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Summary Genomic tools have improved the ability to manage bison populations and enhanced efforts
to conserve this iconic species. These tools have been particularly useful for detecting
introgression of cattle genome within bison herds but are limited by the need to use the
cattle genome as a surrogate for mapping reads. This complicates efforts to distinguish the
species of origin of chromosomal segments in individual bison at the genomic level. An
assembly (Bison_UMD1.0) based on 75X genome coverage by Illumina and 454 reads was
generated using the MaSuRCA assembler, generating a 2.81 Gigbases de novo reference
genome from American bison. Comparison of bison and domestic cattle references identified
28 443 364 single nucleotide variants and 2 627 645 insertions/deletions distinguishing
the species. Sequence alignment of an additional 12 modern bison samples and two historic
bison samples to domestic cattle and bison references provides a dataset of genomic variants
defining the different species and within-species variation. This first annotated draft
assembly represents a resource for the management and conservation of bison, as well as a
means to study the effects on the genome of interspecies hybridization. The comparisons of
historical bison sequences with the new bison reference identified genomic differences
between modern and pre-population bottleneck bison. The results support the application of
genomics to enhance future research on disease, the establishment of satellite conservation
herds and insight into bison and cattle speciation. The first genome assembly for bison and
dataset provides a foundation that can be built upon as genetic technologies improve over
the years.
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producing a population bottleneck that greatly reduced

Backgroun
ackground genetic diversity (Coder, 1975; Dary, 1989). Further decline

American bison (Bison bison) are an iconic species symbol-
izing the early colonization of North America. However,
extensive over-hunting of the species in the late 1800s
resulted in the almost complete decimation of the species,
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of the species came from efforts to hybridize bison with
cattle (Bos taurus) in attempts to improve the hardiness of
beef cattle raised on the Great Plains (Goodnight, 1912;
Coder, 1975). These efforts created the current bison
genome which now defines a hybrid species with both
bison and cattle genetics, as evidenced by a reduction in
body size and the identification of cattle mitochondrial
sequence in bison (Verkaar et al., 2003; Derr et al., 2012).
The decreased genetic diversity among bison and the
introgression of cattle DNA into the species present
challenges in the management and conservation of the
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American bison today, which is imperative as bison is the
national mammal of the United States.

Approximately 30 000 of the 500 000 bison in North
America are found in conservation herds, with the remain-
der found in private production herds (Boyd, 2003; Halbert
et al., 2005). Many of the North American bison herds have
been shown to carry traces of cattle genomes as a result of
hybridization, such that differentiation between hybrid and
non-introgressed bison within a population is difficult
(Polziehn et al., 1995; Ward et al., 1999; Ward, 2000;
Halbert et al., 2005; Douglas et al., 2010). Recent studies
have proven that certain conservation plains bison herds, as
well as those found to have introgression with domestic
cattle, have distinct genetic compositions owing to their
having unique bison alleles and allelic distributions (Hal-
bert, 2003; Freese et al., 2007). Whereas the primary focus
for bison conservation has been on herds that are poten-
tially hybridization free or have low levels of domestic cattle
introgression, a large number of bison herds have conser-
vation value owing to their historical genetic makeup
(Freese et al., 2007).

The recent development of new genetic and genomic tools
has improved the ability to manage bison populations and
enhanced efforts to conserve the species. Accurate parent-
age testing and identification of QTL have improved
population management to increase profitability and con-
servation efforts through population relationship assess-
ments and cattle introgression detection (Polziehn et al.,
1995; Ward et al., 1999; Schnabel et al., 2000; Halbert &
Derr, 2007). The current technologies being used to test for
domestic cattle genetics, in both the mitochondrial and
nuclear DNA in bison populations, have been useful;
however, they lack the resolution that is needed to detect
cattle introgression in individual bison at the genomic level
(Polziehn et al., 1995; Ward et al., 1999; Ward, 2000;
Halbert, 2003; Halbert et al., 2005).

The use of whole-genome sequencing technology pro-
vides the next step in advancing bison management and
conservation. However, the only bison assembly available is
of the European wisent, Bison bonasus, from an animal
whose mitochondrial sequence more closely resembles
cattle than B. bison (Wang et al.,, 2017). Although the
cattle genome sequence is available, using it as a guide to
assemble a bison reference sequence would create domestic
cattle reads in the bison sequence and lead to inconsistent
alignments and misplaced reads while comparing
sequences, and would not reflect all of the novelty of the
bison genome (Gnerre et al., 2009). Therefore, providing a
bison de novo reference assembly will allow researchers to
not be limited by the need to use the cattle or wisent
genome as a surrogate for mapping reads and allow for an
unbiased genomic sequence determination.

In the present study, we selected an animal from the
Yellowstone National Park (YNP) herd, named Templeton,
based on molecular and cytogenetic data and park records,

to represent the bison genome reference sequence. We
present an annotated draft genome assembly, Biso-
n_UMD1.0, of this animal and characterize the assembly
for variants within bison and compared with the cattle
reference assembly. The study also compares other re-
sequenced bison from different herds with both the domestic
cattle and bison reference genomes to provide a genomic
variant list to be used for future studies. With this
information on the bison genome, conservation manage-
ment can be improved by identifying those herds that have
high levels of genetic diversity, unique or historical lineages
and low levels of domestic cattle introgression for the
establishment of new bison herds on native ranges. The
genome assembly and population data represent a resource
for the management and conservation of bison, as well as a
means of studying the effects on the genome of inter-species
hybridization.

Materials and methods

Collection of DNA samples/isolation of DNA

The reference bison (aka Templeton) has a well-documented
history, showing that it originated from YNP. This bison
was utilized in a collaborative research project on brucel-
losis (Forgacs et al., 2016). When sampled, he was being
managed as part of a brucellosis-free herd on a private
ranch in Montana. In March 2011, blood, hair and tissue
samples were collected (Appendix S1). DNA was isolated
from 15 ml of blood using a standard phenol-chloroform—
isoamyl alcohol extraction protocol (Sambrook et al., 1989).

Whole-genome sequencing, assembly and annotation

The American bison genome (Bison_UMD1.0/Templeton)
was assembled using a de novo assembly method that utilizes
hybrid Illumina and 454 sequencing platforms. Using 30 pg
of genomic DNA, four sequencing libraries were generated
with approximately 20 kb paired-end single-stranded
libraries and were circularized using a ‘titanium’ 42 bp
linker for sequencing on a 454 GS-FLX Titanium™
sequencer following the manufacturer’s protocol (GS FLX
Titanium Series; Roche Applied Sciences). Ten paired-end
libraries, with an approximately 390 bp insert size, were
prepared following the manufacturer’s protocols and a 5 kb
Nextera jump mate-pair library was prepared for sequenc-
ing on Illumina HiSeq 2000™ (Illumina; 100 bp paired-end
reads).

DNA sequence files were used to produce an approxi-
mately 75x coverage of a de novo reference assembly. The
reference assembly was performed using the MaSuRCA
assembler version 1.8.3 (Zimin et al., 2013). The MaSURCA
assembler is based on the idea of using a combination of the
de Bruijn graph and the overlap-layout consensus (CrLERA
assembler, version 6.1) methods. This is achieved by
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reducing the most numerous and high-coverage Illumina
paired-end reads to a much smaller set of long consensus
super-reads. The super-reads are then assembled using the
overlap-layout consensus method along with the error-
corrected and filtered Illumina linking mate pair reads and
the 454 paired-end reads. The assembly is followed by
scaffold gap filling with subassemblies of Illumina reads as
described in Zimin et al. (2013). For the American bison
genome nearly 200 billion bases in close to 2 billion 101 bp
paired-end Illumina reds data were reduced to about
7.2 billion bases in 26.7 million super-reads with an
average length of 269 bases. Utilization of the super-reads
reduced the assembly problem by a factor of 75 for the
Illumina data.

This whole-genome shotgun project has been deposited at
DDBJ/EMBL/GenBank under accession no. JPYTO0000000.
The version described in this paper is JPYTO0000000.1
(JPYTO1000000 (nig.ac.jp)). Annotation of the de novo
bison reference genome sequence was completed using the
assembled bison reference sequence and RNA sequences
provided to NCBI and followed the NCBI pipeline using
software version 6.2 (Appendix S1; Thibaud-Nissen et al.,
2013; http://www.ncbi.nlm.nih.gov/genome/annotation_e
uk/Bison_bison_bison/100/). The bison genome reference
assembly can be found with the assembly accession no.
GCF_000754665.1 and assembly name Bison_UMD1.0 at
http://www.ncbi.nlm.nih.gov/assembly/GCF_000754665.
1/. The database link can be found using the BioProject ID:
PRJNA257088 and the BioSample ID: SAMN02947321
(NCBI). BUSCO analysis was also performed as a second
analysis to check for the integrity of the genome and gene
sets (Seppey et al., 2019).

Bison reference sequence alignment to domestic cattle
reference and identification of genetic variants and
analysis

Both the paired-end and mate-pair sequences of the bison
reference raw reads were trimmed using rasto-mcr, which
trimmed bases with a quality score less than 20 from each
individual read and reads with a remaining sequence
length of less than 70 bases (Aronesty, 2011). The filtered
reads were mapped to the domestic cattle UMD3.1 refer-
ence sequence using BURROWS—WHEELER ALIGNMENT version
0.6.2 (Bwa-mem; Li, 2013) using the default settings. The
resulting BAM (binary short DNA sequence read align-
ment; Li et al., 2009) files were combined using the merge
option of the SEQUENCE ALIGNMENT/MAP (saMm) tools 0.1.18
software package (Li et al., 2009). Read group information
was added using the AddOrRelpaceReadGroups option of
picarpTooLS 1.7.1 (https://github.com/broadinstitute/picard/
releases/tag/1.128). The GeNnome ANALysis Toorkir 3.1.1
(catk; McKenna et al., 2010) option RealignerTar-
getCreator was used to realign and account for indel
shifted coordinates to create a realigned and sorted BAM

Bison reference genome

file of mapped reads to UMD3.1 reference. SAMTo0LS view
and flagstat options (Li et al., 2009) were used to obtain
statistics of the alignment of the bison reference genome to
the domestic cattle reference genome.

Genetic variants, SNPs and indels were called against the
cattle reference for mapped reads and were filtered accord-
ing to the catk Best Practices recommendations (Depristo
et al., 2011; Van der Auwera et al.,, 2013). The resultant
variants were placed into VCF files. The VCFroors 0.1.11
vcf-stats (Danecek et al., 2011) option was used to deter-
mine basic statistics and counts of the SNPs and indels.
These identified variants were then annotated using SNPErF
4.1 software (Cingolani et al., 2012) against the UMD3.1.76
reference from Ensembl. VCF files were deposited into the
European Variation Archive (https://www.ebi.ac.uk/eva/?
Home) with accession nos.

Pseudo-chromosome mapping

Pseudo-chromosomes ~ were  produced using the
UMD3.1.76 gff (http://useast.ensembl.org/Bos_taurus/Inf
o/Annotation) chromosome file from Ensembl (Flicek
et al., 2014) and scaffolds of bison reference sequence to
create synteny blocks using the software symar 4.2
(Soderlund et al., 2006). Figure S1 presents alignment
using miNniMAP2 and visualization using the D-genies tool
with the more recently produced European bison (wisent)
assembly that indicates that no substantial error was
introduced by using the higher-quality, but different
species, assembly for chromosome scaffolding (Cabanettes
& Klopp, 2018; Li, 2018).

Whole-genome re-sequencing of historic samples, EIW,
CCSP and YNP bison

Illumina paired-end libraries were prepared for sequencing
for 14 bison samples on Ilumina HiSeq 2000™ Next-Gen
from the extracted DNA (Appendix S1; Table S1) for
whole-genome resequencing using the Nextera DNA
Sample Preparation Kit (Illumina). Historic samples (S6
and S9) were not combined owing to the lower quality
DNA and libraries were prepared using the NEXTflex
[lumina ChiP-Seq Library Prep Kit by Bioo Scientific
protocol and run on one lane with the normal High
Output 2x100 mode (Illumina). For each of the four
samples from Caprock Canyons State Park (CCSP) and Elk
Island National Park (EIW) the genomic libraries were
indexed with adapters and four samples were run
together on 2 HiSeq lanes using the 2x100 normal
mode. Illumina TruSeq Nano libraries for the four samples
from YNP were prepared using the Illumina TruSeq Nano
DNA Sample Preparation Kit (Illumina), and run on four
separate lanes on 2x100 mode. The sequence data for
these samples has been deposited in NCBI within Biopro-
ject PRINA658430.
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Variant identification in relation to the domestic cattle
and bison reference genomes

Prior to mapping the reads of the 14 re-sequenced bison to
both the bison (Bison_UMD1.0) and domestic cattle reference
sequences, raw reads were trimmed using the same method as
previously described. Re-sequenced bison samples were indi-
vidually mapped to the reference bison scaffolds and sepa-
rately to the domestic cattle reference sequence using
Burrows-Wheeler Alignment 0.6.2 (Bwa-Mmem; Li, 2013) and
variants were called and annotated using the methods
described above. VCFroors was also used to identify shared
or informative variants within populations to the bison
reference to identify potential subpopulation variants.

In order to annotate the identified variants for the bison
populations to the bison reference, the SyMap pseudo-
chromosomes that were generated previously were used to
change the scaffold IDs in the combined bison population
VCF to actual chromosome numbers based on position. This
allowed for the scaffolds in the combined VCF files for each
population, or in the case of the historical samples individ-
ually, to be replaced by chromosome based on the positions
created in the SyMap anchor file and using a perl script. The
changed VCF files were then annotated in snperr using
UMD3.1.76 as a reference as the pseudochromosomes were
generated from synteny blocks to the UMD31.76 reference.
Custom script can be found in Appendix S2.

Phylogenetic analysis

SNPuyLo version 20140701 (Lee et al., 2014) was used to
generate a phylogenetic tree using the combined VCF file to
domestic cattle (UMD3.1). The VCF file to UMD 3.1 was
chosen for this analysis and not the combined VCF file for
Bison_UMD1.0 so that the bison reference (Templeton)
would be included in the phylogenetic analysis.

Results

Preliminary analysis

Current technologies available in our laboratory to assess
for domestic cattle introgression (14 nuclear markers and
TPW and 16S mitochondrial markers) and an additional 26
polymorphic markers were genotyped from the reference
animal prior to the genome sequencing to ensure that the
selected sample did not have detectable domestic cattle
introgression (Appendix S1; Ward et al., 1999; Schnabel,
Ward & Derr, 2000; Halbert, 2003); Fig. S2a). Karyotyping
and FISH were also performed to ensure that normal
chromosomes were obtained. Templeton was found to have
bison mitochondrial DNA genotype and no domestic cattle
introgression alleles were detected in the nuclear DNA.
Alleles for microsatellites can be found in Fig. S2a. Temple-
ton’s main genetic composition when compared with the

eight core US federal bison herds was as expected, with
91.0% of his genome coming from YNP (Fig. S2b).
Templeton was found to have normal chromosomes, a
diploid number of 2n= 60 and normal X and Y chromo-
somes (Fig. S2¢,d). Cattle BAC containing PAR sequences
was mapped to the short arm of the bison acrocentric Y
chromosome, showing that the Y chromosome is struc-
turally different from the Bos taurus Y chromosome, which
is submetacentric (Di Meo et al., 2005; Das et al., 2009).

Annotation

We generated a total of approximately 75x genome
coverage by reads from two sequencing technologies: 454
sequencing by Roche and Illumina sequencing. Table 1
shows the library sizes, read lengths and the coverage for
each library. The MaSuRCA assembler version 1.8.3 was
used to assemble the sequencing data. The Bison_UMD1.0
(Templeton) assembly contained approximately 2.83 Gb of
total sequence and was composed of 128 431 scaffolds with
N50 contig size of 19.97 kb (L50 37 835) and scaffolds
with an N50 scaffold size of 7.2 Mb (L50 116; Table 2).

Global statistics for the bison annotation and results of a
BUSCO analysis are summarized in Table 3. When com-
pared with the domestic cattle (UMD3.1) and human
reference genome annotations (both HuRef_1 and HuRef2
(GRCh38)) the bison reference total sequence length was
slightly larger than the cattle annotation and smaller than
the two human reference genome annotations (Table 4).
The bison genome had fewer genes and pseudogenes
(combined together) when compared with either the bovine
or human annotations, but it had more protein-coding
genes than both species (Table 4).

Bison reference sequence alignment to domestic cattle
reference and identification of genetic variants and
analysis

BWA mem (Li, 2013) was used to align raw bison DNA
sequence paired-end and mate pair reads (1 008 038 624

Table 1 Statistics for lllumina (paired-end and mate pair) and 454
paired-end libraries used for de novo bison reference sequence
(Bison_UMD1.0/Templeton).

Library Library
Average Number of mean standard
read reads size deviation
Library length (millions) (bp) (bp)
lllumina
Paired-end 101 1115 300 40
Mate pair 101 85 4000 800
101 239 4500 900
101 531 6000 1000
454
Paired-end 398 25.6 15 000 3500

© 2021 Stichting International Foundation for Animal Genetics, 52, 263-274



Table 2 Global statistics (in bp) for Bison_UMD1.0 (Templeton; NCBI).

Bison_UMD1.0

Total sequence length 2 828 031 685

Total assembly gap length 195 767 988
Gaps within scaffolds 341984
Number of scaffolds 128 431
Scaffold N50 7 192 658
Number of contigs 470 415
Contig N50 19 971

Table 3 Bison (UMD1.0/Templeton) reference genome annotation
summary for gene and feature statistics from NCBI as well as results of
BUSCO analysis.

Feature Bison_UMD1.0

Total sequence length (bp) 2828031685
Total number of chromosomes and organelles 31

Genes and pseudogenes 26 001
Protein-coding 20782
Non-coding 1677
Pseudogenes 3542
Genes with variants 6158
mtDNA size 16 319
C,865% [S, 85.6%; D, 0.9%], F, 3.9%, M, 9.6%, n, 9226
Complete BUSCO (C) 7980
Complete and single-copy BUSCOs (S) 7899
Complete and duplicated BUSCOs (D) 81
Fragmented BUSCOs (F) 359
Missing BUSCOs (M) 887
Total BUSCO groups searched 9226

sequencing reads) against the UMD3.1 domestic cattle
reference (Zimin et al. 2013). The SAMtooLs options view
and flagstat (Li et al., 2009) were used to obtain statistics of
the bison Illumina paired-end reads mapped to the
UMD_3.1 domestic cattle sequence. A total of
993 981 233 of the 1 008 038 624 (98.6%) bison reads
mapped to the UMD3.1 cattle assembly (Zimin et al., 2013),
with 944 493 355 (93.7%) reads properly mapped or
correctly oriented.

After identification of genomic variants, a total of
28 443 364 SNPs were discovered between Bison_UMD1.0
(Templeton) and the domestic cattle reference. Variant

Bison reference genome

identification for SNPs and indels is summarized in Table 5.
Some SNPs identified occurred when the variant was
heterozygous for the reference (cattle) and for a bison
variant allele, or when a cattle allele was found with a bison
allele for that variant. It was expected that some positions in
the bison genome would contain the same genomic
sequences as observed in the cattle genome assembly
because these species derived from a common ancestor.
Previously it was believed that the split between domestic
cattle and bison was approximately 0.5-2 mya in Eurasia
(McDonald, 1981). With the advancements in genomics,
however, this estimation ranges more to around 0.5—
6.4 mya (Wang et al., 2018). Overall, there was one SNP
detected every 93 bases and 32 086 858 genome region
and coding effects that were the result of the SNPs
discovered.

There were 2 627 645 indels discovered when Biso-
n_UMD1.0 (Templeton) was mapped against the domestic
cattle reference, with 1 233 140 (46.9%) insertions and
1394 505 (53.1%) deletions. All indels were annotated
with SnpEff, and results are summarized in Fig. 1a. Chro-
mosomal variant counts for both SNPs and indels for bison
onto domestic cattle can be found in Fig. 1b, with chromo-
some 1 having the most detected variants. Figue 1c shows
the count of variants with corresponding quality scores of
the SNPs and indels annotated with SnpEff after filtering.

Pseudo-chromosome mapping

Given that bison and domestic cattle shared a common
ancestor and have the same number of chromosomes, we
used the domestic cattle reference to generate pseudo-
chromosomes to provide gene placements on chromosomes.
SYMAP 4.2 (Soderlund et al., 2006) was used to produce a
synteny alignment between the Bison_UMD1.0 (Templeton)
scaffolds and chromosomes from the UMD3.1.76 domestic
cattle reference. SYMAP was able to create 447 synteny
anchors and mapped only a total of 447 scaffolds to the 29
autosomes and the X chromosome of domestic cattle.
However, in total, Bison_UMD1.0 scaffolds covered approx-
imately 2283389917 (85.5%) Gb of  the
2670424 944 Gb UMD3.1.76 cattle reference genome.
Table S3 depicts Bison scaffolds sorted by chromosome

Table 4 Bison (UMD1.0) reference genome (Templeton) annotation comparison to domestic cattle (UMD3.1) and human [HuRef_1 and HuRef2

(GRCh38)] reference genome annotations.

Feature Bison_UMD1.0

Cattle_UMD3.1 HuRef_1 HuRef_2 (GRCh38)

Total sequence length (bp) 2 828 031 685
Total number of chromosomes and organelles 31

Genes and pseudogenes 26 001
Protein-coding 20782
Non-coding 1677
Pseudogenes 3542
Genes with variants 6158
mtDNA size 16319

2670422 299 2 844 000 504 3209 286 105

31 24 25

26 740 39480 41722
19 994 19 691 20 246
3825 8555 9153
797 11234 12323
2581 9563 14 632
16 338 16 569
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Table 5 Summary statistics for SNPs and indels found in Bison_UMD1.0 (Templeton) compared with domestic cattle reference (UMD3.1).

SNPs Indels

Number of lines (input file) 28 443 364 2598 155
Number of variants (before filter) 28 483 599 2 627 645
Homozygous for variant allele 22 073 944 2208 623
Heterozygous (one reference one variant) 6329 185 360 038
Reference alleles 6329185 360038
Number of multi-allelic VCF entries 40235 29 494
Number of effects 32 086 858 2976 475

Genome total length
Genome effective length
Variant rate

2670424 944
2 660 909 050

1 variant every 93 bases

2670423 585
2 660 907 691
1 variant every 1012 bases

placements, synteny block assigned, scaffold start and end
position, and domestic cattle start and end position.
Chromosome 1 was found to have the most scaffolds
mapped to it with 30 synteny blocks anchored, whereas

(a)

Number of Variants
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Count
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chromosome.
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chromosome 26 was found to have the least amount (n = 6)
of scaffolds placed on it (Fig. 2a). There were also a low
number of bison scaffolds placed on the domestic cattle X-
Synteny blocks (in black) anchored to

Figure 1 Variant SNPs and indels)
counts and quality scores of the bison
reference to domestic cattle refer-
ence. (a) SNP and indels found for
each chromosome from Biso-
n_UMD1.0 (Templeton) aligned to
domestic cattle. (b) Quality scores of
annotated SNPs for Bison_UMD1.0 to
Cattle_UMD?3.1 (c) Quality scores of
annotated indels for Bison_UMD1.0
to Cattle_UMD3.1.
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Figure 2 Bison synteny to domestic cattle UMD3.1.76. (a) Bison scaffold placement on chromosomes from SyMap with number of bison scaffolds
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were found to have synteny with domestic cattle.

domestic cattle (in grey) for all chromosomes can be found
in Fig. 2b. Even though these are different species they
contain similar chromosomal arrangements and gene
placement throughout their genomes.
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Figure 3 SAMrooLs flagstat statistics of the 14 reseqenced bison
mapped reads to domestic cattle (Cattle UMD3.1) and bison (Bison
UMD1.0/Templeton) reference sequences (reads are in bp).

Variant identification in relation to the domestic cattle
and bison reference genomes for re-sequenced bison

Raw Illumina paired-end sequences for the 14 resequenced
bison were individually mapped to the domestic cattle
UMD3.1 sequence. Using the flagstat option in SAMroots,
statistics of the 14 resequenced bison mapped to cat-
tle_UMD3.1 and Bison_UMD1.0 (Templeton) reference
sequences were obtained, and the mapped reads based on
population to both can be found in Fig. 3. Figure 3 shows
the amount of sequencing variation between individuals
based on the sequencing methods used. Therefore, the
analysis for variants was grouped together to consider the
variants within populations for both references. All variants
are summarized in Table 6, showing counts for SNPs, indels
and total variants found for CCSP, EIW, YNP, the individual
historical sequences, S6 and S9, to both references.
Bison_UMD1.0 (Templeton) was added to the domestic
cattle comparison.
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Table 6 Variant summary (SNP, insertion and deletion) for populations
and individuals to either the domestic cattle (UMD3.1) or bison
(UMD1.0/Templeton) reference sequences.

Variant type

SNP Insertion Deletion Total

CCSP

UMD3.1 15617 914 55773 61535 15735222

UMD1.0 3877737 14 769 13 683 3906 189
EIW

UMD3.1 9590 819 22 994 24 532 9 638 345

UMD1.0 2192618 6408 5593 2204619
YNP

UMD3.1 30538894 1101381 1230864 32871139

UMD1.0 9157 950 208 771 202 350 9569 071
S6

UMD3.1 24955527 385125 456563 25797 215

UMD1.0 11857 832 112 949 134 501 12 105 282
S9

UMD3.1 16 951 692 162 921 226079 17 340 692

UMD1.0 6635219 35791 49 406 6720416
Templeton

UMD3.1 22073944 1233140 1394505 24701589

CCSP, Caprock Canyons State Park; EIW, Elk Island National Park; YNP,
Yellowstone National Park.

There were a total of 50 746 586 variants found between
these 15 bison and domestic cattle reference, with
47 514 082 SNPs, 1492 303 insertions and 1 740 200
deletions. All variants to domestic cattle refence were
annotated to give biological functions of the genes associ-
ated with the variants, and most of the variants were
associated for protein-coding genes (Table S4).

As these populations were representing different sub-
species of bison, populations were analyzed for informative
variants within their representative populations (Table 7).
Variants were determined to be informative if all of the
samples in a population shared those variants. These
unique variants between populations can be used to verify
the taxonomic status of these bison populations. However,
future validation still needs to be done for the variants
reported in this research.

In order to annotate the detected SNPs of the 14 samples
above, the scaffolds in the VCF file were replaced by a

chromosome number. Using the previously produced
SyMap pseudochromosomes, the bison scaffolds used for
the alignment were anchored to positions on respective
chromosomes. This allowed for the scaffolds in the com-
bined VCF files for each population, or in the case of the
historical samples individually, to be replaced by chromo-
some numbers based on the positions created in the SyMap
anchor file and using a perl script (Appendix S2). The
changed VCF files were then annotated in SnpEff.

When comparing the identified variants for each popu-
lation from either using the VCF files that contained
Templeton'’s scaffolds or Templeton’s pseudo-chromosomes,
a reduced number of variants detected can be seen
(Table S5). So as not to exclude the variants detected to
Bison_UMD1.0 (Templeton) for each population, the vari-
ants detected for both Templeton’s scaffolds (previous
analysis results) and pseudo-chromosomes were annotated.
The annotated variants followed the same trend as the
variants identified to the domestic cattle reference, where
the majority of the genes annotated were protein-coding
genes (Table S6).

Phylogenetic tree

Using the combined VCF file to domestic cattle for all 15
bison samples, SNPHyLO was used to generate a phylogenetic
tree (Fig. 4). Based on this tree, the historic samples were
placed next to the YNP samples, with the YNP samples first
and then Templeton (bison) and the CCSP samples also
placed close to the historic samples. Historic samples were
collected in what would become YNP, so this placement was
expected. A split between EIW and the historic samples was
seen as the EIW samples were placed next to the YNP
samples, which with the moving of YNP bison into EIW,
could be expected. What was also expected is the split
between the CCSP and EIW populations as they represent
the southern plains and wood buffalo populations. As these
are three different subpopulations being compared, it is
interesting that the samples that represent southern plains
bison comprise the farthest bison population from the EIW
population. What was not expected was to see a split
between one of the CCSP samples and the others. The
placement of CCSP 50-5792 within the EIW samples will

Table 7 Number of common (informative) variants to bison reference (Bison_UD1.0/Templeton) found between all individuals by population.

CCsp EIW YNP Historic samples
Shared between SNPs Indels SNPs Indels SNPs Indels SNPs Indels
4 103 125 1394 21683 496 741721
1 2577 386 24 106 1879 071 10 109 3834283 292 466 17 023 108 308 559
3 289 403 749 37 500 400 1969 047 22 802
2 902 866 2084 251115 926 2612899 93107 733 561 11 633
Count 3872780 28333 2189 369 11931 9157 950 408 375 17 756 669 320192
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Figure 4 Phylogenetic tree from the
combined VCF file for all 15 bison
samples to UMD3.1. Bison = Tem-
pleton. Population abbreviations:
CCSP, Caprock Canyons State Park;
EIW, Elk Island National Park; YNP,
Yellowstone National Park; HS, His-
toric Samples.

YNP

require further analysis to evaluate this split of the CCSP
bison samples. The phylogenetic tree offers a rough estimate
of where subpopulations can be placed based on variant
calls using whole-genome sequencing and read mapping.
This method has moved bison phylogeny into genomics
such as: distance trees, ABBA/BABA analysis and admix-
ture events that have recently utilized bison genomic
sequencing (Wang et al., 2018; Zhang et al., 2020).

Discussion

The history and restoration of the North American bison is
considered one of the first conservation success stories and a
model of natural resource conservation (Ward 2000). With
the completion of the first de novo reference assembly of the
American bison genome, bison genetic research has now
advanced into the genomic technology era. This study
utilized technologies that are currently available and can be
compared with new and improved genomic technologies to
improve our dataset.

With the annotation of the bison de novo reference
genome we were able to identify a total of 26 001 genes and
pseudogenes with 20 782 genes being protein-coding
genes. The bison reference also provided a means of
detecting new genetic variants, including SNPs and indels,
following alignment to the domestic cattle reference. Using
the UMD3.1 and 1000 Bulls genome allowed us to compare
the bison sequences with multiple domestic cattle sequences
instead of just one to give a more thorough evaluation of
the genomic differences between these two species. This

Bison reference genome

allowed for the detection of approximately 50 000 000 new
variants (both SNPs and indels combined) between bison
and domestic cattle, vastly expanding the number of
variants that define the genomic differences between the
two species.

This study utilized detected genetic variants to complete
an annotation that determined gene functions and can
identify the biological pathways they affect. These pathways
can be investigated in the future to analyze the physical,
biological and adaptive genomic differences between bison
and cattle, specifically in their response to disease, weather
and even nutrition. Identifying the genomic regions respon-
sible for these differences can help researchers narrow their
focus on candidate genes that control these responses for
future research. For example, focusing on the brucellosis
and tuberculosis status of some bison populations is
imperative for bison populations to ensure their health for
future generations as well as improving herd management
practices. Identified genomic variants associated with
disease or immunity could be obtained from healthy,
affected and exposed animals to compare phenotypes and
genotypes, allowing the production of better vaccines for
bison diseases (Zwane et al., 2019). Using genomic tech-
nology as part of vaccine development against diseases that
are detrimental to bison can greatly improve the manage-
ment and relationships of sympatric livestock and wildlife
populations.

We were also able to identify genomic components that
are similar between the bison and the domestic cattle

reference genomes, identifying parts of the genome
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stemming from a shared common ancestor. Ancestral parts
of the genome could be determined between bison and
domestic cattle using statistical analyses and then used to
evaluate what parts of the bison genome could have come
from introgression of domestic cattle, similarly to recent
research done to evaluate the lineage of the wisent and how
hybridization could have played a role (Wang et al., 2018).
This shared genomic information also gave us the ability to
use the domestic cattle reference to provide presumptive
chromosomal assignments of the bison reference scaffolds.
We were able to anchor these genes to ‘pseudo-chromo-
somes’ for bison using synteny blocks between the bison
scaffolds and the domestic cattle chromosomes, which
provided the location for unknown bison genes.

Providing whole-genome sequencing of historic bison
samples allowed for comparison of pre-population bottle-
neck bison with modern bison. Comparing these historic
bison sequences with the bison reference sequence, we were
able to evaluate the ancestral alleles/genomic regions that
have been conserved over time from the historical samples
to the modern samples. Even with the ability to detect
approximately 12 and 9 million genomic variants between
the historic samples S6 and S9 respectively to the bison
reference, the total percentage of the genome that has
detected variants throughout is only 0.43 and 0.24%
respectively. Therefore, the majority of the bison genome
when modern and historic bison sequences are compared
remains quite similar and has been conserved in these
regions.

To ensure that conservation management of bison
continues to move forward using the newly available
resources, more bison populations need to be evaluated to
determine the genomic importance of different bison herds.
Following similar strategies from this study, we can
evaluate multiple bison herds to assess the presence of
domestic cattle genomics and determine the genetic diver-
sity and uniqueness of these herds, which can act as
candidates to establish new conservation satellite herds.
Indeed, a recent study made use of our sequencing, and a
similar strategy to identify additional SNOs and to create a
SNP-based parentage test and subpopulation composition in
the Canadian bison industry (Yang et al., 2020). Following
similar criteria and additional samples to better understand
the genomic relationships between bison herds will aid with
the relocation of bison herds when parks or herds have
reached their carrying capacity.

In this study, we have reconstructed the first WGS of
the North American bison. This genome will be an
important resource for future investigations into their
ecology, Whole-genome
sequencing has allowed us to greatly increase the
genomic variant information between bison and domestic

evolution and conservation.

cattle to identify differences between them. The results
from this study provide the foundation for bison genomic
research, which future studies can expand upon and used

for comparison as genomic technologies improve over the
years.
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