REQUIREMENTS FOR MODERN GENOME BROWSERS

AsMA MISTADI

A THESIS
IN
THE DEPARTMENT
OF
COMPUTER SCIENCE AND SOFTWARE ENGINEERING

PRESENTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
For THE DEGREE OF MASTER OF APPLIED SCIENCE IN SOFTWARE ENGINEERING
CONCORDIA UNIVERSITY

MONTREAL, QUEBEC, CANADA

JUNE 2015
© AsmMA MisTADI, 2015



CONCORDIA UNIVERSITY
School of Graduate Studies

This is to certify that the thesis prepared

By: Asma Mistadi

Entitled: Requirements for Modern Genome Browsers
and submitted in partial fulfillment of the requirements for the degree of
Master of Applied Science in Software Engineering
complies with the regulations of this University and meets the accepted standards with respect to

originality and quality.

Signed by the final examining commitee:

Chair
Dr. Nematollaah Shiri

Examiner
Dr. Constantinos Constantinides

Examiner
Dr. Joey Paquet

Supervisor

Dr. Gregory Butler
Approved by

Chair of Department or Graduate Program Director

20

Dean of Faculty



Abstract

Requirements for Modern Genome Browsers

Asma Mistadi

Genome browsers are widely used tools for the visualization of a genome and related data. The
demands placed on genome browsers due to the size, variety, and complexity of the data pro-
duced by modern biotechnology is increasing. These demands are poorly understood, and are not
documented. Our study is establishing and documenting a clear set of requirements for genome
browsers.

Our study reviewed all widely used genome browsers, as well as notable research prototypes of
genome browsers. This involved a review of the literature, executing typical uses of the genome
browsers, program comprehension, reverse engineering, and code analysis.

The key outcome of the study is a clear set of requirements in the form of a requirement document
which conforms to the IEEE Std 830-1998 Standard of a Software Requirement Specification. This
contains a domain model of concepts, the functional requirements as use cases, a definition of
visualizations as metaphors, glyphs, or icons, formal specification of the system in Z notation and
a specification of all widely used file formats.

Genome browsers share a set of basic features like display, scroll, zoom, and search. How-
ever, they differ in their performance, maturity level and the implementation technologies. Our
requirements also document the major non-functional requirements.

The outcome of our study can be used in several ways: it can be used as a guide for future
developers of Genome Browsers; it can form the basis of future enhancements of features in existing
genome browsers; and it can motivate the invention of new algorithms, data structures, or file

formats for implementations.

il
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Chapter 1
Introduction

The genome of an organism is the complete collection of deoxyribonucleic acid (DNA) in that
organism. It contains all of the information needed to build and maintain that organism. It has
four different molecules called nucleotides Adenine (A), Thymine (T), Cytosine (C), and Guanine
(G), which are the units of DNA. Because of their structure, A can only bind with T, and C can
only bind with G. Inside the nucleus of each cell, the DNA molecule consists of two strands that
wind around each other like a twisted ladder and packaged into compact units called chromosomes

as shown in Figure 1.

_~Cell'Nucleus

Cell ¢ 23 Pairs of
-s:\Chromosomes

Base Pair Sequences
Cytosine (C) pairs with
Guanine (G) '\

Thymine (T) pai with™
Adenine (A)

FIGURE 1: Chromosome Helix Structure, source:www. nia. nih. gov

In other words, a genome is a set of DNA sequences, each sequence is a string of four let-

ters/nucleotides [ A , G, C, T ], known as base pairs, or bp, which are the units of measuring a


www.nia.nih.gov

genome’s size [NIH, 2014].

In 1995, the first complete genome of a free-living organism, the bacterium Haemophilus influenzae,
was sequenced. After that, during the past decade or so, new technologies helped sequence the
genomes of thousands of organisms. Genomes can be very long from mega-bases to hundreds of
giga-bases, e.g. the human genome is around 3 billion base pairs. High-throughput sequencing
(HTS) technology or Next-Generation Sequencing (NGS) technology has enabled rapid sequencing
of large stretches of DNA base pairs, which made genome sequencing quicker and more affordable
than ever, with the latest instruments producing hundreds of giga-bases of data in a single run
INGS, 2014].

More importantly, inside these DNA sequences are regions that play important roles in various
functions of the cell such as cell metabolism, defence, reproduction and signalling. The result of
finding and interpreting functionally significant regions of the genome is called ‘annotation’ and is
now the major focus of the genome project. The annotation of a genome typically generates far
more data than the raw DNA sequence itself, e.g. the whole human genome sequence occupies just
three gigabytes uncompressed, but its current annotation uses many terabytes. There are numerous
types of data collected about genomes such as genes, proteins, transcription data, variation data,
and regulation data.

These massive amounts of sequence data need to be stored, analyzed, and manipulated in so
many ways in order to understand what happens inside the cells of organisms and that’s where
bioinformatics, which is defined as the application of computer science and software engineering
to the problems of biological data management, comes into play. Besides their enormous size,
sequence data are also very complex and although the analysis process can be automated, there is
still a significant need for human interpretation.

Genome browsers are well known bioinformatics tools, that are used for the visualization of the
genome sequence and it annotations. Since looking at the textual representation of genomic data
is not very helpful, visualization techniques and tools significantly aid the study and interpretation
of these complex datasets [Oram and Wilson, 2007, Pevsner, 2009].

1.1 A Genome Browser Example

A Genome browser can be defined as a visualization tool used to display genome data and their
annotations using a graphical user interface. It can help visualize and integrate different genomic
data by displaying a representation of genome information and other data as a function of posi-
tion across the genome sequence. It is an essential tool for organizing and investigating multiple
information about genomes [Pevsner, 2009, Soh et al., 2012].

The Caenorhabditis elegans (C. elegans) is a free-living, transparent nematode (roundworm,



earthworm). It is small, growing to about 1 mm in length, and lives in the soil. It survives by
feeding on microbes such as bacteria [Mark Edgley and the Riddle lab, 2014]. A picture of the
C.elegans is shown in Figure 2. The sequence of the 100-Mb genome of C. elegans was published
in 1998, and it has 6 chromosomes (named I, I, III, TV, V and X) [Hillier et al., 2005].

FIGURE 2: Picture of C. elegans, source: www. news. wisc. edu

In Figure 3, an example of an annotated region of the C. elegans sequence is visually presented
inside a genome browser, specifically GBrowse, which is a mature and capable genome browser that
is distinguished by its use of ‘glyphs’, which are graphical representations of annotations/features of
the genome. This example explains in a brief manner the general layout and functions of a genome
browser.

A genome browser, just like any other software, takes inputs and presents outputs. The inputs
in any genome browser are the sequence and annotation data that are usually stored in specially
formatted files. Today, there are many file format standards used to save different types of genomic
data, such as FASTA format (a standard for saving genome sequences) and GFF3 format (a standard
for storing gene data).

The outputs are a graphical user interface representing each type of data inside a display unit
called ‘tracks’. Tracks are horizontally aligned on top of each other under a unified coordinate
system (the sequence coordinate). Inside each track are a set of features/annotations displayed using
special graphical representations called ‘glyphs’, which are organized according to their positions
on the sequence. In this example, the name of the sequence under investigation is ‘C01F4’, which
is the name/ID of a contig of the C. elegans sequence (a contig being a consensus region of DNA).
The entire contig sequence is displayed in this view from 1..40,000 bp. Data is displayed at three
different levels: overview, region, and details. There are three tracks named ‘ESTSs’ (used to display
alignments between C. elegans expressed sequence tags ESTs in GenBank and the genome), ‘Protein-
coding genes’ (used to display the protein-coding genes data), and ‘DNA /GC Content’ (the sequence
track used to display the GC content of the DNA sequence at low resolutions and the individual
DNA base pair at high resolution). The reference ruler is helpful in identifying the location of

genomic features across the sequence. The different data types are inspected in a vertical manner
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FIGURE 3: A Genome Browser Example, source: local GBrowse installation

according to their location on the sequence.

To navigate this genome, we could zoom in/out, pan left /right, search for specific features or
an exact location on the genome. The tracks are the essence of a genome browser, which can be
customized by the user. Tracks can be reordered, hidden/shown, added/closed. The graphical
representations of annotations in each track can be customized by changing several attributes of
their appearance such as their color, size and shape. In this example of genome browser, there
is a list of sources to choose from, which is used to change the genome and the datasets under
investigation. As mentioned above, the genome browser inputs are normally specially formatted
files that are used as a standard in the genomic community to save and transmit genomic data.

In Figure 4, an example input file format is shown and contains the underlying data of the
‘Protein-coding genes’ track. The file is in GFF3 format, which is a tab-delimited file format that
has nine columns. A summary of the information stored in each of these columns is in Table 1. The

data in this file is easily parsed for information and the graphical representations are presented to

the user.



##gff-version 3

##date Fri Dec 5 859:1B:18 2814

#gsource gbrowse gbgff gff3 dumper

Efsequence-region CAL1F4:1..40008

CalF4 curated gene 24587 25426 . - . MName=ZKT783,3; ID=55
CalF4 curated mRNA 24587 25426 : =

Mame=ZK783.3t; Parent=55; ID=56

CRlF4 curated CDS 24737 25834 . - B Parent=56;ID=5%
CA1F4 curated CDS 25086 25176 . - 1 Parent=56; ID=60
CAlF4 curated CDS 24587 24543 . = 1 Parent=56; ID=57
CAlF4 curated CDS 25314 25426 . - B Parent=56; ID=61
CRlF4 curated CDS 24598 Z46E6 . - 2 Parent=56; ID=58
Calr4 curated gene 3318 18324 . + . Name=ZK7B3.1; ID=28
CAlF4 curated mRMA 3318 18324 . +

Mame=ZK7E3.1t; Parent=28;ID0=21

FIGURE 4: An Example of an Input File in Genome Browser

Column Description

Seqid This is the id of the landmark, which establishes the coordinate system for the annotation
or current feature. This is usually the name of a chromosome, clone, or contig.

Source The column lists the source of the annotation or describes how the feature was derived.

Type This column describes the feature type.

Start This column lists the position that the feature starts at, relative to the reference sequence.
The first base of the reference sequence is position 1.

End This column lists the end of the feature, again relative to the reference sequence. The end
is always greater than or equal to start.

Score For features that have a numeric score, such as sequence similarities, this field holds the
score.

Strand For features that are strand-specific, this field is the strand on which the annotation
resides. It is ‘4’ for forward strand, ‘—’ for reverse strand, or ‘.’ for annotations that are
not stranded.

Phase For CDS features that encode proteins, this field describes the part of the codon on which
the first base falls. The field is a number from 0 to 2, where 0 means that the first base
of the feature corresponds to the start of the codon, 1 means that the second base of the
feature corresponds to the start of the codon, and 2 means that the third base of the
feature corresponds to the start of the codon.

Attributes A list of feature attributes in the format tag=value. Multiple tag=value pairs are separated

by semicolons. !

TABLE 1: GFF3 File Specification

!The full GFF3 specification can be found at http://www.sequenceontology.org/gff3.shtml.




1.2 Importance of Genome Visualization

Genome browsers address the problem of how to visualize the genome and its various annotations.
Visualization of genomic data can aid the analysis of this information in a more natural and inter-
pretable way compared to their textual representation [Fiume et al., 2010]. According to [Fiume
et al., 2010]:

“ Visualization can facilitate a number of tasks including:

i The integration of multiple related data into a single view, to gain insight into the interaction

between genomic features.

ii Algorithm development, where visualization of many putative calls (e.g. genomic variants,
promoter sites, intron/exon boundaries, etc.) helps with debugging and identification of true

and false positives.

iii Exploration of various genomic regions for specific signatures of functional sites that may be

7

difficult to describe within a computer program.

Accordingly, genome browsers are very powerful research tools that can help investigate sequence
data and test any hypothesis generated by multiple sources of evidence. They also provide a
collaborative framework for researchers to share, retrieve, and view their own annotations in the
context of the genome. There are many existing genome browsers, that are different in their
implementations and focus. Many of these tools are not properly documented or supported and
they lack the proper application of correct and rigorous software engineering practices [Okonechnikov
et al.,, 2012]. Today, genome browsers face numerous challenges and demands that should be
accounted for. Therefore, there is a constant need to document these demands and build some clear

set of requirements for this valuable bioinformatics tool.

1.3 Thesis Motivation and Objective

The motivation of our work is based on the importance of genome browsers in the bioinformatics
field. A genome browser today is considered an indispensable visualization tool, as it facilitates the
investigation of complex and huge genomic datasets. The term genome browser is largely used but
there is no clear set of requirements to specify what a genome browser really is.

The main objective of this thesis is to have a usable requirements document for the development
of a software system that embodies the key elements of what the community considers a “genome
browser” so that it is responsive to the demands of today’s datasets, and the possible introduction
of new data formats and associated visualizations. Genome browsers have been around for some

time now, therefore we work under the assumption that the existing genome browsers provide a



complete set of adequate features. In our choice of requirements, we focus on the basic functionality
and specifications that any genome browser should have. We discuss the major challenges facing
this type of tool and the available technologies used in implementing genome browsers.

The process involves investigating a number of genome browsers, reviewing literature, program
comprehension, reverse engineering, and code analysis. The key outcome of the study is a clear
set of requirements in the form of a requirements document which conforms to the IEEE Std 830-
1998 Standard for Software Requirements Specification. This includes a domain model of concepts,
the functional requirements as use cases, a definition of visualizations as metaphors, glyphs, or
icons, and a specification of widely used file formats. We also wrote a formal specification model of
genome browsers in Z notation. During the process of conducting this thesis we faced a number of
challenges. The main challenge being that most of the tools are under active development and the

number of mature genome browsers is small.

1.4 Organization

This thesis document is organized as follows:
Chapter 2, introduces the background needed to understand the content of this document.

Chapter 3, establishes the Requirement document that includes use cases as functional require-

ments, a Domain Model and a Z specification of genome browsers.

Chapter 4, concludes this document by summarizing our contributions, pointing out its limita-

tions and making suggestions for future work.

Appendices, documents a table of visualization metaphors, a specification of several file formats

and a Glossary of definitions.

1.5 Template Conventions

The following templates/guidelines were used for this thesis:

e IEEE Std 830-1998 Standard of a Software Requirements Specification: [IEEE, 1998], used

for writing the whole Requirement Document.
e Fully Dressed Use Cases template: [Cockburn, A., 2001], used for documenting the use cases.

e 7 notation: [Spivey, 1992], used to write formal requirements of a genome browser.



Chapter 2
Background

This Chapter introduces the background knowledge needed to understand Genome Browsers. It
covers the definition of a genome browser, the history and evolution of genome browsers, informa-
tion visualization and their relation to genome browsers. Then a documented description and a
comparison of four selected genome browsers are presented. Those genome browsers are GBrowse,
JBrowse, Dalliance and Savant. The first three of the investigated genome browsers are web-based
and the fourth is a stand-alone application. Our main focus is on web-based genome browsers since
they serve a much larger user community. The investigation of those four genome browsers is done
in order to come up with a solid set of requirements for modern genome browsers. After that,
we present a discussion of the technologies used in web-based genome browsers, issues related to

genome browsers, non-functional requirements issues and a simple background of Z notation.

2.1 Introducing Genome Browsers

Genome Browsers are a class of a well known visualization tools in the bioinformatics field. They
provide a unified platform to browse, search, retrieve, analyze and access large amounts of sequence
data. Through a graphical interface, they present a comprehensible, high level, visual representation
of huge textual genomic data. They show both global and detailed view of the genome sequence
and its annotations. They help users analyze, summarize, extract information from various datasets
in the context of genomic DNA sequences [McKay and Cain, 2009, Wang et al., 2013a).

Generally, genome browsers can present any type of information that can be mapped to DNA
sequence coordinates. This information is presented inside ‘tracks’, piled up rows of various data
types, which are basically horizontal graphical units. Figure 5 5 shows a simple sketch that illus-
trates the basic concept of tracks in a genome browser, with each track used to represent a type

of data (a collection of data) on the genomic sequence. Inside those tracks the data is presented



using graphical clues or metaphors, known as ‘glyphs’, positioned according to their sequence coor-
dinate. An example track with glyphs is shown in Figure 6, which presents a region of the ‘Curated
Genes’ track of the C.elegans chromosome with the sequence coordinate I111:7,500,002..7,550,001
(ch: start..end). Organizing the different data types vertically inside horizontal tracks facilitates

the comparison of diverse data types and also works as a gateway to more detailed information
[Kuhn et al., 2012].

To demonstrate genome browsers capabilities and major functions, we will look into JBrowse
genome browser, which is one of the GMOD (Generic Model Organism Database) tools. JBrowse is
a next-generation web-based genome browser for visualizing genomic data that benefit from modern
web technologies to provide a more interactive user experience than its predecessor GBrowse. In
JBrowse, most of the work involved in visualizing the data is done on the client web-browser: A
JBrowse instance is created by adding genomic data of an organism (sequence and annotations) to
the JBrowse software which is placed on a server, and the end users are allowed to visit the site

from their web browser [Skinner and Holmes, 2010].

ACGTEETTACGGAAA
Sequence Coordinate

Gene Models

SNPs

Annotations
Tracks

Comparative Alignments

FIGURE 5: Genome Browser Sketch, illustrating the tracks concept.
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FIGURE 7: Example of JB

rowse Instance, showing the primary test data set used in the development (the

Volvox example): (A) A list of available tracks, (B) A menu for selecting another source/organism—displaying
the name of the current source, (C) Panning controls left /right, (D) Zooming controls, (E) A menu for selecting

the current sequence, and a text box (which can be used for searching) showing the exact coordinate of the

visible region, (F) The highli

JBrowse demonstration at h

A detailed description

the users can perform in a

e Users can change the

ght button, (G) The share button, (H) The track name, (1) A track. Source:
ttp: // jbrowse. org

of this tool is later mentioned in Section 2.4.2.2. There are many tasks

genome browser:

current source by selecting a different source from a list. Figure 8, shows
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an example of sources list found in this JBrowse demonstration.

Volvox Example | ~ File View Help
Volvax Example 10,000 15,000

MODEncode Example
© o)

) 12,500

FIGURE 8: Example of JBrowse Sources List, showing a list of existing sources. Source: JBrowse demon-

stration at http: // jbrowse. org

e Users can select the sequence they want to investigate, as shown in Figure 9, and tracks of

interest from the list of available tracks, as shown in Figure 7-(A).

CigA| v |C10A:1..48843 (48.84 Kb) Go | &
X ctgA 37,500

Zoom in to see sequence

FIGURE 9: Example of JBrowse Sequence List, showing a list of sequences (contigs, chromosomes) belonging

to an organism'’s genome. Source: JBrowse demonstration at http: // jbrowse. org

e Users can rearrange the order of tracks, hide/show tracks, or click on tracks for additional

information.
e Users can also upload their own custom tracks, as shown in Figure 10.

e Genome browsers are designed to allow users to view data at any scale in an interactive way
(zooming in/out) using the zooming controls, as in Figure 7-(D)). Users can zoom from single
base pair resolution to a whole chromosome, and the genome browser will try to fit as much
information into the browser view as the scale permits [Kuhn et al., 2012]. Figure 11 shows a
region of a ‘Reference Sequence’ track zoomed in at different scales. This track displays the

individual base pairs at high zoom levels.
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(b) Open Files Dialog

FIGURE 10: Example of Custom Track Upload in JBrowse: (a) shows the list containing the open files
option to add custom tracks to JBrowse, (b) shows the dialog presented to the user to upload a custom track
and the various options of upload depending on the location of the file. Source: JBrowse demonstration at

http: // jbrowse. org
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(c) Higher Zoom Level

FIGURE 11: Example of Sequence Track, zoomed at different zoom levels in JBrowse. Source: JBrowse

demonstration at http: // jbrowse. org

e Users can browse the genome in several ways in genome browsers. They can pan left/right
using panning controls as in Figure 7-(C), or go to specific features or positions using the
searching capability of the genome browser (as shown in Figure 7-(E) and Figure 12, when
the user types any letter, an auto-complete generated list of available features is shown to the

user to navigate to the wanted feature).
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(b) Search Result

FIGURE 12: Example of Feature Search in JBrowse, (a) showing a generated list of available features matching
the entered name in the search box, and (b) showing the result of the navigation to the feature (f01) location.

Source: JBrowse demonstration at http: // jbrowse. org
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e Tracks can be configured and customized in different ways, like changing their height or glyph
or pinning them to the top of the display. Figure 13-(a), shows a list of different actions that
the user can do to ‘Reference Sequence’ track and Figure 13-(b), shows a configuration dialog

that the user can use to change the track configurations.
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(b) Edit Track Configuration Dialog

FIGURE 13: Example of Track Configuration, (a) shows a list of track options like Pin to top, Edit config,
Delete track, Save track data and more or less depending on the track type, (b) ‘Reference Sequence’ track

Edit track configuration dialog in JBrowse. Source: JBrowse demonstration at http: // jbrowse. org

e Users can also share their genome view with other research group members by using the
sharing capability of the genome browser. As in JBrowse, this is done by clicking the share

button shown in Figure 7-(G) and this will present a generated link that can be copied to be

sent to other users (see Figure 14).
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/@ Share this view x

A Paste this link in email or IM Preview
http://jbrowse.org/code/|Browse-1.11.5 Ploc=ctgAX3A43970. .4/
] Press CTRL-C to copy

FIGURE 14: Share Genome Browser View, where a generated link is shown to share the current view in

JBrowse. Source: JBrowse demonstration at http: // jbrowse. org

e Another useful feature is the highlight feature, where the user can select a region to highlight.
In JBrowse, this is done by pressing the highlight button shown in Figure 7-(F) and selecting
a region with the mouse. An example of highlighted region from (15000 bp to 17500 bp) is

shown in Figure 15.

Volvox Example ~ File View
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FIGURE 15: Example of Region Highlight, with a highlighted region (from 15000 to 17500)bp in JBrowse.

Source: JBrowse demonstration at http: // jbrowse. org

e The underlying track data can be downloaded in several file formats for further analysis, as

shown in Figure 16.
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(c) Track Data View

FIGURE 16: Example of Save Track Data in JBrowse, (a) the option list containing the ‘save track data’
option, (b) the dialog presented to the user to save track’s data, presenting options about the region to save,
the type of file, and the name of the file, (c) a view of the tracks data in GFF3 format. Source: JBrowse

demonstration at http: // jbrowse. org

As the amount of sequenced organisms increase so are the number of available genome browsers.
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Genome browsers can be classified based on different characteristics including their platform plat-
form (web based or standalone), type of genome (linear or circular), or the number of genomes
displayed (single organism or multiple organisms). There are a large number of genome browsers
out there, including the three most popular ones: the University of California Santa Cruz (UCSC)
Genome Browser (http://genome.ucsc.edu/), Ensembl (http://www.ensembl.org/), and Na-
tional Center for Biotechnology Information (NCBI) Map Viewer (http://www.ncbi.nlm.nih.
gov/mapview/). Their popularity comes from the amount of information they serve since they are

used as repositories for genome projects [Cline et al., 2009].

2.1.1 Genomic Data

Genomes are a huge source of information that is used to shape who we are. They contain all the
information needed to develop and maintain organisms. Genomic data includes the genome sequence
produced by sequencing machines and their manually or automatically generated annotations. This
data can be very noisy and with varying degree of accuracy and as our genomic knowledge expands
so are the types of data and information discovered. Normally, genome related data are produced
by diverse genome research groups and projects. Consequently, they vary in their type, size and
accuracy. Data aggregation and visualization are used in genome browsers to help reduce the
uncertainty of multiple data sources and drive more accurate information [Cline et al., 2009].

Recent technologies has made sequencing of thousands of organisms faster and cheaper than ever.
These advancements resulted in massive amount of DNA sequences and associated annotations.
Consequently, genomic data is very large and continues to grow over time. For instance, the
Arabidopsis thaliana (thane cress, a weed and a model plant species), has a total of 119,146,348 bp as
indicated by the PlantGDB (http://www.plantgdb.org/AtGDB/) and according to the Arabidopsis
Information Resource (TAIR) (http://arabidopsis.org/), the latest version of the Arabidopsis
genome annotation (TAIR10) has around 33,602 total annotations.

2.1.1.1 Genomic Sequence

The genome of any organism is the complete set of DNA within the nucleus of that organism. The
DNA molecule is double stranded and packaged into chromosomes. The genome can be seen as a an
information resource. As mentioned earlier in the context of a genome browser, the sequence can be
chromosomes, plasmids, contigs, scaffolds or any other sequence of interest. “The sequence provides
a reference coordinate system and a natural platform on which to assemble scientific annotations
and genome-mapped data sets from diverse sources” [Nielsen et al., 2010]. Interestingly enough,
there is no correlation between the apparent physical size or complexity of an organism and their
genome size. For example, the human genome contains about 3 billion DNA bases, while a single

wheat genome contains about 17 billion DNA bases.
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The genome sequence can be seen as a huge text of a four letter alphabet (four bases A, C,
G, T) and in order to understand this text (the genetic code), we need to extract its underlying
information. This process of taking raw genome sequences and attaching biological information
to them is called ‘Genome Annotation’. In fact the genome sequence is only as valuable as its
annotation [Stein, 2001].

2.1.1.2 Genomic Annotation/Features

In general, annotations are some kind of explanatory data or comments attached to a specific
part of the original data. According to [Yandell and Ence, 2012], “genome annotation is a term
used to describe two distinct processes. I- ‘Structural’ genome annotation, which is the process of
identifying genes and their intron-exon structures. II- ‘Functional’ genome annotation, which is the
process of attaching meta-data such as gene ontology terms to structural annotations.” A genomic
feature/annotation can be seen as a tuple containing coordinates on the genome (sequence, strand,
start, and end) augmented by additional data specific to a particular type of feature. Examples of
features includes genes, microarray probe values, peptide measurements, or protein-DNA binding
sites, single-nucleotide polymorphisms (SNPs) and repeats that have positions on the DNA sequence
[Bare et al., 2010].

The genome is a huge information source that encodes our genetic code. It basically has all
the information needed to determine who we are, how we look like, think and grow. Therefore,
annotating the huge sequence of bases is extremely important and a difficult part of genome analysis.
Genomic annotation can also be defined more generally as the process of identifying important
information about a genome. It is how we attach what we know about a genome and this is done
by applying a standardized scientific nomenclature [Kaps et al., 1997]. An annotation example
is a gene that ranges from position 10 to 50 bp. In the case of genomes, annotation is done
by using a structured controlled vocabulary for the parts of a genomic annotation known as the
Sequence Ontology (SO). Huge efforts are made by sequencing centers, model organism databases
and academic/institutional laboratories around the world to annotate the genomes of different model
organisms [Madupu et al., 2010]. Evidently, the quality of the genomic data is mainly determined

by the completeness and correctness of both sequence and annotation [Kaps et al., 1997].

2.1.2 Genomic Data File Formats

Genomic datasets can be taken from various online repositories such as GenBank, EMBL-EBI
Nuclutide sequence database, and it can also be taken from existing genome projects databases like
Ensembl and UCSC, which both have genome browsers interfaces. The data in those repositories
can be saved in archival or relational databases or any other type of databases. The simplest form

of databases are flat-files, which are widely used in the bioinformatics field because they are easy
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to distribute, easy to handle by computers and comprehensible by humans. Through time, there
has been several introduced flat files (text or binary format) that are used to store genomic data
such as FASTA (for storing genomic sequences), GFF (for storing gene related data), SAM/BAM
(for storing alignment data), Wiggle (for storing quantitative data), VCF(for storing variant data)
and many more [Letovsky, 1999]. The size of data files can range from several megabytes of
processed genomic data (e.g. GFF or VCF) to more than 50 GB of intermediate genomic data (e.g.
exome BAM files, with sizes more than 200 GB in low coverage genomes) [Medina et al., 2013]. A

comprehensive specification for those types of formats is presented in Appendix A and Appendix B.

2.1.3 The Sequence Ontology (SO)

Genomic data is being massively produced by various different research groups and projects around
the world (such as GenBank, UniProt), and because each group hosts their own databases and
uses their own data models to describe their annotations. This will eventually present a real data
inconsistency problem when attempting to compare the annotations of different sources. Besides,
biological terms are very ambiguous in nature (e.g. the same word is often used to describe more
than one thing, as in the case of a stop codon being part of CDS or the 3’-untranslated region (3’
UTR)). These problems motivate the need of a controlled vocabulary for genomic annotations that
will facilitate data management, exchange and analysis.

As a result, the sequence ontology project began with a group of scientists and developers from
the model organism databases (FlyBase, WormBase, Ensembl, SGD and MG) that got together to
collect and unify the terms they used in their sequence annotation. The result was a well controlled
vocabulary of terms or concepts with a restricted set of relationships between those terms. The
scope of the sequence ontology project is the description of the features and properties of biological
sequence [Eilbeck et al., 2005]. As described by [Eilbeck et al., 2005] ], “the Sequence Ontology
(SO) is a well known, open source, structured and controlled vocabulary for the various parts of a
genomic annotation.” Genome browsers use the sequence ontology to control the naming of different

annotations and to correctly specify their relationships, which helps in their visualization.

2.2 History and Evolution of Genome Browsers

Before genome browsers existed, genomes of today were made available to science because of the
huge discovery made in 1977 by two scientists, Walter Gilbert and Frederick Sanger, who invented
the first DNA sequencing technology. They were awarded the Nobel Prize three years later. It
was certain that their discovery would have enormous implication for science. This sequencing
technology known as the ‘Sanger method’ was very expensive (e.g. the human genome costs 3

billion dollars and around 13 years to sequence with this technology). Still, this did not stop

20



biologists from making advancements in this new and exciting field [Hutchison, 2007].

The first genome to be sequenced was that of the bacterium Haemophilus influenzae in 1995.
After that several genome sequencing projects were established to sequence many other organisms.
As a result several genomes have been sequenced including Baker’s yeast (Saccharomyces cevevisiae),
Nematode worm (Caenorhabditis elegans), Thale cress or Arabidopsis (Arabidopsis thaliana) and
many others.

In 1990, the Human Genome Project, which was one of the largest international collaboration
ever undertaken in biology, was initiated with thousands of scientists involved. The initial goal was
to sequence the human genome and deliver it to the public by 2005. In 2000, the completion of
the first draft of the human genome was announced. Two years ahead of schedule, in 2003, the
human genome has been sequenced, as mentioned in the timeline of the Human Genome Project
(http://www.yourgenome.org/facts/timeline-the-human-genome-project).

Today, with the rapid growth of genome sequencing projects, the ‘Genome Browser’ has become
a standard and an indispensable tool for exploring genomes and their data [Nielsen et al., 2010],
since it plays an essential role in genomics by providing comprehensible visualizations that elicit the
understanding and the analysis of genome sequences and their annotated features (e.g., chromosom