■

■

DISSERTATIONES SCHOLAE DOCTORALIS AD SANITATEM INVESTIGANDAM
UNIVERSITATIS HELSINKIENSIS

MEHARJI ARUMILLI

BIOINFORMATIC APPROACHES TO FACILITATE CANINE
DISEASE GENETICS AND GENOMICS
A

G
A

G,

L

A

A
l,

A

l,

,
C

A

A

f A

\ r

•
l

G [

A

,,
,,
l,

,,
A

A

A

C,

I.A

FOLKHÄLSAN RESEARCH CENTER AND
DEPARTMENT OF MEDICAL AND CLINICAL GENETICS
FACULTY OF MEDICINE AND
DEPARTMENT OF VETERINARY BIOSCIENCES
FACULTY OF VETERINARY MEDICINE
DOCTORAL PROGRAMME IN INTEGRATIVE LIFE SCIENCE
UNIVERSITY OF HELSINKI

r

Department of Medical and Clinical Genetics, Faculty of Medicine
Department of Veterinary Biosciences, Faculty of Veterinary Medicine
University of Helsinki
Folkhälsan Research Center

Bioinformatic approaches to
facilitate canine disease genetics and genomics

Meharji Arumilli
Integrative Life Sciences Doctoral Program

ACADEMIC DISSERTATION
To be presented for public examination with the permission of the Faculty of Medicine,
University of Helsinki, in Porthania hall PIII, Yliopistonkatu 3,
on the 20th of November, 2020 at 13 o’clock.

Helsinki, 2020

Supervised by

Professor. Hannes Lohi
University of Helsinki, Finland
&
Asst Professor. Jarkko Salojärvi
Nanyang Technological University, Singapore

Reviewed by

Professor Dario Greco
University of Tampere, Finland
&
Docent Tero Hiekkalinna
Genomics and Biobank Unit
Finnish Institute for Health and Welfare (THL)

Opponent

Professor. Alessandro Bagnato
University of Milan, Italy

The Faculty of Medicine uses the Urkund system (plagiarism recognition) to examine all doctoral
dissertations.
ISBN 978-951-51-6654-8 (paperback)
ISBN 978-951-51-6655-5 (PDF)
ISSN 2342-3161 (print)
ISSN 2342-317X (online)
http://ethesis.helsinki.fi

Painosalama Oy
Turku, Finland 2020

To my beloved grandparents

Abstract
Since the annotation of the dog genome in 2005, dogs have emerged as excellent models of human
disease. Many disease associations of variant alleles in homologous genes have been discovered in
dogs, providing new therapeutic candidates to the corresponding human diseases as well as
establishing preclinical large animal models. Significant progress in genetic studies has happened
after moving from microarrays to next generation sequencing or combining the two approaches. This
transition has required the development and application of novel bioinformatic approaches to
facilitate genetics and genomics. This thesis established a variety of bioinformatic approaches and
tools to facilitate canine genomics and disease gene discovery.
In study I, the successful development and application of the bioinformatic pipelines resulted
in the identification of causal variants of three new disease genes, SLC37A2, SCARF2 and FAM20C,
of relevance to Caffey disease, van den Ende-Gupta syndrome (VDEGS) and Raine syndrome in
human, respectively.
In study II, novel genomic content was discovered through de novo assembly of genomic
reads of Border Collies, which didn’t map to the current canine genome reference. This study revealed
sequences that filled the existing gaps in the reference genome and identified gene models that were
missing from the reference. Overall, this study reveals novel genomic content to facilitate the
improvement of upcoming canine genome reference for disease variant allele discovery in candidate
genes.
In study III, a novel bioinformatic tool, webGQT, was successfully developed and piloted to
handle and filter large amounts of next generation sequencing (NGS) data. This tool is purported to
non-bioinformatics users to mine genetic information from millions to billions of variants among
thousands of genomes. This tool has been successfully utilized in various disease genetics projects.
In summary, new bioinformatic approaches have been successfully developed and applied in
this thesis to facilitate both the transition of the field to the NGS era and disease gene discovery and
genomics in dogs. These findings in this thesis have implications to veterinary research, diagnostics
and human medicine with novel candidate genes in three rare disorders.
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Introduction

Given the high genetic similarity and the occurrence of spontaneous clinically similar hereditary
diseases, dogs have emerged as a powerful model to human disorders. The dog genome sequence was
released in 20051, a few years after the release of initial draft of the human genome in 20012,3. Ever
since the emergence of new and cost-effective high-throughput sequencing (HTS) approaches, the
number of sequenced canine genomes has greatly expanded, providing valuable resources for
molecular characterization and clinically relevant models of human disorders.
HTS technologies allow to study the variability of the complete genome to determine the
variants in the coding as well as in the regulatory regions. Importantly, HTS enables to detect different
classes of genetic variation ranging from single base pair to millions of base pairs associated with
simple and complex disorders 4-6. HTS data requires extensive analysis of the sequence of a genome
to understand the flow of information from the deoxyribonucleic acid (DNA) to the amino acid
changes, the building blocks of protein that play a role in determining the function of an individual.
Genes are made of a sequence of DNA nucleotides in the genome that code for proteins. Detecting
the protein changes provides insights into novel disease mechanisms and detecting disease specific
variants in genes by HTS approaches facilitates diagnostics and treatment. HTS is a powerful
approach for investigation of common and rare variants for Mendelian and complex multifactorial
diseases and also evaluating the non-genetic factors for disease susceptibility.
Nevertheless, to detect the disease causing variants, requires the application and improvement
of canine genomic resources that includes but not limited to canine genome reference, gene
annotations, control cohorts and downstream variant analysis tools for filtering and prioritization 6.
In addition, considerable confronts remain with the data generated from HTS; these include data
management, processing and storage. Therefore, more comprehensive bioinformatic approaches are
necessary to uncover the exact underlying molecular pathways of canine inherited disorders.
In this thesis, HTS approaches have been utilized to find three novel disease specific variants
in disease-associated genes and demonstrated the feasibility of HTS approaches to uncover the
molecular mechanisms of three canine inherited diseases of human relevance. This thesis also
provides genomic resources to improve the canine genome reference (CGR) to facilitate better
mapping of the genomes and the discovery of disease specific alleles. Finally, this thesis developed
a graphical user interface tool for querying massive variants generated by the HTS approaches to
facilitate disease-gene discovery of inherited canine disorders. The discovery of disease-specific
alleles may not benefit only dogs but could also establish disease models for corresponding human
diseases.
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2
2.1

Review of the literature
DNA and genomic variation

DNA, is a molecule that contains the genetic code for an organism to develop, live and reproduce.
The DNA of an organism is made up of molecules called nucleotides. Nucleotides are composed of
one of the four nitrogen bases: adenine (A), thymine (T), guanine (G) and cytosine (C) attached to a
phosphate and sugar group. The order of these nitrogen bases determines the genetic code of the
organism, which makes each organism or species unique from each other. DNA is the hereditary
material where the genetic code is inherited from the parent to the offspring. Genes in the genome
are made up of these DNA nucleotides and act as a unit of physical and functional heredity. The genes
codes for proteins which determines the structure, characteristics and function in the offspring 7.
Over the lifetime of an individual, DNA undergoes permanent changes in the sequence of
nucleotides referred as genetic variants. The genetic variants whose frequency in a population is more
than an arbitrary threshold of 1% are referred as polymorphisms and which are rare are referred as
mutations. The mutations arises due to errors in DNA replication or due to induced mutations (e.g.
exposure to ultraviolet radiation). These changes can be transmitted to offspring if they occur in germ
cell (e.g. sperm and egg) or to next cell generations if they occur in somatic cells 7.
The mutations that occurs in a gene or multiple genes often alter the protein function and may
introduce new traits and characteristics into an individual genome. Thereby, the genetic variation of
the DNA has an impact on the evolution of characteristics or traits in the species including color, size,
behavior and they are also responsible for disease susceptibility. Therefore, genomic variation has
been studied in medicine to identify the causative variants and genes for disease trait mapping.
Importantly, genomic variation has been studied to reach the goal of genomics-based precision
medicine, pharmacogenomic studies of individual genomes 8. In addition, genetic variation is studied
in evolutionary biology to study the evolution of species and genes through comparative sequence
analysis 9.
There are different types of genomic variations that occur in the DNA, ranging from single
nucleotide variants (SNVs) to structural variants (SVs) that span large genomic regions. SNVs are
the most abundant and studied type of genomic variation that is caused by changes in a single base
pair of the sequence. SVs include insertions and deletions (INDELs) caused by insertion or deletion
of 1 to 50 nucleotides. These changes due to SNVs can have an effect on the function of the gene
product leading to loss or gain of function mutations or they can affect the protein sequence. Based
on the effect on the protein sequence, SNVs and INDELS can lead to the following mutations: silent
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or synonymous mutations, which do not change the amino acid sequence, missense mutations, which
substitute one amino acid to another in the same protein, nonsense mutations, which lead to a
premature stop codon producing an incomplete protein and frameshift insertions or deletions which
change the reading frame of the amino acids (structural units of protein) resulting in truncated or nonfunctional protein.
In contrast to SNVs, SVs include deletions and duplications (changes together referred as
copy number variation (CNVs), > 1Kb), inversions and translocations that range from 50 base-pairs
(bp) to multiple mega-bases (mb). CNVs affect a large number of base pairs within a gene and lead
to altered function of the protein. The CNVs are most commonly caused by recombination process,
which is the breakage and exchange of genetic material within or between chromosomes during cell
division and occur across the genome more often near the recombination hotspots

10

. Deletions

remove large regions of DNA from the genome which could lead to complete or partial removal of
one or more neighboring genes. Duplications cause a portion of DNA to be copied more than once,
producing an improper or variably expressed protein leading to phenotypic abnormalities. Finally,
inversions are balanced chromosomal re-arrangements that involve breakage of the chromosome and
the broken chromosomal part is reversed and re-inserted into the chromosome. Frequently, inversions
occur in the non-functional regions of the genome while their occurrence affecting a gene can lead to
lethal phenotypes 7.
Repeat expansions are another major source of genetic variation. Transposable elements
(TEs), the repeated DNA sequences are another major class of SVs that cause DNA gains and losses
in the eukaryotic genomes which are variable among different species. Based on the mechanism of
transposition, TEs are classified into retrotransposons (copy and paste mechanism) and DNA
transposons (cut and paste mechanism). Retrotransposons are mainly classified into two major
families by sequence homology: the short interspersed repetitive DNA elements (SINEs) and the long
interspersed repetitive DNA elements (LINEs), accumulating up to ~40% of mammalian DNA. It has
been reported that TEs account from one third to one half of the mammalian genomes 11. For example,
more than 46% and 37% of the human and mouse genomes are composed of TEs respectively

12

.

Likewise, 34% of the domestic dog genome is composed of TEs and contributes to genomic diversity
by introducing new genetic material

13

. It has also been speculated that these estimates are likely

biased downwards due to the methodological and computational limitations in discovering the TEs
11

. TEs occurring in splice sites and intronic regions (non-coding gene regions) can cause exon

(protein coding gene regions) skipping and result in novel alternate transcripts and can influence gene
expression 14. In addition, non-coding ribonucleic acid (RNA) adds to the genomic complexity and
are known to impact gene expression 15 and transcriptional start sites 16.
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2.2 Evolution of sequencing technologies
2.2.1

First generation: Sanger sequencing

The conventional Sanger sequencing, also known as first-generation sequencing, was invented in
1977 and is the first method used to decode DNA in the history of DNA sequencing 17. Sanger method
involves the synthesis of cDNA template using deoxynucleotidetriphosphates and termination of
DNA strand elongation using di-dexoynucleotidetriphosphates (ddNTPs) by DNA polymerase. The
generated DNA fragments are size separated using gel electrophoresis and analyzed by sequencing
to reveal the DNA sequence of the sample. The laser detection region in the sequencer utilizes the
fluorescently labelled ddNTPs (one color for each of the four ddNTP) and emits the corresponding
color. The emitted color determines the base call in the DNA sequence 18.
Sanger sequencing technique was used to sequence the first human genome

2,3

. Thereafter,

other model organisms such as mouse, rat and chimpanzee genomes were sequenced using the stateof-the-art Sanger methods 19-21. The initial human genome sequencing project took over 13 years and
$3 billion, beyond the reach of majority of research labs 22. Also, the technology suffered from poor
quality due to primer binding and deteriorating quality of the sequence in the end. Due to the low
through-put and quality, this technology is now limited to small scale sequencing tasks but still
remains a vital approach for validating variants in the next generation sequencing (NGS) datasets.

2.2.2

Second generation: sequencing-by-synthesis

Since 2005, second-generation sequencing technologies, also termed as NGS technologies, have been
developed. The NGS technology developed by Illumina, the current market leader for short read
sequencing platforms, relies on sequencing-by-synthesis method by simultaneously sequencing the
polymerase chain reaction (PCR) amplified molecules in parallel 18,23.
Briefly, DNA is fragmented and ligated with adapters at both ends followed by size selection
to produce library for sequencing. The DNA library is immobilized to flow cell and bridge amplified
to form clusters of fragments for primer annealing. Sequencing-by-synthesis method initially utilizes
unlabeled nucleotides that are added by a DNA polymerase to the nucleic acid chain to amplify singlestranded DNA molecules to double-stranded DNA molecules 24. The flow cell plate containing all
the clusters formed in bridge amplification is sequenced simultaneously base-by-base using different
fluorescently labeled nucleotides. All these base pairs compete with each other and bind to the DNA
templates. During the first cycle of sequencing a fluorescent nucleotide is incorporated in the first
base to be sequenced, followed by excitation using laser. An image is taken of each labelled
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nucleotide that is incorporated to the DNA molecule. Based on the emitted fluorescence, the
sequencer determines the correct base at each position and the base calls are used to deduce the
nucleotide sequence.
Sequencing-by-synthesis technology offers the advantages of low error rate and the ability to
perform paired-end sequencing and has become the first choice in science and medicine. These
technologies produces sequence reads that are relatively short, 50-300 bp in length while increasing
the throughput of molecular markers from thousands to millions at a very low cost and time 25,26.
2.2.3

Third generation: single molecule sequencing

Although, the NGS technologies have been widely used, the pace of technological development in
genome sequencing has led to the “third-generation” technologies to emerge. For example, Single
Molecule, Real Time (SMRT) technology offers longer read lengths, higher accuracy, smaller amount
of starting materials and even lower costs, producing even higher throughput 27. Importantly, these
technologies offer the advantage to sequence without PCR amplification thereby reducing the strand
biases, chimeras and amplification errors introduced during PCR.
SMRT sequencing takes place on a sequencing-chip containing tiny wells called zero-mode
waveguides (ZMW) chamber. The ZMW chamber enables visualization of individual molecules
against the labelled nucleotides through the excitation of light at the bottom of the chamber. A single
nucleotide of DNA template is incorporated by the DNA polymerase enzyme into the ZMW chamber
and phospholinked nucleotides labelled with different colored fluorophores are added subsequently.
The detector observes the fluorescent signal and the base call is made corresponding to the color
resulting in real time DNA sequencing

25,28

. This is performed in parallel in thousands of ZMW

chambers which make up a SMRT cell.
SMRT sequencing produces longer reads in short time and but compromise the accuracy of
the sequences. The long reads not only permit sequencing and assembly through repetitive regions,
reducing gaps in de novo assemblies to improve reference genomes, but also allow detection of
epigenetic modifications, thus providing advantage over short-read technologies 29-32.
2.2.4

Fourth generation: nanopore sequencing

Nanopore sequencing approach permits sequencing of single DNA molecules without prior PCR
amplification and sequencing is performed without sequencing-by-synthesis. Nanopore sequencing
is conducted in a small device with numerous tiny membrane channels containing a nanopore. The
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nanopore is charged with ionic current such that it creates a characteristic disruption in the ionic
current when a strand of DNA is passed through the nanopore. The changes in the current allows to
identify the nucleotides G, A, T and C that pass through the nanopore 33,34. Nanopore technology is
capable of producing ultra-long reads of lengths up to 2.5 Mb with a slightly higher error rate 35. This
technology is valued for de novo assemblies, targeted amplicon sequencing and new bacterial
genome references. All high-quality genome assemblies are nowadays constructed using ultra-long
reads 36,37.

2.3 Applications of DNA sequencing technologies
NGS has a wide range of qualitative and quantitative applications for gene discovery and diagnostics
of rare and common diseases. These include gene panel or targeted sequencing (TS), whole-exome
sequencing (WES) and whole-genome sequencing (WGS) that help to unravel diverse genomic
alterations including single nucleotide variants (SNVs), insertions and deletions (INDELs), copy
number variations (CNVs) and structural variants (SVs) that may underlie the genetic basis of the
disease. The pros and cons of each approach are summarized in Table 1.
Table 1. Comparison of TS, WES and WGS technologies.

Features

TS

WES

WGS

Regions covered

200Mb

~150Mb

~2.5Gb

Genes covered

1-500

~30000

~30000

Variants detected

variable by panel size

20000

~4000000

Known genetic causes

+++

++

++

Novel gene discovery

-

++

+++

Discovery of Non-coding variants

+

-

+++

Discovery of strcutural variants

+

++

+++

Cost by KB/MB

lowest

low

high

Plus and minus symbols indicate the scoring for the applicability of NGS applications across various features.
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2.3.1

Targeted resequencing

In gene-panel or TS approach, a set of genes, ranging from one to hundreds of genes or a specific
genomic region of interest, are sequenced. Typically, the selected regions or genes are usually those
identified in previous studies of the same phenotype or those known to be associated through linkage
or (genome-wide association studies) GWAS approaches. The number of detected variants are
variable and depend on the size of the sequenced region. The targeted approaches are cost-efficient
not only for sequencing few genes or smaller regions in the affected samples but also cost-efficient
for screening the candidate genes/regions in additional cohorts 38. Although TS can also be used as a
tool for personalized medicine, the targeted approaches cannot be used to identify new disease genes
as the methodology relies on capturing known genes 39,40.
2.3.2

Exome sequencing

WES approach targets all or a majority of sequences in the genome that are transcribed to messenger
RNA (mRNA) and aims at discovering new disease-gene associations that could not be discovered
by gene-panel or targeted approaches. WES is similar to the gene-panel or targeted sequencing with
the only exception that the library is created with probes or baits specifically designed to capture the
whole exonic and splice site regions in the genome.
The first version of the canine exome capture included 43.45 Mb of the transcribed mRNA
regions. This was later extended to 53.59 Mb including Ensembl and National Center for
Biotechnology Information (NCBI) Genes from the UCSC track with spliced ESTs and human
protein alignments. Broeckx et al. 201441, designed a new canine WES enrichment kit based on Broad
CanFam 3.1.72 reference version including Ensembl Genes, the RefSeq Genes, mRNA annotation
and small non-coding RNA molecules (miRNA) from miRbase that account to ≈52.87 Mb (2% of
the genome) of the canine genome 41. In 2015, two updated versions namely exome-plus and exomecoding DNA sequence (exome-CDS) kits that account to ≈152 Mb and ≈71 Mb, respectively were
released

42

. The exome-plus design includes the Ensembl exons, newly discovered protein-coding

exons and non-coding RNA regions which include microRNAs, long non-coding RNAs and antisense
transcripts, whereas the exome-CDS is a subset of exome-plus by omitting all 3’ and 5’ untranslated
regions.
Successful gene discoveries in canine diseases have been reported with WES approaches in
our group 43,44 and globally, since the small size of the coding part of the genome can be analyzed in
a cost-effective manner. However, the WES discoveries are limited to the current knowledge of the
annotation of the canine genome. As a proof of principle, the four canine WES kits designed by
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different providers ranged from 52 Mb to 152 Mb which reflects the fact that updates and extensions
of the WES kits are often required with renewed annotations. Apart from this, technical limitations
of WES approach include non-uniform sequencing coverage, inability to discover non-coding
variants, difficult to capture GC-rich regions

45

, inability to detect CNV break points at higher

resolution and sensitivity specifically for CNVs spanning the introns46,47.
2.3.3

Whole genome sequencing

WGS is a non-selective method that generates the complete DNA sequence of an individual and
provides more uniform sequencing coverage, addressing the limitations of targeted and WES
approaches. WGS allows the detection of all classes of genetic variations including CNVs and SVs
at higher breakpoint resolution. The utility of WGS was limited in the early phases due to three major
factors. First, WGS is limited in canine genomic due to the lack of understanding of the effect of noncoding variants and sometimes missing information of the functional role of variants detected in some
coding genes. Second, the cost of WGS used to be 3-4 times higher than WES for generating
sequencing data for an individual. Finally, the huge volumes of data generated for one WGS sample
poses bioinformatics constraints to convert the raw DNA sequence to simple annotated variant
information that could be analyzed on a normal desktop computer.
However, recent efforts of the canine genetics research community have aimed to surmount
the genome annotation issue by computational reconstruction of novel protein-coding genes, novel
mRNAs and lncRNAs from RNA-seq assembled transcripts that may have regulatory effect on the
expression of the candidate genes

48

. Also, the cost of sequencing a whole genome has rapidly

declined to under $1000 (Wetterstrand 2020), making it feasible to study the Mendelian traits and
complex rare disorders in dogs. The International Consortium of Canine Genome Sequencing, also
known as Dog10K Consortium (http://www. dog10kgenomes.org) has initiated to generate WGS data
of 10,000 dogs and wild canids within the next 5 years to improve the utility of canine model system
and to advance our understanding of human and canine health 49. The WGS short read data produced
from Illumina platforms has been used and diverse bioinformatics approaches are applied for gene
variant discovery.

2.4 Bioinformatics in sequence analysis
NGS technologies complement the GWAS studies aiming to identify the causative mutations and
help performing functional predictions of the identified mutations, contributing to the widespread use
of NGS. As mentioned earlier, the large-scale whole genome sequencing projects initiated by
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Dog10K consortium and the rapid progress of NGS technologies illustrates that we have reached a
stage where the WGS sequencing is not anymore the bottleneck in canine genomics research. The
current bottlenecks are data processing, management and storage, standard data analysis pipelines to
enable data sharing, access to high-speed cloud-based computing environments and finally,
interpretation of the massive genetic information generated at the rate of thousands of new genomes
sequenced per year

27

. Translating the raw short-read sequencing information from WGS into

annotated biological information requires a framework of bioinformatic analysis, which needs
incorporation of various bioinformatics tools to perform diverse processing steps. The analysis is
typically carried out in four major steps: Quality control, aligning the paired end data to reference
genome, detecting variants and annotation of the variants (Figure 1).
Bioinformatics

Laboratory
Sequencing

Quality
control

Read alignment
and processing

Variant
detection

Variant
annotation

Variant
databases

Variant
strategic
analysis

Figure 1. A flowchart of data production and bioinformatic sequence analysis necessary for candidate variant
discovery in gene discovery projects.

2.4.1

Quality control

The first step of the analysis pipeline is the quality assessment of the raw reads, often followed by
trimming and removal of low-quality reads. This step is crucial as raw sequence data from different
sequencing platforms are affected by sequence artifacts such as adaptor contamination, base calling
algorithmic errors and the presence of INDELs in the short reads 50. The accuracy of each base pair
in the short read is represented by PHRED scores, which is the error probability of the base call
similar to Sanger-sequencing quality scores 51,52. A PHRED score of Q30, the chance of the base call
to be called incorrectly is 1 in 1,000, is used as benchmark to trim the low-quality bases. Some of the
commonly

used

read

quality

assessment

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/),

tools

include

FastQC
FASTX

(http://hannonlab.cshl.edu/fastx_toolkit/), Cutadapt (Martin, M 2011) and PRINSEQ 53. FastQC has
been used in this study to evaluate the quality of the samples.
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2.4.2

Read alignment and processing

The next step after the base quality assessment of the short reads is to align them to the canine
reference genome to determine the most likely position of the sequence reads in the reference genome
54

. The most commonly used alignment tools include short and long-read BWA aligner 55,56, ultrafast

and gapped-read aligners BOWTIE

57,58

, SOAP 59, and MAQ 60. The choice of the aligner depends

on the nature of the sequence data i.e. specifically the aligners used for Illumina short reads are less
efficient for read data from Oxford Nanopore and PacBio as the length and error rates increase and
vice-versa. While it is quite common to use any aligner to map the reads, it is crucial to ensure the
compatibility of the alignment output with external tools for SNV and SV detection. Also, with the
growing number of genomes it is essential to implement computationally efficient and fast
algorithms.
SpeedSeq pipeline 61, an ultrafast modular framework that utilizes BWA-MEM for alignment
and subsequently uses SAMBLASTER for automatically extracting discordant and split reads for SV
detection. Further, the SpeedSeq module internally performs sorting and indexing of the mapped
reads (BAM files) with SAMBLASTER. During the alignment, some of the short reads remain
unaligned to the reference genome due to the absence of sequence in the reference genome either due
to gaps or structural variants or due to repetitive regions. While a fraction of the reads have poor
mapping quality assigned by the aligner, the mapping quality threshold can be used for variant calling
to restrict the false positives from reads with low mapping quality. Depending on the research goal it
may also be required to perform de novo assembly of the unmapped reads or assembly of all short
reads in the absence of the reference genome.
2.4.3

Variant detection

After alignment and post-processing, a plethora of variant calling algorithms can be used to identify
the genomic variants between the reference genome and the sequenced sample. Single nucleotide
variants (SNVs) and INDELs characterized by deletion or insertion of nucleotides up to <1kb are the
most common types of genomic variations studied in the biomedical research. SVs including CNVs
and mobile element insertions (MEIs) have also become an important source of genomic variation in
studying the Mendelian traits and missing heritability in complex diseases. Genome Analysis Tool
Kit (GATK) 62 and samtools 63 have been the most commonly used variant calling tools for detecting
SNV and short INDELs

62-64

. SNV calling can be done by single sample variant calling or multi-

sample variant calling approaches. The later approach is preferred in population-scale or familial
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studies which use evidence from multiple samples to determine low frequency variants as a true
variant or false positive calls.
Many SV detecting methods exist for CNV identification, which use the following five
signatures: (1) paired-end mapping (PEM), (2) split read (SR), (3) read depth (RD), (4) de
novo assembly of a genome (AS), and (5) combination of PEM, SR and RD approaches 65. However,
none of the SV detecting approaches is comprehensive in detecting all classes of SVs since a
considerably significant fraction of the validated variants remain unique to each method; see review
of CNV discovery biases 66. The success of the SV discovery depends on the choice of algorithms
and the nature of the sequence data.
Similar to human genome, canine genome is of complex nature with repeats and segmental
duplications leading to ambiguity in short-read mapping. MEIs, a major class of SVs in the canine
genome are not being routinely detected although the role of MEIs has been reported in many canine
diseases and traits. To list a few, merle pattern in domestic dogs 67,68, Black-and-Tan and Saddle Tan
Phenotypes 69, SINE insertion associated with PRA 70 and spongy degeneration with cerebellar ataxia
71

in different dog breeds and in several eye disorders. The Mobile Element Locator Tool (MELT) is

a widely used tool to detect SINEs and LINEs which are absent in the reference genome 72.
2.4.4

Variant annotation

Variant annotation is performed to determine the functional consequence and to predict the effect of
the nucleotide changes of the genotype. The consequence of the variant on the phenotype relies its
location in the protein coding gene. Hence it is vital to know if the variant occurs on the exons,
introns, splicing (exon-intron boundary), ncRNA, untranslated regions (UTR3/UTR5), upstream (1kb from transcription start site) or downstream (1-kb from transcription end site) of the gene, or if the
variant is intergenic (present in between the genes) in order to identify the causal variants. A SNV
occurring in the open reading frame of the protein coding gene can lead to synonymous (silent)
mutations which does not alter the amino acid content of the protein, or then non-synonymous
mutations such as missense mutations changing the amino acid content of the protein or nonsense
mutations that cause premature termination of the translation of the protein. SNVs and short INDELs
are also responsible for frameshift substitutions/insertions/deletions that cause frameshift changes in
the protein coding sequence, otherwise referred as non-frameshift changes. Thus, the detected
genomic variants need to be annotated into variants that putatively alter the phenotype or do not alter
the phenotype or regulatory elements.
Gene annotation database is an important resource for the annotation of the variants. Since
the release of the initial draft of the canine genome 1, Ensembl and NCBI gene annotation databases

19

Review of literature

have been the most widely used sources for canine genome annotation. The canine Ensembl gene set
(~20,000 protein coding genes) was built based on the Ensembl gene build pipeline

I

73

augmented

with Broad Institute annotation pipeline and phylogenetic orthology prediction pipeline (PhyOP) 74.
Ensembl contains the highest number of transcripts and the predictions are mostly computational
predictions using ab initio and sequence similarity analysis methods

75

. NCBI contains the most

comprehensive and validated canine gene set (~19,000 protein coding genes), annotated by the

I

Eukaryotic Genome Annotation Pipeline 76 which relies heavily on experimental evidence for gene
prediction. Due to the lack of more expressed sequence tags (EST) sequences for dog compared to
human ESTs, the initial canine gene predictions relied heavily on computational predictions rather
than on experimental evidence.
In 2014, Dog Genome Project consortium from Broad Institute released an improved version
of canine genome annotation (Broad Improved Canine Annotation v1) based on RNA-seq dataset of
ten different tissues, expanding the repertoire of known dog transcripts, antisense transcripts and long
intergenic non-coding RNAs (lincRNAs) 77. In 2017, a more comprehensive gene set (CanFam3.1plus) was constructed using 20 dog RNA-seq samples that expanded the gene set with 10,372 novel
long non-coding RNAs and 58,640 mRNA transcripts 48. These releases indicate that canine genome
annotation is incomplete and missing genes and novel transcripts are constantly being added, which
results in the need for staying updated with the newly available annotations.
The most comprehensive canine gene annotation databases include Ensembl, NCBI, Broad
and CanFam3.1-plus canine gene models 48. The challenging part of the annotation step is to prepare
the canine gene sequence files from different sources in a format that can be used by the annotation
tools. The most commonly used annotation tools include ANNOVAR 78,79, Variant Effect Predictor
80

and SnpEff

81

. ANNOVAR has been used to annotate variants to Ensembl, NCBI, Broad and

CanFam3.1-plus databases.
2.4.5

Databases to store variant data in VCF/BCF format

The Variant Call Format (VCF) has become the standard for genome-variation for representing
variant calls from the DNA sequencing approaches

82

. The subsequent task after variant calling,

annotation is to store variants into a database system and to query the database to filter and analyze
potential disease-causing variants. The variant data storage and query tools exist as 1) database
systems which require pre-processing or loading of VCF files into a local database or 2) browserbased programs which read in the input VCF files without requiring database framework. Both the
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database and browser-based systems have their own pros and cons as discussed in the following
sections.
GEMINI, a flexible framework has been developed to store and explore all forms of human
genetic variation

83

. GEMINI integrates the variant data in VCF format with user-defined gene

annotations into a SQLite database. The database utilizes the index created on variant genomic
coordinates and allows it to make sophisticated queries coupled with associated annotations. GEMINI
includes some pre-built tools for identifying inherited mutations in familial studies with the
relationships defined in the pedigree format (PED) file. However, GEMINI database system cannot
be used on non-human genomes and capable of handling only tens of thousands of individuals. Also,
GEMINI is reported to have very long pre-processing times when loading the variants into GEMINI
database.
CanvasDB 84, a variant storage system built on MySQL database has similar functions and
aims to GEMINI. CanvasDB is integrated with R to use with external R/Bioconductor packages and
is aimed at users with some computational background to improve performance, rather providing
graphical user interface for non-computational users from bio/medical field. VCF-Miner 85 is another
software to store and mine variant data based on MongoDB database engine. GEMINI, CanvasDB
and VCF-Miner are built on database framework where the input VCF files need to be processed to
store the variants in the database.
VarSifter 86 implemented in java has been one of the widely used program for variant filtering.
VarSifter eliminates the need of pre-processing the VCF files for storing into a database. VarSifter
reads the whole input VCF file into memory to perform the filtering operations for mining the
candidate variants. However, this requires three times more memory than the input VCF file size and
makes it unfeasible to work with very large WGS datasets. Recently, VCF-Explorer

87

has been

developed that processes the input VCF file line by line, thereby reducing the required memory and
eliminating the need of pre-processing the VCF.
Genotype Query Tools (GQT), a command line software 88, was developed to query trillions
of genotypes at billions of loci among millions of genomes like 1000 Genomes, the UK100K, and
forthcoming datasets involving millions of genomes. GQT has become an integral tool in the 1000
Genome Project Consortium, Phase 3 dataset that has been extended to 2,504 individual genomes 89.
GQT uses a Word-Aligned Hybrid (WAH) compressed bitmap indices of the genotype information
for efficient data compression (Kesheng et.al. 2002), thereby reducing the storage overhead of the
GQT indices compared to the input VCF/BCF files. Importantly, GQT uses an individual-centric
indexing strategy to query genotypes based on phenotypes and familial relationships that is
magnitudes faster (443-folds) and complementary to the existing variant-centric methods like
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VCFTOOLS 82, BCFTOOLS, BEDTOOLS

90,91

and TABIX 92. GQT has been available to a wide

audience as a command line software and proved to be a potential analysis tool for the exploration of
massive data sets. However, unlike GEMINI, CanvasDB, VarSifter, VCF-Miner and VCF-Explorer,
which are software with GUI, GQT lacks the GUI implementation of queries and has the need for
constructing command line queries limiting the applicability among many users.
2.4.6

Strategies to filter candidate disease variants

Standard population variant frequency databases are used to filter for rare disease-causing variants.
For example. dbSNP database and internal control databases are used to exclude the known and
common variants. Likewise, in human studies 1000 Genomes database 89, gnomAD 93 and ExAC 94,95
databases are used to greatly reduce and isolate the potential causal variants from WES and WGS
studies.
To further establish the causality of the variant as disease-causing is still the rate-limiting step.
This requires hypothesis-constructing analysis strategies with different modes of inheritance when
studying with familial cases or trios or non-familial case-control samples (Figure 2). Different
analysis strategies have been used in filtering the variants based on the mode of inheritance. In trio
datasets, for a recessive disease both the parents are assumed to be heterozygous carriers and the
affected offspring is homozygous for the variant. If the study includes unaffected siblings or controls,
they are assumed to be homozygous reference or heterozygous for the variant. For a dominant disease
condition, the affected offspring is required to have the variant in heterozygous state while the parents
or other unaffected individuals do not have the shared heterozygous variant. In de novo disease
conditions, the strategy is to find novel variants in the offspring which are not seen in either of the
parents. In the case of non-familial studies and lack of prior information about the mode of
inheritance, case-control strategy is implemented to filter for case specific variants in the affected
samples (Figure 2). In the absence of parents where the inheritance pattern cannot be inferred, it is
often required to filter variants using multiple strategies.
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Figure 2. Variant identification approaches for different modes of familial and non-familial disease
conditions. A-C) indicate representative family pedigrees for each mode of inheritance. A dot in the center
indicates that the sampled individual is a carrier, squares indicate males and circles indicate females. The grey
filled symbols indicate affected individuals in the pedigree. Stars indicate the subset that could possibly contain
the disease-causing mutations. D) Strategy to identify case specific variants in non-familial case-control
studies.

As mentioned in section 2.4.5, there exists software’s like FMFilter, VCF-Miner, VCFExplorer, VarSifter, CanvasDB and GEMINI to perform the variant filtering based on different
strategies. These softwares provide custom ways to define the disease status and the grouping of
individuals in the VCF file. A major drawback is that these software process the VCF files using
variant centric approach. This leads to an exponential increase in the processing time with increase
in number of variants. Moreover, these software have specific advantages and disadvantages in terms
of handling large cohorts of VCF files on a desktop computer, memory required to process the VCF
files, preprocessing requirements, graphical user interface and applicability to human and non-human
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model species, as compared and summarized in 87. Also, some of these tools are scalable only for
WES studies and only up to few hundreds of samples in the VCF.
Rapid progression in sequencing efforts has led to the production of massive number of
genomes of different species. For example, these include 1000 bull genome project to facilitate
disease mapping in bovine

96

, 2500 genomes from Human Genome Project

89

, Genome of the

Netherlands Project to sequence Dutch trios 97, UK 100,000 Genomes Project 98,99 and the anticipated
millions of microbial, plant and animal genomes 27. The ongoing sequencing projects including the
large sequencing effort initiated by the Dog10KConsortium will produce billions of variants that need
to be stored, managed, filtered and analyzed to increase the current understanding of genetic diseases
and the evolution of species.
The re-sequencing projects of the canine samples from different breeds has reached the scale
of tens of thousands from previous tens of samples within a research group. This had led to the
identification of millions of variants and offers a substantial challenge to store, manage and interpret
the variant data in the context of the phenotype. Also, the publicly available variant data from
different projects are required to be combined with the user’s own variant data. While addressing the
limitations of the existing databases and software there is an increasing need to develop new simple and
clear intuitive software to efficiently analyze the existing and upcoming large-scale genome data. In the

context of the wealth of the available canine genomes it is crucial to develop flexible frameworks to
store and manage the genomic variant data to explore and isolate the minority of variants underlying
disease and population genetics.

2.5

De novo assembly

After aligning the NGS short reads to the CGR, a minor yet significant proportion of the reads (15%) remain unmapped to the CGR. This disparity could result from 1) the difficulty to align reads
uniquely, for example due to repetitive regions in the CGR 2) the regions that are missing in the CGR
assembly due to gaps 3) the structural variants that are present in the genome being analyzed and
absent in the CGR and 4) lack of genetic diversity in CGR, as mentioned above. The lack of canid
genetic diversity in the CGR is highlighted by the presence of high-quality unmapped reads that fail
to map to CGR which may harbor genes or regions that enhance our understanding in breed specific
variation, disease and evolution. Many re-sequencing projects ignore these high-quality short reads
that are unmapped to the CGR.
The issue of unmapped reads to the reference genome has also been reported in human
resequencing projects with ~2-5% of the high-quality individual reads with potentially valuable
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information failing to map to human genome reference (HGR) 100,101. It has been estimated that 3-10
Mb of sequence is missing from each individual genome as a result of unmapped reads. In 2016,
Joshua J. Faber-Hammond and Kim H. Brown implemented a hybrid de novo assembly pipeline of
unmapped reads from 45 diverse individuals from 1000 Genomes Project and discovered 195.5 Mb
of novel sequence missing from the HGR. The assembled contigs were mapped back to the HGR and
found many high-quality loci overlapping the annotated human genes signifying the presence of
unknown gene variants that could possibly have an altered gene expression and function 101. Similar
study in Zebrafish identified 224 Mb of novel genomic sequence with potential coding sequences
present within the novel sequence

67,102

. These studies together highlight the fact that a significant

amount of functional sequence remains unannotated in the reference genomes.
Regardless of the large number and variety of breeds, or the large linkage disequilibrium (LD)
within domestic dog genomes, the current CGR was assembled with sequences generated from the
female boxer named Tasha 1, unlike human which was a combination from multiple individuals.
Moreover, there exists large genetic variation (~27%) between dog genomes compared to lower
genetic differentiation (~5-10%) in humans 103. This suggests that the breeding barrier has led to the
isolated dog populations and the overall canid genetic diversity between differing breeds could be
missing from the current CGR. Despite these shortcomings in CGR, our current understanding and
research of traits or known genetic diseases in dogs is reliant upon the CGR for short read alignment
and variant discovery.
The completion of canine genome reference (CGR) provided an opportunity for disease
mapping in dogs, and a resource for comparative genomics and for studying the evolution of speciesspecific novel genes and functions. However, because of the species-specific shortcomings in the
CGR and its annotation, this system is yet to be leveraged to its potential to unravel the genetic
underpinnings of disease and evolution. As a result, all the resequencing efforts miss these lost
sequences by aligning to incomplete reference, thereby suppressing breed-specific findings. Also,
efforts to detect sequence variation utilizing CGR and high-throughput sequencing technologies to
better understand the impact of SVs on genes and molecular functions that have been implicated in
evolution of novel phenotypic functions of canids have been lacking.
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2.6 Dogs in biomedicine
One of the most exciting recent animal models with an annotated genome in disease genetics and
evolutionary biology has been the dog (Canis lupus familiaris). It was domesticated from grey wolf,
Canis lupus lupus 104. The estimates of the timing and origin of the dog domestication event remains
controversial by several genetic studies 105-109. The mitochondrial DNA data from the modern dogs
suggest an origin of less than 16,3000 ya

107,110

, while the mitochondrial data from ancient canids

suggest an origin between 18,000 to 32,000 ya 109.
Phylogenetic analysis using the whole genome sequence data of modern dogs and wolves
estimated a divergence time of 11,000-16,000 ya 106. In contrast, the phylogenetic analysis using an
ancient wolf suggests a much earlier wolf-dog divergence at 27,000 – 40,000 ya 111, consistent with
the palentological reports of up to 36,000 ya 112,113. These reports give conflicting estimates of dog
origins, indicating that the domestication may happened more than once at different places.
Recent study by Frantz et al. 2016105, suggests that dogs may have been domesticated
independently from two different wolf populations in Eastern and Western Eurasia 105. The different
samples used in these studies could possibly reflect the different domestication events. Regardless of
the early domestication events, the most recent bottleneck (~50-100 generations ago) due to artificial
selection led to the creation of ~400 modern dog breeds with desired traits and characteristics 1 and
has spread the dog across the world together with human populations.
Dogs serve as an excellent system for studying disease susceptibility and natural variation
because of their unique population structure (Figure 3). The evolutionary history and the aggressive
process of artificial selection has led to decreased genetic diversity between dogs of the same breed
than dogs between breeds 114,115. Long-range LD spanning over multiple mega-bases is seen within
dog breeds as a result of the recent population bottleneck. On the other hand, short-range LD is seen
across breeds as a result of ancient breed creation

1,116

. For breed-specific traits, the observed long

blocks of LD within breeds facilitates the mapping of the disease associated regions using within
breed GWAS. In cases of traits shared between breeds, across breed GWAS narrows down the
associated locus due to shorter LD between breeds 1, offering a possibility for disease gene mapping.
The across breed LD structure in dogs is similar to the LD of human populations, of the order of few
kb 117,118. These genetic characteristics of the dog genome enable mapping to shorter chromosomal
regions associated with the disease with fewer markers and individuals than in human genetic studies
119

.
Domesticated dogs have a close evolutionary relation to human and they are also known to

serve as an animal model for human gene-disease association studies for many reasons. The dog
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genome is highly similar to the human genome, even more so than the mouse genome and has higher
number of ortholog genes with human 1. Interestingly, dog is known to be the second largest species
suffering with inherited diseases after humans 120,121, with about 750 diseases and traits reported in
the OMIA database (Online Mendelian Inheritance in Animals) 122, which is similar to OMIM (Online
Mendelian Inheritance in Man) 123. In addition, a vast majority of genetic disorders found in dogs are
similar to human diseases and dogs have 95% of syntenic sequence similarity with human genome,
thereby emerging as a clinical model to study human genetic diseases 124.
Furthermore, genetic studies showed that similar phenotypes in human and dog are known to
be caused by mutations in the known human genes

43,125-129

, promoting veterinary medicine. The

identified genetic risk variants in dogs are used to develop DNA multiplex screening to find the
prevalence and significance of risk variants in different dog breeds

130

. The study by Donner et al,

2016130 demonstrated the power of multiplex screening for 93 disorders in over 7000 dogs from 230
breeds, thereby providing efficient gene testing for diagnostics, breeding and research. On the
contrary, new disease genes found in dogs have also emerged as candidate disease genes for human
disorders 131-135 while some studies like narcolepsy have already helped human medicine 136.
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Figure 3. Illustration of the characteristics of dog as model for human diseases
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Dog is a large animal and not only clinically more relevant to human than mouse but also
share the same environmental conditions with the dog owners. Thus, dogs can better serve as an
animal model for spontaneously occurring conditions like epilepsies, diabetes and cancers than the
widely used laboratory animals. Research over the last decade has shown that some of the gene
functions in dog are associated with similar functions in humans, contributing to better diagnosis and
treatment in human patients 124,137. Also, the availability of pedigree and health information of purebred dogs from the kennel clubs help to design genetic studies which is least likely to have
genealogical data in humans. Given these genetic, clinical, environmental and physiological
characteristics, dogs have risen as a biomedical model for improved understanding of human and
canine disorders.

2.7 Development of canine genomic resources
Molecular markers have been used as key tools for gene hunting and have been constantly developed
and improved over time (Figure 4). In the late eighties, microsatellites were the most widely used
molecular markers for studying breed characteristics and genetic differentiation among breeds due to
their highly polymorphic and variable nature 138-141. Microsatellite experiments have also been used
to facilitate linkage mapping of genes and identification of disease alleles in dogs

68,142,143

. After

microsatellites, single nucleotide polymorphism (SNP) arrays gained the momentum to be the ideal
genetic markers for human and animal genetic studies. Early canine SNP arrays had only 1500 SNPs,
but allowed to localize the white coat spotting in Boxers to chr20 144.
The canine genome annotation project produced a catalogue of 2.5 million SNPs to generate
a dense SNP map to explore the genetic variation between and within dog breeds 1. By utilizing the
dense SNP map, several large-scale SNP genotyping platforms emerged to study the genetic
variation, population structure within and across different dog breeds and disease association studies
for common and rare diseases of relevance to human. The first high-density SNP genotyping
platforms included 27K and 22K SNPs and the later versions extended to 50K SNPs by different
manufacturers. Later in 2011, canine HD SNP array with 170K SNPs was developed in collaboration
with LUPA consortium with the current version having 220K SNPs, which emerged as the most
commonly used SNP array platform in canine genetics 145,146. More recent advancements led to the
development of much higher density SNP array with 700K functional and intergenic markers
including

SNPs

and

insertions/deletions

from

over

40

dog

(https://genomics.neogen.com/en/applied-biosystems-axiom-canine-hd-genotyping-array)
could possibly replace the 170K SNP array in the near future.
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Since 2005, the advances in NGS technologies have led to a major effort in getting detailed
insight into the canine nuclear genome by the Dog Genome Sequencing Consortium at the Broad
Institute (CanFam1.0 and CanFam2.0) 1. This led to the production of a high-quality draft sequence
of canine genome assembled from the Boxer genome at 7.5X coverage, covering 99% of the
eukaryotic genome and produced a SNP map with >2.5 million SNPs. The genome of the
domesticated dog has 2.4 billion DNA nucleotides, including the nuclear and mitochondrial genome.
The whole mitochondrial DNA of the canine genome was determined to be approximately 16 -17.5
kb in size

147

. In the nuclear genome, the DNA nucleotides are divided into 38 pairs of autosomal

chromosomes and one pair of sex chromosomes.
The estimates show that the dog genome has approximately, 21,000-22,000 annotated protein
coding genes, similar to the count of human protein coding genes 148. The constant efforts of genome
annotation increased the number of current gene models to ~32K including protein coding and
pseudogenes in Ensembl, Broad and NCBI gene databases, including experimental and computational
predictions. Further, the abundance of alternative splicing and post-translational modifications
increases the number of different proteins to a much higher number. Additionally, the canine genome
consists of at least 10,000 long non-coding RNA (lncRNAs) and a vast repertoire of small miRNAs,
snRNAs etc. many of which have been recently discovered
77

refined in 2012 by MP Hoeppner et al.,

48,77

. The genome assembly was later

providing an improved version of the canine genome

CanFam3.1 and including 85 Mb of novel sequence. The CanFam4.1 version including de novo
assembly and annotations is under development and will be published in the upcoming months
(Lindblad-Toh et al. 2020).
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Figure 4. An overview of milestones in the development of canine genomic resources.

29

Review of literature

2.8 Disease genetics in dogs
Efforts for trait mapping for inherited disorders in dogs has begun 100 years ago, describing diverse
coat color in pointer dogs 149, hairlessness 150 and sex-linked hemophilia 151. Linkage analysis, a type
of statistical genetic mapping has been the well-established method for mapping Mendelian traits to
genes using individuals with known relatedness

152

. For example, linkage studies using 214

microsatellite markers allowed to localize and map the region

153,154

and subsequently identify the

deletion in MURR1 gene causing copper toxiocosis in Bedlington Terriers through homozygosity
and LD mapping 155. Other advancements of microsatellites to dog genetics include the localization
of the disease gene for progressive myoclonic epilepsy analogous to human disorder, Lafora disease
156

, and mapping the gene for hereditary kidney cancer syndrome in German Shepherds 157. Several

other linkage analysis methods established different modes of inheritance and loci for different forms
of canine progressive retinal atropies (PRAs) leading to canine blindness.

However, the

chromosomal regions identified by linkage analysis are often large.
Ever since the availability of the catalogue of SNP arrays, canine genetic research has gained
pace to facilitate the search for causal variants underlying phenotypes and diseases. The increase in
number of markers from few hundreds to millions has transitioned linkage analysis for Mendelian
traits in smaller pedigrees to GWAS to study simple and complex diseases within and across dog
breeds. GWAS offers the flexibility of collecting case-control samples from the same population for
trait mapping rather than requiring samples from the same pedigree which is often a difficult task.
Classical GWAS analysis compares the allele frequencies between affected and unaffected samples
from the sample population or breed and associates the statistically significant differing allele with
the trait 152.
GWAS studies help to identify candidate regions that span from few kilobases (between
breeds) to megabase regions (within breeds), which are likely to harbor causal variants that further
need to be re-sequenced. The isolated population structure of dog genome with extensive LD not only
allows mapping of Mendelian traits but also mapping of risk factors for complex traits. More often,
the dog traits or diseases are fixed in a breed and shared between several breeds. GWAS for breed
specific phenotypes shared by several breeds could identify candidate regions <100 kb through
GWAS and fine-mapping across breeds, whereas candidate regions can be up to 2 Mb for phenotypes
that are specific to a single breed 146,158. As a proof of principle, GWAS using the canine SNP arrays
mapped the locus for white spotting in Boxer breed 119 and dorsal hair ridge in Rhodesian ridgebacks
159

. Both these studies demonstrate that GWAS within breeds mapped the locus to <1 Mb and fine

mapping across breeds for white spotting localized to a shorter region of ~ 100Kb.

30

Review of literature

Over the last decade NGS technologies have paved path to more successful gene discoveries
in the canine genetics community. Instead of localizing the regions with disease causing variants,
NGS approaches enable it to identify rare genetic variation in a large number of individuals in parallel.
NGS approaches offer the entire spectrum of genetic variation within a genome for both simple
Mendelian and complex disorders. GWAS is often complemented with NGS approaches in cases and
controls to identify the causative mutation in the regions associated with the disease.
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3

Aims of the study

Successful disease gene discovery in human or model species requires access to reliable and heritable
phenotypes, high quality reference genome, and high-resolution genomic approaches such as high
throughput sequencing. The overarching goal of this thesis was to identify new causal variants in
disease associated genes by improving genomic resources and bioinformatic tools. Therefore, the
following specific aims were included:
1. To identify the causal pathogenic variants in canine models of three human rare bone diseases
namely Caffey, van den Ende-Gupta and Raine syndromes, using high throughput sequencing
and necessary bioinformatic approaches (Study I).
2. To facilitate disease genetics by identifying missing genomic content in the dog reference
genome through de novo assembly of unmapped whole-genome sequencing reads (Study II).
3. To facilitate disease gene discovery by improving the analysis of high throughput variant data
with the development of a user-friendly web-based tool (Study III).
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Material and methods

4.1 Study cohorts (Study I-II)
The canine genomics research group led by prof. Lohi has established the largest canine DNA bank
in the world including over 50000 samples from 400 breeds 160. The DNA bank serves as an excellent
resource for genetic research in canine disorders. The samples were collected with the owner’s
consent and approved by the Animal Ethics Committee of State Provincial Office of Southern Finland
(Finland, ESAVI/6054/04.10.03/ 2012) (Study I). Further, canine genome sequences available at the
onset of this study were obtained from the Sequence Read Archive (SRA) (Study II).
4.1.1

Dog samples for studying Caffey, van den Ende-Gupta and Raine syndromes (Study I)

In Study I, three rare bone disorders from three different breeds were studied. Ten affected West
Highland White Terriers (WHWT) and 41 healthy WHWT were selected for GWAS from a cohort
of 51 WHWT to study craniomandibular osteopathy (CMO). From these, targeted sequencing was
performed on two affected and two unaffected WHWT and WGS on one affected sample. Samples
were collected for Twelve Wire Fox Terriers (WFT) including four cases and eight controls to study
the genetic cause of the novel developmental syndrome in WFT. TS was performed on two affected,
two healthy and one carrier WFTs. Samples for three affected, two carriers and 14 unaffected Border
Collies were whole genome sequenced to study dental hypomineralization. Study I was conducted in
collaboration with the research group of Cord Drögemüller, at the University of Bern, Switzerland.
4.1.2

Samples for de novo assembly (Study II)

In Study II, 22 Border Collie samples were selected from the DNA bank. Study II includes additional
sequencing data from 4 Border Collies collected from public repositories. Additional samples from
the DNA bank were used in all studies to examine the breed specificity and screening the variants or
sequence in other breeds. Study II was performed in collaboration with the research group of Kim H.
Brown at the Portland State University, Portland, Oregon, USA.
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4.2 Generation and analysis of genetic data
4.2.1

Pedigrees (Study I)

The pedigrees around the affected dogs were established using GenoPro genealogy
software (http://www.genopro.com/), and the public dog registry by the Finnish Kennel Club
(http://jalostus.kennelliitto.fi) was utilized.
4.2.2

SNP arrays and genome-wide association analysis (Study I)

Genome-wide association studies (GWAS) were performed for CMO and VDEGS projects (I) in a
core facility at the Finnish Institute of Molecular Medicine (FIMM) Technology Center. In study I,
for CMO, 10 affected and 41 control dogs were genotyped using Illumina’s CanineSNP20 BeadChip
(Illumina, San Diego, CA, USA) with 22,362 SNPs. For VDEGS, we genotyped 15 dogs including 4
affected and 11 unaffected Wire Fox Terriers using Illumina’s CanineHD BeadChip array (Illumina,
San Diego, CA, USA) with 173K SNPs. The quality control of genotype data in CMO and VDEGS
projects was performed using PLINK software

161

. A SNP call rate of >95%, a sample call rate of

>95% and markers with minor allele frequency threshold of 5% was utilized to remove markers and
individuals from the analysis. Hardy-Weinberg equilibrium threshold of p ≤ 0.0001 was applied. The
quality control including pruning resulted in 14,835 and 69,694 SNPs for CMO and VDEGS data,
respectively, with no samples excluded. Case-control association analysis was performed using
PLINK and genome-wide significance was ascertained by permutation testing with n = 10,000 for
CMO and n = 100,000 for VDEGS. P-values from these analyses were used to display significant
SNPs through a Manhattan plot generated with the statistical package R 162.

4.2.3

Fine mapping

Fine mapping was performed for the CMO locus identified in the initial GWAS analysis. A total of
105 SNPs were selected from the associated 1.9Mb region on CFA5 on canFam3.1. The selected
SNPs were genotyped on an additional 88 samples from three breeds including 29 cases and 26
controls in WHWTs, 8 cases and 8 controls in Cairn Terriers, 9 cases and 8 controls in Scottish
Terriers at our core facility using Sequenom (San Diegi, CA, USA) iPLEX methodology.
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4.2.4

Targeted enrichment and re-sequencing (Study I)

In study II, a targeted sequence capture was performed in two breeds, WHWT and WFT to identify
the pathogenic mutations. For WHWT breed, 1.8Mb region of CMO associated locus at
CFA5:10,750,000-12,550,000 (canFam2.1) was captured and sequenced in two WHTH cases and
controls. For WFT, the associated locus of 3.3 Mb region on CFA26:29,30,700-32,328,700
(canFam3.1) was captured and sequenced using two affected cases and controls and one obligate
carrier. In both the experiments, NimbleGen’s in-solution capture protocol designed by Roche
NibleGen was used to enrich the associated regions (Roche NimbleGen, Madison, WI) based on the
canine reference genome. The target enrichment and sequencing was performed at the core facility
FIMM.
4.2.5

Whole-genome sequencing (Study I-II)

In study I, whole-genome sequencing was performed on a CMO affected WHWT dog. The library
was prepared with a 290 bp insert size and paired-end sequencing was performed on a single lane of
Illumina HiSeq2000 with read length of 100bp (2 x 100bp). For studying the tooth attrition phenotype
in Border Collies, whole genome sequencing was done on nineteen dogs, including three affected,
two carriers and fourteen unaffected Border Collies. The sequencing was done in the Science for Life
Laboratory in Stockholm, Sweden on Illumina HiSeq2000 producing 2x100 bp paired-end reads. In
study II, to identify the non-CGR genomic contigs, the genomes sequenced in study I and
additional genomes of four Border Collies, seven Bearded Collies and eight Entlebucher
Sennenhunds were collected from the SRA.
4.2.6

Short-read processing (Study I-II )

Illumina sequencing technologies produces the short raw read data and their corresponding quality
scores in the form of FASTQ format. This probabilistic or phred quality score is used to measure the
confidence of the sequenced base, which greatly reduces the false positives in further downstream
analysis of the data. For the targeted-sequencing data generated in study I, FASTX tool kit
(http://hannonlab.cshl.edu/fastx_toolkit/) was used to filter the low-quality base pairs and reads from
each sample. The quality controlled short sequence reads were aligned to the CGR using the BurrowsWheeler Alignment Tool

55

. The dog genome builds canFam2.1 and canFam3.1 (study I, II) were

used as the reference genomes. The aligned reads are sorted with samtools and the potential PCR
duplicates are marked by Picard tools (http://sourceforge.net/projects/picard/). Further, localrealignment around known indels and base quality score recalibration were performed using GATK
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tools

62,67

. For the whole-genome sequencing data in study I a different analysis protocol was

implemented. The alignment and short read processing was implemented using Speedseq align
module available in SpeedSeq suite 61 to produce aligned reads relative to canFam3.1 genome build.
SpeedSeq suite internally used BWA for aligning the reads. Samblaster was used to detect potential
PCR duplicates and Sambamba for sorting the reads. Realignment around potential indel sites and
base quality score recalibration was performed using Genome Analysis Tool kit (version = 3.3.0g37228af) utilizing the known SNP variation available at the Broad Institute.
4.2.7

SNP calling (Study I)

The sequence variants within the targeted and whole-genome sequencing samples (study I) were
called with single-sample variant calling approach using HaplotypeCaller algorithm of GATK and
mpileup algorithm in samtools. Quality assessment of the targeted and exomes variants in studies I
was done using ‘hard’ filters recommended by the best practice protocols of GATK and samtools.
For the variants detected by samtools, a minimum of 40 RMS mapping quality and minimum read
depth of 10 was used to filter for both SNPs and INDELS. For GATK SNPs, the following hard filters
were applied to filter for low quality variants: QualbyDepth QD < 2, FisherStrand (FS) > 60,
ReadPosRankSumTest (ReadPosRankSum) < -8.0, MappingQualityRankSumTest (MQRankSum) <
-12.5, RMSMappingQuality (MQ) < 40.0 and DP < 10. For GATK INDELs, the variants that fail the
following parameters are removed as low quality INDELs: QualbyDepth QD < 2, FisherStrand (FS)
> 200, ReadPosRankSumTest (ReadPosRankSum) < -20.0 and DP < 10. For whole-genomes
generated for CMO and tooth attrition phenotypes in study I, quality assessment of GATK variants
was done with minor modifications as described in the publication 132.
4.2.8

Detection of CNV and mobile element insertions (Study I)

CNV discovery was performed using three complimentary methods, including Genome STRiP
163

DELLY

and CNVnator

164

117

,

. The methods use different signatures to detect CNVs, and a

combination of these was used to facilitate accurate CNV detection and to generate a comprehensive
CNV map in dog genome. Novel short and long interspersed nuclear elements (SINE and LINE,
respectively) which are absent in the reference sequence were detected by MELTv2.0 within each
genome 72. The sequences for LINEs of type L1-Y_Cf (young active repeats) and for the SINEC1_CF
and SINEC2_CF families (SINEC1A_CF, SINEC1B1_CF, SINEC1B2_CF, SINEC1C1_CF,
SINEC1_CF, SINEC2A1_CF, SINEC2A2_CF) were obtained from Repbase database 165 (Update,
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April 2016). SINEC subclasses exhibit high similarity among themselves, and a SINE consensus
sequence generated for Canine MEI discovery described in Davis et. al was used for SINE detection.

4.2.9

Variant annotation

Gene annotation of the variants was done using ANNOVAR 78 and snpEff tools 81. Ensembl, NCBI
and Broad

77

gene annotation databases were used to predict the protein coding changes and the

functional effects of the variants (study I). Here we used three annotation sources as Ensembl and
Broad annotations are comprehensive by including poorly annotated regions and computationally
predicted genes compared to NCBI gene annotations. In study II, an additional annotation database
FEELnc 48, an expanded canine genome annotation has been used which includes novel long noncoding RNAs and mRNA transcripts. Association of variants to long non-coding RNAs (lncRNA)
and miRNA was annotated based on the FEELnc annotation results. Conserved genomic regions
across species are shown to be under purifying selection and are more likely to have biological
function. PhastCons, multiple sequence alignment of 46 vertebrate genomes to the dog genome has
been used to identify the variants in conserved genomic regions (studies I-III).
4.2.10 Variant filtering (Study I)
Different variant filtering strategies were applied based on the possible underlying inheritance
patterns for studying CMO, VDEGS and Raine syndrome (Figure 2). For the CMO study, recessive
and dominant variant filtering strategies were applied on the affected dogs as the parents of the
affected dogs are not available to establish the pedigree to infer the inheritance pattern. Autosomal
recessive strategies were applied for the candidate variant identification of VDEGS and Raine
syndromes in Wire Fox terrier and Border Collie dogs respectively. Subsequently, the filtered
candidate variants are prioritized with the following functional category order of precedence: exonic
> splicing > ncRNA > UTRs > intronic > upstream/downstream > intergenic. Further, the exonic
variants are prioritized with the following order of consequences: frameshift mutations > stop
gain/loss > inframe mutations > missense > synonymous variants. The candidate variants were then
visually analyzed with Integrative Genomic Viewer (https://www.broadinstitute.org/igv/; Robinson
et al. (2011)) and the high-confidence calls were analyzed for pathogenic affects.
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4.2.11 Pathogenicity prediction (Study I)
Effects of the candidate variants on the amino acid chain and the protein function were predicted with
the web-based algorithms SIFT

166

and PolyPhen-2 (genetics.bwh.harvard.edu/pph2) 167. The

substitutions with a SIFT score < 0.05 are marked as deleterious whereas a threshold of 0.85 was
used by PolyPhen to mark as ‘probably damaging’ for further study.
4.2.12 Variant validation and screening (Study I-II)
In study I, the candidate variants were validated in the subjects and screened to study the segregation
in additional cases and controls by PCR. PCR primer pairs were designed using Primer3 168 software
to amplify the variants from genomic DNA. The PCR reactions were carried out using AmpliTaq
Gold 360 Mastermix (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) under standard
thermocycling conditions. The PCR products were Sanger sequenced using the PCR primers on an
ABI 3730 DNA Analyzer (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) and the
sequence data were analyzed using Sequencher (GeneCodes, Ann Arnbor, MI, USA). In study II, the
PCR was performed on a Bio-Rad T100 Thermal Cycler (Bio-Rad Laboratories, USA) and the
amplified products were run on a 1% agarose gel to identify the presence or absence of the
sequence in the studied breeds. More detailed information of the primer sequences and the PCR
conditions can be found in ‘Materials and Methods’ section of each publication.
4.2.13 Expression analysis (Study I)
Expression analyses were performed for the CMO and VDEGS projects. Blood samples were
collected into PAXgene tubes (PreAnalytix) and RNA was isolated using PAXgene Blood RNA Kit
(Qiagen). For CMO, the possible aberrant splicing affects were studied by expression analysis. RNAs
were isolated for 16 WHWTs including 3 CMO affected, six carriers and seven controls. The cDNA
synthesis was performed using SuperScriptIII enzyme (Invitrogen) with an oligo d(T)24V primer
according to manufacturer’s instructions. The primers were designed to amplify 810bp region from
the junction of exons 7 and 8 to the junction of exons 17 and 18 of the SLC37A2 gene.
In the VDEGS project, the expression of the SCARF2 transcript was investigated by RT-PCR.
RNAs were isolated from postmortem skin samples from one affected and unaffected dog. The cDNA
synthesis was performed as described above. The primers were designed to amplify a 188-bp region
between exon 6 and exon 8 of SLC37A2. In both CMO and VDES projects, the cDNA were amplified
using SequalPrep Long Polymerase (Invitrogen). The reverse transcriptase PCR (RT-PCR) was

38

Materials and methods

performed on the amplified cDNA samples. The RT-PCR products were Sanger sequenced and the
expression was visualized by gel electrophoresis.

4.3 de novo assembly (Study II)
4.3.1

Assembly and genome mapping

Raw sequence data was trimmed to get rid of bad ends and remove any Illumina sequence adapters
using the ILLUMACLIP with trimmomatic

169

using the following parameters: seed

mismatches = 2, palindrome clip threshold = 30, and simple clip threshold = 10. Raw reads were
trimmed with phred >20 using a sliding window of 4 bases, low quality bases (quality score >3)
removed from the leading and trailing ends and subsequently all reads less than 50 bp were
discarded. Trimmed paired reads were then split into single end reads and aligned to the CGR
CanFam3.1 using bowtie2

57

. Reads that did not align concordantly or completely unaligned reads

were extracted as unaligned reads and used for pseudo-de novo assembly.
Sequence reads that failed to map to the reference genome were de novo assembled into
larger contigs for each individual using the default parameters genome, denovo, accurate using
MIRA 4.0 170, a multi-pass DNA sequence assembler that performs well on difficult assembly tasks
such as repetitive and orphan reads. BLASTn

171

analysis of 1000 random contigs is performed

against the full NCBI nr/nt database to understand nucleotide sequence similarity and to identify any
possible contaminated reads in the samples. Contaminated reads were removed and unaligned reads
were reassembled to produce a primary assembly of each individual. A population-level de
novo assembly by breed was then performed in MIRA 4.0 using all primary assembled contigs
compiled from the different individuals to produce a secondary assembly. Secondary assembly
contigs were evaluated for GC content, complexity, and duplication using PRINSEQ 53.
The genome mapping method in the study Faber-Hammond and Brown 2016a was used to
determine the genomic coordinates of the de novo contigs in the reference genome. Briefly, within
each breed raw reads from each dog were realigned to the secondary assembly and CGR using
Bowtie2 to generate the SAM outputs for both the genome and assembly. One-end anchor (OEA)
reads were extracted from the genome and assembly SAM outputs and the genomic coordinates
for the novel contigs were then predicted by cross-referencing the OEA mapping coordinates. High
quality unique Bowtie2 alignments (> = 30 mapping quality in both genome and assembly) with
single mapping loci were identified and the predictions were compared to the BLAT aligned
genomic coordinates to further validate the genomic coordinates of the novel contigs in the CGR.
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4.3.2

Annotation of gaps

In CGR, ~1% of the euchromatic portion of the genome has gaps that span about 14Mb regions which
overlaps many coding regions of the genome. The gap locations in CGR were retrieved using the
UCSC Genome Browser mapping and sequencing track tool 172. The predicted genomic coordinates
of the contigs with OEA approach were annotated with the gap regions to identify the contigs that
overlap the gaps. Gene annotations from Ensembl, RefSeq and canFam3.1+ were used to annotate
the gap coordinates to identify gaps that span across different functional regions of the genome. NCBI
unique concordant and discordant BAC clone inserts (CHORI-82 Canine BAC Library CanFam3.1,
DNA from CGR) were used to reveal novel contigs that span the gaps and without BAC clone inserts.
4.3.3

Sequence similarity and disease association analysis

BLASTx on the contigs was done to identify potential homologs in human, mouse and dog genomes.
The protein sequences were retrieved from the Ensembl ftp database for BLASTx search database. A
criteria of shared sequence identity >70% and an alignment score >50 was used to filter lowconfidence BLASTx hits. Unique non-dog BLASTx results were identified as the contigs with
stronger hits to human or mouse protein sequences than to dog (sorted and filtered on E-value and
length). A list of known hereditary diseases in dogs were retrieved from the OMIA database and
translated OMIA IDs into OMIM IDs. We hypothesized that the contigs that overlap between unique
non-dog BLASTx results and OMIA disease genes would likely be strong candidates for novel
disease-relevant genes and alleles in dogs missing from CGR. To confirm this, a list of known gene
associations in human disease and animal models were retrieved within the disGeNET R package 173.
Genes shared between human and animal model disease databases are top candidates for novel genes
and alleles relevant for studying genetic diseases in dogs.

4.4 An R package for variant filtering (Study III)
webGQT is an R package that has been built on Genotype Query Tools (GQT) to perform user defined
queries on the variant database. webGQT is implemented using the R Shiny server to provide a
graphical user interface (GUI) and querying the GQT variant database in the backend. A new
installation of webGQT can be done on a personal computer using Rstudio and installing it as an R
package or it can be configured from the source code on Linux running nginx HTTP server. The web
application uses Nginx running on the same server to act as front-end proxy to shiny server. The
webGQT installations and analyses were performed on an Ubuntu 18.04.1 64-bit system, with 16
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CPUs and 80 Gb RAM with 700Gb ephemeral hard disk and GQT version 5.5.29 and R version 3.4.4
(https://vm1138.kaj.pouta.csc.fi/webgqt/). The source code and instructions can be found at
https://github.com/mehararumilli/webgqt.
4.4.1

webGQT modules

webGQT provides an easy and flexible GUI application to filter for candidate disease causing variants
based on inheritance patterns that include recessive, dominant, de novo inheritance models,
population comparisons and sample-based filtering from large cohorts. The pedigree module and
case-control module aim to identify rare disease-causing variants present in few individuals and
absent in the rest of the population. The population-based studies are more complex which searches
for variants with differential minor allele frequencies (MAFs) among two populations. We have made
several use-cases available with webGQT representing Mendelian inheritance models, case-control
studies and population studies. An overview of the webGQT architecture is shown in III/Figure 1A
and the workflow is shown in III/Figure 2.

4.4.2

Sample-centric variant database

VCF format is organized to support 'variant-centric' analyses where rows corresponding to variants
and columns to samples. This allows to retrieve specific variants on a chromosomal region. In this
approach, comparing the genotypes of two samples require to traverse through all variants in each
row to access the genotypes of only two samples, which is highly inefficient. Therefore, the
'variant-centric' format is ill suited to query based on specific genotype or phenotype in specific
samples or group of samples. To improve the ability to query by genotypes and other individuallevel attributes (population groups, phenotypes, affection status), we transpose the variants such that
each row corresponds to a sample and columns to their genotypes at all loci. In this 'sample-centric'
approach, comparing two samples requires accessing only two rows (samples) and all genotypes in
those rows. The transposed variant data is then sorted by allele frequency to improve compression.
Finally, WAH compression strategy enhances query performance without inflation 88.
Therefore, GQT implements ‘individual-centric’ approach to enable exploring massive
variant datasets by asking individual-centric questions as described in 88. The conversion of 'variantcentric' to ‘individual-centric’ was achieved by ‘gqt convert bcf -i input.vcf/input.bcf’, which creates
the variant database files. The variant database creation is a one-time pre-processing step of the
cohort and needs to be recreated whenever a new sample is added to the cohort.
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4.4.3

Pedigree file

webGQT requires a pedigree file (PED) file describing the attributes of the samples to be queried in
the associated GQT variant database. The PED file is a tab-delimited file with attributes like affection
status of the samples, relationships, phenotypes, sex etc. An example PED format is shown in
III/Supplementary Table 1. The ‘IndividualID’ and ‘Phenotype’ fields are mandatory for analysis in
pedigree or case-control studies. ‘IndividualID’ represents the sample names in the VCF/BCF file.
The ‘Phenotype’ column represents affection status of the samples where ‘0’ in ‘Phenotype’ column
means to exclude the samples from the analysis, ‘1’ represents unaffected samples, ‘2’ represents
affected samples and ‘3’ represents obligate carriers or affected parents. The ‘Population’ column
describes the groups to which the samples belong and it is required in the PED file in order to perform
population queries. A corresponding PED file that defines the attributes of the samples of a specific
project needs to be uploaded via the GUI to create a SQLite sample database. The sample database
has a single table with sample name and position and complements the GQT variant index files for
rapid identification of the target samples and retrieving the genotypes in the target VCF/BCF file.
4.4.4

Pre-processing Data from 1000 Genomes Project

webGQT provides implementation of all the available modules using 1000 Genomes Phase 3 release
dataset. This includes 8.4 billion variants from 2,504 individuals across 26 populations 89. The 1000
genome phase 3 variant data have been converted to bcf format, indexed and compressed using GQT.
Subsequently, a PED input file describing the samples in the VCF is used to create the SQLite sample
database. The index files are then used to perform multiple queries on the variant data by using PED
files defining the affection status of the samples from different projects.
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Results and discussion

5.1 Characterization of three novel canine model genes for human rare bone
disorders: Caffey, van den Ende-Gupta and Raine syndromes (Study I)
5.1.1

Identification of a novel splicing variant in SLC37A2 causing craniomandibular
osteopathy in three terrier breeds

Craniomandibular osteopathy (CMO) has been described earlier in terriers

174,175

. We collected 51

dogs for genetic studies, including 10 affected individuals from three breeds. CMO had been
diagnosed by radiographs in the affected dogs to indicate typical features of CMO such as
hyperostosis in the mandible and/or the tympanic bulla region (I/Fig. 1A).
To discover the causal variant for CMO, genome-wide association study combined with
targeted and whole genome resequencing were performed. GWAS in WHWT’s revealed significant
association on CFA5 with the best SNP (BICF2S23544899) at 8,953,507 Mb (praw = 1.2 x 10−7,
pgenome = 0.02) (genomic inflation factor λ = 1.17) (I/Fig. 1B). All affected dogs shared a 1.9-Mb
homozygosity block spanning from 7,764,955 bp to 9,707,794 bp which was seen in five controls as
well. The associated region was replicated and fine-mapped from three related breeds, WHWT, Cairn
Terriers and Scottish Terriers which confirmed the association in all the three breeds with the best
SNP BICF2S23134295 at 8,183,669 (p = 2.09x10-15).
Targeted capture of the associated and fine mapped region of 1.8 Mb and subsequent pairedend sequencing was performed on two affected and two healthy WHWT with opposite haplotypes
using Illumina HiSeq2000. Raw read processing and SNP and short INDEL variant calling was
performed as described in Sections 4.2.7 and 4.2.8 and in our previous study 176. The two cases and
one control sample attained a coverage of >40X and 19X coverage in one control sample. More than
99% of the sequenced reads were mapped to the CGR (I/S1 Table). The variants were filtered to
identify the case specific shared variants against the two WHWT controls and 32 additional healthy
dogs from four different breeds. This led to the identification of three case-specific homozygous
variants, including two intergenic indels and one synonymous SNP (c.1332 C>T, Figure 5, I/S1
Table) in the gene SLC37A2 which is predicted to affect a splicing enhancer by eliminating a potential
binding site for the splicing factor ASF/SF-2 (I/Fig. 1D). WGS data from an affected dog was also
generated to avoid missing variants in the critical region due to the possible bias introduced by the
targeted capture which also identified the synonymous change in the SLC37A2 gene.
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RT-PCR experiments confirmed the presence of alternatively spliced SLC37A2 transcripts
expressed in all dogs which were homozygous or heterozygous for the mutant T allele (I/Fig. 1E).
RT-PCR experiments also showed that the expression of wild-type transcript is reduced in
homozygous CMO affected dogs compared to healthy heterozygous dogs while the mutant transcript
is completely unexpressed in wild-type dogs (I/Fig. 1E). Sequencing the RT-PCR products showed
that the mutant SLC37A2 transcript (lacking 79bp from exon 15) was predicted to lead to C-terminally
truncated protein lacking 75 amino acids compared to the wildtype (I/Fig. 1F).
The RT-PCR expression patterns of the wildtype and mutant transcripts in CMO affected,
carrier, and healthy dogs suggested that the disease manifests only in dogs with homozygous mutant
T allele. To confirm this, the segregation and frequency of the mutant C >T variant was studied by
genotyping in 1052 dogs, including 695 WHWT, 249 Scottish Terriers and 108 Cairn Terriers. The
results showed that 3.6%, 7% and 20% of the dogs carrying the pathogenic variant in WHWT,
Scottish Terrier and Cairn Terrier breeds, respectively, were affected with CMO. In addition, the
variant was absent in known CMO affected dogs from seven other breeds and also absent in 458 dogs
from 124 breeds (see I/S3 Table for list of dogs and breeds used for screening). Together, the RTPCR and the segregation results in additional dogs suggested that the CMO is inherited in a dominant
pattern with incomplete penetrance.
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Figure 5. A synonymous variant, c. 1332C>T, in exon 15 of SLC37A2.

In summary, this study identified a leaky splicing defect in the SLC37A2 gene in CMOaffected dogs through a combined GWAS and NGS data. SLC37A2 is found to be ubiquitously
expressed in bone marrow and key cell types such as osteoclasts that are involved in osteogenesis
(bone formation) 177 and is also shown to be strongly involved in bone cell differentiation in mouse
models

178

. Therefore, it was speculated that the splice variant in SLC37A2 gene could result in an

imbalance between osteoblastic and osteoclastic functions in the developing bones leading to
excessive growth of bone, a condition called hyperostosis.
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CMO in dogs is found to be clinically equivalent to Caffey disease in humans characterized
by inflammation with swelling of soft-tissues and bone lesions 179. In humans, the disease is found to
be caused due to a missense mutation in COL1A1 gene with dominant inheritance with incomplete
penetrance while the exact mechanism of how the defected collagen leads to Caffey disease is
unknown

180,181

. Our results from the transcript analysis and the segregation analysis suggest that

CMO in dogs is a dominant disease with incomplete penetrance similar to Caffey disease in humans.
Therefore, this study establishes SLC37A2 as a new functional gene for CMO, a canine model for the
corresponding human Caffey disease to establish molecular diagnosis and pre-clinical trials in dogs.
Mutations in SLC37A2 have not been found in human yet, but a recent study suggested yet another
candidate gene, AHSG, in addition to the COL1A1 182.
5.1.2

Identification of 2-bp deletion in SCARF2 establishes a canine model for van de EndeGupta syndrome

The research group was approached by Wire Fox Terrier breeders to characterize an unknown
congenital syndrome in the breed with severe underbite, small eyes, patellar luxation and other
skeletal features. More detailed clinical features were described radiographs, computed tomography
(CT) and neurological examinations in two affected 7-week-old puppies from different litters, two
unaffected littermates and two affected adult dogs from Wire Fox Terrier breed. The results
demonstrated short maxilla (mandibular prognathia), patellar luxation and deformities in the skull in
all the affected dogs. Some affected dogs had additional variable skeletal or other deformities (I/Fig.
2A-F).
The genetic cause of the disease was investigated by GWAS and targeted resequencing. A
genome-wide case-control allelic association test was performed on 12 WFT’s (4 cases and 8
controls) and revealed significant association on CFA26 with seven best SNPs 29,607,333 to
31,863,083 Mb (praw = 7.74x10-6, pgenome = 0.05) (genomic inflation factor λ = 1.10) (I/Fig. 3A).
All affected dogs shared a 3Mb homozygosity block spanning from 29,176,909 to 32,226,403 bp
(I/Fig. 3B). The associated region was captured and sequenced in two affected, one carrier and two
healthy dogs. The affected dogs achieved a coverage of 52X and 55X whereas the coverage in control
dogs is 47X and 37X with 100% mapping rate of the quality-controlled reads (I/S4 Table).
The identified variants were filtered for recessive variants in the two affected dogs using
additional 19 control dogs. This led to identify a 2-bp homozygous frameshift deletion in exon 6 of
SCARF2 in all the affected dogs and heterozygous deletion in the carrier dog (Figure 6) resulting in
a premature stop codon, (p.S289Gfs*15) and leading to a truncated protein (I/Fig. 3C). Additional
validation of the variant is done by screening through genotyping in 59 WFT dogs. The results showed
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full segregation of the homozygous variant in all affected dogs while the carriers were heterozygous
for the variant (I/S5 Table). RT-PCR experiments of SCARF2 mRNA on postmortem skin samples
from one affected and one unaffected dog showed that the mutated transcript is unaffected by
nonsense-mediated RNA decay in the skin tissue (I/Fig. 3D).
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Figure 6. Integrative genomics viewer visualization of the 2-bp deletion in the two affected, one carrier and
two control dogs within exon 6 of SCARF2 gene.
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The clinical and genetic study of the Wire Fox Terriers revealed a skeletal disease with a fully
segregating likely pathogenic frameshift variant in the SCARF2 gene. This gene has been previously
associated with van den Ende-Gupta syndrome in human, which is a rare disease with <30 cases
reported 183. The disease is characterized by many heterogenous symptoms of skeletal abnormalities
and craniofacial symptoms affecting nose, eyes, ears and lips. Indeed, the symptoms in the affected
dogs in this study resemble those described in the human patients including deviated nasal septum,
small eyes and radial head. Thus, the affected dogs represent the first animal models of this human
rare disease.
Targeted sequencing of the affected WFTs allowed it to identify a 2-bp deletion in poorly
characterized SCARF2 gene. It belongs to scavenger receptor type F family

184

and is found to be

expressed in branchial arches, mandible, maxilla and urogenital ridge tissue of developing mouse
embryos

185,186

. The extracellular domain of SCARF2 contains several putative epidermal growth

factor-like (EGF) domains with a possible role in intracellular signaling. The 2-bp deletion
in SCARF2 gene in one of the extracellular EGF domains leads to a truncated protein that lacks the
transmembrane and intracellular domains. However, RT-PCR results indicated no significant
differences in the expression of the mutated transcript between the affected and unaffected dogs and
therefore the exact cause of the mutation in SCARF2 gene leading to VDEGS is unknown. Also, the
lack of mouse models and human patients limits the association of SCARF2 to the VDEGS disease.
This study presents and highlights dog as a model to study the functions and molecular pathology of
the SCRAF2 gene.
5.1.3

Identification of a missense variant in FAM20 establishes a canine model for Raine
syndrome

The research group was contacted by Border Collie breeders who introduced several related affected
dogs with vigorous tooth attrition. Dental examination including radiography was performed for two
dogs. Both deciduous and permanent teeth of the affected dogs were subject to significant wear and
discoloration and dull enamel. This resulted in secondary issues of pulpitis, periapical periodontitis
or root resorption, leading to loss of teeth. Histopathological analysis demonstrated thin enamel and
layer wise alteration in the dentin structure, indicating severe hypomineralization (I/Fig. 4).
The pedigree analysis of the Border Collie dogs affected with dental hypo mineralization
suggested a recessive mode of inheritance (I/S1 Fig). To identify the genetic cause, we sequenced the
whole genomes of three cases, two obligate carriers and 14 wildtype (WT) dogs. The sequence data
was analyzed as described in Sections 4.2.5 and 4.2.6. An average of 98% of the reads were uniquely
mapped to the reference genome canFam3.1. Each sample achieved a mean coverage of 25X carrying

47

Results and discussion

an average of 6,200,000 variants. As evident from the pedigree, the variants were filtered under a
recessive mode of inheritance that led to the identification of a non-synonymous homozygous variant,
c.899C>T, in the FAM20C gene leading to a missense change, p.A300V in a highly conserved
position in the kinase domain of the FAM20C protein (Figure 7). SIFT (with a score of 0.00) and
Polyphen2 (with a HumVar score of 0.992) suggested pathogenicity of the missense change. The
variant was further validated by genotyping in additional 191 Border Collie dogs (I/S6 Table) which
showed 11% carrier frequency, and in 186 dogs from other breeds showing 0% carrier frequency
(I/S6 Table). These results suggest that the missense variant in FAM20C gene causing
hypomineralization of teeth is specific to the Border Collie breed.
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Figure 7. c.899C>T missense variant in the FAM20C gene in cases, leading to p.A300V, in in the kinase
domain of the FAM20C protein.

WGS of several affected dogs with dental wear, carriers and unaffected dogs along with the
genetic findings of this dental disease identified FAM20C as the causal gene. Fam20c is found to be
significantly expressed in mouse teeth and bone. Fam20c is protein coding gene belonging to the
kinase family, which phosphorylates the proteins such as SIBLING and FGF23 that are involved in
the bone mineralization and development. In humans, the mutations in FAM20C have been associated
with a rare recessive osteosclerotic bone dysplasia known as Raine syndrome. Neonatal lethal cases
were described in human with few recent cases reported to be surviving into childhood. The human
disease is characterized by a clinical heterogeneity in symptoms including dental and bone
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hypomineralization, midface hypoplasia, microcephaly and cleft palate. A variable extent of
hypophosphatemia is observed among the human patients 187-189.
Transgenic mice studies have indicated a role of Fam20c gene in differentiation and
mineralization of odontoblasts, ameloblasts, osteoblasts and osteocytes during bone and tooth
development. The FAM20c-deficient mice are shown to have a severe dental phenotype affecting
enamel and dentin formation. Also the knockout of Fam20c in mice is shown to affect bone and tooth
development 190-192, leading to the downregulation of the SIBLING protein and increasing the serum
phosphate concentration levels through FGF23 protein leading to hypophosphotamia.
In our study cohort, the FAM20C-deficient dogs presented only a dental phenotype similar to
human and mouse and the heterogenous symptoms in human Raine patients was not observed in the
studied dogs. Overall, this study establishes FAM20C as a canine model of human Raine syndrome.
The clinical and genetic characteristics are similar to human and mice and present dogs as a new
clinical model. Since unlike rodents, dogs exhibit similar dental physiology to human and the affected
dogs could serve as models to further study the FAM20C biology and hypomineralization and
potentially serve even as new research and preclinical models.
Altogether, three unknown bone disorders with limited clinical data at the onset of this study
were investigated and the genetic findings showed similarity to clinically equivalent models of
Caffey, van den Ende-Gupta and Raine syndromes serving as preclinical models to study the function
and molecular pathology of the disease associated genes.
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5.2

de novo assembly of unmapped whole-genome sequencing reads to the reference genome
reveals novel genomic content and variation (Study II)

The aim of this study was to utilize the unmapped whole-genome sequence reads to the CGR to
perform de novo assembly and discover potential sequences missing from the CGR. Recent studies
in human and zebrafish showed that exploring unmapped reads often uncovers relevant biological
information that remain unmapped due to mis-assembly, absence of sequences in the reference
assembly (alternate loci) or assembly gaps 101. Therefore, we collected reads from 41 dogs across
three breeds for pseudo-de novo assembly, an approach previously validated in humans and
zebrafish to mine for novel genomic content.
5.2.1

De novo assembly and quality control

We extracted 8.6%, 4.12% and 7.98% of unmapped reads from the three breeds namely, Border
Collie, Bearded Collie and Entlebucher Sennenhund (see section 4.2.12 for methods). The
unmapped reads per dog were assembled into primary contig assemblies using MIRA 4.0.
Subsequently, the primary assemblies within a breed were combined and assembled into secondary
assemblies (II/Fig I). Primary pseudo-de novo assembly produced an average of 654,517, 120,393,
and 174,309 contigs covering 220 Mb, 47.4 Mb, and 59.5 Mb (II/Table I). The average N50 is 308,
478, and 386 for Border Collies, Bearded Collies, and Entlebucher Sennenhunds, respectively
(II/Table I). Secondary assemblies per breed produced 256,957, 7476, and 15,455 contigs covering
312 Mb, 15.9 Mb, and 23.2 Mb in Border Collie, Bearded Collie, and Entlebucher Sennenhund
breeds, respectively. The secondary assemblies have an N50 of 1374, 3174, and 2156 bp with a
maximum contig length of 32 kb for Border Collies, 27 kb for Bearded Collies, and 20 kb for
Entlebucher Sennenhunds (II/Table I).
The quality of the secondary assemblies was assessed by GC content, DUST and Entropy
scores, assessing the complexity of the sequences. We benchmarked the quality of the secondary
assemblies with the reference genome, the GC content of CanFam3.1 was 41.3%, DUST scores <7
and Entropy scores >70, indicating few short repeats in the assembly. The GC content of the
secondary assemblies was in agreement with the canFam3.1 and DUST complexity scores are <4 and
mean Entropy complexity scores >80 among the three breeds, suggesting the non-redundancy and
high quality of the secondary assemblies (II/Fig 2). At this stage, the secondary assembly was
realigned to the GenBank assembly (GCA_000002285.2) to exclude any known contigs that map
with 100% identity, resulting in 216,240 unmapped novel contigs from the three assemblies.
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5.2.2

Sequence similarity and validation

The secondary assemblies with novel contigs were searched for sequence similarity across the known
species through BLASTn against NCBI nr/nt database. In each breed, the top hits are primarily
associated to the dog species followed by human, ranging up to 356 species across the three breeds
(II/Fig 2). Taxonomic profile of BLASTn hits are primarily assigned to species of the orders of
carnivora, primate, and rodenta (II/Fig 2). This suggests that secondary assemblies are free from
bacterial sequence contamination. PCR validation was performed on six randomly chosen contigs
from Border Collie in additional BCs and Boxers to indicate that these are novel contigs and not
artifacts. The primers used in the study were listed in I/ Supplementary Table ST1). The PCR results
confirmed the presence of novel sequences in the studied samples. The contigs, bc_c107501, was
found exclusively in Border Collies (Fig. 3a) while contig bc_c222950 is present in all the Border
Collies and in 6/47 Boxers (II/Fig. 3b). Another four contigs were expressed in all Border Collies
with penetrance >95% and with variable amplification in Boxers with a penetrance ranging from 51%
to 95% (II/Supplementary Fig. S2 and II/Supplementary Table ST1).
5.2.3

Prediction of genomic loci of novel contigs

Next, the novel contigs were studied to predict the location of these sequences in the CGR through
OEA reads mapping method (see Methods in Publication 2). This yielded 147,721 contigs with
Bowtie2 mapping quality >=30 and aligned at single genomic location (II/Supplemental Data 1 and
2). As an additional validation of genomic mapping method, these contigs were mapped to the CGR
using BLAT aligner which showed that 85% (126,555) of the predictions from OEA approach agreed
with the BLAT predicted genomic coordinates.
5.2.4

Contigs in CGR gaps, BAC clones and orthologs

The CGR has gaps that span ~13.6 Mb with 4.2 Mb (11,800 genic regions) of genic gap across 5,440
Ensembl, 4,970 RefSeq, and 7,129 canFam3.1+ genes (II/Table 3). We found 11,555 contigs that
span the CGR gaps, filling 4.6 Mb (12,502 gaps) of the 13.6Mb missing sequence. Among these,
7,711 contigs span the CGR gaps in genic regions covering 2.4Mb/4.2Mb of genic gaps in the CGR
representing 3,757, 3,405 and 4,970 genes in Ensembl, RefSeq and canFam3.1+ genes (II/Table 3,
II/Supplementary Fig. 6 and II/Supplementary Fig. 7). We cross-referenced the 11,555 gap contigs
with NCBI unique concordant and discordant BAC clone inserts (CHORI-82 Canine BAC Library
CanFam3.1, DNA from CGR) which revealed that 11,504 (99.5%) of the gap-contigs also spanned
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the BAC clone placements. This yielded 97 novel contigs spanning 88 gaps in the CGR without BAC
clone inserts (II/Table 3 and II/Supplemental Data 3). These 97 novel contigs include five contigs
that span the exons of GRIN3B, EEF1A2, ZGPAT and NT5C while the remaining contigs overlap
the introns or UTRs (II/Supplementary Table ST2).
We next aimed to identify the potential orthologs to human and mouse by performing
BLASTx of the contigs to human, mouse and dog protein databases. We hypothesized that the contigs
with strong BLASTx hits to human and mouse protein sequences are prospective novel alleles or
splice variants of genes conserved across species and missing in CGR. While hits to dog proteins are
candidates for novel alleles. We found 60,303 contigs in Border Collie assembly (II/Fig. 4) and 3,666
contigs in Bearded Collie assembly (II/Supplementary Fig. S8) and 5,996 contigs in Entlebucher
Sennenhund assembly (II/Supplementary Fig. S9), aligning to one of the three species
(II/Supplementary Table ST3). Non-dog BLASTx hits were then mapped to the OMIA and OMIM
disease genes (see Methods) across the three breeds using disGeNET (II/Fig. 5a-c) and found six
genes that have been associated with 54 human and 4 dog diseases (II/Fig. 5d, II/Table. 4).
Our current understanding of traits in dogs is reliant upon the CGR generated from a single
female boxer named Tasha. Microsatellite and SNP data indicate that variation between dog breeds
accounts to roughly 27% of total genetic variation

114

. This makes it evident that the current CGR

lacks overall canid genetic diversity. In this study we aimed to discover potential sequences missing
from the CGR due to gaps or assembly errors or due to lack of genetic diversity by exploring the
unmapped sequence reads from 41 dogs (three breeds) which are otherwise discarded through a
validated approach in humans and zebrafish. GC content, DUST, and entropy scores indicated the
high-quality and non-redundancy of the assemblies which could potentially encode missing regions
in the CGR.
Our results provide partially missing sequences for 11.5% of Ensembl, 16.4% of RefSeq, and
12.2% of canFam3.1+ genes which could be incorporated into the CGR that may harbor sequences
in disease related genes. As an example, 88 of these genes that span CGR gaps are implicated with
pathways in autism spectrum and obsessive-compulsive disorder in humans, mice, and dogs, as
discovered in a recent study

193

. We also identified novel contigs that span the gap regions which do

not have BAC clone inserts. As an example, the contig ‘bc_c101202’ spans the CDS region
chr20:57705185-57705522 in the CGR corresponding to the gene GRIN3B which is glutamate
ionotropic receptor NMDA type subunit 3B. The sequence alignment of the contig showed similarity
to human glutamate receptor ionotropic, NMDA 3B precursor protein (NP_619635.1) indicating the
possible absence of the isoform in the CGR. Also, there have been studies with mutations in GRIN3B
implicated with schizophrenia in humans 194. This indicates that a pool of existing sequence variation
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between breeds has been missing from the CGR and the inclusion will play a vital role in detecting
mutations in missing sequences of genes that could carry putative disease alleles pertaining to simple
and complex phenotypes.
Disease-gene association analysis of the assembled contigs identified 1013 genes associated
with human Mendelian diseases and six genes (RD3, SCARF2, COL9A3, FAM161A, RAS) with both
human and dog hereditary diseases. A previous study 195 showed that an insertion in one of the three
Canine RD3 transcripts causes rod cone dysplasia type 2 (rcd2) in collie dogs and establishes an
ortholog for human and murine RD3. The study also found that the genomic fragment corresponding
to exon 4 is missing from the CGR which is highly conserved among human, mouse, chicken and
opossum genomes. RT-PCR experiments in the collie dogs using exon 4 sequence from human RD3
gene confirmed the presence of the missing sequence in dog genome. Eventually the study proved
the presence of 6 exons in RD3 gene which are differentially spliced into three splice variants. In
Study II, the contig ‘bc_85943’ from the Border Collie breed aligned to the transcript variant 3 of
the canine RD3 gene, as reported by Kukekova, A. V. et al195 (II/Supplementary Fig. S13).
As another example, an insertion in COL9A3 gene is reported to cause autosomal recessive
oculoskeletal dysplasia in Labrador retriever and Samoyed dogs

127

. The CGR contains a gap that

span 659bp (chr24:46667933-46668592) in this gene region. Contig ‘bc_87005’ from Study II
aligned to the CGR (chr24:46668600-46668878) with 96% identity and 666 unaligned base pairs at
the 5′ end (II/Supplementary Fig. S12). These 666 unaligned base pairs encode 55 amino acids and
correspond to the ultimate CDS region of the RefSeq transcript NM_001197171.1 supported by dog
mRNA GU075882.1 cloned by RT-PCR. These exemplify that the canine genome diversity that
exists between dog breeds is missing from the CGR and also validates our assembly and the accuracy
of genome placement of the contigs in CGR. Among the other human and animal disease associated
genes; SCARF2 (II/Supplementary Fig. S10, II/Supplementary Fig. S11), FAM161A, RASGRP1,
DLX6 (II/Supplementary Notes) we identified the presence of genomic fragments in the coding
regions that are missing from the CGR and which could potentially represent splice variants of the
genes.
Altogether, we report 2,360 genes representing variant alleles with high similarity to human
and mouse protein sequences missing from the CGR and partially missing sequences for 11.5% of
Ensembl, 16.4% of RefSeq, and 12.2% canFam3.1+ genes in CGR gaps. These findings demonstrate
that the current CGR lacks intra- and inter-breed-specific sequence variation which signifies the need
for improvement of CGR to avoid missing useful biological information. The inclusion of these
missing gene sequences into the CGR will facilitate identification of putative disease mutations in
diverse breeds and phenotypes. The availability of short read genomes makes pseudo-de
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novo analyses of unmapped reads a feasible alternative to costlier long-read platforms (e.g., PacBio)
and makes this methodology a valuable contributor to reference genome analysis as demonstrated
here with the CGR.
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5.3

webGQT: Genotype query tools-based R package to filter for candidate disease causing

variants from thousands of genomes and millions of variants (Study III)
HTS allows affordable and comprehensive re-sequencing of larger genomic regions or whole
genomes for identification of disease-causing mutations, and thus provide the opportunity to
investigate by functional assays. HTS approaches allow the detection of millions of variants across
the genome and it remains challenging to detect causative mutations. The availability of public
genomes has been a boon to the genetic research, since they can be used as additional controls to
evaluate the frequency of the variant in control cohorts. However, this produces a large number of
variants which are not feasible to store or analyze on personal computers. Genotype Query Tools
(GQT) is a command line software

88

developed to query trillions of genotypes at millions of loci

among millions of genomes by storing the variants in a compressed format. GQT has been available
as a command line software, which requires to construct queries.
During the course of the thesis, the idea was born to develop a graphical user interface utilizing
GQT database for variant storing and filtering that would be easy to use for non-bioinformatics
researchers in the bio-medical field. Consequently, in study III, webGQT, a web server of GQT for
model based variant filtering was developed utilizing the power and performance of GQT tools. The
overall web architecture of the program is shown in in III/Fig. 1A.
5.3.1

Creating GQT variant and sample database

webGQT supports the GQT indexed files of the standard VCF or BCF format generated by variant
calling algorithm e.g. SAMtools and GATK. Indexing VCF/BCF creates metadata files which are
only a fraction of the source VCF/BCF that improves performance query over the existing methods
88

. webGQT utilizes these index files as an input variant database to perform the queries in different

modules selected by the user. webGQT could be deployed on default GQT indexed files or the user
is required to upload the index files as input using ‘Upload VCF’ button. In the second step, a PED
file (.ped extension, see Methods section ‘4..’) needs to be uploaded by clicking on the ‘Browse’
button and the file can be visualized as a data table by clicking ‘View samples’ (III/Figure 2). The
data table can be used to review the affection status of the individuals Subsequently, a sample
database that describes the samples in the target BCF file need to be created by clicking ‘CreateDB’
button (III/Figure 2).
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5.3.2

Querying the database

The user choses an expected pattern of filtering strategy from the four modules, namely pedigree
module, case-control module and population module (see Methods). The arguments to allow missing
genotypes in affected samples and to allow controls to carry the mutation at a certain MAF can also
be provided during this stage. An example of querying the database with dominant filtering strategy
is shown in III/Supplementary Figure 2A also showing the progress bar.
5.3.3

webGQT modules

webGQT provides pre-built queries for ten different scenarios across four different modules: pedigree
module, case-control module, population module and count module (III/Figure 2). The “Pedigree”
module helps the user to filter variants by the mode of inheritance. This module offers four inheritance
patterns to choose: 1) Recessive module: the affected individual (Phenotype=3) inherits one copy
from each parent (the parents are carriers). This module filters for such variants where the parents are
heterozygous carriers (Phenotype=3) and the affected individual (Phenotype=2) has a homozygous
state. 2) Dominant module: the affected individual inherits a single copy of the gene from the parents.
This module filters for such variants where the affected parent (Phenotype=3) and the affected
individual (Phenotype=2) are heterozygous. 3) Recessive de novo module: This module filters for the
mutations that are wild type in the parents (Phenotype=3) and are novel homozygous mutations in
the offspring (Phenotype=2). 4) Dominant de novo module: This module filters for the mutations that
are wildtype in the parents (Phenotype=3) and novel heterozygous mutations in the offspring
(Phenotype=2).
In all of the pedigree modules, it is an ideal scenario to have the genotypes of both the parents
to accurately infer the inheritance of the variants. However, in the presence of only one parental
genotype, webGQT can still infer the inheritance based on the available single parent genotypes.
Sequencing errors produce missing or unknown genotypes during the variant calling that lead to the
loss of variant information in candidate regions in the affected samples. In order to rescue such
variants, webGQT offers additional arguments to allow missing genotypes in the affected samples
across all the pedigree modules. In some diseases it is possible that some of the unaffected individuals
(Phenotype=3) or control samples can also have the mutation which is usually filtered out as it
violates the inheritance pattern. webGQT has a MAF cutoff argument to allow the mutation to be
present in the control/unaffected samples at a maximum MAF defined by the user.
The “Case-control” module is used instead of pedigree module when the user does not have
a single parent and has only cases (affected) and controls (unaffected) samples in the project. This
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module offers two scenarios to choose from: 1) Case-specific module: This module filters for such
variants which are present only in the affected individuals (Phenotype=2) and absent in the unaffected
individuals (Phenotype=1). The genotypes of the variants can be chosen from HOM_ALT, HET,
HET HOM_ALT to retrieve case-specific homozygous variants, case-specific heterozygous variants
and all wild type variants, respectively. Similar to pedigree module, the user can also control for
missing genotypes in the affected samples in this module. 2) Case-shared module: This module aims
to find the variants of specific genotype (HOM_ALT, HET, HET HOM_ALT) shared between the
cases and allowing to be present in the controls with a maximum MAF.
The “Population” module is used to filter variants between two or more population groups
present at variable frequencies. This module offers two sub-modules to choose from: 1) Individual
count: This module allows to filter for population specific variants. The module filters for the variants
of a specific genotype (HOM_ALT, HET, HET HOM_ALT) that are present in minimum percentage
of individuals in Population1 and are present in maximum cut-off percentage of individuals in
Population2. For example, the user can ask to give all HOM variants which are present in minimum
10% of Finnish individuals and those which are present in maximum 1% of individuals from all the
other populations. 2) Allele frequency: This module filters for variants at variable allele-frequencies
between two population groups i.e. for example, the user can filter variants that are present in Finnish
(FIN) male population occurring at minimum MAF threshold and occurring in British (GBR) male
population at a maximum MAF cutoff. This module uses allele-frequency whereas individual count
module uses percentage of individuals to see the variant.
“Sample” module allows the user to extract all the variants from a subset of samples with a
specific genotype (HOM_ALT, HET, HET HOM_ALT) from the variant database. The sample
names in the variant database can be chosen from the drop-down list which is populated from the
‘IndividualID’ column of the associated PED file. This allows choosing multiple sample names to
retrieve the variants in VCF format. “Variant count” module helps the user to know the count of
variants of a specific genotype in a specific sample. This module is magnitudes faster than other
modules as it returns only the count instead of a VCF file.
5.3.4

Output files

The filtered variants are returned as data tables and the summary of the variants is displayed as bar
plot. The ‘Summary’ pane displays the summary of the filtered variants by gene regions and the
‘Table’ pane displays all the filtered variants in tab-delimited tabular format by splitting all the VCF
fields, which allows to navigate for further investigation of the variants (III/Supplementary Figure

57

Results and discussion

2B). The filtered variants can be retrieved in standard VCF or tab-delimited files by clicking
‘Download VCF’ and ‘Download Table’ buttons as shown in III/Supplementary Figure 2C.
5.3.5

Case-study: Detection of a novel KRT71 variant in curly-coated dogs

In study III, to exemplify the usage of webGQT we have performed variant filtering on one curlycoated dog using additional 329 control dogs from other breeds to identify the causative variant of
curly coat-type in specific dog breed

196

. We had utilized the whole-genome sequencing data from

chromosome 27 which includes 114467 variants from 330 dogs with one affected and 329 unaffected
dogs. We have used a recessive filtering strategy allowing some heterozygote genotypes in other
breeds by coding the affected dog as ‘Phenotype=2’ and the unaffected dogs as ‘Phenotype=1’ in the
PED file. This resulted in identifying 186 variants (III/Supplementary Table 2), including the causal
variant exon 7 of the KRT71 gene (c.1266_1273delinsACA) which results in a frameshift and loss of
stop codon, changing the encoded KRT71 protein sequence.
In this study we have developed webGQT, which brings the power and performance of GQT
to a wider audience from bio/medical field without bioinformatic expertise by replacing the command
line interface with an intuitive web GUI. The tool includes pre-built modules to perform customized
filtering analysis for Mendelian disease, case-control and population studies. A central installation of
webGQT on institutional servers deployed with user datasets would enable geneticists, clinicians or
researchers with life science backgrounds to filter for candidate disease variants without requiring
computational skills or installing R or webGQT. The program has been frequently used in all HTS
related genetic studies within our research group and collaborators to narrow down the list of causal
mutations involving thousands of genomes and millions of variants.
The GQT methodology has been proven successful in several studies including 1000
Genomes project and has been proven to be several folds faster than any other existing method 67.
We focused on developing a graphical user interface for GQT tools with pre-built queries allowing
the users to achieve the results in a very short time. The major distinctive feature of webGQT
compared to GEMINI

83

and canvasDB

84

is the utilization of GQT at the backend which uses

‘individual-centric’ strategy for indexing and querying large datasets and the WA bitmap indices
strategy for data compression that maximizes the performance over any existing methods
shown in the results (III/Table 1), webGQT outperformed canvasDB

84

88

. As

in the most complex

population specific queries on 1000 Genomes phase 1 and phase 3 datasets. An additional advantage
of webGQT is that unlike GEMINI, webGQT can also be used to query non-human datasets. The
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case study also demonstrated the scope of using webGQT on non-human model species to detect
causal mutations, while the existing companion method GEMINI solely supports human variation.
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Concluding remarks

Hundreds of hereditary disorders exist in dogs with clinical relevance to corresponding human
diseases. During this thesis, the canine genetics has progressed from the GWAS era to NGS era to
explore the genetic causes of inherited diseases in dogs of human relevance. Since the sequencing of
canine genome, >350 disease variants associated with specific diseases have been reported in OMIA
137,197

. The genetics community has reached to a stage where sequencing is not the rate-limiting step

for genomic research in rare and common disorders. Now, the data processing, management, storage
and interpretation of the massive amount of genetic data offers major challenges to the bioinformatics
techniques.
The goal of this thesis was to help the transition to utilize HTS and simultaneously develop
canine genomic resources and pipelines to detect and prioritize variants for further validation
corresponding to three human rare disorders (Study I), to improve the CGR content to facilitate gene
discovery (Study II) and improve the variant analysis tools for big data to facilitate gene discovery
(Study III). The outcome of this thesis is the identification of three disease-specific variants with
relevance to human rare disorders, discovery of novel genomic sequences across breeds missing from
the CGR and finally a webtool to handle big data for disease variant discovery.
In Study I, bioinformatic approaches were successfully developed to identify mutations in
three developmental diseases; craniomandibular osteopathy in West Highland White Terriers, Cairn
Terriers and Scottish Terriers, an undescribed developmental disorder in Wire Fox Terriers and dental
hypo mineralization in Border Collies. The application of bioinformatics pipelines led to the
identification of a truncating splicing enhancer variant in SLC37A2, a truncating 2-bp deletion in
SCRAF2 gene and a missense variant in FAM20C gene corresponding to canine forms of Caffey
disease, van den Ende-Gupta syndrome and Raine syndrome, respectively. These three gene
discoveries are key findings of study I with both scientific and practical implications to the disease
biology and veterinary medicine and diagnostics.
NGS based studies require high quality reference genome for comprehensive understanding
of the genome structure and variation. Assembly of unmapped short reads revealed sequences which
are missing from the boxer reference genome that could be present in non-boxer genomes (breedspecific content) which hinders genetic progress. In Study II, we found 4.6 Mb sequence from the
assembled contigs that span the 12,503 gaps in the reference genome. Of this novel sequence, 2.4 Mb
sequence corresponds to the 7,444 genic gap regions in canFam3.1. In addition, 1,748 contigs are
found to have high similarity to human and mouse proteins that indicate the possible presence of
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splice variants of genes which are highly conserved across species but are missing from the Tasha
reference.
Disease association of these gene variants revealed six genes that have been associated with
both human and dog hereditary diseases. These include three genes (COL9A3, FAM161A and RD3)
that have been associated with only eye diseases in different dog breeds. Importantly, these six genes
are implicated with 54 human mendelian and 4 animal model diseases in OMIM and OMIA
databases. This study revealed the absence of partial gene sequences in canFam3.1 that affects the
mapping of the sequenced samples and inhibits the identification of several disease-causing variants.
The significance of this study is that it can help to fill the gaps in the upcoming reference genome,
improve the overall annotation and to facilitate disease gene discovery.
During the course of this thesis (2014-2020), the advancements in NGS era has led to the
increase of WGS samples from tens to thousands within the research group. The collaborations with
canine genetics research groups across the world enabled sharing of the canine genomes to facilitate
candidate variant filtering for several monogenic and complex disorders, which accumulated to
several thousands of genomes. Despite the abundance of the available genomes, storing the variant
data and querying the samples in multiple research projects under different inheritance models has
exposed to new challenges. To address this, we developed webGQT, a webtool to handle big NGS
data with thousands of samples and millions to billions of variants utilizing GQT database that could
also efficiently handle the upcoming 10K canine genomes.
Methodologically, webGQT utilizes the genotype query tools
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to compress and store the

variant data. The webtool contains filtering strategies for various inheritance models and allows
researchers to modify filtering approaches to uncover the candidate variant list for prioritizing. The
functionality of the webtool was piloted with a curly coat type variant cohort to identify a recessive
variant reported in a previous study 196. The new webtool has been utilized in several ongoing studies
by geneticists through a simple web url to hunt for disease causing variants and genes. Fundamentally,
the webtool has been developed to query variant data from any diploid genome sequence extending
its applicability to several model species.
webGQT has been applied since in countless other studies within the group with seminal
breakthroughs. Some of these studies include the identification of a nonsense mutation in ANLN gene
leading to acute respiratory distress syndrome in Dalmatian dogs 198, a nonsense variant in COL7A1
gene causing dystrophic epidermolysis bullosa in Central Asian Shepherd dogs 199, a missense variant
in ALPL gene causing hypophosphatasia in Karelian Bear dog breed

44

, and identification of two

novel variants in ENAM and ACP4 genes causing Amelogenesis imperfecta in different dog breeds
200

.
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The rapid shift from GWAS to NGS era has demanded that research group develop new
approaches to handle high resolution HTS data to facilitate gene discovery. This thesis developed
such pipelines, tools and approaches and successfully applied them to find new disease genes and to
improve the genome structure. These discoveries help to develop genetic testing and enables the
breeders to the eradication of the inheritable diseases in the corresponding dog breeds. On the other
hand, the study provides candidate genes for further research in respective human diseases.
Ongoing Dog10K genomes project will dramatically add the number of available whole
genomes that could reveal full spectrum of genetic variation to contribute to canine diagnostics,
breeding and human diseases. The project will also enable characterizing and understanding the
breed structure and comparative genomic studies across species. The upcoming CanFam4.1 assembly
from long-read PacBio sequencing should facilitate better mapping of non-Boxer genomes and
identification of large structural variants by filling the gaps in the current reference. Also, the current
canine genome annotation suffers from incomplete annotation of the genes in the regulatory regions
and inaccurate annotation of transcription start sites (5’ ends) of several genes. The ongoing DoGA
project is aimed to improve the functional annotation of the dog genome by STRT and CAGE
sequencing of over 600 dog tissues. The DoGA project will provide expression profiles of known and
novel coding and non-coding genes across tissues, a resource of transcription start sites and redefine
the start site locations in the current annotation and detect enhancers in the dog genomes. These are
important upgrades since the current reference is incompletely annotated which will further facilitate
the utilization of dog model to solve simple and complex disorders
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