ABSTRACT

Comparing the Genetic Diversity of Late Pleistocene Bison with Modern Bison bison
Using Ancient DNA Techniques and the Mitochondrial DNA Control Region

Kory C. Douglas

Mentors: Robert P. Adams, Ph.D., and Lori E. Baker, Ph.D.

The transition between the Pleistocene and Holocene Epochs brought about a
mass extinction of many large mammals. The genetic consequences of such widespread
extinctions have not been well studied. Using ancient DNA and phylogenetic techniques,
the genetic diversity and phylogenetic relatedness of extinct Pleistocene Bison ranging
from Siberia to mid-latitude North America (10,000 ybp to 50,000 ybp) were compared
to extant Bison bison.

The mitochondrial DNA control region was sequenced from 10 Bison priscus
skulls obtained from the Kolyma Region of Siberia, Russia. Control region sequences
from other Pleistocene Bison species and Bison bison were obtained from Genbank.
There is a measurable loss of genetic diversity in Bison bison compared to Pleistocene
Bison. Furthermore, the Pleistocene Bison population was strongest in North America
from a time period of 30,000 ybp to 10,000 ybp, and the genetic diversity present in this

population is not represented in the Bison bison population.
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CHAPTER ONE

Introduction

Ancient DNA (aDNA) is a powerful tool, providing otherwise unobtainable
genetic information from extinct species. Ancient DNA has been sequenced from animal
and plant remains dated up to one hundred thousand years before present (ybp), and
bacterial remains dated up to one million years before present (Goldenberg and others
1990; Soltis and others 1992; Lindahl 1997; Willerslev and others 2003). Although some
of these studies have been criticized, the potential to analyze sequence diversity over
hundreds of thousands of years can provide insights into the evolutionary origins of
contemporary species. These origins have previously been inferred through the analysis
of morphological data, genetic markers, and populational distribution patterns, all of
which can only provide indirect evidence of the evolutionary processes leading to
contemporary species (Willerslev and Cooper 2005). Analyzing genetic data, we are
able to augment morphological and geological comparisons by examining the underlying
sequence diversity of populations. Furthermore, with the availability of sequence data,
phylogenetic relationships can be examined and population genetic indices can be
compared providing further insight into evolutionary processes and population dynamics.
When combined, morphological, geological and genetic data can present a more accurate
and comprehensive portrait of the evolutionary processes leading to contemporary
species, populational dynamics over time, and extinction events than if examined
separately (Shapiro and others 2004; Willerslev and Cooper 2005; Poinar and others

2006).



Ancient DNA

With the advent of polymerase chain reaction (PCR), it became possible to
amplify a single surviving DNA template, enabling the amplification of small amounts of
aDNA (Mullis 1987; Pdébo 1989; Thomas and others 1989). Early studies were highly
criticized, however, for a lack of suitable controls, facilities, and techniques to control for
contamination, a major concern in aDNA research (Wayne and others 1999). For
example, if a single double-stranded DNA molecule is amplified by PCR for 60 cycles,
approximately 10" amplified molecules can be produced in a volume of less than 50
micro-liters (LL) or about 5e16 molecules per micro-liter. This value increases if more
than one original template molecule is present. Therefore, the act of opening a PCR tube
may release microscopic aerosol droplets containing millions of copies of the template
DNA per 0.005 pL (Cooper and Poinar 2000). If a sample becomes contaminated with
amplified or extraneous DNA, the more robust contaminant DNA may ‘out-compete’ the
target DNA for the primers leading to amplification of the contaminant DNA rather than
the target DNA. Unfortunately, such contamination is difficult to differentiate from
positive results until the DNA sequence data are obtained. Furthermore, in order to
validate the obtained sequence, a sample must be independently replicated and the
sequences compared (Cooper and Poinar 2000).

Because of the high likelihood of contamination, rigorous criteria have been
developed to authenticate aDNA results. Physically isolated work areas, irradiation of
tools and surfaces with ultra violet light, and negative amplification controls are
necessary to decrease and evaluate contamination (Cooper and Poinar 2000). PCR

robustness is approximately inversely correlative to product size (longer sequences yield



lower concentrations of amplicons). When analyzing aDNA, PCR products over 500
base pairs are rare because DNA degradation produces DNA molecules of approximately
200 base pairs or less (Pdidbo 1989). Results should also be reproducible from the same,
and different, DNA extracts of a single sample. Finally, the results should make
phylogenetic sense (Cooper and Poinar 2000). If one is attempting to amplify ancient
Bison DNA and the resulting DNA sequences are not similar to other Bison sequences, it
is probable that the sample has been contaminated or a sequencing error has occurred.
The degradation and damage of DNA after cell death presents problems as well.
Permanently cold conditions are most suitable to preserve DNA for long periods of time
making the permafrost of Siberia and northern North America an excellent environment
for preservation. However, even in the best conditions for DNA preservation, the
enzymatic reactions of cells and the degradative actions of microorganisms can cause
DNA damage and contamination (Pdébo and others 2004). Depurination and
deamination of bases, oxidation, and the affects of background radiation are further
concerns when studying aDNA. To address concerns raised by the occurrence of these
effects, the same sample can be extracted and sequenced multiple times (Hofreiter and
others 2001). In addition, the use of a high fidelity DNA polymerase with relatively

lower error rates can further minimize sequencing errors (Hansen and others 2001).

Mitochondrial DNA
Due to DNA damage with time, preservation of amplifiable nuclear DNA is rare.
However, extra-nuclear, multi-copy sources of DNA in the cell such as mitochondrial
DNA (mtDNA) have proven to be more amenable to analysis (Hofreiter and others

2002). The mitochondrion is a maternally inherited organelle which is believed to have



resulted from an endosymbiotic relationship between nucleated cells and free living
bacteria capable of utilizing oxygen (Margulis and Sagan 1986). Mitochondria carry out
oxidative phosphorylation, generating much of the energy used in eukaryotic cells. Each
cell has multiple mitochondria (approximately 500), and within each mitochondrion are
multiple copies of the mitochondrial genome leading to estimates of 1,000 to 10,000
copies of the mitochondrial genome per cell (Bogenhagen and Clayton 1974). In
addition, mitochondria and mitochondrial genomes have the capability to replicate,
divide, and fuse independently from the somatic nuclear division cycle (Bereiter-Hahn
and Voth 1994).

In contrast to the linear nature of the nuclear genome, the mitochondrial genome
is circular, promoting stability over time and increasing its resistance to degradation. The
mitochondrial genome consists of several coding regions, which code for proteins
necessary for oxidative phosphorylation, and a non-coding region referred to as the
control region (also referred to as the D-loop or hyper-variable region; Ingman and
Gyllensten 2001). Mitochondrial DNA coding and non-coding regions have been
targeted in aDNA studies of Woolly Mammoths (Mammuthus primigenius), Pleistocene
Brown Bears (Ursus arctos), Pleistocene Cave Bears, (Ursus spelaeus), Adélie Penguins
(Pygoscelis adeliae), as well as other species (Yang and others 1996; Barnes and others
2002; Hofreiter and others 2002; Lambert and others 2002).

Furthermore, DNA sequences of the control region of mtDNA have been
extensively utilized in modern and ancient DNA studies of genetic diversity and
phylogenetic relationships. The control region is a non-coding segment of the

mitochondrial genome which serves as the origin of replication for the mtDNA and has



been identified as approximately 900-1100 base pairs in length in many eukaryotes
(Mitomap 2005; Lai and others 2006). Studies of Pleistocene brown bears (Ursus arctos)
(Leonard and others 2000; Orlando and others 2002), woolly mammoths (Mammuthus
primigenius) (Joger and Gorrido 2001), and Pleistocene bison (Shapiro and others 2004)
have reported the mtDNA control region to be a viable source of aDNA amplification and
analysis.

Because it is non-coding, the control region is less conserved mutationally than
regions which code for genes and has a much higher mutation rate with respect to the rest
of the mitochondrial genome. The mutation rate of the entire mitochondrial genome for
mammals is commonly accepted to be approximately 2% per million years (Brown and
others 1979), whereas the mutation rate for the control region for mammals has been
estimated at approximately 30% per million years (Bradley and others 1996; Shapiro and
others 2004). Even within the control region, there are two regions which are more likely
to show mutations. These regions are referred to as hyper-variable regions one and two
(HVRI and HVRII) (Greenberg and others 1983; Gilbert and others 2005). Because of its
uni-parental inheritance pattern and its high mutation rate, the control region mtDNA is a
powerful tool with which to examine evolutionary relationships (Brown and others 1979;

Wayne and others 1999).

Pleistocene Epoch
With the upper limit of animal DNA preservation being approximately 100,000
ybp, we are able to examine the genetic diversity of animals during the events of the Late
Pleistocene. The Pleistocene Epoch [1.8 million ybp to 11,000 ybp] consisted of climatic

changes between glacial and inter-glacial periods (Taylor and others 1993). The glacial



and inter-glacial periods are referred to in two ways: by common names and by marine
isotopic stage (MIS) numbers. The four maximal glacial advances in North America
were the Nebraskan (MIS 10), Kansan (MIS 8), Illinoian (MIS 6), and Wisconsinan (MIS
2-4). The respective inter-glacial periods of North America following the Nebraskan
glaciation were the Aftonian (MIS 9), Yarmouth (MIS 7), and the Sangamon (MIS 5).
The glacial and inter-glacial periods of North America correspond to comparable events
in Asia and Europe (Kurtén and Anderson 1980) with alternative common names. See

Table 1 for the glacial and inter-glacial cycles.

Table 1. Glacial Patterns of the Pleistocene Epoch: (1.8 Million ybp — Present)

(Stoffer 2003)
Glacial/ Inter-Glacial Approximate Time Span
(in years before present)
Wisconsinan Glacial 100,000 — 11,000
Sangamon Inter-Glacial 250,000 — 100,000
Illinoian Glacial 400,000 — 250,000
Yarmouth Inter-Glacial 750,000 - 400,000
Kansan Glacial 900,000 - 750,000
Aftonian Inter-Glacial 1.65 million — 900,000
Nebraskan Glacial 1.8 million — 1.65 million

The last inter-glacial period of the Late Pleistocene, the Sangamon (MIS 5),
preceded the Wisconsinan glaciation (MIS 2-4) which contained the Last Glacial
Maximum (LGM) (Kurtén and Anderson 1980). During the Wisconsinan glaciation (at
its maximum advancement circa 30,000 ybp), the Cordilleran Ice Sheet and Laurentide
Ice Sheet were formed in North America. The Cordilleran Ice Sheet extended from the

Aleutian Islands, across southern Alaska, down the entire Pacific coastline of Canada,



and east covering the Rocky Mountains. The Laurentide Ice Sheet extended from the
Atlantic coast of Canada west to the Rocky Mountains and stretched as far south as
present day Illinois, U.S.A. as depicted in Figure 1 (Nilsson 1983). The two ice sheets
would have shared a boundary on the eastern side of the Rocky Mountains; however, this

boundary has been a controversial topic.

Figure 1. Cordilleran and Laurentide Ice Sheets and Ice Free Corridor During the
Wisconsinan Glaciation (Solid Line indicates Glacial Position at Glacial Maximum circa
30,000 ybp. Dashed line indicates Glacial Positions circa 18,000 ybp) (adapted from
Flint 1971).

During the glacial periods, the ice sheets were not stagnant but advanced and
retreated iteratively (Stoffer 2003). Therefore, at times during the Wisconsinan

Glaciation, the Laurentide and Cordilleran Ice Sheets did not merge completely, and an



ice-free corridor (IFC) connecting present day Alaska with mid-latitude North America
existed (See Figure 1; Hopkins 1967; Flint 1971; Nilsson 1983; Burns 1996).

The mass glaciations trapped much of the world’s water supply in expansive
glaciers, lowering sea levels, resulting in uncovered landmasses previously submerged.
Beringia, one of these landmasses, connected present-day Siberia with Alaska at the end
of the Sangamon inter-glacial and throughout the Wisconsinan glaciation (Creager and
McManus 1967), providing a new habitat and migration routes for both fauna and flora
between Eurasia and North America. Furthermore, the IFC allowed for migration
between Beringia and central North America. Carbon'® dates of recovered remains
support the proposition that megafauna were present in Eurasia, Beringia, and North
America throughout the Wisconsinan glaciation (Kurtén and Anderson 1980; Jorge and
Gorrido 2001; Shapiro and others 2004). With an environment composed of stepped
plains covered with grasses and grass-like plants, Beringia sustained a wide variety of
fauna (Hopkins and others 1982; Guthrie 1990). Large mammals such as Bison,
Mammuthus (Mammoth), and Equus (Horses) dominated the grazing lands of
northeastern Asia, Beringia, and mid-latitude North America (Kurtén and Anderson
1980; Guthrie 1990). Well adapted for the colder, drier environment of the Late
Pleistocene, these animals survived mainly on open tundra vegetation dominated by herbs

and grasses (Edwards and others 2000).

Mass Extinctions
The mass extinction of megafauna at the Pleistocene-Holocene transition (circa
10,000 ybp) in North America was a unique event in Earth’s history. Forty-three large

mammal genera (weighing over 5 kg) became extinct and those which persisted, such as
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Bison, markedly changed their geographical ranges (Barnosky 1989). By analyzing fossil
remains, geological stratigraphy, and known history, hypotheses have been developed
attempting in an effort to explain these mass extinctions. Two dominant hypotheses
appear in the literature.

The first attributes the mass extinction event to over-hunting by man (McDonald
1981; Sutcliff 1985; Kurtén 1988). Mitochondrial control region and Y-chromosome
analyses of North American Indians indicate that modern humans dispersed into North
America approximately 30,000-34,000 ybp and migrated south into mid-latitude North
America over the next 20,000 years (Underhill 1996; Starikovskaya 1998). Based on
radiocarbon dated Clovis tools, it is generally thought that humans (Homo sapiens
sapiens) were present in central North America at 11,200 ybp (Meltzer 1995). With the
advancement of tools for hunting, such as Clovis and Folsom points, and the correlation
between the arrival of modern humans in North America and the mass extinctions, it is
argued that humans over-hunted the megafauna leading to their extinction (Kelly and
Todd 1988; Kurtén 1988).

The second proposed explanation cites the dramatic climate change at the
Pleistocene-Holocene transition as the cause of the mass extinctions (Guthrie 1984a).
During maximum glacial coverage the westerly jet stream was split around the
Laurentide Ice Sheet, and storm tracks were deflected further south than their current
patterns (Kutzbach 1987). This effect would have reduced differences in seasonality
forming a more harmonious climate than today resulting in expanded vegetational
diversity. As the glaciers receded and weather patterns began to change, differences in

seasonality increased and a reduction in vegetational diversity ensued (Barnosky 1989).



10
Fauna such as mammoth, mastodons, and bison, which required a wide variety of
vegetation, became extinct or were extirpated across wide regions (Guthrie 1984b).
Furthermore, studies of the pollen records suggest an influx of trees replaced the tundra
and steppe plains in Beringia and Alaska approximately 10,500 ybp (Anderson and
Brubaker 1994; Pisaric and others 2001). This elimination of suitable habitat led to a

massive decline in population numbers, thus a loss of diversity, and ultimately extinction.

Bison
McDonald (1981), using morphological data, outlined the bison lineage as
follows: the Bison and Bos genera split from Leptobos during the Pliocene with Bison

speciating during the Pleistocene as shown in Figure 2.

B. bonasus B. bison Holocene

N
]

B. priscus B. latifrons  B. antiquus

Pleistocene
B. sivalensis
‘ _/
-
Bos Bison
Pliocene
Leptobos
—_

Figure 2. The Origins of Bison

The first Bison, Bison sivalensis or B. sivalensis, dispersed into Siberia during the

Middle Pleistocene and gave rise to B. priscus (also called B. alaskensis), B. latifrons,
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and B. anitquus. These three species coexisted during the Late Pleistocene with Bison
priscus ranging from Siberia to central North America and B. latifrons and B. antiquus
sharing habitat in North America. The Pleistocene forms of Bison were replaced by two
Holocene forms Bison bison (North American bison) and Bison bonasus (Eurasian
bison). B. bonasus arose from B. priscus; however, the exact predecessor of B. bison is
unclear although B. priscus is its most likely predecessor.

B. priscus, the dominant species of bison in the Late Pleistocene, is of particular
interest due to its abundant presence in the fossil record and modern descendents in North
America and Europe, B. bison and B. bonasus respectively. B. priscus first appeared in
Beringia during the Sangamon Inter-glacial period approximately 100,000 ybp
(McDonald 1981) and quickly migrated throughout mid-latitude North America. Fossil
remains of B. priscus from the Late Pleistocene range from Siberia to mid-latitude North
America, and the corresponding carbon'* dates indicate its presence throughout the Late
Pleistocene disappearing in the early Holocene (Guthrie 1970; Kurtén and Anderson
1980; McDonald 1981; Sutcliff 1985; Shapiro and others 2004). At this time, B. bison, a
smaller form than B. priscus, arose and quickly established itself forming a large
population on the central plains of North America. However, B. bison experienced a
known bottleneck between the late 1860s into the early 1880’s due to over-kill, primarily
by Anglo-American hunters (McDonald 1981). The population was reduced to fewer

than 300 individuals from whom the present B. bison population descends (Dary 1989).

Phylogenetics
Phylogenetics is the study of genetic relationships among different organisms.

Through phylogenetics, the phylogeny or evolutionary history of an organism can be
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determined and is usually depicted using a phylogenetic tree. Furthermore, molecular
phylogenetics examines aligned amino acid or nucleotide sequences to make inferences
about the ancestral relationships of species (Hartl 2000). There are two concerns in
analyzing sequence data for phylogenetic inference. First, two or more independent
mutations may occur at the same site (called multiple hits), meaning that two sites that
differ may have undergone multiple mutations (Thornton and DeSalle 2000). Secondly,
there is the possibility of homoplasy in which two sequences are identical not because of
identity by descent from a common ancestor but due to certain mutational events.
Parallel, convergent, and/or reverse mutations can lead to sequence similarity without
giving an accurate portrayal of the mutational events leading to the sequences (Hartl
2000). Because of both multiple hits and homoplasy, the number of observed differences
between two aligned sequences may underestimate the true number of mutations that
have occurred.

Nucleotide sequences are more sensitive to multiple hits and homoplasy than
amino acid sequences because there are only four nucleotides. Therefore, methods have
been developed to address the problems presented by multiple hits and homoplasy.

These methods attempt to simplify the assumptions made about the mutational processes.
The simplest model, called the one-parameter, model was developed by Jukes and Cantor
(1969) and assumes that any nucleotide is equally likely to mutate or be substituted by
any other nucleotide. However, because transition (i.e. purine to purine) and transversion
(i.e. purine to pyrimidine) rates vary, this assumption is often violated (Wakeley 1994).
Correcting for these differing rates, Kimura (1980) developed a two-parameter model

which assigns different rates to transitions and transversions. Tamura and Nei (1993)
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developed a more extensive model, correcting for multiple hits by taking into account
differences in substitution rates of nucleotides and the inequality of nucleotide
frequencies. Further models have been developed with up to 12 parameters; however,
these models quickly become computationally intense.

Utilizing these models, molecular phylogenetics has changed the approach to
biological classification of organisms as nucleotide data are independent of
morphological characteristics. Generally, however, the phylogenies determined by
molecular phylogenetics support the phylogenies inferred from morphology (Patterson
and others 1993). Phylogenetic trees are constructed from molecular data in three main
ways: distance-based methods, such as neighbor-joining and minimum evolution;
parsimony methods; and the maximum likelihood method.

Distance-based methods use the pairwise differences between sequences to
construct trees. For example, the neighbor-joining method sequentially groups the most
closely related sequences (Saitou and Nei 1987), whereas the minimum evolution method
examines every possible tree and selects the one that minimizes the total branch lengths
(Rzhetsky and Nei 1992). Distance methods also assume a constant rate of evolution and
perform poorly when this assumption is violated, as is often the case (Nei and Kumar
2000). Parsimony methods search among all possible trees to identify the tree with the
minimum number of mutational steps or most parsimonious tree (Hartl 2000). However,
when evolutionary rates vary widely among sequences, parsimony methods can exhibit
long-branch attraction (Page and Holmes 1998). For example, there are four sequences

with the known phylogeny of ((A, B), (C, D)) as seen in Figure 3. A and B share a
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common ancestor as do C and D. The long branches of A and C have experienced more

substitutions than the other branches.

/ N\

B D
Figure 3. Long Branch Attraction Using Maximum Parsimony

If the number of substitutions is too great, the parsimony methodology will
support the tree ((A, C), (B, D)) rather than the correct tree. This tendency toward long-
branch attraction yields incorrect trees and is hard to detect. Lastly, the maximum
likelihood method assumes a model of nucleotide substitution and identifies the tree that
maximizes the probability of obtaining the observed sequence data. This method is
tolerant of violations of its assumptions and performs well even when substitution rates
differ in different branches. Intuitively, maximum likelihood gives the most accurate

tree; however, this method requires intensive computations (Hartl 2000).

Research Hypotheses
Because of their wide distribution, sustained presence throughout the Pleistocene,
and presence of modern descendents, Bison make an excellent model to investigate the

events affecting megafauna at the Pleistocene-Holocene transition. By examining the
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genetic diversity and phylogenetic relationships of Bison with respect to the
mitochondrial DNA control region, several questions can be addressed:

1. How does the genetic diversity of Pleistocene Bison compare with the genetic
diversity of Bison bison?

Null Hypothesis: The amount of genetic diversity in the modern Bison bison
population is the same as the amount of genetic diversity present in the Late
Pleistocene Bison population.

2. Was the Pleistocene Bison population panmictic or was this population
subdivided?

Null Hypothesis: The Pleistocene Bison population was subdivided.

3. Isthe genetic diversity present in Pleistocene Bison represented in the Bison bison
population?

Null hypothesis: The genetic diversity present in Pleistocene Bison is represented in

the modern Bison bison population.



CHAPTER TWO

Materials and Methods

Sampling

Bone samples from 33 ancient bison skulls discovered in the Kolyma Region of
Siberia were obtained. The skulls were identified morphologically as Pleistocene Bison
by Dr. Andrei Sher and Dr. Pavel Nickolsky of the Ice Age Museum in Moscow and
Geological Institute of the Russian Academy of Sciences. Two samples were donated
from private collections, 29 samples were acquired from the Ice Age Museum in
Moscow, Russia, and two samples were collected personally in the field at the Duvanny
Yar site on the Kolyma River (Lat. 68°38°12” N, Long. 159°09°46” E). A Dremel®
rotary tool was used to remove 4.0-5.0 grams of bone from each skull. After each sample
was removed from the skull, the Dremel® was thoroughly cleaned with a sodium
hypochlorite (bleach) solution followed by distilled, de-ionized water (ddH,0) and
ethanol to prevent cross contamination of samples. Furthermore, separate blades were
used for each sample and then discarded. The samples were placed in separate Ziploc™
bags and inventoried by name, number, and photograph. Samples were labeled BP
(Bison priscus) followed by a number beginning with 100 and transported to Baylor

University by the author.

Contamination Prevention
Ancient DNA extraction, amplification, and sequencing require meticulous

attention to detail to prevent contamination. Because of the low concentration of DNA in

16
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ancient samples, modern DNA contamination can easily mask the aDNA at any stage of
the analysis. Extraction, PCR, electrophoresis, and sequencing procedures were carried
out in four separate rooms with separate ventilation systems establishing a gradient
between the rooms. Samples were processed up-gradient from extraction room to PCR
room to post-PCR rooms. For example, no PCR product was present in the extraction
room at any time.

Before every procedure (extraction, PCR, etc.), all surfaces and tools were
cleaned with a 10% dilution of store purchased sodium hypochlorite (bleach), followed
by ddH,0, ethanol, and finally irradiated with ultra violet (UV) light for varying amounts
of time. Prior to extractions, surfaces and tools were UV irradiated approximately 20
hours, and before PCR, reaction assembly surfaces and tools were UV irradiated for three
hours. Sterile microcentrifuge tubes were used and UV irradiated as well. To prevent
reagents and extraneous DNA from contaminating the pipettes, sterile, filtered pipette
tips were used. Extractions and PCRs were carried out in isolated hoods that were
sterilized as abovementioned between procedures. To control for the possibility of human
contamination, PCRs were performed using the author’s extracted genomic and
mitochondrial DNA as a template with the designed bison primers yielding no amplicons.
Furthermore, aprons covering the arms, surgical masks, and surgical caps were worn to
prevent potential contamination. A double layer of powder free latex gloves was worn.
The first pair was put on outside of the hood, and the second pair was put on from a glove
box opened inside the hood. Additionally, mock extractions were conducted in the

absence of any bone, using all buffers made in the lab to ensure that the buffers were free
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from contamination. Extraction blanks and PCR blanks were also run with each sample

to test for contamination.

Extraction
A silica/guanidine thiocyanate extraction method was used to extract DNA from
the samples (Baker and others 2001). This method uses DNA-binding silica and is
preferable to phenol/chloroform precipitation methods under low DNA concentration
conditions. In addition to the silica extraction method, sample BP100 was also
independently extracted using the Geneclean™ for Ancient DNA kit (Catalogue # 1002-
200) to confirm the DNA sequence of that sample. Both methods extract both nuclear

and mitochondrial DNA.

Sample Preparation

Using a Dremel® rotary tool, 280-400 milligrams of bone from each sample was
removed for extraction. Samples were cut in an external flow hood with tools and
surfaces sterilized between samplings. Each bone sample was washed with a 10% bleach
solution to remove surface contaminants, rinsed with ddH»0 to remove the bleach, and
UV irradiated for 10 minutes. The samples were vacuum packaged, frozen in liquid
nitrogen for eight minutes, wrapped in an absorbent liner, and crushed using a hammer.
The crushed bone was placed in a sterile 1.5 mL tube. After each sample was processed,
all tools used were washed with a 10% bleach solution and rinsed with ddH,0 and ethanol

to remove contaminants.
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Silica/Guanidine Thiocyanate Method (Baker and others 2001)

Extraction buffer (10 M guanidine thiocyanate (GuSCN) (Fisher Scientific®), 0.1
M Tris-HCI (pH= 6.4), 0.2 M EDTA (pH= 8.0), 1.3% Triton X-100) was prepared
according to Boom and others (1990). Twelve grams of GuSCN, 10 mL of the Tris-HCI
buffer, and 2.2 mL of the EDTA buffer were mixed in a 50 mL vial. The solution was
placed in warm water to help dissolve the GuSCN. Two hundred fifty micro-liters of
Triton X-100 (Acros® Organics) and 1.5 grams of DNA binding silica (Sigma®) were
then added. The solution was vortexed and centrifuged twice for 10 minutes at 4,000
rpm to precipitate the silica from the extraction buffer. The supernatant was aliquoted
into 1000 pL volumes in brown 1.5 mL tubes. The extraction buffer was stored in the
dark and used for up to three weeks.

To extract the DNA, 1000 puL of extraction buffer was added to the 1.5 mL tubes
containing the crushed bone samples and incubated at 60 degrees Celsius for at least 18
hours. The samples were removed from the incubator, centrifuged for five minutes at
13,000 rpm, and 250 pL of the supernatant was transferred to a new, sterile 1.5 mL tube.
Five hundred micro-liters of sodium iodide (Nal) and five micro-liters of DNA glassmilk
from Geneclean® III Kit (Catalogue # 1001-600) were added. The samples were
vortexed then incubated at 55 degrees Celsius for 15 minutes. It is important to mix the
extract well to promote the binding of the DNA to the silica in the glassmilk. The
samples were centrifuged for five minutes at 13,000 rpm, and the supernatant was
removed. To remove residual salts, 500 pL of New Wash prepared by manufacturer
recommendation was added to the sample. The glassmilk pellet was re-suspended, the

sample was centrifuged for five minutes at 13,000 rpm, and the supernatant removed.
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This step was repeated. The pellet was re-suspended in 50 pL of ultra-pure, molecular
bio-grade, nuclease free water purchased from USB Corporation® (Product # 71786).
Samples were incubated at 56 degrees Celsius for 10 minutes and centrifuged for five
minutes at 13,000 rpm. The supernatant was removed, placed in a sterile 0.6 mL tube,

and stored at negative 20 degrees Celsius.

Geneclean® for Ancient DNA Kit

Crushed bone from the sample was placed in 1000 pL. of DeHybernation Solution
A and incubated at 55 degrees Celsius overnight. The extract was removed from the
incubator, centrifuged for five minutes at 13,000 rpm, and the supernatant was transferred
to a sterile 1.5 mL microcentrifuge tube. Three-hundred micro-liters of Ancient DNA
Glassmilk were added, and the sample was incubated at room temperature for 30 minutes
while mixing. The extract was transferred to the spin filter provided and centrifuged for
one minute at 14,000 rcf. The catch tube was emptied, 500 pL of Salton Wash #1 was
added, and centrifuged as above. After emptying the catch tube, 500 pL of Salton Wash
#2 was added, and centrifuged as above. The catch tube was emptied, 500 pL of Ancient
DNA Alcohol Wash was added, and centrifuged as above. The last step was repeated,
and the sample was then centrifuged for two minutes at 14,000 rcf to remove any of the
remaining alcohol wash. The pellet was re-suspended in 50 pL of ultra-pure, molecular
bio-grade, nuclease free water, and the sample centrifuged for one minute at 14,000 rcf.
The extract remaining in the catch tube was transferred to a 0.6 mL tube and stored at
negative 20 degrees Celsius.

Extractions were performed in a Labconco® Purifier Class IT Biosafety Cabinet in

a room dedicated to extraction only. Extreme caution was exercised throughout the
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extraction procedure to control for contamination. Furthermore, when multiple samples
were processed concurrently, spatial separation within the hood was strictly maintained.

No more than eight samples were processed at one time.

Primer Design

Primers were obtained from Bio-Synthesis, Inc. (Lewisville, Texas). Primers
were designed using modern mitochondrial DNA (mtDNA) control region sequences of
Bison bison (North American bison), Bison bonasus (Eurasian bison), and their
respective cattle crossbreeds (See Appendix A). These sequences were obtained from Dr.
James Derr of the Department of Veterinary Pathobiology at Texas A&M University.
The sequences were aligned, and the primers were designed from the most conserved
regions of the mtDNA control region between the respective sequences except for primer
F15755 (See Table 2). Primer F15755 was developed using a previously published
primer by Shapiro and others (2004) and a Bos taurus (cow) mtDNA genome sequence
containing the control region (Genbank NC 006853) because the mitochondrial sequence
needed to create F15755 was outside of the sequence provided by Dr. Detr.

To standardize the numbering system for the ancient bison mtDNA control
region, the first forward primer (F15755) was located on the Bos taurus mtDNA
sequence (NC_006853). The 5’ base of F15755 corresponds to the base numbered 15755
in this Bos taurus mtDNA sequence. Furthermore, two Bison priscus sequences obtained
from Genbank (AY 748794 and AY748796) were compared to the Bos taurus sequence to
find a base number for their first base with respect to the Bos taurus sequence. Once the
base number at the beginning of the Bison priscus sequence was determined, the

remaining sequence was numbered accordingly. Except for F15755, the primers were
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numbered according to their 3’ base position in the Bison priscus Numbered Reference

Sequence in Appendix A. Primer F15755 begins outside of this reference sequence.

Table 2. Paired Primers

Paired Primers 5°-3° Annealing Temperature
(F=Forward, R=Reverse) (degrees Celsius)

F15755 ACCCCCAAAGCTGAAGTTCT

R15925 GGTGAGTGACGTTAGCTAGTG 59
F15869 AAAAATTCCAATAACTCAACA “
R16014 GGGCATATAATTTAATGTAC

F16004 CATATTATGTATATAGTACATTAAA “
R16156 CGGCATGGTAGTTAAGCTCG

F16146 CACTAGATCACGAGCTTAAT ;
R16264 GAAGAAAGAACCAGATGTCT

F16254 GAACTTTATCAGACATCTGG .
R16376 TACCAAATGAATGACAGCAC

F16366 ACACATAACTGTGCTGTCAT y

R16512 TTATGTCCTGTAACCATTGA

The primers are between 20 and 25 base pairs in length with annealing
temperatures between 47 and 59 degrees Celsius. The annealing temperatures were not
allowed to exceed the elongation temperature required for the sequencing reaction (60
degrees Celsius). Annealing temperatures were determined using the formula [(A+T) * 2
+ (G + C) * 4] —5]. This is a simplified formula to determine approximate annealing
temperatures. The annealing temperature of a primer can also be estimated as 5-10
degrees Celsius lower than the melting temperature (Ty,) (Erlich 1989). As indicated by
the formula, the hydrogen bonding patterns between adenine (A)/thymine (T) with two
hydrogen bonds and the guanine (G)/cytosine (C) with three hydrogen bonds affect the

annealing temperature. A primer designed in an A/T rich region requires more bases to
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reach an acceptable annealing temperature as opposed to a primer designed in a G/C rich
region.

Six over-lapping primer sets were created to ensure continuous sequence reads.
Primer pairs produced amplicons between 118 bp and 170 bp resulting in a 528 bp
sequence of the mitochondrial DNA control region. Furthermore, Netprimer (2005) was
used to assess primer dimerization, hairpin formations, and to calculate melting
temperatures all of which affect the optimization of PCR (Griffin 1994). The primer
concentrations were adjusted using molecular bio-grade, nuclease-free water to make 20
micro-molar (WM) stocks of each primer. Subsequently, aliquots of 25 pL of each
individual primer were pipette to prevent contamination of the stock and reduce the

number of freeze/thaw activities.

Polymerase Chain Reaction (PCR)

All reactions were prepared in a Labconco™ PCR Enclosure in a room dedicated
to PCR. Standard PCR mixtures consisted of 2.5 pL of 10X PCR Gold Buffer (Applied
Biosystems™), 1.7 pL of 25 mM MgCl, (Applied Biosystems®), 2.0 pL of 10 mM
mixture of the four deoxynucleotide triphosphates (ANTPs) (Applied Biosystems™), 0.5
pL of each 20 uM stock primer (forward and reverse), 0.2 L of AmpliTaq Gold™
(Applied Biosystems®), 1.0 pL of DNA template, and molecular bio-grade water for 25
uL total volume. Reaction mixtures were subjected to the PCR thermo-cycles of
denaturation, annealing, and elongation as shown in Table 3.

However, some templates were difficult to amplify due to apparent co-extracted
inhibitors. It was sometimes necessary to dilute DNA templates to dilute inhibitors or to

add additional template to obtain amplification. In such cases, serial dilutions of 1:10,
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1:100, and 1:1000 were made using the original extract and molecular bio-grade water.
Furthermore, the amount of diluted extract added to the PCR mixture was adjusted

between 1 pL, 2 pL, and 5 pL depending on the sample.

Table 3. Cycles of the Polymerase Chain Reaction

Initial Denaturation Annealing Elongation # of Cycles  Final
Denaturation Elongation
Temp. 95°C 95°C Varies 70°C 60 70°C
Time 4 min. 30 sec. 30 sec. 30 sec. 7 min

All reactions were amplified on either a PTC-100™ or a DNA Engine Opticon™
2 both made by MJ Research®. Unlike the PTC-100™, the DNA Engine Opticon™ 2 has
a gradient temperature block allowing for several annealing temperatures, and therefore
several primer pair reactions, to be utilized concurrently. All primer sets were attempted
simultaneously with sample BP115 with successful results. However, due to the
unpredictable and inconsistent results produced by the DNA Engine Opticon, all other
samples were processed using just one primer set at a time and running duplicate or

triplicate reactions.

DNA Visualization and Purification
The PCR products were electrophoresed in a 12% acrylamide gel, stained with
ethidium bromide (EtBr), and visualized on a UV transilluminator to estimate quantity
and quality. Electrophoresis is the process of separating DNA strands of different lengths
by applying an electric current to the gel which contains the DNA. Strands of DNA are

negatively charged, and when an electric field is applied, the DNA will migrate or run in
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the direction of the positive charge. Using a medium such as a polyacrylamide gel,
strands of different lengths will migrate at different speeds through the gel creating bands
of DNA (Chrambach and Rodbard 1971). The different bands can then be visualized
using EtBr, which binds to DNA and fluoresces when placed in ultra violet light

(Figure 4).

1 2345678910

200 bp—>

Figure 4. Polyacrylamide Gel of PCR Products from Eight Samples of Ancient Bison
Mitochondrial DNA using Primers F16146 and R16264. Lane 1- 100 base pair DNA
Ladder, Lanes 2-9- Samples, Lane 10- PCR Blank.

All apparatuses used to make polyacrylamide gels and execute polyacrylamide gel
electrophoresis (PAGE) were purchased from Bio-Rad® (Mini Protean® 3 Series).
Twelve percent polyacrylamide gels were prepared in vertical plates at 0.75 mm
thickness with combs forming 10 wells capable of holding up to 25 pL. To make a 12%
polyacrylamide gel, 3.85 mL of acrylamide, 2.0 mL of bis-acrylamide, 3.0 mL ddH,0, 1.0
mL of 10X TAE, 210 pL of 3% ammonium persulfate, and 5.0 uL. of TEMED (N, N, N,

N-Tetramethyl Ethylenediamine) were mixed in a 50 mL beaker and poured into the

assembled vertical plates. Four to six gels were prepared at a time. Gels were left
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standing for 30 minutes to form. For storage, the ends of the gel plates were covered by
damp Kimwipes®, wrapped in a plastic wrap, and stored at a four degrees Celsius. The
gels could be stored up to three months. For PAGE, gels were removed from storage,
unwrapped, and the comb was removed. The gel was then loaded onto the vertical PAGE
apparatus. Careful attention was given to firmly locking the gel in position as leaking of
the running buffer can occur when using vertical gels, and 1X TAE was added as the
running buffer.

To identify the target band by amplicon size, a 100 bp DNA Ladder by Promega®
(Catalogue # G2101) was used. The ladder consisted of 11 double-stranded DNA
fragments with sizes increasing by 100 bp increments from 100 bp to 1,000 bp and a
1,500 bp fragment. Five micro-liters (650 ng of DNA) of the ladder, which contains
approximately 150 ng of the 500 bp DNA fragment and 50 ng of each of the other ten
DNA fragments, was used per gel. Samples were loaded using the Blue/Orange loading
dye that is provided with the above DNA ladder by Promega® (Catalogue # G190A).
PAGE was run at 150 volts for 75 minutes using a FB300 power source (Fisher
Scientific®). After electrophoresis, gels were removed from the plates and placed in an
EtBr bath and visualized by a Foto/UV®™ 21 ultra violet light box (Fotodyne®
Incorporated). The gel image was captured using a Kodak®™ EDAS 290 and processed
using the Kodak®™ 1D 3.6.1 imaging system.

Target DNA was then gel purified using the bandstab technique (Wilton and
others 1997). A bandstab is a gel purification method in which a pipette tip is used to
stab the target DNA band displacing a small portion of the gel into the pipette tip. Using

a transfer pipet, the displaced gel is expelled from the pipette tip into a previously
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prepared PCR reaction mixture to serve as the template (Wilton and others 1997). The
previously prepared PCR mixture contained the same constituents as described earlier in
the PCR section. The thermo-cycling conditions of the PCR were also the same but 30

cycles were run instead of 60 cycles.

DNA Quantification
The bandstab product was purified using the QIAquick® PCR Purification Kit

from Qiagen® (Catalogue # 28106). The protocol provided by the manufacturer was
followed except for the final elution step. The DNA was eluted from the filter with 30
uL of molecular bio-grade water for sequencing purposes as opposed to the elution buffer
provided in the kit. To assess the concentration of DNA in the purified sample, five
micro-liters of sample DNA were run on a 12% polyacrylamide gel at 150 volts for 75
minutes using the 100 bp DNA Ladder by Promega®. Figure 5 shows the resultant gel

after purification of the PCR product.

200 bp — &=

Figure 5. Polyacrylamide Gel After PCR Purification. Lane 1- 100 base pair DNA
Ladder, Lanes 2-9- PCR Purified Samples.
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Since the lengths and masses of the bands of the DNA ladder are known (see
previous section), the Kodak®™ 1D 3.6.1 imaging system software could be utilized to
calculate the band masses of the target bands by comparing them to the known band
masses of the DNA ladder (Kodak®™ 1D 3.6.1 Users Manual). The concentration of DNA
can then be determined by dividing the calculated band masses by the sample volume
electrophoresed (five micro-liters). Purified sample concentrations ranged from 6 ng/pL

to 60 ng/uL.

Sequencing

The CEQ™ DTCS Quick Start Kit was used for sequencing. The provided DTCS
Master Mix consists of the deoxynucleotide triphosphates (AINTPs) needed for DNA
strand replication, individual dye conjugated dideoxynucleotide triphosphates (ddNTPs),
and all other PCR constituents except template DNA, ddH,0, and primers (CEQ™ 8000
Customer Training Guide). ddNTPs lack the hydroxyl group attached to the 3’ carbon of
the deoxyribose sugar. Therefore, with the addition of a ddNTP, elongation of the DNA
strand is prevented terminating the sequence at a specific nucleotide. The resulting
product is a mixture of DNA strands of different lengths representing the entire template
strand with each terminal 3 end corresponding to the specific ddNTP that was
incorporated (Sanger and others 1977). In addition, each ddNTP is conjugated to a
unique fluorescent dye, emitting a specific wavelength of light when fluoresced.

Ten micro-liter reactions consisting of four micro-liters of DTCS Master Mix, 1.0
uL of 5.0 uM of a single primer, template DNA, and ddH,0 were created. Both forward
and reverse primers were used for sequencing, but only one primer (forward or reverse)

was used per reaction, yielding single stranded DNA products for sequencing. The
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volume of template DNA added varied with the concentration of the purified sample.
Double stranded DNA (dsDNA) concentrations should range between 50 and 100
femtamolar according to manufacturer specifications. To meet this criterion for dsDNA
200 bp in length, approximately 15 ng of dsSDNA was needed. Previously determined
template DNA concentrations were used to determine the volume of each purified sample
that was added to the reaction mixture, and the amount of ddH,0 was adjusted to bring
the final reaction volume to 10 pL.

For optimal results sequencing reactions were prepared on ice to prevent DNA
polymerase activity. The samples were subjected to 30 thermal cycles of 96 degrees
Celsius for 20 seconds (denaturation), the annealing temperature of the respective primer
used for 20 seconds, and 60 degrees Celsius for two minutes (elongation). The products
were then purified using Ethanol Plate Precipitation in a CEQ™ Sample Plate as
instructed by the manufacturer. A 50 pL stop solution consisting of 20 pL of 3 M sodium
acetate (NaOAc) (pH= 5.2), 20 pL of 100 mM EDTA (pH= 8.0), and 10 pL of glycogen
was made, and 5.0 pL of this premix was added to the 10 pL. sequencing reaction
product. The above recipe results in sufficient stop solution for one column (eight
samples). The samples were transferred to a CEQ™ sample plate, and 60 pL of cold
95% ethanol was added to each well. The sample plate was covered with aluminum foil
to prevent sample loss. The samples were mixed and centrifuged at 4,000 rpm for 15
minutes at four degrees Celsius. After centrifugation, the aluminum foil was removed,
the plate was inverted on eight folds of paper towels cut to fit the centrifuge plate holder,
and centrifuged at 300 rpm for 20 seconds to remove the ethanol. The resulting DNA

pellets were rinsed with 200 pL of 70% cold ethanol and centrifuged again at 4,000 rpm
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for 15 minutes at four degrees Celsius. After centrifugation, the plate was inverted again
onto eight folds of paper towels cut to fit the centrifuge plate holder and centrifuged at
300 rpm for 20 seconds. The 70% cold ethanol rinse was repeated to remove any
remaining residual salts, and the pellets were vacuum dried for 10 minutes. The DNA
pellets were re-suspended in 40 pL. of Sample Loading Solution (SLS) provided by the
manufacturer, and a drop of mineral oil was added to each well to prevent evaporation.
The sample plate was covered by aluminum foil and stored at four degrees Celsius.

Samples were sequenced using the Beckman- Coulter CEQ™ 8000 Genetic
Analysis System. The system utilizes capillary electrophoresis to separate DNA
fragments of different sizes. By applying an electric field to the capillary tubes, ions will
migrate in a medium such as polyacrylamide gel depending on their charge (Baker 1995).
As the negatively charged DNA strands migrate through the gel, the dye-labeled ddNTPs
are fluoresced by a laser, and a sequence is rendered. The LFR-1 separation method on
the CEQ™ system with a 4.2 kV current for an 85 minute duration was chosen because
of the fragment sizes (<200 bp) of the single stranded DNA being sequenced. Sequence
data were originally analyzed using the default PCR sequence analysis parameters. To
get a more accurate analysis, raw sequence data were re-analyzed indicating a PCR
product <200 bp in length and defining a start and stop time for the analysis. The start
time (typically around 20 minutes from the beginning of the run) and stop time (typically
around 40 minutes from the beginning of the run) was inferred by reviewing the raw data
and determining when the sequence first provided output and when the output ended.
Analyzed data, as shown in Figure 6, were printed and read using the Bison priscus

Numbered Reference Sequence (BPNS) in Appendix A as a guide. The International
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Union of Biochemistry (IUB) ambiguity codes were used to represent heterozygous bases
(See Table 4). Base changes were recorded only if both forward and reverse sequences

showed the mutation.
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Figure 6. Portion of Analyzed Data from Sample BP100 Produced by CEQ™ 8000
Genetic Analysis System. Sequence Begins at Position 15825 on the BPNS.

Table 4. IUB Code Table (Liébecq 1992)

IUB (Degenerate Bases) Code Table
IUB

Codo N \% B H D K S W M Y R
Bases ACGT GAC GTC ATC GAT GT GC AT AC CT AG

Sequence Alignment
The mtDNA control region sequences were aligned using Multiple Sequence
Alignment by ClustalW® version 1.83 a freeware program (Thompson and others 1994).
ClustalW® was used to align the sequences in a three step procedure. All the sequences

are compared to each other to form pairwise alignments and then a dendogram is
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constructed grouping sequences by similarity. The final multiple alignment is performed
using the dendogram as a guide tree (Thompson and others 1994). For the pairwise
alignments, the slow/accurate option was chosen with a gap penalty of 15 and gap
extension penalty of 6.66. The program uses these parameters to score each pairwise
alignment and subsequently to form the guide tree. Using the guide tree, the two gap
penalties, and the pairwise scores, the most similar sequences are aligned first and the
least similar sequences aligned last (Thompson and others 2003). Alignment results were
carefully examined to ensure proper alignment. Manual adjustments were made to
correct obvious mistakes. A guanine rich region at 15946 in the BRNS in Appendix A
was eliminated from the analysis because of expected DNA polymerase slippage causing

erroneous sequences (Derr 2006).

Analysis Software
After alignment, Arlequin® version 3.01 was used to analyze the standard
molecular diversity indices (Excoffier and Schneider 2005). Furthermore, PHYLIP®
DNAML version 3.5¢ (Felsentein 2004) using the Redhat Linux® version 3.23 operating
system and MEGA® version 3.1 (Kumar and others 2004) using the Microsoft® Windows
XP operating system were used to examine phylogenetic relationships. To obtain
bootstrap values, the SeqBoot” and Consense® applications available in the PHYLIP®

3.65 package were used.



CHAPTER THREE

Results

Sequence Results

In comparing the two extraction methods, the silica/guanidine thiocyanate method
produced more consistent results than the Geneclean®™ for Ancient DNA kit method.
When using the Bio 101 Geneclean® for Ancient DNA kit, extracts had to be diluted
before PCR in order to produce the target amplicons. With the silica/guanidine
thiocyanate method, samples generally amplified successfully without having to dilute
the original extract. Although mitochondrial control region sequence data were obtained
for 12 of the 33 ancient bison samples, only 10 samples yielded enough target sequence
data to include in the analysis, seven full target sequences (528 bp) and three partial
target sequences (415 bp). These 10 samples comprise the BP population referred to
below. The polymorphic loci of these 10 sequenced samples with respect to the Bison
priscus Numbered Reference Sequence (BNRS) are presented in Appendix B. Two
samples, BP100 and BP101, were carbon'* dated by the Arizona AMS Laboratory and
found to be >39,900 and 32,100 +/- 1,300 years before present (ybp) respectively.
BP100 yielded sequence data; however, BP101 did not. Carbon'* dating on the
remaining samples which yielded target sequence data is ongoing.

For analysis, modern Bison bison mtDNA control region sequences (n=24) were
obtained from Genbank (Accession Numbers AY428859, AF083357-64, U12935-6,
U12944-48, U12955-59, U12864) and from Texas A&M University (Bison bison 1 and

Bison bison 2 in Appendix A). These sequences represent several Bison bison herds

33
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present in the United States and Canada, as well as Bison bison located at several zoos
worldwide (Ward and others 1999; Wilson and Strobeck 1999). In the diversity analysis,
these sequences comprise the modern bison population. In the phylogenetic analysis, the
Genbank sequences are referred to by their respective accession numbers, and the Texas
A&M sequences are identified as B.bis1 and B.bis2 respectively.

Ancient Bison mtDNA control region sequences were also obtained from
Genbank. These sequences were published by Shapiro and others (2004), and
geographical and carbon'* dating information can be found in the supporting online
materials of the above publication available at Science Online. Only samples with full
mtDNA control region sequences were used. These samples are indicated by SBS
(Siberian Bison Sample) followed by a number or NABS (North American Bison
Sample) followed by a number. Studies of the mtDNA control region sequences of Bison
bison and various species of Bos have determined that interbreeding between the two has
occurred over the last 10,000 years most likely due to low Bison population numbers
(Ward and others 1999; Ritz and others 2000; Verkaar and others 2004; Derr 2006).
Artifacts of the Bos control region are still present in some Bison bison control region
sequences. To limit these Bison and Bos hybrid control region sequences, only ancient
samples with carbon'* dates over 10,000 ybp and validated modern Bison bison samples

were used for analysis.

Standard Diversity Indices
Standard genetic diversity indices provide information on the diversity present in
sequence data. Using Arlequin® version 3.01, the number of polymorphic sites, mean

number of pairwise differences, and nucleotide diversity were examined to assess
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differences in diversity (Excoffier and Schneider 2005). A 5% level of missing data was
allowed, and a rate of one was set for the transition, transversion, and insertion/deletion
rates.

As previously mentioned, the ancient bison sequences from Genbank were
divided into two geographic regions: North American (Alaska, Canada, and the United
States), and Siberian (Siberia, the Ural Mountains, and Mongolia/Northern China).

These divisions were labeled NABS (North American Bison Samples) (n=111) and SBS
(Siberian Bison Samples) (n=77). To form an inclusive Siberian population, the BP
(n=10) sequence data were included with the ancient Siberian bison sequence data
forming SBS+BP (n=87). The BP sequences are a representative sample of the ancient
bison population from the Kolyma Region of Siberia. Furthermore, the NABS
population was divided into samples carbon'* dated between 10,000 and 30,000 ybp
referred to as NABS' (n=59) and samples carbon'* dated greater than 30,000 ybp referred
to as NABS? (n=52) to test for differences in diversity with respect to the timing of the
Last Glacial Maximum. The dates of the samples in NABS' place them during the Last
Glacial Maximum up to the Pleistocene-Holocene transition whereas the dates of the
samples of NABS® precede the Last Glacial Maximum.

Since the diversity indices being examined are heavily dependent on population
size, 24 randomly selected sequences from the SBS+BP, SBS, NABS, NABSI, and
NABS? populations were used for analysis to match the number of modern Bison bison
sequences available. The BP sequences generated by the author were also separately
analyzed from the SBS sequences. The diversity indices presented give measurements of

the genetic diversity within each population.
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Number of Polymorphic Sites

The number of polymorphic sites is a measure of the number of nucleotide
positions where a polymorphism exists in any one of the sequences analyzed. Because
the number of usable loci varies between populations, the percentage of polymorphic
sites per number of usable loci is given for better comparison. Table 5 gives the number
of polymorphic sites observed in each population, the number of usable loci, and the

percentage of polymorphic sites per usable loci.

Table 5. Number of Polymorphic Sites (n=24 for all populations except BP)

SBS+  BP NABS' NABS?
BP  (n=10) SBS  NABS 50000 (30000 Modemn
Number
Polymorphic 48 35 41 69 63 75 20
Sites
Number of
Usable Loci 409 409 522 500 500 500 516
(<5 % missing
data)
Polymorphic

Sites per 0.1174 0.0856 0.0785 0.1380 0.1260 0.1500 0.038%8
Usable Loci

NABS, NABS', and NABS? have the highest percentage of polymorphic sites of
all the populations at 0.1380, 0.1260, and 0.1500 respectively, and the modern population
has the lowest at 0.0388. NABS® has a slightly higher percentage of polymorphic sites
than do the NABS' and the NABS populations. Interestingly, SBS+BP at 0.1174 has a
higher percentage than both of its constituents. This can most likely be attributed to

sampling error.
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Mean Number of Pairwise Differences
The mean number of pairwise differences is the mean number of differences
between all the haplotypes in the sample when compared to every other sequence
individually (Tajima 1983; Tajima 1993). Table 6 gives the mean number pairwise

differences for the populations examined with one standard deviation.

Table 6. Mean Number of Pairwise Differences (n=24 for all populations except BP)

BP NABS' NABS?
SBS+BP (n=10) SBS NABS (<30.000)  (>30.000) Modern
Mean
Numborof 8370 9733 8844 13866 14322 13591  3.949
Dot +/- +- +- +- +- +/- +-
CAITWISC 4015 4875 4226 6450 6652 6328  2.049
Differences

Figure 7 shows the mean number of pairwise differences with lines indicating two

standard deviations or a 95% confidence limit.
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Standard deviation is the square root of the variance, and variance is an indicator
of diversity. Similar sequences yield a lower variance, thus a lower diversity. The
standard deviation of the modern Bison bison population is +/- 2.049, whereas standard
deviations of the SBS+BP and NABS populations are +/- 4.015 and +/- 6.450
respectively. Furthermore, the populations containing the Siberian bison samples show
slightly less variance than the populations containing the North American bison samples.
However, the variances of the SBS+BP, SBS, and BP populations are similar, and the

variances of the NABS, NABS', and NABS? are similar.

Nucleotide Diversity

Nucleotide diversity measures the probability of nucleotide differences per site
between any two randomly selected sequences (Nei and Li 1979) and can also be used as
a measure of diversity. Table 7 gives the nucleotide diversities for the populations

examined with one standard deviation.

Table 7. Nucleotide Diversity (n=24 for all populations except BP)

1 2
ses+gp  BP SBS NABS NABS  NABS

(n=10) (<30,000) (>30,000) Modern

Nucleotide 0 9504 00238 00169 0.0277 0.0286 0.0271  0.008
Diversity 4/ +/- +/- +/- +/- +/- +/-
(average 0.010 0014 0009  0.014 0015 0014  0.004

over loci)

Figure 8 shows the calculated nucleotide diversity for each population with lines
indicating two standard deviations. The variance of the nucleotide diversity of the
modern Bison bison population is 0.004, whereas the variance of the SBS+BP and NABS

populations are +/- 0.010 and +/- 0.014 respectively. These results agree with the mean
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number of pairwise differences measurements. The variances of NABS, NABS', and
NABS? are similar; however, the variances of SBS+BP, SBS, and BP are not as uniform.
The BP population shows a variance more similar to the NABS, NABS', and NABS?
populations than to SBS+BP and SBS. Population size may have affected these

measurements.

0.07
0.06
0.05

0.03 + L 00238 m 0.0277 W 0.0286 m 00271
002 + m0.0204 :

m 0.0169
0.01 +_(ﬂﬂ8

0 1 1 1 1 1 1
SBS+BP BP SBS NABS NABSI NABS2 Modern

Nucleotide Diversity

Population

Figure 8. Nucleotide Diversity (over all loci) +/- Two Standard Deviations

Phylogenetic Analysis
Phylogenetic trees were constructed using DNAML from the PHYLIP® package,
a maximum-likelihood program (Felsenstein 2004). The maximum-likelihood method
identifies the tree that maximizes the probability of obtaining the observed sequences
(Hartl 2000). The transition (i.e. base changes between purines) to transversion (i.e. base
changes from purine to pyrimidine) ratio was set to 2.000. Two mtDNA control region
sequences from the related genus Bos were obtained from Genbank and used as an out-
group (Accession Numbers NC 006853 and NC_005971).
Figure 9 shows the maximum-likelihood tree created with the modern bison

population and the BP population. Branch lengths that are significantly different from
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zero at P<0.01 are marked with an asterisk above the branch, and bootstrap values over
fifty percent are indicated below branches. Bootstrap values were obtained using 1000
replicates. Note that the modern bison population and BP population form two distinct

clades. Moreover, the modern population does not branch from the BP population.

U12957
AF083360
U12956
AF083361
U12955
L U12935
87 U12936
U12958
| U12959
87 AF083359
| AF083364
B.bis2
U12944
U12945
_’ U12946
AF083357
B U12948
U12864
B.bisl
AF083362
L AY428859
* | AF083363

64 —  Ul12947
AF083358

78

E BP123
BP108

——  BPI120
BP126

BP103

BP121

BP107

N BP109

— BP115

83 BP100

Bos

0.01 substitutions/site

Figure 9. Maximum-Likelihood Tree of Bison bison and Bison priscus
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For further examination, all ancient bison sequences (NABS, SBS, and BP) and
modern bison sequences were analyzed to create a maximum-likelihood phylogenetic
tree. The resulting maximum-likelihood tree is shown in Appendix C. Due to the overall
size of the resulting tree, a simplified tree depicted in Figure 10 was constructed to show
relevant branches within the phylogenetic tree. Appendix C is required in order to fully

understand Figure 10.

——AIINABS (1)

— SBS682 (2A)
L All SBS (2A)

% Mix of NABS
and SBS (2B)

Mix of NABS
and SBS (2C)

o NABS397 (3A)
SBS282 (3A)
. L NABS296 (3A)

All NABS (3B)
NABS605 (3C)

—— NABS440 (3C)
* _— NABS107 (3C)
NABS126 (3C)
I— NABS197 (3C)
L NABS443 (3C)

All Modern Bison bison (4)

Bos (5)

Figure 10. Overall Maximum-Likelihood Tree Simplified from Tree in Appendix C. An
asterisk indicates branch lengths which are significantly different from zero at P< 0.01.
A diamond indicates branch lengths which are significantly different from zero at
P<0.05. The number and letter in the parenthesis indicate Clade and Sub-Clade as
indicated in Appendix C.
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For simplification, five major clades are identified with Clades 2 and 3 having
three sub-clades each (A, B, and C). Clade 1 consists of sequences from NABS only. As
expected, the BP samples sequenced by the author are found in Clades 2 and 3 which
consist of sequences from SBS and some sequences from NABS. The modern Bison
bison population forms Clade 4 and branches separately from the NABS, SBS, and BP
populations. Finally, Clade 5 consists of the two Bos sequences used as the out-group.
The intensive computations required to generate bootstrap values for this tree are in

process.
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CHAPTER FOUR

Discussion and Conclusions

In comparison of modern Bison bison (B. bison) and Late Pleistocene North
American Bison (also referred to as ancient North American Bison) with respect to the
number of polymorphic loci, the ancient North American Bison had a 3.6 fold greater
percentage of polymorphic loci than the modern B. bison. The mean number of pairwise
differences and nucleotide diversity of ancient North American Bison show a 3.2 and 3.5
fold higher variance, respectively, than the modern B. bison. In addition, comparing the
modern B. bison population to Late Pleistocene Siberian Bison (also referred to as ancient
Siberian Bison) reveals a 3.0 fold greater percentage of polymorphic loci in ancient
Siberian Bison than the modern population. Figure 11 shows the differences in the

percentage of polymorphic sites per usable loci for the three populations.

Modern B. bison

Ancient North
American Bison

Ancient Siberian
Bison

Figure 11. Differences in Percentage of Polymorphic Sites per Usable Loci
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Furthermore, the mean number of pairwise differences and nucleotide diversity of
the ancient Siberian Bison show a 2.0 and 2.5 fold higher variance, respectively, than the
modern B. bison population. According to these data, the populations of ancient Siberian
and ancient North American Bison exhibit considerably more diversity than the modern
B. bison population.

Ancient North American Bison show a 1.7 and 1.4 fold increase in variance with
respect to the mean number of pairwise differences and nucleotide diversity compared to
the ancient Siberian Bison population. This indicates that slightly more genetic diversity
may have been present in the ancient Bison population present in North America as
opposed to that in Siberia. Bison and Bos split from Leptobos in Eurasia during the
Pliocene, and Bison migrated to North America during the Pleistocene (McDonald 1981).
According to this analysis, during the Late Pleistocene the Bison population in North
America had more genetic diversity thus a stronger population even though the genus
originally evolved in Eurasia.

Comparing the ancient North American Bison samples which were radiocarbon
dated to the time period during the Last Glacial Maximum (LGM) and the ancient North
American Bison samples which were radiocarbon dated to the time period before the
LGM, the ancient North American Bison population during the LGM contains slightly
more genetic diversity than the ancient North American Bison population before the
LGM with respect to mean number of pairwise differences and nucleotide diversity. This
would suggest that ancient North American Bison were increasing in genetic diversity up

to the LGM (circa 30,000 ybp), and the genetic diversity of the Late Pleistocene Bison
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population in North America slightly increased throughout the LGM to the Pleistocene-
Holocene transition (circa 10,000 ybp).

Examining the phylogenetic tree shown in Figure 10, modern B. bison form a
clade separate from the Late Pleistocene Bison sampled. The most closely related clades
to B. bison (Clades 3B and 3C) contain samples discovered in North America indicating
that the modern population is most closely related to a small group of ancient North
American Bison. Furthermore, Shapiro and others (2004) found that the genetic diversity
present in Late Pleistocene Bison is not represented in modern B. bison. This
phylogenetic analysis supports their conclusion. The genetic diversity present in modern
B. bison did not originate from the Late Pleistocene Bison population analyzed. One
possible explanation is that the modern population originated from a bison population
south of the ice sheet before the LGM that were not sampled in this study. Another
possible explanation is that the population bottleneck of the late 1800s eliminated the late
Pleistocene Bison mitochondrial DNA haplotypes from the Bison population.

In addition, Clade 3C contains three samples (NABS440, 443, 605) discovered
south of the ice sheets formed during the LGM, and three samples (NABS107, 126, 197)
discovered north of the ice sheets formed during the LGM. These six samples have
radiocarbon dates ranging from 60,000 ybp to 20,000 ybp. Their grouping in the same
clade suggests that similar haplotypes were present both north and south of the ice sheets
formed during the LGM and indicates a panmictic population from mid-latitude North
America to Alaska. These data may indicate that Bison migrated between Alaska and
mid-latitude North America during the LGM when large ice sheets should have prevented

this migration and supports postulation of the existence of a migrational route, if not an
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ice-free corridor (IFC), between Alaska and mid-latitude North America throughout the
LGM even though the IFC is not believed to have been viable as a migration route before
18,000 ybp (Pielou 1991).

To further analyze the IFC, radiocarbon dates of all the ancient North American
Bison samples were compiled and mapped. Figure 12 and Table 8 show the locations of
the Late Pleistocene North American Bison samples and respective radiocarbon dates

with emphasis placed on the samples located in the IFC and mid-latitude North America.

(.
V\

| ,\,'\‘L ?{M
Laurehtide Ice Sheet 9%
‘\ | ey ‘7‘

Figure 12. Ice Free Corridor. Solid Line Approximately Indicates LGM circa 30,000
ybp and Dashed Line Indicates Glacial Positions around 18,000 ybp. (C- Chetwynd, BC;
P- Peace River, BC; E- Edmonton, AB; W- Natural Trap Cave, WY).

The samples discovered around Edmonton, Alberta, are very interesting with dates

ranging from 60,400 +/- 2900 ybp to 34,050 +/- 450 ybp. According to the proposed



47
glacial boundaries during this part of the Wisconsinan glaciation, this area was covered
by ice that prevented migration between Beringia and mid-latitude North America (Flint
1971; Pielou 1991). However, these samples indicate that Bison were present at this

location during the Wisconsinan glaciation.

Table 8. Locations and Associated Radiocarbon Dates of Late Pleistocene North
American Bison Samples.

Location Carbon'® Dates (ybp)
Alaska and Yukon Territory (Black Dots) Dates from 1700 to >60,000
Peace River, British Columbia, Canada (P) 10,230 +/- 55 (NABS 254)

10,340 +/- 40 (NABS 342)
10,460 +/- 65 (NABS 202)
10,505 +/- 45 (NABS 348)

Chetwynd, British Columbia (C) 11,240 +/- 70 (NABS 237)
Edmonton, Alberta, Canada (E) 60,400 +/- 2900 (NABS 440)
>59,400 (NABS 455)

56,300 +/- 3100 (NABS 473)
>55,200 (NABS 452)
>52,600 (NABS 457)

34,050 +/- 450 (NABS 443)

Natural Trap Cave, Wyoming, USA (W) 20,020 +/- 150 (NABS 359)
20,380 +/-90 (NABS 605)

In Figure 10, Sub-Clades 2B, 2C, and 3A are composed of a mix of ancient
Siberian and ancient North American Bison samples. The mixing of these two
populations indicates that migration existed both between Siberia and North America and
between North America and Siberia. These data further support the hypothesis of a
panmictic Bison population present in Beringia. Sub-Clade 2A, composed of ancient
Siberian Bison, gives rise to Clade 1 which is composed of ancient North American Bison
samples only. This suggests a dispersal of ancient Bison from Siberia into North

America, forming a strong population which inhabited Eastern Beringia. However, these
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ancient North American Bison samples are the most distantly related of all samples
analyzed from the modern B. bison samples. This would indicate that the genetic
diversity of the ancient North American Bison population comprising Clade 1 was not
passed to the modern B. bison population.

In conclusion, the genetic diversity present in modern Bison bison is less than the
genetic diversity that was present in Late Pleistocene Bison, and the genetic diversity of
Late Pleistocene Bison is not represented in the modern population. Furthermore,
although a small amount of subdivision is evident according to these data, the Late

Pleistocene Bison population appears to be panmictic.

Future Research

The viability of ancient DNA research has been demonstrated with the successful
sequencing of Late Pleistocene Bison mitochondrial DNA control region; however,
further work is indicated. Other regions of ancient Bison DNA, both nuclear and
mitochondrial, should be sequenced and similarly analyzed to substantiate the resultant
phylogeny. In addition, Bison samples from Alaska to mid-latitude North America which
span the Holocene Epoch (from 10,000 ybp to present) should be collected and
sequenced, exercising great care to control for Bison/Bos hybrid sequences.
Incorporating these data with those presented here from Late Pleistocene Bison samples
and modern Bison bison samples will give further insight into the evolution and
phylogeny of Bison. Furthermore, more Late Pleistocene species should be similarly
studied to ascertain the population dynamics of other species at this time and compare

these dynamics to those of Bison.
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This study presented techniques by which ancient DNA can be extracted,
amplified, sequenced, authenticated, and analyzed. By adhering to strict protocols, Bison
mitochondrial DNA control region sequences were obtained from ancient bone samples,
one of which was radiocarbon dated over 39,900 years before present. Through the
analysis of these sequences, the genetic diversity and phylogeny of Late Pleistocene
Bison was compared to that of an extant form of bison, Bison bison. Future ancient DNA
studies should build and improve upon these techniques to examine other ancient

populations.
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APPENDIX A

Bison Reference Sequences

Bison bison 1
AAAATTCCAATAACTCAACACAAACTTTGTACTCTAACCAAATACTGCAAACACCACTAGCTA
ACGTCACTCACCCCCAAAATGCATTACCCAAACGGGGGGAAATATACATAACATTAATGTAAT
AAAAACATATTATGTATATAGTACATTAAATTATATGCCCCATGCATATAAGCAAGTACTTAT
CCTCTATTGACAGTACATAGTACATAAAGTTATTAATTGTACATAGCACATTATGTCAAATCTA
CCCTTGGCAACATGCATACCCCTTCCATTAGATCACGAGCTTAATTACCATGCCGCGTGAAAC
CAGCAACCCGCTAGGCAGAGGATCCCTCTTCTCGCTCCGGGCCCATGAACCGTGGGGGTCGCT
ATTTAATGAACTTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTCACCTAAAATCGCCCAT
TCTTTCCTCTTAAATAAGACATCTCGATGGACTAATGGCTAATCAGCCCATGCTCACACATAA
CTGTGCTGTCATACATTTGGTATTTTTTTATTTTGGGGGATGCTTGGACTCAGCTATGGCCGTC
AAAGGCCCTGACCCGGAGCATCTATTGTAGCTGGACTTAACTGCACCTTGAGCACCAGCATAA
TGGTAAGCATGCACATATAGTCAATGGTTACAGGACATAAACTGTATTATATAT

Bison bison 2
AAAATTCCAATAACTCAACACAAACTTTGTACTCTAACCAAATATTGCAAACACCACTAGCTA
ACGTCACTCACCCCCAAAATGCATTACCCAAACGGGGGAATATACATAACATTAATGTAATAA
AAACATATTATGTATATAGTACATTAAATTATATGCCCCATGCATATAAGCAAGTACTTATCCT
CTATTGACAGTACATAGTACATAAAGTTATTAATTGTACATAGCACATTATGTCAAATCTACC
CTTGGCAACATGCATATCCCTTCCATTAGATCACGAGCTTAATTACCATGCCGCGTGAAACCA
GCAACCCGCTAGGCAGAGGATCCCTCTTCTCGCTCCGGGCCCATGAACCGTGGGGGTCGCTAT
TTAATGAACTTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTCACCTAGAATCGCCCATTC
TTTCCTCTTAAATAAGACATCTCGATGGACTAATGGCTAATCAGCCCATGCTCACACATAACT
GTGCTGTCATACATTTGGTATTTTTTTATTTTGGGGGATGCTTGGACTCAGCTATGGCCGTCAA
AGGCCCTGACCCGGAGCATCTATTGTAGCTGGACTTAACTGCACCTTGAGCACCAGCATAATG
GTAGGCATGCACATATAGTCAATGGTTACAGGACATAAACTGTATTATAT

Bison bonasus 1
AAATTTCCAATATCCAACACAGACTTTGTACCCCAACCAAATATTACAAACACCACTAGCTAA
CAGCATACACCCCATACACATATCACAGAACGCGCTGCCCAAGCAGGGTATATACATAATATT
AATGTATTAAAGACATAATATGTATATAGTACATTAAATTATATGCCCCATGCATATAAGCAA
GTACATGATGACTATTAATAGTACATAATACATACAATTATTAATTGTACATAACATATTATGT
CAAGTCCATTCTTGGTAACATACGTACCCCTTCCATTAGATCACGAGCTTAATTACCATGCCGC
GTGAAACCAGCAACCCGCTAGGCAAAGGACTTCTCTTCTCGCTCCGGGCCCATGAACCGTGGG
GGTCGCTATTTAATGAACTTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTCATCTAAAAC
CGTCCATTCTTTCCTCTTAAATAAGACATCTCGATGGACTAATGGCTAATCAGCCCATGCTCAC
ACATAACTGTGCTGTCATACATTTGGTATTTTTTTATTTTGGGGGATGCTTGGACTCAGCTATG
GCCGTCAAAGGCCCCGACCCGGAGCATATATTGTAGCTGGACTTAACTGCATCTTGAGCACCA
GCATAATGGTAAGCGTGGACATTACAGTCAATGGTTACAGGACATAATTATATTATATAT
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Bison bonasus 2
AAAATTTCCAATATCCAACACAGACTTTGTACCCCAACCAAATATTACAAACACCACTAGCTA
ACAGCATACACCCCATACACATATCACAGAACGCGCTGCCCAAGCAGGGTATATACATAATA
TTAATGTATTAAAGACATAATATGTATATAGTACATTAAATTATATGCCCCATGCATATAAGC
AAGTACATGATGACTATTAATAGTACATAATACATACAATTATTAATTGTACATAACATATTA
TGTCAAGTCCATTCTTGGTAACATACGTACCCCTTCCATTAGATCACGAGCTTAATTACCATGC
CGCGTGAAACCAGCAACCCGCTAGGCAAAGGACTTCTCTTCTCGCTCCGGGCCCATGAACCGT
GGGGGTCGCTATTTAATGAACTTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTCATCTAA
AACCGTCCATTCTTTCCTCTTAAATAAGACATCTCGATGGACTAATGGCTAATCAGCCCATGCT
CACACATAACTGTGCTGTCATACATTTGGTATTTTTTTATTTTGGGGGATGCTTGGACTCAGCT
ATGGCCGTCAAAGGCCCCGACCCGGAGCATATATTGTAGCTGGACTTAACTGCATCTTGAGCA
CCAGCATAATGGTAAGCGTGGACATTACAGTCAATGGTTACAGGACATAATTATATTATATAT

Bison bison DC
AAAAAICCCAATAACTCAACACAGAATTTGCACCCTAACCAAATATTACAAACACCACTAGCT
AACATAACACGCCCATACACAGACCACAGAATGAATTACCTACGCAAGGGGTAATGTACATA
ACATTAATGTAATAAAGACATAATATGTATATAGTACATTAAATTATATGCCCCATGCATATA
AGCAAGTACATGACCTCTATAGCAGTACATAATACATATAATTATTGACTGTACATAETACATT
ATGTCAAATTCATTCTTGATAGTATATCTATTATATATTCCTTACCATTAGATCACGAGCTTAA
TTACCATGCCGCGTGAAACCAGCAACCCGCTAGGCAGGGATCCCTCTTCTCGCTCCGGGCCCA
TAAACCGTGGGGGTCGCTATCCAATGAATTTTACCAGGCATCTGGTTCTTTCTTCAGGGCCATC
TCATCTAAAACGGTCCATTCTTTCCTCTTAAATAAGACATCTCGATGGACTAATGGCTAATCAG
CCCATGCTCACACATAACTGTGCTGTCATACATTTGGTATTTTTTTATTTTGGGGGATGCTTGG
ACTCAGCTATGGCCGTCAAAGGCCCTGACCCGGAGCATCTATTGTAGCTGGACTTAACTGCAT
CTTGAGCACCAGCATAATGATAAGCGTGGACATTACAGTCAATGGTCACAGGACAT

Bison bonasus DC
AAAAAATCCCAATAACTCAACACAGAATTTGCACCCTAACCAAATATTACAAACACCACTAG
CTAACATAACACGCCCATACACAGACCACAGAATGAATTACCTACGCAAGGGGTAATGTACA
TAACATTAATGTAATAAAGACATAATATGTATATAGTACATTAAATTATATGCCCCATGCATA
TAAGCAAGTACATGACCTCTATAGTAGTACATAATACATATAATTATTGACTGTACATAGTAC
ATTATGTCAAATTCATTCTTGATAGTATATTTATTATATATTCCTTACCATTAGATCACGAGCTT
AATTACCATGCCGCGTGAAACCAGCAACCCGCTAGGCAGGGATCCCTCTTCTCGCTCCGGGCC
CATAAACCGTGGGGGTCGCTATCCAATGAATTTTACCAGGCATCTGGTTCTTTCTTCAGGGCC
ATCTCATCTAAAACGGTCCATTCTTTCCTCTTAAATAAGACATCTCGATGGACTAATGGCTAAT
CAGCCCATGCTCACACATAACTGTGCTGTCATACATTTGGTATTTTTTTATTTTGGGGGATGCT
TGGACTCAGCTATGGCCGTCAAAGGCCCCGACCCGGAGCATCTATTGTAGCTGGACTTAACTG
CATCTTGAGCACCAGCATAATGATAAGCGTGGACATTACAGTCAATGG

Bison priscus Numbered Reference Sequence

15760 AAAAGCTGAAGTTCTATTTAAACTATTCCCTGAACGCTATTAATATAGTTCCATAAATGC
15820 AAAGAGCCTCACCAGTATTAAATTTACTAAAAATTCCAATAACTCAACACAAACTTTGT
15880 ACTCTAACCAAATACTGCAAACACCACTAGCTAACGTCACTCACCCCCAAAATGCATTAC
15940 CCAAACGGGGGGAAATATACATAACATTAATGTAATAAAAACATATTATGTATATAGTAC
16000 ATTAAATTATATGCCCCATGCATATAAGCAAGTACTTATCCTCTATTGACAGTACATAGT
16060 ACATAAAGTTATTAATTGTACATAGCACATTATGTCAAATCTACCCTTGGCAACATGCAT
16120 ACCCCTTCCATTAGATCACGAGCTTAATTACCATGCCGCGTGAAACCAGCAACCCGCTAG
16180 GCAGAGGATCCCTCTTCTCGCTCCGGGCCCATGAACCGTGGGGGTCGCTATTTAATGAAC
16240 TTTATCAGACATCTGGTTCTTTCTTCAGGGCCATCTCACCTAAAATCGCCCATTCTTTCC
16300 TCTTAAATAAGACATCTCGATGGACTAATGGCTAATCAGCCCATGCTCACACATAACTGT
16360 GCTGTCATACATTTGGTATTTTTTTATTTTGGGGGATGCTTGGACTCAGCTATGGCCGTC
16420 AAAGGCCCTGACCCGGAGCATCTATTGTAGCTGGACTTAACTGCACCTTGAGCACCAGCA
16480 TAATGGTAAGCATGCACATATAGTCAATGGTTACAGGACATAAACTGTATTATATAT
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Table of Polymorphisms
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Maximum Likelihood Tree
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Figure C.1. Clade 1: Ancient North American Bison
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Figure C.2. Clades 2 and 3: Ancient Siberian and Ancient North American Bison
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Figure C.3. Clades 4 and 5: Modern Bison bison and Bos (Outgroup)

Branch lengths significantly different from zero at P<0.01 are indicated by an asterisk
whereas a diamond indicates branch lengths significantly different from zero at P<0.05

for Figures C.1 through C.3.
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