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ABSTRACT

The barn owl (Tyto alba) is distributed across much of North America in areas with extensive
old-field and grassland habitat. Barn owls are threatened in British Columbia (BC), where the
population has declined by 50% in the last 3 decades. | investigated the genetic diversity and
phylogeographic patterns of barn owls in western North America, ranging from BC to California,
and one eastern population from Pennsylvania. Using 8 polymorphic microsatellite markers
(N=126) and ND2 mitochondrial sequences (N=37), | found a high degree of gene flow among
the continental sampled regions (global Fst = 0.028). The BC mainland population, despite its
northwestern geographic peripheral location and ongoing habitat degradation, is not genetically
depauperate. However, individuals from Vancouver Island exhibited the lowest genetic
diversity of all sampled locations, likely as a result of its insular nature. The low global Fsr
value estimated from this study suggests that their habitat is well connected across North
America. Additionally, microsatellite data revealed that the Santa Barbara Island population
showed genetic divergence from its continental counterpart. Mitochondrial data, however,
demonstrated that this island population is not monophyletic, and thus cannot be designated

as an Evolutionarily Significant Unit.

Anticoagulant rodenticides (ARs) are pesticides widely employed worldwide to reduce rodent
infestations. Avian predators that hunt extensively for small rodents are at risk of secondary
poisoning. AR causes internal bleeding by disrupting the Vitamin K cycle, which is essential for
blood clotting. Tolerance to AR appears to be highly variable among individuals for any given
avian species. | examined whether single point mutations in the CYP2C45 gene are associated
with increased or decreased susceptibility to AR in barn owls. | identified a position that
showed a heterozygous C/T in one particular individual with low tolerance, whereas all other
individuals exhibited a homozygous C. This transversion results in an amino acid substitution
from alanine to valine at a conserved region that could potentially have deleterious effects on
the function of and structure the protein. However, it is also possible that the CYP2C45
enzyme was not severely affected due to this amino acid change since both alanine and valine

are non-polar/hydrophobic.
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CHAPTER 1 — GENERAL INTRODUCTION AND THESIS OVERVIEW

1.1. Implementation of genetics in conservation biology

Human-caused threats leading to declines in many avian populations are wide-ranging across
the globe. Agricultural intensification is assigned as the factor responsible for the decline of
87% of the threatened bird species, followed by extensive forest harvest and the spread of
residential/commercial development into wildlife habitat (BirdLife International 2008). Such
anthropogenic stressors collectively lead to the destruction and degradation of wildlife habitat,
forcing dramatic range contraction in many wildlife populations, including birds. Moreover,
human development can also cause habitat fragmentation, which reduces the degree of
connectivity between wildlife populations. These sparsely distributed populations as a result of
multiple anthropogenic factors can become isolated, which ultimately increases the chance of
local extirpation (Levins 1969). Other more direct causes of wildlife mortality that contribute to
the overall population decline include road-kills, illegal hunting and exploitation, and invasive
species (IUCN 2009).

The implementation of genetic approaches is critical in the field of conservation biology and
wildlife management (Sarre and Georges, 2009). With the advances in genetic technologies
and the development of hypervariable DNA markers, the genetic profile of organisms can now
be determined efficiently at the individual level, allowing biologists to gain insights into their

population structure and connectivity, mating systems, natural barriers, and epizootics.

For instance, mitochondrial DNA (mtDNA) is particularly useful for the identification of species
from degraded samples, such as fecal materials (Sugimoto et al. 2006, Wasser and Hunt 2005)
and old museum specimens in the form of feathers, bones or eggs (Hsieh et al. 2006). When
compared to the nuclear genome, there are typically higher copies of mitochondria found per
cell, and therefore a higher chance of successfully extracting intact mtDNA from degraded
samples. As such, mtDNA has been proved to have extensive application in wildlife

conservation and management, including identifying genetically distinct units due to historical



divergence (mountain chickadees [Poecile gambeli], Spellman et al. 2007), determining historic
population bottlenecks (northern spotted owls [Strix occidentalis caurinal, Funk et al. 2008),

and even assessing mammal diversity from fly-derived DNA (Calvignac-Spencer et al. 2013).

Microsatellite markers, on the other hand, are nuclear markers comprised of tandem repeats of
1-6 base pairs motifs. Being highly variable sequences and typically selectively neutral, they
are widely used to interpret parentage and relatedness, population structure, genetic diversity,
and dispersal rates (Sarre and Georges, 2009). Unlike mitochondrial DNA which is inherited
solely through the female line, microsatellites alleles are inherited from both parents and evolve
at different rates depending on the level of polymorphism. As a result, microsatellite data are
often used in conjunction with mtDNA data in many wildlife population and phylogenetics
studies (e.g. Hull et al. 2010, Oyler-McCance et al. 1999). Using both markers provides two
independent perspectives on the patterns of genetic variation, and higher resolution to infer the

evolution and demographic history of the species of interest.

While molecular population genetics has traditionally been more closely associated with
ecology and evolutionary biology, it has also recently been implemented in ecotoxicology.
Genetic ecotoxicology is a young but emerging field studying the linkage between chemical
pollutants exposure and the genetics of wildlife populations (Bickham 2011; Guertin et al.
2012). Chronic exposure to contaminants can negatively influence individual reproductive
success, which can lead to an overall decline in population size. Genetic drift is often
associated with a loss of genetic diversity in a small population. In this context, many studies in
genetic ecotoxicology aim to investigate whether contaminated populations are genetically

depauperate by using neutral genetic markers (Bickham 2011).

Few studies, however, have examined whether certain pollutants have altered the genotype
frequencies of a population using functional genes. Exposure to toxicants can potentially lead
to the selection of certain survivorship loci, resulting in changes in allelic or genotypic
frequencies within a population (Bickham 2011). For instance, cotton rats (Sigmodon hispidus)

inhabiting oil-contaminated sites showed reduced genetic variability in the major



histocompatibility genes (MHC), a family of polymorphic genes involved in immune function
(Pfau et al. 2001). However, the identification of adaptive functional genes associated with
contaminant exposure is in fact difficult to accomplish. Instead, most studies have only
provided indirect evidence, such as tracking the persistence of pollutant resistance in multiple
generations, and identifying increased frequency of certain contaminant indicative RAPD
(Random Amplified Polymorphic DNA) bands (Belfiore & Andereson 2001). In order to
demonstrate direct, concrete evidence of genetic adaption to pollutants, genes that become
activated as a bodily response to the xenobiotic substance must first be identified, followed by
investigating the potential linkage between certain nucleotide changes and increased

resistance or susceptibility.

The first objective of my study was to investigate the genetic diversity and phylogeographic
patterns of barn owls populations in western North America, ranging from British Columbia (BC)
to southern California, and one eastern population from Pennsylvania. Specifically, | assessed
the genetic diversity of barn owls in BC, a declining peripheral population currently
experiencing habitat degradation within much of their range. | also aimed to investigate the
degree of gene flow among the sampled populations, and to identify any potential geographic
barriers that may have given rise to genetically distinct populations. The second objective of
this study was to conduct preliminary investigations of the genetic basis behind differential
rodenticide sensitivity in barn owls. | examined whether any potential SNPs (single nucleotide
polymorphism) from the avian CYP2C45 gene — part of the cytochrome P450 gene family
responsible for metabolizing xenobiotics in vertebrates — are potentially associated with varying

levels of tolerance to rodenticide.

1.2. Study species — Barn owls (Tyto alba)

The barn owl (Tyto alba) is one of the most widely distributed owls globally, found on every
continent except Antarctica (Marti et al. 2005). There are currently 32 described subspecies
worldwide; Tyto alba pratincola is the subspecies found on mainland North America and most

parts of central America (Marti et al. 2005, Figure 1.1). Although barn owls are a medium-sized



owl, their body mass varies greatly depending on the region: males range from 400 to 560g,
and females 420-800g.

Prior to human settlement, barn owls nested in tree cavities, underground burrows, and
abandoned nests of other bird species. With the expansion of human agriculture, barn owls
have exploited man-made structures extensively for nesting and roosting, including barn lofts
and crevices in abandoned buildings (Taylor 1994). As a nocturnal hunter, barn owls fly about
1.5 — 4.5m above the ground in open habitats preying mostly on small terrestrial rodents (74-
100% of diet). Songbirds, reptiles, amphibians, and arthropods make up a smaller portion of
their diet (Taylor 1994). In North America, voles (Microtus) are the dominant prey; these small
rodents are found in high densities in open grassland or old-field habitats (Marti et al. 2005).
Given their preferred habitat usage for foraging and nesting, barn owls have long been closely
associated with human settlements, in particular traditional farmlands with barns, sheds, and

dense grass pastures.

1.3. Study area — Western North America

In western North America, barn owls are distributed from the southwestern corner of British
Columbia to Washington, Oregon, and California (Figure 1.1). Within their western range, they
are most prevalent in agricultural regions, ranchlands, suburban residential areas, and
grasslands with scattered trees (Marti et al. 2005). In comparison, areas with extensive snow
cover and high elevations are uninhabitable for them. Barn owls are highly vagile, able to
disperse distances of up to 1267 km from their natal site (Marti 1999). This variability in
fledgling dispersal distance is attributed to annual fluctuations in the abundance of voles
(Taylor 1994). During years of low vole abundance, young owls are forced to travel further from
their natal site to find areas with ample food supply. When vole populations are high, however,

owls would not have to disperse great distances in search of suitable foraging habitat.

Barn owls are listed as “apparently secure” in the States of Washington and Oregon

(Natureserve, 2014). Although their conservation status is unranked in California, barn owls



are known to nest in large numbers throughout most of the state, including most of the Channel

Island archipelago (Marti et al. 2005).

While the present distribution in North America spans much of Mexico and the USA, barn owls
occur in only two provinces in Canada: Ontario and British Columbia (BC). The Ontario
population is believed to be well under a minimum viable population level (COSEWIC 2010)
given that only 5-10 breeding pairs remain. In comparison, the western population is confined
to the southwestern corner of BC (Figure 1.1), with the most recent estimate to be no more
than 500 mature individuals (COSEWIC 2010). Barn owls in BC cannot disperse beyond their
current range due to their limited cold tolerance and inability to hunt through snow cover. As a
result, they are considered as the most northern distribution in North America (Marti et al.
2005).

The western population in Canada is predominately found in BC’s Lower Mainland (including
the Fraser Valley) and southeastern Vancouver Island. Since field voles (Microtus townsendi)
make up a large portion of their diet in BC, barn owls rely heavily on extensive foraging
habitats, including open agricultural landscapes and rough pastures (Taylor 1994).
Furthermore, sheltered cavity sites, such as artificially installed nest boxes in old wooden barns
and grasslands, are equally important for nesting and roosting (Taylor 1994). However,
southwestern BC includes some of the fastest growing human communities in Canada,
meaning there is continuing pressure to convert their remaining agricultural and grassland
habitat into urban and industrial developments. Hindmarch et al. (2012) estimated that from
1993-2008 in the Delta and Surrey area of the Fraser Valley, both suitable nest sites in barns
and grassland cover had reduced by about 53% and 30%, respectively, whereas urban

development has increased by 133%.

In addition to habitat loss, barn owls in BC are particularly susceptible to vehicle-induced
mortality due to their habit of relatively slow and low flight. Andrusiak (1994) reported that road
kills were assigned as the cause of death for 63% of the 341 carcasses examined across BC.

Nest sites with high traffic exposure are less likely occupied by barn owls (Hindmarch et al.



2012). Traffic volume in the Fraser Valley has already increased by 33% since the early 1990’s
(Hindmarch et al. 2012). With this ongoing trend, the distribution of barn owls has been

becoming increasingly restricted by the expanding road networks in BC.

The combined effects of these anthropogenic stressors have resulted in the decline of the BC
barn owl population from approximately 1000 mature individuals in 1983 to 250-500 in 2008
(Campbell and Campbell 1983, COSEWIC 2010); consequently, they have recently been
uplisted to Threatened by Committee on the Status of Endangered Wildlife in Canada
(COSEWIC 2010). There is a growing concern that with this current trend, barn owls may soon

be extirpated in Canada.

1.4. Secondary poisoning from rodenticide

Second generation anticoagulant rodenticides (SGARs) are pesticides widely employed in
urban and rural farmlands worldwide to reduce rodent infestations. These toxicants were first
introduced in the 1970’s in response to the increasing incidence of rat populations resistant to
first generation anticoagulant rodenticide (FGAR) compounds, in particular warfarin (Buckle et
al. 1994). Both warfarin and SGARs are coumarin derivative compounds. They disrupt the
regeneration and recycling of vitamin K, a key component required for blood coagulation.
Consequently, ingestion of these rodenticides leads to effects on the functioning of vitamin K
clotting factors essential to normal blood coagulation, which at lethal doses causes internal
hemorrhage and death (Pelz and Kohn 2011).

SGARs are in general more acutely toxic than FGARs. In contrast to warfarin where multiple
doses are required to exert a lethal effect, SGARs provide a fatal dose after only a single
ingestion of bait (Albert et al. 2010) and have relatively longer half-lives (Vandenbroucke et al.
2008). However, the toxic effect of SGAR is not immediate, meaning the poisoned rodents will
typically stay alive for several days and continue to feed on the bait (Cox and Smith 1992); as
a result, the rodenticide concentration in their bodies will more likely exceed the LD50, or even

LD100 dose. Moreover, poisoned rodents may remain in a state of lethargy, or even



motionless in open areas, making them more predisposed to consumption to predators or
scavengers (Cox and Smith 1992). Consequently, predators, particularly birds of prey, that
hunt extensively for small rodents are at risk of secondary poisoning. In a study where four
species of birds of prey were tested for rodenticide residue, including red-tailed hawks (Buteo
jamaicensis), barred owls (Strix varia), eastern screech owls (Megascops asio) and great
horned owls (Bubo virginianus), 86% had either FGAR or SGAR residues in their liver tissues,
where brodifacoum was identified to be the most prevalent anticoagulant rodenticide (AR)
compound (99%) in the positive birds (Murray 2011). This demonstrates that AR chemicals

have accumulated up the food chain and are widely found in various avian predators.

In the Lower Mainland, British Columbia, there has been a significant increase in the sales of
rodenticide from 1995 to 2009, with two SGARs (brodifacoum and bromadiolone) showing the
highest sales (Elliott et al. 2014). This increase in usage of SGARs is causing high rates of
mortality in BC barn owls. While rodenticide was the direct cause of death for 3% of the 78
barn owl carcasses examined in BC, 62% of dead owls contained residues of one or more
SGAR compounds in the liver (Albert et al. 2010). It is widely speculated that having such
sublethal dose of anticoagulant rodenticides, although not fatal, could reduce their hunting
efficiency and nesting success (Taylor 1994), and may cause prolonged clotting times

increasing the health and survival consequences from even minor trauma (Rattner et al. 2014).

Newton et al. (1998) suggested that 0.1 mg/kg of SGAR residues in liver is associated with
increased probability of poisoning risk. This proposed value was based on a necropsy
examination where almost all the barn owls having died from rodenticide poisoning had liver
concentrations > 0.1 mg/kg. However, a toxicity threshold value for barn owls is in fact difficult
to determine, as SGAR concentrations associated with toxicosis symptoms vary markedly
amongst individual birds. The barn owls experimentally poisoned with rodenticide had liver
residues in the range of 0.2-1.72 mg/kg (Newton et al. 1999), suggesting almost an order of
magnitude difference in susceptibility to these anticoagulants. In another post-mortem
examination of barn owls in the United Kingdom, 9 of the 10 carcasses that had 0.100 — 0.337

mg/kg of SGAR residue in their livers did not show signs of hemorrhaging due to secondary



poisoning (Walker et al. 2013). In contrast, other carcasses, which had SGAR concentration as
low as 0.060 mg/g, were diagnosed with secondary poisoning as the cause of death (i.e.
evidence of hemorrhaging not associated with physical trauma). In another owl species, the
eastern screech owls (Megascops asio), both liver residue and the time taken for a blood clot
to form (i.e. prothrombin time) were likewise highly variable upon oral exposure to diphacinone
(Rattner et al. 2014). Tolerance to rodenticide is evidently highly variable among individual
barn owls; however, currently there is very little understanding of whether there might be a

genetic basis for this phenomenon in avian species.

1.5. Thesis overview

Antoniazza et al. (2009) found that barn owls in continental Europe exhibited very low genetic
structure and high levels of gene flow, and attributed these results to their ability to disperse
long distances. Australian masked owls (Tyto novaehollandiae), an owl species closely related
to barn owls, also showed no genetic difference across continental Australia (Hogan et al.
2013). However, masked owls from two Australian islands — Lord Howe Island and Tasmania —
were found to be genetically distinct as a result of restricted gene flow from the mainland
population. In Chapter 2, | used 8 polymorphic microsatellite markers (N = 126 individuals) and
amplified a 950bp segment of mitochondrial NAD2 gene (N = 37 individuals) to investigate the
phylogeographic structure of barn owls in western North America. In addition to sampling
individuals from 4 continental locations (BC mainland, west Oregon, east Oregon, south
California) and 2 island populations (Vancouver Island and Santa Barbara Island) in western
North America, | also included a northeastern population (Pennsylvania). Using the software
program STRUCTURE, a Bayesian model-based algorithm, my results showed that the Santa
Barbara Island is genetically distinct. In comparison, the other 6 sampling sites showed a high
degree of gene flow, suggesting that grassland and old-field habitats are well connected

across their range.

McLarty (1995) used VNTRs (Variable Number Tandem Repeats) to show that the BC

mainland barn owl population has less genetic variation when compared to the Utah and



California populations. However, using this DNA fingerprinting approach is not as reliable as
the more multivariable and codominant microsatellite for assessing genetic diversity. Therefore,
further investigation is required to evaluate the level of genetic diversity in the BC barn owl
population. In Chapter 2, | used 8 polymorphic microsatellite markers to examine the genetic
diversity of two declining barn owl populations in BC — BC mainland and Vancouver Island —
when compared to other more stable and robust populations. My results showed that the BC
mainland individuals are not genetically depauperate despite its northwestern geographic
peripheral location and ongoing habitat degradation. However, individuals from Vancouver
Island exhibited the lowest genetic diversity of all sampled locations, likely attributed to the

combined effects of its peripheral location and insular nature.
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Figure 1.1 — Right: distribution of Barn Owls (Tyto alba) in North America (Marti 2005). Left:

distribution of Barn Owils in British Columbia (COSEWIC 2010).
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CHAPTER 2 - BARN OWLS IN NORTH AMERICA: PHYLOGEOGRAPHIC STRUCTURE,
CONNECTIVITY, AND GENETIC DIVERSITY

2.1. Introduction

Investigations of regional genetic differentiation are crucial for determining patterns in
population structure and informing management efforts for species of conservation concern. By
identifying the potential barriers that determine their contemporary geographic distribution,
conservation managers will be able to understand the pattern and rate of dispersal of the
animal. In addition, it will also provide the necessary evolutionary and ecological framework to

properly manage populations with reduced gene flow or genetic diversity.

Populations with restricted gene flow from a source population can exhibit divergence in their
genetic signatures. When gene flow becomes virtually absent, especially under high selection
pressure and low population size, the isolated population can develop reciprocally
monophyletic alleles and contain unique haplotypes (Birky et al. 1989). Often designated as an
Evolutionarily Significant Unit (ESU), these genetically distinct populations can evolve
independently from their conspecifics, and should warrant additional conservation effort (Moritz
1994). On the other hand, a population is classified as a Management Unit (MU) when it has
diverged in allele frequency, yet is not a monophyletic lineage. In other words, as a result of the
low levels of gene flow, this population is “functionally independent” and relies on local birth
and death rates rather than immigration to sustain itself (Moritz 1994). Island populations tend
to exhibit genetic differentiation from their mainland counterparts, and thus are often
designated with ESUs or MUs depending on whether reciprocal monophyly has been achieved.
At the same time, however, the insular nature of these populations is often fraught with
reduced genetic diversity due to insufficient gene flow from source populations (Frankham
1997).

Low genetic diversity is not only associated with isolated islands or regions, but also

populations at the edge of their distribution range. Compared to those at the core of the
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distribution, populations at the periphery tend to reside in a less suitable habitat and hence
have lower densities with lower migration rates and restricted gene flow (Hoffman and Blows
1994). Peripheral populations, as a result, generally exhibit lower genetic diversity. Habitat
removal and fragmentation can similarly induce drift and loss of alleles (Frankel and Soule
1981). Both of these phenomena have been observed in numerous animals, including the
greater prairie chicken (Tympanuchus cupido, Bouzat et al. 2008), black grouse (Tetrao tetrix,
Caizergues et al. 2003), fishers (Martes pennant, Wisely et al. 2004), and wolverines (Gulo
gulo, Cegelski et al. 2003). Other studies, to the contrary, have demonstrated that this concept
cannot be applied to all species (Eckert et al. 2008). For instance, the population of greater
sage grouse (Centrocercus urophasianus) living in a fragmented and northern peripheral
habitat was not genetically depauperate (Bush et al. 2011). The authors speculated that
despite the grouse being relatively sedentary birds, occasional long distance dispersers allow
for sufficient gene flow among populations. Occasional dispersal, coupled with the close
proximity between the core and peripheral populations, has maintained the high genetic

diversity in the peripheral and fragmented regions.

Barn owls (Tyto alba) are one of the most globally widespread bird species found on all
continents except for Antarctica. These owls have adapted to living in close proximity to
humans, and in addition to nesting in natural cavities in trees and cliff sides, they also make
use of man-made structures such as traditional wooden barns and abandoned buildings.
Further, their main prey, the field vole (Microtus townsend), is found in high densities in
grassland fields (Marti et al. 2005). Given their high adaptability to humanized landscapes,
barn owls are commonly found throughout most of the USA with no apparent biogeographic
disjunction in their current distribution in North America (Figure 1, Marti et al. 2005). However,
natural boundaries not perceived on a species distribution map can still be present, giving rise
to population structuring at a regional scale. Numerous cases of genetic isolation and
segregation have been documented for avian species residing in western North America due to
its heterogeneous landscape. For instance, the Cascade Range acts as a geographic barrier
for gene flow, resulting in genetically distinct clades on either side of the mountains (e.g.

Manthey et al. 2011, Walstrom et al. 2011, Rush et al. 2009). Moreover, isolation by distance
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has also been shown in several other species (e.g. Barrowclough et al. 2011, Hull et al. 2010).
Currently, no studies have investigated the population structuring pattern of barn owls in North
America, whether genetic differentiation exists across its breeding range, or if it is one large

panmictic population.

Santa Barbara Island is the smallest island of the Channel Islands archipelago. Approximately
5-25 resident barn owls breed on the island, preying on deer mice (Peromyscus maniculatus)
and small seabirds (Fellers and Drost 1991). These owls have been suggested to be partially
responsible for the decline of a nesting population of Scripps’s Murrelet (Synthliboramphus
scrippsi) on Santa Barbara Island as adult predation contributes to approximately 30% of all
annual murrelet mortality (Nur et al. 2013). Relocating barn owls to mainland California has
been suggested as a potential solution to increase murrelet numbers (Millus et al. 2007, Nur et
al. 2013, S. Thomsen pers. comm.). However, such management action can result in the
removal of a potential ESU of Santa Barbara Island barn owls given the population’s insular
nature. Moreover, translocation efforts may be futile if dispersal from mainland California to
Santa Barbara Island is frequent enough to re-establish another barn owl population by filling
the empty niche. Therefore, before any management actions proceed, these two concerns

should be addressed.

In contrast to the more stable populations in the USA, the only existing viable population in
Canada is confined to the southwestern corner of British Columbia (BC), more specifically the
Lower Mainland (including the Fraser Valley), southeastern Vancouver Island, and South
Okanagan (Figure 1, COSEWIC 2010). Due to their limited cold tolerance and inability to hunt
through snow cover, barn owls in BC cannot disperse to the north or east beyond their current
range, making the population the most northerly distributed in North America (Marti et al. 2005).
Currently listed as Threatened federally, this population has declined drastically in the past 30
years primarily as a result of habitat degradation (COSEWIC 2010). Southwestern BC includes
some of the fastest growing human communities in Canada, meaning there is an ongoing
pressure to convert remaining agricultural and grassland habitat into urban and industrial

developments. Hindmarch et al. (2012) estimated that from 1993-2008 in the Delta and Surrey
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area of the Lower Mainland, suitable nest sites in barns and grassland cover were reduced by
53% and 30%, respectively, whereas urban development increased by 133%. It was estimated
that the BC barn owl population dropped from approximately 1000 mature individuals in 1983
(Campbell and Campbell 1983) to less than 500 in 2008 (COSEWIC 2010). Concerns
regarding the compromise of its genetic diversity due to diminishing numbers should be

addressed as part of the population’s recovery strategy.

In this study, | used microsatellite genetic markers as well as mitochondrial sequence data to
assess the population genetic structure of barn owls in North America. Specifically, the
objectives of this study were to (1) determine if the Cascade Range acts as a natural barrier
that has given rise to two genetically divergent populations on either side of the mountain
ranges; (2) investigate whether barn owls are exhibiting isolation by distance, i.e. whether the
BC population (most northwestern range) is genetically less similar to the Southern California
(southwestern range) and Pennsylvania (northeastern range) populations when compared to
its neighbouring population in Western Oregon; (3) assess whether the Santa Barbara Island
barn owls are genetically distinct from their mainland counterpart; and finally (4) examine
evidence for possible reduction of genetic diversity in the BC population, given its peripheral

location and ongoing habitat degradation.

2.2. Methods

Population sampling

| collected whole blood, toe pads, contour feathers, or muscle tissue samples from 126
individual barn owls from seven general regions in North America (Figure 2.1). All samples
were collected within a 3-year period (2011-2013) from surveys of previously known nesting

and roosting sites, wildlife rehabilitation facilities, or road Kkills.

| sampled mostly nestlings to ensure that individuals accurately represented their associated

geographic regions, as barn owls are known to disperse over several hundred kilometers
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(Marti 1999, Paradis et al. 1998). However, most samples from Santa Barbara Island and
Vancouver Island were collected via trapping the adults or salvaging carcasses due to
inaccessible or limited nest sites in these two study areas. | avoided collecting more than one
individual per nest site to minimize bias generated from sibling relatedness. All samples were
stored in 100% EtOH. From each of the 126 samples, | extracted total DNA from muscle (5mg)
and blood (10 ul) using a modified protocol of Meulenbelt et al. (1995), and from toe pad (5mgQ)
and feathers using QiAamp DNA Investigator Kit (QIAGEN, Inc.). For feather samples, | only
genotyped those with good DNA quality (confirmed using Nano-drop) to avoid producing

incorrect genotypes (Hogan et al. 2008).

Microsatellite data collection and analysis

| genotyped all 126 individuals using eight polymorphic microsatellite loci from Burri et al.
(2008). PCRs were performed in a final volume of 10uL containing 5-15ng of template DNA,
1xPCR buffer, 0.2uM of dNTPs, 0.3 U of Tag, 0.1uM of each forward and reverse primer, and
0.05uM of IR40-labeled M13 primer (LICOR Inc.). Table 2.1 shows the gene diversity and
amplification results at the eight loci. Samples were analyzed on 6% polyacrylamide gels on a
LICOR 4200 automated sequencer (LICOR Inc.). Alleles were scored by comparison with

molecular weight standards using the SAGA Generation 2 software (LICOR Inc.).

| tested the dataset for deviation from Hardy-Weinberg equilibrium and linkage equilibrium
using Genepop 4.0 (Rousset 2008). | also tested for evidence of null (i.e. unamplified) alleles,
scoring errors, and large allele dropouts using the program Micro-checker version 2.2.3 (van
Oosterhout et al. 2004). Using GenoDive 2.0 (Meirmans and Van Tienderen 2004), | calculated
standard measures for assessing genetic diversity: observed heterozygosity (Ho), expected
heterozygosity (He), and allelic richness (ARc). Allelic richness were corrected for unequal
sample sizes using the HP-Rare software (Kalinowski 2005). | tested for differences in Ho, He,
and ARc between the sampling locations using a Wilcoxon signed rank test, which pairs the
data by locus. To assess whether barn owls in the northwestern periphery (i.e. the BC

populations) exhibit lower genetic diversity, 6 samples from Washington mainland were
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excluded when calculating the measures of genetic diversity. To evaluate the genetic distances
between the sampling locations, | calculated pairwise population differentiation estimates (Fsr)
using GenoDive 2.0 (Meirmans and Van Tienderen 2004). The pairwise Fst estimates were
generated from 50,000 permutations with the False Discovery Rate (FDR) correction

(Benjamini and Hochberg 1995) applied to the p-values.

Population structure was inferred by using a Bayesian model-based clustering method with
STRUCTURE version 2.3 (Pritchard et al. 2000). STRUCTURE uses genotypic data to
determine the number of distinct genetic clusters (K) among the sample locations, and
estimates individual assignment probability to each resolved cluster. Due to low overall genetic
structuring (global Fst = 0.028), STRUCTURE was run using an admixture model including a
location prior as suggested by Hubisz et al. (2009). Twenty replicate runs (100,000 Markov
Chain Monte Carlo step burn-in plus an additional 500,000 runs) were performed for each
value of K. Results were summarized using STRUCTURE Harvester version 0.6.6 (Earl and
vonHoldt 2012), which generated a plot of the mean value of L(K) (In likelihood of data) at each
K. I then inferred the most likely number of clusters by identifying the highest L(K) value with

relatively small variance.

To further investigate which sampled regions were the most distinct, | used a Monte Carlo test
(GenoDive 2.0, Meirmans and Van Tienderen 2004) to assign individuals to the seven sampled
regions by calculating the likelihood that the individual’s genotype is found in a region based on
each region’s allele frequencies (Paetkau et al. 1995). | replaced any allele frequencies that
were found to be equal to zero in a certain region with a fixed, low allele frequency (0.005); this
was to take into the account that an allele may in reality be present in a region at a low
frequency, but was not sampled (Paetkau et al. 2004). | selected 0.002 as the significance
threshold (alpha-level) for the Monte Carlo test, as suggested by Paetkau et al. (2004). 10,000
datasets were given to simulate the Monte Carlo test to produce a null-distribution of likelihood

values with which the values for the sampled individuals were compared.
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Mitochondrial data collection and analysis

| amplified a segment of the NAD2 mitochondrial region (1010 base pairs) using primers L5219
and H6313 (Sorenson et al. 1999). | chose barn owl individuals from four sampling locations
within the barn owl’s range in North America: BC representing the northwest (N=9), southern
California representing the southwest (N=8 + 1 from Genbank, accession #: EU601052.1),
Pennsylvania representing the northeast (N=8), and Santa Barbara Island representing an
insular population (N=10). | selected two Australian barn owls (Tyto alba delicatula, accession
#: EU166976.1 and EU410491.1) as the outgroup since the two subspecies share a recent
common ancestor with a short branch length between them (Wink et al. 2009). PCR products
were sequenced at NAPS Unit, University of British Columbia, using Big Dye Terminator
chemistry version 3.1 (Applied Biosystems, Ontario, Canada) and were resolved on Applied
Biosystems 3730S 48-capillary DNA analyzer. | edited the chromatograms using Sequencher

Demo version (Gene Codes Corporation).

| aligned all 37 sequences with MUSCLE (Edgar 2004), and used DNASP 5.0 (Rozas et al.
2003) to calculate the haplotype diversity for each sampled region, as well as the extent of
genetic differentiation between them based on the haplotype statistic, Hst (Hudson et al. 1992).
Statistical significance of the pairwise Hst values was based on chi-square tests with a FDR
correction (Benjamin and Hochberg 1995). Phylogenetic relationships among haplotypes were
visualized by constructing a median-joining network (Bandelt et al. 1999) using the program
PopART version 1.5.1 (Leigh 2014).

2.3. Results

Microsatellite Data

All 8 microsatellite loci conformed to Hardy-Weinberg equilibrium, and | detected no linkage
disequilibrium. Similarly, | found no evidence for the presence of scoring errors, large allele

dropouts, or null alleles, with the exception of locus TA413 where MicroChecker detected an
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excess of homozygotes at allele size classes 203 and 211, suggesting the presence of null
alleles. However, | identified 5 and 3 homozygous individuals at the 203 and 211 class sizes
respectively, all of which were from Santa Barbara Island. | also confirmed that no alleles were
mis-scored or unamplified for these 8 samples. After running the analysis again without the 8
homozygous barn owl individuals from Santa Barbara Island, excess homozygotes were no

longer detected at the TA413 locus.

Pairwise Fst differentiations between Santa Barbara Island and all other sampling regions
were statistically significant after a FDR correction (Table 2.2). The highest Fsr estimate was
with Pennsylvania (0.08), whereas BC/WA showed the lowest (0.05). In contrast, all pairwise
comparisons with Pennsylvania were relatively smaller, ranging from 0.02 — 0.03 (with the
exception of Santa Barbara Island). These Fsr values were significant below the 0.05 alpha
level, but comparisons to Vancouver Island and West Oregon were not significant after a FDR
correction. Furthermore, a low Fst value was found between BC/WA and Vancouver Island
(0.02) and was significant after a FDR correction. All other pairwise Fst differentiations were

not significant, including between western Oregon and eastern Oregon.

Bayesian clustering results from STRUCTURE unequivocally revealed that the likelihood of the
number of populations (L(K)) was the highest at K = 2 (Figure 2.2a). After excluding the Santa
Barbara Island individuals, however, the highest L(K) value became K = 1 (Figure 2.2b),
suggesting that no population structuring signal was detected when data was analyzed without
the Santa Barbara Island population. Strong contemporary genetic structure was evident in the
Q-value (admixture coefficient) plot where individuals were clustered into two distinct groups:
Santa Barbara Island in blue, and all other regions in red (Figure 2.3). All individuals in these
two groups exhibited high Q-values associated with their own clustering, with the exception of
two individuals from Santa Barbara Island which showed relatively higher proportion of red
than blue. These two “interlopers” can be considered as recent migrants from a population

genetics point of view.
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Further analysis based on individual assignment showed that 89.5% of the Santa Barbara
Island individuals were properly inferred to their region of origin (i.e. Santa Barbara Island), and
only 10.6% (2 individuals) were assigned to other regions (Table 2.3); these two individuals
corresponded to the two migrants detected in Figure 2.3. In contrast, the assignment of
individuals from the other six sampled regions was more or less evenly distributed amongst all
the inferred regions. For example, 30.8% (N=4) of the 13 genotyped barn owls from
Pennsylvania were inferred as from BC/WA, 7.7% (N=1) from West Oregon, 23.1% (N=3) from

Southern California, and 38.5% (N=>5) from their place of origin (i.e. Pennsylvania).

Mitochondrial data

Results from a median-joining haplotype network showed that there is a lack of
phylogeographic structure among the four sampled regions: BC, California, Santa Barbara
Island, and Pennsylvania (Figure 2.4). In other words, there was no apparent association
between haplotype and any geographic location. Santa Barbara individuals did not contain
unique haplotypes, but rather shared the same ones with all 3 other sampled regions.
Moreover, Table 4 also shows that all pairwise Hst comparisons were not significant, with the

exception of Santa Barbara Island versus BC (0.17) and Pennsylvania (0.16).

Microsatellite & mitochondrial data — genetic diversity

There was no evidence of low genetic diversity for the BC mainland as allelic richness (ARg),
expected heterozygosity (Hg), observed heterzygosity (H o), and haplotype diversity (Hd) were
all relatively high compared to other non-island regions (Table 4). Comparatively, Vancouver
Island exhibited relatively lower values for all three estimates of genetic diversity: ARc (3.71),
Ho (0.64), and He (0.66). Wilcoxon signed rank test showed that all three estimates are
significantly different from BC mainland (ARc: W(7) = 2, -2.240, p = 0.025; He: W(7) = 0, -2.201,
p=0.028; Ho: W(7) =0, -2.028, p = 0.043). AR¢ and He between Vancouver Island and East
Oregon also differed significantly (W(7) =0, -2.521, p = 0.012; W(7) = 1, -2.380, p = 0.017,

respectively). Santa Barbara Island likewise displayed evidence of low genetic diversity due to
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its low AR value (3.56); however, this was not significant when compared to other sampling
regions. Its Hd was also the lowest of all sampled regions (0.47) as only 2 haplotypes were

found from the 10 individuals analyzed.

2.4. Discussion

Gene flow across continental North America

Both nuclear and mitochondrial data showed that there is a high degree of gene flow among
the sampled sites within the breeding range of barn owls (Tyto alba) in North America other
than a distinct population found on Santa Barbara Island. | found no evidence of isolation by
distance along its western distribution, and that there is overall little to no genetic structure
among the western continental populations. Barn owl habitat is often associated with
agricultural and grassland landscapes (Taylor 1994), whereas areas with long-term snow cover
and high mountain elevations are unsuitable for them. However, contrary to what one would
expect, the Cascade Range does not appear to function as a barrier for gene flow between the
two populations on either side of the ranges. Western Oregon and Eastern Oregon individuals
are genetically similar to each other as shown by my microsatellite data. Furthermore, there
seems to be regular effective migration along their western breeding range, even between
southern California and British Columbia (>1900 km apart) as indicated by the rather low Fsr
value. In comparison, although my findings detected a slightly stronger signal in allele
frequency divergence between western and Pennsylvania populations, the Fstvalues were still
considerably low given the locations (approximately 3400 km). These results suggest that
grassland and old-field agricultural habitats for barn owls are generally well connected and
homogeneous in continental North America, allowing sufficient gene flow throughout their
range. While | recognize that there is a sampling gap in central North America, the small
genetic distance between Pennsylvania and the western populations detected in this study is

indicative of high levels of gene flow within their North American distribution.
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The high connectivity between my sampled regions can also be attributed to the ability of barn
owls to travel long distances. Based on band recovery data, the average dispersal distance
from natal sites was 102.9 km, and ranged from 0 to 1267 km (Marti 1999). Fledgling dispersal
distance is particularly greater in years of low vole abundance, as fledglings need to travel
further in search of food (Taylor 1999). While 88% of band recoveries in the southern USA
were within 80km of their natal sites, in the northern USA 43.7% and 27.7% of juveniles were
found more than 160km and 320km from their hatching locations, respectively (Stewart 1952).
Moreover, there is currently no evidence for barn owls in North America showing bias in
dispersal direction (Taylor 1999). These spatially random movements, in combination with their
long distance dispersing behaviour, is what likely contributes to their high levels of gene flow,

and hence the lack of genetic structuring.

Similar results were found in a separate population genetics study of barn owls in Europe,
where the global Fsrvalue was even lower (0.011) across its distribution from Evora, Portugual
to Budapest, Hungary (Antoniazza et al. 2009). Extensive introgression among haplotypes was
also observed in barred owls (Strix varia), another long-dispersing owl species in North
America known to be associated with suburban settings (Barrowclough et al. 2011). However,
other highly vagile, non-migratory owl species in North America have exhibited clear population
and/or phylogeographic structuring patterns across their range, including great grey owls (Strix
nebulosa, Hull et al. 2010), spotted owls (Strix occidentalis, Haig et al. 2004), and western
screech owls (Megascops kennicottii) and eastern screech owls (Megascops asio, Proudfoot
2007). Unlike barn and barred owls, these owl species do not adapt well to anthropogenically
altered landscapes, but rather occur primarily in woodland habitats. Discontinuity in their
habitats as a result of widespread deforestation ultimately limits gene flow, and hence
potentially creates more pronounced population structuring in these owl species. In contrast,
historic conversions of forests into farmlands may have provided enhanced dispersal corridors
for barn owls, allowing for improved connectivity among populations, and thus resulting in the

small Fsrvalue calculated from this study.
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Genetic divergence in the Santa Barbara Island population

Microsatellite data clearly revealed genetic differentiation between Santa Barbara Island barn
owls and all other sampled regions. This divergence in genotype and allele frequency
demonstrated that migration rate from mainland California is restricted, suggesting that the
Santa Barbara Island barn owls are functionally independent (Moritz 1994), and that its viability
depends very little on immigration from its mainland counterpart. Accordingly, | recommend
that the Santa Barbara Island barn owl population should be designated as a Management
Unit (MU). Despite the strong evidence for divergence in allele frequency, Santa Barbara
Island barn owls did not contain any distinctive haplotypes, nor were they reciprocally
monophyletic. This suggests that occasional gene flow throughout its evolutionary history
prevented the formation of an unique and isolated lineage. Accordingly, a status of
Evolutionarily Significant Unit (ESU) cannot be assigned to them. While my study detected two
individuals tagged as migrants, it is worth noting that this assignment is based on a population
genetics perspective. In other words, the two owls contain immigrant ancestry from elsewhere

in North America, but did not immigrate to the island per se.

Relocating Santa Barbara Island barn owls to mainland California has been suggested as a
strategy to decrease predation on Scripps’s murrelet (Millus et al. 2007, Nur et al. 2013, S.
Thomsen pers. comm.). That may be a possible management option from a genetics
perspective since (1) the population of Santa Barbara Island barn owls cannot be recognized
as a ESU, and (2) barn owl emigration rates from mainland California is restricted. Given that
the strait between the Channel Islands and mainland California is evidently acting as a physical
barrier for dispersal, the rate of recolonization of the island from mainland would be in theory
quite low. Moreover, given the island’s relatively small area (2.63km?), any individuals from
mainland California “bumping into” such a small target via random dispersal would be a rare
occurrence, making population re-establishment relatively difficult. This phenomenon, known
as the “target area effect”, is commonly established in island biogeography theory (Buckley

and Knedlhans 1986). However, since migration rates of barn owls residing on the other
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Channel Islands are unknown, additional genetic profiling from the archipelago would be

necessary to fully understand the demography of barn owls on Santa Barbara Island.

Genetic diversity in a northwestern peripheral population

Barn owls from mainland BC, despite being situated at the edge of their distribution range and
experiencing habitat degradation, do not exhibit lower genetic diversity when compared to
other larger, more stable populations in the USA, including Oregon, California, and
Pennsylvania. That suggests the mainland BC population is well connected with its southern
neighbouring populations, allowing regular exchange of alleles to maintain genetic diversity.
Furthermore, parent-offspring or full sibling matings is rare as females disperse longer
distances than males from natal sites (Taylor 1994). The lack of inbreeding with close relatives
decreases the chance that individuals would share identical alleles within a population, and

consequently promotes the overall genetic variation.

In contrast, barn owls on Vancouver Island are genetically depauperate in comparison to other
continental populations. As a result of being an island and a peripheral population, lower
genetic diversity is expected (Frankham 1997, Hoffman and Blows 1994). Microsatellite results
demonstrated that gene flow from the mainland is somewhat restricted as indicated by the low,
but significant, Fsr value found between BC/WA and Vancouver Island. The patchy nature of
their habitat on Vancouver Island is a typical characteristic in peripheral populations.
Accordingly, the density of barn owls is lower than that of the Lower Mainland (COSEWIC
2010). As lower effective population size is often associated with restricted gene flow (Hoffman
and Blows 1994), inbreeding can potentially become more prevalent. Over time, as alleles
become fixed in the population, genetic diversity is also reduced. However, the islets southeast
of Vancouver Island (i.e. San Juan and Gulf Islands) may moderately facilitate dispersal from
the mainland, and consequently individuals established on Vancouver Island are still

genetically similar to the mainland populations as a result.
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While it is clear that the genetic diversity of island populations is in general lower than their
mainland counterparts (Frankham 1997), this phenomenon does not hold true for all
populations situated near the edge of a species distribution (Vucetich and Waite 2003; Eckert
et al. 2008). When migration rate is high, substantial genetic variation is maintained in a
peripheral population despite typically having higher genetic drift associated with a lower
effective population size (Vucetich and Waite 2003). On the other hand, when there is
restricted gene flow from core populations, as in cases where there is an existing geographic
barrier, the negative effects of being a peripheral population on genetic diversity become more
pronounced (Vucetich and Waite 2003). This study on the two peripheral populations of barn
owls presents both sides of this phenomenon: the higher genetic diversity of the BC mainland
population is attributed to its strong connectivity with the core US populations, whereas the
Vancouver Island population contained fewer alleles and reduced heterozygosity, likely as a

result of limited gene flow
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Table 2.1 — Characterization of eight barn owl microsatellite loci from Burri et al. (2008). At
least one primer (either the forward or reverse) from each primer set was tailed with a M13

Primer of 19-20 base pairs (LICOR Inc.). Listed for each locus are number of individuals

genotyped (N), number of alleles (A), expected heterozygosity (Hexp), and size range of alleles.

Locus N A Hexp Size range (bp)
TA216 126 12 0.707 197-229
TA413 126 17 0.845 167-243
TA402 126 16 0.849 193-261
TA408 126 9 0.577 213-265
TA212 126 4 0.655 269-281
TA215 125 9 0.581 310-330
TA305 126 3 0.437 195-210
TA414 125 25 0.906 321-435
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Table 2.2 — Pairwise comparisons of genetic differentiation between sampling regions of barn
owls (Tyto alba) in western North America and Pennsylvania. Pairwise Fsr estimates (below
diagonal) between all seven regions were calculated using eight microsatellite loci. Hst values
(above diagonal) between BC, SB Isl, South CA and Pennsylvania were calculated using
NAD2 mitochondrial region sequence data (1010 base pairs). All bolded numerical values
indicate statistical significance after a False Discovery Rate (FDR) correction. P-values before

the FDR correction are indicated by asterisk(s).

Sampling BC/WA Vanlisl WestOR EastOR SBlsl South CA Pennsylvania

region

BC/WA - n/a n/a n/a 0.17** 0.03 0.02
Van Isl 0.02* - n/a n/a n/a n/a n/a
West OR 0.01 0.01 oo n/a n/a n/a n/a
East OR 0.01 0.00 000 - n/a n/a n/a
SB Isl 0.05*** 0.08***  0.07***  0.06***  -------- 0.07 0.16**
South CA 0.01* 0.01 0.00 0.01 0.06***  -------- -0.02
Pennsylvania 0.02** 0.02* 0.02* 0.03** 0.08**  0.03** = --------

*p<0.05

*p<0.01

***p <0.001

n/a: data not available
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Table 2.3 — Proportion of individuals (expressed in %) from the sampling regions that were
assigned to corresponding inferred regions using population assignment analysis. Monte Carlo
test (10000 permutations) was used to generate a null-distribution of likelihood values with
which the values for the sampled individuals were compared. An individual was assigned to a
certain inferred region when its likelihood value is the highest for that particular inferred region.
Values across the Santa Barbara (SB) Island row are bolded to emphasize that most

individuals (89.5%) were properly assigned to their sampling region.

Sampling Inferred region
region BC/ Van lIsl West OR East OR SB sl South CA  Pennsylvania
WA
BC /WA 41.0 5.1 15.4 12.8 7.7 12.8 5.1
Van Isl 27.3 54.5 9.1 9.1 0.0 0.0 0.0
West OR 27.3 0.0 27.3 18.2 0.0 27.3 0.0
East OR 14.3 14.3 21.4 42.9 0.0 71 0.0
SB Isl 0.0 5.3 0.0 0.0 89.5 5.3 0.0
South CA 26.3 10.5 5.3 0.0 5.3 47.4 5.3
Pennsylvania 30.8 0.0 7.7 0.0 0.0 23.1 38.5
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Table 2.4 — Microsatellite polymorphism data for barn owls (Tyto alba) from 7 sampling regions.

The number of individuals sampled for microsatellite data (Nms), allelic richness corrected for

unequal sample sizes (ARc), observed heterozygosity (Ho), expected heterozygosity (He),

number of individuals analyzed for mitochondrial data (Nmt), number of haplotypes per

population (Hp), and haplotype diversity (Hd) are listed for each sampling region.

Microsatellite DNA

Mitochondrial DNA

Sampling
region Nms
BC mainland 33
Van Isl 11
West OR 11
East OR 14
SB Isl 19
South CA 19

Pennsylvania 13

ARc
4.05
3.71
3.96
4.08
3.56
3.96
4.14

Ho

0.72
0.64
0.72
0.70
0.76
0.67
0.69

He

0.72
0.66
0.68
0.72
0.70
0.70
0.71

Nimt
9

n/a
n/a

n/a

10

Hp
5

n/a
n/a

n/a

Hd
0.806

n/a
n/a

n/a

0.467
0.972
1.000
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Figure 2.1 — Regions where barn owl (Tyto alba) whole blood, feathers, or muscle tissue

samples were collected in North America. Numbers in black correspond to the regions listed;

numbers in white represent the sample size.
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Figure 2.2 — STRUCTURE analysis. Posterior probability of population membership from
STRUCTURE for (A) 1 to 7 putative populations (all 126 individuals included) and (B) 1 to 6
putative populations (excluding Santa Barbara Island individuals) of barn owls (Tyto alba)
sampled in western North America and Pennsylvania. Each value is a mean of 20
STRUCTURE simulations of variation across 8 microsatellite DNA loci (error bars are standard

deviations).
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BC/WA Vanlsl ~ WestOR  East OR Santa Barbara South CA Pennsylvania
Isl

Figure 2.3 — Summary output of 20 independent runs in STRUCTURE from barn owls (K = 2,
N = 126). Assayed using 8 microsatellite markers, each individual is represented by a thin
vertical line, the height of which shows its admixture coefficient (Q-value). Each colour depicts
a unique genetic cluster: blue represents the Santa Barbara Island lineage, whereas red
represents other sampled regions. Individuals with mixed lineages are indicated by bars with
both red and blue, where the proportional height of each coloured section represents the

proportional contribution of the 2 lineages.
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Figure 2.4 — Median-joining haplotype network for 37 North America barn owls (Tyto alba
pratincola) showing low levels of phylogeographic congruence between the four sampled
regions: black = British Columbia, dark grey = Southern California, light grey = Pennsylvania
State, and white = Santa Barbara Island. Australian barn owls (Tyto alba delicatula) are
assigned as the outgroup, as represented by dashed circles on the far right. Area of circles
correspond to frequency of haplotype and slices of circles indicate relative number of
individuals from each location with that haplotype. Dashes indicate a single nucleotide

difference.
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CHAPTER 3 — USING THE CYP2C45 GENE TO EXPLAIN DIFFERENTIAL SENSITIVITY TO
RODENTICIDES IN BARN OWLS

3.1. Introduction

The removal of xenobiotic substances from an organism’s body is a vital physiological process
found in all vertebrates to prevent the buildup of toxic chemicals. Detoxification usually occurs
in the liver, where a highly diverse superfamily of enzymes, the cytochrome P450 (CYP), is
primarily involved in the metabolism of a variety of exogenous compounds (Guengerich 2008,
Nebert and Russell 2002, Mueller and Miller 1948). CYP enzymes use haem iron to oxidize
foreign compounds by either adding or exposing a hydroxyl group, and thereby increasing their
solubility for more effective disposal by the kidneys (Meunier et al. 2004, loannides and Lewis
2004). Because CYP enzymes play a broad and significant role in physiological and
toxicological processes, this ancient superfamily of proteins is found in all domains of life
(Meunier et al. 2004, Danielson 2002). While there are currently 977 families documented
within the CYP superfamily, the CYP2 family is the largest and the most diverse of the
vertebrate CYPs (Nelson et al. 2009). They are responsible for the metabolism of a wide array
of complex xenobiotic chemicals such as clinical drugs and environmental toxicants (Karlgren
et al. 2005, loannides and Lewis 2004).

Warfarin is a clinical anticoagulant, often referred to as the “blood-thinner”. Human patients
with thrombosis — a medical condition where blood clots congeal locally inside a vessel — are
often prescribed with oral warfarin to facilitate blood flow. While warfarin does eventually
become metabolized in the liver and eliminated from the body, there is individual variability in
the rate of metabolism of the drug (Aithal et al. 1999, Sconce et al. 2005). Hence, dosage
requirement also varies according to individual physiological tolerance. The cytochrome P450,
subfamily IIC, polypeptide (CYP2C9) gene is predominantly involved in warfarin detoxification
in the liver (Aithal et al. 1999, Sconce et al. 2005, Higashi et al. 2002). To date, 58 gene SNPs
(Single Nucleotide Polymorphisms) in the CYP2C9 gene have been identified in humans, many

of which have been shown in vitro and in vivo to be associated with reduced warfarin

33



metabolism (CYP2C9 allele nomenclature 2014). One of the most common variant alleles
found in Caucasian populations is a substitution of cysteine (Cys) for Arginine (Arg) at amino
acid residue 144 due to a transversion change from a cytosine to thymine (C>T) at nucleotide
430 (Aithal et al. 1999, King et al. 2004). Patients with this Arg'**Cys variant allele encodes for
a dysfunctional CYP2C9 enzyme, whereby the enzymatic activity decreases by 30-50%. As a
result, they require a lower warfarin dose and are at a greater risk of internal bleeding (Aithal et
al. 1999, Higashi et al. 2002, King et al. 2004). Meanwhile, other variant alleles found in other
racial groups, such as the L°P and T'*°R, have been shown to have an 89% and 90%

reduction in enzyme activity, respectively (Guo et al. 2005, Maekawa et al. 2006).

While warfarin has been proven useful in clinical settings for treating human patients, it is also
widely used as an anticoagulant rodenticide (AR) compound. Warfarin, among other first-
generation anticoagulant rodenticides (FGARs), was decreasing in use due to the development
of genetic resistance in rodent populations. Second generation anticoagulant rodenticides
(SGARs) became more commonly employed in urban and rural settings to control rodent
populations because of their highly effective single dose killing. However, new regulatory
restrictions in North America on domestic use of SGARs may reverse that trend (Elliott et al.
2014). For instance, as of December 2012 SGAR products (brodifacoum and difethialone) are
no longer available in the domestic retail market in Canada, and can only be used by licensed

applicators (Elliot et al. 2014).

Over-dosage of these anticoagulant compounds causes severe internal hemorrhage by
disrupting the vitamin K cycle, an essential biochemical process required for blood coagulation
(Pelz and John 2011). Like many birds of prey that hunt extensively for small rodents, barn
owls are at an increased risk of secondary poisoning from the now widespread use of SGARs
in urban and rural farmlands (Albert et al. 2010, Walker et al. 2013). In fact, in a warfarin
metabolism assay, owls showed the lowest ability to detoxify warfarin when compared to other
avian species, which is indicative that they are a high-risk group to poisoning from AR
(Watanabe et al. 2010). Although 0.1 — 0.2 mg/kg of SGAR residues in liver has been

suggested to be a “potentially lethal range” (Newton et al. 1999, Newton et al. 1998), tolerance
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to AR appears to be highly variable among individuals for any given avian species (Albert et al.
2010, Rattner et al. 2014). Walker et al. (2013) demonstrated that some barn owls with 0.1 —
0.337 mg/kg of SGAR residue detected in their livers exhibited no evident signs of
hemorrhaging, whereas others with < 0.1 mg/kg were diagnosed as suffering from acute
hemorrhaging as the cause of death. Similarly, eastern screech owls experimentally fed with
diphacinone showed high individual variability in their detoxification capacity (Rattner et al.
2014). Currently, no studies have investigated the genetic basis for the apparent individual

variation in rodenticide sensitivity in avian species.

The cytochrome P450 2C45 (CYP2C45) gene was the first member of the CYP2C subfamily to
be cloned in avian species and has been well characterized in chickens (Gallus gallus, Baader
et al. 2002). This gene shares considerable protein and DNA sequence identity with other
CYP2Cs in non-avian animals, and hence has been clustered in the CYP2C subfamily (Baader
et al. 2002). The National Center for Biotechnology Information (NCBI) RNA reference
sequences collection (RefSeq) has designated the gene as a homolog to the human CYP2C9
gene (Pruitt et al. 2002).

Understanding of the function of the CYP2C45 gene in avian species is limited. Using real-time
PCR, Watanabe et al. (2013) has shown that when compared to nine other major avian CYP
isoforms, CYP2C45 exhibited the highest basal mMRNA expression in chicken liver, suggesting
that CYP2C45 may be the dominant isoform in avian xenobiotic metabolism. In vitro
experiments demonstrated that the CYP2C45 gene in chickens is highly induced by
phenobarbital, a nervous system and brain-related pharmaceutical drug used as a sedative
(Baader et al. 2002). In comparison, another study showed a negative correlation between the
expression of this gene in great cormorants (Phalacrocorax carbo) and higher environmental
concentrations of perfluorooctane sulfonate, a pollutant used extensively in industrial and
household applications (Kubota et al. 2010). There is, however, currently no knowledge of the
gene’s associations with warfarin metabolism in birds. In Chapter 3, | used the CYP2C45 gene
to investigate whether single point mutations in this gene that could be associated with

differential susceptibility to rodenticide in barn owls. Specifically, | aimed to (1) determine the
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locations of single nucleotide polymorphisms (SNPs) in the CYP2C45 gene of barn owls, and
(2) assess whether these nucleotide changes could be associated with reduced or increased

susceptibility to anticoagulant rodenticides (AR).

3.2. Methods

| acquired muscle tissue samples from a subset of 20 barn owl carcasses collected from 2012-
2013 from the Lower Mainland, British Columbia, each with existing necropsy and rodenticide
residue data (Appendix A). Rodenticide residue analysis from liver samples was conducted at
the Environment Canada National Wildlife Research Centre in Ottawa, Ontario, Canada. FGAR
compounds tested included diphacinone, chlorophacinone, pindone, and warfarin; SGAR
compounds included brodifacoum, bromadiolone, and difetialone. Post-mortem evaluations
were conducted by an experienced wildlife veterinary pathologist. Any pathophysiological
symptoms of toxicosis, such as hemorrhage or anemia in the absence of traumatic injury or

infectious/parasitic diseases, were documented.

Based on a liver residue concentration for total AR of 0.1 mg/kg to be indicative of lethality for
barn owls (Newton et al. 1998), | used this value as a threshold to categorize individuals into
“high/low AR tolerance” . | defined “high AR tolerance” as barn owls with total AR residue of >
0.1mg/kg while showing no toxicosis symptoms. In contrast, those with total AR residue of <

0.1mg/kg with presence of toxicosis symptoms would be designated as “low AR tolerance”.

From each of the 20 samples, | extracted total DNA from 5mg of muscle tissue using a
modified protocol of Meulenbelt et al. (1995). DNA sequences from the CYP2C45 gene of
chicken (Gallus gallus), wild turkey (Meleagris gallopavo), zebra finch (Taeniopygia guttata)
were obtained from genome browsers: NCBI and Ensembl. | aligned the exon regions from the
three avian species and identified conserved regions of approximately 20-30 base pairs. Based
on these conserved sequences, | designed 6 sets of primer (Table 3.1) and amplified 6
segments of the CYP2C45 gene from the extracted barn owl DNA (Figure 3.1). PCRs were
performed in a final volume of 20uL containing 10-25ng of template DNA, 1xPCR buffer, 0.2uM
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of dNTPs, 0.3 U of Tag, and 0.1uM of each forward and reverse primer. PCR products were
sequenced at the NAPS Unit, University of British Columbia, using Big Dye Terminator
chemistry version 3.1 (Applied Biosystems, Ontario, Canada) and were resolved on Applied
Biosystems 3730S 48-capillary DNA analyzer. | compared barn owl DNA sequences and the
translated protein sequences with chicken, zebra finch, and wild turkey to confirm that the
correct ortholog gene segment was amplified. | conducted all sequence alignment, editing of

chromatograms, and identification of SNPs using SeqMan Pro 8.1.

3.3. Results

Sequence comparison between barn owls and other Aves

Exons 2, 3, 4, 5 and 6 of the CYP2C45 gene were fully sequenced from all 13 barn owls.
Primers were designed 30 base pairs upstream from the start codon, and hence 30 base pairs
from the 5’ end of exon 1 were not sequenced. Similarly, the primers that | designed
sequenced a part of exon 7 (104 base pairs missing). Exons 8 and 9 were not sequenced

successfully.

Amino acid sequence alignment between barn owl, chicken, finch, and cormorant showed high
sequence similarity (Figure 3.2). Long stretches of identical regions (i.e. more than 10
continuous amino acids) are found in exon 2, 3, 4, 6 and 7. | also identified 6 amino acid
changes that are unique to barn owls, and 2 regions where all four species display distinct
amino acid variants (Figure 3.2). There is a high degree of similarity for amino acids and DNA
sequences between barn owl and other avian species, with great cormorant being the highest,
followed by zebra finch, and chicken (Table 3.2). No stop codons were detected in the
translated barn owl amino acid sequence, suggesting that the amplified sequence is a not a

pseudogene but rather a functional gene.
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Single nucleotide mutations in association with AR sensitivity

Of the 20 barn owls with AR residue results, 6 had total AR concentrations below LOQ (Limit of
Quantitation), and 1 with poor sequencing data due to poor quality DNA. Consequently, | used
the remaining 13 barn owls in my analysis. Of the 13 individuals, 5 belong in the “low AR
tolerance” category, and 3 in the “high AR tolerance” category (Table 3.3). AR concentrations
were found to be highly variable for all 4 AR chemicals as well as their total (Figure 3.3). There

is also significant amount of overlap between owls with and without toxicosis symptoms.

Sequencing of the CYP2C45 gene in barn owls revealed that individual “#L12-558” has a
heterozygous nucleotide change at position 1011 of the transcriptome, located in exon 7
(Figure 3.4). Wild-type individuals are homozygous (C / C) at this position, whereas this
particular mutant individual is heterozygous (C / T). | conducted two separate PCRs and
sequenced exon 7 two additional times to confirm this heterozygous mutation. This C1011T
transversion leads to an Ala344Val substitution in the encoded protein, and is located in one of
the conserved regions (Figure 3.2). Necropsy results indicate that individual #L12-558
exhibited signs of secondary poisoning (hemorrhage in stomach and intestines), while
toxicology analysis showed that only 0.011 mg/kg of SGAR residue was found in its liver.

Accordingly, it was placed in the “low AR tolerance” category (Table 3.3).

| also identified 9 individual SNP sites among the 13 genotyped barn owls in the non-coding
regions (introns). These SNPs have no apparent correlation with increased or decreased

tolerance to AR (see Appendix B).

3.4. Discussion

This is the first study to have discovered a nucleotide change in the coding region of the
CYP2C45 gene in a barn owl individual that appears to exhibit a low level of tolerance to AR. It
involves a C-to-T transversion at nucleotide position 1011 in exon 7, causing a mutation at

codon 344, which resulted in an alanine to valine substitution. Sequence comparison among
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bird species revealed a highly conserved region in exon 7 (Figure 3.2), which suggests that
this continuous stretch of 12 amino acids plays a critical role in the biological function and
structure of the protein, such as ligand binding or protein-protein interactions. The amino acid
substitution found in this particular barn owl is located in the conserved region of exon 7. As a

consequence, it may have significant impacts on the protein folding pathway and its overall

property.

Protein functionality can also be substantially affected when the novel amino acid has vastly
different characteristics than the replaced one. Amino acid substitutions identified at critical
locations in the human CYP2C9 protein are known to lead to a decrease or even an absence
in enzymatic activity. For instance, as a consequence of an Asn204His substitution due to a
missense mutation in exon 4, the enzyme exhibited a reduced binding affinity for coumarin
drugs, and hence impeding its metabolic clearance (Nahar et al. 2013). Similarly, an
Arg125Leu substitution has inhibited the interaction between the CYP2C9 protein and the CYP
oxidoreductase (POR), an enzyme responsible for electron transfer from NADPH to CYP
proteins (Lee et al. 2014). These two deleterious substitutions are attributed to the replaced
amino acids having considerably different properties (e.g. polarity, charge) than the original
ones. In comparison, however, the Ala34Val substitution in the barn owl CYP2C45 protein may
have less of an adverse effect on the protein since alanine and valine share similar properties
in that they both carry small hydrophobic side groups (Henikoff and Henikoff 1992, Majewski
and Ott 2003). To further investigate for evidence of protein alteration, the complete gene must
first be sequenced, followed by use of protein folding programs or protein crystallography to

visualize its three dimensional structure.

Although a heterozygous mutation was identified in one barn owl individual with “low AR
tolerance”, the same mutation was not found in the other four cases in the same category, nor
were other mutations found in the “high AR tolerance” individuals. Other genetic factors can
also determine AR sensitivity level in vertebrates. The vitamin K epoxide reductase complex
(VKORCH1) is a key enzyme in the recycling pathway of vitamin K, an essential component for

the formation of blood clots (Pelz and John 2011). Previous studies have shown that variation
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in warfarin dosing is due partially to polymorphisms in the gene encoding for VKORC1 (Li et al.
2006). Six unique SNPs in the VKORC1 gene were found in patients who required adjustments
to their warfarin dosage to achieve a normal prothrombin time (Li et al. 2006). However, unlike
the CYP2C45 gene, the VKORC1 gene has not been well characterized in avian species (e.g.
gene expression profiling, protein functional analysis); in fact, the gene has yet to be fully
sequenced in the assembled chicken genome (Warren et al. 2005). As a result, although |
attempted to sequence the VKORC1 gene in barn owls, there was very little success mainly

because | was unable to design primers specific enough to amplify the gene.

Alignment of the barn owl CYP2C45 gene with other avian species revealed substantial
similarity in both nucleotide and amino acid sequences, with 5 conserved amino acid regions
found between them, and only 2 positions where all four species contain a discrete amino acid.
That result increases the likelihood that my novel primers successfully amplified the paralog
gene in the barn owls. Barn owl DNA sequence similarity was the highest when compared to
great cormorants and zebra finch (93 and 91%, respectively), and lowest when compared to
chicken (86%). Chickens, among other Galloanserae species (gamefowl and waterfowl),
formed a basal clade to the Neoaves (all other birds except for ratites and tinamous), which
may explain the relatively lower sequence identity between barn owl and chicken. In contrast, 6
amino acid changes were identified to be unique to barn owls, which is suggestive that these
positions could attribute to any potential interspecific differences in the enzymatic activity

between the barn owl CYP2C45 protein and other avian species.

It is worth noting that categorization of AR tolerance based on the 0.1 mg/kg threshold value
(Newton et al. 1998) has a degree of uncertainty. Thomas et al. (2011) suggested that rather
than using that defined lethal threshold, it is more appropriate to estimate the probability of
toxicosis based on AR liver residue. Using a logistic regression approach, they estimated that
approximately 10-20% of barn owls are likely to suffer mortality within the 0.1 — 0.2 mg/kg
range. Another concern is that depending on the type of chemical and the concentration
ingested, animals typically stay alive for several days after a lethal dose of AR (Meehan 1984).

Also, we do not know what proportion of AR residues could have been cleared from the liver
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before dying. Eastern screech owls (Megascops asio), for instance, initiate rapid clearance of
the FGAR, diphacinone, by day 2 of post-exposure, with a half-life of 0.88 days (Rattner et al.
2014). There is limited information on the pharmacokinetics of SGARs in birds. Furthermore,
owls classified as “high AR tolerance” may have simply ingested a high dose of AR, but died
as a result of non-AR related causes. Thus, classifying individuals as “low” or “high” AR

tolerance is fraught with uncertainties due to these variables.

While this study has detected a mutation in the CYP2C45 gene in one barn owl individual who
exhibited low AR tolerance, the biological relationship between this gene and AR metabolism
has yet to be established experimentally. Watanabe et al. (2010) proposed that the CYP2C45
enzyme is the primary CYP protein responsible for the clearing of xenobiotic compounds.
Saengtienchai et al. (2011) on the other hand suggested that aldehyde oxidase is the
predominant enzyme in chickens that biotransforms drugs and xenobiotics, including warfarin
and other coumarin derivatives. Clearly, the detoxification process of coumarin compounds in
birds is still shrouded in uncertainty. A mechanistic understanding is needed to explain the
apparent inter- and intraspecific variation in sensitivity to AR. Further investigations are needed
to confirm whether this protein is indeed responsible for the metabolism of coumarin
compounds in birds. Additional studies can include coumarin metabolism assays,
measurement of MRNA expression levels upon AR exposure, protein crystallography, and
controlled experimental studies using model avian organisms such as chickens. Further
characterizing and determining the precise functional mechanisms of the CYP2C45 gene, from
gene expression to protein activity to the biochemical pathway, would allow us to gain new

insights into the metabolism of environmental toxicants in avian species.
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Table 3.1 — Forward and reverse primers used for amplification of CYP2C45 segments from

barn owls (Tyto alba). Also included are expected amplicon sizes, and PCR annealing

temperatures. The A-F segments correspond to Figure 3.1.

Segment Primer sequences (5' - 3') Amplicon Annealing
sizes (bp) temperatures (°C)
A F: CTCCTGGTTTGCATTGCTTGCCT 633 55
R: TGTCCTCTGGCAGCAAACTC
B F: GGTGAAAGAAGCCTTGGTCGATC 635 53.5
R: CAATGCTCCTCTTCCCCATCCCAAA
C F: GCATTATTTTCAGCAACAACGAGGG 517 55
R: TGTTGTTCATGTTGTTCATCAG
D F: GACTATAAAGACAAGAAGTTCC 664 60
R: GGAAGCAGTCAATGAAATCCTG
E F: CAGGATTTCATTGACTGCTTCC 659 61.5
R: GTGCTTGTTGTCTCCGTTCCAGC
F F: GCTGGAACGGAGACAACAAGCAC 589 61.5

R: GTGCTTGTTGTCTCCGTTCCAGC
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Table 3.2 — CYP2C45 DNA and amino acid sequence percent similarity compared between
barn owls (Tyto alba) and three other avian species: chicken (Gallus gallus), zebra finch

(Taeniopygia guttata), and great cormorant (Phalacrocorax carbo). Values are expressed in

percentages.
Chicken Zebra finch LN
cormorant
DNA 85.7 91.1 93.4
Amino acid 83.1 89.8 92.7
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Table 3.3 — Concentration (mg/kg) of anticoagulant rodenticide (AR) residues in barn owl livers

and the presence/absence of toxicosis symptoms. Diphacinone (DP) was the only detectable

first generation AR. Total AR concentration was calculated by summing all diphacinone and

second generation AR compounds, including brodifacoum (BF) bromadiolone (BD), and

difetialone (DF). Toxicosis symptoms are present when the individual was diagnosed with

gastric and/or intestinal hemorrhage. Individuals highlighted in red are designated as “low AR

tolerance”, whereas in blue are “high AR tolerance”, based on the liver residue concentration of

0.100 mg/kg as suggested by Newton et al. (1998). Concentrations too low to be detected are
indicated by <LOQ (Limit of Quantitation).

Individual
ID

L12-558
L12-559
L12-709
L12-736
L12-753
L12-727
L12-737
L12-738
L12-555
L12-732
L12-733
L12-752
L12-949

DP

<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
0.021

<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ

BF

0.011

<LOQ
<LOQ
<LOQ
<LOQ
0.003
0.079
0.004
0.008
<LOQ
0.020
<LOQ
0.052

BD

<LOQ
<LOQ
<LOQ
<LOQ
0.003
0.043
0.002
0.067
0.017
<LOQ
0.013
0.011
0.067

DF

<LOQ
0.093
0.081

0.022
<LOQ
0.170
0.070
0.101

0.016
0.042
<LOQ
0.022
0.092

Total AR

0.011
0.093
0.081
0.022
0.003
0.237
0.151
0.171
0.041
0.042
0.034
0.032
0.211

Toxicosis

Symptoms
Present
Present
Present
Present
Present
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Present”

*It is unclear whether signs of gastric and intestinal hemorrhage in this individual are directly associated with
toxicosis or not as it was also diagnosed with fractured and dislocated bones (i.e. physical trauma).
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segment A segment C segment E

segment B segment D segment F

Figure 3.1 — Diagram of the barn owl (Tyto alba) CYP2C45 gene. The blue blocks indicate
exon regions and their corresponding sizes; orange blocks indicate the introns; green and
yellow arrowheads are the forward and reverse primers, respectively, used to amplify the six
segments (see Table 3.1). Drawing is not to scale of actual sequence sizes. The remaining

exons (8 and 9) and introns were not sequenced.
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Exon Species

Amino acid sequence

1 TA
GG
TG
PC

2 TA
GG
TG
PC

3 TA
GG
TG
PC

4 TA
GG
TG
PC

5 TA
GG
TG
PC

6 TA
GG
TG
PC

7 TA
GG
TG
PC

—————————— LLVCIACLLSFAAWKGRSGKGKMPPGPAPLPILGNVLQVKPKNLAKTFQK
MLLLGAASVVLLVCVACLLSIVQWRKRTGKGKMPEGPTPLPIVGNILEVKPKNLAKTLEK
MELLGGVTVVLLVCIACLLSFAAWKGRSGKGKMPPGPAPLPILGNLLQVKPSNMTKTLQK
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Figure 3.2 — Alignment of amino acid sequences of the CYP2C45 between barn owl (TA, Tyto

alba), chicken (GG, Gallus gallus), zebra finch (TG, Taeniopygia guttata) and great cormorant

(PC, Phalacrocorax carbo). The numbers on the right indicate the amino acid position at the

end of each exon. Regions that are highlighted in red are long stretches (>10) of conserved

amino acid sequences; in yellow are amino acid changes unique to barn owls; in green

indicates that all 4 species have unique amino acids at that particular position. Chicken

sequence was retrieved from Baader et al. (2002). Zebra finch and great cormorant sequences

were retrieved from the Ensembl Genome Browser.
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Figure 3.3 — Boxplots showing the liver residue concentrations (mg/kg) of 4 types of
anticoagulant rodenticide (AR) and their total concentration detected from 13 barn owls:
bromadiolone (BD), brodifacoum (BF), difethialone (DF), and diphacionone (DP). Shaded in
grey are AR symptomatic individuals (N=7), whereas white are individuals with no apparent

toxicosis symptoms (N=6).
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Figure 3.4 — DNA sequence chromatogram showing a single-point mutant allele identified in
exon 7 of the CYP2C45 gene in barn owls (Tyto alba). The mutant individual “L12-558” (upper)
is heterozygous at nucleotide position 1011 of the transcriptome (C / T or “Y”), whereas the

wild type (lower) is a homozygous at the same nucleotide position (C / C), as indicated by the

red arrow.
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CHAPTER 4 — GENERAL CONCLUSIONS AND CONSERVATION IMPLICATIONS

4.1. Conservation implications for North American barn owls

In Chapter 2, using microsatellite markers and mitochondrial sequence data | demonstrated
that there is in general a high degree of gene flow between barn owl populations in continental
North America. This is in part owing to the connectivity of their grassland and agricultural
habitat, allowing relatively unrestricted migration between populations. In addition, as highly
vagile owl species, their ability to disperse long distances (on average 103 km, Marti 1999) has
also likely contributed to the apparent lack of population structure. These factors have as a
result contributed to the maintenance of high genetic diversity observed in the BC mainland
population despite its peripheral location and ongoing habitat degradation. In this context, the
mainland BC population of barn owls is well connected with its neighbouring southern
populations from a population genetics perspective. Given their strong dispersal ability but
recent significant declines, it is vital to focus on conserving the remaining old-field and
grassland habitats in the Lower Mainland of British Columbia to allow successful immigration
from nearby US populations. The Vancouver Island population, however, has less suitable
habitat and a resulting lower density of barn owls. With the already limited gene flow from core
populations, the preservation of suitable nesting and foraging habitat for barn owls on

Vancouver Island and the nearby islets is even more crucial to prevent further inbreeding.

A previous radio-telemetry study showed that barn owls on Santa Babara Island disperse
locally, and have not been recorded to fly off the island (Thomsen et al. 2014). My
microsatellite analysis, similarly, demonstrated that gene flow between the Santa Barbara
Island population and its mainland counterpart is substantially restricted. The unique genetic
cluster detected in this study indicates that the insular population is functionally independent,
and that migrants from mainland contribute minimally to the overall genetic make-up of the
population. These results have crucial management implications for the barn owls. Several
studies and seabird conservation groups have made proposals to relocate the Santa Barbara

Island barn owls to mainland California in order to help the persistence of one of their prey
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items, Scripps’s murrelets (Millus et al. 2007, Nur et al. 2013, S. Thomsen pers. comm.). Given
that the strait between the Channel Islands and mainland California appears to be acting as a
natural barrier for dispersal, the rate of recolonization of the island would be quite low. While
barn owls are able to disperse long distances from their natal site, in a study where aviary-bred
barn owls were released in uninhabited nest boxes, the furthest dispersal distance was only 30
km away from the release site (Meek et al. 2003). In this context, the best option may be to
translocate Santa Barbara barn owls to unoccupied territories in the mainland, which would
then further reduce the possibility of them returning to the island. However, | strongly
recommend genotyping barn owls from other Channel Islands in order to more fully understand
the dispersal pattern within the archipelago, and thereby allowing for more informative

management decisions to be made.

4.2. The CYP2C45 gene and future directions

The cytochrome P450 (CYP) superfamily of genes are known as one of the major enzyme
complex involved in the metabolism of xenobiotic compounds, such as natural toxins,
environmental toxicants and clinical drugs (Guengerich 2008). SNPs in the CYP2C9 gene have
been identified as the factor determining warfarin sensitivity in humans. The CYP2C45 gene,
like the CYP2C9 gene, has been grouped in the CYP2C subfamily (Baader et al. 2002), and is
found exclusively in avian species. In Chapter 3, | identified a single point mutation in the
CYP2C45 gene of an individual barn owl with apparent higher susceptibility to AR. The
heterozygous change involving a C to T transversion resulted in an amino acid substitution
from alanine to valine in a highly conserved region of exon 7. This suggests that there are
potentially downstream consequential and adverse effects on the activity and structure of the
protein. However, it is also possible that this amino acid substitution may not significantly
change the protein’s folding properties since alanine and valine both share non-polar

characteristics.

While the CYP2C45 gene has been shown to have the highest basal mRNA expression level

compared to other cytochrome P450 genes in avian species (Watanabe et al. 2013), currently
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the precise mechanistic role that this gene plays in AR metabolism is unknown. Therefore, my
study does not provide any direct evidence that the apparent low AR tolerance is attributed to
the single point mutation found in the CYP2C45 gene. In general, there is an overall lack of
understanding in the role of the CYP2C45 gene. Many future studies can be undertaken to
elucidate its relationship with AR. | suggest that the next logical step would be to use a model
avian organism, such as Gallus gallus or Taeniopygia guttata, to measure the liver mRNA
expression level of the CYP2C45 gene upon exposure to AR compounds or other coumarin
derivatives. If individuals exposed to AR compounds express elevated mRNA levels, then this
would corroborate the association between the CYP2C45 gene and AR metabolism in avian
species. Alternatively, given the complexity of any biochemical pathway, targeting several
genes and measuring their gene expressions with correlation to various levels of susceptibility
could be another possible way to explore this subject. Clearly, there is a need to further
investigate the molecular basis behind variation in AR metabolism in avian species, ranging
from gene regulation, mRNA expression, to cellular pathways. By continuing to shed more light
on these molecular mechanisms, it would ultimately allow biologists to identify which avian
species are at a higher risk to AR poisoning based on their species-specific physiological

processes.

4.3. Genetics in conservation and wildlife management

The application of genetics has proven to be extremely valuable for resolving many
fundamental questions in wildlife conservation and management. Advances and developments
in genetic technologies have provided the opportunity to understand how environmental
features or anthropogenic disturbances structure genetic variation at the population level. For
instance, using non-invasive sampling of hair and genetic methods, wildlife managers were
able to evaluate whether artificial corridors facilitated gene flow for bears (Frosch et al. 2014,
Dixon et al. 2006). At a grander scale, quantitative phylogenetic approaches were used to
identify “Evolutionary Distinct and Globally Endangered” (EDGE) avian species, allowing
conservationists worldwide to recognize regions of particular value for safeguarding

evolutionary diversity (Jetz et al. 2014).
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While the synergy between genetics and evolutionary ecology is widely recognized, genetic
tools are also immensely useful in wildlife forensics. Often when tissue samples
opportunistically collected in the field are unrecognizable, DNA fingerprinting methods can be
used to determine the species, or even the population, that they belong to. This approach has
great potential in identifying bird species involved in aircraft collisions (Dove et al. 2010) or
wildlife species vulnerable to poaching or illegal trade (Manel et al. 2002). It enables wildlife
managers to determine which species or populations are at risk of experiencing anthropogenic
pressures, and ultimately allocate additional conservation efforts to them. Advancements in
genetic technology are also continuously being incorporated into genetic ecotoxicology.
“ToxChip PCR Arrays”, a DNA microarray where the expression levels of large numbers of
genes are simultaneously measured, are currently under development to tailor to “sentinel
species” for assessing and monitoring environmental contaminants (Porter et al. 2014). This
rapid screening method would allow quantification and identification of genes that become

upregulated or downregulated in response to various contaminant stressors.

Currently, however, the application of genetics has not been widely incorporated in decision-
making for wildlife management and conservation. Sarre and Georges (2009) argue that the
cost and time-consuming nature of genetics laboratory work is perhaps the foremost reason
why wildlife managers are hesitant to take this approach. For example, optimization of PCR
reactions for widely used markers such as microsatellite is time consuming, and without any
expert assistance, a substantial amount of money could be spent. Additionally, wildlife
management is largely field-based and focused on behavioural and ecological studies,
whereas genetic studies for the most part operate in a laboratory setting. The absence of
overlap between the two disciplines presents a significant barrier (Sarre and Georges 2009).
With the ongoing declines in wildlife populations occurring at a global scale, it is becoming
increasingly crucial to recognize the practical implementation of genetics in wildlife
conservation. Additional concerted efforts and coordinated collaboration with focused
questions between evolutionary genetics and wildlife ecology are needed to achieve

conservation goals.
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Appendices

Appendix A — Additional necropsy information of the 13 barn owl samples with their CYP2C45 gene sequenced

Date Location in

ID # Found BC Age Sex Comments

L12- | 21-Dec- Body mass 4444, good body condition, peri-renal hemorrhage, patchy hemorrhage
555 11 Surrey Adult Female | in lungs, no fractures, bruising over right hip

L12- | 28-Nov- New Body mass 396 g, poor body condition, pale, gastric and intestinal hemorrhage

559 10 Westminster | Nestling | Male

L12- | 11-Feb- Body mass 355g, poor body condition, emaciated, dark intestinal content (blood?),
709 12 Langley Adult Male | blood in stomach, full gall bladder

L12- | 15-Oct- Body mass 355 g, poor body condition, hemorrhage in stomach, pale, no fractures
736 12 Langley Nestling | Male

L12- | 13-Nov- Body mass 535 g, poor body condition, gastric hemorrhage, clear respiratory airway,
753 12 Richmond Adult | Female | NO fractures

L12- | 28-Sep- Body mass 440 g, fair body condition, hemopericardium, pulmonary hemorrhage, no
727 12 Delta Adult Male | fractures, cardiac contusion, GIT - vole

L12- | 30-Sep- Body mass 420 g, poor body condition, chronic bumblefoot on left foot, dry necrotic
737 12 Langley Adult | Female | ulcerated foot pad

L12- | 7-Feb- Body mass 510 g, good body condition, fracture distal left femur, thoracic pulmonary
738 12 Langley Adult Male | hemorrhage, lacerated liver, GIT shrew

L12- | 15-Jan- Body mass 371 g, poor body condition, pale, hemorrhage in stomach and intestines,
558 12 Delta Nestling | Female tapeworms, pulmonary nematodes

L12- | 4-Nov- Body mass 470 g, fair body condition, multiple fracture of both wings, pulmonary
732 12 Abbotsford | Adult | Female | hemorrhage

L12- | 11-Oct- Body mass 495 g, fair body condition, fracture right distal humorous, thoracic

733 12 Chilliwack Adult | Female | hemorrhage

L12- | 10-Nov- Body mass 420 g, poor body condition, clear respiratory tract, no fractures or

752 12 Richmond Adult | Male | hemorrhage

L12- | 11-Nov- Poor body condition, gastric hemorrhage, dark intestinal content, fractured pelvis,
949 12 Richmond Adult Female dislocated right hip, swollen right foot

63



Appendix B — SNPs identified in the non-coding regions (introns) of the CYP2C45 gene and
their associated nucleotide positions (starting from the start codon of exon 1). Highlighted in
red are individuals categorized as “low AR tolerance”, and blue are “high AR tolerance”.

Nucleotide position

459 510 1023 1875 1913 1979 2662 3188 3223
L12-558 R Y R G C Y K Y G
L12-559 R Y G G C T K Y R
L12-709 R T G G C T K C G
L12-736 A C A G C T G T G
L12-753 G T G G C T T C R
L12-727 G T G R A T K C G
L12-737 A Y R G C T G T G
L12-738 R T G G C T K C R
L12-555 R Y G G C T K Y R
L12-732 G T G G A T K C G
L12-733 R C A G C T G Y G
L12-752 G T G R C Y T C G
L12-949 R Y R R C T K Y G
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