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Abstract

Emerging infectious diseases play an increasingly critical role in many biological fields,
including conservation biology and public health. Many emerging diseases originate in wildlife,
most are caused by viruses, and often emergence is due to adaptation to and amplification in a
new host, frequently in areas where ecological transformation is occurring. These emergence
patterns suggest that the complex interactions among host, virus, and landscape drive disease
emergence. Terrestrial rabies in striped skunks (Mephitis mephitis) in the central Great Plains is
an excellent model system to investigate the interactions among the components of disease
emergence: host ecology, pathogen properties, and landscape features. Striped skunks are not
only numerous in the central Great Plains, they are also the reservoir for two genetically distinct
rabies strains that co-occur in the region. Additionally, the landscape in the central Great Plains
has undergone significant land use change over the last 70 years through increased urbanization
and industrial agriculture practices. | used a combination of molecular and spatial techniques to
investigate the interactions among host, pathogen, and landscape. Molecular epidemiology
results indicated that rabies strains in the central Great Plains exhibit different epidemiological
properties, while population genetic analyses indicated that striped skunks in the region are
highly admixed and comprise a single population. Spatial analysis revealed that landscape
features such as rivers are not a barrier to striped skunk dispersal, but differentially influence the
movement of the two rabies strains. Because striped skunks are reservoirs for many diseases
other than rabies and are ubiquitous throughout North America, | also examined the historical
movements and distribution of striped skunks in North America using a phylogeographic

approach. Results revealed that a combination of multiple Pleistocene dispersal events and



Holocene admixture are responsible for the contemporary population structure of striped skunks
in North America, and allowed me to place my regional-scale striped skunk rabies study into a
larger biogeographic context. My results support the use of a holistic approach for studying
emerging infectious diseases that includes studies of viral characteristics, host ecology and

biogeography, and spatial features.
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CHAPTER 1 - Introduction

Emerging infectious diseases (EIDs) play an increasingly critical role in many biological
fields, including conservation biology and public health; many EIDs are zoonotic (originate in
wildlife), about 75% are caused by viruses (Chomel, Belotto, & Meslin, 2007), and emergence is
often the result of adaptation to and amplification in a novel host (Daszak, Cunningham, &
Hyatt, 2001). Transmission to a diversity of potential hosts via host switches among wildlife
reservoirs or spillover from wildlife to domestic animals leads to pathogen strains of increased
fitness that are better adapted to novel environments (Daszak, et al., 2001; McCallum & Dobson,
2002). RNA viruses in particular are especially well-adapted for the invasion of novel
environments.

RNA viral pathogens have enormous adaptive potential, and often generate suites of viral
strains. However, the success of a given strain depends on a variety of factors, including
evolutionary history, which shapes the adaptive potential of a viral strain. For a majority of
RNA viruses, including retroviruses and segmented RNA viruses, mutation and environmental
selection are the antagonistic mechanisms that most influence evolutionary potential (Moya,
Holmes, & Gonzalez-Candelas, 2004). Because RNA viruses have no proofreading mechanism,
they cannot repair transcription errors. Thus, most RNA viruses have mutation rates on the order
of 10°® to 10™ mutations per site per year. These mutation rates are very near the error threshold,
which is the limit at which lethal mutations rapidly accumulate, decrease individual fitness, and
drive a population to extinction; the high mutation rates of RNA viruses, which are maintained
just below this limit of critical mutagenesis, results in rapid sequence variation (Domingo &

Holland, 1997).



The evolutionary success of RNA viruses is therefore the result of high mutation rates
mediated by selective pressures imposed by the host environment. The high mutation rate of
RNA viruses allows for maximum adaptability to new host environments; as host selection
pressures change, RNA viruses can rapidly adapt (Holland & Domingo, 1998). The adaptive
potential of RNA viruses is exemplified in virulence differences in HIV. HIV consists of two
main strains, but through extremely high mutation rates those strains have diversified into a
dozen different subtypes, each of which contains a myriad of unique viral sequences and
virulence levels (Holmes, 2001). Ultimately, the increased genetic diversity of HIV has allowed
for a spectrum of virulence levels across viral subtypes, and likely facilitated its successful
switch from simians to humans (Van Heuverswyn & Peeters, 2007). Thus, RNA viral strains
with a history of different host species should also have differences in virulence, pathogenesis,
and transmission efficiency, which result in differences in disease emergence patterns.

The complex interactions among host, virus, and landscape, which influence disease
emergence patterns, necessitate the use of well-established model disease systems to
comprehensively investigate disease ecology. | used the striped skunk-rabies system to
investigate rabies epidemiology, striped skunk host ecology and phylogeography, and landscape
epidemiology. This research provides a comprehensive look at the three major components in
rabies disease ecology, and emphasizes how molecular and spatial methods can be used to study
infectious disease systems. For the remainder of the introduction, | will explore the three

components involved in rabies disease ecology: the virus, the host, and the landscape.



The Pathogen: Rabies

The rabies virus is a member of the lyssavirus genus in the family rhabdoviridae (Krebs,
Wilson, & Childs, 1995). Rabies is a single-stranded, antisense (i.e. the nucleotide sequence is
read in the 3’ to 5° direction), non-segmented RNA virus. The rabies virus genome is
approximately 12,000 bp long, containing a leader sequence, 4 non-coding regions, and 5 genes
that code for nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and
polymerase (L; Meng, et al., 2007). Nucleoprotein encases the genomic RNA, preserving the
integrity of the genetic material; matrix protein is associated with both the nucleoprotein and the
virus envelope, making it critical for virion assembly; glycoprotein is found on the outer surface
of the virus envelope, and is responsible for the formation of the viral antigenic sites on the
surface of the envelope; polymerase is responsible for assembling new rabies RNA strands
during transcription; and phosphoprotein is a jack-of-all-trades, playing roles in replication,
transcription, transmission, and assembly (Meng, et al., 2007). The viral RNA and all of the
proteins are contained in a bullet-shaped virion of approximately 180 nm in length by 75 nm in
width (Tordo, 1996).

The potential for transmission begins when the virus induces behavioral changes like
fearlessness, aggressiveness, and restlessness, in an infected host (Niezgoda, Hanlon, &
Rupprecht, 2002). The infected animal bites a susceptible animal, directly transmitting virus-
laden saliva into the muscle of the naive animal (Lafon, 2005). If transmission is successful, the
virus passes from the muscle into the peripheral nerves, and travels through the nervous system
toward the brain. During this latent period, which can last from several days to several months,
there are no signs that the animal has been infected. After the virus reaches the brain, the

infected animal enters the prodromal phase and begins to show symptoms, which generally



manifest in one of two ways: furious rabies or paralytic rabies (Hemachudha, et al., 2003).
Furious rabies is the most familiar form, in which behavioral changes cause infected animals to
become fearless and highly aggressive, and initiate the bite reflex in carnivores (Mitrabhakdi, et
al., 2005). Paralytic rabies, on the other hand, generates symptoms of lethargy and depression
(Mitrabhakdi, et al., 2005); this manifestation is more common in spillover hosts, like livestock.
Aggressive and paralytic rabies do share several symptoms, including the presence of thick,
ropey, virus-filled saliva, and hydrophobia. Death generally occurs within two weeks after the
infected animal becomes symptomatic (Krebs, et al., 1995).

Over 70,000 people die each year around the world as a result of rabies, usually domestic
dog rabies (Dietzschold, Li, Faber, & Schnell, 2008). However, under-reporting is common in
much of the developing world, so this value likely underestimates the actual number of human
deaths due to rabies each year. Developing countries rarely have the funding to maintain
education, surveillance, and mandatory dog vaccination (Centers for Disease Control and
Prevention, 2010a). As a result, the large numbers of unvaccinated stray and feral dogs facilitate
continued transmission among canines, leading to increased exposure to the virus in humans. An
additional problem in developing nations is that even if individuals recognize that they may have
been bitten by a rabid animal, post-exposure vaccination is too costly to obtain. Conversely, in
the United States alone, over $300 million is spent each year on rabies prevention and treatment,
which includes pre- and post-exposure vaccination for humans, education and surveillance
programs, and vaccination of pets (Smith, 1996).

At the turn of the last century, death rates in the United States were similar to other parts
of the world; over 100 people died each year mostly as a result of domestic dog rabies (Centers

for Disease Control and Prevention, 2010b). However, mandatory dog vaccination programs



that began in the 1940’s and 1950’s led to the eradication of domestic dog rabies in the U.S.
(Smith, 1996), and drastically reduced rabies-related deaths. As domestic dog rabies declined
though, cases of wildlife rabies began to increase; while only 1 to 2 human rabies deaths now
occur each year in the United States, they are usually as a result of wildlife rabies, and almost
always insectivorous bat rabies (Centers for Disease Control and Prevention, 2010b). Despite
the presence of rabies in other wildlife species, bats are responsible for virtually all rabies-related
deaths in the United States because rabies education in this country has advanced to the point
that signs of rabies in wild carnivores and companion animals are easily recognizable, so people
are more likely to seek medical attention if they think exposure has occurred. Bat exposure, on
the other hand, is often much more subtle. Most reports of bat rabies exposure indicate that the
person awoke and noticed a bat in the room; bat bites are quite small and often look similar to
insect bites, so if a person is bitten while asleep, bite marks may go unnoticed or be mistaken for
an insect bite; the person assumes that exposure has not occurred, and fails to get post-exposure
vaccination or have the bat tested. By the time symptoms emerge, treatment is no longer an
option, and the person dies.

In addition to the many rabies strains circulating among bat species, several different
strains of terrestrial wildlife rabies circulate in the United States (Figure 1.1; Blanton, Hanlon, &
Rupprecht, 2007). Terrestrial rabies strains tend to be geographically partitioned according to
the range of a particular terrestrial host species. The species-specific nature of these strains
arises through a combination of rapid replication and the lack of a proofreading mechanism to
repair transcription errors, leading to rapid mutation (Domingo & Holland, 1997). The high
mutation rate of rabies allows the virus to exist as a quasispecies, a group of related viral

sequences that differ by one or a few mutations within a single host individual (Morimoto, et al.,



1998). Because a majority of the sequences are closely related, they are well-adapted to a
particular host species, and the slight mutational variation among sequences allows rabies to
quickly adapt to differences among individuals of the reservoir species. The quasispecies nature
of rabies also leads to variability in viral characteristics like virulence, transmissibility, and
incubation period, which are all crucial for host-switching. For instance, a rabies strain that
exhibits high transmission efficiency is more likely to survive through transmission to new hosts,
while a strain with poor transmission efficiency has a higher probability of extinction. Similarly,
a low virulence strain or a high virulence strain with a long incubation period allows an infected
host to survive longer. Ultimately, the longer a host can survive, the higher the probability that it
will come into contact with other susceptible hosts. Conversely, a highly pathogenic strain with
a short incubation period incapacitates its host in a short time, before the host has a chance to
transport or transmit the virus. Thus, when a novel species becomes infected, it is probable that a
potentially advantageous mutation exists somewhere within the spectrum of possible viral
sequences that will enable the rabies virus to persist in the new species long enough for
transmission to occur among individuals, eventually leading to a rabies strain that is better

adapted to the new species, and establishing a new reservoir species.

The Host: Striped Skunk

Striped skunks (Mephitis mephitis) are a native North American species, with a
distribution ranging from northern Mexico through the entire continental United States and into
southern Canada (Hall, 1981). These mesocarnivores are the quintessential generalist species;
they can utilize a variety of habitats throughout their range to forage for a variety of food types.

In general, skunks are insectivores, but will also feed on berries and nuts, small mammals, and



bird eggs (Azevedo, et al., 2006). As a result of their preference for insects, they also tend to
prefer forest-field edge habitat (Bixler & Gittleman, 2000) and agricultural land (Lariviére,
Walton, & Messier, 1999) where these prey items are especially abundant. Striped skunks are
also an urban-adapted species (Gehrt, 2005), easily adapting to life in cities and suburban areas.
The generalist life history characteristics of striped skunks make them an important
ecosystem component. They can fill a variety of niches, and they affect both predator and prey
distributions (Roemer, Gompper, & Van Valkenburgh, 2009). However, these same
characteristics also make striped skunks a nuisance species. Striped skunks dig up crops and
gardens in search of grubs, and their propensity for using human habitation as shelter and food
sources puts them in direct conflict with humans and companion animals (Broadfoot, Rosatte, &
O'Leary, 2001). The increasing proximity of striped skunks to humans and domestic animals is
also a public health concern because striped skunks are a major disease reservoir, harboring a
variety of viral and bacterial diseases including rabies (Krebs, Smith, Rupprecht, & Childs,
1999), canine distemper (Williams, Thorne, Appel, & Belitsky, 1988), and tularemia (Berrada,
Goethert, & Telford, 2006), among others. Striped skunks also have a high dispersal capacity
(Bixler & Gittleman, 2000), utilize communal dens (Sunquist, 1974), have a high reproduction
rate (Rosatte, 1987), and are ubiquitous throughout much of North America (Hall, 1981). These
demographic and behavioral traits in combination with their generalist life history traits make
them an ideal disease reservoir. The suitability of striped skunks as model hosts can be seen in
the fact that they are the reservoir for four of the seven main terrestrial rabies strains in the
United States: California skunk strain, Arizona skunk strain (found in the northern part of
Arizona), and North Central and South Central skunk strains, which are both found in the central

Great Plains (Figure 1.1).



The Landscape

Ecologists have long known that landscape features influence plant and animal
distribution and movement in an ecosystem. Landscape features can act either as barriers or
corridors, shaping population structure and dispersal; when the landscape changes, the ecosystem
also changes as species leave or arrive. Because landscape features affect host species and
pathogens to shape disease emergence, a better understanding of how ecological transformation
alters the landscape to aid in disease emergence is also of vital importance.

Ecological transformation falls into two general categories: global climate change and
anthropogenic influence. Global climate change is predicted to dramatically alter precipitation
and temperature patterns around the world (Raisanen, 2002). As weather patterns change, plants
and animals that are better adapted to the altered environments will increase in abundance,
bringing new pathogens with them. Ultimately, global climate change may lead to an increase in
disease emergence. This phenomenon is already apparent in the massive rate of amphibian
mortality in Central and South America due to infection by an emerging chytrid fungus,
Batrachochytrium dendrobatidis (Rohr & Raffel, 2010). The other category of ecological
transformation, anthropogenic influence, includes increased global connectivity, translocation
and transport of animals and plants, and land use change (e.g. urbanization, industrial agriculture
practices). As global connectivity increases, formerly remote regions of the world become more
accessible, presenting more opportunities for humans to interact with novel pathogens. SARS
exemplifies the results of increased global connectivity. SARS emerged from the crowded
markets of Hong Kong where it was transmitted from chickens to civets (Greger, 2007). The

infected civets transmitted the virus to humans, and rapid air travel allowed infected humans to



carry SARS from southeast China to Europe and the Americas, leading to the first pandemic of
the twenty-first century (Lee & Krilov, 2005).

Along with increased connectivity, translocation of species brings new pathogens into
new potentially ideal habitats through the introduction of novel hosts. Raccoon rabies expanded
up the east coast of the United States through a translocation event. Prior to the 1970’s, rabies
was confined to the southeast United States (Florida, Georgia, South Carolina, and Alabama);
translocation of infected, but asymptomatic, raccoons to West Virginia and Virginia resulted in
the first cases of rabies in these two states in the late 1970’s, leading to an explosion of raccoon
rabies up the east coast of the United States (Jenkins, Perry, & Winkler, 1988). Finally, land use
change in the form of urbanization and industrial agriculture alters the physical landscape by
fragmenting, degrading, or completely changing habitat. Species remaining in these habitats are
increasingly stressed, which makes them more susceptible to the novel pathogens arriving with
novel hosts that are better adapted to these fragmented or degraded habitats. Nipah virus
(Mackenzie, 2005), Lyme disease (Allan, Keesing, & Ostfeld, 2003), and Rift Valley Fever

(Greger, 2007) are all examples of diseases that expanded their ranges due to land use change.

Implications for Disease Ecology

The striped skunk-rabies system in the central Great Plains is an excellent model system
to investigate the interactions among the three components of disease emergence patterns: host
ecology, pathogen properties, and landscape features. Striped skunks are not only prolific in the
central Great Plains, they are also the reservoir for two evolutionarily independent rabies strains,
North Central and South Central skunk rabies (Favoretto, de Mattos, Morais, Aradjo, & de

Mattos, 2001; Real, Russell, Waller, Smith, & Childs, 2005). Additionally, the landscape in the



central Great Plains has undergone a significant amount of land use change over the last 70 years
through increased urbanization and industrial agriculture practices (Laude, 1958; Ostlie,
Schneider, Aldrich, Faust, & Chaplin, 1997; Samson, Knopf, & Ostlie, 2004).

I used a combination of molecular and spatial techniques to investigate the interactions
among host, pathogen, and landscape. First, | used molecular techniques to examine the
epidemiological properties and phylogeography of North Central and South Central skunk rabies
over a five-state region in the central Great Plains. | also used molecular techniques to
investigate the population structure and host ecology of corresponding striped skunk hosts in the
same study area. Finally, I used a combination of molecular and spatial analyses to examine the
interactions between landscape features and striped skunks, and between landscape features and
rabies strains in the same study area. The results of these studies provided information on the
epidemiological properties of North Central and South Central skunk rabies, the population
structure of striped skunks in the central Great Plains, and the influence of landscape features on
rabies and striped skunk movement. These results are described in Chapter 2 of this dissertation.

The generalist nature of striped skunks combined with their propensity for carrying
diseases also reinforces the need to examine the species’ historical and contemporary population
characteristics in a biogeographic context. Because striped skunks are found throughout North
America, not just in the central Great Plains, | examined the historical movements and
distribution of striped skunks in North America using a phylogeographic approach. While
phylogeography studies are most often used to determine the conservation necessity of
endangered species (Andrus, et al., 2009; Arshad, Gonzalez, El-Sayed, Osborne, & Wink, 2009;
Earl, Louie, Bardeleben, Swift, & Jacobs, 2010; Terrasa, et al., 2009), they are being used in

studies of disease reservoirs and pathogens with increasing frequency (Cullingham, Kyle, Pond,
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& White, 2008; Dragoo, et al., 2006; Llewellyn, et al., 2009). By examining the phylogeography
of striped skunks on a continental scale, | was able to determine how geological landscape
changes influenced the current structure and movements of striped skunks in North America.
The results of this study provide a larger context in which to place the population structure of
striped skunks in the central Great Plains. My findings are described in the third chapter of this
dissertation. Finally, in the fourth chapter of my dissertation, | draw conclusions from the
landscape epidemiology study and from the study of the phylogeography of striped skunks.

From these conclusions, I make inferences regarding both the importance of using a holistic
approach when investigating disease ecology and the value of examining comparative

phylogeography between pathogens and their host reservoirs.
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Figures and Tables

Figure 1.1 Distribution of terrestrial rabies virus strains in the United States. Blue, orange,
red, and yellow areas represent striped skunk strains; green represents raccoon strain;
purple and pink represent gray fox strains; red fox strain is also present in Alaska (not

shown). Adapted from Blanton et al., 2007.
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CHAPTER 2 - Contrasting Landscape Epidemiology of Two
Sympatric Rabies Virus Strains

Heather D. Barton, Andrew J. Gregory, Rolan Davis, Cathleen A. Hanlon, and Samantha M.

Wisely

Abstract

Viral strain evolution and disease emergence are influenced by anthropogenic change to
the environment. We investigated viral characteristics, host ecology, and landscape features in
the rabies-striped skunk disease system of the Central Great Plains to determine how these
factors interact to influence disease emergence. We amplified portions of the N and G genes of
rabies viral RNA from 269 samples extracted from striped skunk brains throughout the
distribution of two different rabies strains for which striped skunks were the reservoir. Because
the distribution of these 2 strains overlapped on the landscape and were present in the same host
population, we could evaluate how viral properties influenced epidemiological patterns in the
area of sympatry. We found that South Central Skunk rabies (SCSK) exhibited intense purifying
selection and high infectivity, which are both characteristics of an epizootic virus. Conversely,
North Central Skunk rabies (NCSK) exhibited relaxed purifying selection and comparatively
lower infectivity, suggesting the presence of an enzootic virus. The host population in the area
of sympatry was highly admixed, and skunks among allopatric and sympatric areas had similar
effective population sizes. Spatial analysis indicated that landscape features had minimal
influence on NCSK movement across the landscape, but those same features were partial barriers
to the spread of SCSK. We conclude that NCSK and SCSK have different epidemiological

properties that interact differently with both host and landscape features to influence rabies
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spread in the Central Great Plains. We suggest a holistic approach for future studies of emerging
infectious diseases that includes studies of viral properties, host characteristics, and spatial

features.

Introduction

Disease emergence and distribution are intimately connected with the landscape on which
they emerge. Many emerging infectious diseases (EIDs) are caused by viruses that circulate in
wildlife, and emerge due to adaptation to and amplification in a new host (Daszak et al., 2001).
Host switches among wildlife reservoirs or from wildlife to domestic animals facilitate new
adaptive landscapes on which pathogens evolve, and each adaption event can generate suites of
viral strains in the environment (McCallum & Dobson, 2002). Given that each viral strain must
adapt to a unique set of hosts and environments, each strain also has the potential to exhibit
unique epidemiological properties.

As viruses spread on the landscape aided by their host population, viral characteristics
influence the pace and tempo of emergence on the landscape. Transmission efficiency,
virulence, and incubation period are all viral characteristics that can interact with landscape
features to influence virus emergence. A strain that exhibits high transmission efficiency is more
likely to persist via transmission to new hosts, which gives it the potential to move further across
the landscape, while a strain with poor transmission efficiency has a higher probability of
extinction. Similarly, a strain with low virulence or a highly virulent strain with a long
incubation period allows infected hosts to survive, disperse, migrate, or come into contact with
other susceptible hosts. Conversely, a highly pathogenic strain with a short incubation period
incapacitates its host before the host has a chance to transport or transmit the virus. Finally, once

the host has passed through the incubation period, the severity of clinical symptoms to the viral
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infection may limit the mobility of the host. Thus, the intrinsic properties of a virus coupled with
the ability of the host to move through the landscape influence the emergent properties of a
disease.

Rabies provides a study system to investigate how viral, host, and landscape
characteristics work together to influence the emergence and expansion of disease outbreaks.
Rabies is a negative sense, non-segmented RNA virus that epitomizes the characteristics of RNA
viruses that are a source of many EID’s. RNA viruses have mutation rates on the order of 10°° to
10 mutations per site per year, very near the error threshold, which results in rapid sequence
variation (Domingo & Holland, 1997). The evolutionary success of these mutations is tied
closely to the selective pressures imposed by the host environment. The high mutation rate of
RNA viruses allows for maximum adaptability; as host selection pressure increases, RNA
viruses respond rapidly (Holland & Domingo, 1998).

Transmission of rabies is direct from host to host and the disease is fatal with very rare
exception (Willoughby et al., 2005). Increased aggression and bite reflex coupled with virion-
filled saliva facilitates the transmission (Lafon, 2005); however, the probability of successful
transmission and the incubation time (time from exposure to infective) of each host is highly
variable. Viral dose, pathogenic properties of each viral variant, susceptibility of the species in
general, susceptibility of the individual, severity of exposure (i.e. through multiple deep bites),
and location of the exposure (proximity to the brain) are major factors which contribute to the
outcome of exposure and the timing of disease onset (Rupprecht et al., 2002; Shankar et al.,
2004). Differences in the pathogenicity of viral strains, such as duration of viral shedding,
amount of virus in the saliva, and cell invasiveness (Finke & Conzelmann, 2005), likely are the

result of rapid, and fine-tuned adaptation to different host species. Thus, strains with different
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histories of host species reservoirs may evolve different virulence, transmissibility, or incubation
periods, and these changes may manifest themselves differently on the landscape.

Terrestrial rabies in the Central Great Plains of North America presents a unique
opportunity to study differences in adaptive potential and patterns of emergence of two strains of
rabies with different host histories. These two strains currently share a common host reservoir,
the striped skunk (Mephitis mephitis) and co-circulate in an area of sympatry. South Central
Skunk rabies strain (SCSK), however, evolved from a North American bat virus (Real et al.,
2005b), while North Central Skunk rabies strain (NCSK) is most closely related to the globally
distributed strain of dog rabies (Favoretto et al., 2001). These two strains have been present in
the Central Great Plains at least since surveillance began in 1969, and the leading edges of the
two strains have been present in Nebraska since at least 2003 (Kansas State University Rabies
Diagnostic Lab). The sympatric distribution of these two strains of skunk rabies allows us to test
the hypothesis that different host histories and therefore different evolutionary histories have
created adaptive differences in each strain, which translate into different emergent properties as
rabies spreads across the landscape.

In the current study, we compared how viral characteristics, host ecology, and landscape
features interact to influence viral emergence in two different strains of skunk rabies. Our study
had three objectives. First, we compared the molecular epidemiological patterns of NCSK and
SCSK. We hypothesized that due to the different adaptive pressures placed on these strains by
their unique host histories, each strain would have a resulting unique pattern of emergence in the
zone of sympatry. Because the strains were compared on the same landscape in the same host
population, we could ascribe differences in viral demography and phylogeography to intrinsic

differences in the viral strains. Second, we hypothesized that differences in demography of the
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virus would be due in part to differences in the pathogenesis of each strain of the rabies virus as
measured by antigenic diversity. The ability to invade host cells is partially controlled by the
rabies virus glycoprotein, in which the glycoprotein ectodomain contains antigenic sites
responsible for host cell recognition and neuroinvasiveness. Diversity in this region allows for
the invasion of novel hosts and cell types. Finally, we hypothesized that intrinsic differences in
the strains would translate to differences in how landscape heterogeneity influenced the pattern
of disease emergence among virus strains. Studies of raccoon rabies have shown that landscape
features such as large bodies of water and rivers are semi-permeable barriers to the spread of
rabies on the East Coast (Real et al., 2005a; Biek et al., 2007; Rees et al., 2008). Clinically
normal raccoons and skunks are highly mobile mesocarnivores (Bixler & Gittleman, 2000)
capable of swimming for long periods of time (Verts, 1967); however, the clinical manifestations
of rabies include hydrophobia, disorientation, and paralysis, reducing the ability of these animals
to navigate difficult terrain. If the pathogenic properties, such as incubation time or
transmissibility, of each skunk rabies strain were different, we hypothesized that these
differences would translate into different abilities of the virus population to expand past a river

barrier.

Materials and Methods

Study Area and Surveillance History

Our study area consisted of a 5 state region of the American Central Great Plains ranging
from North Dakota to Oklahoma. Rabies has been present in the Central Great Plains for at least
40 years; records of rabies-positive striped skunks exist for both Kansas (Kansas State University
College of Veterinary Medicine [KSUCVM]) and South Dakota (South Dakota Department of

Health [SDDH]) dating back to 1969, but rabies was likely present in those states prior to that
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time. Surveillance maps show a steady increase in the range of both strains beginning in 2001,
the first year for which a rabies distribution map exists (Centers for Disease Control and
Prevention, 2007). The most recent map available (2007) shows an area of overlap between
NCSK and SCSK in the state of Nebraska. However, based on data from this study, the actual
area of sympatry between the two strains is located from northern Kansas (approximately 40°
latitude) to mid-South Dakota (approximately 44° latitude), encompassing the entire state of
Nebraska (Fig. 2.1A). Diagnostic data (KSUCVM Rabies Diagnostic Lab, unpublished data)
indicate that both strains were present at low levels in Nebraska since 1998 but a lack of
adequate surveillance and reporting contributed to underestimation of rabies cases in Nebraska
until 2003, when an epidemic of striped skunk rabies occurred in the town of Grand Island.
Surveillance indicates that NCSK and SCSK were sympatric by 2003, but the strains may have
had shared distributions for at least the prior 5 years (KSUCVM Rabies Diagnostic Lab,
unpublished data). Thus allopatric areas of the viruses are presumed to have older, more
established viral populations, while the sympatric area is an emerging wavefront of the viruses

(NCSK is moving south and SCSK is moving north).

Sample Collection

We analyzed a total of 269 brain samples from striped skunks that tested positive for
either NCSK or SCSK. Animals were determined positive for rabies using a direct fluorescent
antibody (DFA) test using a set of 7 fluorescently labeled anti-rabies monoclonal antibodies.
Following incubation, samples were examined under a fluorescence microscope to visualize the
presence of fluorescent green foci. We analyzed 244 samples that were submitted to the
KSUCVM Rabies Diagnostic Laboratory between 2003 and 2006. In addition, the North Dakota

Department of Health provided 7 samples, and the Oklahoma Department of Health provided 18
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samples. For the molecular epidemiological analysis of rabies, we chose samples from North
Dakota, South Dakota, Nebraska, Kansas, and Oklahoma ranging from approximately 35° to 48°
latitude (Fig. 2.1A). Sample sizes per county ranged from 1 to 2 for North Dakota, 1 to 8 in
South Dakota, 1 to 19 for Nebraska, 2 to 16 in Kansas, and 1 to 9 in Oklahoma. We chose a
random subset of 86 samples from South Dakota, Kansas and Nebraska to analyze population
structure in the host, striped skunks. This dataset was composed of 29 samples from Kansas and
29 samples from South Dakota which were outside the zone of sympatry; we also sampled 28

samples from the sympatric area of NCSK and SCSK rabies strains.

Laboratory Procedures

We isolated rabies RNA from each sample using a Trizol-Chloroform technique
(Invitrogen, Inc.). We amplified approximately half of the rabies nucleoprotein (N) gene cDNA
using primers 550F (5’-ATGTGYGCTAAYTGGAGYAC-3) and 304 (5°-
TTGACGAAGATCTTGCTCAT-3’; Trimarchi & Nadin-Davis, 2007), and the ectodomain of
rabies glycoprotein (G) gene cDNA using degenerate primers 93Gdeg (5°-
ATYTACRCRATACYAGACAA-3’) and 989Gdeg (5’-CTKAGACGTCTRAARCTYAC-3’)
through reverse transcription-PCR (RT-PCR). 5 ul of template RNA was combined with 1 pl of
the RT primer (5 uM 550F), heated to 94° C for 90 seconds, and immediately cooled on ice to
allow for polymerization. 14 ul of RT reaction buffer (RTRX) was added to each tube and
incubated at 42° C for 90 minutes to complete RT. The RTRX mix contained 100 mM Tris (pH
8.3), 10 mM MgClI, 0.5 mM dNTP, 10 units of reverse transcriptase and 16 units of RNase
inhibitor. Following RT, 80 pl of PCR pre-mix, which consisted of 69 pl of distilled water, 8 pl
of Tris (1 M, pH 8.3), 0.5 ul Taq DNA, 1 ul of primer 550F (20 uM) and 1.5 ul of primer 304

(20 uM), was added the 20 ul RT product for a total volume of 100 ul. Cycler conditions for
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PCR were 94° C for 60 seconds, 39 cycles of 94° C for 30 seconds, 42° C for 30 seconds, 72° C
for 90 seconds, and a final denaturation/annealing cycle followed by a 7 minute elongation
period, ending with a 4° C hold. The same procedure was followed for glycoprotein using 10
MM 93Gdeg as the RT primer, and 40 pM 93Gdeg and 40 uM 989Gdeg as the PCR primers.
The resulting PCR products were purified and bi-directionally sequenced at the Advanced
Genetics Technology Center (AGTC, University of Kentucky). We had one anomalous
sequence, SDSK030554, which we re-extracted and re-sequenced. The resulting sequence was
the same as when sequenced previously, and was therefore included in our analyses.

We extracted striped skunk DNA from each brain tissue sample using a DNeasy Blood
and Tissue extraction kit (Qiagen, Inc.). Extracted DNA was amplified at eight striped skunk-
specific microsatellite loci (Dragoo et al., 2009) at a total volume of 10 pl, which consisted of 1
pl DNA extract, 1x PCR buffer, 2.7 mM MgCl,, 0.3 mM dNTPs, 0.1 pg/ul BSA, 0.8 M Betaine,
0.2 uM forward primer, 0.5 uM reverse and dye-tagged primers, and 0.5 unit Tag. Cycler
conditions were 94° C for 5 minutes, followed by 30 cycles of 94° C for 30 sec, 54° C for 45 sec,
and 72° C for 45 sec, followed by 10 cycles of 94° C for 30 sec, 53° C for 45 sec, and 72° C for
45 sec, followed by 72° C for 10 minutes, ending with a 4° C hold. PCR product was visualized
on a Li-Cor 4300 AutoAnalyzer (Li-Cor, Inc.) and scored at all 8 loci using the SAGA GT
fragment analysis program (v.3.3; Li-Cor, Inc.). Each locus was independently amplified and

visualized an average of four times.

Rabies Genetic Analysis

Sequences were edited using Sequencher 4.7 (Gene Codes Corporation, Ann Arbor, MI).
Rough sequence alignment was conducted using ClustalW 2.0.10 (Larkin et al., 2007) and fine

alignment was conducted using Se-Al v.2.0a1l (Rambaut, 2002). The final sequence size
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following alignment was 821bp for N gene and 888bp for G gene ectodomain. We determined
the placement of each N gene and G gene sequence into either NCSK or SCSK using minimum-
spanning haplotype networks constructed using Arlequin 3.1 (Excoffier et al., 2005). To
confirm the placement of SDSK030554 within NCSK, we generated a phylogenetic tree for
NCSK in PAUP* (Swofford, 2003). We used a neighbor-joining method, with a tree bisection-
reconnection (TBR) branch-swapping algorithm. The tree consisted of 98 NCSK samples and
was rooted with four of 160 SCSK samples.

We estimated all genetic parameters separately for NCSK and SCSK N gene and G gene
sequences. We analyzed NCSK and SCSK in two different ways. First, we used datasets for
NCSK and SCSK that included both allopatric and sympatric samples. Then, we used only
samples that were collected from the sympatric area in order to compare the properties of
molecular epidemiology.

The average number of skunks infected with a unique viral isolate (a unique genetic
sequence) was calculated from minimum-spanning networks as a measure of infectivity.
Infectivity can be sensitive to sample bias; however, samples from each strain were collected by
the same agency (USDA APHIS) personnel at the same localities, over the same period of time.
We assessed nucleotide diversity, the probability that any two randomly chosen homologous
DNA sites in a population will be different, and the mean number of pairwise differences, the
average number of nucleotide differences among all pairs of DNA sequences, using Arlequin
3.1. To determine the amount and type of selection occurring in NCSK and SCSK, we estimated
the ratio of nonsynonymous to synonymous substitutions (dN/dS) using DnaSP 5.0 (Rozas et al.,
2003). We also estimated the dN/dS ratio for antigenic site 1l (aa34-42 and 198-200) of the G

gene ectodomain separately.

28



We conducted four different neutrality tests for N gene: Tajima’s D, Fu’s Fs, Fu and Li’s
D*, and Fu and Li’s F*. Tajima’s D compares the number of polymorphic sites to the pairwise
number of nucleotide differences, so positive test statistics indicate diversifying selection and
negative test statistics indicate purifying selection (Tajima, 1989) or selective sweeps
(Braverman et al., 1995). Fu’s Fs compares the number of polymorphic sites to the total number
of nucleotide differences, therefore positive test statistics indicate positive selection and negative
test statistics indicate balancing selection (Fu, 1997). By using both methods, we could infer the
mode of selection is acting on NCSK and SCSK. Fu & Li’s D* and Fu & Li’s F* assisted in
determining if background selection was occurring in a population. These two methods compare
singletons and non-singletons to determine the presence of background selection, which is the
removal of deleterious mutations along with the random removal of non-deleterious mutations
near the deleterious mutations (Hartl & Clark, 2007). If Fu & Li’s D* and F* are significant and
Fu’s Fs is not, then background selection is operating in the system. If, however, Fu’s Fs is
significant and Fu & Li’s D* and F* are not, then purifying or diversifying selection is occurring
(Fu & Li, 1993). Tajima’s D and Fu’s Fs were determined using Arlequin 3.1 and Fu and Li’s
D* and F* were determined using DnaSP 5.0.

We estimated the average patristic distance between isolates, i.e. the sum of the branch
lengths between the tree tips, for the N gene of each strain in both the allopatric and sympatric
zones. In our study, patristic distance is a measure of within strain divergence, and takes viral
evolution into account. We also estimated rabies virus demographic history and time to most
recent common ancestor (TMRCA) for allopatric and sympatric samples combined using a
Bayesian coalescent-based approach implemented in BEAST 1.4.8 (Drummond & Rambaut,

2007), and specified a Bayesian skyline plot as the model for both NCSK and SCSK (Drummond
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et al., 2005). We analyzed each strain separately, and analyzed NCSK both with and without
SDSKO030554. We re-ran the analyses for 1,000,000 iterations until each scale factor was
optimized to the criteria accepted by the program. The final run consisted of 10,000,000
iterations with the first 1,000,000 iterations discarded as burn-in. Bayesian skyline analysis uses
an MCMC approach (Drummond et al., 2002), allowing for simultaneous estimation of
genealogy, nucleotide substitution rate, and demography. Bayesian skyline analysis, therefore,
does not impose a specific demographic model a priori, as demography is one of the fitted
components. We visualized the results with Tracer 1.4.1 (available from

http://tree.bio.ed.ac.uk/software/tracer/).

Striped Skunk Population Analysis

To assess striped skunk population structure in the geographic distribution of each virus
strain, we grouped skunk samples in two different ways. First, we grouped skunk samples
according to whether they occurred in the range of NCSK or SCSK. We also grouped skunk
samples according to whether they were found in the sympatric zone, the northern allopatric
zone, or the southern allopatric zone. We tested for HWE using GENEPOP 3.4 (Raymond &
Rousset, 1995); and to ensure that microsatellite loci were randomly associated with one another,
we tested for linkage disequilibrium (GENEPOP 3.4). We estimated mean allelic richness for
each population using FSTAT 2.9 (Goudet et al., 2002). We also determined the global Fst
value with FSTAT 2.9 to determine the amount of gene flow among skunks throughout the
Central Great Plains. We repeated our analyses in GENEPOP 3.4 and FSTAT 2.9 with a pooled
dataset. Finally, we determined the number of segregating populations in our host population

using STRUCTURE 2.3 (Pritchard et al., 2000).
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Because striped skunk populations are reservoirs for a contagious and fatal disease, we
tested all populations for the signature of a bottleneck using BOTTLENECK 1.2.02 (Cornuet &
Luikart, 1996). Because our sampling area spanned five states with considerable climatological,
topographical, and epidemiological variation, we tested whether the population sizes of striped
skunks were equivalent from north to south and in the area containing different viral strains. We
used MIGRATE 2.3 (Beerli & Felsenstein, 1999) to estimate the relative effective population
size (0) of striped skunks in the Central Great Plains by calculating 8= 4N¢u for skunk
populations within the range of NCSK and SCSK. We also used N¢Estimator 1.3 (Peel et al.,

2004) to independently estimate striped skunk effective population size.

Spatial Analysis of Host and Virus

Using microsatellite data, we conducted an analysis of molecular variance (AMOVA;
Excoffier et al., 2005) using Arlequin 3.1 to test whether rivers structured striped skunk
populations. We defined populations as all of the samples within a county. We tested the
influence of rivers to partition genetic variation in striped skunks by grouping skunks
populations north or south of major rivers (®crour-river). We tested for partitioning among
populations of skunks within river-separated groups (®eop-crour), and within skunk populations.
To define groups, only major rivers (drainage basins over 233,000 km?) were included, resulting
in 3 skunk groups separated by 2 river systems: the Missouri River (1,371,000 km?) and the
Platte River (233,099 km?).

To investigate the influence of different habitat types on the ability of the two rabies virus
strains to permeate the landscape, we compared spatially explicit measures of landscape
permeability with sequence divergence estimates among isolates to determine which habitat

features influenced the spread of rabies on the landscape. Because we hypothesized that host
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ecology and viral properties influenced viral spread, we investigated the permeability of habitats
important to striped skunks (i.e. edge habitat, urban areas [Verts, 1967; Gehrt, 2005]) and
important to rabies virus (i.e. water bodies [e.g. Rees et al., 2008]) to determine how the
epidemiology of each strain was influenced by the landscape of the Central Great Plains.

Spatially explicit, landscape resistance to gene flow was modeled for a suite of landscape
permeability hypotheses using circuit theory to connect habitat types with habitat-specific
resistance values. We used CircuitScape v3.4 (McRae, 2006) with the GAP, 30 m, 2005 land
cover data (United States Geological Survey, GLS Database) to generate rasterized permeability
maps. We converted the 30 m resolution land cover data to 1,000 m grid data using the majority
rule in Arc Info 9.3 (Environmental Systems Research Incorporated, Redlands, CA). Pairwise
land cover resistance values were generated for pairs of viral populations (viral isolates pooled
by county [Fig. 2.1B]). Rabies-positive sample locations were recorded only for the county
level; therefore, we used the county centroid from the county in which samples were obtained.
In cases where multiple samples were obtained from the same county, sample locations were
adjusted so that they differed by a distance of 1 m.

We tested 4 hypothesized models of landscape resistance by assigning each habitat type a
resistance value that ranged from 0 to 10. Values closer to O represented habitats through which
the virus spread more easily and therefore had less resistance, and values closer to 10 indicated
habitats with greater resistance to viral spread (McRae, 2006). When modeling isolation by
resistance, absolute resistance values are less important than the relative ratio between values
(McRae, 2006). The first model tested rivers as barriers to dispersal (RB). This model assumed
that all land cover types were equally suited for rabies spread, but imposed a moderate

resistance, except for rivers which acted as strong barriers (resistance = 10). Studies of raccoon
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rabies indicate that bodies of water appear to impede the spread of raccoon rabies (Biek et al.,
2007; Rees et al., 2008; Cullingham et al., 2009), thus rivers may also impede the spread of
striped skunk rabies. The second model took host habitat affiliation into account. Striped
skunks forage in agricultural fields and grasslands, but use forest-grassland edge habitat for
dispersal and movement between areas (Bixler & Gittleman, 2000). Striped skunks are also an
urban-adapted species, and are quite abundant in urban and suburban landscapes where resources
are abundant (Randa & Yunger, 2006). Therefore, this model assumed that the landscape was
uniformly difficult to cross, but that dispersal corridors existed along edge habitat (Forest x
Grassland, Urban x Grassland, and Row Crop Agriculture x Grassland). This edge model (EM)
assumed a resistance of 4 for all non-edge habitats and resistance of 1 for all edges. The third
model combined the RB model and the EM model. This was our combined model (CM), which
assumed that all continuous habitat patches had a resistance of 4, edges had a resistance of 1, and
rivers posed barriers and had a resistance of 10. The fourth model was a simple isolation by
resistance (SIBR) model. SIBR was used to characterize the effect that habitat shape and
distance had on model output and imposed an intermediate resistant value (4) uniformly on all
habitat types. In biological terms, SIBR has similar assumptions to isolation by distance (IBD)
and assumed that all land cover types were equal in their ability to enhance or inhibit dispersal.
SIBR differed from IBD in that the circuit theory approach averaged the resistance across all
possible paths (created by the 1 km habitat grid) between demes and accounted for some
hindrance of dispersal imposed on rabies by the shape of the surrounding landscape. We tested
these hypothesized models against the null model of IBD (Slatkin, 1993) which assumed that
genetic differentiation was a function of Euclidean distance alone, and that habitat had a

negligible impact on viral spread. We inferred that if viral emergence was not affected by
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habitat specific landscape permeability and composition (RB, EM, or CM models), or by
landscape shape (SIBR model), then differentiation of rabies sequences would simply increase
with Euclidean distance (IBD).

We assessed the influence of these spatial characteristics of the landscape on viral genetic
distance using Mantel tests (SAS Institute Incorporated, SAS Campus Drive, Cary, NC, USA);
we used partial Mantel tests with IBD as a covariate for the RB, EM, and CM models, and
Mantel tests for SIBR and IBD models. To select the best Mantel model, we used AlICc with
correction for small sample size bias (Burnham & Anderson, 1998). AlCc values were
calculated from maximum likelihood estimates extracted from SAS output. The number of
parameters (K) included in model selection was determined by the number of land cover
resistance classes included in the GIS land cover ecological resistance model for RB, EM, and
CM models, or in the case of IBD and SIBR by the number of distance matrices included in the
Mantel test. For covariate models (IBD x RB and IBD x RB x EM), K was determined by
summing the K values for all contributing models plus 1 for the regression intercept of the
covariate models.

Using viral sequence data, we conducted an AMOVA to confirm the results of the IBR
analysis. We conducted the AMOVA using Arlequin 3.1 using the same model definition as the
AMOVA of skunk populations. As with skunks, virus populations were defined by samples
within a county. Because of our larger sample size for virus sequence data than skunk
microsatellite marker data, we included viral populations to the south of the Arkansas River

(drainage basin = 505,000 km?), for a total of 4 virus groups separated by 3 rivers.
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Results

Virus Molecular Epidemiology
Comparison of N gene datasets (GenBank Accession Numbers: HM113685-HM113942)

of each rabies strain using samples from both allopatric and sympatric areas revealed similar
levels of nucleotide diversity between the two strains, although the mean number of pairwise
differences was twice as high for NCSK than for SCSK (Table 2.1). Neutrality test results and
the ratio of nonsynonymous to synonymous site substitutions indicated that purifying selection
was acting on both strains. NCSK, however, exhibited relaxed purifying selection compared to
SCSK (Table 2.1). Additionally, the number of infected skunks per rabies isolate was slightly
higher for SCSK than for NCSK (Table 2.1), suggesting that SCSK had higher infectivity than
NCSK.

Differences between the two strains were more apparent when we compared NCSK and
SCSK N gene samples from the sympatric area. The mean number of pairwise differences in
NCSK increased from twice that of SCSK to over three times larger than SCSK. Purifying
selection became even more intense for SCSK and slightly more relaxed for NCSK (Table 2.1).
Finally, while infectivity did not change for NCSK, it was higher in SCSK (Table 2.1).

Comparison of complete G gene datasets (GenBank Accession Numbers: HM113943-
HM114211) of each rabies strain from allopatric and sympatric areas combined also revealed
similar levels of genetic diversity and infectivity between the two strains (Table 2.2). The ratio
of nonsynonymous to synonymous site substitutions indicated that purifying selection was acting
on the ectodomain of the G gene. However, dN/dS values were opposite of those exhibited by
the N gene; SCSK exhibited more relaxed purifying selection compared to NCSK (Table 2.2).

When only samples from the sympatric zone were compared, genetic diversity and infectivity
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between NCSK and SCSK G gene samples remained similar, but purifying selection became
even more intense for NCSK and slightly more relaxed for SCSK (Table 2.2). Antigenic site |1
of the ectodomain showed positive selection for both strains (SCSK dN/dS = 1.97; NCSK dN/dS
=1.74).

When we compared patristic distance of isolate pairs between the allopatric zone and the
sympatric zone for each strain, average branch length was longer in the sympatric zone than in
the allopatric zone in both cases. However, average patristic distance in the sympatric zone was
over 5 times longer for NCSK than for SCSK (NCSK: Allopatric = 5.9 mutations, Sympatric =
16.36 mutations; SCSK: Allopatric = 2.05 mutations, Sympatric = 3.4 mutations). Bayesian
skyline analysis for allopatric and sympatric samples combined showed the TMRCA for NCSK
including sample SDSK030554 as ranging from 450 to 2150 years ago, and NCSK without
SDSK030554 as ranging from 50 to 550 years ago. The TMRCA for SCSK ranged from 75 to
205 years ago. The phylogenetic tree generated by PAUP indicated that SDSK030554 did
belong in the NCSK clade, but was on a long branch separate from the rest of the sequences in
the clade (Figure 2.2; Appendix A). While the skyline plots for NCSK and SCSK showed a
steady number of infections over time (300 and 100 infections respectively), the confidence
intervals for the plots overlapped considerably, suggesting no differences in the viral population

size between NCSK and SCSK.

Striped Skunk Host Ecology

Analysis of microsatellite markers in striped skunks indicated that none of the loci
exhibited linkage disequilibrium (P > 0.05 after Bonferroni correction). Mean allelic richness
and heterozygosity were similar for skunks infected with NCSK or SCSK (Table 2.3). We found

significant heterozygote deficiency at seven of eight loci (Table 2.3), which is expected in a
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system where population density is periodically perturbed by epizootic events. In support of this
inference, a Wilcoxon Sign-Rank test in program BOTTLENECK 1.2.02 under the two-phase
mutation (TPM) model was significant for each host population affected by NCSK or SCSK. A
Wilcoxon Sign-Rank test under the TPM model for the pooled dataset was also significant
(Table 2.3) suggesting a past population reduction. The global Fsr was 0.006 £ 0.003, which
indicated that there were high levels of connectivity among skunks throughout the Central Great
Plains. @ (Table 2.3) for striped skunk populations in the northern allopatric area, the sympatric
area, or the southern allopatric area was not significantly different among populations (Allopatric
North 8= 15.49, Sympatric &= 7.27, Allopatric South #=7.53).

Results of the AMOVA for striped skunks microsatellite markers indicated that rivers do
not act as barriers to striped skunk gene flow. ®group-river accounted for virtually none of the
variation (®cr = 0.002, P = 0.15), and ®pop-croup accounted for approximately 2% of the
variation (®sc = 0.022, P = 0.17). The majority of the variation (dst = 0.023, P = 0.14) was
explained by within population variation. Pairwise Fst for groups on either side of the Missouri
river was 0.005 (P = 0.29), and the pairwise Fst for groups on either side of the Platte river was
0.011 (P =0.03). These values translate to 23 and 51 effective migrants per generation
respectively, so while the Fst for the Platte River was statistically significant, we found a large
level of gene flow between groups on either side of the river. Results from program
STRUCTURE indicated K=1 as the number of populations in the area sampled. This
interpretation is based on the AK distribution, the modal value of which tends to be located at the
actual K (Evanno et al., 2005). Results of population structure analyses of striped skunks
suggested no population sub-structuring, large levels of gene flow, and genetic admixture in the

Central Great Plains.
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Landscape Epizootiology
NCSK and SCSK responded differently to landscape heterogeneity in the zone of

sympatry. In our landscape resistance models, the greatest model support for the cause of
genetic differentiation among SCSK rabies isolates was found to be a function of an interaction
between rivers as barriers and Euclidean distance (Table 2.4). Conversely, NCSK seemed to
move independently of rivers and showed only a weak indication of Euclidean distance as a
barrier to dispersal (Table 2.4). Edge habitat did not appear to influence rabies emergence on the
landscape for either strain.

The AMOVA confirmed that each strain possessed different abilities to cross rivers. The
AMOVA for NCSK revealed no significant partitioning of viral isolates by rivers (®croup-RIVER;
®cr =-0.007, P = 1.00). Results for SCSK, however, revealed that rivers were a significant
barrier and accounted for approximately 26% of the variation in that strain (®croup-river; Pct =

0.26, P = 0.08).

Discussion
Comparisons of NCSK and SCSK in the area of sympatry indicated substantial

differences in molecular epidemiology, evolutionary trends, and geographic patterns of
emergence between the two strains. These differences were masked when allopatric datasets
were included. In host populations, we found high levels of admixture and similar effective
population sizes among allopatric and sympatric zones, suggesting that differences between
NCSK and SCSK emergence patterns are driven by strain-specific epidemiology. Our results
suggest that differences in viral properties between the two strains are interacting with host

attributes and landscape features to shape unique disease emergence patterns.
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Landscape Influence on Pathogen and Host

Landscape heterogeneity has been shown to influence the epidemiology of a variety of
pathogens and parasites, including rabies (Real & Biek, 2007; Rees et al., 2008; Wheeler &
Waller, 2008), influenza (Matthews & Haydon, 2007), infestations of the fungus Phytophthora
lateralis (Kauffman & Jules, 2006), and infections by trematodes of the genus Microphallus
(Lively, 1999). Rivers represent a defining geographical feature in the Central Great Plains, but
the influence of rivers as a barrier to the emergence of rabies has been debated. Some studies of
host ecology show that rivers do (Cullingham et al., 2009) or do not (Arjo et al., 2008) influence
the population structure of raccoons, the main host of rabies on the east coast of the United
States. However, spatial modeling predicts that river crossings should slow rabies transmission
(Real et al., 2005b), and case data show that river crossings can slow the spread of rabies across
rivers by a range of 11 to 16 months (Lucey et al., 2002; Smith et al., 2002). The effect of rivers
on rabies may also be scale-dependent. On the east coast of the United States, the Susquehanna
River and Chesapeake Bay have been shown to confine and direct the flow of raccoon rabies on
a local scale, but have a minimal effect at larger scales (Biek et al., 2007). We found that rivers
minimally influenced striped skunk population structure and gene flow, but differentially
affected the movement of each rabies strain. Although rivers presented no barrier to the spread
of NCSK, they were a semi-permeable barrier to the spread of SCSK in the Central Great Plains.
Because both host and landscape were the same in the area of sympatry, we suspect that
differences in patterns of viral spread among the two strains are a result of differences in host-
pathogen interactions of each strain.

Differences in the intrinsic properties of each strain can interact with the host in unique
ways. Strain-specific differences in virulence, transmission efficiency, or incubation period

could explain the differences in the ability of each strain to spread across the rivers. Differences
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in virulence would allow a more pathogenic strain to kill the host prior to transmission, while a
more attenuated strain would allow a higher proportion of the population to recover. We found
fewer cases of SCSK crossing rivers, which could be explained by differences in virulence.
While this is a plausible hypothesis, there is no evidence of differences in virulence among
strains; however, pathogenic properties of wild type strains have rarely been studied.
Alternatively, differences in transmission efficiency may drive differences in the emergent
properties of each strain. Many directly transmitted pathogens, including rabies, rely on
transmission of infectious particles between host individuals in order to propagate (Merrell &
Falkow, 2004). As transmission efficiency increases, the rate of successful secondary infections
per infected individual also increases. If transmission was more efficient in NCSK than in
SCSK, it would also explain the observation that more individuals infected with NCSK cross
rivers. Our data, however, suggest the contrary; unique isolates of SCSK infected more hosts
than did NCSK.

We also considered that the duration of the asymptomatic period in each strain may drive
differences in landscape epidemiology. The incubation period of an incapacitating disease
influences how far an infected host is able to travel. Incubation period varies both among rabies
strains (Carey & McLean, 1983), and within strains (Parker & Wilsnack, 1966). Incubation
period for rabies can be variable by strain due to adaptations to its host (Carey & McLean, 1983)
or due to inoculant load (Parker & Wilsnack, 1966). The fact that rivers are barriers to SCSK but
not NCSK could be explained by a longer incubation period in NCSK than SCSK. Thus, if
SCSK-infected skunks have a shorter incubation period than NCSK-infected skunks, they will
have fewer opportunities to cross rivers prior to presenting clinical signs of illness. Although

experimental transmission studies are needed to definitively determine differences in viral
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pathogenesis among strains, the comparative molecular epidemiology of these strains provides

some additional insight into the pathogenic properties of each strain.

Molecular Epidemiology of the Pathogen

SCSK and NCSK viral characteristics are the product of their unique evolutionary
histories as they pass from one reservoir host to another; these species-specific environments
lead to strains that exhibit unique viral characteristics. In molecular epidemiology, the N gene
has been used to represent phylogenetic history of viral emergence (Davis et al., 2006). The N
gene is highly conserved and thus thought to be under constant purifying selection (Holmes et
al., 2002). Therefore, we interpret the low diversity coupled with short patristic distances of the
N gene in the SCSK strain as evidence of serial selective sweeps that allowed for a rapid spread
of the virus throughout the sympatric zone. The rapid expansion of similar isolates is further
supported by the infectivity data. Unique SCSK isolates (as determined from N gene sequences)
infected twice as many skunks as viral isolates of NCSK, suggesting that SCSK is more
transmissible than NCSK.

Molecular clock data suggest that NCSK has been on the landscape for at least 100 years
longer than SCSK. If we include the anomalous sequence from NCSK, then our data suggest
that the strain has been present for much longer. This isolate may be a remnant haplotype which
has persisted from a past lineage. The demographic and molecular clock data suggest that SCSK
has higher infectivity and transmissibility, which characterizes an epizootic strain (one that
exceeds the number of expected cases in a given time period) that quickly moves through the
landscape. NCSK, by contrast, appears to be less transmissible, with longer persistence in the
host population and behaves like a more enzootic strain of rabies (one that is maintained in a

population at sustainably low levels).
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These inferences are supported by molecular epidemiological data from the G gene.
Although isolates of SCSK were similar within a given geographic region (as inferred by N gene
data), the antigenic diversity was very high. The G gene in SCSK had a five-fold higher amino
acid substitution rate in the antigenic region of the glycoprotein than NCSK. A high dN/dS ratio
in RNA viruses is indicative of high viral adaptability, increased cell invasiveness, and increased
transmission potential as seen in the antigenic regions of HIV glycoproteins (Rong et al., 2007).
In other viruses, a high frequency of nonsynonymous changes is positively correlated with
increased passage among hosts (Cuevas et al., 2009). The higher antigenic diversity of SCSK
provides some indirect evidence for our hypothesis that SCSK has higher infectivity and a
shorter incubation period (due to more efficient cell-to-cell transfer). Though this is not definite
evidence of differential pathogenesis among strains, it does support our hypotheses.

These intrinsic differences between rabies viral strains translate into differences at the
landscape scale of rabies epidemiology. SCSK is partially restricted by landscape heterogeneity
due to a hypothesized short incubation period; however, once the viral strain crosses rivers it
rapidly infects many host animals with similar isolates. NCSK, with its potentially longer
incubation period and lower infectivity, moves slowly across the landscape without habitat

barriers and persists on the landscape for a longer time period.

Population Structure of the Reservoir Host

Striped skunks are the major rabies reservoir in the Central Great Plains, and have been
interacting with one or both rabies strains for decades. Despite these long-term interactions, we
found that host population structure was not predictive of rabies population structure. The low
pairwise Fst values and lack of evidence that rivers were barriers in our study demonstrate

virtually unrestricted striped skunk movement, unlike our findings for SCSK strain. Skunks in
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the Great Plains appear to be highly admixed, likely a result of high dispersal capacity, high
reproductive output, and the confounding influence of demographic history. Indeed, striped
skunks are highly mobile mesocarnivores, especially during mating season (Greenwood et al.,
1997; Bixler & Gittleman, 2000), and are capable of swimming for hours (Verts, 1967) and
crossing bodies of water when necessary (Wilber & Weidenbacher, 1961; Olson & Lewis, 1999).
Our findings indicate that a large, admixed striped skunk population exists in the Central Great
Plains, and harbors two distinct strains of rabies virus. Populations in both the allopatric and
sympatric zones were situated in a variety of habitat types; yet all three populations were of
similar size, suggesting that population size was not affected by ecological differences associated
with latitude, or that those differences were obscured by high levels of dispersal. The highly
mobile, large, and admixed nature of this host population makes it an excellent host for this

directly transmitted and fatal virus.

Conclusions

Many host-parasite studies emphasize using host data to predict parasite or pathogen
spread (McCoy et al., 2005; Berrada et al., 2006; Kauffman & Jules, 2006). We, however, took
a holistic approach to determine how virus properties, host attributes, and landscape features
interact to influence disease emergence. The high infectivity and intense purifying selection in
SCSK N gene suggests a more transmissible strain, whereas the lower infectivity and
comparatively relaxed purifying selection in NCSK N gene is indicative of an enzootic strain.
The relaxed purifying selection in SCSK G gene compared to the intense purifying selection in
NCSK G gene is indicative of a more transmissible strain in the south.

While molecular characteristics of each strain point to differences in pathogenic

properties, definitive comparative studies of transmission are needed. Nonetheless, it appears
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that viral properties, host attributes, and landscape features may be interacting with one another

to shape strain-specific rabies emergence patterns throughout the Central Great Plains.
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Figures and Tables

Figure 2.1 Map of the central Great Plains study area. A. Sampled counties are patterned
according to which rabies strain is present. Counties where both strains were present are

shaded gray. The leading edge of each strain is indicated by black dashed lines, which also
delineate the zone of sympatry. B. CircuitScape study area representing the River Barrier
Model. Open circles represent SCSK samples and closed circles represent NCSK samples.
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Figure 2.2 Phylogram of NCSK N gene implemented using a neighbor-joining method in
PAUP* and rooted with four SCSK N gene samples. Terminal triangles indicate collapsed
branches. Numbers in parentheses indicate the number of samples associated with each
geographic state found at a branching location. Numbers on branches indicate bootstrap
support for the branch. NCSK and SCSK are separated into two different clades. One
sequence, SDSK030554, while a member of the NCSK clade, is on a long branch and
distant from the rest of the samples, indicating that it may be a remnant of a past rabies
epizootic.
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Table 2.1 Diversity and neutrality statistics for NCSK and SCSK using complete N gene

datasets containing both allopatric and sympatric samples for each strain suggested the

presence of similar levels of diversity in both strains, but slightly higher infectivity and

more purifying selection in SCSK. The same analysis using only samples from the

sympatric zone for each strain revealed marginal differences in diversity between the two

strains, but more intense purifying selection and twice as much infectivity in SCSK when

compared to NCSK.

Sympatric and Allopatric

Sympatric  Only

NCSK SCSK NCSK SCSK
(N=98) (N=160) (N=51) (N=60)
Nucleotide 0.03+0.02 0.02+0.01 0.05+0.02 0.02+0.01
Diversity
Pairwise 26.26 +11.61 11.93+5.42 37.00 + 16.36 10.86 +5.01
Differences
Fu & Li’s D* -7.11%* -4.17%* -5.56* -3.39*
Fu & Li’s F* -6.22** -3.99** -5.35* -3.61*
Tajima’s D -2.56*** -2.27*** -2.52%** -2.36***
Fu’s Fs -23.95** -24.12*%* -23.79*** -24.52***
dN/dS 0.57 0.37 0.66 0.30
# skunks/isolate 1.2 1.8 1.2 2.4

*P<0.05 **P<0.02 ***P<0.001

52



Table 2.2 Diversity and neutrality statistics for NCSK and SCSK using complete G gene

datasets containing both allopatric and sympatric samples for each strain suggested the

presence of similar levels of diversity and infectivity in both strains, but more purifying

selection in NCSK. The same analyses using only samples from the sympatric zone for

each strain revealed more intense purifying selection in the NCSK when compared to

SCSK.
Sympatric and  Allopatric Sympatric  Only
NCSK SCSK NCSK SCSK

(N=103) (N=166) (N=51) (N=60)
Nucleotide 0.02+0.01 0.04 +0.02 0.02+0.01 0.03+0.01
Diversity
Pairwise 17.68 + 7.92 35.49 + 15.53 16.66 + 7.54 21.09+9.44
Differences
Fu & Li’s D* -4.76** -7.08** -3.61** -4.90**
Fu & Li’s F* -4 49** -5.91** -3.64** -4.79**
Tajima’s D -2.34%** -2.32%** -2.02** -2.07**
Fu’s Fs -24.01%** -23.80*** -24.22%** -24.11%**
dN/dS 0.088 0.22 0.077 0.56
# skunks/isolate 0.86 0.94 1.13 1.07

*P<0.05 **P<0.02 ***P<0.001

53



Table 2.3 Population genetic analyses of striped skunk populations divided by rabies strain

revealed slightly higher genetic diversity among skunks in the south than in the north.

Analysis of sympatric and allopatric populations revealed similar effective population sizes

for all three populations. Analysis of the populations combined into a global population

showed the presence of a population bottleneck. Seven of eight loci were out of Hardy-

Weinberg equilibrium in the global population.

AR Ho He 6 Ne Bottleneck HWE
2 Strains  NCSK 1257 + 0.767 0.877 --- P=0.01 ---
0.89 0.01 0.01
SCSK 1450+ 0.789 % 08% +  --- P=0.02 -
0.80 0.01 0.01
3 Groups Allopatric 13.25+  0.772 0.893 = 549 427 P=0.03
North 0.77 0.04 0.01
Sympatric 11.65+  0.754 % 0.875 + 7.27 684 P=0.006 ---
0.79 0.04 0.01
Allopatric  12.13 £ 0.808 + 0.883 753 76.2 P=0.01 ---
South 0.76 0.02 0.01
Global Pooled 1563+ 0.778 = 0889+  --- P=0.01
Data 1.05 0.03 0.01
22-70 17.00 0.849 0.902 --- --- P=0.01
22-67 20.00 0.733 0.916 --- --- P <<
0.001
22-14 15.00 0.791 0.893 P =0.009
42-26 19.00 0.837 0.916 --- --- P <<
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0.001
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Table 2.4 Results of AIC model selection for all landscape permeability models evaluated

for skunk rabies across the central Great Plains.

Model r-square -2LN(P)  AAIC Wi C C-P
North

*IBD* 0.03 4099 0 0.25 0.5 0.71
IBD x RB x EM 0.01 4112 6.3 <0.01 0.5 0.13
EM* 0.04 4094 1.9 0.10 0.5 0.08
RB* 0.16 4106 2.2 0.08 0.5 0.40
SIBR* 0.12 4061 3.1 0.05 0.5 0.01
CM* 0.13 4057 2.3 0.08 0.5 0.34
IBD x RB 0.18 4034 7.1 <0.01 0.6 0.09
South

IBD* 0.45 132 0.9 0.38 0.6 0.01
IBD x RB x EM 0.15 138 13.2 <0.01 0.6 0.01
EM 0.06 137 9.0 <0.01 0.5 0.20
RB* 0.28 134 5.7 0.03 0.6 <0.01
SIBR 0.19 138 11.9 <0.01 0.5 0.19
CM 0.63 129 12.0 <0.01 0.6 0.04
*IBD x RB* 0.63 129 0.0 0.59 0.6 0.09

* Indicates potentially good models with AAIC values < 6.0. * Indicates the AIC. model with
the highest weight. All models were run independently for NCSK and SCSK as molecular data
suggest that the two rabies strains are distinct. Variables are as follows: r-square is the r* value
from regression analysis, K = the number of parameters included in the model determined by the

number of different land cover and distance values included in the GIS land cover ecological
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resistance model + 1 for the regression intercept parameter, -2Ln(K) is the negative log
likelihood for the model with K parameters, AAIC is the standardized difference in AIC values
for the given model, Wi is the AIC weight for the given model and can be thought of as the
degree of certainty that it is the best model given the data, C is the C value from Hosemer-
Lemeshow goodness of fit tests for the regression model, and the C-P value is the associated P
value for the goodness of fit test. Model variables are defined as follows: IBD = isolation by
distance, CM = combined model enhanced edge effects and river barriers, EM = edge model, RB
= rivers barrier model, SIBR =simple isolation by resistance, IBD x RB = interaction between

IBD and RB model, IBD x RB x EM = interaction between IBD, RB, and EM models.
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CHAPTER 3 - Phylogeography of the striped skunk (Mephitis
mephitis) in North America: Pleistocene dispersal and contemporary

population structure
Heather D. Barton and Samantha M. Wisely

Abstract

Pleistocene climate fluctuations influenced the distribution of many species. While
specialist species were often restricted to isolated refugia by Pleistocene climate change,
generalist species may have been less constrained in their distribution and movements. We used
a combination of genetic data and previously published fossil data to investigate the
phylogeography and contemporary population structure of a generalist species, the striped skunk
(Mephitis mephitis). We sequenced portions of the mitochondrial cytochrome b gene (601 bp)
and control region (D-loop; 381 bp) and amplified 8 microsatellite loci from 314 striped skunk
specimens. Phylogenetic analysis of the cytochrome b gene revealed the presence of 4 distinct
phylogroups, and microsatellite data indicated a pattern of secondary contact among several of
these phylogroups. We infer from these data that during the Rancholabrean stage prior to the
Illinoian glaciation, striped skunks emerged from a southern refugium in the Texas-Mexico
region and colonized the southeastern United States, forming a second refugium in the east. This
colonization was followed by a second dispersal event from the southern refugium to the west of
the Rocky Mountains during the Illinoian glacial period. During the Sangamonian interglacial
stage, two distinct subclades formed on either side of the Sierra Nevada Mountains. During the
Holocene, the subclade that colonized the Great Basin then expanded across the northern

Rockies and recolonized the Great Plains to create an area of secondary contact. Secondary
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contact occurred to a lesser extent with individuals from the eastern refugium east of the
Mississippi River. It appears that periodic Pleistocene glacial expansions and retreats caused a
series of range expansions and secondary contact events in this native North American species to

create a complex pattern of population structure today.

Introduction

The Pleistocene was a time of periodic climate fluctuations that led to the formation and
subsequent retraction of large ice sheets over much of the Northern Hemisphere. The cyclical
expansion and contraction of these ice sheets throughout the Pleistocene affected the
environment and landscape, and influenced the distribution of continental biota. At the end of
the Pleistocene (12,000 BP), temperatures yet again increased, glaciers retreated, and flora and
fauna that had been confined to refugia during the Wisconsinan glacial period expanded as
ecosystems developed throughout the Holocene and into the Recent periods into their
contemporary forms (Graham et al. 1996; Hewitt 2000). On a species level of organization,
Pleistocene glacial cycles and subsequent Holocene climatic warming produced patterns of
vicariance and dispersal which, in turn, generated modern patterns of genetic diversity and
population structuring in many species of mammals (Hewitt 2004).

Phylogeographic studies, which can combine fossil, genetic, climatic, and biogeographic
data, allow us to infer the vicariance and dispersal of plant and animal species from Pleistocene
refugia into what are now their contemporary distributions. Many of these studies describe the
Holocene expansion of endemic montane or boreal species out of low-elevation or low-latitude
refugia to high latitude or altitude modern distributions (Lessa et al. 2003; Lunt et al. 1998;
Santucci et al. 1998; Taberlet and Bouvet 1994). The specialist nature of these species means

that they were dependent on a narrow range of resources, and as glaciers advanced and
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ecosystems changed, boreal species like the black bear (Ursus americanus) and the pine marten
(Martes martes) were forced out of high-elevation or high-latitude boreal forests as they became
uninhabitable, and into smaller pockets of lower-elevation, lower-latitude refugia. In North
America, these refugia were located in the southeastern and eastern United States (Soltis et al.
2006), the southwestern United States and Mexico (Olah-Hemmings et al. 2010), and along the
Pacific coast (Aubry et al. 2009); for some species, eastern Beringia (central Alaska and western
Yukon) also functioned as a Pleistocene refugium (Lessa et al. 2003). These refugia served as
origins of future range expansion for endemic and specialist species into uninhabited, developing
ecosystems following the final retreat of the Laurentide ice sheet at the end of the Wisconsinan
glaciation. Generalist species, which were not subject to the same habitat restrictions as
specialist species during the Pleistocene, were also relegated to lower latitudes, but they could
traverse a broader spectrum of habitats in the unglaciated areas. The greater freedom of
movement afforded to generalist species during the Pleistocene may have allowed them to utilize
different colonization routes or to colonize new areas during the Pleistocene (Dragoo et al. 2006;
Lister 2004). We investigated the effects of Pleistocene climate change on the distribution and
movements of one such North American generalist species, the striped skunk (Mephitis
mephitis).

Striped skunks are small-bodied mesocarnivores, whose modern distribution ranges from
northern Mexico through the continental United States and into southern Canada. All extant
skunk species (Mephitidae) are confined to the New World, and evolved from a primitive skunk
genus (Martinogale) that migrated to the New World in the late Miocene as determined by fossil
data (Wang et al. 2005); however, two species that are basal in the skunk phylogenetic tree,

Mydaus javanensis and Mydaus marchei, are found in Java and the Philippines, respectively
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(Dragoo and Honeycutt 1997). Phylogenetic evidence suggests that striped skunks diverged
from a common ancestor with their sister genus, Conepatus (Dragoo et al. 1993) in the southern
part of North America (Wang and Carranza-Castarieda 2008). The earliest fossil evidence of the
genus Mephitis is from the early Pleistocene (~1.8 million BP) and comes from the Broadwater
site in Nebraska (Kurten and Anderson 1980). Late Pleistocene (70,000-14,500 BP) fossil
records suggest that striped skunks were broadly distributed across much of the southern half of
the United States by the end of the Pleistocene, and fossil records from the Holocene (~10,000-
4,500 BP) provide evidence that striped skunks expanded into the upper Midwest and Northeast
regions of the United States following the retreat of the Wisconsinan glacier (Faunmap Working
Group 1994).

In the current study, we used a combination of genetic, fossil, and biogeographic data to
develop a phylogeography of striped skunks in North America. We hypothesized that, unlike
boreal species, the life history traits of generalist species afforded striped skunks the ability to
move longitudinally during glacial stages when high latitudes and high elevations were
uninhabitable, but southern latitudes provided habitat that could be inhabited or provide a route
for dispersal, as seen in the phylogeographies of such habitat generalists as raccoons (Procyon
lotor; Cullingham et al. 2008), deer mice (Peromyscus maniculatus; Dragoo et al. 2006), and
five-lined skinks (Eumeces fasciatus; Howes et al. 2006). We hypothesized that geographic
features such as mountains and major river drainages would have acted as isolating mechanisms
which caused striped skunk populations to diverge into separate lineages. Studies of another
highly mobile generalist species, the raccoon, have shown that rivers and mountains are barriers
to movement, generating population structure (Biek et al. 2007; Jenkins et al. 1988).

Specifically, we hypothesized that the Mississippi River was a biogeographic barrier to striped
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skunk dispersal. One phylogeographic study revealed that the Mississippi River in particular
was a barrier to raccoon dispersal (Cullingham et al. 2008); the Mississippi River was also an
important barrier to the expansion of other mammals like the northern short-tailed shrew
(Blarina brevicauda; Brant and Orti 2003), and for reptiles like the five-lined skink (Howes et al.
2006). Because the Mississippi River has been an isolating mechanism for an array of species, it
may have isolated populations of striped skunks as well. We further hypothesized that climatic
warming during the Holocene would have allowed this highly mobile species to expand
latitudinally across North America, and for populations which diverged during the Pleistocene to
admix. Studies of striped skunk ecology have shown that they are true habitat generalists
(Lariviere and Messier 1998; Lariviére et al. 1999; Verts 1967) and are highly mobile with a
large dispersal capacity (Bixler and Gittleman 2000). Thus, we hypothesized that the
biogeographic history of this species would provide evidence for both vicariance and population

admixture during the dynamic climatic events of the last 2 million years.

Methods

Sample collection

Because striped skunks are a native North American species (Hall 1981), we wanted to
ensure that we adequately sampled the species range to obtain a broad picture of striped skunk
phylogeography. Sampling included ear tissue samples of 314 striped skunks collected by
USDA-APHIS and the Texas State Health Department from a total of 20 U.S. states, which were
sent to Kansas State University for analysis. Geographic sampling units were designated
according to six major regions of the United States: West (California, Oregon, and Nevada);
Plains (Montana, Wyoming, North Dakota, and Nebraska); Great Lakes (Michigan, Illinois,

Indiana, and Ohio); South (Texas, New Mexico, Arizona, and Louisiana); East (Georgia,
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Virginia, and West Virginia); and New England (Maine and Vermont). Each geographic
sampling unit was chosen based on a combination of geographically and politically established
regions of the United States (e.g. the West region was all of the states west of the Rocky
Mountains, and the New England region was the collection of states north of New York). Within

each geographic sampling unit, sample sizes ranged from 5 to 49 striped skunk ears per state.

Laboratory procedures

We extracted DNA from 314 ear tissue samples at Kansas State University using a
PrepGem Blood and Tissue extraction kit (Zygem, Inc., Solana Beach, CA). We amplified a 601
bp segment of the cytochrome b gene using two primer sets: 31CB (5°-
TGAAACTTCGGTTCCTTG-3’) and 728CB (5’-TTCAGTGGATTGGCTGGAGT-3’), and
48CB (5’-GCTCGGAATTTGCTTGATTC-3’) and 745CB (5°-
TAATATGGGGTGGGGTGTTC-3’) at a total volume of 10 pl, which consisted of 2 pl DNA
extract (4.5 —52.0 ng/ul), 1x PCR buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, 1.0 ug/ul BSA, 0.5
MM of each primer, and 0.3 unit Taq. PCR conditions were 55° C for 2 minutes, followed by 30
cycles of 94° C for 15 sec, 50° C for 15 sec, and 72° C for 30 sec, followed by 72° C for 1
minute, ending with a 4° C hold. We also amplified a 372 bp section of the control region (D-
loop) using primers 15D (5’-TAAACAACCCCGCCATCA-3) and 474D (5°-
CCAAATGTATGACGCCGCAGTTATG-3’); reaction mixtures and cycler conditions were the
same as for cytochrome b. PCR product was purified and sequenced at the Advanced Genetic
Technology Center (AGTC, University of Kentucky, Lexington, KY). Sequences were edited
using Sequencher 4.7 (Gene Codes Corporation, Ann Arbor, MI). Post-alignment, sequences

were deposited in the GenBank database.
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We also amplified the extracted DNA at 8 microsatellite loci (Dragoo et al. 2009) at a
total volume of 10 pl, which consisted of 2 ul DNA extract (4.5 — 52.0 ng/ul), 1x PCR buffer,
2.7 mM MgCl,, 0.3 mM dNTPs, 0.1 pug/ul BSA, 0.8 M Betaine, 0.2 uM forward primer, 0.5 uM
reverse and four dye-tagged primers (FAM and HEX, Integrated DNA Technologies, Coralville,
IA; PET and NED, Applied Biosystems, Carlsbad, CA), and 0.5 unit Taq. PCR conditions for
primer sets 22-70, 42-15, 22-19, and 42-73 were 94° C for 5 minutes, followed by 30 cycles of
94° C for 30 sec, 51° C for 45 sec (primer sets 22-14 and 22-26: 54° C, primer set 42-25: 53° C),
and 72° C for 45 sec, followed by 10 cycles of 94° C for 30 sec, 53° C for 45 sec, and 72° C for
45 sec, followed by 72° C for 10 minutes. Primer set 22-67 required the use of a touchdown
PCR, with conditions as follows: 94° C for 5 minutes, followed by 8 cycles of 94° C for 30 sec,
60° C for 30 sec, and 72° C for 30 sec, with the annealing temperature decreasing every two
cycles to 58° C, 56° C, and 52° C respectively, followed by 30 cycles of 94° C for 30 sec, 50° C
for 30 sec, and 72° C for 30 sec, followed by 72° C for 10 minutes. Samples that failed to
amplify were re-extracted using a DNeasy Blood and Tissue extraction kit (Qiagen Inc.,
Valencia, CA) and re-amplified. PCR product was visualized on an ABI 3730 DNA analyzer
(Applied Biosystems, Carlsbad, CA) and scored at all 8 loci using GeneMarker v.1.85
(SoftGenetics LLC, State College, PA). Each locus was independently amplified and visualized

an average of 4 times.

Data analyses

We based our analyses on a 601 bp section of the cytochrome b gene, a 381 bp aligned
section of the D-loop, and concatenated cytochrome b and D-loop sequences, and used both
graphical and statistical methods of data analysis. Traditional graphical approaches, like nested

clade analysis, allow us to determine whether population separations exist (Templeton 2008).
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Striped skunks are relatively long-distance dispersers for a small-bodied carnivore (Bixler and
Gittleman 2000), and our sampling was representative of the majority of the modern range of
striped skunks; our extensive sampling, therefore, minimizes the risk of type | errors that are
often associated with traditional graphical analyses. In order to account for stochastic effects on
evolutionary history, we used a model-based statistical approach to obtain maximum-likelihood

estimates of divergence times (Hey and Nielson 2007).

Phylogenetic and geographical analyses

We conducted separate phylogenetic analyses for cytochrome b, D-loop, and
concatenated data sets. We used Arlequin 3.11 to estimate nucleotide and haplotype diversity,
and to generate a matrix of pairwise ®st values based on pairwise differences between
haplotypes (Nei and Li 1979). We evaluated statistical significance (o = 0.05) based on 1000
permutations, then sequential Bonferroni-corrected for multiple tests (Rice 1989).

We determined the relationships among haplotypes using median-joining networks in
Network 4.5.1.6 (www.fluxus-engineering.com). Mutation rates for cytochrome b in striped
skunks have not been previously calculated; therefore, we relied on known transition and
transversion fractions for the Mephitinae superfamily (Marmi et al. 2004). We used these
fractions and the date for the first known striped skunk fossil (1.8 MBP; Karten and Anderson
1980) to calculate a mutation rate of 6.20 x 10°® substitutions per site per year. Assuming a
generation time of 1 year in striped skunks, we expected a mutation to occur every 26,837 years
on average for a 601 bp sequence. We used this mutation rate to estimate divergence times in
terms of average number of mutations (rho) separating ancestral and descendent haplotypes in

Network 4.5.1.6 (Forster et al. 1996).
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We constructed phylogenetic trees using maximum likelihood (ML) in PAUP* 4.0 Beta
v.10 (Swofford 2003), and calculated bootstrap support from 1000 replicates using fast-stepwise
addition. We used a general time-reversible (GTR) model of DNA substitution, proportion of
invariable sites, and shape of the gamma distribution [GTR+I+G model, base frequencies of
A=0.2961, C=0.2519, G=0.1353, T=0.3167, rate matrix = (4.2082, 17.7883, 1.8460, 1.0952,
44.5668), 1=0.4611, G=0.6328] determined using MrModeltest 2.3 (Nylander 2004), to analyze
the cytochrome b data set in ML analyses. For D-loop haplotypes, which included insertions and
deletions, we used the Hasegawa-Kishino-Yano (HKY), proportion of invariable sites, and shape
of the gamma distribution (HKY+I+G) model of DNA substitution, base frequencies of
A=0.2589, C=0.2627, G=0.1550, T=0.3235, transition to transversion ratio=6.3678, 1=0.0961,
G=0.4131 determined using MrModeltest 2.3. We used the eastern spotted skunk [Spilogale
putorious; cytochrome b, X94928 (Ledje and Arnason 1996); D-loop, AY587076, (Dragoo et al.
2004)] as our outgroup. We repeated these analyses using the maximum parsimony method in
PAUP* 4.0 Beta, and calculated bootstrap support from 10,000 bootstrap replicates using the full
heuristic method. We used as-is addition, and a tree-bisection reconnection (TBR) swapping
strategy. We also calculated consistency indices (Cl) to evaluate homoplasy in our data sets.

We conducted nested clade analysis (NCA; Templeton 1998) using the median-joining
networks generated in Network 4.5.1.6, except that the network was generated from a
concatenated dataset of cytochrome b and D-loop to resolve some of the ambiguous links. We
defined nested clades based on the rules of Templeton et al. (1987), and conducted the NCA
using GeoDis 2.4 (Posada et al. 2000) and Templeton’s inference key (Templeton 2004).

For geographical analyses, we used SAMOVA (v.1.0) to independently evaluate

population structure (Dupanloup et al. 2002). We assumed that the number of geographical
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groupings (K) ranged from 2 to 5 for cytochrome b and concatenated data sets, based on
haplogroups from the median-joining networks. Using multiple geographic groupings allowed
us to test hypotheses about the relationships among geographic sampling units to determine
patterns of population structure among striped skunks. We evaluated the degree to which
population genetic differences could be explained by isolation by distance in Arlequin 3.11 using
Mantel tests between geographic sampling unit pairwise ®st and geographical distances.

We used MCMC-based simulations in program IMa2 to assess an isolation-with-
migration demographic model for striped skunks, and to produce maximume-likelihood estimates
and confidence intervals for divergence times among haplogroups. We used the HKY model of
substitution and the cytochrome b data set for this analysis. We began with multiple runs of
1,000 steps (following 100,000 iterations as burn-in) to assess mixing and to fine-tune the
parameter space. We then conducted two independent runs of 1,000,000 steps in MCMC mode.
Consistent marginal peak locations with unimodal likelihood curves approaching zero on either
end of the distribution indicated reasonable sampling of trees, which were then used in
“LoadTree” mode to estimate joint distributions, final parameter estimates, and credibility
intervals (Hey and Nielson 2007). To verify divergence times, we calculated generation time to
most recent common ancestor (Twrca) USiNg a Bayesian coalescent-based approach implemented
in BEAST 1.4.8 (Drummond and Rambaut 2007), and specified a Bayesian skyline plot as the
demographic model (Drummond et al. 2005). Bayesian skyline analysis uses an MCMC
approach (Drummond et al. 2002), allowing for simultaneous estimation of genealogy,
nucleotide substitution rate, and demography. Bayesian skyline analysis is a coalescent model
and does not impose a specific demographic growth pattern a priori, as demography is one of the

fitted components. Twrca is different from divergence time in that Tyrca represents the time (in
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generations) that lineages shared a common relative, while divergence time represents when
populations genetically diverged from one another. Tyrca Will be older than divergence time;
however, the high dispersal capacity of striped skunks combined with Pleistocene climate
fluctuations may have led to rapid population structuring, generating divergence time estimates
that are close to Twmrca in time. Thus, we felt that it was appropriate to use Twvrca to confirm our
divergence time estimates. We ran the analysis for 10° iterations, discarding the first 10°
iterations as burn-in; we re-ran the analysis until each scale factor was optimized. Our final run
consisted of 10" iterations, with the first 10° iterations discarded as burn-in. We visualized the
results with Tracer 1.4.1 (available from http://tree.bio.ed.ac.uk/software/tracer/). We also tested
for population growth by calculating Fu’s Fs in DnaSP 5.5 (Rozas et al. 2003) for different
phylogenetic subunits as indicated by our haplotype networks and phylogenetic trees. Fu’s Fs
(Fu 1997) compares the number of polymorphic sites to the total number of nucleotide
differences to detect population growth; populations with recent expansion show statistically
significant negative values.

We used 8 microsatellite loci to assess the contemporary population structure of striped
skunks. First, we determined the number of segregating populations in our host population using
STRUCTURE 2.3 (Pritchard et al. 2000). We then grouped striped skunks according to the
populations determined in STRUCTURE. We tested for Hardy-Weinberg equilibrium using
GENEPOP 3.4 (Raymond and Rousset 1995); to ensure that microsatellite loci were randomly
associated with one another, we tested for linkage disequilibrium (GENEPOP 3.4). We
estimated mean allelic richness for each population using FSTAT 2.9 (Goudet et al. 2002). We
also determined the global Fst value with FSTAT 2.9 and population pairwise Fst values to

determine the amount of gene flow among skunks throughout North America. We repeated our
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analyses in GENEPOP 3.4 and FSTAT 2.9 with a pooled dataset. We used MIGRATE 2.3
(Beerli and Felsenstein 1999) to estimate the relative effective population size () of striped
skunks throughout North America by calculating 8= 4N.u for skunk populations. Because
striped skunks are hosts to a variety of diseases, we also tested all populations for the signature
of a bottleneck using BOTTLENECK 1.2.02 (Cornuet and Luikart 1996).

Finally, we investigated the fine-scale population structure of striped skunks using a
combination of linear regression and population structure analyses for the geographic sampling
units in the west, central, and eastern U.S. Program STRUCTURE generates the proportion of
each individual’s genome that can be assigned to a given population (hereafter, q-value). For the
central U.S., we calculated the average g-value for all individuals in southern Texas, central
Texas, northern Texas, Nebraska, Wyoming, Montana, and North Dakota, and conducted a linear
regression of average g-values against latitude to test the hypothesis that secondary contact
between the Intermountain West clade and South stock population was occurring in the Great
Plains; we conducted linear regression analysis using SAS (SAS Institute Incorporated, SAS
Campus Drive, Cary, NC, USA). We also tested for secondary contact between the
Intermountain West clade and the East clade within the Great Lakes/East geographic sampling
unit by regressing the average g-values for Georgia, Virginia, West Virginia, Indiana, Illinois,
and Michigan against latitude. If secondary contact were occurring in either of these geographic
sampling units, linear regression analysis of g-value by latitude would result in a significant r?

value, indicating that latitude is an important predictor of gene flow.

Results
We obtained complete cytochrome b sequences (601 bp) from 269 of the 314 samples;

we also obtained complete D-loop sequences (381 bp) from 304 of the 314 samples. The
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concatenated dataset consisted of 267 sequences (982 bp). Although we found high levels of
homoplasy among D-loop sequences (Cl = 0.26), we used concatenated sequences of
cytochrome b and D-loop to resolve ambiguities in the cytochrome b data, in addition to using a

data set of only cytochrome b sequences (CI = 0.59).

Striped Skunk Phylogenetics and Nested Clade Analysis

The cytochrome b network revealed that haplotypes were divided into 3 distinct clades
and 1 stock population. The NCA revealed a pattern of contiguous range expansion for the
network as a whole (Figure 3.1). The Pacific clade contained only samples from California; the
South stock population contained mostly samples from the southwestern states; the
Intermountain West clade consisted mostly of samples from the northern Great Plains, the
northern Rocky Mountains and the Pacific Northwest; finally, the East clade contained mostly
samples from the southeastern states and states bordering the Great Lakes (Figure 3.2). Some
samples from Montana and Wyoming were also present in the South stock population, and some
samples from Texas and New Mexico were present amongst haplotypes found in the
Intermountain West clade. Additionally, samples from Illinois were also found in both the South
and Intermountain West clades. The East clade showed evidence of allopatric fragmentation; the
South stock population showed evidence of restricted gene flow and isolation by distance.
Analysis of the concatenated data set also resulted in 3 distinct clades and a stock population
(Appendix B) that were concordant with their cytochrome b counterparts (Figure 3.1). Mantel
tests using the ®st values from the concatenated data set and geographic distance confirmed the
presence of a pattern of isolation by distance for striped skunks throughout North America (% =

0.16, P = 0.03).
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The clade patterning seen in the cytochrome b median-joining network was supported by
a ML phylogenetic tree (Figure 3.3). Using eastern spotted skunk (S. putorius) as the outgroup,
the phylogram showed well-formed clades except for the basal group, the South stock
population, which is paraphyletic. Because the stock population is large, it has had ample time
to diversify, and we did not have the resources to sample it well enough; however, it is clear that
the South stock population is ancestral to all other clades. The split of the East clade from the
South stock population is the oldest divergent event, followed by the split of the Intermountain
West clade from the South stock population. Finally, the Pacific clade split from the
Intermountain West clade most recently, and represents the most derived clade. While the tree
bifurcation points representing these splits had less than 50% bootstrap support, trees built using
maximum parsimony had similar topologies (results not shown). Phylogenetic trees generated
using D-loop data resulted in branches with no resolution due to high levels of homoplasy (Cl =
0.26), and trees generated using concatenated sequences did not increase resolution (CI = 0.33);
therefore, we did not include phylogenetic trees for D-loop or concatenated sequences in our

results.

Population Structure of Striped Skunks in North America
Results of the SAMOVA indicated significant P-values for both K =3 and K = 4 for

cytochrome b. In general, the cytochrome b SAMOVA showed a pattern of separation by
longitude (Table 3.1). The cytochrome b ®¢t values were similar for all four levels of K, but the
®cr value for K = 4 was higher than for K = 3 and was an order of magnitude more significant,
suggesting that K = 4 is most likely the correct number of groupings.

We found a significant moderate to high level of differentiation (pairwise ®st) among all

pairs of geographic sampling units for cytochrome b (Table 3.2). Based on the cytochrome b
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data, the East geographic sampling unit was most differentiated from both the South geographic
sampling unit and the West geographic sampling unit; the East geographic sampling unit was
also highly differentiated from the Plains geographic sampling unit. Finally, the New England
geographic sampling unit was highly differentiated from both the East and the South geographic
sampling units (Table 3.2). The concatenated data exhibited the same patterns seen in the

cytochrome b data, but at a more moderate level (results not shown).

Striped Skunk Demography

We used IMaz2 to assess the splitting time between the South stock population and East
clade, between the South stock population and Intermountain West clade, and between the
Pacific and Intermountain West clades under an isolation-with-migration demographic model,
and designated the South stock population as the ancestral clade. Results of the isolation-with-
migration model indicated that the East clade split from the stock population an estimated
209,000 BP, the Intermountain West clade split from the stock population an estimated 149,000
BP, and the Pacific clade split from the Intermountain West clade an estimated 132,000 BP.
However, the credibility intervals were broad for all divergence time estimates (Table 3.3). We
used two other methods, the generation time to most recent common ancestor (Turca) for each
haplogroup in BEAST using a skyline model, and the estimation of rho statistics in Network, to
corroborate the splitting times generated by IMa2. The Turca Values estimated using the
cytochrome b data set were similar to the splitting time estimates for the isolation-with-migration
model generated using IMa2, as were the rho estimates generated in program Network (Table
3.3). Scale factors for Bayesian skyline analysis were optimized after 5-7 runs. The
demographic model constructed from the entire cytochrome b data set corroborated our

interpretation of the NCA, indicating steady population size throughout much of the Pleistocene,
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followed by extensive range expansion by striped skunks in North America following the retreat
of the Wisconsin glacier (Figure 3.5).

Fu’s Fs for cytochrome b revealed a signature of expansion (Fu’s Fs = -6.403, P <<
0.001); the South stock population, and the East and Intermountain West clades all displayed
significant signatures of population expansion (Fu’s Fs = -7.083, P =0.001; Fu’s Fs =-4.319, P =
0.008; Fu’s Fs = -2.748, P = 0.035 respectively), while the Pacific clade did not (Fu’s Fs = 1.137,
P =0.388). Concatenated data demonstrated the same patterns seen in cytochrome b, so results
were not included. These values indicated a steady expansion of striped skunks throughout

much of North America.

Population Genetics of Striped Skunks in North America

The combination of haplotype and nucleotide diversity patterns present in each
geographic sampling unit provides some indication of demographic processes. For instance,
high haplotype diversity results when a population has been long established, while low
haplotype diversity indicates the presence of a more recent or isolated population. High
nucleotide diversity also indicates the presence of an older population, whereas low nucleotide
diversity generally indicates a selective sweep, population bottleneck, or the presence of a more
recently established population. The low haplotype and nucleotide diversity in the cytochrome b
data for the East geographic sampling unit suggest that the East was isolated from the rest of the
U.S. after animals initially expanded east of the Mississippi River (Table 3.4). This trend
disappears in the concatenated data, which includes D-loop, a marker commonly used to
examine more recent phylogeographic patterns, suggesting that individuals from the East
geographic sampling unit gradually expanded north to colonize the Great Lakes and New

England geographic sampling units (Table 3.4). The combination of high haplotype diversity
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and low nucleotide diversity in the Plains geographic sampling unit using the concatenated data
set suggests that while the populations in the Great Plains are not the oldest, they may have been
colonized by individuals from multiple Pleistocene refugia. Finally, the combination of high
haplotype diversity and high nucleotide diversity for the Great Lakes geographic sampling unit
using the concatenated data set suggests that a large amount of gene flow and admixture

occurred around the Great Lakes geographic sampling unit.

Contemporary Striped Skunk Population Genetics
Program STRUCTURE indicated 5 contemporary populations of striped skunks in North

America, and those populations consisted of (i) the West geographic sampling unit, (ii) the Plains
geographic sampling unit, (iii) the South geographic sampling unit, (iv) the New England
geographic sampling unit, and (v) the Great Lakes and East geographic sampling units. This
interpretation is based on the AK distribution where K = the number of populations, the modal
value of which tends to be located at the actual K (Evanno et al. 2005). We assigned individual
skunks to one of the 5 populations using individual g-values, and used these groupings to
conduct population genetic analyses.

Analysis of microsatellite markers indicated that none of the loci exhibited linkage
disequilibrium (P > 0.05 after Bonferroni correction). Mean allelic richness and heterozygosity
were similar for all 5 populations (Table 3.5). We found heterozygote deficiency at 3 loci in the
West population, at 5 loci in the Plains population, at 5 loci in the South population, at 3 loci in
the New England population, and at 7 loci in the Great Lakes/East population (Table 3.5). A
Wilcoxon Sign-Rank test in program BOTTLENECK 1.2.02 under the two-phase mutation
(TPM) model was significant for the West and Plains populations, suggesting a past population

reduction and subsequent expansion; when all populations were combined, the bottleneck
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signature was only marginally significant (Table 3.5). The global Fst was 0.046 + 0.008, which
indicated that there was a modest degree of divergence among populations of striped skunks
across different regions of North America. Pairwise Fst values among the 5 populations (Table
3.2) indicated a minor but significant amount of separation among striped skunks throughout
North America. & (Table 3.5) for striped skunk populations in the Plains, South, and Great
Lakes/East were not significantly different among populations (Plains 8= 3.18, South 8= 3.41,
Great Lakes/East 8= 3.19); however, populations in the West and New England were about two-
thirds and half the size of the other three populations, respectively (West 8= 2.45, New England
¢ =1.75). Because MIGRATE accounts for unequal sample sizes, we can infer that the small
effective population sizes in the West and New England are due to demographic processes of
recent colonization and founder effects.

We also examined fine scale population structure in three sampling units: within the West
population, within the Great Lakes/East population, and within the Plains and South populations
in the central Great Plains. Within the West population, samples on either side of the Sierra
Nevada Mountains (California vs. Nevada and Oregon), which had divergent haplotypic
signatures, all comprised a single population when microsatellite markers were analyzed in
program STRUCTURE. The pairwise Fst between populations on either side of the Sierra
Nevada mountain range was 0.04 (P = 0.02). Population structure analysis within the Great
Lakes/East population showed a slight gradient in individual g-value with latitude; however,
linear regression indicated that this gradient was not significant (r> = 0.56; P = 0.09; Figure 3.4),
and a pairwise Fst = 0.018 (P = 0.01) between the East and Great Lakes geographic sampling
units suggested that they are essentially a single population. Finally, the structure analysis using

only Plains and South populations revealed a gradient in individual g-values with latitude,
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suggesting a pattern of secondary contact between these two divergent populations throughout
the Great Plains; latitude was a significant predictor of g-value in the Great Plains (r* = 0.80, P =

0.02; Figure 3.4).

Discussion

During the Pleistocene, fluctuating climates and ecosystems redistributed the majority of
the North American biota; however, generalist species like the striped skunk (Rosatte 1987),
which were better able to persist in a variety of environmental conditions, did not rely solely on
interglacial or Holocene colonization out of refugia for population expansion. Indeed,
population size of striped skunks throughout the Pleistocene appeared to remain constant until
they increased during the Wisconsinan glaciation (Figure 3.5). The data from our study suggest
that the biogeographic patterns of striped skunks represent multiple Pleistocene dispersal events
(Figure 3.2, Figure 3.6) from the ancestral stock population in the south central United States,
from which all other lineages of striped skunks descended. From Irvingtonian deposits (1.8
MBP to 0.5 MBP), fossil remains have been found from Florida, Colorado, and Arkansas
(Anderson 2004) and suggest that striped skunks expanded across the Mississippi River and into
the southeastern U.S. Our data estimate that the East clade split from the South stock population
approximately 360,000 BP (Table 3.3) during the Rancholabrean when glacial melting
repeatedly widened the Mississippi River and acted as a barrier to admixture between the two
biogeographic regions. Ultimately, this vicariant event led to the generation of two separate
refugia, one represented by the South stock population and one represented by the East clade.

The southern and eastern refugia represent the ancestral lineages from which all other
lineages descended. The pattern of restricted gene flow with isolation by distance (RGF/IBD) in

the South stock population revealed by NCA indicates stable population size and equilibrium
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conditions persisted. This population was likely stable during the oscillating ice ages due to its
distance from the effects of glaciers to the north. Fu’s Fs estimate for the South stock population
indicates a signature of population expansion, providing more evidence that this clade was the
point of origin for Pleistocene and Holocene expansion across North America. The presence of
allopatric fragmentation (AF) in the NCA for the East clade (Figure 3.1) and the combination of
low haplotype and nucleotide diversity in the East sampling unit (Table 3.4) indicate that
subsequent to the South stock population-East clade split, the eastern refugium was small and
isolated for the remainder of the Pleistocene.

The retreat of the Wisconsinan glacier in the east precipitated the development of
habitable ecosystems in the northeast, enabling animals in the East clade to expand north around
the Great Lakes. The complete retreat of the Laurentide ice sheet ultimately provided habitat for
striped skunks in the New England regions of the United States by the middle to late Holocene.
The appearance of fossil remains from that time period (8,500 BP to 4,500 BP) from Tennessee,
Kentucky, Ohio, Pennsylvania, and New York support the hypothesis that striped skunks
expanded northward toward the Great Lakes and New England throughout the Holocene; by the
late Holocene (~4,500 BP), striped skunks had expanded into much of their modern distribution
(Faunmap Working Group 1994). Yet, we found no evidence that the East clade expanded
westward across the Mississippi River at any point following the initial South stock population-
East clade split, which suggests that the Mississippi River was an historical barrier, and
continues to be a modern barrier to dispersal by striped skunks. Indeed, our microsatellite data
reveal that modern striped skunk populations show evidence of very little admixture between

clades on either side of the Mississippi River (Figure 3.4). Only in the northern half of the
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Mississippi River do we find evidence that animals from both the stock population and
Intermountain West clade crossed the Mississippi River.

The Mississippi River represents a considerable biogeographic barrier in the eastern
United States, the clearest example of which can be seen in raccoon phylogeography in the
southeastern U.S. It appears that distinct lineages of raccoons persist on either side of the
Mississippi, with minimal admixture between the two populations (Cullingham et al. 2008).
These findings suggest that the Mississippi River acts as a modern and historical barrier to
dispersal. Additionally, phylogeographies for other mammals (northern short-tailed shrew,
Blarina brevicauda; Brant and Orti 2003), reptiles (five-lined skink, Eumeces fasciatus; Howes
et al. 2006; black rat snake, Elaphe obsoleta; Burbrink et al. 2000), and amphibians (northern
leopard frog, Rana pipiens; Hoffman and Blouin 2004; tiger salamander, Ambystoma tigrinum;
Templeton et al. 1995) all indicate that the Mississippi River was a major biogeographic barrier,
responsible for vicariance among lineages, and ultimately generated distinct phylogroups within
species. The frequency of this pattern across a broad range of species indicates the importance
of the Mississippi River as a major biogeographic barrier to Pleistocene and Holocene dispersal;
in some cases it is still a factor in contemporary population structuring.

The Pleistocene was not only a time of expansion to the east, but striped skunks also
expanded west during this time. Divergence time estimates from IMa2 and Network, and Tyrca
estimates from BEAST indicate that the Intermountain West clade diverged from the South stock
population about 200,000 BP during the Illinoian glaciation (300,000 BP to 130,000 BP; Table
3.3). We infer, based on patterns of haplotypic distribution and the presence of inhospitable
habitat to the north, that striped skunks colonized the Great Basin from a southerly route. As

extensive montane glaciers formed in the Rocky Mountains during the Illinoian glacial
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maximum, the South and Intermountain West clades diverged. Subsequent clade formation
occurred once the far west was colonized by striped skunks and then were isolated from the
Great Basin population (the Intermountain West clade) by the Sierra Nevada mountain range.
The resulting isolation of populations to the west of the Sierra Nevadas formed the Pacific clade,
which split from the Intermountain West clade approximately 110,000 BP during the
Sangamonian interglacial stage (125,000 BP to 75,000 BP; Table 3.3).

Fossil remains dated to the Wisconsinan stage (70,000 BP to 10,000 BP) from ldaho and
central California suggest that striped skunks expanded north along both sides of the Sierra
Nevada Mountains. During the Holocene warming trend, however, it appears that these isolated
clades may have once again become admixed. Microsatellite markers suggest admixture of these
two clades such that they are not distinguishable from one another. Thus, the signature of
Sangamonian vicariance observed in the maternally inherited mitochondrial genome is obscured
by contemporary gene flow as observed in the nuclear genome. This divergent pattern of spatial
partitioning could be influenced by male-biased dispersal in this carnivore species (Sargeant et
al. 1982). Nonetheless, it appears that these two clades were separated during the last
interglacial period and have likely been admixing since the late Wisconsinan or early Holocene,
however, a more detailed biogeographic study of striped skunks in the west is warranted.

The warming trend at the end of the Pleistocene led to the retreat of high elevation
glaciers in the Rocky Mountains, and opened up high latitude colonization routes for striped
skunks. The distribution of haplotypes from the Great Basin to the northern Great Plains
suggests that during the late Pleistocene or early Holocene, individuals in the Intermountain
West clade crossed the Continental Divide to the north, and then expanded east and south into

the north and central Great Plains. Following the Wisconsinan glaciation, the Great Plains would
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have initially been a mixture of grassland and forest, an ideal habitat of striped skunks (Bixler
and Gittleman, 2000), allowing them to readily expand their distribution. The gradually
improving habitat in the Great Plains during the Holocene also provided an opportunity for
individuals in the southern refugium of the southern Great Plains to expand northward.
Eventually, the South stock population and Intermountain West clade came into contact in the
central Great Plains. The significant linear regression of g-value against latitude using
microsatellite data (Figure 3.4) indicates a strong pattern of secondary contact among divergent
populations from the northern (Intermountain West clade) and southern (South stock population)
Great Plains that expanded towards the central Great Plains where they admixed. Middle
Holocene (~8,500 BP) fossils appear in Nebraska and Kansas and late Holocene fossils (~5,000
BP) from several states (i.e. Minnesota, lowa, Nebraska, Kansas, and Oklahoma) support the
expansion of Mephitis mephitis across the Great Plains throughout the Holocene (Faunmap
Working Group 1994).

The signature of a population bottleneck in the Western and Plains populations at first
appears to contradict the results of the mitochondrial data, which indicate steady population
expansion of striped skunks throughout North America. However, striped skunks are reservoirs
for a multitude of diseases including rabies (Blanton et al. 2007), canine distemper (Gehrt et al.
2010) and tularemia (Berrada et al. 2006). California and the Great Plains are the foci of two
strains of rabies for which striped skunks are the major disease reservoir (Blanton et al. 2007;
Crawford-Miksza et al. 1999). Rabies is virtually always fatal (but see Willoughby et al. 2005),
and routinely decimates striped skunk populations where the disease is endemic, leading to
periodic fluctuations in population size that are evident in the bottleneck test. The majority of

the Great Lakes/East population, and the New England population, on the other hand, are within
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the distribution of a rabies strain that is endemic in raccoons (Blanton et al. 2007) and impact
striped skunk populations much less than in California or the Great Plains.

Our findings provide the phylogenetic context needed to evaluate the importance of
dispersal routes and biodiversity hotspots for striped skunks. Several native North American
species, like the deer mouse and the raccoon, have comparable geographic distributions and
generalist tendencies as striped skunks and exhibit similar phylogeographic patterns. The Rocky
Mountains, Sierra Nevada Mountains, and Mississippi River have all been implicated as
biogeographic barriers to Pleistocene dispersal for one or more of these species (Cullingham et
al. 2008; Dragoo et al. 2006; Yang and Kenagy 2009). By the end of the Pleistocene, deer mice
were using the same southern colonization route to expand from New Mexico into Texas
(Dragoo et al. 2006) that striped skunks used during the Illinoian glacial stage to expand
westward. Similarly, P. maniculatus populations west of the Rocky Mountains mirror M.
mephitis populations in the same region and suggest that the Sierra Nevada mountains were a
source of vicariance for multiple species, and provided separate colonization routes on either side
of the range (Yang and Kenagy 2009). Finally, phylogeography of the deer mouse on a
continental scale is similar to clade patterning of M. mephitis in the Great Plains and upper
Midwest. Thus, for multiple generalist species, these regions represent intraspecific biodiversity
hotspots where secondary contact has led to high levels of diversity and the admixture of
previously separated lineages (Blackburn and Measey 2009, He et al. 2008, Hopper and Gioia
2004, Petit et al 2003).

Comparative phylogeography among these species implies that many different species
shared similar dispersal and vicariance events, and suggests that dispersal routes in the southern

and western U.S. were important during glaciation events, and that dispersal routes to the north
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and east were important during interglacial periods for a number of generalist species.
Additionally, the presence of distinctive phylogroups and contemporary populations for species
like deer mice, raccoons, and striped skunks suggests that it may be worthwhile to further
characterize gene flow among divergent phylogroups of these and other generalist species;
assessing gene flow among divergent phylogroups allows us to explore current phylogeographic
processes (e.g. vicariance, dispersal, admixture) in light of habitat modification, which will aid in
determining the future distributions of these species as global climate change continues to alter
ecosystems. Finally, comparative phylogeography is useful for studying mammalian disease
reservoir species (Cullingham et al. 2008; Dragoo et al. 2006; Ngamprasertwong et al. 2008).
Disease reservoir species, many of which are generalists, can respond rapidly to habitat
alteration; as reservoir species shift ranges, so do their pathogens (Brooks and Hoberg 2007,
Hoberg and Brooks, 2008, Holmes 2004). Therefore, pathogen range shifts should mirror range
shifts in their host species, and by investigating the phylogeography of one or both, we can
examine host-pathogen co-evolution and the potential for disease emergence or pandemics in
new habitats. Our findings about the phylogeography of striped skunks on a continental scale
allow us to make inferences about the Pleistocene and Holocene dispersal of generalist species,
and to make inferences about the spread of diseases from other native North American generalist
species with similar biogeographic and life histories to striped skunks. We know from studies of
emerging diseases that directly transmitted pathogens need their hosts for survival and
reproduction; we would predict that as the reservoir species expands into new habitats, diseases
associated with that reservoir should emerge in those novel habitats. Striped skunks and other
generalist species carry a wide variety of potentially zoonotic diseases; by studying the future

range expansion of these generalist species, we can better control for and prevent zoonosis.
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Figures and Tables

Figure 3.1 Cytochrome b median-joining network based on 601 bp for 269 striped skunk
specimens. Branch lengths are proportional to the number of substitutions, and circle sizes
are proportional to the number of individuals represented. Ambiguous connections were
resolved using the rooted maximume-likelihood phylogenetic tree. Clades are indicated with
dotted lines, and the stock population is indicated with a dashed line. Results of NCA,
including allopatric fragmentation (AF), restricted gene flow (RGF) and isolation by

distance (IBD), are indicated where significant.
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Figure 3.2 Geographic distribution of cytochrome b mtDNA striped skunk clades
throughout the United States. Pie charts indicate the proportional representation of clades
and stock population in each state. The hypothesized Pleistocene and Holocene dispersal

patterns for striped skunk clades and stock population are indicated by different line-dash

types.
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Figure 3.3 Maximume-likelihood phylogram of cytochrome b haplotypes constructed under

a GTR+I1+G model of evolution based on 601 bp for 269 striped skunk specimens.

Adjacent numbers indicate bootstrap values for supported nodes > 50%. We used eastern
spotted skunk (S. putorius) as the outgroup. Shaded bars at right of tree indicate clade

designation (South stock population: white, Intermountain West clade: dark gray, East

clade: black, Pacific clade: light gray).
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Figure 3.4 Linear regression of average g-value against latitude for the South and Plains
populations (black circles), and for the Great Lakes/East population (open squares).
Linear regression was significant for the South and Plains populations (r? = 0.80, P = 0.02),
but not for the Great Lakes/East population (r? = 0.56, P = 0.09), indicating a moderate
amount of admixture in the Great Plains and minimal admixture east of the Mississippi

River.
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Figure 3.5 Demographic fluctuations based on a Bayesian skyline plot derived from 601 bp
of the cytochrome b gene for striped skunks. The x-axis represents time in the past
calculated in units of mutations per site; the y-axis depicts the population size as Ne8. The
black line is the median population size estimate, and the shaded lines represent the upper
and lower 95% highest posterior density intervals. For reference, we have highlighted the
coldest period around the Last Glacial Maximum (20,000 years ago).
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Figure 3.6 Timeline of Pleistocene glacial cycles. Glacial periods are indicated in bold.

Glacials or interglacials during which stock-clade and clade-clade splits occurred are

indicated by arrows.
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Table 3.1 SAMOVA groupings (A-E) based on the cytochrome b dataset for K =2, 3, 4, and
5 groups.

Population K=2 K=3 K=4 K=5
West A A A A
Plains A A A A
South A C C C
Great Lakes B B B B
New England A A D D
East B B B E
Ocr 0.42 0.44 0.45 0.47
P 0.08 0.04 0.004  0.07
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Table 3.2 Pairwise @st estimates based on cytochrome b sequence data from the 6
geographic sampling units (below the diagonal), and pairwise Fst estimates based on
microsatellite markers for the 5 contemporary striped skunk populations (above the
diagonal). Asterisks indicate statistical significance (o = 0.05) based on sequential
Bonferroni correction. All 6 geographic sampling units and all 5 modern populations show
significant differentiation from one another, which is evidence of population structuring
throughout North America.

Population West Plains South Great Lakes  New England East
West - 0.04* 0.03* 0.07* 0.13* -
Plains 0.18* - 0.02* 0.03*% 0.08* -
South 0.64* 0.36* - 0.03*% 0.09* -
Great Lakes 0.46* 0.41* 0.53* - 0.08*+ -
New England 0.32* 0.26* 0.64* 0.33* - -
East 0.82* 0.73* 0.82* 0.21* 0.67* -

T indicates Great Lakes/East population combined.
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Table 3.3 Estimates for stock-clade and clade-clade divergence times using 3 different
programs based on cytochrome b sequences. The 95% credibility intervals for the
posterior distributions of the estimated parameters in IMa2 and BEAST are indicated in
parentheses.

Splitting Event IMa2: Isolation BEAST: NETWORK: NETWORK: Rho
with migration Twmrca Rho estimate estimate in years
(x 1000 years)  (x 1000 years) (x 1000 years)

South — East 209 (123, 2144) 358 (145,602) 10.7 + 2.52 287 + 68

South — 149 (87,228)  130(60,213)  6.11+1.82 164 + 49

Intermountain West

Intermountain West 132 (74, 207) 97 (17, 215) 3.87+1.64 104 + 44

— Pacific
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Table 3.4 Haplotype and nucleotide diversities for cytochrome b sequences of 601 bp and for concatenated sequences of 982 bp

in length for each of the 6 striped skunk geographic sampling units, and for all specimens.

Cytochrome b Concatenated
Population n Haplotypes Haplotype Nucleotide n Haplotypes Haplotype Nucleotide
diversity diversity diversity diversity

West 24 5 0.757 £ 0.056 0.004 + 0.003 24 9 0.873 £ 0.042 0.006 + 0.003
Plains 49 13 0.746 + 0.056 0.009 + 0.005 49 28 0.965 + 0.011 0.009 + 0.005
South 85 17 0.845 £ 0.034 0.005 + 0.003 84 34 0.906 + 0.022 0.006 + 0.003
Great Lakes 50 14 0.842 + 0.023 0.014 + 0.007 49 24 0.931 + 0.023 0.014 + 0.007
New England 21 4 0.865 + 0.027 0.011 + 0.006 21 4 0.590 + 0.105 0.010 + 0.005
East 40 9 0.590 + 0.033 0.004 + 0.002 40 18 0.873 £ 0.039 0.006 + 0.003
All Specimens 69 46 0.938 + 0.006 0.015 + 0.008 267 105 0.970 £ 0.005 0.014 + 0.007
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Table 3.5 Population genetic analyses of each of the 5 striped skunk populations, and for

pooled data. Effective population size for the West and New England populations was

smaller than for the other 3 populations, but all 5 populations had similar levels of

heterozygosity and allelic richness. Two of the populations showed the presence of a

population bottleneck, and the pooled data showed a marginally significant bottleneck

signature. All 8 loci were out of Hardy-Weinberg equilibrium when all samples were

pooled.
AR Ho He ¢  Bottleneck HWE
West 9.55+0.46 0.659+0.03 0.816+0.02 2.45 P=0.02 ---
Plains 11.70+0.40 0.791+0.02 0.881+0.01 3.18 P =0.008 ---
South 1259+0.34 0.807+0.01 0.883+0.02 341 P=0.25 ---
New England 8.38 £0.43 0.660+0.03 0.745+0.04 1.75 P=0.25 ---
Great Lakes/East 11.61+0.34 0.763+0.02 0.879+0.01 319 P=0.31
Pooled Data 12.88+0.43 0.764+0.01 0.896 +0.01 --- P =0.05 ---
22-70 23.00 0.756 0.933 --- P << 0.001
22-67 20.00 0.789 0.888 --- P << 0.001
22-14 18.00 0.759 0.910 --- P << 0.001
42-26 17.00 0.736 0.916 --- P << 0.001
42-15 18.00 0.699 0.881 P << 0.001
42-25 22.00 0.843 0.889 --- P =0.02
22-19 17.00 0.789 0.886 P << 0.001
42-73 15.00 0.742 0.855 --- P << 0.001
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CHAPTER 4 - Conclusions

Over the last 30 years, the rate of emergence of novel zoonotic diseases has risen at an
increasingly rapid pace (Greger 2007). Disease emergence is dependent on several factors that
all interact to form a cohesive disease pattern. These factors include the epidemiological
properties and molecular evolution of the pathogen; host ecology and phylogeographic history;
and the interactions of hosts, pathogens, and the landscape on which they persist. Thus, it is
necessary to investigate multiple parts of a disease system in order to fully understand the
emergence and spread of that disease. In our study of rabies virus in striped skunk populations in
the central Great Plains, we combined host and pathogen genetic data and spatial data to
characterize the landscape epidemiology of an important zoonotic disease. By combining
genetic information and spatial data, | believe that we have enhanced the breadth of knowledge
of rabies disease emergence and helped to form a more complete picture of the interactions
among different influencing factors in disease systems. The genetic data that we collected for
both striped skunks and rabies provided insight into host population genetics and pathogen
properties throughout the central Great Plains where two different strains of striped skunk rabies
coexist. The results of our genetic analyses also provided the basis for spatial modeling of rabies
in the central Great Plains; our spatial analyses revealed that pathogen properties influence
disease emergence and epidemiological properties on a landscape scale. The integration of
pathogen epidemiology, host population genetics, and landscape features has led to several
important conclusions regarding striped skunk rabies emergence and distribution across the
landscape in the central Great Plains.

Through the integration of pathogen and host genetic analyses and spatial analysis in

Chapter 2, we concluded that 1) North Central skunk rabies strain and South Central skunk
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rabies strain exhibit different intrinsic viral properties, 2) striped skunks living in the central
Great Plains constitute a single, large admixed population, and 3) while striped skunks are not
confined by landscape features like rivers, these same features differentially influence the
emergence and spread of the two rabies strains. South Central rabies exhibited more purifying
selection in the N gene, less purifying selection in the G gene, and a higher infectivity than North
Central rabies. These data indicated that the South Central rabies strain has more epizootic
qualities than the North Central strain, which appears to be a slower burning, enzootic virus.
Taken together, South Central rabies appears to be more transmissible than the North Central
strain, but these same traits also make South Central rabies more susceptible to landscape
barriers. Conversely, striped skunks displayed high levels of genetic admixture and mobility in
our study area.

Spatial features have proven to be barriers to dispersal for many hosts and parasites.
However, the high dispersal capacity of striped skunks combined with their ability to swim
means that for healthy skunks, rivers should be minimal barriers to dispersal. Additionally,
habitat alteration in the form of modern roads has led to more bridges, making many rivers easily
traversable. Thus, rivers in the central Great Plains are not barriers to striped skunk dispersal.
Yet, the different epidemiological characteristics exhibited by North Central and South Central
rabies mean that incubation period, virulence, and transmission efficiency potentially interact
differently with rivers. Incubation period is most likely responsible for the differential
emergence patterns that we observed (Smith, Lucey, Waller, Childs, & Real 2002); a long
incubation period allows an infected skunk to cross rivers because it is asymptomatic longer,
while a short incubation period means that symptoms emerge much faster and result in an

inability of the infected skunk to cross water or travel long distances.
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These results have implications for rabies emergence in the central Great Plains. Striped
skunks are ubiquitous in the region, and have the ability to disperse relatively long distances for
a small-bodied carnivore. Depending on which rabies strain a particular skunk is infected with,
that skunk may be able to travel further and to cross rivers before becoming symptomatic.
Rabies can remain latent for a variable time, from a few days to a few months (Carey & McLean
1983), potentially allowing infected skunks to contact susceptible individuals in areas that are
relatively distant from the original location of infection, increasing the potential for epidemic
outbreaks in novel biota and locations.

We gained further insight into the movement and distribution of striped skunks by
investigating the phylogeography of striped skunks throughout North America in chapter 3.
Through phylogeographic analysis, we concluded that 1) the highly mobile nature of striped
skunks allowed for multiple dispersal events during the Pleistocene, which gave rise to three
distinct clades out of a stock population of striped skunks and 2) once Holocene warming
permitted large tracts of habitable areas to become available, high levels of admixture among
previously isolated lineages of striped skunks was responsible for the contemporary continental
scale population structure of striped skunks. The Pleistocene was a time of fluctuating climate,
alternately permitting and restricting striped skunk dispersal, which allowed individual lineages
to develop on either side of major barriers (e.g. the Rocky Mountains, the Sierra Nevada
Mountains, and the Mississippi River), but the Holocene marked the beginning of a warming
trend, during which time increasing temperatures and improved habitat enabled the expansion of
striped skunks throughout North America. Different amounts of admixing during the Holocene
and Recent eras among clades in different regions of the United States has led to different levels

of secondary contact among clades, and resulted in contemporary populations that are still
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largely structured according to biogeographic barriers, which is evidenced by the fact that rivers
in the Great Plains are not barriers to dispersal of striped skunks, but the Mississippi River is.
Based on the conclusions from chapters 2 and 3, we infer that a holistic approach is
essential to understanding the ecology underlying emerging diseases. Emerging diseases are tied
very closely to the landscape on which they emerge, whether directly or through their host
connections. As the landscape changes, so too does the range of the host and its pathogens and
parasites. We know from studying the biogeography of striped skunks through the Pleistocene,
Holocene, and Recent eras that striped skunks have responded favorably to past climate
warming; they expanded throughout all of the United States into their current distribution. Thus,
they should also respond favorably to current warming trends by expanding their range further
north into Canada. Climatological data have indicated that the greatest warming will occur at
high latitudes, and tundra will likely be replaced by taiga in the near future (Waltari, Hoberg,
Lessa, & Cook, 2007); as ecosystems continue to shift north as a result of global climate change,
striped skunks should expand further north into Canada as well, and because striped skunks are
major disease reservoirs, we would also expect to see a corresponding range shift in their
pathogens. As these pathogens and parasites expand, we should see diseases emerging in areas
where they have not been previously observed at northern latitudes. For instance, persistent
epizootics of red fox rabies have occurred in southern Ontario since the 1950°s (Nadin-Davis,
Muldoon, & Wandeler 2006). A number of canid species (i.e. grey fox, red fox, gray wolf,
coyote, and striped skunk and raccoon to a lesser degree) reside in this region, all of which can
serve as rabies reservoirs, and as rabies epizootics continue, the potential for emergence of a
novel terrestrial rabies strain in the region increases. Another example is the emergence of

bluetongue virus (BTV) among ruminants in northern Europe. BTV gradually expanded
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northward from northern Africa and the south Mediterranean (Tomley & Shirley 2009) as
midges, which are responsible for transmitting the virus, shifted their range to the north in
response to increasing northern temperatures, leading to BTV emergence at increasingly northern
latitudes, and most recently, northern Europe. As certain ruminant species are very susceptible
to Bluetongue disease, and mortality rates can be high (Tomley & Shirley 2009), continued
epizootics of Bluetongue disease in northern Europe could have adverse effects on the livestock
industry.

Comparing the phylogeographies of disease reservoir species and their pathogens also
provides insight into how future climate change is likely to affect disease emergence. Because
many emerging infectious diseases are caused by RNA viruses, which by necessity require a host
in order to reproduce, the expansion and emergence of these diseases should mirror the range
expansion of their hosts. Several comparative studies of host and parasite phylogeography have
shown that comparative phylogeography is a useful tool to determine how parasites disperse in
relation to their hosts (Brooks & Hoberg, 2007; Hoberg & Brooks, 2008; Holmes, 2004).
Investigating the phylogeography of both host and pathogen can aid in determining the
likelihood for pathogen host-shifts and the potential for pandemics in novel environments, as in
the case of Staphylococcus aureus jumping from humans to poultry (Lowder, et al., 2009), or
even the co-evolution of hosts and parasites, as in lice in primates (Reed, Light, Allen, &
Kirchman, 2007) and seabird ticks (Kempf, Boulinier, de Mee(s, Arnathau, & Mccoy, 2009).
Finally, by investigating phylogeographies of host and pathogen, we can better predict where a
disease may have originated as well as where it might emerge in the future, as many studies of
hantaviruses and their rodent hosts in North and South America and Europe have shown

(Dragoo, et al., 2006; Kang, et al., 2009; Medina, et al., 2009). These studies, among others,
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indicate that as habitat changes, hosts shift their ranges accordingly, and their pathogens shift
with them. These range shifts open up entirely new environments with susceptible hosts,
providing pathogens with ample opportunities to switch host, thereby establishing new reservoirs
and new possibilities for zoonosis. Thus, understanding the connections among epidemiological
characteristics of pathogens, host ecology and phylogeography, and landscape features is critical
to accurately predict disease emergence patterns. Indeed, the increased emergence of several
zoonotic diseases, including severe acute respiratory syndrome (SARS), Avian Influenza, and
West Nile Virus have been well documented in recent years (Greger, 2007; Lee & Krilov, 2005;
Reisen & Brault, 2007), reinforcing the need to simultaneously investigate all of the factors that
influence disease emergence. The comparative host-pathogen system presented in this
dissertation may be useful as a model on which to base future studies of emerging infectious

diseases.
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Appendix A - Electronic Supplementary Material to Chapter 2

Figure 4.1 Bootstrap consensus cladogram of all 98 NCSK N gene samples implemented
using the neighbor-joining method in PAUP* and rooted with 4 SCSK N gene samples.
Numbers on the branches indicate bootstrap support for the branch.
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Appendix B - Electronic Supplementary Material to Chapter 3

Figure 4.2 Concatenated median-joining network based on 982 bp for 304 striped skunk
specimens. Geographic sampling units are indicated with unique colors. Branch lengths
are proportional to the number of substitutions, and circle size is proportional to the
number of individuals represented. Clades are indicated by dotted lines, and the stock

population is indicated by a dashed line.
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