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Abstract

Development of molecular markers that are well-suited for use in studies on wildlife dispersal
can greatly enhance conservation efforts of species affected by climate change and human-
induced landscape alterations. Single nucleotide polymorphisms (SNPs) are a promising
marker for such studies; however, development of SNPs in non-model species with limited or
no sequence data can be challenging. This study addresses these challenges in a unique way.
Reduced representation libraries (RRL) of ten individual brown bears representing the
geographic range in Sweden were high-throughput sequenced on one lane of the Illumina
HiSeq2000, yielding reads 100 bases in length. These reads were filtered and processed
following two methods: assembly using ABySS and alignment using Stacks. Putative SNPs
were then called. The alignment-only method using Stacks was not only simpler and more
efficient, it also utilized 4X more reads and yielded 30X more SNPs than the assembly method.
The putative SNPs showed a clear haplotype pattern that distinguished the two known lineages
of brown bear in Sweden. The outcome of this study is a good start for further work in the
development of a SNP-based dispersal model with the brown bear as the model species.

Keywords: SNPs, brown bear, Ursus arctos, reduced representation, high-throughput
sequencing

Introduction

Wildlife dispersal plays a central role in mitigating the threats affecting global biodiversity
(Trakhtenbrot et al. 2005). As climate change causes a shift in ranges and as populations
become increasingly fragmented due to large-scale changes in the landscape, much of which is
human-mediated, it becomes more and more critical to understand the processes behind
wildlife dispersal. Any hindrance of these processes can have a considerable impact on the
viability of a population and can be a major contributing factor to eventual local or global
extinction, especially as populations become small and isolated (Macdonald and Johnson
2001). With an understanding of wildlife dispersal, conservation measures can be implemented
to minimize or eliminate the effects of human land-use that are known to cause barriers to
dispersal.

It thus becomes a priority to develop methods that can quickly and accurately identify dispersal
processes and any changes that occur in these processes over time for the conservation of
species. While there are various methods of studying dispersal empirically through observation
and theoretically through modelling, the use of genetics to assess dispersal can lead to
insightful findings that would otherwise be impossible to detect (Peacock and Ray 2001).
Additionally, sampling efforts can be done non-invasively, having minimal or no contact with
the individuals being sampled, which is especially important for endangered species with small
populations (eg. Henry and Russello 2010). For a detailed review of non-invasive genetic
sampling methods, see Waits and Paetkau (2005). The use of genetics to infer dispersal
patterns of individuals within a population is a two-step process. The first step is to determine
the relatedness of individuals in a population, by reconstructing a pedigree. The second step is
to associate the relations between individuals with spatial location to determine the distances
between closely related individuals. If there is good life history data on the species, it will then
be possible to infer the natal area of the individual and the distance from the natal area. This
distance is likely the dispersal distance.



The choice of molecular marker to use for assessing relatedness in a population has recently
been under scrutiny (Kuhl et al. 2011; Glover et al. 2010; Haasl and Payseur 2010; Liu et al.
2005; Rosenberg et al. 2003) and largely comes down to two types: microsatellites and single
nucleotide polymorphisms (SNPs). While one microsatellite marker is roughly 4 to 12 times
more informative than one SNP marker allowing it more statistical power (Liu et al. 2005),
microsatellites have limitations that make them less attractive when compared to SNPs. These
limitations include size homoplasy, complex mutational patterns, propensity for genotyping
errors, impeded cross-laboratory reproducibility (Glover et al. 2010), labour intensive
development (Haasl and Payseur 2010) and scoring can often be subjective since it is based on
a quantitative difference between alleles as opposed to SNPs which are qualitative. One study
indicates that microsatellites only have greater statistical power over SNPs for studies looking
at recent time scales (Haasl and Payseur 2010). With the advances in sequencing and
genotyping technologies and substantially lower costs than a few years ago, the requirement
for more SNPs than microsatellites for comparable analyses becomes much less of an issue.
More importantly, recent studies have shown that by careful selection from a large pool of
SNPs, individual SNPs may be as informative as individual microsatellites, making the need
for a ten-fold increase in the number of SNPs over microsatellites unnecessary (Lewis et al.
2011; Glover et al. 2010; Haasl and Payseur 2010; Lao et al. 2006; Liu et al. 2005; Rosenberg
et al. 2003).

While SNPs may prove to be the molecular marker of choice for population structure analyses
(Lao et al. 2006; Liu et al. 2005), there are still some obstacles to overcome, especially when
working with non-model species. Most species have had very limited or no sequence data
published, thus necessitating the need for de novo sequencing (Ratan et al. 2010; Williams et
al. 2010). With the development of high-throughput sequencing, it is possible to detect
upwards of tens of thousands of SNPs in a genome depending on its size, SNP density, and
method used. However, with such a substantial amount of sequence data and with no reference
genome, the sequence assembly can be quite challenging and time-consuming.

The scope of this study is large and involves two phases. This portion of the study represents
the first phase. The aim of the first phase involves de novo sequencing and discovery of
putative SNPs in a non-model species, the brown bear (Ursus arctos). The method used is
aimed at simplifying both the wet lab (laboratory procedures involving hands on work with
samples, reagents and tools) and dry lab (procedures done with the computer) work that is
necessary with typical sequence assemblies. The second phase involves the development of a
dispersal model based on pedigree reconstruction and detailed spatial data. The brown bear
was chosen as the study species because it is a well-studied species that has clear dispersal
patterns already known (Stgen et al. 2005), thereby providing a measure of accuracy.

Materials and Methods

To ensure that some targeted SNPs would be included, I used both an anonymous high-
throughput approach to find random SNPs throughout the genome and a low-throughput
approach to find targeted SNPs in the mitochondria DNA and the y-chromosome.



Expected Results from High Throughput Sequencing

Preliminary calculations were carried out to estimate the expected genomic coverage and read
depth from high-throughput sequencing based on a reduced representation of the whole
genome. Due to a lack of genomic information on the brown bear, the calculations were based
on two assumptions: The first assumption is that the average fragment size in the brown bear
genome, resulting from the genomic excisions made by the restriction enzyme Bglll, is equal to
the average fragment size of 3100 bases in the human genome (Altshuler et al. 2000). Since
mammalian genomes have a large proportion of conserved synteny, which has been shown
between the closely related giant panda (Ailuropoda melanoleura) and human genomes (95.3%
of the panda genome is syntenic with the human genome) (Li et al. 2010), this assumption
should hold. The second assumption is that the genome size of the brown bear is 2.4 billion
base pairs. The reasoning behind this assumption is two-fold. First, the C-value (a
measurement of DNA content which is proportional to the genome size) is 2.75 pg in the
brown bear (Vinogradov 1998) slightly less than in the dog (Canis familiaris), which is 2.80 pg
(Tiersch et al. 1989). The entire genome of the dog has been sequenced and is known to be
approximately 2.5 gigabases in size (Lindblad-Toh et al. 2005). In addition, the size of the
giant panda genome is estimated to be approximately 2.4 gigabases (Yang 2010) and is the
most closely related species to the bear. Using these assumptions, | calculated the hypothetical
number of unique fragments of a given size using the formula in Altshuler et al. (2000). Based
on the results of these calculations, | decided to sequence all fragments between 100 and 700
bases long resulting in an approximate yield of 132 000 unique fragments at a depth of 40X
(eg. 40 of the same reads) per individual sample per paired read and covering 1.05% of
genome (Table 1). Figure 1 shows the number of fragments based on100 nucleotide bins for
the entire genome.

I aim to develop a 96-well microarray chip containing SNPs from across the genome, including
mitochondrial and Y chromosome SNPs. It is therefore necessary to have a large selection of
putative SNPs in order to choose the most informative. I calculated that with paired reads that
are 100 bases in length and with a minimum flanking region of 35 bases on either side of the
SNP that is necessary for assay development, it should still be possible to find many more
putative SNPs than what is required. This affords the possibility to treat all reads as
independent and non-contiguous (i.e. non-overlapping). This considerably reduces both the wet
lab and dry lab work that is necessary for genome assembly and alignment, saving on time and
other resources. The wet lab portion is reduced to the use of one restriction enzyme instead of
the two or more that would be necessary for contiguity. The dry lab portion is simplified by
eliminating the need for assembly entirely and allowing for greater ease in read alignment.

Sample Collection and DNA Extraction

Twenty tissue samples were obtained from a research biobank at the National Veterinary
Institute (Statens Veterindrmedicinska Anstalt) (Uppsala, Sweden). The samples are
representative of the full geographic range of brown bears in Sweden and were initially
collected between 2006 and 2010. DNA was extracted from individuals (10 from liver and 10
from muscle tissue) with the QIAsymphony DNA kit on the QIAsymphony SP (Qiagen)
according to the manufacturer’s recommendations. The amount and quality of extracted DNA
was quantified on a NanoDrop (ThermoScientific) and visualized through gel electrophoresis
using the Kodak Electrophoresis Documentation and Analysis System 120.



Table 1. Estimation of sequencing yield of the brown bear genome. The calculations are broken
down into 100 base bins based on fragment size and include all fragments between 100 and 700
bases long. The calculations are based on one brown bear genome estimated to be approximately
2.4 Gbh in size and fragmentation of the genome by the restriction enzyme Bglll. Sequencing is
paired-end with 100 bases at each end. Fragments longer than 200 bases will not be sequenced
beyond the 100 bases at each end and will thus not overlap.

Fragment # Unique # Unique Read Depth Genome
Size (bases) Fragments Bases (Individual)  Coverage (%)
100-200 23 795 3569 305 0,15
200-300 23 040 4 608 005 0,19
300-400 22 309 4461731 0,19
400-500 21 601 4320101 0,18
500-600 20915 4182 967 0,17
600-700 20 251 4050 186 0,17
Total: 131910 25 192 296 40 1,05
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Figure 1. Theoretical whole genome fragmentation by the restriction enzyme Bglll.



Reduced Representation Library Preparation and High-Throughput Sequencing

The DNA (0.5 pug ) of 10 liver samples was digested for 16 hours with the Bglll (Fermentas)
restriction enzyme and then purified using the MinElute Reaction Cleanup kit (Qiagen)
following manufacturer’s recommendations. The purification was done in two elutions, the
second of which was run through gel electrophoresis and the quality of the digestion was then
assessed through analysis of the image obtained from the gel. The digested DNA samples were
sent to the Science for Life Laboratories (Stockholm, Sweden) for library preparation.
Fragments ranging in size from 100 bases to 700 bases were excised and blunt end repaired.
Paired-end, multiplexed adaptors were ligated to the fragments. Equimolar concentrations of
each sample were measured and run through one lane of the lllumina HiSeq2000 for paired-
end sequencing. All paired reads were sequenced to 100 bases on either end of the fragment
resulting in an overlap of fragments that are less than 200 bases only.

Targeted Low-Throughput Sequencing
In addition to the high throughput sequencing, | sequenced targeted loci in both the
mitochondrial DNA and the Y chromosome.

Mitochondrial DNA. Primers were designed from the published mitochondrial genome (NCBI
Accession # EU497665.1) of a European brown bear using Primer3 (Rozen and Skaletsky
2000). Four sets of primers were designed with each fragment approximately 500 bp in length
for a total of approximately 2000 bp. The primers were chosen at random and not based on
gene locations; however, the fourth primer pair spans the cytochrome-b region of the genome.
Table 2 lists the primer sequences, the locations based on the reference sequence, and the
product length. The total reaction volume per sample for PCR was 20 pl consisting of 2.5 pl
DNA each from muscle tissue of 10 individual bears, 0.5 ul 10 uM each for forward and
reverse primer, 12.23 ul distilled water, 0.5 pl 2.5 mM dNTP’s, 2.0 ul 10X Taq buffer®, 1.6 ul
2.0 mM MgCI12*, and 0.17 ul Taq DNA polymerase* (*Fermentas Tag DNA Polymerase
(native)). The optimized PCR conditions for all primer pairs includes 1 cycle of 94°C for 3
min.; 20 cycles of 94°C for 20s, 60°C less 0.5°C/cycle for 30s, 72°C for 30s; 15 cycles of 94°C
for 20s, 50°C for 30s, 72°C for 30s; and 72°C for 5 min. PCR results were visualized using gel
electrophoresis on the Kodak Electrophoresis Documentation and Analysis System 120 using
3.8 ul of product and 1.5% agarose gel. The remainder of the PCR product was Sanger
sequenced on 3730 x| DNA analyzer (Applied Biosystems).

Table 2. Mitochondrial primers designed from the reference mitochondrial genome (NCBI Accession #
EU497665.1)

Start Position Product
Forward Sequence (5'-3") Reverse Sequence (5'-3") (based on ref) Length
GCACCTAGCAGGCATCTCTT CCTGTCGGGATAGCAATGAT 6661 501
GTTCGCTGTAGCCCTCATTC ACACTCCGGATGCAAGAAGT 9422 499
CGAATCCCCCGTATCATAAA TCGGATGTTGGTCATTAAGGT 14562 487
CGGACAACTAGCCTCCATTC GGAGCGAGAAGAGGTACACG 16083 529

Y chromosome. Four Y chromosome primer pairs, DBY3, DBY5, DBY8 and SMCY7 were
chosen from Hellborg & Ellegren (2003). The number of nucleotides expected to be sequenced
is 1550 bases. The total reaction volume per sample for PCR was 20 pl consisting of 2.5 pl
DNA each from muscle or liver tissue of 12 individual male bears, 0.5 pl 10 uM each for



forward and reverse primer, 12.23 pl distilled water for DBY3, DBYS and 12.63 pl distilled
water for DBY8 and SMCY7, 0.5 ul 2.5mM dNTP’s, 2.0 ul 10X Taq buffer*, 1.6 ul 2.0 mM
MgCI2* for DBY3, DBYS5 and 1.2 pl 1.5 mM MgCI12* for DBY8 and SMCY7, and 0.17 pul
Taq DNA polymerase* (*Fermentas Tag DNA Polymerase (native)). The optimized PCR
conditions for all primer pairs includes 1 cycle of 94°C for 3 min.; 20 cycles of 94°C for 20s,
60°C less 0.5°C/cycle for 30s, 72°C for 30s; 15 cycles of 94°C for 20s, 50°C for 30s, 72°C for
30s; and 72°C for 5 min. PCR results were visualized using gel electrophoresis on the Kodak
Electrophoresis Documentation and Analysis System 120 using 3.8 ul of product and 1.5%
agarose gel. The remainder of the PCR product was Sanger sequenced on 3730 x| DNA
analyzer (Applied Biosystems).

Alignment and SNP Calling

Sequences from the lllumina HiSeq2000 run were first de-multiplexed and placed in separate
files, one pair per individual. Sequences were checked for quality with FastQC (v0.9;
Babraham Bioinformatics). Adapters were removed from sequences with cutadapt (v0.9.3) and
reads containing less than 50 bases were removed. PhiX bacteriophage sequences and reads
with a low quality score or with ambiguous nucleotides were filtered out using rNA (v0.9.3;
http://iga-rna.sourceforge.net/). The filtered sequences were again checked for quality with
FastQC. One of the samples was run through a decontamination filter, DeConSeq, against a
human reference and bacterial genomes (http://edwards.sdsu.edu./cqgi-
bin/deconseq/deconseqg.cgi) to ensure the samples were not contaminated.

Two independent alignments of the reads were made for purposes of comparison. First, the
overlapping paired reads were joined using a customized perl script and then run through the
ABYSS assembler (v1.2.7; Simpson et al. 2009) using a kmer size of 64 and 50X coverage.
Reads were indexed and mapped using Bowtie (v0.12.7; Langmead et. al. 2010). The resulting
sam files were converted to the more compressed bam file and then sorted and indexed using
SAMTools (v0.1.13; Li et. al. 2009) view tool and sort tool respectively. SAMTools pileup
tool was then used to discover variants. The resulting file was then indexed using SAMTools
index tool and visualized on IGV (v2.0; Robinson et al. 2011).

For the second alignment, further filtering was done to ensure that all reads were the same
length. Reads less than 79 bases in length were removed. Reads greater than 79 bases in length
were trimmed down to 79 bases. Alignment was carried out using Stacks (v 0.984; Catchen et
al. 2011) with the default parameters.

The mitochondria and y chromosome sequences were aligned using BioEdit (v7.0.9; Tom Hall,
Ibis Biosciences, Carlsbad, USA) and manually screened for SNPs.

Results and Discussion

Sequencing

The sequencing run on one lane of the Illumina HiSeq2000 output 20 gigabases of sequencing
data with 200 million reads. Adapter removal and quality filtering reduced the amount to 15
gigabases of sequencing data and 170 million reads, which is77% of the original sequenced
data. Paired and unpaired reads from the ABySS assembly totalled 127 million. Reads used in
the Stacks program that were filtered for size totalled 136 million. One of the samples did not
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yield sequence data and is therefore not accounted for in the results. The one sample that was
run through the decontamination filter against human and bacterial genomes resulted in 1.04%
contamination using a coverage greater than or equal to 90% and identity greater than or equal
to 94%. This result strongly suggests that the DNA sequences were not contaminated.

Alignment. Since the two programs used to align the reads are based on very different
algorithms, it is not possible to compare the output directly. ABySS is an assembler which uses
a de Bruijn algorithm to assemble reads where similar sequences overlap and result in the
formation of contigs where two or more reads are assembled together. Since | used a single
restriction enzyme, the only reads that are expected to be contiguous are those that are less than
200 bases in length. Reads that do not form contigs are not utilized; therefore, for this study,
any reads that originate from fragments that are greater than 200 base pairs in length will not
be included in the AByYSS assembly. An analysis of the data indicates that approximately 50%
of the reads are less than 200 bases in length, which is much higher than the expected number
(18% calculated from Table 1). This suggests that the Bglll restriction site occured more often
that what was expected. Stacks uses an alignment algorithm and is independent of any
contiguity between reads.

With the ABySS assembly, the total number of contigs output is 22,025 consisting of 7.2
million reads totalling 5.7% of the total number of paired and unpaired reads. The longest
contig is 2368 bases. Since the reads are non-contiguous, the maximum contig length should be
no more than 198 bases which is the maximum length of paired reads originating from
fragments that were less than 200 bases in length. The number of contigs that are less than or
equal to 198 bases is 20,535, totalling 93% of the original contigs. Since most of the contigs
fall within the expected range of contig length, it is an indication that the ABySS assembly and
alignment is fairly accurate. The read depth ranges from 1 to 99,887. Such a large read depth is
likely to be the result of repetitive content. The number of contigs with a read depth of less
than or equal to 400X (which is the expected read depth for all samples) and greater than 10X
is 17,586, totalling 80% of the original contigs.

The Stacks alignment output approximately 1 million unique stacks (aligned reads) (Table 3),
consisting of 27 million reads, and totalling 20% of the total number of filtered reads. This is
four times the amount of reads that ABySS utilized. A subset of stacks based on heterozygous
diversity and including 133 543 stacks, the read depth ranges from 2 to 5700 within each
individual. The number of stacks that have a read depth of a minimum of 10X and a maximum
of 100X per individual is 89,528, which is 67% of the total of number of stacks for each
individual.

The total number of bases sequenced in the mitochondrial DNA is 2015 and 1489 in the Y-
chromosome.



Table 3. Non-parallel comparison of the results of the two
programs used in aligning the reads.

ABYSS Stacks
# contigs/stacks 22 025 1006 948
# reads included 7243032 26 990 267
% of total reads 5.7% 20.0%
% contigs < 199 bases 93% N/A
% contigs/stacks with read
depth between:
10X - 400X (all samples) 80%
10X -100X (individuals) 67%

Putative SNPs

There are two distinct lineages of brown bears in Sweden separated by a contact zone (Figure
2), one in the north that originates from Eastern Europe and one in the south that originates
from Western Europe (Taberlet et al. 1995). Previous studies have revealed very distinct
haplotypes in the mitochondria separating the two lineages (Taberlet and Bouvet 1994;
Taberlet et al. 1995) (Figure 2). My results show the same pattern in both the mitochondria and
the nuclear DNA and correspond correctly based on individual sampling locations. While these
haplotype SNPs may be less informative for population structure studies aside from
distinguishing between the two populations, it does indicate that the sequencing and alignment
are fairly accurate. Further analysis is needed to determine the number of SNPs that are not
representative of these two haplotypes. Additionally, two separate Stacks runs of the samples
split into their respective haplotypes will reveal putative SNPs within the two lineages.

The total number of putative SNPs identified from the ABySS alignment after mapping the
reads to the contigs is 5974 (Figure 3). The total number of putative SNPs identified from the
Stacks alignment is 177,176, which is 30 times greater than ABySS. However, since half of the
reads were not expected to be utilized in ABySS since they would not form contigs, it is
possible that the ABYSS could output twice the amount. Additionally, more analysis on the
Stacks output is necessary to ensure that the number of stacks and SNPs are not somehow
inflated by repetitive stacks. A manual scan of more than 150 SNPs from the Stacks output that
were found within the majority of the individuals sampled shows a very strong haplotype
pattern that matches the sampling locations of the individual bears separating them into the
northern population (Eastern European lineage) or the southern population (Western European
lineage) (Figure 4). The total number of putative SNPs identified from the mitochondrial DNA
sequences is 57, of which 54 are haplotype SNPs (SNPs that distinguish the two lineages). One
individual was found above the contact zone even though it matches the haplotype of the
southern lineage, although it was not far from the contact zone (Figure 4). The sequencing of
the Y chromosome yielded no SNPs. This lack of variation is supported with findings by
(Hellborg and Ellegren 2004) that mammalian Y chromosomes have low levels of nucleotide
diversity. It is possible that there are SNPs from the Y chromosome in the sequences from the
high-throughput sequencing. A Blast of the SNP-containing reads to the human Y chromosome
may reveal these paternally-inherited SNPs. In the absence of Y chromosome SNPs, a Y
chromosome marker will be used in the final SNP chip for sex determination.
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Figure 2. County map of Sweden with
sampling locations of 10 bears whose
mitochondria were sequenced. The
mitochondrial haplotypes distiguish the
eastern lineage (green triangles) and the
western lineage (blue triangles). The
dashed red line represents the contact zone
between the two lineages.

The SNPs that are useful for developing assays are the ones that have a flanking region of 35
bases on either side of the SNP. Since the SNPs found in the Stacks output have a read length
of 79 bases, the SNPs would need to fall within the positions 35 and 44. The number of SNPs
that fall within these positions are 22 475, a total of 13% of all putative SNPs found, which
remains a good amount for choosing highly informative SNPs.

Figure 3. An example of one of the SNPs from the
ABYSS run viewed through IGV.
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Figure 4. Three SNPs output from the Stacks program
showing the two distinct haplotypes separating the
northern and southern populations.

Conclusion

More putative SNPs were found than what is needed for development of a 96-well SNP
microarray chip allowing for careful selection of the most informative SNPs and increasing the
statistical power for pedigree reconstruction. The SNPs found between individuals show a very
strong haplotype distinguishing the northern Swedish population (eastern European lineage)
and the southern Swedish population (western European lineage). This result was expected and
infers that sequencing and SNP-calling were quite successful.

The method chosen to discover putative SNPs across the brown bear genome has proven to be
much simpler than the typical assembly methods yet yields equally robust results. When
comparing the two programs Stacks and ABYSS, for studies that use one restriction enzyme
making assembly no longer necessary, Stacks had a considerably better outcome. However,
more analysis is necessary to ensure that the output by Stacks is not somehow inflated. This
study also illustrates that the need for complex analysis and intense computation can be made
more efficient by simplifying the process without reducing the quality of the results.
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