600 0.00%
Time > Location” 0.0623 0.000 6.23%
Among sites within sampling years

2011 (Nsites = 7) 0.0651 0.000 6.51%
2013 (Nsites = 8) 0.1072 0.000 10.72%
2014 (Nsites = 3) 0.0168 0.509 1.66%
Among sampling years within sites

BMF (2011, 2013) 0.0519 0.000 5.19%
DV (2012, 2013, 2014)  0.2029 0.000 20.29%
HR (2011, 2013) 0.1138 0.000 11.38%
HV (2011, 2013) 0.0602 0.000 6.02%
MSB (2011, 2013, 2014) 0.1656 0.000 16.56%
NO (2011, 2013) 0.0921 0.000 9.21%
SF (2011, 2013, 2014) 0.1328 0.000 13.28%
SV (2011, 2013) 0.0763 0.000 7.63%

P Sampling time is nested within site

" Sampling site is nested within sampling year
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Table 4.2. Pairwise genetic differentiation (Fst values) of Ixodes scapularis specimens across
time for each sampling site. Analyses were performed on individuals collected 1, 2, and 3 years
apart between 2011 and 2014. Significant Fst values are indicated with an ‘*’. Sites for which |
had only one year of sampling or fewer than 12 individuals in a given year were excluded from
the analysis (See Table C1).

Locality 2011vs.2013 2011vs.2014 2012vs.2013 2012 vs. 2014 2013 vs. 2014

(2 years) (3 years) (1 year) (2 years) (1 year)
BMF 0.055 * NA NA NA NA
DV NA NA 0.251 * 0.210 * 0.167 *
HR 0.120 * NA NA NA NA
HV 0.064 * NA NA NA NA
LP NA NA NA NA NA
LS NA NA NA NA NA
MSB 0.134 * 0.215* NA NA 0.156 *
NO 0.095 * NA NA NA NA
Sdv NA NA NA NA NA
SE NA NA NA NA NA
SF 0.095 * 0.163 * NA NA 0.133*
SJ NA NA NA NA NA
SV 0.079 * NA NA NA NA
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Figure 4.1. A hypothesis for the genetic turnover and differentiation within sites over time based
on stages of population establishment (row). The size of the circles indicate relative abundance
of local “L” versus immigrant “I”” individuals within the site at each point in time (column). The
graphs on the right summarise the relative patterns of genetic differentiation | expect to observe
for each establishment stage. In this hypothesis, the two-year life cycle of the ticks is taken into
account. The different shades of grey in the local (“L”) circles represent hypothesised relatedness
of individuals with those from previous years.
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Figure 4.2. Results from structure’s clustering analysis on all 613 black-legged tick individuals
(K =3, mean LnP(k) = -19692.96, AK = 177.989). All analyses were performed using no
admixture and independent allele frequency models. Ten iterations for each number of
populations (k) equaling 1 through 10 was initially analyzed for 100,000 Markov Chain Monte
Carlo (MCMC) generations with an initial burn-in of 10,000 generations. The most likely
number of populations was subsequently calculated from likelihood outputs produced by
structure using the approach by Evanno et al. (2005). Based on this result, a more thorough
analysis with ‘k’ defined was completed with MCMC running for 500,000 generations with an
initial burn-in of 50,000. Pie charts on the map show proportion of membership of each pre-
defined black-legged population in each cluster. The bar-plot indicates the probability of
individual assignment to these clusters.
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Figure 4.3. Estimated stages of tick population establishment (established [triangles], colonizing

[squares], and recolonization-extinction [circles] respectively) based on genetic turnover as
hypothesized in Figure 4.1.
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CONNECTING STATEMENT

In Chapters 3 and 4, | examined the genetic diversity of both the white-footed mouse and
black-legged tick, respectively using microsatellite markers. | have a deeper understanding of
species-specific movement across the landscape. Specifically, white-footed mouse dispersal was
heavily dependent on landscape structure (Chapter 3) while black-legged tick movement
appeared less constrained (Chapter 4). Furthermore, | found that the white-footed mouse, as a
host of both pathogen and ticks, is an important determinant of Lyme disease presence in an area
(Chapter 3). Meanwhile, large annual influxes of black-legged ticks into southern Québec can

potentially promote Lyme disease establishment (Chapter 4).

In Chapter 5, | create an integrative model that projects Lyme disease infection risk in
southern Québec based on what | have learnt from previous chapters regarding the two main
components of the Lyme disease transmission system — the white-footed mouse reservoir host
(Chapter 3), and the black-legged tick vector (Chapter 4). | focus on three variables: [i]
interspecific interactions between tick and mice (as determined using MTILG described in
Chapter 2), [ii] landscape and habitat effects on species abundances, and [iii] climate effects on
species distributions. This approach led to a projection of disease risk across the region. This
prediction will be essential for disease control and monitoring efforts of Lyme disease into the

future.
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CHAPTER FIVE

Lyme disease risk from vector and reservoir host species distributions are mediated by

climate and landscape heterogeneity

ABSTRACT

Recent climate and land use changes have facilitated the emergence of Lyme disease in
Canada by promoting the range expansion of the primary disease reservoir host (white-footed
mouse - Peromyscus leucopus) and vector (black-legged tick - Ixodes scapularis). As both
species are essential for local transmission and persistence of the disease-causing pathogen
(Borrelia burgdorferi), | created an Structural Equation Model to project Lyme disease infection
risk in southern Québec based on host and vector distributions with respect to [i] host-dependent
dispersal estimated from species population genetics, [ii] the effect of landscape and habitat
characteristics on species abundance, and [iii] the effect of climate on species distribution. I
found that white-footed mouse density tended to increase in smaller forest patches located close
to urban environments while none of the landscape variables examined in this study explained
observed tick abundance. I also found that warmer winter temperatures tend to promote tick
occurrence probability. Similarly, regional winter length and mean temperatures can influence
white-footed mouse distribution. Finally, my projections revealed that Lyme disease ecological
risk is greatest at the US-Canada border, gradually decreasing northwards and eastwards. Such
an integrated modeling approach promises a more accurate and reliable prediction of disease risk

that will be essential for disease control and monitoring efforts.
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INTRODUCTION

The emergence of zoonotic disease is an ongoing global phenomenon (Jones et al. 2008).
Predicting disease emergence is difficult because of the complexity of the interactions between
underlying variables (Daszak et al. 2000, Wilcox and Gubler 2005, Patz et al. 2008, Tabachnick
2010). Many factors must be simultaneously accounted for to obtain accurate estimates of
disease risk. For example, changes in climate influence the distribution, phenology, and survival
of important biological components of a disease system (Martinez and Marino 2011, Ogden
2014, Ostfeld and Brunner 2015, Bozick and Real 2015). Similarly, changes in the landscape and
habitat characteristics can exert selective pressures and change species fitness. Many other
factors can amplify or dilute disease risk including changing species’ dispersal patterns (Wilcox
and Gubler 2005), population demography (Grenfell and Harwood 1997, Taylor et al. 2011,

Suzan et al. 2015) and community composition (Ostfeld and Keesing 2012).

Many zoonotic disease systems involve interactions among multiple species, each of which
can play distinct role in the transmission and persistence of disease in a region (Patz et al. 2008,
Engering et al. 2013, Estrada-Pena et al. 2014). To further complicate disease models, species
are also likely to respond differently to human and natural forms of changes in their
environment, which often occur at different spatial and temporal scales. Therefore, models of
disease risk and spread require an integrative approach that takes into account how critical
disease vectors and hosts respond to changes in climate, landscape, and biotic conditions (Arino
et al. 2005, Estrada-Pena et al. 2014, Chapter 2: Leo et al. 2016). Here, | modeled changing
Lyme disease infection risk in southern Québec, Canada by integrating population genetics,

projected effects of climate variables on species distribution, and landscape effects on the
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abundance of the key disease vectors and reservoir hosts. From there, | determined how each

variable contribute to disease risk in terms of pathogen prevalence across the region.

Over the past decade, Lyme disease cases in Québec had increased from 6 in 2004 to over
120 in 2014 (Institut National de Santé Publique du Québec 2014). This rapid emergence was
attributed to the range expansion of both the disease vector (Ixodes scapularis— black-legged
ticks) and the primary disease reservoir host (Peromyscus leucopus — white-footed mouse)
(Simon et al. 2014). The combined effects of climate change at the continental scale and land use
change at the regional scale have produced conditions that promoted the successful establishment
and increase in abundances of white-footed mouse and black-legged tick populations, which in
turn promoted the introduction and persistence of the disease-causing bacterium Borrelia
burgdorferi in the region. For example, white-footed mouse abundance across the region has
increased in response to warmer and shorter winters and habitat fragmentation (Anderson et al.
2003, Roy-Dufresne et al. 2013). Meanwhile, warming temperatures and ambient relative
humidity have increased tick survival, development, and reproductive rates, as well as altered
tick behavior and questing activity (Lindsay et al. 1999a, Vail and Smith 2002). Changes in
small mammal host species community composition in response to climate and land use change
have also promoted the emergence of the pathogen in the region (Ostfeld 2011, Ostfeld and
Keesing 2012). Lastly, changes in tick phenology in response to climate change can exert

selective pressures that maintain or increase pathogen virulence in humans (Haven et al. 2012).

Here | present an integrated approach to projecting disease risk across a region by
integrating different types of variables, each operating on different temporal and spatial scales
into a single comprehensive model. | examined how interspecific interactions (in the form of

coupled dispersal patterns), climate conditions, and landscape and habitat characteristics
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influence black-legged tick and white-footed mouse distribution across southern Québec, and
how that in turn affect pathogen prevalence in the region (Figure 5.1). The model I produced
incorporates a combination of genetic information, statistical analyses, and climate niche models.

The purpose of this study is three-fold:

1. To simultaneously determine how two different yet important species of a disease
system respond to variables operating across varying spatial and temporal scales.

2. To quantify the indirect contribution of different variables underlying observed
disease emergence patterns (e.g. climate vs. landscape) based on their effects on
key species of the disease system.

3. To identify areas of greatest disease risk to humans by comparing maps of

projected disease ecological risk with maps of human population densities.

This information obtained by this approach will be critical for informing the public and
physicians about the necessity of preventive measures and diagnostic approaches, respectively.
This information can also help inform future policies (e.g. land use planning) that can influence

ongoing disease emergence patterns.

MATERIAL AND METHODS

Field data

Small mammals were live trapped from 40 sites across (southern Quebec, Canada between
July and September from 2011 to 2014) with Sherman traps set 5-10 meters apart in grids of 4x7
or 4x10. All small mammals were euthanized upon capture and dissected on the same day.

Tissues collected (i.e. heart, liver, kidneys) were stored in 90% ethanol and in -20°C freezers.
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Ticks were collected either by cloth dragging in the vegetation or removed from captured host
animals. Ticks were also stored in 90% ethanol and in -20°C freezers. | made sure to store
individual nymphs and adults in individual containers. Larvae belonging to the same cluster were
stored within a single tube. I identified all small mammal and tick specimens to species either
based on morphology or genetic marker amplification (i.e. Peromyscus species — Rogic et al.
2013). | also tested them for infection by the Lyme disease agent - Borrelia burgdorferi at the
National Microbiology Laboratory of the Public Health Agency (Winnipeg, MB, Canada)
following the protocol described in Ogden et al. (2011). Borrelia burgdorferi prevalence for each
site was calculated as the proportion of individuals that tested positive over the total number of
host and tick specimens tested. Positive screening results were taken as indicative of pathogen

presence at the site.
Variables influencing Borrelia burgdorferi prevalence

| investigated relations between B. burgdorferi prevalence at a site and a series of black-
legged tick, white-footed mouse, and small mammal related variables (Table 5.1) (see Appendix
D details on variables examined). Since all explanatory variables exhibited collinearity with each
other (based on a test using the function vif from the R package car (Fox et al. 2015)), |
performed a hierarchical partitioning analysis using the hier.part package in R (Walsh and
MacNally 2013). This allowed us to estimate the individual contribution of each explanatory
variable to B. burgdorferi prevalence. | evaluated the statistical significance of the independent
contribution by each variable by running a randomization test with 1000 permutations using the

rand.hp function in the hier.part package in R.

Population genetics and multi-taxa integrated landscape genetics on mouse and tick
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DNA was extracted from all specimens using a standard 3-day phenol/chloroform
extraction procedure as described by Sambrook et al. (1989). | genotyped white-footed mouse
and black-legged tick specimens for eleven and ten polymorphic microsatellite loci respectively

(Table D1).

| first examined the population structures of tick and mice across the study area using
individual-based clustering analyses in the software structure ver. 2.3 (Pritchard et al. 2000), as
well as an Analysis of Molecular Variance (AMOVA) in the population genetics software

Arlequin ver. 3.5.1.3 (Excoffier et al. 2010).

Because Lyme disease risk is enhanced by B. burgdorferi prevalence at sites where both
white-footed mice and black-legged ticks are present, | investigated whether interspecific
interactions between these species in the form of host-dependent dispersal may contribute to
disease emergence patterns. | applied the multi-taxa integrated landscape genetics (MTILG)
(James et al. 2011) approach (Chapter 2: Leo et al. 2016) on populations of white-footed mouse
and black-legged ticks across the study area (see Appendix D for details). In order to make
comparisons between species, all analyses in this section were performed on the 9 sites from

which both white-footed mice and black-legged ticks were sampled.
Landscape and habitat effects on mouse density and tick abundance

| performed redundancy analysis (RDA) to examine the influence of landscape and habitat
characteristics on white-footed mouse density and black-legged tick abundance in each of the 40
sites (Figure 5.1). Habitat characteristics included estimates of the proportion of forest,
agricultural areas, and urban development within a 5km radius of each patch, the area and
perimeter of the patches, and the minimum distance to the nearest neighbor (MDNN) (Table

5.2). For the white-footed mouse, | also included additional site connectivity variables with
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respect to the distribution of roads, agricultural areas, and urban development, as these landscape
variables significantly influenced mouse gene flow across the landscape (Table D4). | first
identified predictor variables that significantly accounted for variance in mouse densities and tick
abundances by performing an ANOVA on the RDA model before quantifying the relative effects
of these variables on mouse density and tick abundance using a linear model. Coefficients from
the linear model were then used to estimate mouse density and tick abundance, which were

subsequently regressed against observed field data using Spearman’s rank correlation tests.
Climatic variables on mouse and tick occurrence probabilities

| used climate niche models to predict vector and host occurrence probabilities at the sites
based on a combination of climatic variables associated with winter conditions (Figure 5.1).
Specifically, | focused on variables reflecting winter conditions including snow depth, winter
precipitation, minimum and maximum winter temperatures, and winter length (Table D2). These
variables were chosen for their potential to determine both mouse and tick species distributions.
For example, a warmer climate with milder winters and earlier spring snowmelt may alter white-
footed mouse breeding behaviour and success (Pratt and Barrett 2012, Kaseloo et al. 2014).
Similarly, winter temperatures, humidity, and snow cover may substantially influence tick
overwintering mortality rates (Brunner et al. 2012, Hayes et al. 2015). The application of winter
temperature variables in tick climate niche models is controversial as similar rates of tick
mortality between the winter and summer seasons suggest that cold-related overwintering
mortality does not restrict tick populations (see Ostfeld and Brunner 2015). Instead, Ogden et al.
(2014) suggested that tick population survival is primarily dependent on cumulative annual
degree days > 0°C in the non-winter seasons. Nonetheless, | wanted to employ similar variables

between species to identify tick and mouse relative responses to similar climate variables.
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Furthermore, one can postulate that winter temperatures and annual cumulative degree days are
correlated; therefore winter temperatures and winter lengths may still be employed as valid

factors influencing vector distribution.

| performed the climate niche models using the R package BIOMOD2 (Thuiller et al. 2014)
(see Appendix D for details on climate niche models). Consensus species occurrence
probabilities estimated by these models were extracted for the 40 sites in the study and the fit
between predicted occurrence probability models and field observations was tested using

Spearman’s rank correlation tests.
Climate and landscape effect on Lyme disease risk through disease host and vector species

| used a structural equation model (SEM) to determine and quantify the relative effects of
climate and landscape and habitat variables on the distribution of the disease vector and reservoir
host and their relative effects on B. burgdorferi prevalence at each site (Figure 5.1) (see
Appendix D for details on SEM analysis). Coefficients obtained from the structural equation
model, along with occurrence probabilities of white-footed mouse and black-legged ticks
extracted from their respective climate niche models, and species abundances estimated from
landscape and habitat variables, were then used to produce a linear equation model to estimate B.

burgdorferi prevalence.
Projection of Borrelia burgdorferi prevalence across the study area

| projected Lyme disease infection risk (in the form of B. burgdorferi prevalence) in my
study area using the linear equation described above ((Figure 5.1). First, | extracted climate-
based white-footed mouse and black-legged tick occurrence probability from the output of my

climate-based species distribution model (Figure 5.1). I also calculated mouse density from
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landscape and habitat characteristics for all 9043 habitat patches in the study area based on
results from the analyses above (Figure 5.1). Since both mouse hosts and tick vectors are
essential for the transmission and persistence of B. burgdorferi populations, the infection risk
was considered null in the absence of both species. I subsequently compared projected Lyme
disease infection risk against human population density. Information on population density
within each census dissemination block in Québec was extracted from the 2011 census data from
Statistics Canada (Geographic Attribute File, 2011 Census. Statistics Canada Catalogue no. 92-
151-X, and Dissemination Block Boundary File, 2011 Census. Statistics Canada Catalogue no.

92-163-X).

RESULTS
Variables influencing Borrelia burgdorferi prevalence

Tests screening for B. burgdorferi infection in small mammals and black-legged ticks
uncovered pathogen presence at 14 out of 40 study sites, with pathogen prevalence ranging from
0.000 to 0.2641 (mean = 0.0378, standard deviation = 0.067). When | investigated relations
between B. burgdorferi prevalence at a site relative to a set of tick and small mammal variables
using hierarchical partitioning analyses, | found that B. burgdorferi prevalence at a site is mostly
driven by tick abundance as well as tick burden on white-footed mice, and to a lesser extent by

tick burden on all small mammal hosts (Table 5.1).
White-footed mouse and black-legged tick population genetics

Individual-based clustering analyses revealed that mice populations can be sorted into two

genetic clusters that correspond for the most part with either shore of the St. Lawrence River.
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Conversely, tick populations formed three genetic clusters that exhibit no clear spatial trend
(Figure D1). AMOVA via Arlequin further revealed that both species have very different
population structures (Table D3). White-footed mouse populations exhibit much greater genetic

structuring (Rst = 0.153, p < 0.001) than black-legged ticks (Rst = 0.043, p < 0.001).

When | compared the pairwise genetic distances among populations in both white-footed
mice and black-legged ticks as part of the MTILG analyses, | found no significant correlations
(Mantel cor = -0.0589, p = 0.575). Similarly, Procrustes rotation tests on PCA and PCoA
ordination solutions calculated from allele frequency distributions and inter-population pairwise
genetic distances respectively, revealed no concordant spatial genetic pattern between both
species (PCA: cor = 0.4125, p = 0.517; PCoA: cor = 0.3599, p = 0.659). Subsequently, landscape
genetic analyses revealed that the landscape influenced white-footed mouse and black-legged
tick gene flow differently. | found that mouse gene flow across the landscape is significantly
influenced by site connectivity relative to the presence and distribution of roads, agriculture
areas, and urban development across the landscape (Table D4). Conversely, gene flow among
black-legged tick populations was not affected by any of the landscape variables examined

(Table D4).

Results from the MTILG analyses suggest that black-legged tick and white-footed mouse
in the study area do not exhibit concordant spatial genetic patterns or shared spatial dependence.
This implies that local black-legged tick dispersal across my study area is not dependent on
white-footed mouse movement. Therefore, subsequent species distribution models for both

species were performed independently.

Landscape and habitat variables on species density and abundance
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None of the landscape or habitat characteristics | examined significantly accounted for
patterns of tick presence or abundance at my study sites, suggesting that the landscape variables
examined in this study have little to no effect on tick distribution at the spatial scale of this study
(Table 5.2). As no landscape/habitat variables were found to contribute significantly to black-
legged tick abundance at the study sites, | did not attempt to predict tick abundance from

landscape variables.

Conversely | found that the area of a forest patch and the proportion of area dedicated to
urban development within a 5km radius of a patch significantly affected mouse density (Table
5.2). Mouse density tends to increase with decreasing patch area (estimated coefficient = -3.47 x
10", p = 0.034) and increasing amount of urban development around the patch (estimated
coefficient = 0.013, p = 0.037). When | applied coefficients from the linear model to estimate
mouse density as a function of patch area and amount of urban development surrounding the
patch (Figure 5.2A), my predicted density was significantly correlated with observed white-

footed mouse density (rho = 0.504, p = 0.001).
Climatic variables on tick and mouse occurrence probabilities

Specific variable importance scores varied among climate niche models for the two
species. The white-footed mouse distribution appeared to be primarily determined by mean
winter length and mean maximum winter temperatures (Table D2), while black-legged tick
distribution was primarily influenced by both minimum and maximum winter temperatures
(Table D2). Climate-based species distribution models predicted that white-footed mouse
occurrence probability ranged from 0.46 to 0.98 (mean = 0.966, standard deviation = 0.056)

across the study area (Figure 5.2B). Meanwhile, the predicted probability of presence for black
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legged tick across the study area ranged from 0.08 to 0.98 (mean = 0.911, standard error = 0.008,

standard deviation = 0.177) (Figure 5.2C).

| assessed the performance of my climate-based species distribution models by comparing
site-specific projected species occurrence probabilities against observed white-footed mouse
density (rho = 0.417, p-value = 0.007) and black-legged tick abundance (rho = 0.634, p-value <
0.001). Therefore my climate-based species distribution models were accurate and as such, the
projections of species occurrence probabilities from these models were extracted where

necessary and used to project Lyme disease infection risk.

Modeling B. burgdorferi prevalence based on climate and landscape effects on disease host and

vector

My structural equation model was not rejected (p-value = 0.126; Table D5) and revealed
that B. burgdorferi prevalence at a site was significantly explained only by climate-based black-
legged tick occurrence probability (estimated coefficient = 0.39, p = 0.03) (Table 5.3). However,
since the model performed acceptably well, explaining 36.2% of variance observed in B.
burgdorferi prevalence with a p-value > 0.05, I chose to include all three variables in my linear

equation for projecting B. burgdorferi prevalence in the region.

Estimates of B. burgdorferi prevalence based on SEM coefficients were significantly
correlated with observed pathogen prevalence (rho = 0.48, p-value = 0.002) in the study area.
These results suggest that the parameter coefficients estimated from my SEM model are reliable
and may be used to project and extrapolate Lyme disease risk across the study area consisting of

over 9043 forest patches.

Projecting Lyme disease infection risk across the study area
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My projections of current B. burgdorferi prevalence ranged from 0.000 to 0.735 (mean =
0.544, standard deviation = 0.154) across my study area (Figure 5.3A). When | plotted the results
of my projections across the study area, | found that estimated measures of B. burgdorferi
prevalence appeared to be greatest in the southwestern region of the study area, decreasing
northwards and eastwards (Figure 5.3A). Ten out of fourteen (71.4%) study sites where B.
burgdorferi was detected were located in regions where predicted pathogen prevalence Il in the
upper 4Mquartile of projected risk (Figure 5.3A). A correlation test comparing projected regions
of disease risk against human population density based on the 2011 census data from Statistics
Canada revealed that disease ecological risk was projected to be higher in regions of high human

population density (cor = 0.189, p < 0.001) (Figures 5.3A and 5.3B).

DISCUSSION

Zoonotic disease systems are complex and difficult to predict because they are driven by a
large number of biotic and abiotic variables (Alexander et al. 2012). These variables may include
biological, genetic, ecological, environmental, and socio-economic factors (Wilcox and Gubler
2005, Estrada-Pena et al 2014). However, integrated models can provide insights into the
ecological dynamics of a disease system (Plowright et al. 2008), which will help inform public
health interventions and guide public health policies (Leach and Scoones 2013). By simplifying
the different aspects of a zoonotic disease system into constrained components that are easier to
understand, models can answer specific questions about disease system dynamics, emergence,
and spatial patterns of risk (Plowright et al. 2008). My model for Lyme disease in this study can
be broken down into three components: [1] interspecific interactions (Ostfeld and Keesing 2012,

Simon et al. 2014, Turney et al. 2014), [2] landscape effects on species abundances (Brownstein
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et al. 2005, Legér et al. 2013), and [3] climate-based species occurrence probabilities (Lane et al.

1991, Legér et al. 2013, Ostfeld 2011).

The integrated model projecting Lyme disease ecological risk across the study area in
southern Quebec focuses particularly on how the disease vector and the primary reservoir host
respond to climate and landscape factors. This is because both the white-footed mouse and the
black-legged tick are essential components of the Lyme disease transmission system (Ostfeld
2011). This is evident from my initial analyses on variables accounting for B. burgdorferi
prevalence in the study sites (Table 5.1), where | found that pathogen prevalence was dependent
on interactions amongst ticks and mice, confirming the conclusions in Simon et al. (2014).
However, while the white-footed mouse may play an important role in supporting both vector
and pathogen populations within a site, it did not appear to actively contribute to tick movement
in this study, nor did the mice experience shared spatial dependence with the ticks as MTILG

analyses revealed no significant concordance between either species in the study area.

In addition to host-vector-pathogen interactions, the model also incorporated landscape-
heterogeneity. When | examined the effects of landscape and habitat variables on mouse density
and tick abundance, | found that white-footed mouse density was influenced by habitat patch size
and the relative amount of urban development around the patch. White-footed mouse density
tended to increase in smaller forest patches located close to urban environments. Studies have
shown that white-footed mouse populations tend to do well in fragmented habitats (Anderson et
al. 2003, Brownstein et al. 2005). Meanwhile, increased urban development around their habitat
may have contributed to increased mouse density by increasing the amount of resources
available to the mouse, or by limiting mouse dispersal out of a habitat patch due to increased

resistance to species’ movement (Marrotte et al. 2014). None of the landscape variables
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examined in this study explained observed tick abundance. It could be that the landscape
variables considered in this study were not direct or important contributors to tick survival, or
that the variables were measured at the wrong scale. Future studies should incorporate other
habitat characteristics important for ticks (e.g. forest types, soil conditions, and biota

composition).

Climate also influences multiple components of a zoonotic disease transmission system
(Ogden 2014, Ostfeld and Brunner 2015). The effect of climate on the exothermic tick vector is
well-established (Legér et al. 2013). Warmer temperatures, greater relative humidity, and steady
winter temperatures are most likely to promote tick developmental rates and survival (Wu et al.
2013, Vail and Smith 2002). Similarly, regional winter length and mean temperatures can
influence white-footed mouse distribution directly (Roy-Dufresne et al. 2013), or indirectly by
altering habitat suitability (Legér et al. 2013, Ogden 2014, Ostfeld and Brunner 2015). My
climate-niche models revealed that projected white-footed mouse and black-legged tick
occurrence probability across the study area differs substantially. While the white-footed mouse
had an evenly high occurrence probability across the study area, tick occurrence probability

appeared more constrained.

Using the model and parameters | estimated, | was able to create a map projecting current
B. burgdorferi prevalence. This map can be representative of disease ecological risk across my
study area, with estimated risk being greatest at the US-Canada border, gradually decreasing
northwards and eastwards. Disease risk was also higher close to large urban areas (Figure 5.3).
This information can aid public awareness and provide an early warning for disease diagnosis by
identifying potential regions at greater risk of infection, given exposure and encounter

probabilities (e.g. Finch et al. 2014). The model can be useful for other purposes. For example,
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we can infer future Lyme disease risk in the region using future climate and landscape scenarios
(e.g. Radeloff et al. 2012, Huard et al. 2014). Furthermore, this study also revealed that white-
footed mouse density, which directly influences in B. burgdorferi prevalence, was determined by
landscape and habitat variables. Therefore, land use management policies in southern Québec
(e.g. Patz et al. 2004) that result in further forest fragmentation and urban development can
potentially increase Lyme disease ecological risk by facilitating greater reservoir host densities.
Application of the model can further simulate potential outcomes of ecological perturbations in
the region and help policy makers identify the least damaging alternatives. Finally, as climate
change continues to modulate disease emergence patterns in conjunction with ecological
mechanisms, we can expect white-footed mouse and black legged tick occurrence probabilities
to continue to change. Specifically, we expect both species to continue their northwards range
expansion over the next 50 years, resulting in species distributions and disease risk that will
exceed that predicted in this study (Roy-Dufresne et al. 2013, Simon et al. 2014). Furthermore,
changes in climatic conditions can exert substantial evolutionary pressures that promote the

increased transmission of more persistent and virulent B. burgdorferi strains (Levi et al. 2015).

The model produced in this study was created based on empirical data and | was able to
project estimates of B. burgdorferi prevalence across my study area. However, since the Lyme
disease system is currently emerging across this study area, observed prevalence of the pathogen
is expected to be very low. As a result, | cannot confidently claim that, despite the extensive
sampling effort, zero observed pathogen prevalence in this study equates to true absences.
Nonetheless, the workflow | employed may prove useful for the prediction of infection risk in
other disease systems such as Babesiosis, West Nile Virus, or Hantavirus. For a truly

comprehensive analysis of changing disease infection risk, disease models should incorporate
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patterns of human use of the landscape (Fenichel et al. 2011). This is particularly important,
considering how projected regions of greatest disease ecological risk in this study coincided with
regions of highest human population density (based on Statistics Canada 2011 Census) in this
study. Disease infection dynamics are also dependent on human behaviour, which varies
depending on lifestyle, socio-economic conditions, gender, age, psychology, and level of risk
awareness or education. Identifying behaviours or lifestyles that increase the chance of contact
between humans and a disease system will inform projections of disease infection probabilities

(Finch et al. 2014).

CONCLUSION

In this study, | have presented, using the emerging Lyme disease system in Québec as a
case study, the importance of a multi-species, integrated approach to disease modeling which
enabled me to produce a simple model that successfully and accurately predicted disease
infection ecological risk in my study area. By focusing specifically on the disease vector and
hosts, their interactions with each other, along with their individual responses to climate and
landscape variables, | was able to identify correlations among these variables and pathogen
prevalence in the field. I was then able to employ these insights to further predict and project
disease ecological risk across the region (Simon et al. 2014). Maps of current pathogen
prevalence in this region would assist public health in designing and implementing their
programs at a regional scale. Finally, if used in conjunction with appropriate data (e.g. future
climate conditions, future land use changes), the model can also potentially project future

ecological risk of disease in the region.
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TABLES

Table 5.1. Summary of results from hierarchical partitioning analyses examining the
independent effects of each explanatory variable on Borrelia burgdorferi prevalence across 40
sites in southern Québec, Canada. ‘T’ is the percentage of explained variance accounted for by
each variable and its significance is estimated by calculating Z-scores over 1000 randomisations.
Correlation tests were subsequently performed for variables with statistically significant ‘I’ to
examine their relations with B. burgdorferi prevalence in the study area. Statistically significant
values are in bold and the top four contributors are further underlined.

Borrelia burgdorferi prevalence
I (%) Z-scores Correlation

Variables examined

Number of questing ticks 12.848 3.51 0.7711
Number of feeding ticks 5.026 0.57 N.A
Total number of ticks 15.327 4.21 0.7499
Tick prevalence on small mammals 8.320 1.72 0.6416
Tick abundance on small mammals 8.611 1.84 0.5134
Tick prevalence on white-footed mice  12.822 3.55 0.7034
Tick abundance on white-footed mice  11.079 2.88 0.6354
Density of small mammals 4.968 0.48 N.A
Density of white-footed mice 7.242 1.42 N.A
Effective species richness 5.955 0.86 N.A
Species richness 3.165 -0.10 N.A
Proportion of WFM to small mammals  4.666 0.39 N.A
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Table 5.2. Summary of results from redundancy analyses (RDA) performed to identify

landscape and habitat characteristics that significantly account for white-footed mouse density
and black-legged tick abundance across 40 sites in southern Québec, Canada. Statistically

significant values are in bold.

Variables examined

White-footed mouse density Black-legged tick abundance

[F=2.6096, p=0.02875]

[F=1.0332, p=0.34]

F p F p
Area (meters-squared) 7.4107 0.009 1.3412 0.224
Perimeter (meters) 0.1539 0.673 0.0070 0.896
MDNN 3.2742 0.077 3.5500 0.078
% Agriculture 1.1091 0.283 0.3448 0.554
% Urban 8.7389 0.009 0.9266 0.343
% Forest 2.7050 0.118 0.0295 0.840
Connectivity (Road) 0.0848 0.778
Connectivity (Agriculture) 0.0037 0.951
Connectivity (Urban) 0.0056 0.948
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Table 5.3. Estimated coefficients obtained from a Structural Equation Model analysis
quantifying the relative contributions of climate and landscape to Borrelia burgdorferi
prevalence across the study area in southern Québec, Canada (see Figure 1). The effects of
climate and landscape were represented as predicted species occurrence probabilities (based on
climate-based species distribution models) and estimated species densities (from specific
landscape variables). Statistically significant values are in bold.

Regressions Estimate  Std. Error Z-value P-value
B. burgdorferi prevalence ~

Mouse occurrence probability (climate) 0.309 0.221 1.395 0.163
Tick occurrence probability (climate) 0.391 0.180 2.167 0.030
Estimated mouse density (landscape) 0.067 0.258 0.259 0.795
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FIGURES

CLIMATE VARIABLES

462

Latitude
454 458
Latitude

454

Longitude Longitude
I i’
PREDICTED SPECIES ESTIMATED SPECIES
L ,a OCCURRENCE PROBABILITIES ABUNDANCE/DENSITYC—.‘

STRUCTURAL EQUATION MODEL

8-

LINEAR EQUATION MODEL
I = xCMPM + xCTPT + xLMDM

-

LYME DISEASE INFECTION RISK

Latitude

Longitude

Figure 5.1. The workflow employed in this study. Focusing on the study area, | first predicted
species occurrence probabilities using climate niche models and estimated species abundance or
density using landscape and habitat variables. Information from these analyses (i.e. species
occurrence probabilities and estimated density) were subsequently entered into a structural
equation model to assess the indirect contributions of climate and landscape to Borrelia
burgdorferi prevalence among 40 study sites across southern Québec Canada through their
influences on white-footed mouse and black-legged tick occurrence probabilities and estimated
mouse density. The resulting estimated coefficients were used to extrapolate Lyme disease
infection risk in the form of B. burgdorferi prevalence in all 9043 forest patches across the study
area.
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Figure 5.2. Plots of [A] white-footed mouse density across the study area estimated from
landscape variables, [B] white-footed mouse, and [C] black-legged tick occurrence probabilities
estimated from climate based species distribution models. The scale bar represents a distance of
approximately 50km on each map.
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Figure 5.3. Plots of [A] projections of Lyme disease infection risk (in the form of estimated
Borrelia burgdorferi prevalence) calculated from my linear equation model, and [B] human
population density in the study area based on the 2011 census data from Statistics Canada.
Population density was calculated for each census dissemination block by dividing the total
population by land area (in square kilometers). The scale bar represents a distance of
approximately 50km on each map.
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CHAPTER SIX

General Conclusions

THESIS SUMMARY

In the past seven decades, we have witnessed over 300 cases of emerging infectious
disease (EIDs) across the world. EIDs can result from the evolution of novel species or genetic
strains of known pathogens (Schrag and Wiener 1995, Daszak et al. 2000), as an unintentional
outcome of changing ecological factors (Patz et al. 2008), or simply by overcoming geographical
resistance and spreading into populations in which individuals had no prior exposure to the
pathogen (Taylor et al 2001). Approximately 70% of identified emerging infectious diseases
have zoonotic origins (Jones et al. 2008). In many cases, these zoonotic disease transmission
systems involve multiple species, each with their own sets of complex interactions with each
other, and their environment (Estrada-Pefia et al. 2014, Engering et al. 2013). Studies that
identify and quantify such interactions among disease pathogens, vectors, hosts, and their
environment will provide insights on mechanisms and processes that facilitate disease
emergence. Such information is crucial for informed management decisions prioritized for

disease mitigation, prevention, or surveillance (Rosenthal et al. 2013).

In this thesis, | focused on an multi-taxa, integrated, approach using Lyme disease
emergence in Québec as a case study. | did this by investigating the mechanisms, processes, and
variables influencing the range expansion of two major members of the disease system (the
black-legged tick and the white-footed mouse) in a region of highly dynamic disease emergence.
| first presented an integrated molecular approach for comparing the population structures of the
primary disease vector and reservoir host species in Chapter 2 (Sork and Waits 2010). The

approach — Multi-taxa integrated landscape genetics (MTILG) — integrates concepts and tools
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from population genetics, landscape ecology, and spatial statistics (James et al. 2011). Using
simulated genetic data, | showed that MTILG can ascertain combinations of biotic and abiotic
variables that influence zoonotic disease emergence within a region. | was able to identify shared
spatial occurrences and interspecies-dependent dispersal patterns as well as quantify how
interactions among landscape heterogeneity, geographical barriers, and species dispersal rates

influence the spatial extent and rate of disease transmission system spread through time.

| then examined the population genetics of the disease reservoir host (the white-footed
mouse, Peromyscus leucopus) and the disease vector (the black-legged tick, Ixodes scapularis)
individually in Chapters 3 and 4, respectively. Using sets of species-specific microsatellite loci, |
investigated white-footed mouse and black-legged population structures in southern Québec,
quantified species interactions with the landscape, uncovered the mechanism of species
movement across the region, and determined stages of population establishment for the black-

legged tick.

| found that white-footed mouse populations in southern Québec exhibit significant genetic
structuring and differentiation (Chapter 3). Additionally, gene flow among mouse populations
was affected by landscape variables such as linear barriers to migration (as seen in Rogic et al.
2013, Marrotte et al. 2014). However, the effects of these barriers can be potentially
circumvented, most likely by human activities. This suggests that human activities and the white-
footed mouse’s natural ability to navigate landscape heterogeneity will likely continue to
facilitate the northward range expansion of the species and any pathogens it hosts. I also found
evidence of gradients in morphological variation (e.g. hind-foot length) in the direction of the
species range expansion, which may be indicative of the potential for greater white-footed mouse

dispersal rates in populations located at the edge of the species’ range (e.g. Philips et al. 2006,
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Sparrow 2015). Such trends warrant further research. I propose that future Lyme disease
monitoring and control strategies in southern Québec should continue to focus on the
surveillance of white-footed mouse distribution range as well as incorporate predictive models of
the species’ potential distribution range based on its ability to navigate a heterogeneous

landscape.

In Chapter 4, | investigated the genetic variation present within populations of black-
legged ticks in southern Québec. By quantifying both spatial and temporal patterns of genetic
diversity and structure among populations, | was able to detect several genetic patterns that were
indicative of high frequencies of long-distance dispersal events (Bialozyt et al. 2006, Excoffier et
al 2009, Cristescu 2015). This lends support to the hypothesis by Ogden et al. (2008, 2015) that
migratory birds play important roles in the south-north movement of ticks into Canada.
Additional analyses of temporal genetic variation within black-legged tick populations in this
study further allowed me to determine stages of establishment for each tick population. Such
information is important for public health officers to identify regions at greatest disease risk,
because it is crucial for diagnostic and preventative efforts. This molecular approach can not
only replace current labour-intensive and time-consuming surveillance efforts in the field, it will

likely be more accurate (Gubler 2010, Biek and Real 2010, Muellner et al. 2011).

Finally in Chapter 5, | integrated species genetic information, along with climate and
landscape effects on host and vector distribution and abundance to determine how these variables
influence Borrelia burgdorferi prevalence in my study sites. From there | produced a model to
project pathogen prevalence across a region, in the process empirically uncovering several
critical aspects of modeling disease risk. First, disease models should use a multispecies

approach to obtain more accurate risk projections (Estrada-Pefia et al. 2014). Secondly, disease
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emergence models should avoid focusing only on a single predictor variable, as doing so risks
omitting the effects of variables that operate on other spatial scales (Raghaven et al. 2013, Riley
et al. 2015). Finally, it is important to note that the relative contributions by climate, landscape,
and species variables changes depending on whether models focus on disease presence versus

prevalence as evidence in this study and that by Simon et al. 2014.

FUTURE WORK

While I have examined interactions among two species recognised as major players in the
North American Lyme disease transmission system, there is a plethora of other potential species
involved in the system that, while commonly overlooked, still contribute substantially to the
disease system (Ostfeld 2011). Some of these species include alternate tick and pathogen hosts
(i.e. the eastern chipmunk and the short-tailed shrew), critical reproductive hosts for the disease
vector (i.e. the white-tailed deer), as well as migratory birds, which I have identified as the
primary mode of tick transportation into southern Québec (Ostfeld 2011, Ogden et al. 2008,
Ogden et al. 2015). More importantly, future integrated studies on the Lyme disease system
should also incorporate genetic information from the disease pathogen itself — Borrelia
burgdorferi. The potential presence of coupled interactions and co-evolution among strains of B.
burgdorferi and genetic clusters of vector or hosts can possibly influence disease emergence
rates, spread patterns, virulence risk, or transmission efficacy (Margos et al. 2011, Hamer et al.
2012, Ostfeld and Brunner 2015). Due to logistical limitations | was unable to include data from
alternate host species and the Borrelia burgdorferi pathogen itself in this thesis project.
Nonetheless, as | have emphasised repeatedly throughout this thesis, it is important to employ

multi-species, integrated approaches to disease modeling, because they incorporate key species
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and their individual, population, and community responses to climate and landscape variables
(Johnson et al. 2015). Disease risk models that further incorporate the human factors will

certainly result in even more powerful and reliable prediction of disease risk.

This thesis is the first step in the application of an integrated approach to studying disease
emergence patterns and mechanisms. The methods employed in this study had successfully
provided critical insights regarding underlying processes and variables that influence Lyme
disease emergence in my study area. It stands to reason that the approach may be applied to other
disease systems across the world (e.g. Lyme disease in Europe, the Zika pandemic in the
Americas). By applying a standardized approach for the study of multiple disease systems, we
can begin to identify and understand, based on insights obtained from observed similarities or
differences among different systems, overarching factors influencing different types of disease
emergence events. This knowledge will contribute substantially to our ability to mitigate,
prevent, monitor, and predict different types of infectious diseases as they emerge worldwide

(Rosenthal et al. 2015).
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Table A2. ANOVA tests on the effects of landscape heterogeneity, geographical barriers, and
species dispersal rates on disease emergence extent, time taken for disease emergence to reach
equilibrium, and rates of disease emergence across simulation scenarios. Selection tests were
then performed to identify the best models describing variances between simulation scenarios.
Results from variance partitioning (var.part) and the absolute relative importance (rel.impt) of
each predictor variable on all three measures of disease emergence are presented.

Time taken to

Extent of disease spread o
reach equilibrium

Emergence rate

Differences among simulation scenarios

ANOVA E -value = p-value F p-value

41.53 <0.001 6.636 <0.001 11.19 <0.001
Selection tests

Model R%i Model R%i Model RZ

+ g:'ﬁfir;genelty 0.714 ~ Heterogeneity ) 5/, ~ Heterogeneity ;) 556

- + Dispersal + Barrier

+ Dispersal
Relative importance (rela.impt) and variance partitioning (var.part)

rela.impt var.part rela.impt var.part rela.impt var.part
Heterogeneity 48.50% 34.33% 94.91% 33.03% 82.74% 33.17%
Barrier 44.77% 31.59% - - 17.25% 0.059%
Dispersal 0.067% 0.036% 0.051% 0.007% - -
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Table A3. Average statistically significant global Rst values for each species in each simulation
along with standard deviations in square brackets. The proportions of replicates in which Rst
values are statistically significant are provided. Lowercase alphabets indicate species in each
scenario that shared similar Rst values. Simulation scenarios are labelled as in Table 2.1.

# significant Average Rst
Rst values [SD]

Scenario A

H1 100% 0.029 [0.005] a_
H2 100% 0.026 [0.004] a_
P1 100% 0.027 [0.004] a_
V1 100% 0.028 [0.003] a_
Scenario B

H1 100% 0.043[0.004] a_
H2 100% 0.028 [0.003] _b
P1 100% 0.042[0.003] a_
V1 100% 0.041[0.004] a_
Scenario C

H1 100% 0.019[0.003] a_
H2 100% 0.024[0.002] _b
P1 100% 0.018 [0.002] a_
V1 100% 0.018 [0.003] a_
Scenario D

H1 100% 0.039 [0.006] a_
H2 100% 0.024[0.002] _b
P1 100% 0.035[0.004] a_
V1 100% 0.034[0.004] a_
Scenario E

H1 100% 0.029 [0.005] a_
H2 100% 0.026 [0.004] a_
P2 100% 0.027 [0.004] a_
V2 100% 0.025[0.004] a_
Scenario F

H1 100% 0.043[0.004] a_
H2 100% 0.028 [0.003] _b
P2 100% 0.030[0.004] _b
V2 100% 0.032[0.006] _b
Scenario G

H1 100% 0.019[0.003] a_
H2 100% 0.024[0.002] b
P2 100% 0.024[0.005] _b
V2 100% 0.024[0.003] _b
Scenario H

H1 100% 0.039[0.006] a_
H2 100% 0.024[0.002] _b
P2 100% 0.025[0.004] _b
V2 100% 0.025[0.005] _b
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Table A4. Summary of model selection on constrained ordination models that described the
influences of landscape variables (barrier, heterogeneity, others) on species spatial genetic
patterns. The frequency at which a variable is selected for each species is shown, along with the
percentage of genetic variance explained by said variable. Simulation scenarios are labelled as in
Table 2.1. “-*“ indicate that the variable(s) in question did not significantly explained observed
genertic patterns for a species in a particular simulation scenario.

Barrier Heterogeneity Barrier + Heterogeneity  Euclidean Distance
Frequency % Var Frequency % Var Frequency % Var Frequency % Var

Scenario A

H1 - - - - - - - -
H2 - - - - - - - -
P1 - - - - - - - -
V1 - - - - - - - -
Scenario B

H1 - - - - - - - -
H2 - - 0.2 0.0098 - - - -
P1 - - 0.1 0.0191 - - - -
V1 - - 0.3 0.0399 - - - -
Scenario C

H1 0.9 0.0686 - - - - - -
H2 1 0.1580 - - - - - -
P1 0.7 0.0517 - - - - - -
V1 1 0.0120 - - - - - -
Scenario D

H1 0.8 0.1118 - - 0.2 0.2728 - -
H2 0.9 0.0164 - - - - - -
P1 0.6 0.1104 - - 0.1 0.2147 - -
V1 0.3 0.1156 - - 0.4 0.3224 - -
Scenario E

H1 - - - - - - - -
H2 - - - - - - - -
P2 - - - - - - - -
V2 - - - - - - - -
Scenario F

H1 - - 0.4 0.0580 - - - -
H2 - - 0.2 0.0098 - - - -
P2 - - 0.1 0.0067 - - - -
V2 - - 0.2 0.0069 - - - -
Scenario G

H1 0.9 0.0686 - - - - - -
H2 1 0.0120 - - - - - -
P2 0.9 0.0113 - - - - - -
V2 1 0.0116 - - - - - -
Scenario H

H1 0.8 0.1118 - - 0.2 0.2728 - -
H2 09 0.0164 - - - - - -
P2 09 0.0174 - - - - - -
V2 0.2 0.0184 - - - - - -
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TABLES

APPENDIX B

Table B1.Total number of white-footed mouse specimens sampled for each study site. Global

Positioning System (GPS) coordinates for each site are also presented.

Sampling years

Code Longitude Latitude ). 5508 2009 2011 2012 2013 2014 O
DV 7256 458 - - - 5 12 12 7 36
HR 7331 4549 - - - 31 - 5 . 36
HV 7321 4511 - - - 5 - 9 . 14
LP 7346 4554 . . . . . . 3 31
MA 7394 4543 - - - - . . o 24
MR 7306 4549 - - 17 18 - - - 35
SB 7334 4555 - 32 - - - 13 45
MSH 7316 4554 14 8 16 - - - - 38
MY 7286 4545 - - 9 12 - - . 21
NO 7328 4506 - - - 7 11 20 - 38
PDC 7309 4630 - - - 5 8 21 - 34
SE 7392 4521 - - - & - 13 24 43
SF 7445 4503 - - - 7 - 4 19 30
SJ 7346 4523 - - - 2 - 17 - 19
sL 7274 4565 - - - - . .2 22
sp 7439 4532 - - - - - . 19 19
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Table B2. List of microsatellite primers used to genotype Peromyscus leucopus specimens in
this study. Information on repeat motifs, primer sequences, observed size ranges and literature

references is provided.

Loci Name Repeat Forward/Reverse Size Ranges  References
Motif Primer Sequences (3’ - 5°)

Pmi01 CA F: CATTCAAGACCTGGCTTTTT 149 — 205 Chirhart et al. 2005
R: TGGGTTTCATCAGTGCTTCT

PmI03 CA F: GCCATTAGTCTATGTGACAG 231259 Chirhart et al. 2005
R: GCGATGTACCCAGAAAT

Pmio4 CA F: CATAAGGTGGCTCGGAATCA  186-244 Chirhart et al. 2005
R: CAGGAAGGGGAAATGACCAT

Pml05 CA F: CTGAGCCAAAAGTGGTCCTT 182 — 248 Chirhart et al. 2005
R: TGAAGACAGCCCCTCTCTG

PmI06 CA F: CAGGGCTGTAGAGGGAGAAC  142-178 Chirhart et al. 2005
R: ACTGGAGCAGAGGCATTTG

PmI09 CA F: GAATCCATACACCCATGC 186 — 226 Chirhart et al. 2005
R: TTGCTTTTCGTCAAGTTTT

Pmil1 CA F: ACCCCCGAGTGCTGAGATT 218 - 264 Chirhart et al. 2005
R: TTTGCTGCTTTCCCCAGAGA

Pml12 CA F: GCAGCCTGTATTCTCTCACA 141 - 167 Chirhart et al. 2005
R: GCCAACCATTTCTTCAAGTG

PLGT58 GT F: GATCTTGTGAACACGCTTCT 132-184 Schmidt 1999
R: TTGATGGCTCTGGAGAGGCT

PLGT66 GT F: CTCTGTCTGCCACACATGCT 129 - 165 Schmidt 1999
R: GTGCCATCACAGATGTGACA

GATAT0 GATA F:CTTGGTATGCATCGCCATCT 252 — 324 Schmidt 1999
R: TAATCTCTGTAGCTTCATGT
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Table B3. List of connectivity-based predictor variables used in constrained ordinations.

Spatial
Data Source resolution
Roads GeoBase - National Road Network 1:10,000
Water bodies GeoBase - Land Cover, circa 2000 1:50,000
Agriculture GeoBase - Land Cover, circa 2000 1:50,000
Urban / Developed GeoBase - Land Cover, circa 2000 1:50,000
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Table B4. Summary of Borrelia burgdorferi and Ixodes scapularis (black-legged ticks)
presences in each site included in the study. The presence/absence of B. burgdorferi in each site
was determine from pathogen screening results on white-footed mouse, black-legged ticks, and
other small mammals sampled from the site. B. burgdorferi prevalence and measures of tick
burden (prevalence, intensity, and abundance) on white-footed mouse specimens are also
presented. No B. burgdorferi or I. scapularis data was available for white-footed mice sampled

from MSH.

Code B. burgdorferi B. _burgdqrferi prevalence Tick _ Ti_ck Tick

presence/absence in White-footed mouse prevalence intensity abundance
DV Present 0.055556  0.555556 415  2.305556
HR Present 0.111111 0.555556 5.15 2.861111
HV Present 0 0.357143 1.8 0.642857
LP Absent 0 0.290323 1.555556  0.451613
MA Absent 0 0.041667 1 0.041667
MR Absent 0 0 0 0
SB Present 0.076923  0.769231 2.4  1.846154
MSH NA NA NA NA NA
MY Absent 0 0.166667 1 0.166667
NO Present 0 0.473684 1555556  0.736842
PDC Absent 0 0 0 0
SE Present 0 0.116279 1 0.116279
SF Present 0.133333  0.533333 2.875  1.533333
SJ Absent 0 0.157895 3.333333  0.526316
SL Absent 0 0 0 0
SP Absent 0 0 0 0
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TABLES

Table C1. Number of Ixodes scapularis specimens collected from 13 sites between 2011 and

2014.

APPENDIX C

Locality Latitude Longitude Ntotat N2011 N2012 N2013 N2014

BMF 45.29
DV 45.86
HR 45.49
HV 45.11
LP 45.54
LS 45.44
MSB 45.55
NO 45.06
Sdv 45.23
SE 45.21
SF 45.03
SJ 45.23
SV 45.18

-73.01
-72.56
-73.31
-713.21
-73.46
-72.90
-713.34
-73.28
-74.07
-73.92
-74.45
-73.46
-73.34

62
82
42
60
17
25
81
74
14
24
54
14
64

30

5
24
30
11
25
39
20
14

8
23

5
35

16

32
42
12
30

20
38

12

24

20
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Table C2. List of microsatellite primers used to genotype Ixodes scapularis. Polymerase chain
reactions (PCR) were performed in 15 pL reactions containing 8.6 uL 10X PCR buffer, 0.2 mM

of each dNTPs, 0.5 pmol/uL of each primer, 0.05 U/uL of Taq polymerase and 2.5 uLL. DNA

template. All PCR thermocycling conditions included an initial denaturation step at 95°C for 30
s, 30 cycles of 95°C for 15 s, loci-specific primer annealing temperature for 30 s, and 72°C for

45 s. PCR amplified products were visualised on an ABI3730 capillary sequencer (Applied
Biosystems, Foster City, CA) at Genome Québec (Montreal, CA) and genotyped using the

program GeneMarker (SoftGenetics LLC., State College, PA) with GeneScan 500-LI1Z (Applied
Biosystems, Foster City, CA) as the size standard.

Loci Repeat Forward / Reverse Size

Name Motif  Primer Sequences (3’ — 5°) Range

ISAC8 AC F: GAGCTACCCCTTTCATCGTCTTCG 104 — 142
R: TCTTCCCGCTGCTGTCTCGTATTC

ISCTGY17 CTGY F:.TTCTTGTTTTATTGGTTGGGTG 122 — 154
R: AATGCAGGGTAAGTTGAGATTG

ISAC22 AC F: TATTGTAAGGCCAGTCGCCGCTGC 149 — 187
R: CAGCTGGGCCCCTCCTTTTAATCC

IsSAG4 AG F: ATAAGCAATTCATACGAGATAGT 150 — 242
R: AAGAAAATAAAGCGAACAAG

ISGATA4 GATA F:CAGACAATGTCATTCAATCGCA 187 - 267
R: CGCACAATGCAAAACAAATCTA

ISGATA3 GATA F: AGTCCCCTCAGAGCGATTTTCA 113 - 165
R: GGCCGCCAGTTTGATGGATA

IsSAG25 AG F: AAATGTCCGAACAGCCTTAT 138 - 202
R: GCCCTTGAGTCTACCCACTA

ISAC4 AC F: AAGCGTATCCGATTTGCCCTTCAT 130 - 196
R: GGGTCCCAACGATTGCTAAACCAG

ISCAG12 CAG F: GAAGAACACCGAGCGAACCAGAAC 126-156
R: GTGAGCTGAGGGTTGCTGTTGATG

IsAC20 AC F: AGAAACACGGAAGGAGAAAGGAGA 117 147
R

: AACTGTGCCAGATGGGAAAGAAGA
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Figure C1. Location of sampling sites in southern Québec from which Ixodes scapularis
examined in this study were collected.
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Figure C2. Quilt plot of the first axis of spatial principal components analysis (SPCA) scores for
all 613 Ixodes scaluparis examined in this study. SPCA scores are indicated by colour and each
dot represents an individual tick. Scores are plotted spatially according to latitude and longitude

for each individual tick. Tests revealed significant global and local structure among ticks
examined (p < 0.05). sPCA analysis, | used the Delaunay triangulation as the connection
network. | then assessed global and local structures using the global.rtest and local.rtest

functions respectively from the adegenet package over 999 permutations.
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Figure C3. Results from a preliminary analysis comparing pairwise differences among ticks
collected from different sites at different years. | found that genetic variation observed among
tick individuals were better explained by collection year than sampling locality.
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APPENDIX D

Material and Methods

Variables influencing Borrelia burgdorferi prevalence

Tick-related variables examined include the number of questing ticks collected from
vegetation at the site, the number of ticks found feeding on captured small mammal hosts, total
number of ticks (or tick abundance — estimated as the sum of ticks collected by dragging and
from trapped animals) at the site, the prevalence of black-legged tick on small mammals and
white-footed mice (i.e. proportion of hosts examined that were parasitised), and the abundance of
black-legged ticks on small mammals and white-footed mice (i.e. mean number of ticks found on
all hosts examined). | decided not to break down my estimates of tick abundance and prevalence
by instar as overall tick abundance and number of t ick infected with Borrelia burgdorferi was
low. Nonetheless, | performed the analysis using the number of questing and feeding ticks as
variables to account for possible bias in tick sampling (i.e. whereby observed tick collection in
this resulting as a function of the number of mammals captured rather than true tick abundance at

a given site).

| also considered the density of small mammals and white-footed mice at each site,
observed and effective species richness (the latter calculated as an exponent of Shannon diversity
index), as well as the proportion of small mammals captured that were identified to be white-
footed mice. In order to standardise density measures to account for varying sampling efforts
through the years, I calculated annual small mammal and white-footed mice densities by dividing
the number of specimens by the number the number of trap-nights (number of traps x number of
trapping nights) and the total area in km? covered by the sampling grids. | then used the average

of the yearly specimen densities estimated for 2011 to 2014.
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Multi-taxa Integrated Landscape Genetics on ticks and mice

| first performed a Mantel test comparing both tick and mouse pairwise population genetic
distances in the form of pairwise Fst values using the mantel.randtest function from the R
package ade4 (Dray et al. 2015). Pairwise Fst values were calculated using the pairwise.fst
function from the adegenet R package (Jombart et al. 2014). | also compared ordination solutions
of allele frequency differences (via principle components analysis) and pairwise Fstvalues
among populations of tick and mice (via principle coordinates analysis) using a series of
Procrustes rotation tests performed using the protest function from the R package vegan
(Oksanen et al. 2015). I obtained ordination solutions of allele frequency differences and

pairwise Fst values using the rda and capscale functions from the R packages vegan.

Using log-transformed allele frequencies as response matrices and measures of spatial
connectivity as predictor variables in a series of redundancy analyses (RDA) analyses, | also
identified landscape variables that best describe observed tick and mice spatial genetic patterns.
For each of the 40 sites, | calculated site connectivity relative to the distributions of specific
landscape variables (roads, water, agriculture, urban, forest) from least-cost effective distances
estimated from previously described resistance values associated with each landscape variable

(Marotte et al. 2014). Connectivity among sites was calculated as described in Leo et al. 2016.

Climatic niche models on mouse and tick in southern Québec

Following Roy-Dufresne et al. (2013) and Simon et al. (2014), species presence data for
the white-footed mouse were compiled using a combination of collection records for southern
Quebec between 1966 — 2011, and records obtained from the Arctos Collection Management
Information System (http://arctos.database.museum, using records from the University of Alaska

Museum of the North, the Museum of Southwestern Biology and the Museum of Vertebrate
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Zoology), the Banque de données sur les micrommamifeéres et les chiroptéres du Québec, and the
mammals collection database from the Field Museum of Natural History. A total of 404 records
were obtained for the white-footed mouse. For the black-legged tick, presence data was
downloaded from collection records uploaded onto the VectorMap website
(http://lwww.vectormap.org/ - a product of the Walter Reed Biosystematics Unit based in the
Smithsonian Institution) and estimated from Figure 2 in Ogden et al. (2009). Presence data for
the ticks were spatially filtered to avoid having multiple presence points within 1km of each
other and to include only records located below latitude 47.5°N so that only records of
presumably established tick populations are located (based on recent results from analyses on
tick genetics in Chapter 4). The latter was done so as to avoid artificially expanding estimates of
current tick distribution due to the transient presence of adventitious ticks beyond the species’

established range. A total of 1172 records were obtained for the black-legged tick.

| used a georeferenced set of climatic variables to calibrate my climate niche models,
focusing specifically on five winter variables that may limit the distributions of both white-
footed mouse and black-legged tick. All values were averaged from records between 1961- 2005.
| obtained temperature and precipitation values from the ANUSPLIN dataset version 4.3 that are
based on the Natural Resources Canada’s historical monthly weather data. Meanwhile, snow
depth data was obtained from Environment Canada meteorological stations
(http://climate.weatheroffice.gc.ca) and United States NOAA stations
(http://lwww.ncdc.noaa.gov/cdo-web/). | defined the beginning and conclusion of a winter season
the time when temperature within a grid cell first falls below 0°C until it rises above 0°C in the

next calendar year.
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I modeled current and future distribution of the white-footed mouse and black-legged tick
using seven niche-based modeling approaches: the generalized linear model (GLM), generalized
boosting model (GBM), classification tree analysis (CTA), artificial neural network (ANN),
random forest (RF), multivariate adaptive regression spline (MARS), and flexible discriminant
analysis (FDA). All models were calibrated and evaluated for 10 replicate each, using 70% of
species presence data for calibration and the remaining 30% for evaluation. The importance of
each climatic variable in the models was evaluated over 5 permutations and the models
themselves evaluated using the True Skill Statistic (TSS) and Relative Operating Characteristic
(ROC) methods. All model predictions were scaled using a binomial GLM. Since | lack any
absence data for white-footed mouse and black-legged ticks in this study, | generated a series of
pseudo-absence data for the climate niche-modeling. Five sets of 404 and 1172 pseudo-absence
data points were generated for the white-footed mouse and black-legged tick respectively using a
surface range envelope (SRE) model. Pseudo-absence and presence points used in all models

were weighted equally.

| subsequently combined results from all seven niche-based models to obtain a total
consensus model of species occurrence probabilities. Models were first ranked according to TSS
scores and any models with TSS scores lower than 0.7 were excluded. A value of 1.6 was used to
assign relative weights to each model. The models were assigned relative weights according to

their ranks with a decay rate of 1.6.

Structural equation model

My model pathways included interactions among white-footed mouse and black-legged
tick occurrence probabilities (extracted from climate-based species distribution models restricted

to the study area), predicted mouse density (estimated from habitat and landscape variables), and
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observed B. burgdorferi prevalence. The SEM analysis was based on data from sites in which
both ticks and mice were simultaneously present (N = 26) (Simon et al. 2014). All observed
variables were standardized prior to the analysis. The SEM analysis was performed using the
sem function from the R package lavaan (Rosseel et al. 2015). | employed the maximum
likelihood estimator under a normal likelihood approach. Standard errors in the analysis were
computed using standard bootstrapping. Additionally, the Bollen-Stine bootstrap was used to
compute the bootstrap probability value of the test statistic over 1000 draws. | evaluated the
performance of my model based on the Bollen-Stine Bootstrap p-values as well as several fit
measures such as the Comparative Fit Index (CFl), the Tucker-Lewis Index (TLI), the Akaike

Information Criterion (AIC), and the Bayesian Information Criterion (BIC) (see Table D5).

Coefficients obtained from the structural equation models were used to produce a linear
equation that predicts B. burgdorferi prevalence based on estimated contributions from climate
and landscape/habitat conditions on species distribution and abundance of the primary reservoir

host and disease vector.
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TABLES

Table D1. List of microsatellite primers used to genotype Peromyscus leucopus and Ixodes

scapularis. Information on repeat motifs, primer sequences, observed size ranges and literature
references are provided. Polymerase chain reactions (PCR) were performed in 15 L reactions
containing 8.6pL 10X PCR buffer, 0.2mM of each dNTPs, 0.5pmol/uL of each primer,

0.05U/uL of Taq polymerase and 2.5uL DNA template. All PCR thermocycling conditions
included an initial denaturation step at 95°C for 30s, 30 cycles of 95°C for 15s, loci-specific

primer annealing temperature for 30s, and 72°C for 45s. PCR amplified products were visualized
on an ABI3730 capillary sequencer (Applied Biosystems, Foster City, CA) at Genome Quebec
(Montreal, CA) and genotyped using the program GeneMarker (SoftGenetics LLC., State
College, PA) with GeneScan 500-L1Z (Applied Biosystems, Foster City, CA) as the size

standard.
Loci Name | Repeat Forward / Reverse Size Ranges | References
Motif Primer Sequences (3’ — 5°)

White-footed mouse (Peromyscus leucopus)

Pmi01 CA F: CATTCAAGACCTGGCTTTTT 149 - 205 Chirhart et al. 2005
R: TGGGTTTCATCAGTGCTTCT

PmI03 CA F: GCCATTAGTCTATGTGACAG 231-259 Chirhart et al. 2005
R: GCGATGTACCCAGAAAT

PmI04 CA F: CATAAGGTGGCTCGGAATCA 186 — 244 Chirhart et al. 2005
R: CAGGAAGGGGAAATGACCAT

PmIO5 CA F: CTGAGCCAAAAGTGGTCCTT 182 - 248 Chirhart et al. 2005
R: TGAAGACAGCCCCTCTCTG

PmI06 CA F: CAGGGCTGTAGAGGGAGAAC 142 -178 Chirhart et al. 2005
R: ACTGGAGCAGAGGCATTTG

PmIO9 CA F: GAATCCATACACCCATGC 186 — 226 Chirhart et al. 2005
R: TTGCTTTTCGTCAAGTTTT

PmIll CA F: ACCCCCGAGTGCTGAGATT 218 - 264 Chirhart et al. 2005
R: TTTGCTGCTTTCCCCAGAGA

PmI12 CA F: GCAGCCTGTATTCTCTCACA 141 - 167 Chirhart et al. 2005
R: GCCAACCATTTCTTCAAGTG

PLGT58 GT F: GATCTTGTGAACACGCTTCT 132-184 Schmidt 1999
R: TTGATGGCTCTGGAGAGGCT

PLGT66 GT F: CTCTGTCTGCCACACATGCT 129 - 165 Schmidt 1999
R: GTGCCATCACAGATGTGACA

Black-legged tick (Ixodes scapularis)

ISAC8 AC F: GAGCTACCCCTTTCATCGTCTTCG 104 — 142 Fagerberg et al. 2001
R: TCTTCCCGCTGCTGTCTCGTATTC

IsCTGY17 CTGY F:TTCTTGTTTTATTGGTTGGGTG 122 — 154 Fagerberg et al. 2001
R: AATGCAGGGTAAGTTGAGATTG

ISAC22 AC F: TATTGTAAGGCCAGTCGCCGCTGC 149 - 187 Fagerberg et al. 2001
R: CAGCTGGGCCCCTCCTTTTAATCC

ISAG4 AG F: ATAAGCAATTCATACGAGATAGT 150 — 242 Fagerberg et al. 2001
R: AAGAAAATAAAGCGAACAAG

ISGATA4 GATA F: CAGACAATGTCATTCAATCGCA 187 - 267 Fagerberg et al. 2001
R: CGCACAATGCAAAACAAATCTA

ISGATA3 GATA F: AGTCCCCTCAGAGCGATTTTCA 113 -165 Fagerberg et al. 2001
R: GGCCGCCAGTTTGATGGATA

ISAG25 AG F: AAATGTCCGAACAGCCTTAT 138 — 202 Fagerberg et al. 2001
R: GCCCTTGAGTCTACCCACTA

ISAC4 AC F: AAGCGTATCCGATTTGCCCTTCAT 130 -196 Fagerberg et al. 2001
R: GGGTCCCAACGATTGCTAAACCAG

ISCAG12 CAG F: GAAGAACACCGAGCGAACCAGAAC 126 — 156 Fagerberg et al. 2001
R: GTGAGCTGAGGGTTGCTGTTGATG

ISAC20 AC F: AGAAACACGGAAGGAGAAAGGAGA | 117147 Fagerberg et al. 2001

R: AACTGTGCCAGATGGGAAAGAAGA
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Table D2. Variable importance scores for each model employed in the climate niche models
predicting white-footed mouse and black legged tick species distributions. Importance scores

were averaged over five replicates of each model approach and are positively correlated with the

importance of the variable in determining species distribution. The models used were the

generalized linear model (GLM), generalized boosting model (GBM), classification tree analysis

(CTA), artificial neural network (ANN), random forest (RF), multivariate adaptive regression
spline (MARS), and flexible discriminant analysis (FDA). The highest variable contribution

values from each model are underlined.

White-footed mouse (Peromyscus leucopus)

GLM GBM CTA ANN RF MARS FDA
Snow 0.1198 0.0179 0.0893 0.0076 0.0883 0.0469 0.0566
Winter Length 0.9048 0.1580 0.3046 0.5369 0.2044 0.8162 0.9858
Minimum temperatures 0.2384 0.0211 0.0282 0.2607 0.0281 0.3201 0.2230
Maximum temperatures 0.3849 0.4375 0.6084 0.8763 0.2460 0.4467 0.1714
Precipitation 0.0140 0.0772 0.1295 0.2290 0.0867 0.0884 0.0270
Black-legged tick (Ixodes scapularis)

GLM GBM CTA ANN RF MARS FDA
Snow 0.2346 0.0672 0.0932 0.0017 0.0534 0.0299 0.0098
Winter Length 0.7055 0.0159 0.1224 0.5524 0.0913 0.4144 0.1782
Minimum temperatures 0.5971 0.3088 0.3873 0.5568 0.1940 0.2772 0.6315
Maximum temperatures 0.3125 0.2191 0.5281 0.8824 0.1570 0.4925 0.6415
Precipitation 0.1182 0.0870 0.1007 0.3543 0.0538 0.1438 0.0760
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Table D3. Results from Analyses of Molecular Variance (AMOVA) on white-footed mouse and
black-legged tick populations in southern Quebec, Canada.

White- footed mouse (Peromyscus leucopus)

df Sum of squares

Among populations 8 11898.101
Within populations 527 67373.270
Total 535 79271.371

Variance components Percentage variance

Black-legged tick (Ixodes scapularis)

df Sum of squares

Among populations 8 6570.058
Within populations 775 132287.863
Total 783 138857.921

23.102 15.31
127.843 84.69
150.945
Variance components Percentage variance
7.757 4.35
170.694 95.65
178.451
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Table D4. Landscape genetics results from nine white-footed mouse and black-legged tick

populations in southern Quebec, Canada. Distributions of mouse and tick allele frequencies were

examined relative to site connectivity estimated from a heterogeneous landscape made up of
roads, water bodies, agriculture areas, urban development, and forest patches. Statistically

significant values are bolded.

White-footed mouse

Black-legged ticks

Variables examined

F  p-values F p-values
Patch connectivity (roads) 1.6893 0.037 0.5863 0.793
Patch connectivity (water) 0.8938 0.577 0.6907 0.716
Patch connectivity (agriculture)  1.6361 0.047 1.6769 0.146
Patch connectivity (developed)  1.7006 0.037 0.5976 0.795
Patch connectivity (forest) 0.9989 0.475 0.8515 0.553
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Table D5. Summary of statistical significance and fit indices of the structural equation model.

Measures of model performance

P-value (Bollen-Stine Bootstrap) 0.126
Comparative Fit Index (CFI) 1.000
Tucker-Lewis Index (TLI) 1.000
Log likelihood user model (HO) -136.188

Log likelihood unrestricted model (H1) -136.188
Akaike Information Criterion (AIC) 280.376
Bayesian Information Criterion (BIC) 285.408

Sample size adjusted BIC 272.992
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Figure D1. Results from individual-based clustering analysis on [A] 16 white-footed mouse
populations and [B] 11 black-legged tick populations. Pie charts in the maps show proportion of
membership of each white-footed mouse population in each cluster. Bar-plots indicating
probability of individual assignment for each species are provided above each map. Analyses
were performed using no admixture and independent allele frequency models. Ten iterations for
each number of populations (k) equaling 1 through 10 were initially analyzed for 100,000
Markov Chain Monte Carlo (MCMC) generations with an initial burnin of 10,000 generations.
The most likely number of genetic clusters was next calculated from likelihood outputs produced
by structure using the approach by Evanno et al. (2005). Based on this result, a more thorough
analysis with ‘k’ defined was completed with MCMC running for 500,000 generations with an
initial burnin of 50,000.
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