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Abstract

This thesis describes the work undertaken by the author between 2011 and 2018.

With technological development, genome sequencing became affordable and accessible
to the scientific communities. This led to the generation of an enormous amount of
genomic data and bioinformatics tools to analyse and visualise these data. However,
most of the public resources are designed for model organisms, and gold standard cu-
rated genomes. These tools are designed to run in a specifically configured environment
as well as dependent on specific data formats. Chapter [I] of my thesis introduces the
state of the field, the existing tools, their functionalities, and their limitations that

prompted the software developments presented in the following chapters.

In chapter 2] I discuss the TGAC Browser, an open-source genome browser and wigEx-
plorer, a BioJS plugin to visualise expression data. In chapter 3] I move towards finding
gene families using GeneSeqToFamily, a Galaxy workflow based on the EnsemblCom-
para GeneTree pipeline. In chapter [] I focus on a tool developed for visualisation of
gene families - Aequatus, an open-source homology browser and ViCTreeView, a plugin

developed as a part of the ViCTree project to visualise and explore phylogenetic trees.

In chapter |5} I discuss the availability and accessibility of these tools. All the tools and
workflows I have developed are open-source, under a free licence, and are available in
GitHub and/or the Galaxy ToolShed. I will also discuss the impact that these tools
have made on various research projects. I also take this opportunity to discuss the

possibilities of future developments of these tools.
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Introduction

1.1 Genomics and bioinformatics

Following the discovery of DNA structure in 1953 [1], nucleic acid sequencing became
a major target of early molecular biologists [2]. Fred Sanger [3], Allan Maxam and
Walter Gilbert [4] pioneered the practice of DNA sequencing, whereas Alec Jeffreys
developed a method for DNA profiling [5]. These techniques have been widely applied
in medicine, biotechnology, forensic science, as well as social sciences [6], generating a
large amount of data requiring computers for analyses. The introduction of computers
also led to the automation of techniques reducing costs, increasing output, therefore
enabling scaling studies from a single gene to thousands and now the whole genomdﬂ
of an organism. This progress opens up the field of genomics which encompasses the
study of an organism’s genome. Genomics was initially dedicated to the large scale
investigation of DNA sequences has also quickly expanded toward functional levels
[7, [§]. As genomics developed as a novel research field, it necessitated the accelerated
development and application of bioinformatics, an interdisciplinary field that stores,

retrieves and analyses large amounts of biological information [9].

Most bioinformatics tools are command-line based and generate binary or text-based
data as output. For a non-computer scientist or biologist, this can be a significant
challenge due to a huge learning curve to apply the required tools to perform even a

small analysis.

Therefore, in this thesis, I focus on the democratisation of bioinformatics resources so

biologists can perform complex analysis with minimal or no computing knowledge.

!Genome is a complete set of DNA sequence including both coding and non coding regions of an
organism.

12
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1.2 Democratisation of sequencing technologies

Over the last 15 years, technology has transformed genome sequencing completely.
Sequencing technologies have remarkably progressed since the Human Genome Project,
which was completed in 2003 at the cost of $3 bilion [10} [IT]. This project also included
the sequencing of Drosophila melanogaster and Caenorhabditis elegans, two important

organisms for research.

Per base cost of sequencing with first generation sequencing platforms (e.g. Sanger
sequencers) were high (approx $2400 per million bases), sequencing runs were long
relative to nucleotide output, and provided limited throughput (about tens of kilobase
pairs per run) [12]. In the mid-2000s, Second-generation sequencing platforms, more
widely known as Next-Generation Sequencing (NGS) Platforms (e.g. Roche 454, ABI
SOLiD, and Illumina), were released reducing the run times and costs (approx $0.13
per million bases) and increasing throughput (about hundreds of gigabase pairs per
run) [I1, 12]. However, the drive to reduce cost focused on the race to the ‘$1,000
human genome’, with experimental footprints, workflows, reagent costs and run times
poorly matching the needs of small laboratories studying non-standard genomes [13].
At the 2012 Advances in Genome Biology and Technology conference [14], the Oxford
Nanopore Technologies (ONT) announced MinlON, an advanced single-molecule se-
quencing technology offering multi-kilobase reads. The MinION attracted interest due
to its compact size, Universal Serial Bus (USB) connection, relatively inexpensive pur-
chase price and a streamed mode of operation that enables real time analysis of data as
it generated (e.g. What’s In My Pot - WIMP workflow) [15]. The ultra-low-cost and
mobile nature of the MinlON device open up a considerable number of applications
i.e. in-field sequencing (Ebola virus [16] and Zika virus[I7]), and sequencing through

the centromere [18].

In addition to sequencing the whole genome of an organism, preparation-specific se-
quencing technologies (i.e. RNA-seq, exome sequencing) were also developed to se-
quence coding and non-coding genes as well as regulatory non-coding sequences to

analyse the genes’ regulation and function.

All these various sequencing technologies have delivered a step change in our ability to
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sequence genormes.

1.3 Model vs Non-model organism

Model organisms (e.g. fruit fly, Escherichia coli, yeast, zebrafish, human, and mouse)
are extensively studied and have led to the development of a vast array of conventional
genetic techniques. Discoveries made in model organisms are expected to provide

insights into the biology and physiology of other organisms.

However, there is a disadvantage of just focusing on model organisms for developing
resources. They are not perfect examples of diversity compared to their close relatives.
Because model organisms are specifically selected for a particular experimental ratio-
nale and not randomly spread in the tree of life, there is much we can learn from the

less-well-studied organisms.

With the democratisation of genome sequencing technologies, where an increased num-
ber of researchers have access to more sequencing data, the focus is shifting from model
organisms to non-model organisms, which may not be selected for extensive studies
because of long life cycle, inability to grow in-vitro environment, or limited genetic
resources. Small scale labs and research groups are now able to study non-model or-
ganisms by performing relatively cheap sequencing and address a wide array of essential

and diverse questions focused on different aspects of biology.

1.4 Growth of genomic data and bioinformatics resources

Genome sequencing is the first step of genome analysis. Current genome sequencing
technologies (see section read nucleic acid fragments as pieces depending on the
technology used to produce sequence reads. Thus genome assembly is required to
reconstruct the original sequence by aligning and merging smaller fragments into longer
ones (contigs and unitigs). Genome annotation is also necessary to confer biological

information to the assembled sequences.

Similar to genome sequencing developments, bioinformatics has become one of the

fastest growing fields and a vital element of biological research, because it allows to
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analyse a huge amount of biological data quickly and cost-effectively [19]. Thus, var-
ious bioinformatics tools have been developed to perform assembly (e.g. Abyssﬂ [20],
SOAPdenovdﬂ [21], DISCOVAR [22]), genome annotation (e.g. GENSCAN [23], ORF
Finder [24], novoSNP [25]), and sequence similarity (e.g. BLASTﬂ [26], HMMER [27]),

as well as to solve many other analytical problems.

The advances in sequencing technologies and associated bioinformatics tools resulted in
a rapid increase in the volume of raw and interpreted biological data (see Figure .
The number of databases containing highly curated genomic information for model
organisms has similarly increased (e.g. Ensembl [28], FlyBase [29], and Wormbase [30]).
With the development of annotation tools which also provides functional information
such as protein domains, transcription factors binding sites, and single nucleotide as
well as structural variations, the main challenge is how to store, process, analyse, and

visualise an ever-increasing amount of newly sequenced biological data.

Total disk storage at EMBL-EBI

80
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40

Petabytes

30
20
10

2009 2010 2011 2012 2013 2014 2015

Year

Figure 1.1: Showing disk-storage at EMBL-EBI from 2009 to 2015. These figures
include all installed storage, counting multiple backups for all data resources as well
as available storage. The actual total volume of a single copy of all data resources is
roughly 1/3 of total installed storage capacity.

Reproduced from Cook et. al 2016 [31]

2 Assembly By Short Sequencing (Abyss)
3Short Oligonucleotide Alignment Program (SOAP)
“Basic Local Alignment Search Tool (BLAST)
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1.5 Phylogenetic analysis

Phylogenetic analysis is the study of estimating the evolutionary relationships of enti-
ties (e.g. species, genes, and sequences) [32]. Classic phylogenetic analysis dealt mainly
with physical, or morphological features like size, and colour [33]. While modern phy-
logenetic analysis uses genetic information and it has become an important method for

studying the evolutionary history of organisms [34].

There are various techniques available to perform phylogenetic analysis. One of the
most accepted methods is the study of gene families expansion and contraction across

species.

A gene family is a collection of several homologous genes, formed by duplication of a
single original gene. Most of the genes in a single gene family are presumed to have
related functions depending on sequence identity. With the possibility of sequencing
non-model organisms, comparative study of newly sequenced genomic data with exist-
ing gold standard genomic resources became possible. Finding a gene family for newly
annotated genes from non-model organisms can help to identify candidates for follow

up study as well as experimental validation.

Various bioinformatics methods are available to infer the homology, shared ancestry
between a pair of structures, or genes belonging to a gene family. These methods can be
generally classified into sequence comparison based and tree-based. The sequence-based
methods are much faster and provide pairwise ortholog relationships while tree-based
methods are a good choice for finding fine-grained distinction among many-to-many,
one-to-many and one-to-one relationships. Sequence comparison based methods in-
clude InParanoid [35], OrthoDB [36], and OrthoMCL [37]. Tree-based phylogenetic
methods include PhyOP [38] and TreeFam [39]. The third category of hybrid ap-
proaches uses both sequence comparison, and phylogenetic methods, they are useful
to construct clusters of homologous genes and determine trees, such as Ortholuge [40],

and EnsemblCompara GeneTrees [41].

Despite, having many alternatives available, most of these tools and pipelines are
command-line based, designed to run in a specifically configured environment and

requires various dependencies to run successfully.
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1.6 Democratisation of bioinformatics resources

An overwhelming amount and diversity of new analytical algorithms packaged as soft-
ware tools [42] are being developed as all aspects of sequencing data analysis rely on
bioinformatics tools [43]. Whilst the rapid development of resources is beneficial, but
only consistently accessible software provides a foundation for the reproducibility of
published research, defined as the ability to replicate published findings by running the

same computational tool on the data generated by the study [44], 45].

Traditionally, most of the bioinformatics tools have been made available from institu-
tional servers. However, not all published bioinformatics tools are accessible; for ex-
ample, 24,490 omics software resources were published from 2000 to 2017 from which
26% is not currently accessible through Uniform Resource Locator (URL) published in
the original paper. Whilst, this percentage is declining, 200 unstable resources are still

published each year [46].

To improve stability, these resources can also be made available through open-source
repositories, such as GitHubEL SourceForg(ﬂ, and Bitbucketﬂ These repositories are
Distributed Concurrent Versions System (DCVS), which stores the current version(s)
of a project and its history as well as allows several developers to work on the same
project concurrently, that help the community to contribute to the resources as well as

identify and solve software issues.

Despite, tools are available to download and install either from the institutional server
or from the open-source repositories, research conducted by Mangul et al. shows that
almost half of the 99 randomly selected tools were challenging to install due to the
implementation problems [46]. To mitigate this issue, tools can be made available
through a package manager (e.g. Biocondaﬂ [47]), which makes it easier to install,

upgrade and configure the software.

5GitHub is a web-based hosting service for version control using Git, an open-source distributed
version control system.

5SourceForge is a web-based service that offers a centralised online location to control and manage
free and open-source software projects.

"Bitbucket is a web-based version control repository hosting service for source code and development
projects that use either Mercurial or Git version control systems.

8Bioconda is a channel for the conda package manager, an open-source package and environment
management system, specialising in bioinformatics software.
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1.7 Bioinformatics software design

Similar to many other software, bioinformatics tools follow similar software design
strategies. Generally, software/tools are divided into two categories: standalone tools

and web-based tools.

1.7.1 Standalone tools

Standalone tools are designed to be installed on a single machine (a laptop or a desk-
top) for an individual user or on a High-Performance Computing (HPC) environment
for CPU and memory-intensive jobs. Standalone tools tend to be highly optimised to
make the best use of computing resources. Examples in bioinformatic are assembling
sequence reads (e.g. Abyss, SOAPdenovo), analysing sequencing data (e.g. GEN-
SCAN, BLAST) and visualising genomic annotations (e.g. IGV{’| [48]). However, one
of the main drawbacks of standalone tools is platform dependency, i.e. applications can
only run under a specific operating system, in a certain type of computer architecture,
and requiring other particular tools. To take advantage of the latest version with new
features, users need to update the tool manually as the tool is installed and running

on a local machine.

1.7.2 Web-based tools

Web-based bioinformatics tools and services are designed to reach several users and
can be accessed from remote computers with different operating systems solving one
of the challenges of standalone tools. This type of tools are generally hosted on an
institutional server and uses a website as the front-end interface, allowing users to
access the application from any computer connected to the internet using a standard
web browser. Web-based tools are generally implemented to make data available hosted
at the repository (e.g. Ensembl and JBrowse [49]) or to perform analysis using the
command-line tools installed on the host computer (e.g. BLAST, T-Coffee, Galaxy
[50], and EMBOSEF_UI [51]). Web-based tools can also be installed and used locally,

“Integrative Genomics Viewer (IGV)
10The European Molecular Biology Open Software Suite (EMBOSS)
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in which the same computer acts as a server and a client, for example, the Galaxy
platform [50] (see section [1.10)) install on a server and can be accessed using a standard

web browser.

1.7.3 Web or standalone application?

There is no straightforward answer to the question of whether to develop web or stan-
dalone applications. It is up to the developers to decide which solution suits the data,
the computing environment, and any end-users. If the main objective is to develop an
easy to deploy and maintainable application that can be accessed from remote comput-
ers with different operating systems, then the web-based solution is the right choice. If
the main objective is to have a fast and secure application that caters for single users

on a local system, then the standalone implementation is a more suitable choice.

Importantly, however, an increasing number of standalone tools are now implemented

in web environments targeting a wider audience, thus increasing accessibility.

1.7.4 Client-server architecture

The client-server model describes how a server provides resources to client devices, such
as computers, tablets, and smartphones. Most servers have a one-to-many relationship
with clients, in which a single server (or a group of mirrored servers) provides resources
to multiple clients at one time. Some examples of servers are web servers, mail servers,

and file servers.

One of many objectives for bioinformatics applications is to make data available from
central repositories. For example, genome browsers (e.g. Ensembl, JBrowse) are used to
retrieve data from data repositories connected to the server. Therefore, I am describing

the following client-server architectures (see Figure [1.2)) regarding data access:
1. 2-tier architecture:

In 2-tier architecture, clients and servers communicate with each other without
any intermediate point or node. Because of the tight coupling of both the tiers,

the application tends to run faster when serving a small number of users. As the
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number of users increases, performance will be affected, because the server needs

to respond to multiple requests at the same time [52] 53].
2. 3-tier architecture:

In 3-tier architecture, an additional middle-tier sits in between clients and servers,
with the purpose of handling application execution and data access. This type
of architecture benefits from enhanced security compared to 2-tier architecture
because the client has no direct access to the database. However, it comes with
increased communication complexity as the number of communication points

increase [52, [53].
3. n-tier architecture:

This type of architecture is also known as a multi-tier architecture or Component-
based architecture. It is an expanded form of 3-tier architecture where tiers can
be physically and/or topologically separated. Therefore, this architecture gives
flexibility to developers to create or implement modular application components.
However, due to the tiering of components, these types of applications could
show disadvantages through issues such as system evolution, compatibility, and

migration [52] [53].

Each type of computing architecture has pros and cons, and tend to be suitable for
specific needs. However, in modern applications, 3-tier and n-tier computing architec-
tures are more dominant than 2-tier because of their key factors like better security,

re-usability and flexibility.

REST API
To access the data or service programmatically, web-based applications may provide a
REST API [55].

An Application Programming Interface (API) is a set of rules that allow programs to
talk to each other. It does not define data formats, but is usually associated with

exchanging text-based information between a client and a server.

Representational State Transfer (REST) is an architectural style for developing web
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Figure 1.2: Diagram demonstrating the types of client-server computing a) 2-tier ar-
chitecture, b) 3-tier architecture, and c) n-tier architecture [54]

services defining how applications communicate over the internet using the Hypertext
Transfer Protocol (HTTP), which allows applications to transfer information quickly

and efficiently (see Figure[L.3).

An example of a REST API for bioinformatics application is the Ensembl REST ser-
vices [56] (https://rest.ensembl.org/)), which provides multiple endpoints to access

diverse data programmatically.


https://rest.ensembl.org/
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GET
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PUT
DELETE

Client sends a request HTTP methods Server sends a request

Figure 1.3: Showing REST API architecture

1.8 Data visualisation

According to the definition provided in 1987 at the National Science Foundation’s
Visualisation in Scientific Computing Workshop report: ‘[v] isualization offers a method

for seeing the unseen’ [57].

With advances in biological data acquisition, data management and data processing
technologies, researchers face challenges of developing hypotheses from data that con-
tinues to increase in volume and complexity. With this, data visualisation can play
a vital part in the biological sciences to record information, analyse data to support

reasoning and interpretation, as well as to communicate information [58].

There has been an increase in the number and variety of tools for visualising biological
data such as, genome browsers (e.g. Gbrowse [59], JBrowse [49]), sequence alignment
viewers (e.g. Jalview [60]), phylogenetic tree viewers (e.g. PHYLOViZ [61], TreeView
[62]). These tools offer a wide range of functionalities and different degrees of scalability,

some with interactive visualisation.

A major challenge for bioinformatics data visualisation tools is to find a compelling
visual presentation of size and types of datasets. Different techniques for representing
data can affect the interpretation of the results and conclusions of an experiment [63].

Good data visualisation practices should place meaning into complicated (multi-layer
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and interconnected) datasets so that their message is clear and concise. A number of

guidelines have been established for a visualisation to be considered effective.

Julie Steele and Noah Iliinsky described in chapter 4 of their book on “Designing
Data Visualizations” [64] that different visual properties which can be modified in
several ways make them suitable for encoding different types of data. The factors are
categorised as to whether a visual feature is naturally ordered, or has a number of

distinct values.

Natural ordering is suitable for quantitative or ordinal differences such as position,
length, line thickness or weight properties. Distinct differentiation features are suitable
for categorical data such as shape, texture, and line style (e.g. solid, dotted, dashed).
Figure shows visual properties which can be used to select proper encoding for

various data types.

Example Encoding Ordered Useful values Quantitative Ordinal Categorical = Relational
@@ | poton, yes infinite Good Good Good Good
placement
123ABC| textlabels al:hpa";"::m infinte Good Good Good Good
= length yes many Good Good
« @ . size, area yes many Good Good
/ — angle yes medium Good Good
atter
T oy s fow Good Good
[ igh
= e = few Good
saturation,
. .. brightness yes few Good
color no few (<20) Good
shape, icon no medium Good
pattern texture no medium Good
enclosure, -
connection no infinite Good Good
line pattern no few Good
line endings no few Good
line weight yes few Good

Figure 1.4: Showing common visual properties for the selection of an appropriate
encoding based on data type.

Reproduced from Steele et. al 2011 [64]

Similarly, Tamara Munzner describes ‘Marks’ (see Figure[L.F]) and ‘visual channels’ (see
Figure as basic graphical elements and controllers for their appearance in her book
“Visualization Analysis Design” [65]. The effectiveness of a channel for encoding data

depends on its type. For example, channels that perceptually convey magnitude infor-
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mation are a good match for ordered data and those that convey identity information
with categorical data.

(3 Points 3 Lines 3 Areas

. ° 0%, /f/J\ @5

Figure 1.5: Examples of marks: point - a zero-dimensional, line - a one-dimensional
mark, and area - a two-dimensional (2D) mark.

Reproduced from Munzner et. al 2015 [65]

Channels: Expressiveness Types and Effectiveness Ranks

@ Magnitude Channels: Ordered Attributes @ Identity Channels: Categorical Attributes
. — e A . .
Pasition on common scale ¢ % Spatial region -..
[-]
=
Position on unaligned scale * N Color hue EEN
Length (1D size) I Mation ) . ® .,_,.
e
Tilt/angle |//_ Shape + ®H A
Area (2D size) -=ml é
[
Depth (3D position) e ——e §
Color luminance ] [ f | Y
E
Color saturation O m’
Curvature
L))o,
I
Volume (3D size) c v Wiy ¢ =
v

Figure 1.6: Effectiveness of channels according to data types.

Reproduced from Munzner et. al 2015 [65]

Figure[I.6|also shows the effectiveness rankings for visual channels according to the two
expressiveness types of ordered and categorical data, ranging from the most effective
channels to the least effective from top to bottom. Ordered attributes should be pre-
sented with the magnitude channels, while categorical attributes should be presented
with the identity channels. However, it is possible to use them interchangeably, but

this can lead to misinterpretation and oversimplification.

Figure [I.7a] shows one of the five pictures BBC used in an article about how many years
would it take to afford a deposit for a house if you give up eating one avocado toast
a day. This image looks attractive but does not convey information in a comparative
manner, i.e. the difference in years between London and Berlin. This can be easily

shown with a straightforward bar graph (see Figure [1.7D)).

Here, I have summarised some of the many principles of visual design, but there is
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If you gave up avocado toast, how many years e
would it take to afford a deposit? *

60

40

No. ofyears

20

city

(a) Image showing number of years to af-
ford a deposit. From BBC News website (b) A bar chart showing number of years
2017 [66]. to afford a deposit.

Figure 1.7: Showing an example of good and bad visualisation

more information available on choosing colours, arranging networks and trees, as well

as manipulating the view [65] 64].

Community initiatives

Most biology related visualisation research has been conducted by people who have
learned about visualisation but are often not aware of the on-going research in the vi-
sualisation community. Typically, the current tools do not embrace the latest advances

in design, usability, visualisation principles, and evaluation [67].

International community initiatives (e.g. VizBﬂ BiVﬂ, and BioVisIED bring visu-
alisation experts together with computational biologists, bioinformaticians, graphic
designers, animators, and medical illustrators, and aim to raise the global standard of

the next generation of tools for visualising biological data.

1.8.1 Standalone vs web-based visualisation

Standalone visualisation tools are installed on a local computer to visualise data such
as IGV and Jalview. These applications can utilise more computing resources and
perform much faster compared to web-based tools. However, they do require specific

environments to run in, and they can not reach a wider audience.

In contrast, web-based data visualisation tools allow users to access data hosted on a

remote server and to upload their data to visualise. It is therefore ideal to use web-based

"Visualising Biological Data (VizBi) (http://vizbi.org/)
2The Biological Visualisation Network (BiVi) (https://bivi.co/)
13Biological Data Visualisation (BioVis) (http://biovis.net/2019/index.htnl)


http://vizbi.org/
https://bivi.co/
http://biovis.net/2019/index.html
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visualisation tools to reach to a broader audience. They can be rich in information as
numerous web-based visualisation technologies are now available to create interactive

web interface.

Web-based visualisation technologies

Static websites are written in the HTML markup language, which is useful to some
extent, but dynamic website is necessary for data visualisation. There are numerous
technologies available to add interactivity to the web interface. Here, I will introduce
some of the technologies, which I have used for the development of the tools discussed

in this thesis.

e JavaScript - a programming language for the web used to add dynamic behaviour

to a website, store information and handle requests and responses.

e jQuery - a JavaScript library used for simplifying the manipulation of the HTML
Document Object Model (DOM), such as position, size, and style as well as event

handling like binding and unbinding mouse over and click events.

e Scalable Vector Graphics (SVG) - a vector image file format used to generate

two-dimensional graphics on the web.

e Data-Driven Documents JavaScript (D3.js) [68] - a JavaScript library for creating

dynamic, interactive data visualisations in web browsers using SVG.
e jQuery SVG - a jQuery plugin to manipulate SVG.

e jQuery DataTable - a highly flexible plugin for the jQuery JavaScript library, can

be used to create interactive HTML tables.

Using all these popular web technologies, an interactive and information-rich front end

can be generated.

D3.js: D3.js, also known as D3 or D3, is a well-established open-source JavaScript
library to create and manipulate documents based on data. D3 uses HTML, SVG and
CSS to bring the data to life. D3’s emphasis on web standards gives developer the full

capacities of modern web browsers without binding to a restrictive framework, combin-
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ing visualisation components and a data-driven approach to DOM manipulation [69].
D3 is very popular and widely used because of its vibrant open-source community and
availability of a large number of examples. In addition, D3 is a declarative language, in
which the developer specifies what needs to be done instead of how to do it, which gives
several advantages such as faster iteration, better visualisation, re-usability, portability

and better performance [70].

1.8.2 Visualising genomic annotations with genome browsers

A genome browser is a tool that provides a graphical interface to visualise and explore
the genomic sequence and annotation. Genome browsers play a vital role in analysing
data to examine the results and generate hypotheses. Typically genome browsers can
be classified into two categories based on whether the image is rendered on the server-

side or the client-side [71].

Traditional genome browsers such as University of California Santa Cruz (UCSC)
genome browser [72], Ensembl genome browser [28], GBrowse [59] are categorised
as server-side image rendering browsers. They retrieve the data from the back-end
databases and render them into pictures on the server, and then send the pictures to
the client web browsers. More recent genome browsers such as JBrowse [49] are cate-
gorised as client-side rendering browsers. They retrieve data from the server and send
the data to the client directly in the form of text and draw the pictures dynamically
in web browsers. The server-side rendering browsers could be beneficial to be used
with a low bandwidth internet connection, but on the other side, client-side rendering

browsers reduce the server burden by allocating rendering tasks to client sides.

Genome browsers can also be categorised into species-specific and multi-species.

Species-specific genome browser

Species-specific genome browsers mainly focus on a single organism and may include
multiple layers of genomic annotations, where all annotations are mapped back to a
reference sequence such as a chromosome or scaffold. There are many species-specific

genome browsers available such as Ensembl genome browser, UCSC genome browser,
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Mouse Genome Informatics (MGI) [73], FlyBase [29], and Rice-Map [74], which play a
vital role in providing in-depth visualisation of genomic annotations from one or more

data source.

Multi-species genome browser

Multi-species genome browsers are built for cross-species comparative analysis by com-
bining sequence data and annotations for more than one organism, and these com-
parisons are pre-computed. There are many multi-species genome browsers available
such as Ensembl, Genomicus [75], and Gbrowse_syn [76]. Applications of multi-species
genome browser vary from tool to tool. Genomicus visualises the order of syntenic
genes along with phylogeny (see section [£.1.2)). Gbrowse_syn is based on GBrowse

platform and visualises alignments among various species.

Some browsers such as Ensembl genome browser has dual functionality of presenting
detailed species-specific genomic information as well as providing an overview of gene

tree along with the alignment of coding sequences (CDS) (see section [4.1.1]).

Most of these species-specific and multi-species genome browsers require heavily cu-
rated data hosted on public repositories, as well as require data in a specific format.
There is a need for versatile visualisation tools to be able to visualise genomic data of

newly sequenced non-model organisms which are not available in public repositories.

1.9 Bioinformatics Pipeline - Workflow

A workflow or a pipeline is an abstract description of steps needed for executing a
particular process, and the flow of information between each step, where each step is

performed either by people or by system functions (e.g. computer programs) [77].

A Dbioinformatics analysis typically involves using two or more tools. Each tool pro-
cesses input files and produces output files and can require many dependencies such as
programming libraries and reference databases. Therefore, to simplify bioinformatics
analysis and increase reproducibility, automated pipeline or workflows are becoming

popular [77]. Scripts written in the Unix shell or Perl, as well as the Make utility [78],
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can be seen as a basic form of pipelines. However, they were not designed specifically
for running complete multi-step analysis pipelines, and do not have built-in support for
dependency management or restarting the pipeline in case of failure. The Make utility

has no built-in support to run parallel tasks on multiple distributed hosts.

In recent years, several new pipeline frameworks have been developed to address these
limitations. These systems are explicitly designed to access, manage and process sci-
entific data sets. These systems can use remote computational resources as well as
execute a series of computational or data manipulation steps as a workflow. Table
shows a brief comparison amongst some workflow management systems. The compari-
son includes basic features for a bioinformatics pipeline, such as whether it is accessible
by Command-line interface (CLI) or Graphics User Interface (GUI), its ability to scale

to be used with HPC or to utilise cloud infrastructure and support for containers [79].

Bioinformatics analysis is not limited to a single dedicated system or institute; it spans
from personal computers to HPC, and cloud computing [80]. Therefore the compari-
son also includes the support for The Common Workflow Language (CWL), an open
standard for describing analysis workflows and tools, which makes pipelines portable

and scalable across a variety of software and hardware environments.

L Scheduling System Cloud
Pipeline / Workflow | CLI | GUI Docker Suport | CWL
(LSF, SLURM, HTCondor) | (AWS)
Snakemake [81] Y N Y N Y Y
Jupyter Notebook [82] N Y Y Y Y Y
Galaxy N Y Y Y Y Y
Apache Taverna [83] N Y Y N Y ?

Table 1.1: Comparing well-known platform used for developing bioinformatics pipelines
/ workflows. As per Google Summer of Code (GSoC) 2016 update, Apache Taverna
was working on CWL support. CLI: Command-line Interface, GUI: Graphical User
Interface, LSF: Load Sharing Facility, SLURM: Simple Linux Utility for Resource Man-
agement, AWS: Amazon Web Services, CWL: Common Workflow Language.

In bioinformatics, several alternative computation tools may be available for a single
analysis, and choosing a specific tool can alter the results and affect biological inter-
pretation. Therefore, data analysis pipelines should allow researchers to adapt, un-
derstand, experiment with, and integrate new computational tools into their analyses

4.
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As there is not a single way of finding out the ‘best’ pipeline framework, the choice of a
framework should be informed both by the demands of developing a given pipeline and
the requirements of those using it. System-specific configured pipelines are suitable
to perform routine bioinformatics analyses, while configurable pipelines that can be

accessed remotely and run in the cloud are suitable for collaborative studies [80].

1.10 Galaxy: a platform for interactive genome analysis

As sequencing techniques have become affordable, and a large amount of data is being
generated, performing in-house bioinformatics analysis and visualisation of genomics
data is very important. However, small-scale research groups might not have the nec-

essary bioinformatics expertise or computing infrastructure.

To overcome this issue, the Galaxy platform [50] (https://galaxyproject.org) (see
Figure was developed enabling biologists to perform computational analysis on the
web without extensive programming and system administration knowledge. Galaxy al-
lows users to collect and manipulate data from existing resources in a variety of ways,
including uploading and fetching data from a remote server. Multi-step analyses can
be performed by running tools in succession, and every action of the user is recorded
and stored in the history system, a key element of Galaxy enabling reproducibility.
This allows users to conduct independent queries on genomic data to combine or re-
fine them, perform calculations, or extract and visualise corresponding sequences or
alignments. The Galaxy has various components that make it widely accepted bioin-

formatics analysis tool.

1.10.1 Workflow

The Galaxy is equipped with a workflow system, where multiple tools can be assembled
to perform a comprehensive analysis. Galaxy allows users to create multi-step analyses
by using a drag and drop workflow editor. Tools can be added and connected so that
the output of one tool becomes the input of other tools. Workflows enable automating
the repeatedly running comprehensive analyses. Once created, workflows act like tools,

and they can be accessed and run from Galaxy’s main analysis interface [85].


https://galaxyproject.org
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1.10.2 Dataset collections

To facilitate analysis of many datasets concurrently, Galaxy includes dataset collec-
tions comprising related datasets and defining their relationships. Currently, Galaxy
supports two types of collections: a simple collection of multiple datasets and a paired
collection containing dataset pairs, for the data generated by paired-end or mate-pair
sequencing. Galaxy collection can be used as single dataset and execution of a tool on

a collection will run for the number of times of the datasets in a collection [85].

1.10.3 Visualisation plugins

Galaxy has the functionality to visualise data in various formats using two types of
integration: standalone visualisations and visual analysis applications [86]. Visualisa-
tions include various graphs, charts, tree viewer and genomic annotation viewer such as
Circos [87]. In a visual analysis, visualisation and analysis tools are blended to enable
seamless and often integrative use of both to understand data, one example of such

application is Trackster [88].

Galaxy integrated visualisations are particular useful when using a workflow with mul-
tiple tools as it is often helpful to be able to check the data produced by each tool to
ensure its validity [86]. Galaxy’s visualisation framework is flexible enough to accom-
modate nearly any web-based visual application; the integration of Aequatus.js has

demonstrated this (see section [4.2.6)).

1.10.4 Galaxy ToolShed

Galaxy ToolShed (https://toolshed.g2.bx.psu.edu/) is a repository which acts as
an “appstore”. It allows Galaxy administrators to install Galaxy utilities into their
instances. These utilities include tools and recipes for installing and compiling tool
dependencies, data, custom datatypes and Galaxy workflows. It is freely available to

all Galaxy instances as well as for tool developers and Galaxy admins.


https://toolshed.g2.bx.psu.edu/
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1.11 Summary

Here, I have described the rise of genome sequencing technologies and bioinformatics
resources. However, many of current bioinformatics tools are designed to access data
from heavily curated public repositories or run on command-line to perform analysis

relying on various dependencies.

Several tools can be adapted to improve bioinformatics analysis of newly sequenced ge-
nomic data. Decreasing or avoiding the necessity of making the data available through
public resources to be able to perform downstream analysis or visualisation as well
as the need of computer experts to perform bioinformatics analysis can be achieved
through the development of versatile bioinformatics applications, these strategies are

discussed in Chapters 2, 3, and 4.

Chapter 2 describes my work on TGAC Browser and wigExplorer developed to pro-

vide visualisation for newly sequenced and annotated genomes.

Chapter 3 describes the implementation of the EnsemblCompara GeneTrees pipeline
into Galaxy as a GeneSeqToFamily workflow to gain new insights into genomic data

by phylogenetic analysis.

Chapter 4 presents the Aequatus, a homology browser, developed to provide in-depth
visuals of gene families along with internal gene structural changes. It also describes
the development of aequatus.js and its integration into Galaxy to visualise gene families
discovered using GeneSeqToFamily. This chapter also includes ViCTreeView, which is

developed to visualise viral phylogeny along with pairwise distance information.

Chapter 5 consists of discussion on use cases and their impacts as well as limitations,

potential future developments and conclusion.



Enhancing visualisation approaches for

genomic annotation

Most of the current genome browsers rely on a single gold standard reference data
source and are only able to explore genomic data. There was a need for the ability to
visualise non-model, incomplete and fragmented genomic data from multiple sources as
well as perform analysis such as sequence similarity searches while exploring data. In
this section, I am discussing TGAC Browser [89], an open-source genome browser de-
veloped at the Earlham Institute (see section . Also, visual elements from previous
visualisation tools cannot be extracted to be used independently. Thus, BioJS [90] was
developed as an open-source project to create a library of interconnected JavaScript
components to visualise biological data. Here, I will discuss the development of wig-
Explorer, a BioJS visualisation component (see section , based on the following

publications, see Appendix II for the articles in their entirety.

1. A. S. Thanki, X Bian, R. P. Davey “TGAC Browser: An open-source genome

browser for non-model organisms,” bioRxiv 2019

I designed and developed TGAC Browser. I wrote the pre-print and amended it

according to co-authors comments.

2. A. S. Thanki, R. C Jimenez, G. G. Kaithakottil, M. Corpas, R. P. Davey “wig-

Explorer, a BioJS component to visualise wig data,” F1000Research 2014

I designed and developed the wigExplorer component. I wrote the paper and

improved it according to co-authors comments.

34
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2.1 TGAC Browser: an open-source genome browser for

non-model organisms

Many of the current web-based genome browsers are configured to visualise data from a
gold-standard and manually curated public repository and support specific data format.
There was a need of a genome browser to visualise newly sequenced genomic data from
various popular genomic data formats as well as early draft incomplete, fragmented
genomes of non-model organisms. Therefore, I have developed TGAC Browser as
an open-source web-based genome browser, which can visualise genomic annotation
directly from the Ensembl core database [28] hosted locally as well as other Next-
Generation Sequencing (NGS) datatypes such as Variant Call Format (VCF), General
Feature Format (GFF) and Browser Extensible Data (BED). These NGS data can be

held on the server or uploaded directly on the TGAC Browser client.

2.1.1 Software design

TGAC Browser is developed with a typical server-client architecture (detail in section
1.7.4)) to distribute the load between host and client, which also makes TGAC Browser
accessible to a wider audience through the internet. Figure is showing a simple

representation of server-client architecture implemented in TGAC Browser.

Server side

The server side of TGAC Browser is written in Java programming language. It retrieves
the data from the Ensembl database using the Java Database Connectivity (J DBC)E]

and Java Data Access Object (DAO)H

TGAC Browser uses the Ensembl database system, because it is a standard format
containing various genomic annotation, and it is widely accepted in both companies
as well as academic sites. It also provides a framework to load any standard NGS

formatted data into Ensembl databases. TGAC Browser supports the Ensembl core

LJDBC is a Java API to connect and execute the query with the database.
2DAO is an object or interface used in a programming language, it provides an abstract interface
to access data from a database without exposing details of the database.
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Figure 2.1: Showing the client-server architecture implemented in TGAC Browser.
NGS = Next Generation Sequencing, GFF: Generic Feature Format, VCF: Variant
Calling Format, SAM: Sequence Alignment/Map format

Reproduced from Thanki et al. [89)]

database from out of the box. It retrieves references from seq_region table along
with assembly information from coord_system and assembly tables. It retrieves meta
information for the genomic annotations from analysis and analysis_description
tables and relevant genomic features from respective tables within the database such

as gene, transcript, exon_transcript, exon, and translation tables.

In addition, TGAC Browser is also able to retrieve data from NGS files such as, Se-
quence Alignment/Map format (SAM), wig, GFF, and VCF using Java-Genomics-10
library [91], a Java library developed by Timothy Palpant, a software engineer at Drop-

box, to parse NGS data.

TGAC Browser retrieves and converts these data into JSON fragments and sends them

to the TGAC Browser web client using AJAX technology.
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Client side

TGAC Browser’s client-side is designed to utilise web technologies to visualise genomic
information in a web browser. It uses JavaScript, jQuery, and d3.js (see section [1.8.1])

to visualise genomic annotations received from the server.

2.1.2 Data visualisations

Depending on the type and volume of genomic data, TGAC Browser automatically
chooses a distinctive style of visualisation for different genomic annotations (see Fig-
ure . For small datasets of less than 1000 elements, each annotation is presented
independently as classic individual tracks using glyphs, while a large dataset presented
either as a heat map for more than 5000 elements (see Figure A) or as a histogram
for less than 5000 elements (see Figure B) depicting summary quantitative infor-
mation. TGAC Browser uses wiggle plots (see Figure C) for expression data using
wigExplorer [92] (see section [2.2)) from BioJS [90], and Manhattan style (see Figure
D) visuals for SNPs. TGAC Browser can also visualise paired-end sequencing data
from SAM and BAM files (see Figure E), in which first in the pair is coloured in
blue and second in the pair is coloured in brown, reads shown with yellow colours are

orphans.

This different forms of visualising data by the type and volume help the user to glance
at a larger region and then focus on a particular segment for a detailed view. It is
also memory efficient, using bar charts and heat maps to condense large amounts of

information.

2.1.3 Interface features

Following the user experience model from existing genome browsers, TGAC Browser
renders genomic coordinates left to right and genomic tracks top to bottom (see Figure
to provide a familiar user interface. TGAC Browser visualises assembly level
genomic information on top using chromosomal karyotype (see Figure F) if the
information is available as well as horizontal selectable region (see Figure G). A

user can move selector on the selectable region, and the respective selected region will
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be shown below (Figure H), this can also be visualised as nucleotide sequences and

forward three-frame translation if zoomed enough.

TGAC Browser is equipped with various browsing functionalities, such as navigation
controls in the top control bar (see Figure J) for panning and zooming. Besides,
TGAC Browser has Google Maps style navigation controls such as panning by dragging
the mouse and zooming with a scroll or double click as well as panning with arrow keys

on the keyboard.

TGAC Browser can visualise multiple genomic annotations together, they can be or-

dered by dragging them with the label of the track and can be toggled from Track-
s/Settings (see Figure C).

TGAC Browser is equipped with flexible keyword-based search functionality (see Figure
A). Tt searches against chromosome names, assembly information as well as all the
relevant genomic feature information such as gene symbols, Ensembl stable IDs (unique
identifiers in the Ensembl project for each genomic annotation), common names in the
database. It visualises results along with Chromosomal view if available or in tabular

form with a link to respective browser view.

Multi-functional popup

TGAC Browser provides a contextual menu system via pop-ups (see Figure K)
containing additional information for genomic annotation (depending on the type of
annotation), such as analysis type, position, and description. Pop-ups also contain
options to zoom on the annotation, fetch sequence in FASTA format, perform BLAST
analysis for a selected sequence, highlighting annotation and provides a link to Ensembl

for more information, where the feature is in an Ensembl Core database.

2.1.4 Data upload

TGAC Browser allows users to upload their data (e.g. GFF, GAPITH and GEMEI) and

visualise. The data remains on the client side and provides a user with the possibility

3Genome Association and Prediction Integrated Tool (GAPIT)
4GEM is a file containing information about genes, SNPs and expression data.
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to visualise confidential data without making it available from the server, potentially

breaching data privacy or licensing.

2.1.5 Sequence similarity search

TGAC Browser has integrated BLAST analysis functionality, making it stand out from
many existing genome browsers. In TGAC Browser, BLAST can be configured to run
on the server, an HPC connected to the server or NCBI. A user can utilise BLAST

functionality in two ways:

Firstly, a user can perform BLAST on a sequence of interest and results are visualised
in tabular view with links to a specific result (see Figure. This feature gives TGAC
Browser facility to search with a sequence of interest rather than just a keyword-based
search. A user can perform multiple BLAST analyses, and all the results are shown as
a selectable list, where the user can toggle between results. In here, the user can also
choose the type of BLAST as well as configure other parameters for the analysis, such

as scoring parameters and word size.

TGAC CHO: I | Blast Search | Load Session

Enter sequence below in FASTA or RAW format
[>scaffold1621.1-size467779: 231201bp - 236577bp
ltegaataaatctgc

| BLAST job GesékbJo

Blast DB TGAC_CHO_v1 #) No hits found. L
Type blastn ¢ —
Advanced Parameters: | BLAST job 06NKwb9R

Repeats # Include Repeats U

Scoring Parameter match/Mismatch| 1, -2 *
Gap Costs Existence: 5 Extension: 2+

Word Size: 16 ¢
Short Queries: | Automatically adjust parameters for short input sequences.
[

Result: 2Ftw7g6T

% alignment gap bit Download
Query id Subject id identity  length mismatches openings q.start q.end s.start s.end e-value score  Subject db Sequence
scaffold1621.1- scaffold_v1.2_076268 | size9662 10000 28 0 0 1 28 9554 9581 Be-07 545  TGAC.CHOVI |4
size467779:
scaffold1621.1 scaffold_v1.2_316988.1 |size920 |unplaced  92.00 25 2 0 1 25 457 433 0.14 7.2 TGAC_CHOv1 4
Sized6777%:
scaffold1621.1- scaffold_v1.2_41562.1|size10905 unplaced  92.00 25 b 0 3 27 9050 9026 0.14 372 TGACCHOWVI |4
5ized67779:
scaffold1621.1- scaffold_v1.2_165868 | size6991 100.00 19 0 0 3 n 63 45 0.14 372 TGAC_CHOv1 '+

size467779:
©2011 - 2014 The Genome Analysis Centre | Version: 0.2.1 | Feedbac)

Figure 2.4: BLAST search showing results with links out to associated TGAC Browser
instance. On top right showing list of BLAST run, allowing previous results to be
shown and removed.

Reproduced from Thanki et al. [89)]

Secondly, a user can perform BLAST from a pop-up menu on any of the selected

genomic feature and results are presented as a genomic track alongside others (see
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Figure . BLAST Results are coloured using the standard BLAST schema based
on the bit score, and insertions and deletions are presented as a black box on relevant
BLAST hit. This type of BLAST feature can be used to find out other matching
regions for the selected annotation, to find the copy number of particular genomic

feature in the case for ploidyP}

Figure 2.5: BLAST search showing results as genomic track. On top right pop-up
showing insertions and deletions at the position, BLAST hits are coloured based on
score.

Reproduced from Thanki et al. [89)]

2.1.6 Summary

To summarise, TGAC Browser is an open-source web-based genome browser, designed
to visualise genomic annotations of model and non-model organisms from a variety of
data sources. Ability to visualise genomic data straight from the Ensembl database as
well as various NGS data format makes it widely adaptable. Integration of BLAST
analysis makes it more than just a genomic data exploration tool. TGAC Browser was
ahead of its time when it was developed, and it is super-seeded by modern genome
browsers but, still many of them can not work with non-model organisms and frag-

mented datasets.

5Ploidy is the number of complete sets of chromosomes in a cell



CHAPTER 2. ENHANCING VISUALISATION APPROACHES FOR GENO... 43

2.2 wigExplorer, a BioJS component to visualise wig data

Wiggle (wig) data is a text-based genomic data format, designed to describe the con-
tinuous density data, such as probability scores and gene expression values. The size
of the wig file depends on the density of the data (e.g. single base coverage or com-
pressed data using span) rather than the length of the genomic region. Wig formatted
file is widely used by many genome browsers such as Gbrowse, JBrowse and TGAC
Browser (see section . Most of the existing genome browsers use a hard-coded sys-
tem to visualise wiggle data specifically developed for the tool, which can not be used

independently or in conjunction with other tools.

I have developed wigExplorer [92], as a BioJS component, to visualise wig-formatted
data. BioJS provides an open-source platform for 235 interconnected and reusable
biological visualisation components at the time of writing. Therefore, wigExplorer can

be used independently as well as in conjunction with other components.

2.2.1 Implementation

wigExplorer visualises data from both variableStep as well as fixedStep formatted
wig files. variableStep format (see Listing is more commonly used wig format,
it contains data with irregular intervals between new data points. fixedStep format
(see Listing [2.2) is the more compact wiggle format, it is used for data with regular

intervals between new data values.

[

variableStep chrom=chrl
10 34
20 41
60 57
70 66
80 67
90 66
100 73

© 00 N O Ut k= W N

110 75

—_
o

120 73

—_
=

130 72

Listing 2.1: Example of variableStep wig file
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© 00 N O Ot s W N

—
o

fixedStep chrom=chr3 start=400601 step=100 span=5
34
41
46
49
52
57
66
67
66

Listing 2.2: Example of fixedStep wig file

44

wigExplorer follows the standard BioJS component specification. It requires a mini-

mal configuration (see in Listing [2.3), where the target (line 2) is set to the HTML

component (div ID) of the placeholder for visualisation to render, the dataSet (line

3) is set to the path of the input wig file, and the colour for the wiggle plot can be

set using selectionBackgroundColor (line 4). wigExplorer also allows interaction via

predefined events using an API (see in Listing [2.4]) to update the visualisation using a

new start and end position.

1

2
3
4
5

[

var instance = new Biojs.wigExplorer ({
target: YourOwnDivld,
dataSet: <path—to—wig—file >,
selectionBackgroundColor: <background—colour>

1)

Listing 2.3: Snapshot of code to configure wigExplorer

instance._updateDraw (start , end)

Listing 2.4: Snapshot of code to update wigExplorer

2.2.2 Interface features

To generate an interactive and clear visualisation from wiggle data, wigkxplorer imple-

ments the D3.js library (see section [1.8.1]). Users can pan and zoom the visible region

of the selected reference using the controls on the top-left. For a wig file containing
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multiple regions, the reference region can be changed by using the dropdown on the

top-right (See Figure [2.7)).

BB e = Reference: | ch02 :

Figure 2.6: wigExplorer view of tomato variety Heinz chromosome 2. Peaks show single
nucleotide polymorphism (SNP) density of 1KB size bins. A change of SNP density
can be observed around the 24M mark, with a slightly greater density of SNPs on the
right, indicative of a potential interrogation segment from another related species.

Reproduced from Thanki et al. [92]

2.2.3 Use case

Being a BioJS component, wigExplorer can easily be integrated into and controlled by
any web-based application, thereby advancing its uptake. This has been demonstrated
by integration of wigExplorer into the TGAC Browser (see section |2.1)) to visualise wig

data, either from data on the server or from user-uploaded data.

(AL

Novel T =
714261 (737496 Go | B o === Q000 + Eawn Bossion | Track | Sastiogs

TS AT 0 TR

1 1 1 i =

2 - m s
Tt 15585 Thés0a Tim 719555 TROETY nnn 123526 TaaBey THAT3 |
[Novei Retarence & ]
Known_Model_Gene @ ¢ =

NI . ——
gona_i R e

Figure 2.7: The wigExplorer track shows read coverage in Myzus spp. for scaffold 1.
Forward and backward strands are depicted in red and blue, respectively. Evidence
genes from a closely related species are displayed in the track below.

Reproduced from Thanki et al. [92]
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2.2.4 Summary

To summarise, wigExplorer is an open-source BioJS visualisation component developed
to visualise genomic expression data. It can easily be integrated into any web-based
application that supports JavaScript. To date, wigExplorer is the only component to
visualise wig data that complies with BioJS standards. wigExplorer was developed
during the BioJS version 1 life cycle, so, unfortunately, it only works specifically with
BioJS legacy code. BioJS went through a complete redesign of the library and was
released in 2014 as version 2.0. wigkExplorer was revised to support this new release by

Sebastian Wilzbach [03]. Though, it is not fully compatible with version 2.0, and later.



Annotation and characterisation of gene

families using Galaxy

Most of the tools and pipelines developed for analysing comparative genomics data are
command-line based and require many dependencies. In the case of annotating and
characterising gene families, this is no different. To overcome this issue, I have devel-
oped GeneSeqToFamily, a Galaxy workflow based on the EnsemblCompara GeneTrees
pipeline. I discuss the EnsemblCompara GeneTrees pipeline in section and the

development of GeneSeqToFamily in section based on the following publication:

1. A. S. Thanki, N. Soranzo, W. Haerty, and R. P. Davey, “GeneSeqToFamily: a
Galaxy workflow to find gene families based on the Ensembl Compara GeneTrees

pipeline,” GigaScience 2018

I defined the overall problem with the current solution and developed the Galaxy
platform-based software solution also wrote the paper and improved it according
to co-authors comments. Nicola Soranzo advised on integrating new and existing

tools into Galaxy.

3.1 The EnsemblCompara GeneTrees pipeline

The EnsemblCompara GeneTrees pipeline [41] was developed to predict gene trees
using existing tools. It is made up of eight main steps for clustering, multiple sequence
alignments, and tree generation using popular tools such as BLAST, hcluster_sg [94], 95],
T-Coffee [96], and Tree Building guided by Species Tree (TreeBeST) [97], a phylogenetic

tree construction tool. The advantage of this pipeline is that it provides gene tree

47
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topology for the discovered gene families as well as the protein alignments.

The pipeline uses TreeBeST to generate genetree using CDS. TreeBest, developed as
a part of TreeFam, implements various separate phylogenetic methods and merges the
results into a consensus tree to minimise duplications and deletions relative to a known
species tree. In this way, TreeBeST takes advantage of the fact that DNA-based trees
are usually more accurate for closely related species, and protein-based trees are better

at longer evolutionary distances.

The Ensembl GeneTrees pipeline is a gold standard analysis pipeline used within En-
sembl resources to find gene families among the deposited genomes. According to
Google Scholar, it has been cited for 876 times. The results of the pipeline are being
used by other resources for further analysis such as Genomicus uses Ensembl data to

visualise homology.

3.2 GeneSeqToFamily: a Galaxy workflow to find gene
families based on the EnsemblCompara (GeneTrees

pipeline

The EnsemblCompara GeneTrees pipeline [41], useful as the pipeline is, it is command-
line based and requires 44 dependencies, which makes it challenging to use by a non-
computer expert and also makes it difficult to configure for a bioinformatician. Thus,
I decided to use Galaxy to overcome these problems and developed GeneSeqToFamily

[98], a Galaxy workflow based on the EnsemblCompara GeneTrees pipeline.

The GeneSeqToFamily allows users to run gene family analyses through a graphical user
interface without any knowledge of the command-line. It also allows tool parameters,
configurations, and the tools themselves to be modified to make it suitable for different

genomes and need of the analysis.

For this workflow, I took advantage of already existing tools (BLASTP, T-Coffee,
EMBOSS) to reduce redundancy but also developed new tools (BLAST parser [99)
and hcluster_sg parser [L00]). Some tools required to write wrappers to be used in

Galaxy (hcluster_sg and TreeBeST'). A complete list of these tools is available in Table
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3.1
Tool name Tool ID Developed at Earlham Institute
Tool ‘Wrapper
Get sequences by Ensembl ID get_sequences v’ v’
Get features by Ensembl ID get_feature_info v’ v
Select longest coding sequence per gene | ensembl longest_cds_per_gene | v~ v’
ETE species tree generator ete_species_tree_generator v’ v’
GeneSeqToFamily preparation gstf_preparation N v’
BLAST parser blast_parser v’ v’
hcluster_sg hcluster_sg v’
hcluster_sg parser hcluster sg_parser N v’
T-Coffee t_coffee v’
TreeBeST best treebest_best v
Gene Alignment and Family Aggregator | gafa v’ v’

Table 3.1: Galaxy tools and wrappers developed for the workflow.

3.2.1 GeneSeqToFamily input data

The workflow requires three inputs: (1) coding sequences (CDS), (2) gene feature
information and (3) a species tree. User can provide these inputs or can be prepared
using tailored tools developed as a part of the workflow package, the Ensembl suite

[101] and GeneSeqToFamily preparation tool, to retrieve and prepare data.

Retrieve data with the Ensembl suite

To avoid the tedious process of downloading data from the Ensembl and making them
available, as well as to help the user with data preparation, a REST-based suite of En-
sembl tools was developed for Galaxy. This enables retrieving data (sequence, genomic
feature and gene tree) directly from the Ensembl server with the help of Ensembl REST
API [56]. These tools take a list of feature IDs as the input and retrieve respective
information from Ensembl resources. These tools are useful for the data preparation
for GeneSeqToFamily, as using annotated Ensembl data used with newly sequenced
non-model organism data can help define gene families. These tools could also be used

to retrieve data for various other analysis.
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GeneSeqToFamily data preparation

GeneSeqToFamily workflow requires input in specific formats. GeneSeqToFamily Prepa-
ration tool was developed to convert data into GeneSeqToFamily supported formats.
It takes CDS sequences in FASTA format and generates FASTA with modified head-
ers containing species information. This FASTA headers with species information is
required by TreeBeST to generate gene tree using species tree. To visualise gene fea-
tures along side the gene tree, the GeneSeqToFamily Preparation tool also takes gene
features in GFF3 or JSON, or both, then generates a SQLite database for gene feature
information. We chose SQLite over GFF3 or JSON because, the GFF3 format has
a relatively inconvenient and unstructured additional information field (9th column)
and SQLite provides faster and efficient search functionality than text-based GFF3 or
JSON.

GeneSeqToFamily Preparation tool has following options:
1. Keep only the longest CDS per gene

This will select the longest CDS per gene to avoid self-matching isoforms for the

gene, which can result in the unreliable gene tree.
2. Set transcript ID to FASTA header

This will set transcript IDs from the gene feature as CDS FASTA header, If CDS
FASTA header is not transcript IDs, Aequatus visualisation will not be able to

link gene tree with gene features
3. Filter out CDS from chosen references.

This option can be used to discard CDS with special codons such as mitochondrial

genes.

3.2.2 GeneSeqToFamily workflow

The GeneSeqToFamily workflow comprises seven main steps (see Figure . The

complete workflow, containing several intermediate steps, can be seen in Figure [3.2
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Step 1:

Step 2:

CDS to protein translation with Transeq

GeneSeqToFamily workflow takes CDS file (see Figure A) and translates
into protein sequences rather than taking protein sequences as an input, be-
cause TreeBeST (see step 5) requires nucleotide sequences to generate a gene

tree.

To translate CDS input to protein sequences, GeneSeqToFamily uses Transeq,
part of EMBOSS [51]. These protein sequences will be used to run BLASTP

to find protein clusters (see step 2).
Pre-clustering alignment with BLAST

Pre-clustering alignment is generated by using the BLASTP of BLAST+
package [26], [102] tool within Galaxy. Here, BLASTP aligns protein sequences
against the database created from the same sequences to find matching se-
quences from the set of input data. Default parameters for BLASTP are
shown in Listing [3.1] and the output format is set to 12 or 25-column be-
cause workflow requires pairwise statistical comparison and does not require

sequence alignment.

1| —seg no (Filter out low complexity regions (with SEG))
2| —max_hsps_per_subject 1 (Maximum number of alignments to
keep for any single query—subject pair)

3| —evalue le—10 (Expectation value cutoff)

Listing 3.1: Default BLASTP parameters in the workflow.

Step 3:

BLAST output is then fed into the BLAST Parser [99] to convert it into
the 3-column tabular input format required by hcluster_sg [94, 05]. This
format comprises the BLAST query 1D, the hit result ID, and the edge weight.
The edge weight is calculated as Weight=min(100,round(-logo (evalue)/2)).
BLAST Parser removes self-matching BLAST results and also provides an

option to filter out non-reciprocal BLAST hits for stringent analysis.
Cluster generation with hcluster_sg

Clusters are generated from BLAST parser output using hcluster_sg, a hi-

erarchical clustering algorithm, with parameters shown in Listing It
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iteratively groups the two closest nodes (sequence Ids in this case) from the
BLAST Parser output, then the distance between other nodes and joined
node would be the mean distance for joined nodes. At the end of the process,

it generates a single list of clusters from the BLAST Parser output.

1| —m 750 (Maximum cluster size)

2| —w 0 (Minimum edge weight)
3] —s 0.34 (Minimum edge density between a join)
4| —O no (Use once—fail —inactive—forever mode)

Listing 3.2: Default hcluster_sg parameters in the workflow.

Step 4:

hcluster_sg parser tool [100] is then used to separate each cluster because
downstream analysis of the workflow is performed separately on each cluster.
hcluster_sg parser takes output from hcluster_sg and creates an individual list
of sequence IDs for each cluster. It also has options to set minimum and
maximum threshold for cluster size, and sequence IDs for the clusters does
not meet the minimum, and maximum threshold will be added into a sepa-
rate file. Here, hcluster_sg parser provide an option for minimum threshold
as TreeBeST can not generate gene tree for a cluster with less than three
sequences and the maximum threshold is set to separate large clusters for

reiteration of previous steps with stringent parameters to get smaller clusters.
Cluster alignment with T-Coffee

Multiple Sequence Alignment (MSA) for each cluster is generated using 7-
Coffee [96], a package in which multiple alignment methods (e.g. clustal,

MAFFT and MUSCLE) can be combined and generate a single alignment.

Typically, T-Coffee takes multi—FASTAlH as an input and performs MSA on
them. To find the similarity among the sequences in each cluster, workflow
needs to perform MSA for each cluster separately. For that, the first workflow
needs to generate individual FASTA files for each cluster then perform MSA
using T-Coffee. I modified the T-Coffee wrapper for Galaxy [103] to perform
MSA on a subset of sequences provided by the list of FASTA IDs. This

modification helps to remove an extra step for the workflow of filtering input

LA multi-FASTA file contains multiple FASTA formatted sequences.
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Step 5:

Step 6:

sequences for the clusters, avoids the addition of intermediate dataset to the

Galaxy.

The GeneSeqToFamily workflow uses ClustalW as default alignment method

in T-Coffee, but it can be changed per users’ preference.
Gene tree construction with TreeBeST

Gene trees are constructed for each cluster using TreeBeST [39,07]. TreeBeST
is designed to generate a gene tree with a known species tree, but it can also

be used to display and manipulate trees.

TreeBeST requires nucleotide MSA as input to generate gene trees, but till
now the workflow was using protein sequences and generated MSA for pro-
tein sequences (in step 4). Tranalign, part of EMBOSS [51], is used to gen-
erate MSA of CDS (one of the input, see Figure A) by mapping protein
alignments on nucleotide sequences. Resulting MSA of CDS is then used in

TreeBeST to generate gene tree.

Here, the ‘best’ option from TreeBeST is used, which builds five different gene
trees using different phylogenetic algorithms (maximum likelihood tree from
nucleotide and protein alignment, a neighbour-joining tree using p-distance,
dN distance and dS distance), then merges them into a single consensus tree
using a species tree as a reference. Resulted gene tree also contains useful
annotations for phylogenetic information like speciation (S), duplication (D)

and duplication score (DCS).
Gene alignment and family aggregation (GAFA)

I developed Gene alignment and family aggregation (GAFA) as a Galaxy tool
to merge results from T-Coffee (step 4), TreeBeST (step 5) and gene infor-
mation (from input C) into a single SQLite database. It requires gene trees
in Newick format, protein MSA in multi-FASTA format, and gene feature
information in SQLite format (generated using GeneSeqToFamily preparation

tool) and stores them in an SQLite database (see Figure .

The database contains four interconnected tables (gene, transcript, gene_fa
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Figure 3.3: Gene alignment and family aggregation (GAFA) SQLite database schema.
Reproduced from Thanki et al. [98]

mily, and gene_family_member) with genomic information and a meta table
with version information. It also contains a database viewEl called transcript_
species for an efficient link between transcript and species information

from the gene table.

MSA generated by T-Coffee (step 4) is in multi-FASTA format, which can
be large in size and occupy more space in the database. To reduce the size of
the database, GAFA tool converts each FASTA formatted MSA into a simple
CIGAR string before storing in the database. Because CIGAR is a string that
describes the alignment efficiently. Generally, CIGAR is used for the pairwise
alignment, but here we are using it for MSA. A small example of CIGAR for

MSA is shown in Listing [3.3

2A view contains rows and columns, much like a real table. A view does not store data, but is a
searchable object in a database that is defined by a query, also known as a virtual table



CHAPTER 3. ANNOTATION AND CHARACTERISATION OF GENE FAM... 57

1| seql: NLYIQWLKDGGPSSGRPPPS
2| seq2: NLYIQWLKDGGPSSGRPPPS
3| seq3: GDAYAQWLADGGPSSGRPPPSG
4
5 alnl: —NLYIQWLKDGGPSSGRPPPS-
6| aln2: —NLYIQWLKDGGPSSGRPPPS-
7| aln3: GDAYAQWLADGGPSSGRPPPSG
8
9/ CIGARI1: DI9MDM

10| CIGAR2: DI19MDM

11| CIGAR3: 22M

Listing 3.3: Example of MSA and CIGAR. MSA generated using online 7-
Coffee with default parameters.

Step 7: Visualisation with Aequatus

SQLite database can be queried using standard SQLite compatible tools.
However, we use Aequatus.js plugin (see section to explore gene fam-
ily and homologous genes relationships. The Aequatus plugin takes SQLite
database (from step 6) as input and visualises gene families (see Figure
similar to the Aequatus project. The Aequatus plugin in Galaxy is now avail-

able by default in the Galaxy platform (since version 19.01).

[ —— e Se—m s — e— e REIEEUEE

a0 o -0 e O OO o< -E - G
g e e e e —— e PR

—— g e e e — ] EEED<C

0 N TaEmm-C o - O - T O | I nomascus_leucogenys:BRAT1

Figure 3.4: Homologous genes of BRAT1 for the Homo sapiens (human), Pan
troglodytes (chimpanzee), Nomascus leucogenys (gibbon), Gorilla gorilla (gorilla), and
Pongo abelii (orangutan), where shared exons are colour coded in same colours.

3.2.3 Supplementary workflows

Along with GeneSeqToFamily workflow, two supplementary workflows are developed:
one to retrieve lists of orphan genes and another to find homologous genes for the

orphan genes using SwissProt, a curated protein sequence database.

The first workflow is developed to find orphan/unique genes from the GeneSeqToFam-
ily workflow. As part of the homology search, some genes might appear to have no

homologous relationship to any other genes among the species used. This could be
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the consequence of the choice of parameters of the tools, incomplete annotation or the
input dataset may contain data from the distant evolutionary species with little, or no

phylogenetical relationships.

The workflow starts with finding sequence IDs present in GeneSeqToFamily input data
(input A) but missing from the results of BLAST parser (see section step 2)
then merging this list with the sequence IDs discarded by hcluster_sg parser (see sec-
tion step 3). After that, it retrieves the respective sequence for each ID from
GeneSeqToFamily input CDS using Filter by FASTA IDs [104], a Galaxy tool to filter
FASTA by the headers and/or the sequences. The resulting list of sequence belong to

the orphan/unique genes.

The second workflow is developed to facilitate the annotations and interpretation of or-
phan genes, CDS for these genes are fed into the SwissProt workflow to find homologous

genes or protein domains in other species not present in the input dataset.

The second workflow starts with the translation of CDS (typically retrieved from
the previous workflow) into protein sequences using Transeq. Then it performs the
BLASTRP for the protein sequences against the Swiss-Prot databaseﬂ (downloaded from
NCBIEI) after that it extracts UniProt ID5E| from BLASTP results and retrieves En-
sembl IDs (representing genes and transcripts) for each UniProt ID using UniProt 1D
mapping and retrieval tool [105]. For these Ensembl IDs, it retrieves genomic informa-
tion for gene IDs as well as CDS for transcript IDs using the Ensembl suite. These data
can be used to re-run GeneSeqToFamily workflow to find and visualise gene families

for new data.

These two workflows are designed to help users identifying and interpreting unique

genes present in the input dataset.

3.2.4 Example

Here, I present an example with step by step process of finding homologous genes start-

ing from data retrieval followed by data preparation and then running the workflow.

3Swiss-Prot is a curated protein sequence database developed to provide a high level of annotation.

4National Center for Biotechnology Information (NCBI)

5UniProt is the Universal Protein resource, a central repository of protein data combining the
Swiss-Prot, TTEMBL and PIR-PSD databases.
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1. Upload or paste Ensembl Gene IDs for the genes of interest (see Listing as well as

species names (see Listing |3.5)) into Galaxy.

. Retrieve CDS for the uploaded Gene Ids by using Get sequences by Ensembl ID tool, and

setting the ‘type’ as CDS.

. Retrieve gene feature information using Get features by Ensembl ID tool, and setting

‘expand’ to yes.

. A species tree can be generated from a list of species by using ETE species tree generator

(Galaxy Version 3.0.0b35), setting ‘Use in TreeBeST’ as yes.

. Prepare data using GeneSeqToFamily preparation tool, selecting gene features in JSON
format (from step 3) and CDS (from step 2). Set ‘Keep only the longest CDS per gene’
to yes to keep only one CDS per gene and change FASTA header to ‘TranscriptId_species’
to yes. It will create formatted FASTA file (with the header as trascriptid_speciesname),

an SQLite database (containing gene features), and filtered out FASTA.

. Run the GeneSeqToFamily workflow using the datasets generated in step 5 and the species

tree (from step 4).

7. Visualise results using the Aequatus plugin (see Figure within Galaxy described in

S O e W N

327 step 7.

ENSPTRG00000018865
ENSPTRG00000052179
ENSG00000106009

ENSGGOG00000008928
ENSPPYG00000017318
ENSNLEG00000010655

Listing 3.4: List of Gene IDs of BRAT1 for the Homo sapiens (human), Pan troglodytes

(chimpanzee), Nomascus leucogenys (gibbon), Gorilla gorilla (gorilla), and Pongo abelii

orangutan
g

—

Tt W N

homo sapiens

pan troglodytes
nomascus leucogenys
gorilla gorilla

pongo abelii

Listing 3.5: List of species
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3.2.5 Benchmarking

The GeneSeqToFamily workflow was tested with a small dataset of 39 sequences of
three gene families by comparing the results of GeneSeqToFamily with existing gene
tree reported in the Ensembl. The workflow led to similar gene tree inferences as of the
Ensembl, further consolidating our aim to reproduce the EnsemblCompara GeneTrees

pipeline within a Galaxy workflow.

The GeneSeqToFamily workflow is developed using existing tools with pre-defined pa-
rameters. To look into the effect of parameters used by the workflow, it was tested
with the reference proteomes of 754,149 sequences from 66 species established by the
Quest for Orthologs (QfO) consortium [106]. QfO provides a shared reference dataset
to benchmark, improve and standardise orthology predictions tools. This test was
performed with different sets of parameters for BLASTP and hcluster_sg (see Table
. A brief statistical report, generated from the results (see Table , showing
that parameters used in BLASTP and hcluster_sg affects the number of gene families
heavily. Strict parameters for BLASTP and hcluster_sg (parameter set F) generates a
large number of smaller families, where relaxed parameters (parameter set A) results

into a small number of larger families, which may include distantly related genes.

Parameter set
Tool Parameter
A B C D E F

Expectation value cutoff 1le-03 | 1e-03 | 1e-03 | 1e-10 | 1e-10 | 1le-10
BLASTP

Query coverage per hsp 0 0 90 0 0 90

Minimum edge weight 0 20 0 0 20 20
hcluster_sg

Minimum edge density between a join | 0.34 | 0.50 | 0.34 | 0.34 | 0.50 | 0.50

Table 3.2: Set of parameters used in BLASTP and hcluster_sg to compare results.
BLASTP was configured with maximum number of HSPs set to 1, and hcluster_sg
with single link clusters set to ‘no’ and maximum size set to 500, and parameter set D
is showing the default parameters used in the Ensembl Compara pipeline.

Reproduced from Thanki et al. [9§]

To compare the results of GeneSeqToFamily with other homology tools, I have per-
formed benchmarking using the QfO, which assesses the accuracy of a tool or pipeline to
predict 1-to-1 orthology by comparing results with existing resources. GeneSeqToFam-

ily performs comparably to other tools benchmarked in QfO, even surpassing them for
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Summary
Analysis A B C D E F
No. of genes 754,149
No. of families 58,272 | 74,252 | 83,900 | 63,289 | 74,309 | 79,879
No. of larger families (>200) 435 168 56 350 167 46

No. of smaller families (<200) 30,563 | 40,530 | 44,295 | 33,308 | 40,579 | 41,794

Considered families (>3 and <200) | 27,274 | 33,556 | 39,548 | 29,628 | 33,562 | 38,039

Largest family size 615 567 556 652 561 527

Table 3.3: Results of the GeneSeqToFamily workflow run with 6 different set of pa-
rameters, the complete list of which are shown in Table

Reproduced from Thanki et al. [98]

true positive ortholog discovery in some parameter spaces (see Figure [3.5]). As the QfO
service is designed for 1-to-1 orthologs, it records paralogs and 1-to-many orthologs as
false positives, hence reducing our overall specificity because the GeneSeqToFamily fo-
cuses on whole gene families, regardless of the type of homology among the members of
a gene family. More details about both of these tests are available in GeneSeqToFamily

workflow manuscript [98].

3.2.6 Current issues
Forever running BLAST jobs

The first version of the workflow is developed based on the EnsemblCompara GeneTrees
pipeline, using the same tools and parameters wherever possible. After using it for big
datasets such as QfO proteome data, it became necessary to modify the workflow to

cope with larger datasets.

Specifically, BLAST seemed to be the bottleneck taking the substantial amount of
time compared to other steps of the workflow. To solve this issue, input data for
BLAST was split into multiple smaller chunks using fasplit [107] and perform BLAST
alignment then concatenate results for each chunk before performing BLAST parser.
In this approach, BLAST database is generated using the single input file, thus results
would be the same as running single BLAST. Also, this process runs multiple BLAST

in parallel for smaller input query; it is much faster than running a single BLAST.
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Figure 3.5: Showing results for benchmarking on Quest for Orthologs

Reproduced from Thanki et al. [98]
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Large Galaxy collections

GeneSeqToFamily workflow performs well to find homologous genes and gene families,
but sometimes for large datasets, the number of gene clusters can be high (tens of
thousands). This results in Galaxy tools running in parallel for a large collection.
Galaxy can fail to handle larger collections, especially in the case of job failure due to
a technical issue with Galaxy instance or HPC, and failed jobs need to be restarted

manually.

Memory hungry hcluster_sg

hcluster_sg is a hierarchical clustering algorithm, it iterates through all the nodes in
input data finding the closest nodes until it generates a single list of clusters. A large
input dataset can affect the performance of hcluster_sg. It requires a large memory,
sometimes which is not possible. Here, I am investigating into finding an alternate of

hcluster_sg for clustering purpose.

3.2.7 Summary

The GeneSeqToFamily is a Galaxy workflow to analyse and discover homologous genes
and their corresponding gene families based on the EnsemblCompara GeneTrees pipeline.
It lets users interrogate genes of interest without using the command-line while still

providing the flexibility to tailor analysis by changing parameters and tools if necessary.

GeneSeqToFamily workflow and required tools are freely available from the Galaxy
ToolShed. The workflow can be installed and made available on any Galaxy instance,
and a Galaxy can be configured to run locally or on a HPC. The run time of the
workflow solely relies on the specification and configuration of the Galaxy host, as well

as configuration and usage of the Galaxy instance.

As GeneSeqToFamily workflow developed incorporating existing tools, results of the
workflow entirely rely on the chosen tools and parameters especially in the earlier stages
of the workflow such as BLAST and hcluster_sg, which has been demonstrated in the

benchmarking section (see section [3.2.5). Depending on the quality of input dataset
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and the application, some parameters and tools might need to be replaced with a more

suitable alternative available.

The Galaxy community can undertake their analyses and provide feedback to improve
various tools and share combinations of parameters used in the GeneSeqToFamily work-
flow to achieve better gene families for their datasets. This collaborative approach also

offers an opportunity to add additional analytical functionalities to the workflow.



In-depth interrogation of phylogeny

through new visualisation tools

In recent years, there has been significant progress in comparative genomics research
and development of new software aimed at improving visualisation approaches for phy-
logenetic information. There have been surprisingly few providing interactive visual-
isation for detailed changes in gene structure as well as visualising virus phylogeny
along with options to distinguish sub-clusters by pairwise distance matrix. Here, I
will discuss the development of Aequatus and VicTreeView, two visualisation tools, in

section [4.2] and [4.3] based on the following publications:

1. A. S. Thanki, N. Soranzo, J. Herrero, W. Haerty, and R. P. Davey, “Aequatus:

an open-source homology browser,” GigaScience 2018

For Aequatus project, I defined the overall problem and developed the software
solution. I wrote the entire draft version of the paper and revised it according to

co-authors comments.

2. S. Modha, A. S. Thanki, S. F. Cotmore, A. J. Davison, and J. Hughes, “Victree:
an automated framework for taxonomic classification from protein sequences,”

Bioinformatics 2018

For the ViCTree project, I designed and developed ViCTreeView to resolve the
visualisation problem defined by the first author. I also assisted in drafting and
reviewing the paper, and proposed various refinements to the draft proposal made

by the first author.

65
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4.1 Multi-species genome browsers

4.1.1 Ensembl genome browser

The Ensembl genome browser [108] visualises gene trees (see Figure through the
main Ensembl server. These gene trees are generated using the EnsemblCompara
GeneTrees pipeline [41I]. The display shows the phylogenetic tree representing the
evolutionary history of genes alongside sequence alignment. It represents evolutionary
events by using different colours for internal nodes of a phylogenetic tree. The amino
acid alignment is shown next to the corresponding node, and the consensus amino acid

alignment is shown for the collapsed node.

In the gene tree, the gene of interest is highlighted with red label, and homologues are
shown in black and within-species paralogs are shown in blue, if the option to view
paralogs is selected (below the tree diagram). The gene tree can be collapsed and
expanded by clicking on an internal node. Ensembl also provides predefined options
to expand and collapse a node: such as View current gene only, View paralogs of the
current gene, View all duplication nodes, View fully expanded tree, Collapse all the

nodes at the taxonomic rank and the custom tree.

R<EEH

— Repsles and birds: 38 homologs

Primates and Rodents: 29 hamologs.

Lsurssistherian mammals: 25 hamalags

Placental: 5 homalags

o eram, paymus
bratt, Menopus

BRATS, Coslacanth

Ray-finned fishes: 52 homalogs

0067084,

LEGEND

Branch Length Nodes Genes Collapsed nodes Collapsed Alignments Expanded Alignments
— xLbranch length o gene node Gene 1D gene of interest collapsed sub-tree [ 0 - 33% aligned seq gap
--- 10 branch length = speciation nede Gene 1D within-sp. paralog - collapsed (this gene) [ 33- 66% aligned seq aligned seq
-+ X100 branch length = duplication node @ collapsed (parslon) W 55 - 100% aligned seq
Smlidous ol (x10 branch length)
. gene spiit event

(x100 branch length)

View options:

nt gene only (Default)
logs of current gene

® Collapse all the nodes at the taxonomic rank | — Select a rank- v

Use the ‘configure page’ ink in the left panel to set the default. Further options are available from menus on individual tree nodes.

Figure 4.1: Showing an example of BRAT1 gene tree in Ensembl.
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4.1.2 Genomicus

Genomicus [75] is a multi-species genome browser developed to visualise syntenic genes
extracted from the Ensembl databases. It presents syntenic genes and their order
along with an interactive collapsible phylogenetic tree on the side. It provides a very
informative and interactive way of visualising phylogenetic data; however, it is only
able to present an overview of syntenic regions reaching down to the gene order and
orientation. Besides, Genomicus also provides two other visualisations for pairwise

genome comparison: KaryoView and MatrixView.
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eeE CoOOdCPPEEID @D AT IPDd@ DD ADE @ pan(-2Myago)-block 25
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— o ee@ DOJddPPpEedn e gaode ®» oo |
—0 appeeroCda e

Orangutan - Chr:7
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Figure 4.2: Showing the example of homologues for BRAT1 and neighbouring genes in
Genomicus.

4.2 Aequatus: an open-source homology browser

As useful as these tools are, they only provide an overview of a given phylogeny but
do not provide genomic structural differences confirming insertion and deletions in the
gene, which is a result of mutation and responsible for evolution. Thus, I have developed
Aequatus [109] to overcome these limitations of the currently available resources and

bridge the gap between a representation of phylogeny and gene structure comparison.

Aequatus visualises phylogenetic information such as gene tree and homology from the
Ensembl Compara and Ensembl Core databases but is not limited to them. It can also
visualise gene tree within Galaxy using the results of the GeneSeqToFamily workflow
(see section. To speed up development and to adhere to well-defined and well-used
standardised structured data storage formats, I chose not to develop a novel database
schema or data format but rather to use the already existing Ensembl database schema.
The Ensembl database presents a standardised genomic features schema that has been
widely accepted and used by many projects, such as Genoverse [110], easyGWAS [111],
and Genomicus [75].
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4.2.1 Software design

Aequatus is designed with a typical server-client architecture (see section to avoid
any additional effort of setting up a local environment for application installation for
the user. Figure is showing a simple representation of server-client architecture
implemented in Aequatus. Server module of Aequatus is installed on an institutional
server and provides a standardised transparent interface to clients. Client computers

provide an interface so users can access it remotely with a standard web browser.

el el el
Core Core Core SMART RESTAPI

el

Compara

~
Java
Data Access Object
Server

Java Services = SMART service
. J
(

Web Interface

Client

\_

Figure 4.3: Showing the Aequatus infrastructure.

Reproduced from Thanki et al. [109]

Server side

The server side of Aequatus is implemented in the Java programming language. It
fetches data from the Ensembl databases using Java Data Access Object (DAO). It re-
trieves phylogenetic information from the Ensembl Compara database and gene struc-

ture information from the Ensembl Core databases.
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Compara schema diagram: Gene trees and homologies tables

Figure 4.4: Showing the Ensembl Compara database schema for gene trees and ho-
mologies.

Reproduced from Ensembl website.
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Aequatus retrieves meta information such as genome ID, genome name and chromo-
some name from genome_db and dnafrag tables. Gene and protein information are

retrieved from gene_member and seq_member tables respectively.

Relevant information regarding gene tree and alignment for gene members is retrieved
by combining phylogenetic information from gene_align, gene_tree_root and gene_t
ree_node tables (see Figure 4.4). For one-to-one and one-to-many relationships, ho-
mologues for the guide gene are retrieved from homology and homology_member tables

of the Ensembl Compara database.

For gene order view (see section [4.2.3)), neighbouring genes are retrieved from En-
sembl Core databases for guide gene and its homologues. To associate one-to-one
relationship for all these genes, homolog_ids for each neighbouring gene is retrieved

from homology_member table.

Gene structure information for each gene is retrieved from gene, transcript, transcri

pt_exon, exon and translation tables of the Ensembl Core database.

Aequatus converts information from relevant tables into a JSON fragment and sends
it to the Aequatus web client using Asynchronous JavaScript And XML (AJAX) tech-

nology, a simple representation of the AJAX model implemented in Aequatus is shown
in Figure [1.5

Aequatus is also capable of visualising protein domains for selected gene. It retrieves
protein domain information from the Simple Modular Architecture Research Tool

(SMART) [112] service using SMART REST API (see section [1.7.4]).

Client side

The client side of Aequatus receives data from the server in JSON format and gener-
ates visualisations using popular web technologies (e.g. JavaScript, jQuery, D3.js and
SVG) to create information-rich and interactive representations of the gene families

and comparative information. These web technologies are discussed in section [1.8.1
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Figure 4.5: Showing the AJAX model implemented in Aequatus.

4.2.2 Interface features

The landing page of Aequatus has a modular design (see Figure , with a header at
the top of the page which provides a search box (see Figure A) and a genome list
(see Figure B). Aequatus includes a chromosomal view providing a karyotype-like
overview (see Figure C) of a selected reference genome if available and provides a
mechanism for users to start to navigate across a genome by selecting a chromosome.
Below, there is an overview of genes (see Figure D) in selected chromosome with a
draggable selector for navigation. Upon selection of a given area, Aequatus produces
a gene order view (see Figure E, detailed in section [4.2.3)), showing genes from the

selected region. This is followed by the main Aequatus views detailed in section [4.2.4]
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and [4.2.9]

Aequatus also has a draggable control panel on the left-hand side (see Figure F),
which contains options to toggle the visibility of the chromosome view, to access the
search box, to access settings for filtering, and exporting options for the respective

views, as well as a link to the help pages.

To find a gene of interest, Aequatus employs simple keyword-based search functionality,
and it searches against gene symbol, gene ID, or common names for genes or proteins.
For example, if a user is interested in BRAT1 genes. The user can search using the
keyword ‘bratl’, and Aequatus returns all the genes that contain the keyword ‘bratl’
in their name, stable_id or description. Results are displayed as a list with brief meta
information about genes (see Figure G) such as gene ID, origin species, gene name,
description, and the number of homologues for the search result. Each element in the
result has options allowing the user to visualise the corresponding gene tree view or

homologous genes in the tabular or Sankey views.

4.2.3 Visualising synteny

To support the homology, Aequatus provides gene order representation of the guide
gene and its homologous genes. In this view, the selected gene is shown with a red
border in the centre between neighbouring genes. Homologues for these genes are shown
below with coloured in similar colours as reference genes, respectively (see Figure |4.7)).
Each homologue is matched to the gene in reference species using unique homology _id.

Mouse over to any gene will highlight its homologous genes.

Conserved gene order adds an extra level of confirmation for gene families because
positively selected and real orthologs genes are more likely to retain their position on a
genome. Genes that are descended from the same gene are likely to be part of a block
of genes and conserve their gene order. Though, due to evolution, there might be some

rearrangements of genes that occurs over time.
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4.2.4 Visualising gene trees

In the gene tree view (see Figure and , Aequatus visualises homologous genes
by rendering an interactive phylogenetic tree on the left alongside the gene features,
represented as colour coding exons, on the right. Internal nodes in the phylogenetic tree
are coloured based on potential evolutionary events, such as duplication, speciation,

and gene splits.

Due to the pairwise nature of the comparative analysis (see GeneSeqToFamily section
, the visualisation requires that one of the homologous genes returned from a search
is set as a guide, or reference, and exons of the guide gene are coloured one by one using
qualitative colour scheme chosen from ColorBrewer [I13] for readability. Corresponding
exons present within the homologous genes are coloured according to the exons of the
guide gene using the pre-calculated CIGAR alignment. Matching exons are therefore
rendered in the same colour, which helps the investigation into effects of evolutionary
events such as gene split, skipping exon, and exon fusions which might have resulted in
different functions of the gene. Insertions are shown as black blocks within an exon, and
deletions with red lines above an exon. Examples of this are shown in Figure and
where homologous genes for the Homo sapiens (human) gene BRAT1 are shown
for the species Pan troglodytes (chimpanzee), Pan paniscus (bonobo), Gorilla gorilla
(gorilla), Pongo abelii (orangutan), and Nomascus leucogenys (gibbon). As shown in
Figure the Aequatus gene tree view has similar phylogeny as the Ensembl gene tree
visualisation and genes from Pan troglodytes are showing insertion of two exons in both

the genes coloured in black, they are also visible in the Ensembl view (see Figure [4.8c)).

The gene tree view in Aequatus has two interchangeable views, whereby the default
is the exon focused view (shown in Figure , in which introns are presented in
fixed width irrespective of their actual length. This allows the user to focus on coding
regions as evenly spaced concepts, and larger introns do not dwarf the shorter exons in
the visualisation. To also have a full display of all genomic features sizes and distances,
another view visualises exons and introns with real length (see Figure . Using this
mode, the user can compare the length of exons, as the previous visualisation mode

provides the exon comparison but does not give a sense for exon length.
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The user can also alter the gene tree view. Nodes of the gene tree can be toggled by
the species as well as by the distance from the guide gene. Visuals such as match,
insertion and deletion can be toggled, and gene labels can be set to gene name, gene

ID or protein ID.

Multifunctional pop-up

Aequatus gene tree view is equipped with a contextual pop-up (see Figure 4.9) con-
taining additional information for the selected gene such as chromosome/scaffold name

and locus. It also contains various options:
1. Find protein domains
Protein domains for the selected gene can be retrieved.
2. Visualise pairwise alignment

Pairwise alignment represents a one-to-one comparison of the gene structure of
selected gene and guide gene, similar to gene tree view but for two genes, alongside

pairwise sequence alignment (see Figure [4.10)).
3. Set the selected gene as the guide gene

With the option of change guide gene current gene set as guide gene and align-

ment gets re-mapped with new guide gene.
4. A link to the Ensembl server

This provides a link out using Ensembl IDs to Ensembl gene summary page

providing more information.
5. Export sequence, and alignment

With the export option FASTA sequence and CIGAR alignment can be exported

to carry out further analysis.

For example, once the user is looking at the gene tree view of BRAT1 gene of Homo sapi-
ens as a guide gene and want to change BRAT1 gene of Pan troglodytes as a guide gene.

User can click on BRAT1 gene of Pan troglodytes and click on change guide gene. It
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will change the guide tree and redraw the gene tree with alignment re-mapped to the

new guide gene.

Finding and visualising protein domains using SMART

Protein domains are structural units of proteins that are inferred to result in a potential
function or interaction, contributing to the overall character of that protein. Using gene
phylogenies along with domain information can help a user to study gain and loss of
protein domains [I14]. To assess the effect of evolutionary changes on protein domains
for the homologous genes, Aequatus has integrated protein domain information using

the SMART [112] service.

Simple Modular Architecture Research Tool (SMART) is a curated protein domain
resource hosted at European Molecular Biology Laboratory (EMBL) which allows users
to search for protein domains with a Sequence ID or Accession, as well as protein
sequences. Here, Aequatus uses SMART REST API to query protein sequences and

fetch domain information direct from the SMART server programmatically.

Aequatus visualises domains using D3.js together with jQuery DataTable (see Figure
4.11). Domains are mapped on to the coding part of gene separated by red vertical
lines and coloured by the types such as Pfam [115], SMART, low complexity region,
repeats, and signal peptides. Domains can be ordered and filtered by position, E—Valudﬂ
and type of domain. It also allows exporting of visible domains in comma-separated

values (CSV) format for further downstream analysis.

Once the user has changed the gene tree view with new guide gene, the user can find
protein domains related to the gene by clicking on Protein Domains option in the pop-
up and then select SMART parameters such as Pfam, Signal peptide, Internal repeat,
Internal protein disorder and Homologues. Then click on Find Domains to retrieve

protein domain information from SMART service and visualise it.

'E-value is a parameter that describes the number of hits one can “expect” to see by chance when
searching a database of a particular size.
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Domains within pan troglodytes protein ENSPTRP00000084882

Legends: [ PFAM domains S SMART domains [ Low Complexity Region [EEBM Internal Repeats [Nl Signal Peptide [N Other Intrinsic Region

Confidently predicted domains, repeats, motifs and features from SMART Features NOT shown in the diagram:

csv Search: Show| 10 v | entries Search:

Name Start End E-value Type Name Start End E-value Type Reason
low_complexity_region 339 356 0 INTRINSIC No data available in table
low_complexity_region 477 487 0 INTRINSIC Name Start End  E-value Type Reason
PlamHEAT 580 610 37206 PEAM Showing 0 to 0 of 0 entries Previous  Next
low_complexity region 779 791 0 INTRINSIC
Name Start End Select E-value v Select Type v

Showing 1 to 4 of 4 entries Previous ‘ 1 ‘ Next

Figure 4.11: Visualisation of the protein domain information for the protein ENSP-
TRP00000084882 (BRAT1) retrieved from the SMART server. On the top, domains
mapped on a CDS. CDS boundaries are shown with red lines. Domains are coloured
based on source and type as shown in legends on top. The tables below list the features
shown in the diagram as well as hidden features.

4.2.5 Visualising one-to-one and one-to-many relationships

In addition to the gene tree view, Aequatus also visualises one-to-one and one-to-many
relationships for the selected gene using interactive Sankey plots and interactive tabular
format. Here, Aequatus provides a reference gene based visualisation for homology;

thus, it presents only one-to-one and one-to-many relationships for the reference gene.

Visualising homologous genes with the Sankey view

Generally, a Sankey diagram is used for illustration of flows. It named after Irish Cap-
tain Matthew Henry Phineas Riall Sankey, who used this diagram design for showing

the energy efficiency of a steam engine in 1898 [116].

Here, Aequatus uses Sankey plots to represent homology (see Figure , where flow
runs from the selected gene to the homologues (left to right). In Sankey view, ho-
mologies are first grouped by the homology type and later by species. Each homologue
node is coloured by species to distinguish homologous genes from the same species.
The width of the links is proportional to the number of homologues for the type of ho-
mologies and the number of homologues per species. Homologues can be filtered by the
type of homologies such as one-to-one orthology, one-to-many orthology, or paralogy.

Clicking on any homologue in the Sankey view will bring up additional information
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about the homology pair in a box on the right.

Here, the Sankey view provides a unique way of presenting meta-information about
homology at a glance and also allows to look at each homologous pair in detail for

pairwise statistical comparison.

Visualising homologous genes with tabular view

Aequatus uses tabular view (see Figure to represents homologues for the gene
and their statistical information such as coverage, similarity, and identity. This view
is generated using jQuery DataTables. The tabular view provides options to order
homologues by statistical data as well as filter data based on species and type of
homology. These data can be exported in Excel, CSV, and Portable Document Format
(PDF) formats.

The tabular view represents additional information using the first and second columns.
Pairwise comparative information can be shown by clicking the first column of each
homologue. Pairwise alignment comparison on gene structure (similar to gene structure
comparison in Figure can be visualised by clicking on the second column for each

homologue.

This view provides an interactive way of summarising overall comparative information
for each homolog and also includes an in-depth pairwise gene structure and statistical

comparison.

4.2.6 Aequatus.js, a reusable JavaScript plugin

Aequatus is designed to work with server and client synchronised architecture to fetch
data either from the Ensembl databases or Ensembl server (detailed in section
and generate visualisations. This architecture is not flexible enough, so it can be used
by other tools and services to take advantage of Aequatus’s innovative way of visualising

gene families and homology.

Aequatus.js is developed as an independent JavaScript plugin so that it can be incor-

porated into any third party web-based services to visualise phylogenetic information.
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Aequatus.js plugin does not require the Aequatus server-side implementation or En-
sembl databases. I have demonstrated this by integrating Aequatus.js into the Galaxy
platform (available since Galaxy version 19.01) to visualise gene families discovered by

GeneSeqToFamily workflow (see section step [7)).

Aequatus.js plugin requires minimal configuration and a JSON input file. A snapshot of
input data is shown in Listing [4.1] in which ref (line 2) and protein_id (line 3) keywords
defines the guide gene. Gene tree is defined with keyword tree (line 4) in JSON format
and homologous genes are defined with keyword member (line 5) in JSON array, both
are expected to be in the same JSON structure as available from the Ensembl REST

service.

1

ref:<ref gene id>,
protein_id:<ref protein id>,
tree:<genetree in JSON>,

member:<JSON formatted genes array>

S Ot s W N

Listing 4.1: Input data structure for Aequatus.js

Aequatus.js requires a simple configuration where input JSON data stored in a local
variable (line 1) and visualisation initiate by calling the init function of aequatus.js
(line 2) with input data along with div place holders for Settings, Filters and Slider
options to render. Finally, gene tree renders using the drawTree function (line 3) of
aequatus.js where inputs are phylogenetic tree, place holder for the tree and a call back

function for the click event on homologous genes.

1/ var syntenic_data = <input JSON>;

[\

init (syntenic_data, SettingsDivId, FilterDivId, SliderDivId);

w

drawTree(syntenic_data.tree, GeneTreeDivid, <call back>);

Listing 4.2: Snapshot of code to configure Aequatus.js

Implementer can change the guide gene using the provided API (see in Listing and

renders the gene tree with the new guide gene.

1| changeReference (new_gene_id , new_protein_id)

Listing 4.3: Snapshot of code to update Aequatus.js


init
drawTree
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Source code for Aequatus.js is available on GitHub [I17] alongside example. At this
stage, Aequatus.js is configured to visualise the gene tree view of Aequatus. SMART

protein domains, Sankey plot and tabular views will be incorporated in future versions.

4.2.7 Ensembl REST API integration

The initial version of Aequatus requires locally installed Ensembl databases. This
is not always preferable because of the need of having and updating local dataset
to keep it up to date with the latest Ensembl releases. Therefore, I have integrated
Ensembl REST API [56] to retrieve phylogenetic data directly from the Ensembl server
to visualise gene tree along with orthologs and paralogs. With the addition of this
functionality, Aequatus is available to anyone to be installed on their resources to

retrieve and visualise data directly from the Ensembl server.

Aequatus can retrieve data for vertebrates as well as non-vertebrates genome from
http://rest.ensembl.org and http://rest.ensemblgenomes.org respectively. At
this stage, Aequatus contains all of the available vertebrates species, and non-vertebrates

species have been limited to plants.

I am extending Ensembl REST API further to incorporate the gene order view as well
as the chromosomal view. This will allow the Aequatus based on Ensembl REST API

to achieve all of the functionalities similar to the Aequatus based on local databases.

4.2.8 Exporting visualisations

Aequatus is also equipped with functionality to export gene tree view and Sankey
visuals in the form of SVG and Portable Network Graphic (PNG). This feature can
be used to export Aequatus visualisations so they can be used in presentations and

publications.

4.2.9 Persistent URL

To enable consistent access to genes of interest, Aequatus provides persistent unique

Uniform Resource Locator (URL). This makes it easier to go back in the browser


http://rest.ensembl.org
http://rest.ensemblgenomes.org
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history, and also to share information with collaborators as well as for use in publi-
cations. For example, http://aequatus.earlham.ac.uk/ensembl_rest/index. jsp?
query=ENSPTRG00000018865&&view=tree|leads to the gene tree view for BRAT1 gene
from chimpanzee (Pan troglodytes) and homologous genes. Here, view can be set to

tree, tabular or Sankey, and query can be set to gene ID.

4.2.10 Summary

Aequatus is an open-source web-based homology browser developed to visualise gene
families and homologous genes, at a level that was not previously possible within a
single tool. It incorporates phylogenetic information with gene feature information to
analyse the effect of evolutionary events on gene structure. It also provides two comple-
mentary views for one-to-one and one-to-many relationships in the form of interactive
Sankey view and tabular view. Aequatus provides the functionality to predict and
visualise protein domains using the SMART service. Aequatus also provides persis-
tent unique Uniform Resource Locator (URL) to enable consistent access to genes of

interest.

A brief comparison of Aequatus with other phylogenetic visualisation tools (see Table
shows that Aequatus includes the most combination set of features when compared
to available tools by providing several ways of visualising phylogenetic data in a single
platform. At the moment, Aequatus does not have a functionality to visualise conserved

genomic regions across species, but this will be integrated into Aequatus in the future.

Feature Aequatus Ensembl Genomicus SyMap MizBee
Open source tool v’ v’ Available on request v’ v’
Gene structural comparison v’

Synteny / Gene order v’ v’ v’ v’
Conserved genomic regions v’ v’ v’ v’
Sequences alignment v’ v’ v’

Export sequence and alignment v’ v’ v’

‘Web based tool N v’ v’ v

Local Installation N N

Table 4.1: Comparison of Aequatus with various phylogenetic visualisation tools.

Reproduced from Thanki et al. [109]


http://aequatus.earlham.ac.uk/ensembl_rest/index.jsp?query=ENSPTRG00000018865&&view=tree
http://aequatus.earlham.ac.uk/ensembl_rest/index.jsp?query=ENSPTRG00000018865&&view=tree
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4.3 ViCTree: an automated framework for taxonomic clas-

sification from protein sequences

A virus is an infectious agent, found wherever there is life. They can infect all types of
life forms, replicating inside their host organism to propagate. Typically, they are small
in genome size relative to their hosts, and unlike most organisms, virus genomes can be
composed of DNA or RNA, be double or single-stranded, be linear or circular, and they
can generate either one or multiple proteins [118]. Viruses are classified, by the Interna-
tional Committee on Taxonomy of Viruses (ICTV) (http://www.ictvonline.org/),
into three ranks: family; genus; and species, and in some cases two further ranks: order;
and subfamily. Classification provides a catalogue of the vast diversity of viruses infect-
ing eukaryotes, bacteria and archaea. Due to substantial diversity in virus genomes,
various phylogenetic classification tools and workflows, such as the EnsemblCompara
GeneTree pipeline [41], PhyOP [38], and OrthoMCL [37], often have limited application

in virus classification as they simply are not designed for this purpose.

Tools developed specifically for viral classification are becoming increasingly more and
more because of the rapid increase in the amount of sequence data for viruses [119].
DivErsity pArtitioning by hieRarchical Clustering (DEmARC) [120] and Pairwise Se-
quence Comparison (PASC) [12I] uses pairwise distance criteria to classify viral se-
quences. ViPTree [122] uses genome-wide similarity method to classify viral sequences
and build phylogenetic relationships. These tools either provides pairwise distance or
the phylogenetic information, but they do not provide the results of pairwise distances
along with the phylogeny. This dual feature is essential for viral classification as viral
taxonomists are moving from using distance-based to phylogeny-based classification
methods; thus distance information allows for validation of the phylogeny-based clas-
sification results. Thus, ViCTree was developed to generate phylogenetic trees as well

as distance measures.

I developed ViCTreeView [123] to provide interactive visualisations for phylogenetic
trees as a part of ViCTree project in collaboration with Sejal Modha and Joseph Hughes

from the University of Glasgow, UK.


http://www.ictvonline.org/
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4.3.1 ViCTree pipeline

ViCTree [124] is an open-source pipeline for viral taxonomic classification, incorporat-
ing various existing tools into a single pipeline of Bash shell scripts. It can be run on

a UNIX based operating system such as Linux and Mac OSX.

The pipeline is divided into eight main steps (an overview flowchart is shown in figure
. Firstly, the pipeline takes a curated set of representative protein sequences and
taxonomic IDs as inputs and retrieves the relevant protein sequences from GenBankﬂ
These sequences are aligned using BLAST [26] and the results filtered using param-
eters specified by the user, such as the minimum hit and query coverage thresholds.
ViCTree then generates clusters with CD-HIT [125] on significant BLAST results using
a clustering threshold of 0.9 by default. For each cluster, CD-HIT assigns the longest
sequence in a cluster as representative by default or from an optional list of represen-
tatives supplied by the user. An MSA and pairwise distance between sequences are
calculated using Clustal Omega (ClustalO) [126], which are subsequently used in ViC-
TreeView. An evolutionary tree is inferred from MSA using Randomized Accelerated
(RAz) Mazimum Likelihood (ML) (RAxML) [127] under a user-defined evolutionary
model, or PROTGAMMAJTT by default. The evolutionary tree is then inputted to
multi-rate Poisson Tree Processes (mPTP) [128], a species estimation tool, for au-
tomated species delimitation. Finally, ViCTree generates a tree in Newick format,
an alignment in FASTA format, a distance matrix (generated by ClustalO), a list of
clustered sequences, and a metadata file with the GenBank accession numbers and tax-
onomic names to visualise alternative labels for nodes in the tree. The results generated

from ViCTree framework can then be visualised using ViCTreeView [123].

4.3.2 ViCTreeView

ViCTreeView is an open-source web-based tool to visualise and explore viral phylo-
genetic trees. In a similar fashion to the Aequatus, it has a web-based client-side

implementation (Section [4.2.1), and it is developed using web technologies such as

2GenBank is an open access sequence database produced and maintained by the National Center
for Biotechnology Information (NCBI) as part of the International Nucleotide Sequence Database
Collaboration.
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Figure 4.14: Showing overview of ViCTree framework.

Reproduced with permission from Modha et al. [124]
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JavaScript, jQuery, Data-Driven Documents JavaScript (D3.js).

Data source

ViCTreeView retrieves data directly from a configured GitHub repository using the
github.js library [129]. ViCTreeView uses GitHub, because it can keep track of changes
to the data within a configured repository over time and makes it possible to revert
to any previous versions if needed. The collaborative development principles of git
and GitHub means that it also facilitates sharing data and collaborations with other
researchers through versioning of code and data. ViCTreeView requires a phyloge-
netic tree in Newick format, pairwise distance matrix in CSV format and labels in
TSV format. Figure showing an example for the data of Densovirinae subfamily,
Parvovirinae subfamily, and Herpesviridae family in a defined data structure. ViC-
TreeView provides a single framework to visualise multiple datasets from the GitHub
repository and phylogenetic tree visualisation for these datasets can be toggled by using

the example menu in the top-right.

[ josephhughes / ViCTree @watch~ 3 | HKstar 2 YFork 5

<> Code Issues 1 Pull requests 0 Projects 0 Wiki Insights

Branch: master -~ ViCTree / ViCTreeView / data / Create new file  Upload files  Findfile = History

B iosephhughes Jan 2019 update Latest commit 16dcd19 7 days ago

[E) Densovirinae.csv Jan 2019 update 7 days ago
[E] Densovirinae.nhx Jan 2019 update 7 days ago
[E) Densovirinae_label.tsv Jan 2019 update 7 days ago
[ Herpesviridae.csv Jan 2019 update 7 days ago
[E) Herpesviridae.nhx Jan 2018 update 7 days ago
[E] Herpesviridae_label.tsv Jan 2019 update 7 days ago
[£] Parvovirinae.csv Jan 2019 update 7 days ago
[E) Parvovirinae.nhx Jan 2019 update 7 days ago

[E) Parvovirinae_label.tsv Jan 2019 update 7 days ago

Figure 4.15: Showing input data structure in GitHub repository for ViCTreeView of
Densovirinae subfamily, Parvovirinae subfamily, and Herpesviridae family.

Configuration

A snapshot of the configuration code for ViCTreeView is shown in Listing [£.4] For
example, a user wants to load phylogenetic data from the GitHub repository shown in
Figure[4.15] Here, the user can configure GitHub user and GitHub repository by setting

placeholders for GitHub user ID (line 2) as josephhughes, repository name (line 3)
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as ViCTree. The user can also define branch and directory by setting placeholders for
branch name (line 4) as master and directory name (line 5) as ViCTreeView/data.
A URL will be generated using this configuration (line 6), which will be used to fetch

files from the repository then files will be processed (line 8 - 10) for visualisation.

1| var github = new Github();

var user_id = <GitHub user ID>
var repo_-name = <repository name>
var branch = <branch name>

var dir = <directory name>

[ B N * I V)

var URL

“https://raw. githubusercontent.com/” + wuser_id + “/7 +
repo_name + “/” + branch + “/” + dir
7/ var repo = github.getRepo(user_id , repo_name);

8 var file_list = [];

9/ var files = repo.contents(branch, dir, function (err, contents) {
10 contents.forEach (function (file) {

11 ... J//process each file

12 }

13/}

Listing 4.4: Snapshot of code to configure ViCTreeView

Interface features

ViCTreeView fetches required data from configured GitHub repository and generates
interactive visualisation using popular web-technologies. ViCTreeView visualises phy-
logenetic tree in the form of interactive phylogram (see Figure as well as ultra-
metric. In the phylogram view, the length of each branch is relative to the distance
from the parent. In the ultra-metric view all branches from the root to a leaf have the

same length. The latter is used for a clearer visualisation of all leaves in the tree.

To explore large phylogenetic trees, ViCTreeView provides a zooming function using
the mouse scroll wheel. Specific branches can be expanded and collapsed, and vertical
distance between branches can be expanded by using the controls in the user interface

allowing users to explore selected branches of the tree.

ViCTree provides pairwise distance measures along with phylogeny to validate the

phylogeny-based classification. To put this functionality in use, a distance filter has
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Figure 4.16: Showing ViCTreeView of the phylogenetic tree for subfamily Densoviri-
nae visualised in ViCTreeView. Sequences that fall within the 15% pairwise distance
criterion are indicated as distinct clusters in different colours. Black arrows indicate
new species identified using ViCTree.

Reproduced with permission from Modha et al. [124]

been integrated into ViCTreeView, which helps to find the sub-cluster(s) of the se-
quences that fall under a given pairwise distance threshold. A slider in the top of
ViCTreeView can be set from 0 to 100, and all the clusters of nodes which fall under
this threshold will be highlighted in arbitrary colour to distinguish them from one an-
other. Here, the distance threshold for an internal node of the tree is calculated by

finding the maximum distance between two pairs of all the leaves for the node (See
Figure [4.17)).

ViCTreeView allows users to set any node of the tree to act as the root (by default, the
tree is midpoint rooted) and the phylogeny will be redrawn from the perspective of the
selected node. This feature enables users to investigate the phylogeny in the context

of a particular strain of a virus, represented by their selected root node.



CHAPTER 4. IN-DEPTH INTERROGATION OF PHYLOGENY... 94

0

Distance matrix

species b e f
b 0 |05]0.75
e 05 | 0| 03
f 075 03| O

Figure 4.17: Showing example of threshold distance calculation for internal node in
ViCTreeView. Threshold distance for node a is calculated by finding the maximum
distance between all three leaf nodes (b, e and f).

As seen in Figure phylogenetic trees for viruses can expand quickly containing
complicated branch structure, which can make it difficult to follow a path from a leaf
to the root. To overcome this problem, ViCTreeView has implemented an option to

highlight the path from the selected node to the root of the tree.

Besides, ViCTreeView can visualise various labels for the leaves of the tree provided by
a TSV file, such as GenBank accession numbers, taxonomic IDs, and species or genus
names. These can be changed from the menu at the top. Hyperlinks to GenBank

protein and nucleic acid sequences can also be visualised as node labels.

Finally, highlighted and customised versions of a tree can be downloaded in SVG and

PNG formats for inclusion in publications.

4.3.3 Use Case

To demonstrate the application of ViCTree, we present the results for subfamily Denso-
virinae published in the ViCTree manuscript. For this use case, 916 protein sequences
were downloaded from GenBank, and a subset of 21 NS1 protein [130] sequences was
used as the seed set in a BLAST similarity search. BLAST output was filtered with
hit length set to 100% and query coverage set to 50%, and this resulted in a subset of
187 sequences. These sequences were grouped into 103 distinct clusters using CD-HIT.

A Representative for each cluster used to perform MSA as well as distance analysis
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and phylogeny was built for the aligned sequences.

The in-built automated species delimitation using mPTP had identified a total of 25
species from the phylogeny. It identified all 18 previously classified species and genera
in subfamily Densovirinae. The analysis identified six new species (see Table shown
in Figure with black arrows), which were then submitted to and recognised by the

ICTV based on proposals approved by the ICTV Parvoviridae Study Group [131].

Name of new species Representative isolate Genus
Asteroid ambidensovirus 1 Sea star-associated densovirus Ambidensovirus
Decapod ambidensovirus 1 Cheraz quadricarinatus densovirus Ambidensovirus
Hemipteran ambidensovirus 2 Dysaphis plantaginea densovirus 1 Ambidensovirus
Hemipteran ambidensovirus 3 Myzus persicae densovirus 1 Ambidensovirus
Hymenopteran ambidensovirus 1 Solenopsis invicta densovirus Ambidensovirus
Orthopteran densovirus 1 Acheta domestica mini ambidensovirus  Unassigned

Table 4.2: New species identified in subfamily Densovirinae by using ViCTree.
Reproduced with permission from Modha et al. [124]

4.3.4 Summary

ViCTreeView is a unique phylogenetic visualisation tool, which can visualise phylogeny
with an option to filter phylogeny by pairwise distance. It provides an interactive
platform to integrate and visualise multiple datasets to explore viral phylogenies using

a web browser.

The ViCTree pipeline uses existing tools with preset parameters for the test datasets.
These parameters might differ for other viral data, and they need to be tested and
continuously improved as viral taxonomy expands. Also, the results generated using
the framework will be affected by the tools’ limitations, which could be improved
by other methods. Visualisation functionality of ViCTreeView is not affected by the
limitations of the ViCTree pipeline, because ViCTreeView relies on the final result

generated by the ViCTree pipeline, not the selection of tools or parameter.

ViCTreeView is an independent JavaScript library, so it can be configured to visualise
data from other GitHub repositories and can be integrated into any web-based third-

party tool, such as Galaxy.



Discussion

5.1 Available and accessible open-source tools

In recent years, developments in sequencing technologies have fundamentally advanced
genomics research. Genomics data generated by sequencing and analytical tools are
text-based or in binary format and quantitatively large in size as well as often multi-
dimensional. This makes it difficult for an individual to interpret and understand
genomics data with the naked human eye. Thus, visualisation tools are needed to un-
derstand these interconnected data types. Most existing solutions to visualise genomic
data are only available for heavily curated and gold standard genomes held in public
resources. Since the Human Genome Project, sequencing technologies became more
accessible and affordable, thus lots of smaller scale research institutes and research
groups can perform in-house sequencing, including non-model organisms. This created
the need for solutions which can visualise genomic data hosted locally, especially for
non-model organisms with incomplete genomes and draft gene models. Therefore, I
have developed TGAC Browser (see section to visualise preliminary assemblies
and genomic data from multiple sources such as local Ensembl database, and common
NGS file formats (e.g. GFF, VCF, and wig). TGAC Browser demo instances are avail-
able from its homepage (http://browser.earlham.ac.uk/)), and the source code is
available from GitHub [I32] for anyone to download and install. These features make
TGAC Browser accessible to many who are interested in visualising existing model
organisms or novel genomes. Similarly, wigExplorer (see section implements a
modular approach to visualise wiggle data in any JavaScript-enabled web-application.
Examples of wigExplorer with BioJS legacy code are available from GitHub page

(http://anilthanki.github.io/old/tools/biojs/wigExplorer/), and source code
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is available from Zenodcﬂ (https://doi.org/10.5281/zenodo.8516).

Available solutions to perform large scale gene family analysis were designed to function
in a dedicated and specifically configured environment requiring various dependencies
and computing expertise. Therefore, I have developed GeneSeqToFamily workflow (see
section to help researchers to find gene families using the Galaxy platform with
little or no computing expertise or in-house computing facilities. GeneSeqToFamily
also allows researchers to classify, and validate the newly annotated genomics data
from non-model organisms by comparing them to gold standard model organisms.
Thus, GeneSeqToFamily helps to deliver high-quality annotations and develop the first

step of evolutionary analyses.

The GeneSeqToFamily workflow is publicly available from Galaxy’s European server
(https://usegalaxy.eu). The workflow is also available for anyone to download
from the Galaxy ToolShed [I33] to install it on a local Galaxy instance. Tools and
wrappers developed as a part of this workflow are available from Galaxy ToolShed
[134] and GitHub repository [I135] under the MIT License (https://opensource.org/

licenses/MIT).

Available solutions to visualise gene families were limited to visualise phylogeny at a
higher level as a gene family and gene order but not able to provide a comparison of
internal gene structure. Therefore, I developed Aequatus (see section to visualise
gene families, including a gene structure comparison from the Ensembl Compara and
Core databases. A demo for the Aequatus is available from its home page (http:
//aequatus.earlham.ac.uk/) for anyone to explore the latest release of Ensembl data.
The source code for the Aequatus and Aequatus.js, a JavaScript visualisation library
in Aequatus, is available from GitHub repository [109, [117] under GNU General Public

License (GPL) v3 and MIT License respectively.

However, Aequatus is only able to visualise phylogenetic data held in the Ensembl
Compara and Core databases, which are highly curated gold standard data for model
organisms. To make Aequatus more applicable to a wider range of non-model organism

data such as that generated using the GeneSeqToFamily workflow, I have configured

1Zenodo is a general-purpose open-access repository developed to store data sets, research software,
reports, and any other research-related digital artefacts.
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the Aequatus.js plugin (see section to work within Galaxy. The Aequatus plugin
has been accepted into main Galaxy source-code since release 19.01 in January 2019
[136], so it is now available from the main Galaxy server (https://usegalaxy.org),
and EU galaxy server (https://usegalaxy.eu) as well as any Galaxy public instance
running version 19.01 or later. To date, the main Galaxy server has more than 124,000
registered users [85], and the EU Galaxy server has more than 5000 registered users

[137]. This provides Aequatus with a whole new platform to reach a wider audience.

Finally, my contribution to the ViCTree project through the development of ViCTree-
View (see section aligns with my research to develop tools to investigate non-
model organisms. The ViCTree pipeline can be used to taxonomically classify newly
sequenced viral genomes utilising existing data from GenBank. ViCTree (including
ViCTreeView) is an open-source tool available from GitHub repository [138] under
GNU GPL v3.0 license. ViCTreeView provides a platform to visualise the findings of
the ViCTree pipeline through a web service. The demo is available from the MRC
University of Glasgow Centre for Virus Research website (http://bioinformatics.
cvr.ac.uk/victree), in which it visualises data directly from the ViCTree project’s

GitHub repository [138] using ViCTreeView.

5.2 Use cases and impacts

I have developed several tools (discussed in this thesis) to overcome some of the known
issues relating to the analysis and visualisation of non-model organisms. Here, I present
some examples of use cases, in which these tools are being used to solve specific bio-

logical questions.

The GeneSeqToFamily workflow is being used externally by Dr Ksenia Krasileva’s
group at UC Davis for total of 18 monocots and dicot plant genomes to identify genes
present in terrestrial species but lost in aquatic lineages. This led to the identification
genes lost in aquatic species, which are potential candidate components of the plant
immune signalling pathway [139]. Similarly, the workflow is also being applied by Dr
David Thybert’s group at the Earlham Institute on 19 rodent species to find one-to-

one orthologs for further downstream analysis of the positive selection of these genes.


https://usegalaxy.org
https://usegalaxy.eu
http://bioinformatics.cvr.ac.uk/victree
http://bioinformatics.cvr.ac.uk/victree
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I am also involved in discussion with Dr Graham Etherington at the Earlham Institute
about applying GeneSeqToFamily workflow to mustelids and ferret datasets to analyse
expansion and contraction of immune gene families to quantify gene gain and loss.
These various examples provided a real-world opportunity for the GeneSeqToFamily
workflow to be used and tested by researchers to investigate evolutionary analysis for

the species of their interest.

The GeneSeqToFamily workflow has led to improvements in the development of the
Galaxy platform itself. Galaxy supports bundling multiple datasets in “collections”,
but was not originally designed to handle collections with a large number of elements
(in the order of tens of thousands). As a part of GeneSeqToFamily benchmarking, we
used Galaxy collections with a large number of elements, and we (with the help of Dr
Nicola Soranzo, EI) found and reported numerous issues (e.g. 3795EI7 and 3883@. As a
result, the Galaxy development team has optimised the way collections are handled in

Galaxy, and any Galaxy installation above the version 18.01 now includes these fixes.

The Ensembl resources hold gold-standard curated datasets, which can be used for
phylogenetic analysis. This data needed to import manually in Galaxy from Ensembl.
Therefore, I developed the Ensembl suite of tools to retrieve data directly from Ensembl,
in order to simplify the data preparation steps necessary for GeneSeqToFamily. These
tools can also be used for other analyses. These tools have been cloned/installed for
more than 100 times each from Galaxy ToolShed (see Table [5.1]), and this does not
include the number of clones or downloads from the Earlham Institute Galaxy Tools
GitHub repository [I35]. This suite of the helper tools provides the groundwork for

expansion to integrate other Ensembl REST endpoints.

Tool Times cloned / installed
Ensembl get feature info 139
Ensembl get genetree 118
Ensembl get sequences 142

Table 5.1: Number of clones / install of Ensembl tools from the Galaxy ToolShed up
to 19-June-2019.

Various research projects currently use TGAC Browser within the Earlham Institute

23795: Opening a huge collection in history fails. https://github.com/galaxyproject/galaxy/
issues/3795

$3883: Workflow scheduling doesn’t keep track of progress within a step, https://github.com/
galaxyproject/galaxy/issues/3883


https://github.com/galaxyproject/galaxy/issues/3795
https://github.com/galaxyproject/galaxy/issues/3795
https://github.com/galaxyproject/galaxy/issues/3883
https://github.com/galaxyproject/galaxy/issues/3883
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and externally, such as Primula Research Group at the Earlham Institute and the
University of Hull, SZN (Stazione Zoologica Anton Dohrn) Napoli, the Brassica RIPR

community, EU transPLANT [140], and the Vietnamese Rice community [141].

The Primula Research Group have been using TGAC Browser since 2012 to explore
genomic assemblies generated locally. Dr Jinhong Li from this group said (in personal
communication) that “TGAC Browser is very useful to search for sequence fragments
against denovo genome sequence, which makes it easier to identify gene structure for

the genes with large introns, which are impossible to amplify by PCR”.

The transPlant project [140)] is funded by the EU to build hardware and software for ge-
nomics research aimimg to produce an integrated, coherent data infrastructure. It had
made progress in sequencing, annotating, and analysing the complex genomes of Trit-
iceae species including bread wheat and barley. The data generated from this project
has great potential for applications in breeding, experimental biology, and comparative
genomics. Therefore, transPlant project employed the TGAC Browser to visualise the
International Barley Sequencing Consortium (IBSC)’s barley genome and the wheat
Chromosome Survey Sequence (CSS) genomes along with the mapped SNP markers
from the 90K iSelect and Axiom arrays against the International Wheat Genome Se-
quencing Consortium (IWGSC) CSS contigs, through a collaboration with CerealsDB
[142]. transPlant project also employed the Aequatus Browser to visualise gene fami-
lies from Brachypodium distachyon, Triticum aestivum, Aegilops tauschii, Oryza sativa,
and Triticum uratu. Thus, TGAC Browser and Aequatus played an important role in
making these data available from the central transPLANT web hub allowing integrated

data access.

The BBSRC Renewable Industrial Products from Rapeseed (RIPR) Programme stud-
ies the genes associated with the control of a range of bio-refining targets and fertiliser
use traits. Omne of the aims of the project is to establish data models involving the
development of databases and systems enabling the UK Brassica research community
to access, analysis and exploit large-scale gene sequence and expression datasets, trait
data and marker-trait associations. To support these objectives a TGAC Browser in-
stance was configured to visualise the newly sequenced transcriptome and associated

annotation of Brassica napus. Aequatus was configured to visualise homology among



CHAPTER 5. DISCUSSION 101

Arabidopsis thaliana, Brassica rapa and Brassica oleracea. TGAC Browser and Ae-
quatus played an important role in making these Brassica data available; also, this
project inspired TGAC Browser to implement an upload functionality which allowed

the breeders to visualise their classified data without sharing it publicly.

5.3 Limitations and opportunities for future developments

The tools presented in this thesis have been published and are being used in various
domains making their impacts. I am working continuously to improve these tools by
identifying limitations and describing possible solutions to them. Here, I also take an

opportunity to describe future development to enhance these tools:

5.3.1 Analyse and visualise large datasets

Looking into the near future, these tools need to be prepared for an enormous amount of
data is being generated by various international initiatives such as Vertebrate Genome

Project [143], Earth Biogenome Project [144], and Darwin Tree of Life project [145].

With the beginning of these and other extensive genome sequencing projects, greater
amounts of data will need to be analysed and visualised. This data will provide Gene-
SeqToFamily and Aequatus with new challenges and opportunities to develop further

to enable the analysis of not just tens but tens of thousands of species.

GeneSeqToFamily uses BLAST for pre-clustering alignment, and it is acting as a bot-
tleneck for the workflow when analysing large datasets. I have been testing parallel
BLAST (see section to speed up the process. Even with this module, it is still
taking a significant amount of time to align a large dataset. I am also investigating DI-
AMOND [146], a sequence aligner for protein and translated DNA, to replace BLAST
for faster performance without sacrificing the results’ sensitivity and specificity. DIA-
MOND claims to be up to 20,000 times the speed of BLAST retaining high sensitivity,

which will allow GeneSeqToFamily to be more efficient for large datasets.

The benefit of GeneSeqToFamily being a modular workflow is that tools used in any of

the intermediate steps can be replaced with a potentially better alternative. Similarly,
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this is possible for any of the other tools used in the workflow for tailored preparing

and/or outputing of for the data.

Aequatus can visualise large gene trees; however, Aequatus could struggle to remain
responsive due to a large number of elements to be rendered. Also, Aequatus cannot
render genes with a larger number of exons, due to limited horizontal screen size to
represent genes. Therefore, representing sub-families of a large gene tree with abstract
information and zooming controls for gene structure, along with horizontal scrolling,

can be a possible future solution to overcome these limitations.

5.3.2 Quality check in GeneSeqToFamily using Gblocks

GeneSeqToFamily employs T-Coffee to generate MSA of each cluster (see section
step 4). T-Coffee can utilise more than one method to perform MSA and produce
a single alignment, but the alignment quality can suffer from shortcomings in the
handling of insertions and deletions. MSA plays a vital role in defining phylogeny
using TreeBeST as well as visualisation of gene families using Aequatus to compare
homologous genes, in which case checking the quality of the alignment is necessary.
Here, I am testing Gblocks [147] to incorporate into the GeneSeqToFamily workflow
for checking the quality of MSA generated by T-Coffee. A preliminary quality check will
help to filter out clusters with poor alignment, possibly re-aligning them with suitable
parameters in T-Coffee, or discarding them entirely based on a pass/fail threshold.
Therefore, this solution will improve the quality of the workflow results and eliminate

the chances for the failure of the TreeBeST and the workflow entirely.

5.3.3 Homology identification in GeneSeqToFamily

The GeneSeqToFamily workflow is designed to find homologous genes and infer a phy-
logeny amongst them, but not to provide one-to-one relationships among them. There-
fore, I am developing a Galaxy workflow to investigate this specific scenario. The
proposed workflow starts with taking the gene tree (generated by TreeBeST, see sec-
tion step 5) as input and splitting the gene tree into sub-tree using ETE GeneTree

splitter [148], then classifying the homologous genes in paralogs and orthologs (one-to-
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one, one-to-many and many-to-many) using Homology Classifier and Filter tool [148)].

I am testing this proposed workflow, as ETFE GeneTree splitter tool takes a collection
of gene tree as input and generate a collection of collections as output. Galaxy has
recently provided a ﬁxﬁ] for the known issueﬁ of not being able to handle a nested
collection of collections as a part of the workflow. Once tested, the GAFA tool will be

extended to accommodate results generated from the classification.

5.3.4 Ensembl REST extension in Aequatus

The Ensembl REST API integration into Aequatus (see section helps users to
retrieve genomic features and sequences from the Ensembl resources to visualise gene
tree and homology. This avoids the need for downloading and creating local Ensembl
Compara and Core database instances, which can be hundreds of gigabytes in size,
but obviously requiring an active internet connection. Integration of more endpoints
from the Ensembl REST API to visualise other comparative genomics features, such as
syntenic genomic region alignments, would improve the ability of Aequatus to provide
an overview for the comparison of larger genomic regions complementing the gene
family, because genes which retain their positions across the species are more likely to

be true homologues.

5.3.5 Discovery and visualisation of exon duplication

Approximately 10% of human, fly, and worm genes contain tandemly duplicated exons,
which contribute to alternative splicing, diversity, and are likely to play an important
role in the rapid evolution of eukaryotic genes [149]. The GeneSeqToFamily workflow
can identify gene families and homologous genes, but it is not designed to identify
duplicated exons within a gene. The analysis of exon duplication can be achieved
using sequence similarity alongside exon boundary information, in which sequence for
each exon can be retrieved using exon boundaries and perform similarity search to

find duplicated exons. The results of exon duplications can be visualised along the

4Pull request 7633: Delay workflow step execution for discovered mapped-over input. https:
//github.com/galaxyproject/galaxy/pull/7633

°Issue 5867: Flatten Collection runs before job that discovers collection elements. https://github.
com/galaxyproject/galaxy/issues/5867
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gene structure. A long term plan for GeneSeqToFamily is to integrate or include a
supplementary workflow to identify exon duplication, including tandem duplications

within a gene.

5.3.6 Containerisation for software

Tools discussed in this thesis are complementing the application of each other, but they
operate independently. Using many independent tools in combination can prove to be
difficult for a user to conduct analyses and explore datasets effectively. To overcome
this problem, I am investigating the use of a virtual system containing all the necessary
tools and dependencies using Docker, a computer program designed to create, deploy,
and run applications by packaging up an application with all required dependencies.
This packaged up application could be made available using CyVerse or other docker
compliant clouds. CyVerse provides computational infrastructure enabling data-driven
discoveries in life sciences. The virtual system will allow users to automatically down-
load gold-standard curated data from the Ensembl server and upload their data to
perform phylogenetic analysis using the GeneSeqToFamily workflow without worrying
about the software complexity of joining up the underlying tools. The gene families
identified as part of the GeneSeqToFamily workflow can be visualised within Galaxy
using the Aequatus plugin and the Ensembl Compara and Ensembl Core database
instances for the data would be automatically created to share the findings with col-

laborators.

By adapting the modern approach to virtualisation and containerisation, a complete
collection of tools can be made available to a user to carry out a phylogenetic analysis
of newly generated genomic data with existing resources and make it accessible for

public use and publication purposes.

5.4 Conclusion

This thesis represents my work on the development of several tools to improve the
analysis and visualisation of genomic data. These new tools are being used by leading

active research groups and making a significant impact on these communities. I am
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optimistic that these tools will continue to contribute toward the analysis of newly

sequenced genomes over the next few years.

Further development of these tools will allow non-computer experts to perform cutting
edge bioinformatics analysis and explore complex results to achieve new findings. The
democratisation of sequencing technologies opened up new doors for genomic resources.
Thus big sequencing projects to sequence large amount of species are underway. The
amount of data generated from these initiatives will be unthinkable and complicated.
Here, I am attempting to democratise bioinformatics resources to explore and analyse
genomic data and also proposing a possible solution to deal with a tremendous amount

of genomic data.

5.4.1 Simple recommendations for writing software/tools for biolo-

gists

There have been many articles and blogs published discussing simple rules or recom-
mendations for writing bioinformatics software and tools [150, 151, 152]. Some may
be obvious and considered common sense, but they are often easier said than done
in practice. The following is a list of recommendations for researchers in a biological

domain based on the experience I have gained during this doctoral study:
1. Do not re-invent the wheel and utilise or adapt existing gold-standard resources.
2. Interact with the user for their expectation and requirements.
3. Benchmark the tool with real use cases.

4. Prepare an easy to follow guide or tutorial for end-user to understand the use

and impact of available options.
5. Make your software or tool readily accessible and available for broader exposure.
6. Keep things simple for end-user to access and install a particular tool.
7. Adapt stable technology keeping the future extension of the tool in mind.

8. Use a version control system.
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Acronyms

Abyss Assembly By Short Sequencing. 15

AJAX Asynchronous JavaScript And XML. 36, 70

API Application Programming Interface. 20, 21, 44, 70, 79, 85, 86, 103
BED Browser Extensible Data. 35

BioVis Biological Data Visualisation. 25

BiVi The Biological Visualisation Network. 25

BLAST Basic Local Alignment Search Tool. 15

BRAT1 BRCAI1 Associated ATM Activator 1. 57, 59, 72, 87
CDS coding sequences. 28, 48-50, 53, 55, 58, 59

ClustalO Clustal Omega. 89

CSS Chromosome Survey Sequence. 26, 100

CSV comma-separated values. 79, 83, 91

D3.js Data-Driven Documents JavaScript. 26, 44, 70, 79, 91
DAO Data Access Object. 35, 68

DEmARC DivErsity pArtitioning by hieRarchical Clustering. 88
DOM Document Object Model. 26

EMBL European Molecular Biology Laboratory. 79

EMBOSS The European Molecular Biology Open Software Suite. 18, 48, 53, 55
GAFA Gene alignment and family aggregation. 55, 56, 103
GAPIT Genome Association and Prediction Integrated Tool. 39
GFF General Feature Format. 35, 36, 50, 96

GPL General Public License. 97, 98

HPC High-Performance Computing. 18, 29, 41, 63
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HSP High-scoring Segment Pair. 60

HTML Hypertext Markup Language. 26

HTTP Hypertext Transfer Protocol. 21

IBSC International Barley Sequencing Consortium. 100

ICTV International Committee on Taxonomy of Viruses. 88
IWGSC International Wheat Genome Sequencing Consortium. 100
JDBC Java Database Connectivity. 35

JSON JavaScript Object Notation. 36, 50, 59, 70, 85

MGI Mouse Genome Informatics. 28

mPTP multi-rate Poisson Tree Processes. 89

MSA Multiple Sequence Alignment. 54-57, 89, 94, 102

NCBI National Center for Biotechnology Information. 41, 58

NGS Next-Generation Sequencing. 35, 36, 42, 96

ONT Oxford Nanopore Technologies. 13

PASC Pairwise Sequence Comparison. 88

PDF Portable Document Format. 83

PNG Portable Network Graphic. 86, 94

QfO Quest for Orthologs. 60, 61

RAxML Randomized Accelerated (RAx) Maximum Likelihood (ML). 89
REST Representational State Transfer. 20, 21, 70, 79, 86, 103
RIPR Renewable Industrial Products from Rapeseed. 100

SAM Sequence Alignment/Map format. 36

SMART Simple Modular Architecture Research Tool. 70, 79, 81, 87

SNP single nucleotide polymorphism. 45
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SOAP Short Oligonucleotide Alignment Program. 15

SVG Scalable Vector Graphics. 26, 70, 86, 94

TreeBeST Tree Building guided by Species Tree. 47, 50, 54, 55
TSV tab-separated values. 91, 94

UCSC University of California Santa Cruz. 27

URL Uniform Resource Locator. 17, 86, 87, 92

USB Universal Serial Bus. 13

VCF Variant Call Format. 35, 36, 96

VizBi Visualising Biological Data. 25
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31 May 2019
To Whom it May Concerns,

Mr Anil Thanki is the lead developer of the Primula TGAC Browser | have been using. To me
(and other members in our research group who are non-bioinformaticians), the TGAC Browser
is particularly useful to analyse the assembled novel sequence data and to understand the
meaning of it, which enable me to further investigate any interesting findings in biological
experiments. | would like to describe The Primula TGAC Browser is a bridge tool between
bioinformaticians and experimental biologists, which help the latter to have a better
understanding of sequence data, to provide feedback to the bioinformaticians on the tools
could be further improved. | believe a bioinformatic tool such as the TGAC Browser should
have a wider application potential because understanding the sequence data by biologists is
fundamentally important toward functional genomics. The Primula TGAC Browser is
successful and very useful, which demonstrated Mr Thanki’s capacity, knowledge and
experience in this field toward a PhD degree. The TGAC Browser helped me to identify the
Primula Super Gene from our sequence data, which was published in Nature Plants (see
publication details below). More importantly, | am working closely with him to further improve
the performance of the TGAC Browser for our ongoing collaboration in research.

| fully support Mr Thanki’s submission to gain a PhD by publication. Title of his thesis:
Development of computational techniques for genomic data analysis and visualisation in the
model and non-model organisms.

Ref: Jinhong Li, Jonathan M. Cocker, Jonathan Wright, Margaret A. Webster, Mark McMullan,
Sarah Dyer, David Swarbreck, Mario Caccamo, Cock van Oosterhout & Philip M. Gilmartin.
Genetic architecture and evolution of the S locus supergene in Primula vulgaris, Nature Plants
Vol 2 (2016) DOI: 10.1038/NPLANTS.2016.188 Acknowledgement: We thank ... A. Thanki
for TGAC Browser support; ...

Please do not hesitate to contact me for more information.

Yours sincerely,
a/')‘;rzy
/f%j‘“ﬁ;:::’

Dr Jinhong Li

Research Fellow

Biology

School of Environmental Science

Faculty of Science and Engineering

University of Hull

Cottingham Road

Hull HU6 7RX

Email: Jinhong.li@earlham.ac.uk; Jinhong.li@hull.ac.uk
Telephone: 01603 450 963




Cambridge
Precision
= Medicine

Cambridge 29-05-19

Re: Anil Thanki’s PhD thesis:
Development of computational techniques for genomic data analysis and visualisation in the model
and non-model organisms

To whom it may concern,

During the years 2014-2016 I've had the pleasure to interact with Anil Thanki in my role as the
BioJavaScript (Bio]S) community coordinator. Bio]S is an open source community of developers
whose objective is the sharing of code for visualisation of biological data, mainly through the means of
JavaScript, the leading scripting language for the web. With regards to the publication below, I certify
that Anil played a leading role in the development of wigExplorer, which is reflected as him being the
lead author in this article.

1. wigExplorer, a Bio]S component to visualise wig data Anil S. Thanki, Rafael C. Jimenez, Gemy
G. Kaithakottil, Manuel Corpas, Robert P. Davey. Fio00 Research, FioooResearch 2016,

It is worth mentioning that his contribution was beyond purely technical. Anil has also contributed to
Bio]S as a mentor during Google Summer of Code (GSoC) 2014.

I am pleased to endorse Anil in his bid to obtain a PhD by publication.

Yours faithfully

e

Manuel Corpas

Chief Scientist
Cambridge Precision Medicine

+44.7939 807 507
m.corpas@cpm.onl

ideaSpace South

University of Cambridge Biomedical Innovation Hub
Hills Road, Cambridge CB2 0AH
https://www.cpm.onl



UNIVERSITY OF CALIFORNIA, BERKELEY

BERKELEY + DAVIS + IRVINE « LOSANGELES =+ RIVERSIDE + SANDIEGO + SANFRANCISCO SANTABARBARA  +  SANTA CRUZ

May 8th, 2019
To Whom It May Concern:

Re: Convergent gene loss in aquatic plants predicts new components of plant immunity and drought response.
EL Baggs, AS Thanki, R O’Grady, C Schudoma, W Haerty, KV Krasileva, 2019 March ;
doi: https://doi.org/10.1101/572560

It is my pleasure to endorse Mr. Anil Thanki bid to gain a PhD by publication. | worked closely with Anil on a
project that led to the paper cited above whilst at the Earlham Institute. Anil was instrumental in the application of
the GeneSeqToFamily pipeline to analyse the gene families identifiable among the 18 genomes in the
aforementioned study. His advice on the method and support throughout the process was professional and
extremely useful to the project.

Please do not hesitate to contact me for more information.

Sincerely,

“‘g‘%ﬁ%}

Erin Baggs
(UC Berkeley Graduate student)

320 Koshland Hall,
Berkeley, CA 94709
Erinbaggs95@berkeley.edu



UNIVERSITY OF CALIFORNIA, BERKELEY

BERKELEY * DAVIS « IRVINE « LOS ANGELES « MERCED « RIVERSIDE * SAN DIEGO * SAN FRANCISCO SANTA BARBARA « SANTA CRUZ

May 28 2019

Re: Anil Thanki PhD thesis: Development of computational techniques for genomic data analysis
and visualisation in the model and non-model organisms

To whom it may concern,

I am writing to express my wholehearted support of Anil Thanki’s project. We have collaborated with
Anil to use his GeneSeqToFamily workflow for our research. The results from his pipeline proved to be
robust and are included in our publication with Anil as a co-author (Baggs, Thanki, O’Grady,
Schudoma, Haerty and Krasileva, “Convergent gene loss in aquatic plants predicts new components of
plant immunity and drought response” under review). During this work, we were able to directly
compare his pipeline to a standard OrthoMCL analysis methods. Anil’s pipeline was not only easier to
run, but also it required less computational resources allowing us to process larger datasets.

I recommend Anil’s work most favorably. If you have further questions, please, feel free to contact me

at kseniak(@berkeley.edu or at (510)-820-4991.

Sincerely yours,

/

Ksenia Krasileva

Assistant Professor

Department of Plant and Microbial Biology
University of California, Berkeley

231 Koshland Hall
Berkeley, CA 94710

https://krasilevalab.org/
http://plantandmicrobiology.berkeley.edu
@kseniakrasileva




Earlham Institute Tel:  +44(0)1603 450001

Norwich Research Park Fax: +44(0)1603 450021 Earlhal I l
Norwich, www.earlham.ac.uk | .

NR4 7UZ, UK enquiries@earlham.ac.uk Instltute

Decodina Livina Svstem:

Nicola Soranzo, PhD

Data Infrastructure and
Algorithms

Earlham Institute
nicola.soranzo@earlham.ac.uk

3 June 2019
To whom it may concern

Re: Anil S. Thanki’s PhD thesis “Development of
computational techniques for genomic data analysis and
visualisation in the model and non-model organisms”

| worked closely with Anil Thanki on the 2 peer-reviewed papers
listed below. For both of these projects, Anil was involved in every
step from design to the final publication. He was the main developer
of the tools presented and the main author of the papers.

1. AS. Thanki, N. Soranzo, W. Haerty, and R.P. Davey.
GeneSeqToFamily: a Galaxy workflow to find gene families
based on the Ensembl Compara GeneTrees pipeline.
GigaScience, 7(3):giy005, 2018.

2. A.S. Thanki, N. Soranzo, ]. Herrero, W. Haerty, and R.P. Davey.
Aequatus: an open-source homology browser. GigaScience,
7(11):0iy128, 2018.

| fully endorse Anil’s submission to obtain a PhD by publication.
Please don't hesitate to contact me for more information.
Yours faithfully,

Nicola Soranzo

-
'g Athena h
25BBSRC VR SWAN 888 foearcn

((((( MENDATION WINNER Bronze Award park

01
ity No. 1136213




LONDON'S GLOBAL UNIVERSITY

London, 29" of April 2019
To whom it concerns

Re: Aequatus: an open-source homology browser. Anil S Thanki, Nicola Soranzo, Javier Herrero,
Wilfried Haerty, Robert P Davey. GigaScience, Nov 2018,
7(11):giy128, 10.1093/gigascience/giy128.

Anil Thanki was the main developer of the tool presented in this paper. My involvement in the work was
mainly to discuss the progress and new ideas with him and Dr. Robert Davey but Mr Thanki was
certainly leading the development of the tool, which is reflected as him being the lead author in this
article.

It is worth mentioning that his contribution was beyond purely technical. It is thanks to the combination
of his understanding of the biological questions, his programming abilities and knowledge of the
Ensembl API that this project has been a success.

Since the publication is so recent, there has not been enough time for other articles to cite this work,
however the peer reviews are available on the Journal web page. | would like to highlight a couple of
sentences from these:

“The key innovation, though, lies in a comparative display of gene structure, with an
annotated gene tree on the left and a display of matching exons on the right.” Dr.
Christophe Dessimoz

“This software will be a useful tool for the visualization of detailed syntenic relationships at
the sub-gene level and at the localized gene level”. Dr Deborah Weighill

Clearly both reviewer value the novelty of Aequatus. Surely, there are many different use cases for the
detailed comparison of exon structure among orthologous genes, including gene annotation QC,
evolutionary studies on birth/death of exons, etc.

In summary, this article shows the capacity of Mr Thanki and fits well with the rest of his work presented
in his thesis ‘Development of computational techniques for genomic data analysis and visualisation in
the model and non-model organisms’. | fully support Mr Thanki’s submission to obtain a PhD by
publication.

Sincerely yours

e

Prof. Javier Herrero

Head of the Bill Lyons Informatics Centre
UCL Cancer Institute

University College London

University College London, Gower Street, London WC1E 6BT
Tel: +44 (0)20 3108 2436

javier.herrero@ucl.ac.uk

www.ucl.ac.uk/cancer/blic
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MRC Council

To Whom It May Concern:
Dear Colleague,

Re: Modha, S., Thanki, A. S., Cotmore, S. F., Davison, A. J., & Hughes, J. (2018). ViCTree: an
automated framework for taxonomic classification from protein sequences. Bioinformatics, 34(13),
2195-2200. https://doi.org/10.1093/bioinformatics/bty099

Anil Thanki was the main developer of the ViCTreeView tool included in this paper and integrated in
the ViCTree analysis pipeline. | have developed the ViCTree analysis backend pipeline with help from
other collaborators and Mr Anil Thanki led and executed the ViCTreeView visualisation component
successfully.

Itis notable that his contribution was a key part of the project. Mr Thanki has demonstrated his expertise
throughout the development and publication process. He has a very strong background in the scientific
programming and his contribution in this project reaffirms his proficiency in this area of research.

It is my pleasure to support Anil Thanki in his bid to gain a PhD by publication.

Yours sincerely,

o
~

Sejal Modha
Post-graduate Research Student

telephone: +44 (0)141 330 2886
e-mail: s.modha.1@research.gla.ac.uk

Medical Research Council-University of Glasgow Centre for Virus Research
Sir Michael Stoker Building, Garscube Campus, 464 Bearsden Road, Glasgow G61 1QH
cvr.ac.uk @CVRInfo

The University of Glasgow, charity number SC004401.
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Joseph Hughes

MRC - University of Glasgow Centre for Virus Research
Garscube Estate, Bearsden Road

Glasgow

G61 1QH

UK

26 March 2019

Dear Colleague,

Re: Modha S, Thanki AS, Cotmore SF, Davison AJ, Hughes J. ViCTree: an automated framework
for taxonomic classification from protein sequences. Bioinformatics. 2018 Jul 1;34(13):2195-2200.
doi: 10.1093/bioinformatics/bty099. v

Anil Thanki was critical in the successful publication of the work listed above. Anil developed the
complete visualization front-end for our pipeline that aufomates the generation of virus family
phylogenies. He worked closely with us as we developed the pipeline and was always responsive to
developing feature enhancements for the visualizétion, both prior to publication and following the
reviewer's comments.

I am very happy to support Anil in his bid to gain a PhD by publication.

Yours sincerely,

Joseph Hughes

Senior Bioinformatician

telephone: +44 (0)141 330 4019
e-mail: joseph.hughes@glasgow.ac.uk

Medical Research Council-University of Glasgow Centre for Virus Research
Sir Michae! Stoker Building, Garscube Campus, 464 Bearsden Road, Glasgow G61 1QH
cvr.ac.uk @CVRInfo

The University of Glasgow, charity number SC004401.




NIAB-«“EMR

New Road, East Malling
Kent ME19 6BJ

T. +44 (0)1732 843833
enquiries@emr.ac.uk
¥ @emrcomms
www.emr.ac.uk

20 June 2019
To Whom It May Concern

Re: Anil Thanki — PhD candidate

| am writing this letter in support of Mr Anil Thanki as a candidate for a PhD degree at the
University of East Anglia. | was responsible of the Bioinformatics Department at The Genome
Analysis Centre (TGAC, now Earlham Institute) when we recruited Anil. Since then | had the
opportunity to work with Anil on a number of projects, initially from my role as Head of
Bioinformatics at TGAC and later as Director of the organization until my departure in August 2015.
This work supported a number of manuscripts as detailed below.

A. S. Thanki, N. Soranzo, J. Herrero, W. Haerty, and R. P. Davey, Aequatus: an open-source
homology browser. Gigascience 2018 - Selected in GigaScience Prize Track

A. S. Thanki, X Bian, R. P. Davey, TGAC Browser: An open-source genome browser for non-
model organisms. bioRxiv 2019

M. Spannagl, M. Alaux, M. Lange, D. M. Bolser, [and 24 others, including M. Caccamo and A. S.
Thanki], transPLANT Resources for Triticeae Genomic Data. The Plant Genome 2015

I have always been impressed with Anil's commitment to scientific excellence and by his expertise
in computational methods which add to his strength as a scientist.

From these achievements | believe Anil is an exceptionally strong candidate for a PhD and
therefore | am very happy to write this letter of support.

Yours faithfully

Professor Mario Caccamo
Managing Director
NIAB EMR

(NIAB

NIAB EMR, part of the NIAB group, is a charitable company limited by guarantee.
Registered in England Registration No.09894859. Charity Registration No. 1165055.
Registered Office: NIAB EMR, Huntingdon Road, Cambridge, Cambridgeshire, United Kingdom, CB3 OLE, UK



Appendix II: Publications submitted

. A. S. Thanki, X Bian, and R. P. Davey, “TGAC Browser: An open-source

genome browser for non-model organisms,” bioRxiv 2019

. A. S. Thanki, R. C Jimenez, G. G. Kaithakottil, M. Corpas, and R. P. Davey

“wigExplorer, a BioJS component to visualise wig data,” F1000Research 2014

A. S. Thanki, N. Soranzo, W. Haerty, and R. P. Davey, “GeneSeqToFamily: a
Galaxy workflow to find gene families based on the Ensembl Compara GeneTrees

pipeline,” GigaScience 2018

. A. S. Thanki, N. Soranzo, J. Herrero, W. Haerty, and R. P. Davey, “Aequatus:
an open-source homology browser,” GigaScience 2018 - Selected in GigaScience

Prize Track

. S. Modha, A. S. Thanki, S. F. Cotmore, A. J. Davison, and J. Hughes, “Victree:
an automated framework for taxonomic classification from protein sequences,”

Bioinformatics 2018

M. Spannagl, M. Alaux, M. Lange, D. M. Bolser, [and 25 others, including A.
S. Thanki.] “transPLANT Resources for Triticeae Genomic Data,” The Plant

Genome 2015
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TGAC Browser: An open-source genome

browser for non-model organisms

Anil S. Thanki'-, Xingdong Bian', and Robert P. Davey'-™

!Earlham Institute, Norwich Research Park, NR4 7UZ United Kingdom

Genome browsers play a vital role to provide visualisation for
genomic data. It is often the case that bespoke genome browser
customisations are required between different research groups,
with an obvious necessity to update, upgrade and tailor tracks
and features on a potentially frequent basis. However, most of
the current genome browsers require highly curated data held
in public repositories. Besides, these genome browsers often rely
on particular dependencies, where writing plug-in or modifying
existing code can be troublesome and resource expensive.

We present TGAC Browser, a new open-source web-based
genome browser designed to overcome shortcomings in avail-
able approaches. It uses a locally installed Ensembl Core
Database schema and is also able to visualise data from well-
known NGS data formats. We also added simple analy-
sis functionality to perform BLAST searches within TGAC
Browser. TGAC Browser also allows uploading your genomic
data. TGAC Browser is an open-source, easy to set up, and
user-friendly genome browser with minimal, lightweight config-

uration details.

Genome Browser, G

Ei bl, NGS data, Visualisation

Correspondence: Anil.Thanki@earlham.ac.uk and

Robert.Davey@earlham.ac.uk

Introduction

Genome browsers (1-3) typically present spatial relation-
ships between different pieces of biological information by
providing graphical visualisations of the genomic data. De-
spite advances in data production and analysis methods,
genome browsers play an important role in examining data to
explore the results of new analysis and generating hypotheses
(4). The principal function of the genome browser is to ag-

gregate different types of genomic annotation data together

and integrate them into an abstract graphical view (5). It
allows researchers to visualise and explore predicted genes,
transcripts, gene expression, variation, comparative analysis,
and alignments. Because of so many of these reasons to use
genome browser, many software has been developed which
are widely used and essential, for example, Ensembl genome
browser (3), GBrowse (1), JBrowse (6), and IGV (7).

In general, genome browsers can be divided into two cate-
gories: standalone browsers and web-based browsers. Stan-
dalone browsers are used on a local computer, which tends to
focus on heavyweight applications to run with a large dataset.
While web-based browsers are generally installed on host in-
stitutional server and can be used over the internet. Here we
are focusing on a web-based genome browser, which is more

popular due to its flexible accessibility and performance.

Many of the available web-based genome browsers require
heavily curated data in public repositories as well as in a spe-
cific format supported by the particular browser. With the
democratisation of sequencing technologies, smaller research
labs are generating an increasing amount of sequencing data
and performing analyses, especially for non-model organ-
isms. Biological analyses can be performed in many alterna-
tive ways providing results in various formats; thus it can be a
tedious process to convert data in order for it to be supported
by a particular browser and data needs to be curated before
making them available from a public repository. Among var-
ious available genomic formats, the Ensembl database sys-
tem (8) is standard format containing various genomic anno-
tation, and it is widely accepted in both companies as well
as academic sites and also provides a framework to load any

standard NGS formatted data into Ensembl databases.

Thanki etal. | bioRxiv | June 24,2019 | 1-6



To better simplify genomic data visualisation, we present the
TGAC Browser, an open-source genome browser. It retrieves
and visualises data directly from a local instance of the En-
sembl core database (8) as well as well-known NGS data for-
mats. TGAC Browser can also perform BLAST (Basic Local

Alignment Search Tool) (9) analysis within.

Materials and Methods

TGAC Browser is designed with a typical server-client archi-
tecture (see Figure 1) to utilise the server for data retrieval
and use clients’ computational resources to generate the vi-
sualisation. This approach provides a consistent experience
to users when the TGAC Browser is being used by mul-
tiple users simultaneously. Client and server transfer data
asynchronously using Ajax (Asynchronous JavaScript And

XML).

N

1 NGS
[} data data
[} (GFR) (ver)
1

Java
Data Access Object

Java Services =

~
Web Interface I{ NGS NGS NGS

| data data data

(@aprcem)

Client 1 (VCF)

N

Fig. 1. The TGAC Browser infrastructure, showing the interactions between the
server-side implementation, connected to Ensembl core database using Java Data
Access Objects and NGS files via Java-genomics-io, and the client-side imple-
mented using popular techniques such as JavaScript, jQuery, d3.js and jQuery

DataTables.

The server side of TGAC Browser is implemented in Java
programming language, which retrieves data from a local
Ensembl Core database using Java DAO (Data Access Ob-
jects) and NGS formatted files using Java-Genomics-10 li-
brary (10), a Java library developed by Timothy Palpant.

TGAC Browser retrieves references from Ensembl database

and visualises genomic annotation from the Ensembl

2 | bioRxiv

database as well as NGS formatted files such as SAM (Se-
quence Alignment/Map format) (11), BAM (Binary equiva-
lent of SAM), GFF (Generic Feature Format) (12), and VCF
(Variant Call Format) (13).

TGAC Browser client-side is implemented in JavaScript,
jQuery library, SVG (Scalable Vector Graphics) and D3.js
(Data-Driven Documents) (14). By using all these well-
known web technologies, we are able to create seamless
browsing experience for users, where user can drag, pan
and rearrange genomics tracks on a web browser similar to
Google Maps. We have implemented lazy loading method,
in which TGAC Browser retrieves and visualise data only for
the visible and surrounding regions and for any action by the
user it retrieves only required additional data. This strategy
allows for very dynamic zooming and scrolling to provide
smoother and faster users experience.

TGAC Browser allows users to upload (Figure 3 E) genomic
annotations such as GFF, GAPIT (Genome Association and
Prediction Integrated Tool) (15) and GEM file format con-
taining information about Genes, SNPs and expression data.
This provides a collaborative platform for users to visualise
their data safely without needing to share or making it avail-
able from the server.

TGAC Browser has an integrated BLAST search function-
ality to add analysis capability. BLAST can be set up to
run on local installation or High-performance computing
(HPC) cluster using BLAST+ (16), as well as NCBI BLAST
server. TGAC Browser keeps track of BLAST analysis using
blast_manager, a database system (see Figure 2), and stores

result for future reference.

Results

The layout of the TGAC Browser (see Figure 3) is similar to
the many of the genome browser available, making it user-
friendly. In this layout, the genomic region spans from left to
right and genomic annotations are laid out from top to bot-
tom.

TGAC Browser visualises reference level genomic informa-

Thanki etal. | TGAC Browser



" blast_status v
id_blast VARCHAR(45) id_blast VARCHAR(45)
status VARCHAR(45) result_json LONGTEXT

> >

"] blast_result v

] blast_params v

id_blast VARCHAR(45)
blast_db VARCHAR(255)
blast_seq LONGTEXT
biast_fiter VARCHAR(150)
blast_type VARCHAR({255)
ink LONGTEXT
output_format VARCHAR(255)

>

Fig. 2. blast_manager database schema

Fig. 3. The main view of TGAC Browser. The header on top provides a search
box (A) and a link to BLAST Search (B). It is followed by the second panel con-
taining Control bar (J), an option to toggle tracks (C), save session (D) and up-
load tracks (D). Chromosomal view (F) represents available chromosomes for the
species, where the selected chromosome is coloured in red. Below there is a hor-
izontal view of reference (G), followed by a zoomed area of the reference (H). All
genomic tracks (I) are laid out in order after that. The figure is also showing an

example of a typical popup (K)

tion on top using chromosome information (Figure 3 F), if
available. as well as horizontal selectable region (Figure 3
G). User can move selector on the selectable region, and the
respective region will be shown below (Figure 3 H), which
can be visualised as nucleotide sequences and three forward
frame translation if zoomed enough. The chromosomal view
gives user overview of the reference species as well as pro-
vide a visual guide of the current viewing region on the chro-
mosome and let user change region of interest. Chromosomal

view also visualises available genomic markers on the side.

Thanki etal. | TGAC Browser

Interface features. TGAC Browser has implemented vari-
ous browsing functionalities to provide a seamless browsing
experience. Navigation controls are in the top control bar
(Figure 3 J) for panning and zooming. It also contains an
expand button for an overview of the whole reference and
reset button to focus on the centre point of reference. In ad-
dition, TGAC Browser also equipped with google maps style
panning by dragging the mouse and zooming with a scroll
or double click as well as panning with arrow keys on the

keyboard.

Genomic annotations can be ordered by dragging them with
a label of the track and toggled from Tracks/Settings (Figure
3 C). Primary information for each annotation is visualised
next to the genomic track, and additional information can be

seen with mouseover, as well as in a popup (detailed below).

Search. TGAC Browser is equipped with flexible keyword-
based search functionality (Figure 3 A), which searches
against chromosome names, assembly information as well as
all the relevant genomic features information such as gene
symbols, Ensembl stable IDs (unique identifiers in the En-
sembl project for each genomic annotation), common names
in the database. It visualises results along with Chromosomal
view if available or in tabular form with a link to respective

browser view.

Visualisations. TGAC Browser presents genomic annota-
tions using various types of visualisations automatically cho-
sen by the type and volume of genomic data to be visualised
(see Figure 4). For small dataset each annotation visualises
independently while large dataset visualises either as a his-
togram (Figure 4 B) or a heat map (Figure 4 A) representing
quantitative information. This method is memory efficient as
well as helps the user to look at a glance for a larger region
and then focus on a particular segment for a detailed view.
TGAC Browser also uses wiggle plots (Figure 4 C) for ex-
pression data using wigExplorer (17) from BioJS (18) and
Manhattan style (Figure 4 D) visuals for SNPs.

bioRxiv | 3
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Fig. 4. TGAC Browser visualises genomic annotation based on type and amount
of data: A: Heat Map presentation of large data (more than 5000 annotation), B:
Graphical presentation of large data (from 1000 to 5000 annotation), C: Wiggle
plot for expression data using wigExplorer, D: Manhattan plot for GAPIT data, E:
Visualising reads directly from SAM/BAM file

Pop-up. TGAC Browser provides a contextual menu system
via interactive pop-ups (Figure 3 K), which contains addi-
tional information for genomic annotation such as analysis
type, position on the reference and textual description. Pop-
up also contains options to fetch sequence, perform BLAST
analysis for the sequence of selected annotation, focus on
the annotation, highlighting annotation as well as provides
a link to the Ensembl for more information (if the annotation
is available in Ensembl). All this information and options are

dynamically selected based on the type of annotation.

BLAST. Integration of BLAST search within TGAC Browser
plays a key role by providing the ability to perform analysis
within. A user can utilise BLAST in two ways:

First, the user can perform BLAST search on a sequence of
interest and results visualised in tabular view with links to
specific result (Figure 5). User can perform multiple BLAST
searches, and all the search results are shown as a selectable
list, where user can toggle between results (Figure 5). In here
user can also choose the type of BLAST (i.e. blastn, tblastn
and blastx) as well as change parameters (e.g. scoring param-
eters, gap penalties and word-size). This feature gives TGAC
Browser facility to search with a sequence in addition to the
traditional keyword-based search.

Second, the user can perform BLAST search from the pop-
up menu of the selected genomic feature and results are pre-
sented as a genomic track alongside others (Figure 6). These
BLAST Results are coloured based on standard BLAST
colour schema for bit-score; it also represents insertion and
deletion information. This feature helps to find out other

matching regions from references for the selected annotation
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Fig. 5. BLAST analyses are showing results with links out to associated TGAC
Browser instance. on the top right showing BLAST run, allowing previous results to

be shown and removed.

in the case of multiple copies of a chromosome.

Fig. 6. BLAST analyses are showing results as genomic track. On top right pop-up
showing insertions and deletions at the position, BLAST hits are coloured based on

the score.

Sharing. TGAC Browser allows users to share information

using URL as well as session id:

Persistent URL. TGAC Browser provides persistent unique
Uniform Resource Locator (URL) to enable consistent ac-
cess to the point of interest. Users can share the link for the
specific reference to a given species and chromosome, or a
search term. This makes it easy to share information with

collaborators, or for use in publications.

Session. TGAC Browser also allows the user to share infor-
mation using session feature (Figure 3 D), where the user can
save a running session and share it with collaborator for the

same view.

Conclusions

As more and more genomes are being sequenced, genome
browsers are increasing importance. Thus, we developed
the TGAC Browser, a genome browser that relies on non-
proprietary software but only readily available Ensembl Core

database and NGS data formats. The capability of TGAC

Thanki etal. | TGAC Browser



Browser to visualise data from multiple sources without any
conversion makes it ideally suited to be used with newly se-
quenced next-generation sequencing datasets of the model
and non-model organisms.

TGAC Browser follows many optimisations for data visu-
alisations, making it versatile and robust genome browser.
Functionalities to browse, upload, and share genomic infor-
mation, make it all-rounder genome browser. In addition to
exploration tool, TGAC Browser is also able to help scientists
pursuing their research by performing analysis using built-in
BLAST functionality.

TGAC Browser has been actively used by Primula Research
Group at Earlham Institute and the University of Hull, SZN
(Stazione Zoologica Anton Dohrn) Napoli, Brassica RIPR
community, transPLANT (19), and Vietnamese Rice Com-
munity.

The ultimate goal of TGAC Browser is to provide a unique
and a single solution to represent genomic data, from known

NGS data format(s) for model and non-model organisms.

Future Directions

We are looking to incorporate TGAC Browser into the vir-
tualization system generated using CyVerse (20) and Docker
with Galaxy (21) to provide a complete solution for genome
analysis and exploration, where genomic annotation gener-
ated from Galaxy can directly be available to visualised using
TGAC Browser instance.

We would also like to investigate into implementing, user-
friendly annotation method, for users to add or modify ge-
nomic annotation. It would help to bring the community to-
gether for new genomic annotation as well as validation and

curation of existing annotation.

Availability

Information about the TGAC Browser and a demo instance
are currently available at the URL below, and source code for
TGAC browser is also available on GitHub. We would be

pleased to help any potential users interested in the project.

Thanki etal. | TGAC Browser

Demo: http://browser.earlham.ac.uk

Source-code: https://github.com/TGAC/

TGACBrowser
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Introduction

Numerous web applications exist for visualisation of biological
data. Data can be prepared for visualisation using a variety of for-
mats, one of which is the widely used wiggle (wig) file. A wig-
gle file contains text that defines either a feature or a data track.
The wiggle format was developed by the UCSC genome browser'
and then quickly adopted by other initiatives™’. Web applications
such as genome browsers rely heavily on JavaScript, a popular lan-
guage for processing and rendering client-side information in a web
browser. Despite their widespread use in bioinformatics, biological
web applications are usually implemented with no standard reutili-
sation guidelines in mind, hence BioJS was developed". BioJS code
contains proper guidelines on how to use the components and how
the API can be implemented to interact with other components.

BioJS is an open source JavaScript library of components for the visu-
alisation of biological data on the web. Here we present wigExplorer,
a standard, portable BioJS component designed to easily render
wig data format files. wigExplorer can be integrated and control-
led from other applications. To our knowledge, this is the first
modular component to visualise wig data that complies with BioJS
standards.

The wigExplorer component

wigExplorer is fully integrated in the BioJS project. It follows the
standards set by the BioJS registry’, a centralised repository of
BioJS components hosted at the European Bioinformatics Institute
(EBI). Having wigExplorer in the BioJS registry is advantageous
because it promotes i) easy discoverability for the component,
ii) collaborative development with other members of the BiolS
community and iii) reutilisation by third party applications. In the
BioJS registry, component APIs are exposed, i.e., events and meth-
ods are defined and documented so that other BioJS components
can interact with each other. By following these conventions, wigEx-
plorer is able to interact with other components on the same web
page, enriching the overall experience for the user. The code below
shows how to incorporate wigExplorer into a web application. Only
three configuration elements are needed: the target HTML element
in which the component will be rendered, the background colour of
the component, and the file path containing the wig data. Wig files
contain minimalistic information of genomic data wigExplorer and
can handle a large genomic region such as a chromosome (tested

F1000Research 2016, 3:53 Last updated: 16 MAY 2019

with a single file containing 12 chromosome with average length of
60 Mb), but this depends on the richness of the data rather than the
length of the genomic region.

var instance = new Biojs.wigExplorer ({

target: "YourOwnDivId",
selectionBackgroundColor: ’<background-colour>’,
dataSet: "<path-to-file>"

1)

wigExplorer uses D3 js, the data-driven documents JavaScript library®,
to generate graphical representations from wig data. D3.js handles
the manipulation of the data documents, the reading of wig data as
text format and their conversion to an area chart format. On the top
right side, wigExplorer contains a dropdown to toogle between dif-
ferent references from the wig file. To control the visual aspect of
the wig data, wigExplorer contains simple controls for zooming and
panning. It is also possible to zoom and pan using provided API.

instance. _updateDraw (start, end)

Application

wigExplorer can be used to visualise genomic data in different
ways. An application is shown in Figure 1, depicting single nucle-
otide polymorphism (SNP) density data from a genomic annotation
in the tomato genome. Here chromosome 2 is zoomed in to show
the genomic interval contained between position 2.5M and 47.5M.
The SNP density data contained in the wig data file are presented
as bins, where the Y axis indicates the number of SNPs contained
in each bin. The screenshot shows a dramatic change in the density
of SNPs just after the 24M bin mark of the chromosome, suggest-
ing a potential boundary for an introgression segment introduced
from a closely related tomato species. Other potential applications
of wigExplorer may involve the visualisation of gene expression
and alignment data.

Third party browsers are also using wigExplorer. A screenshot of
the TGAC Browser’ is shown in Figure 2 using wigExplorer to depict
Myzus spp. scaffold 1 zoomed in between regions 714K and 727K.
Here strandspecific RNA-Seq paired-end read coverage is shown
as a wig track. The track below shows a closely related
annotated species gene set for comparison. This comparison sug-
gests a potential gene extension in both forward and reverse
orientation.

Conclusions

The wigExplorer component provides a platform to visualise bio-
logical data in wig format. wigExplorer can be easily integrated
with other web components or extended to provide new functional-
ity. We expect this component to be particularly useful for visualisation
in a variety of data types such as SNP density, alignments and gene
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Figure 1. wigExplorer view of tomato variety Heinz chromosome 2. The top controls are designed to toogle between different references
as well as zoom and pan. Peaks show SNP density of 1kb size bins. A change of SNP density can be observed around the 24M mark, with a
slightly greater density of SNPs on the right, indicative of a potential introgression segment from another related species.
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Figure 2. An example of wigExplorer integration using the TGAC Browser. The wigExplorer track shows read coverage in Myzus spp.
for scaffold 1. Forward and backward strands are depicted in red and blue respectively. Evidence genes from a closely related species are

displayed in the track below.

expression. Like any other Bio]S component, wigExplorer requires
little technical knowledge for its utilisation.

Software availability
Zenodo: wigExplorer, a BioJS component to visualise wig data_v2,
doi: 10.5281/zenodo.8516%

GitHub: BioJS, http://github.com/biojs/biojs/releases/tag/v1.0;

Author contributions

AT and RJ developed the code for wigExplorer. MC and GK cre-
ated the user cases for Figure | and Figure 2 respectively. AT, RD,
MC and GK wrote the paper.

Competing interests
No competing interests were disclosed.

Grant information

AT, GK and RD were supported by the UK Biotechnology and Bio-
logical Sciences Research Council (BBSRC) National Capability
Grant (BB/J010375/1) at Earlham Institute.

The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Acknowledgements

We are grateful to all BioJS developers who have contributed their
work under an open source license. We are thankful to David
Swarbreck at Earlham Institute for his advice on the data shown
in Figure 2.

Page 4 of 15



F1000Research 2016, 3:53 Last updated: 16 MAY 2019

References
1. Kent WJ, Sugnet CW, Furey TS, et al.: The human genome browser at UCSC. 1103-1104.
Genome Res. 2002; 12(6): 996-1006. PubMed Abstract | Publisher Full Text | Free Full Text
PubMed Abstract | Publisher Full Text | Free Full Text 5. BioJS: registry. hitp://biojs.io, 2016.
2. Donlin MJ: Using the Generic Genome Browser (GBrowse). Curr Protoc Reference Source
Bioinformatics. John Wiley and Sons, Inc., 2009. 6. D3.js data-driven documents. http:/d3js.org, 2012.
PubMed Abstract | Publisher Full Text Reference Source
3. Skinner ME, Uzilov AV, Stein LD, et al.: JBrowse: A next-generation genome 7. Thanki AS, Bian X, Davey RP, et al.: TGAC Browser: visualisation solutions for
browser. Genome Res. 2009; 19(9): 1630-1638. big data in the genomic era. 2016.
PubMed Abstract | Publisher Full Text | Free Full Text Reference Source
4. Gomez J, Garcia LJ, Salazar GA, et al.: BioJS: an open source JavaScript 8. Thanki AS, Jiminez RC, Kaithakottil GK, et al.: wigexplorer, a biojs component to
k for bil ical data vi: izati ioil ics. 2013; 29(8): visualise wig data_v2. Zenodo. 2014.

Data Source

Page 5 of 15



GeneSeqToFamily: a GGalaxy workflow
to find gene families based on the
Ensembl Compara (GeneTrees pipeline
A. S. Thanki, N. Soranzo, W. Haerty,
and R. P. Davey
GigaScience 2018

149



GigaScience, 7, 2018, 1-10

GI A doi: 10.1093/gigascience/giy005
OXFORD

CIEN S E Advance Access Publication Date: 7 February 2018
g:\ Technical Note

TECHNICAL NOTE

GeneSeqToFamily: a Galaxy workflow to find gene
families based on the Ensembl Compara GeneTrees
pipeline

Anil S. Thanki*, Nicola Soranzo, Wilfried Haerty and Robert P. Davey

Earlham Institute, Norwich Research Park, Norwich NR4 7UZ, UK

*Correspondence address. Anil S. Thanki, Earlham Institute, Norwich Research Park, Norwich, NR4 7UZ, UK. E-mail: Anil. Thanki@earlham.ac.uk

Abstract

Background: Gene duplication is a major factor contributing to evolutionary novelty, and the contraction or expansion of
gene families has often been associated with morphological, physiological, and environmental adaptations. The study of
homologous genes helps us to understand the evolution of gene families. It plays a vital role in finding ancestral gene
duplication events as well as identifying genes that have diverged from a common ancestor under positive selection. There
are various tools available, such as MSOAR, OrthoMCL, and HomoloGene, to identify gene families and visualize syntenic
information between species, providing an overview of syntenic regions evolution at the family level. Unfortunately, none
of them provide information about structural changes within genes, such as the conservation of ancestral exon boundaries
among multiple genomes. The Ensembl GeneTrees computational pipeline generates gene trees based on coding
sequences, provides details about exon conservation, and is used in the Ensembl Compara project to discover gene families.
Findings: A certain amount of expertise is required to configure and run the Ensembl Compara GeneTrees pipeline via
command line. Therefore, we converted this pipeline into a Galaxy workflow, called GeneSeqToFamily, and provided
additional functionality. This workflow uses existing tools from the Galaxy ToolShed, as well as providing additional
wrappers and tools that are required to run the workflow. Conclusions: GeneSeqToFamily represents the Ensembl
GeneTrees pipeline as a set of interconnected Galaxy tools, so they can be run interactively within the Galaxy’s
user-friendly workflow environment while still providing the flexibility to tailor the analysis by changing configurations and
tools if necessary. Additional tools allow users to subsequently visualize the gene families produced by the workflow, using
the Aequatus.js interactive tool, which has been developed as part of the Aequatus software project.

Keywords: Galaxy; Pipeline; Workflow; Genomics; Comparative Genomics; Homology; Orthology; Paralogy; Phylogeny; Gene
Family; Alignment; Compara; Ensembl

Introduction ancestral gene duplication events as well as in identifying re-
gions under positive selection within species [2]. In order to
investigate these low-level comparisons between gene fami-
lies, the Ensembl Compara GeneTrees gene orthology and par-
alogy prediction software suite [3] was developed as a pipeline.
The Ensembl GeneTrees pipeline uses TreeBest [4, 5] (part of

The phylogenetic information inferred from the study of ho-
mologous genes helps us to understand the evolution of gene
families (also referred to as “orthogroups”) that comprise genes
sharing common descent [1]. This plays a vital role in finding
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Table 1: Galaxy tools used in the workflow

Tool name

Get sequences by Ensembl ID
Get features by Ensembl ID
Select longest coding sequence
per gene

ETE species tree generator
GeneSeqToFamily preparation
Transeq

NCBI BLAST+ makeblastdb
NCBI BLAST+ blastp

BLAST parser

hcluster_sg

hcluster_sg parser

Filter by FASTA IDs

T-Coffee

Tranalign

TreeBeST best

Gene Alignment and Family
Aggregator

Unique

FASTA-to-Tabular

UniProt ID mapping and

Tool ID

get_sequences
get_feature_info
ensembl longest_cds_per_gene

ete_species_tree_generator
gstf_preparation
EMBOSS: transeq101
ncbi_makeblastdb
ncbi_blastp_wrapper
blast_parser
hcluster_sg
hcluster_sg_parser
filter_by_fasta_ids
t_coffee

EMBOSS: tranalign100
treebest_best

gafa

tp_sorted_uniq
fasta2tab
uniprot._rest_interface

Developed at Earlham

Institute Toolsheds
Version Tool Wrapper reference
0.1.2 Yes Yes [17]
0.1.2 Yes Yes [18]
0.0.2 Yes Yes [19]
3.0.0b35 Yes Yes [20]
0.4.0 Yes Yes [21]
5.0.0 No No [22]
0.2.01 No No [23]
0.2.01 No No [23]
0.1.2 Yes Yes [24]
0.5.1.1 No Yes [25]
0.2.0 Yes Yes [26]
1.0 No No [27]
11.0.8 No Yes [28]
5.0.0 No No [22]
1.9.2 No Yes [29]
0.3.0 Yes Yes [30]
1.1.0 No No [31]
1.1.0 No No 32]
0.1 No No [33]

retrieval

TreeFam [6]), which implements multiple independent phyloge-
netic methods and can merge the results into a consensus tree
while trying to minimize duplications and deletions relative to
a known species tree. This allows TreeBeST to take advantage
of the fact that DNA-based methods are often more accurate for
closely related parts of trees, while protein-based trees are bet-
ter at longer evolutionary distances.

The Ensembl GeneTrees pipeline comprises 7 steps, start-
ing from a set of protein sequences and performing similarity
searching and multiple large-scale alignments to infer homol-
ogy among them, using various tools: BLAST [7], hcluster_sg [8],
T-Coffee [9], and phylogenetic tree construction tools, including
TreeBeST. While these tools are freely available, most are spe-
cific to certain computing environments, are only usable via the
command line, and require many dependencies to be fulfilled.
Therefore, users are not always sufficiently expert in system ad-
ministration to install, run, and debug the various tools at each
stage in a chain of processes. To help ease the complexity of
running the GeneTrees pipeline, we employed the Galaxy bioin-
formatics analysis platform to relieve the burden of managing
these system-level challenges.

Galaxy is an open-source framework for running a broad
collection of bioinformatics tools via a user-friendly web inter-
face [10]. No client software is required other than a recent web
browser, and users are able to run tools singly or aggregated
into interconnected pipelines, called “workflows”. Galaxy en-
ables users to not only create but also share workflows with the
community. In this way, it helps users who have little or no bioin-
formatics expertise to run potentially complex pipelines in order
to analyze their own data and interrogate results within a sin-
gle online platform. Furthermore, pipelines can be published in
a scientific paper or in a repository such as myExperiment [11]
to encourage transparency and reproducibility.

In addition to analytical tools, Galaxy also contains plugins
[12] for data visualization. Galaxy visualization plugins may be

interactive and can be configured to visualize various data types,
for example, bar plots, scatter plots, and phylogenetic trees. It is
also possible to develop custom visualization plugins and easily
integrate them into Galaxy. As the output of the GeneSeqToFam-
ily workflow is not conducive to human readability, we also pro-
vide a data-to-visualization plugin based on the Aequatus soft-
ware [13]. Aequatus.js [14] is a new JavaScript library for the visu-
alization of homologous genes that we extracted from the stan-
dalone Aequatus software. It provides a detailed view of gene
structure across gene families, including shared exon informa-
tion within gene families alongside gene tree representations.
It also shows details about the type of interrelation event that
gave rise to the family, such as speciation, duplication, and gene
splits.

The GeneSeqToFamily workflow has been developed to run the
Ensembl Compara software suite within the Galaxy environ-
ment (Galaxy, RRID:SCR_006281), combining various tools along-
side preconfigured parameters obtained from the Ensembl Com-
para pipeline to produce gene trees. Among the tools used
in GeneSeqToFamily (listed in Table 1), some were existing
tools in the Galaxy ToolShed [15], such as NCBI BLAST (NCBI
BLAST, RRID:SCR_004870), TranSeq (Transeq, RRID:SCR_015647),
Tranalign, and various format converters. Additional tools that
are part of the pipeline were developed at the Earlham Institute
(EI) and submitted to the ToolShed, that is, BLAST parser, hclus-
ter_sg, hcluster_sg parser, T-Coffee, TreeBeST best, and Gene Align-
ment and Family Aggregator. Finally, we developed helper tools
that are not part of the workflow itself but aid the generation
of input data for the workflow, and these are also in the Tool-
Shed, i.e. Get features by Ensembl ID, Get sequences by Ensembl ID,
Select longest CDS per gene, ETE species tree generator, and GeneSe-
qToFamily preparation.
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Figure 1: Overview of the GeneSeqToFamily workflow.
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Figure 2: Screenshot from the Galaxy Workflow Editor showing the GeneSeqToFamily workflow.

The workflow comprises 7 main steps (see Figure 1), starting
with translation from input coding sequences (CDS) to protein
sequences, finding subsequent pairwise alignments of those
protein sequences using BLASTP, and then the generation of
clusters from the alignments using hcluster_sg. The workflow
then splits into 2 simultaneous paths, whereby in one path
it performs the multiple sequence alignment (MSA) for each
cluster using T-Coffee (T-Coffee, RRID:SCR.011818), while in the
other it generates a gene tree with TreeBeST taking the cluster
alignment and a species tree as input. Finally, these paths merge
to aggregate the MSA, the gene tree, and the gene feature infor-
mation (eg, transcripts, exons) into an SQLite [16] database for
visualization and downstream reuse. All the workflow and data
preparation steps are shown in Figure 2 and explained in detail
below.

Data generation and preparation

We developed a number of tools that assist in preparing the
datasets needed by the workflows.

Ensembl REST API tools

Galaxy tools were developed that use the Ensembl REST API
[34] to retrieve sequence information (Get sequences by Ensembl
ID) and feature information (Get features by Ensembl ID) by En-
sembl ID from the Ensembl service. REST (REpresentational State
Transfer) is an architecture style for designing networked appli-

cations [35] that encourages the use of standardized HTTP tech-
nology to send and receive data between computers. As such,
these tools are designed to help users to retrieve existing data
from Ensembl rather than requiring them to manually download
datasets to their own computers and then subsequently upload-
ing them into the workflow.

ETE tools

We have developed the ETE species tree generator Galaxy tool,
which uses the ETE toolkit [36] to generate a species tree from a
list of species names or taxon IDs through the NCBI Taxonomy.

GeneSeqToFamily workflow

0. GeneSeqToFamily preparation

Before GeneSeqToFamily can be run, a data preparation step
must be carried out. We developed a tool called GeneSeqTo-
Family preparation to preprocess the input datasets (gene fea-
ture information and CDS) for the GeneSeqToFamily workflow.
It converts a set of gene feature information files in GFF3 [37]
and/or JavaScript Object Notation (JSON) [38] format to an SQLite
database. It also modifies all CDS FASTA header lines by append-
ing the species name to the transcript identifier, as required by
TreeBeST best. It can also retain only the longest CDS sequence
for each gene, as done in the GeneTrees pipeline.
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We decided to use an SQLite database to store the gene fea-
ture information because the GFF3 format has a relatively in-
convenient and unstructured additional information field (9th
column) and because searching is much faster and more mem-
ory efficient in a database than in a text file like JSON or GFF3,
especially when dealing with feature information for multiple
large genomes.

Transeq

Transeq, part of the European Molecular Biology Open Soft-
ware Suite (EMBOSS) (EMBOSS, RRID:SCR_008493) [39], is a tool
to generate 6-frame translation of nucleic acid sequences to
their corresponding peptide sequences. Here, we use Transeq
to convert a CDS to protein sequences in order to run BLASTP
(BLASTP, RRID:SCR-001010) and find protein clusters. However,
since downstream tools in the pipeline, such as TreeBeST, re-
quire nucleotide sequences to generate a gene tree, the protein
sequences cannot be directly used as workflow input and are in-
stead generated with Transeq.

BLAST

This workflow uses the BLAST wrappers [40] developed to run
BLAST+ tools within Galaxy. BLASTP is run over the set of se-
quences against the database of the same input, as is the case
with BLAST-all, in order to form clusters of related sequences.

BLAST parser

BLAST parser is a small Galaxy tool to convert the BLAST out-
put into the input format required by hcluster_sg. It takes the
BLAST 12-column output [41] as input and generates a 3-column
tabular file, comprising the BLAST query, the hit result, and the
edge weight. The weight value is simply calculated as minus
logso of the BLAST e-value divided by 2, replacing this with 100 if
this value is greater than 100. It also removes the self-matching
BLAST results and lets the user filter out non-Reciprocal Best
Hits.

hcluster_sg

hcluster_sg performs clustering for sparse graphs. It reads an in-
put file that describes the similarity between 2 sequences, and
iterates through the process of grouping 2 nearest nodes at each
iteration. hcluster_sg outputs a single list of gene clusters, each
comprising a set of sequence IDs present in that cluster. This list
needs to be reformatted using the hcluster_sg parser tool in order
to be suitable for input into T-Coffee and TreeBeST (see below).

hcluster_sg parser
hcluster_sg parser converts the hcluster_sg output into a collec-
tion of lists of IDs, 1 list for each cluster. Each of these clusters
will then be used to generate a gene tree via TreeBeST. The tool
can also filter out clusters with a number of elements outside a
specified range. The IDs contained in all discarded clusters are
collected in separate output dataset. Since TreeBeST requires at
least 3 genes to generate a gene tree, we configured the tool to
filter out clusters with less than 3 genes.

Filter by FASTA IDs, which is available from the Galaxy Tool-
Shed, is used to create separate FASTA files using the sequence
IDs listed in each gene cluster.

T-Coffee

T-Coffee is a MSA package but can also be used to combine the
output of other alignment methods (Clustal, MAFFT, Probcons,
MUSCLE) into a single alignment. T-Coffee can align both nu-
cleotide and protein sequences [9]. We use it to align the protein
sequences in each cluster generated by hcluster_sg.

We modified the Galaxy wrapper for T-Coffee to take a sin-
gle FASTA (as normal) and an optional list of FASTA IDs to filter.
If a list of IDs is provided, the wrapper will pass only those se-
quences to T-Coffee, which will perform the MSA for that set of
sequences, thus removing the need to create thousands of in-
termediate Galaxy datasets.

Tranalign

Tranalign [39] is a tool that reads a set of nucleotide sequences
and a corresponding aligned set of protein sequences and re-
turns a set of aligned nucleotide sequences. Here, we use it to
generate CDS alignments of gene sequences using the protein
alignments produced by T-Coffee.

TreeBeST “best”

TreeBeST (Tree Building guided by Species Tree) is a tool to gener-
ate, manipulate, and display phylogenetic trees and can be used
to build gene trees based on a known species tree.

The “best” command of TreeBeST builds 5 different gene
trees from a FASTA alignment file using different phylogenetic
algorithms, then merges them into a single consensus tree us-
ing a species tree as a reference. In GeneSeqToFamily, TreeBeST
“best” uses the nucleotide MSAs generated by Tranalign (at least
3 sequences are required) and a user-supplied species tree in
Newick format [42] (either produced by a third-party software
or through the ETE species tree generator data preparation tool,
described above) to produce a GeneTree for each family, repre-
sented also in Newick format. The resulting GeneTree also in-
cludes useful annotations specifying phylogenetic information
of events responsible for the presence/absence of genes, for ex-
ample, “S” means speciation event, “D” means duplication, and
“DCS” denotes the duplication score.

Gene alignment and family aggregator

Gene alignment and family aggregator (GAFA) is a Galaxy tool
that generates a single SQLite database containing the gene
trees and MSAs, along with gene features, in order to provide
a reusable, persistent data store for visualization of synteny in-
formation with Aequatus. GAFA requires gene trees in Newick
format, the protein MSAs in fasta_aln format from T-Coffee, and
gene feature information generated with the GeneSeqToFamily
preparation tool.

Internally, GAFA converts each MSA from fasta_aln format
to a simple CIGAR string [43]. An example of CIGAR strings for
aligned sequences is shown in Figure 3, in which each CIGAR
string changes according to other sequences.

The simple schema [44] for the generated SQLite database is
shown in Figure 4.
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Sequencel: NLYIQWLKDGGPSSGRPPPS
Sequence2: NLYIQWLKDQGPSSGRPPPS
Sequence3: GDAYAQWLADGGPSSGRPPPSG

Sequencel: -NLYIQWLKDGGPSSGRPPP-S
Sequence2: -NLYIQWLKDQGPSSGRPPP-S
Sequence3: GDAYAQWLADGGPSSGRPPPSG

CIGAR1T:  D19MDM
CIGAR2:  D19MDM
CIGAR3: 22M

Figure 3: Showing how CIGAR for multiple sequence alignment is generated.

7. Visualization

Aequatus visualization plugin

The SQLite database generated by the GAFA tool can be rendered
using a new visualization plugin, Aequatus.js. The Aequatus.js
library, developed as part of the Aequatus project, has been con-

' gene_family_id INTEGER

GeneSeqToFamily: Galaxy workflow to find gene families | 5

figured to be used within Galaxy to visualize homologous gene
structure and gene family relationships. This allows users to in-
terrogate not only the evolutionary history of the gene family
but also the structural variation (exon gain/loss) within genes
across the phylogeny. Aequatus.js is available to download from
GitHub [44], as visualization plugins cannot yet be submitted to

the Galaxy ToolShed.

Finding homology information for orphan
genes

Although the GeneSeqToFamily workflow will assign most of the
genes to orthogroups, many genes within a species might ap-
pear to be unique without homologous relationship to any other
genes from other species. This observation could be the conse-
quence of the parameters selected, choice of species, or incom-
plete annotations. This could also reflect real absence of homol-
ogy, such as for rapidly evolving gene families. In addition to
the GeneSeqToFamily workflow, we also developed 2 associated

workflows to further annotate these genes by:

1) Retrieving a list of orphan genes from the GeneSeqToFamily

workflow (see Figure 5) as follows:

gene_famil
' gene_family_id INT
! protein_id VARCHAR(255)

© gene_tree VARCHAR(255) -
v

PRIMARY
.

4<  protein_alignment VARCHAR(255)
oS

PRIMARY
protein_id_fk_idx

= transcript_species

' gene_id VARCHAR(255)
~ gene_symbol VARCHAR(255)
 species VARCHAR(45)

 gene_json VARCHAR(255)
v

PRIMARY

gene_symbol_index
.

_________ —J<g ¥ gene_id VARCHAR(255)

' transcript_id VARCHAR(255)
~ protein_id VARCHAR(255)
- protein_sequence VARCHAR(255)

PRIMARY
protein_id_UNIQUE
id_fk_idx

Figure 4: Schema of the gene alignment and family aggregator (GAFA) SQLite database, where transcript.species is a database view.
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Figure 6: Screenshot from the Galaxy Workflow Editor showing the SwissProt workflow.

a)

Find the IDs of the sequences present in the input CDS
of the GeneSeqToFamily workflow but not in the result of
BLAST parser from the same workflow.

Add to this list the IDs of the sequences discarded by hclus-
ter_sg parser.

From the input CDS dataset, retrieve the respective se-
quence for each CDS ID (from the step above) using Filter
by FASTA IDs.

These unique CDS can be fed into the SwissProt workflow

below to find homologous genes in other species.

2)

a)
b)

9

Finding homologous genes for some genes of interest using
SwissProt (see Figure 6) as follows:
Translate CDS into protein sequences using Transeq.
Run BLASTP for the protein sequences against the Swis-
sProt database (from NCBI).
Extract UniProt IDs from these BLASTP results, using the
preinstalled Galaxy tool Cut columns from a table (tool id
Cutl).

d) Retrieve Ensembl IDs (representing genes and/or tran-
scripts) for each UniProt ID using UniProt ID mapping and
retrieval.

e) Getgenomicinformation for each gene ID and CDS for each
transcript ID from the core Ensembl database using Get fea-
tures by Ensembl ID and Get sequences by Ensembl ID, respec-
tively.

The results from this second workflow can be subsequently
used as input to GeneSeqToFamily for familial analysis.

Results

To validate the biological relevance of results from the Gene-
SeqToFamily workflow, we analyzed a small set of 23 homol-
ogous genes (1 transcript per gene) from Pan troglodytes (chim-
panzee), Homo sapiens (human), Rattus norvegicus (rat), Mus mus-
culus (mouse), Sus scrofa (pig), and Canis familiaris (domesticated
dog). These genes are a combination of those found in 3 gene
families, that is, monoamine oxidases (MAO A and B), insulin
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Table 2: Set of parameters used in BLASTP and hcluster_sg to compare results

Parameter set

Tool Parameter B C D E F

BLASTP Expectation value cutoff le-03 1le-03 le-03 le-10 le-10 le-10
Query coverage per hsp 0 920 0 0 90

hcluster_sg Minimum edge weight 20 0 0 20 20
Minimum edge density between a join 0.34 0.50 0.34 0.34 0.50 0.50

BLASTP was configured with maximum number of HSPs set to 1, and hcluster_sg with single link clusters set to “no” and maximum size set to 500.

I
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mus_musculus:Maoa
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Figure 7: Homologous genes of monoamine oxidase (MAO) of Canis familiaris from Mus musculus, Pan troglodytes, Homo sapiens, Rattus norvegicus, Sus scrofa, and Canis

familiaris.

EILEE o S T

- --80-00-@ 00000000l oo rogooyesE

)-(~4-@0-8~0->0-0-0-0~0-0- O 0~ CUEND oo <:sicns5rCA2

2 -0 0L +0 B0
8-0-0-0+H0- - T
8-0-0-04-+0-+0

I T T T T - - G- 08>0 0-8-0-8-0-8-O- 8- @l s roncgoussica?

T (- @ 0- 80~ 0-8-0-8~0-0~0- 0 G s muscuis brca

T T T T L1 W

<0< 0<@—0<@ canis_ramilans:BRCAZ

I D€L

)-(~-@>0-80-@0-0-0-+-0-0-0-0~0-@B < o sricaz

Figure 8: Homologous genes of BRCA2 of Canis familiaris from Mus musculus, Pan troglodytes, Homo sapiens, Rattus norvegicus, and Sus scrofa.
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Figure 9: Homologous genes of insulin receptor (INSR) of Mus musculus from Pan troglodytes, Homo sapiens, Rattus norvegicus, and Sus scrofa.

receptor (INSR), and BRCA2, and were chosen because they are
present in all 6 species yet distinct from each other.

Before running the workflow, feature information and CDS
for the selected genes were retrieved from the core Ensembl
database using the helper tools described above (Get features by
Ensembl ID and Get sequences by Ensembl ID, respectively), and CDS
were filtered to keep the longest CDS per gene. A species tree

was generated using ETE species tree generator, and inputs were
prepared with GeneSeqToFamily preparation.

We ran the GeneSeqToFamily workflow on these data us-
ing the default parameters of the Ensembl Compara pipeline
(Table 2, experiment D). This workflow generated 3 different
gene trees, each matching exactly 1 gene family. Figures 7-9
show the resulting gene trees for MAO, BRCA2, and INSR gene
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Table 3: Results of the GeneSeqToFamily workflow run with 7 different sets of parameters, the complete list of which are shown in Table 2

Summary

Analysis A B C D E F
Number of genes 754,149 754,149 754,149 754,149 754,149 754,149
Number of families 58,272 74,252 83,900 63,289 74,309 79,879
Number of larger families (>200) 435 168 56 350 167 46
Number of smaller families (<3) 30,563 40,530 44,295 33,308 40,579 41,794
Families (>3 and <200) 27,274 33,556 39,548 29,628 33,562 38,039
Largest family size 615 567 556 652 561 527
Average family size 11.38 7.36 5.36 10.04 7.35 5.09

families. Different colors of the nodes in each gene tree on
the left-hand side of the visualization highlight potential evolu-
tionary events, such as speciation, duplication, and gene splits.
Homologous genes showing shared exons use the same color
in each representation, including insertions (black blocks) and
deletions (red lines). The GeneTrees for these genes are already
available in Ensembl; we used them to validate our findings
[45-48]. Our gene trees agree perfectly with the Ensembl Gen-
eTrees, showing that the workflow generates biologically valid
results. We have provided the underlying data for this example
along with the submitted workflow in figshare [49].

We also studied the impact of the most important tool pa-
rameters on the gene families reconstructed by the workflow by
running it on larger datasets, in particular, the reference pro-
teomes of 754,149 sequences from 66 species established by the
Quest for Orthologs (QfO) consortium [50]. We ran GeneSeqTo-
Family (up to the hcluster_sg step, where gene families are de-
termined) with various sets of parameters (shown in Table 2)
and performed statistical analysis on the resulting gene fami-
lies (Table 3). Our results show that the number of gene families
can vary quite distinctly with different BLASTP and hcluster_sg
parameters. Stringent parameters (Parameter Set F) result in a
large number of smaller families, while relaxed parameters (Pa-
rameter Set A) generate a small number of larger families, which
may include distantly related genes. The parameters used by En-
sembl Compara as default are shown in Parameter Set D.

We also performed benchmarking using the QfO benchmark-
ing service [50]. QfO benchmarking focuses on assessing the ac-
curacy of a tool to predict 1-to-1 orthology, while the GeneSe-
qToFamily workflow focuses on whole gene families, regardless
of the type of homology among the members of a gene fam-
ily. GeneSeqToFamily performs comparably to other tools bench-
marked in QfO, even surpassing them for True Positive ortholog
discovery in some parameter spaces. However, we found issues
with the QfO service recording 1-to-many orthologs as false pos-
itives, hence reducing our overall specificity. Additional informa-
tion about the corresponding results of benchmarking is avail-
able in Additional File 1.

The ultimate goal of the GeneSeqToFamily is to provide a
user-friendly workflow to analyze and discover homologous
genes and their corresponding gene families using the En-
sembl Compara GeneTrees pipeline within the Galaxy frame-
work, where users can interrogate genes of interest without
using the command-line while still providing the flexibility to
tailor analysis by changing configurations and tools if necessary.
We have shown it to be an accurate, robust, and reusable method
to elucidate and analyze potentially large numbers of gene fami-
lies in a range of model and nonmodel organisms. The workflow

stores the resulting gene families into an SQLite database, which
can be visualized using the Aequatus.js interactive tool, as well
as shared as a complete reproducible container for potentially
large gene family datasets.

We invite the Galaxy community to undertake their own
analyses and feedback improvements to various tools, and pub-
lish successful combinations of parameters used in the Gene-
SeqToFamily workflow to achieve better gene families for their
datasets. We encourage this process by allowing users to share
their own version of GeneSeqToFamily workflow for appraisal by
the community.

In terms of core workflow functionality, we would like to incor-
porate pairwise alignment between pairs of genes for closely re-
lated species in addition of the MSA for the gene family, which
will help users to compare orthologs and paralogs in greater de-
tail.

We also plan to explicitly include the PantherDB resources
[51]. Protein ANalysis THrough Evolutionary Relationships (PAN-
THER) is a classification system to characterize known proteins
and genes according to family, molecular function, biological
process, and pathway. The integration of PantherDB with Gene-
SeqToFamily will enable the automation of gene family vali-
dation and add supplementary information about those gene
families, which could in turn be used to further validate novel
genomics annotation.

Finally, we intend to add the ability to query the GAFA SQLite
database using keywords in order to make it easy for users to
find gene trees that include their genes of interest without need-
ing to delve into the database itself.

Project name: GeneSeqToFamily
Project home page: https:/github.com/TGAC/earlham-
galaxytools/tree/master/workflows/GeneSeqToFamily.
Archived version: 0.1.0
Operating system(s): Platform independent
Programming language: JavaScript, Perl, Python, XML, SQL
Other Requirements: Web Browser; for development: Galaxy
Any restrictions to use by non-academics: None
License: The MIT License (https://opensource.org/licenses/
MIT)

The example files and additional datasets supporting the re-
sults of this article are available in figshare [49]. A virtual
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image for Galaxy with necessary tools and installed work-
flows is available at Earlham repos [52]. Snapshots of the sup-
porting data and code are hosted in the GigaScience GigaDB
repository [53].

Table S1: Examples of ortholog pairs that are counted as False
Positives by QfO benchmarking but are considered orthologs in
the Ensembl Compara database.

Table S2: Set of parameters used in BLASTP and hcluster_sg to
compare results. BLASTP was configured with maximum num-
ber of HSPs set to 1, hcluster_sg with single link clusters set to
“no,” and maximum size set to 500.

Figure S1: Showing results for benchmarking on Quest
for Orthologs using parameters shown in Parameter Set
A http://orthology.benchmarkservice.org/cgi-bin/gateway.pl?f=
CheckResults&p1=2569682351ea7dfff3d5b083.

Figure S2: Showing results for benchmarking on Quest
for Orthologs using parameters shown in Parameter Set
B http://orthology.benchmarkservice.org/cgi-bin/gateway.pl?f=
CheckResults&p1=1038fba4bal5c369b3d25541.

Figure S3: Showing results for benchmarking on Quest
for Orthologs using parameters shown in Parameter Set
C http://orthology.benchmarkservice.org/cgi-bin/gateway.pl?f=
CheckResults&pl=ec4d223d24e0a7f54edd3692.

Figure S4: Showing results for benchmarking on Quest
for Orthologs using parameters shown in Parameter Set
D http://orthology.benchmarkservice.org/cgi-bin/gateway.pl?f=
CheckResults&pl=dc81a95f182f5b5bee2dab3f.

Figure S5: Showing results for benchmarking on Quest
for Orthologs using parameters shown in Parameter Set
E http://orthology.benchmarkservice.org/cgi-bin/gateway.pl?f=
CheckResults&p1=9d35{843bcae077€917a6452.

Figure S6: Showing results for benchmarking on Quest
for Orthologs using parameters shown in Parameter Set
F http://orthology.benchmarkservice.org/cgi-bin/gateway.pl?f=
CheckResults&p1=0cbd5a0267b87491252348d6.
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Abstract

Background: Phylogenetic information inferred from the study of homologous genes helps us to understand the evolution
of genes and gene families, including the identification of ancestral gene duplication events as well as regions under
positive or purifying selection within lineages. Gene family and orthogroup characterization enables the identification of
syntenic blocks, which can then be visualized with various tools. Unfortunately, currently available tools display only an
overview of syntenic regions as a whole, limited to the gene level, and none provide further details about structural changes
within genes, such as the conservation of ancestral exon boundaries amongst multiple genomes. Findings: We present
Aequatus, an open-source web-based tool that provides an in-depth view of gene structure across gene families, with
various options to render and filter visualizations. It relies on precalculated alignment and gene feature information
typically held in, but not limited to, the Ensembl Compara and Core databases. We also offer Aequatus.js, a reusable
JavaScript module that fulfills the visualization aspects of Aequatus, available within the Galaxy web platform as a
visualization plug-in, which can be used to visualize gene trees generated by the GeneSeqToFamily workflow.

Keywords: alignment, gene family, homology, phylogeny, synteny, visualization

Introduction

Sequence conservation across populations or species can be
investigated at multiple levels from single nucleotides, to dis-
crete sequences (e.g. transcription factor binding sites, exons,
introns), genes, genomic blocks, and chromosomes. Analyses
at each of these levels inform different evolutionary processes
and time scales. While the vast majority of analyses focus on
gene evolution, synteny (the conservation of genomic blocks be-
tween multiple species) can be used to trace chromosome evolu-
tionary history [1] and infer evolutionary relationships between
genes across or within species [2]. Synteny resolution and analy-
sis typically involves carrying out multiple sequence alignments
(MSAs) and phylogenetic reconstruction, comprising multiple
steps that can be computationally intensive even for relatively
small numbers of data points [3].

Many methods are available for the identification of genome-
wide orthology (MSOAR [4], OrthoMCL [5], OMA [6], Homolo-

Gene [7], PhyOP [8], TreeFam [9], TreeBeST [10]). However, most of
them do not incorporate taxonomic information (typically in the
form of a species tree) while finding gene families, nor do they
provide any information regarding transcript and protein struc-
tural changes across orthogroup members. The Ensembl Gene-
Trees pipeline [11], a computational workflow developed by the
EMBL-EBI Ensembl Compara team, produces familial relation-
ships based on clustering, MSA, and phylogenetic tree inference.
The gene trees in Ensembl Compara are inferred with TreeBeST,
which relies on a reference species tree to guide the process
and calculates the probability of a gene tree in the context of
species evolution. The data are stored in a relational database
that contains information on gene families, syntenic regions,
and protein families. In parallel, the Ensembl Core databases
store gene feature information and other genomic annotations
at the species level. The Ensembl project (release 90, August
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Figure 1: The Aequatus infrastructure, showing the interactions between the server-side implementation, connected to Ensembl Compara and Core database using
Java Data Access Objects and Simple Modular Architecture Research Tool (SMART) server via REpresentational State Transfer (REST) application programming interface
(API) , and the client-side implemented using popular techniques such as JavaScript, jQuery, d3.js, and jQuery DataTables.
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Figure 2: The main view of Aequatus. The header on top provides a search box (A) and a genome list (B). It is followed by the chromosomal view (C), where the selected
chromosome is colored in red. Below there is an overview of genes (D) for the selected chromosome, followed by a zoomed area of the chromosome with genes shown
in the gene order view (E) and by gene tree view (F). We are using arbitrary colors to distinguish syntenic genes (in gene order view) and matching exons (in gene tree

view). The Aequatus control panel (G) is visible on the far left.

2017) at EMBL-EBI houses 100 vertebrate species [12], along with
precomputed MSAs and gene family information.

Phylogenetic reconstruction is the most traditional method
torepresent and view comparative datasets across a given evolu-
tionary distance, but specific tools such as Ensembl Browser [13],
Genomicus [14], SYMAP [15], and MizBee [16] also exist to pro-
vide finer-grained information. These tools are able to provide
an overview of syntenic regions as a whole, with only Genomi-
cus reaching down to the gene order and orientation level. Con-
versely, phylogenetic trees retain ancestral information but do
not represent the underlying information regarding structural
changes within genes, such as the conservation of ancestral

exon boundaries between multiple genomes or variants within
genes that can be correlated to phenotypic changes. In order to
build these gene-level visualizations, basic genomic feature in-
formation is required.

Therefore, we have developed Aequatus to bridge the gap
between phylogenetic information and gene feature informa-
tion. Here, we show that Aequatus allows the identification of
exon/intron boundary changes and mutations, informing the
user about underlying genetic changes.
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Figure 3: The gene tree for the monoamine oxidase (MAO) gene, with the Chimp gene as the reference, alongside other homologous genes in the exon-focused view.
Considering the gene tree on the left, it is clear that the MAO genes are separated into two clusters, corresponding to the MAOA and MAOB gene families.
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Figure 4: The pop-up in the gene tree view when clicking on a gene. The pop-up
contains the chromosome name and position and options to view the protein
domains, export the sequence or the alignment, change the guide gene, connect
to the Ensembl page for the gene, and view the pairwise alignment.

Materials and Methods

Aequatus is built using open-source technologies and is divided
into a typical server-client architecture: a web interface and a
server backend (see Fig. 1).

The server-side component is implemented using the Java
programming language. It retrieves and processes comparative
genomics information directly from Ensembl Compara and En-
sembl Core databases. Precalculated gene trees and genomic
alignments, in the form of CIGAR strings [17], are held in En-
sembl Compara, which are cross-referenced by Aequatus to En-
sembl Core databases for each species to gather genomic feature
information using the unique gene stable IDs.

The Aequatus web interface comprises well-known web
technologies such as SVG, jQuery, JavaScript, and D3.js [18] to
provide a fast and intuitive web-based browsing experience over
complex data. Comparative and feature data are processed and
rendered in an intuitive graphical interface to provide a visual
representation of the phylogenetic and structural relationships
among the set of chosen species.

Aequatus visualizes gene families using a phylogenetic tree
generated from gene sequence conservation information, held
in an Ensembl Compara database, and gene features from En-
sembl Core database. Gene features are presented in the form
of exon-intron boundaries and 5’ and 3’ untranslated regions
(UTRs). In this gene tree view, users are able to select a gene from
a given species as a “guide gene,” and the homologous genes

discovered through the comparative analysis are shown with
respect to this guide gene. The representation of internal sim-
ilarity among homologues is achieved by comparing the CIGAR
strings for homologous genes with the CIGAR of the guide gene
and mapping back to the homologous gene structure.

Aequatus is also able to visualize homologous genes in a cus-
tomized Sankey view, using the d3.js [18] visualization library,
and provides feature information in an interactive Tabular view,
using the jQuery DataTable [19] library. Statistical information
for each member in a set of homologues, such as percentage
coverage, positivity, and identity, are fetched from homology and
homology_member tables of the Ensembl Compara database.

We have integrated a Simple Modular Architecture Research
Tool (SMART) [20] service to search for and visualize domain in-
formation of a protein sequence. We use the SMART REpresenta-
tional State Transfer (REST) application programming interface
(API) to retrieve protein domains, motifs, signal, and repeats in-
formation from the SMART server using protein sequences.

Finally, to complement these various visualizations for the
homologous genes and their gene trees, Aequatus provides gene
order information in the form of a syntenic view (see the "Gene
Order” section below). For a selected gene, homologues are
fetched from homology and homology_member tables of the En-
sembl Compara database. The neighboring genes for these ho-
mologous genes are retrieved from the Ensembl Core databases
using positional information and organized into a syntenic rep-
resentation. Much like the shared conserved exon depiction in
the gene tree view, syntenic genes are colored based on the
shared homology.

Results

The landing page of Aequatus (see Fig. 2) contains a header with
a search box (2A) and a dropdown list of species (2B), followed
by a selectable chromosomal view underneath (2C).

Aequatus has a draggable control panel (2G) on the left-hand
side that contains buttons to show/hide the chromosome selec-
tor on top, modify gene views and labels, access the search box,
and the export options, as well as a link to the help pages.

Aequatus user interface

Aequatus provides various ways to visualize gene trees and the
inferred orthology/paralogy from them.
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Figure 5: Visualization of the protein domain information for the protein ENSPTRP00000037440 retrieved from the SMART server. On the top, drawings of domains
mapped on exons (shown with red lines). The tables below list the features shown in the diagram as well as hidden features.

Main gene trees view

The gene tree view (see Fig. 3) comprises a phylogenetic tree on
the left, built from GeneTree information stored in a Ensembl
Compara database [11]. Aequatus relates the genes through dif-
ferent events (e.g. duplication, speciation, and gene split) for
the gene family and homologous genes against each respec-
tive node, which are colored based on the potential evolution-
ary event. Homologous genes are visualized by aligning them
against a given guide gene. The selected guide gene is depicted
as a larger circle black leaf node in the tree, with a red label on
the right, while the other genes have a smaller circle leaf node
and a gray label.

On the right, Aequatus depicts the internal gene structure,
using a shared color scheme for coding regions, to represent
similarity across homologues. Homologous genes are visualized
by aligning them against a given guide gene. Aequatus is also
able to indicate insertions and deletions in homologous genes
with respect to shared ancestors. Black bars within exons repre-
sent insertions, while red lines represent deletions specific to a
given gene compared with the guide.

Aequatus provides two view types for gene families. The first
(default) view is exon focused (as in Fig. 3), where all introns
are set to a fixed width, since long introns can adversely affect
the visibility of surrounding exons. This provides easier brows-
ing of the actual gene structure, especially when less screen real
estate is available. Conversely, in the second view, all homolo-
gous genes are resized to the maximum available width in the
web browser, showing introns and exons proportional to the real
gene size. Users can switch between these views from the “In-
trons” settings in the control panel.

In gene tree view, gray blocks at the start and end of each
gene represent UTRs, black bars within exons indicate inser-
tions, red lines represent deletions specific to a given gene com-
pared with the guide, and tiny arrows denote the coding strand
of the gene.

Pop-ups Aequatus provides a contextual menu system via inter-
active pop-up menus, which are displayed when a user clicks on

a gene (see Fig. 4). Each pop-up shows the gene name and its po-
sition; a link to find protein domain information using SMART;
links to export the protein sequence or the CIGAR alignment; an
option to set the current gene as the guide in order to see inser-
tions and deletions in homologous genes relative to the selected
guide gene; a link out to the Ensembl page for the gene; and an
option to view the pairwise alignment.

Protein domain Aequatus can provide an interactive visualization
of the protein domains for the selected gene. Aequatus finds the
protein domains by connecting to the SMART web server via its
REST API and querying the protein sequence for domains, mo-
tifs, internal repeats, and similar information. In this view (see
Fig. 5), a user can filter and sort domains based on type, E-value,
position, and source of domain. The features shown in the dia-
gram can be exported in comma-separated value (CSV) or Excel
file format.

Homologous genes

The underlying information describing homologous genes con-
tained within the Compara database schema can be visualized
using either a tabular view or Sankey plot.

Tabular view The tabular view (see Fig. 6) contains statistical in-
formation for the homologous relationships. This view is dy-
namic, allowing the user to search for any homolog using a
search box (6A) as well as filter results for the type of homol-
ogy (6E) (1-to-1 orthologs, 1-to-many orthologs, and paralogs) or
one or more specified species (6D). Homologous genes can be
exported from the tabular view as Excel, CSV, or PDF.

Extra details for the pairwise alignment between homo-
logues can be shown by using the ”+” button for the homologue
entry. The first button (6B) will show statistical comparisons for
identity, coverage and similarity, while the second button (6C)
will visualize the pairwise alignhment with the gene structures
as detailed in the "1-to-1 alignments” subsection below.
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Figure 6: Homologous for the gene MAOA (ENSPTRG00000021816) in tabular view with statistical comparison about homologues. The tabular view contains a search
box on top (A). There are two buttons to visualize statistical comparisons (C) and pairwise alignment (D) for each homolog. At the bottom it is possible to select from
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Figure 7: Homologues for a gene in Sankey format, grouped together by type of homology. The control panel on the left shows filters for the view. Additional information
for any homologue can be retrieved by clicking on it; the information is then shown in a box on the right.

Sankey view The Sankey view (see Fig. 7) visualizes homology
as an interactive diagram, where the homologues of a selected
gene are distinguished by homology type, i.e. paralogs, 1-to-1
orthologs, or 1-to-many orthologs. The nodes for homologous
genes are colored by species, which helps when finding genes
from the same species in the case of 1-to-many and many-to-
many orthologs.

When clicking on a homologous gene, additional details for
the homologous pair are displayed in the info panel on the right-
hand side.

1-to-1 alignments

Aequatus provides 1-to-1 alignments between homologous
genes to facilitate pairwise comparisons. These 1-to-1 align-

ments (Fig. 8) can be seen by clicking on the corresponding op-
tion either in the pop-up for the gene tree view or in the homol-
ogous genes tabular view. This will fetch the relevant alignment
from the homology table of the Ensembl Compara database and
visualize it based on the gene structure (8A) together with the
pairwise protein sequence alignments (8B).

Gene order

Genes that share a common ancestor and are part of a consec-
utive block of genes are likely to have a transcriptional and/or
functional relationship [21]. Hence, inferred homologues that
are presentin all species and in the same order are more likely to
be real homologues. In the Gene Order view, neighboring genes
are displayed for the selected gene and its homologues (shown
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in Fig. 9). Homologues of the genes in neighboring species are
colored based on the matching genes from the reference species.
Clicking on a gene feature will open a search panel with various
viewing options, and mousing over a given gene will highlight
all homologous genes within the same region. The syntenic view
complements the main functionality of Aequatus by providing
evidence for the conservation information for the genes of in-
terest.

Search

Aequatus has keyword-based search functionality, whereby the
user can provide search terms and a list of all the relevant genes
is returned. Aequatus can query for matching gene symbols, En-
sembl stable IDs (unique identifiers in the Ensembl project for
each genomic annotation), common names for genes and pro-
teins, or any keyword in the description. Search results then al-
low the user to visualize the corresponding gene tree view or
homologous genes in the tabular or Sankey views.

Export

Users can export data at different points in the visualization. In
the gene tree view, the underlying genomic data for the gene
families can be exported in various forms, such as a list of gene
IDs, the sequence alignments, or the gene trees in Newick [22] or
JavaScript Object Notation (JSON) [23] format, for use in down-
stream tools. The tabular view can be exported in CSV, XLS, and
PDF format.

Persistent uniform resource locators

Aequatus provides persistent unique uniform resource locators
(URLSs) to enable consistent access to genes of interest, making
it easy to go back to the results of a previous search, to share
information with collaborators, or for use in publications. Users
can share the link for the visualization of a specific gene, the
results of a search for a term, or a specific reference to a given
species and chromosome.

Discussion

The ultimate goal of Aequatus is to provide a unique and in-
formative way to render and explore complex relationships be-
tween genes from various species at a level of detail that has
so far been unrealized in a single platform. Supplementary Ta-
ble S1 shows a detailed comparison of Aequatus with various
phylogenetic visualization tools, which highlights the signature
feature of Aequatus, i.e. genetic structural comparison. Supple-
mentary Figs. S1-S3 allow a comparison of the visualizations of
monoamine oxidase B (MAOB) genes from the tools offering a
gene tree-focused view.

While applicable to species with high-quality gold-standard
reference genomes present in core database resources such as
human or mouse, Aequatus has been designed to accommodate
users who need to explore large, fragmented, nonmodel genome
references that are held in institutional databases. Comparing
nonmodel organism genes with gold standard genomes allows
the identification of exon/intron boundary changes and muta-
tions, informing the user about underlying genetic changes, but
can also highlight mis-annotations, pseudogenes [24], or poly-
ploidization (see Fig. 10). We are currently testing Aequatus with
a range of nonmodel organisms, such as koala, polyploid crops,
and spiny mouse. As Aequatus can visualize relationships using
simple CIGAR strings, any tool that outputs this format can use
Aequatus to view them. We produce input for Aequatus using
the GeneSeqToFamily pipeline, a freely available Galaxy work-
flow [25] for finding and visualizing gene families for genomes
that are not available from Ensembl databases.

In order to make Aequatus more accessible and reusable,
the gene tree visualization module from the stand-alone Ae-
quatus browser is available as Aequatus.js [26], an open-source
JavaScript library. In this way, it preserves the interactive func-
tionality of the Aequatus browser tool but can be integrated with
other third-party web applications. We have demonstrated this
by integrating the Aequatus.js library into Galaxy [27], where
gene families generated by running the GeneSeqToFamily work-
flow can be visualized using the Aequatus plug-in within Galaxy.
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Figure 10: The gene tree view for the insulin receptor (INSR) gene, with the chimp gene as the guide alongside other homologous genes. (B and C) point to two genes
from the pig genome, which are matching two different parts of the guide gene (shown with dotted rectangles in corresponding colors). (A) instead indicates an exon
of one of the pig genes (enlarged in D) matching two adjacent exons of the guide gene. All these clues may suggest a potential gene split event or just a mis-annotation.

A publicly available instance of the GeneSeqToFamily workflow
and the Aequatus plug-in is available on the UseGalaxy.eu server
[28].

Future directions

The main extension to the functionalities of Aequatus is the in-
corporation of Ensembl REST API functionality [29], where Ae-
quatus will be able to retrieve information directly from Ensembl
Compara and Core databases held at the EMBL-EBI, without any
need for local database configuration. While this will mean that
users will need a reliable Internet connection, it will reduce the
need for local storage space for the Core databases, improving
the portability of Aequatus.

We also intend to containerize Aequatus using Docker and
CyVerse UK [30], and BioConda [31] with Galaxy [25, 27]. We will
produce new APIs between Aequatus and TGAC Browser [32] to
provide a comprehensive solution for genome analysis and ex-
ploration focused on non-model organisms.

Availability of source code and requirements

Project name: Aequatus: Earlham Institute’s Synteny Browser
Project home page: https://github.com/TGAC/Aequatus
Demo server: http://aequatus.earlham.ac.uk/

Operating systems: Platform independent

Programming language: Java, JavaScript

Other requirements: Java 1.7, Maven 2.0, Apache Tomcat, En-
sembl Compara and Core MySQL databases.

License: GNU General Public License v3 and MIT license.

Availability of supporting data

Snapshots of the code are available from the GigaScience GigaDB
database [33].

Additional files

Table S1: Comparison of various phylogenetic visualisation tools
with Aequatus

Figure S1: The genetree for the monoamine oxidase (MAO)
genes, with the Chimp gene as the reference, alongside other
homologous genes in the exon-focused view.

Figure S2: Ensembl visualising genetree for MAOB with the
chimp gene as the reference, alongside other homologous genes
along with alignments.

Figure S3: Genomicus visualising syntenic genes for MAOB
with the chimp gene as the reference with neighbouring genes.

Competing interests

The authors declare that they have no competing interests.

Funding

This work was strategically funded by the Biotechnology and Bi-
ological Sciences Research Council (BBSRC)(BBS/E/T/000PR5885,
BBS/E/T/000PR9817) and through a EU TransPlant grant
(BBS/E/T/000GP006). GeneSeqToFamily and the EI Galaxy
platform are funded through the BBSRC-supported EI National
Capability in e-Infrastructure (BBS/E/T/000PR9814).

This work was supported in part by the NBI Computing In-
frastructure for Science Group, which provides technical support
and maintenance to EI's high-performance computing cluster
and storage systems, which enabled us to develop this tool.

Abbreviations

API: application programming interface; CSV: comma-separated
values file; MAO: monoamine oxidase; MSA: multiple sequence
alignment; REST: REpresentational State Transfer; SMART: Sim-
ple Modular Architecture Research Tool; UTR: untranslated re-
gion.

References

1. Myers P. Synteny: Inferring Ancestral Genomes. 2008
https://www.nature.com/scitable/topicpage/synteny-inferr
ing-ancestral-genomes-44022. Accessed 9 June 2018

2. Vilella AJ, Severin ], Ureta-Vidal A, et al. EnsemblCompara
GeneTrees: complete, duplication-aware phylogenetic trees
in vertebrates. Genome Res. 2009;19:327-35.

3. Edgar RC, Batzoglou S. Multiple sequence alignment. Curr
Opin Struct Biol. 2006;16:368-73.

4. Fu Z, Chen X, Vacic V et al. MSOAR: a high-throughput or-
tholog assignment system based on genome rearrangement.
J Comput Biol. 2007;14:1160-75.

6102 A\ 0Z Uo Jasn anua) sauu| uyor Aq G 10915/8Z LAIB/| L/210enSqe-aonle/eousiosebif/woo dno-oiwapeoe)/:sdiy wolj papeojumoq



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Li L, Stoeckert CJ, Jr, Roos DS. OrthoMCL: identification
of ortholog groups for eukaryotic genomes. Genome Res.
2003;13:2178-89.

Altenhoff AM, Dessimoz C. Inferring orthology and paralogy.
Methods in Molecular Biology. 2012, p. 259-79.

Wheeler DL, Barrett T, Benson DA, et al. Database resources
of the National Center for Biotechnology Information. Nu-
cleic Acids Res. 2008;36:D13-21.

Goodstadt L, Ponting CP. Phylogenetic reconstruction of or-
thology, paralogy, and conserved synteny for dog and hu-
man. PLoS Comput Biol. 2006;2:e133.

Li H, Coghlan A, Ruan J, et al. TreeFam: a curated database
of phylogenetic trees of animal gene families. Nucleic Acids
Res. 2006;34:D572-80.

TreeSoft: TreeBeST. http://treesoft.sourceforge.net/treebest.
shtml. Accessed 9 June 2018.

Clamp M, Andrews D, Barker D, et al. Ensembl 2002: ac-
commodating comparative genomics. Nucleic Acids Res.
2003;31:38-42.

Zerbino DR, Achuthan P, Akanni W, et al. Ensembl 2018. Nu-
cleic Acids Res. 2018;46:D754-61.

Stalker J, Gibbins B, Meidl P, et al. The Ensembl web site: me-
chanics of a genome browser. Genome Res. 2004;14:951-5.
Muffato M, Louis A, Poisnel CE, et al. Genomicus: a database
and a browser to study gene synteny in modern and ances-
tral genomes. Bioinformatics. 2010;26:1119-21.

Soderlund C, Nelson W, Shoemaker A, et al. SyMAP: a system
for discovering and viewing syntenic regions of FPC maps.
Genome Res. 2006;16:1159-68.

Meyer M, Munzner T, Pfister H. MizBee: a multiscale synteny
browser. IEEE Trans Vis Comput Graph. 2009;15:897-904.
Sequence Alignment/Map Format Specification. http://samt
ools.github.io/hts-specs/SAMv1.pdf. Accessed 9 June 2018.
Bostock M. D3.js - Data-Driven Documents. http://d3js.org/.
Accessed 9 June 2018.

DataTables | Table plug-in for jQuery. https://datatables.net.

20.

21.

22.

23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

Accessed 9 June 2018.

Schultz J, Milpetz F, Bork P. et al. SMART, a simple modular ar-
chitecture research tool: identification of signaling domains.
Proc Natl Acad Sci. 1998;95:5857-64.

Davila Lépez M, Martinez Guerra JJ, Samuelsson T. Anal-
ysis of gene order conservation in eukaryotes identifies
transcriptionally and functionally linked genes. PLoS One.
2010;5(5):e10654. doi: 10.1371/journal.pone.0010654.

Newick Format. http://evolution.genetics.washington.edu/
phylip/newick_doc.html. Accessed 8 Apr 2018.

JSON format. http://www.json.org. Accessed 9 June 2018.
Vanin EF. Processed pseudogenes: characteristics and evolu-
tion. Annu Rev Genet. 1985;19:253-72.

Thanki AS, Soranzo N, Haerty W, et al. GeneSeqToFamily: a
Galaxy workflow to find gene families based on the Ensembl
Compara GeneTrees pipeline. GigaScience. 2018;7(3):1-10.
Thanki AS, Davey RP. TGAC/aequatus.js GitHub Repository.
https://github.com/TGAC/aequatus.js. Accessed 9 June 2018.
Afgan E, Baker D, van den Beek M, et al. The Galaxy plat-
form for accessible, reproducible and collaborative biomedi-
cal analyses: 2016 update. Nucleic Acids Res. 2016;44:W3-10.
UseGalaxy.eu https://usegalaxy.eu. Accessed 8 June 2018.
Yates A, Beal K, Keenan S, et al. The Ensembl REST API: En-
sembl data for any language. Bioinformatics. 2015;31:143-5.
Goff SA, Vaughn M, McKay S, et al. The iPlant Collabora-
tive: cyberinfrastructure for plant biology. Front Plant Sci.
2011;2:34.

Griining B, Dale R, Sjodin A, et al. Bioconda: sustainable and
comprehensive software distribution for the life sciences.
Nat Methods. 2018;15(7):475-6.

Thanki AS, Bian X, Davey RP. TGAC Browser: visualisation
solutions for big data in the genomic era. http://browser.earl
ham.ac.uk/ Accessed 8 June 2018.

Thanki AS, Soranzo N, Herrero ], et al. Supporting data for
“Aequatus: An open-source homology browser.” GigaScience
Database. 2018. http://dx.doi.org/10.5524/100509.

6102 A\ 0Z Uo Jasn anua) sauu| uyor Aq G 10915/8Z LAIB/| L/210enSqe-aonle/eousiosebif/woo dno-oiwapeoe)/:sdiy wolj papeojumoq



ViCTree: an automated framework for
taxonomic classification from protein
sequences
S. Modha, A. S. Thanki, S. F. Cotmore,
A. J. Davison, and J. Hughes

Bioinformatics 2018

169



Bioinformatics, 34(13), 2018, 2195-2200

doi: 10.1093/bioinformatics/bty099

Advance Access Publication Date: 20 February 2018
Original Paper

Phylogenetics

ViCTree: an automated framework for
taxonomic classification from protein sequences

Sejal Modha™*, Anil S. Thanki?, Susan F. Cotmore®, Andrew J. Davison'
and Joseph Hughes'

1MRC-University of Glasgow Centre for Virus Research, Glasgow, UK, 2Earlham Institute, Norwich Research Park,
Norwich, UK and *Yale University Medical School, New Haven, CT, USA

*To whom correspondence should be addressed.
Associate Editor: Janet Kelso

Received on July 27, 2017; revised on January 8, 2018; editorial decision on February 16, 2018; accepted on February 20, 2018

Abstract

Motivation: The increasing rate of submission of genetic sequences into public databases is pro-
viding a growing resource for classifying the organisms that these sequences represent. To aid
viral classification, we have developed ViCTree, which automatically integrates the relevant sets of
sequences in NCBI GenBank and transforms them into an interactive maximum likelihood phylo-
genetic tree that can be updated automatically. ViCTree incorporates ViCTreeView, which is a
JavaScript-based visualization tool that enables the tree to be explored interactively in the context
of pairwise distance data.

Results: To demonstrate utility, ViCTree was applied to subfamily Densovirinae of family
Parvoviridae. This led to the identification of six new species of insect virus.

Availability and implementation: ViCTree is open-source and can be run on any Linux- or Unix-
based computer or cluster. A tutorial, the documentation and the source code are available under a

OXFORD

GPL3 license, and can be accessed at http://bioinformatics.cvr.ac.uk/victree_web/.

Contact: sejal.modha@glasgow.ac.uk

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

The increasing rate at which sequence data are being deposited into
public databases is providing a tremendous resource for taxonomic
classification throughout biology. Phylogenetic analysis provides a
key means of integrating these data and inferring the evolutionary
relationships that form the basis of classification. However, prepar-
ing datasets for such analyses is often time-consuming, and the phy-
logenies obtained are typically not easy to update. Consequently,
systematic approaches are being developed that automate the vari-
ous steps involved.

The Ensembl Compara GeneTree pipeline (Vilella ez al., 2009)
provides a comprehensive gene-orientated phylogenetic resource. It
has a powerful analytical backend for classifying genes and gene
families on the basis of detecting orthology among the complete gen-
omes available in the Ensembl framework. Automated phylogeny-
based classification is also implemented in the mor package

©The Author(s) 2018. Published by Oxford University Press.

(http://www.clarku.edu/faculty/dhibbett/clarkfungaldb/), which has
been applied to fungal taxa by aligning 28S rRNA sequences from
GenBank and generating a phylogeny that can be updated by a
node-based classification approach (Hibbett et al., 2005). The 16S
and 18S rRNA sequences can also inform classification, and are em-
ployed in tools such as STAP (Wu et al., 2008) and EukRef (http:/
eukref.org/curation-pipeline-overview/). A more general approach
is implemented in PUmPER (Izquierdo-Carrasco et al., 2014),
which has been applied to the classification of plants (http://port
noy.iplantcollaborative.org/view/tree/10b17429d13160ac1cd07¢30
bb42£fd9b). However, PUmPER employs PHLAWD (Smith et al.,
2009) to collate sequences and build multiple alignments, which
in turn relies on GenBank annotations to retrieve nucleotide
sequences.

The tools described above were developed for specific types of
non-viral organisms and have limited applications to the classification
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of viruses. Viruses exhibit an enormous range of sequence diversity
and cannot be integrated into a tree of life because they lack genes
that are universally conserved in other organisms and that therefore
may be used for barcoding (e.g. those encoding rRNAs or enzymes
such as cytochrome ¢ oxidase subunit I and ribulose-bisphosphate
carboxylase). Also, GenBank annotations of viral genes are often not
standardized and are thus unreliable for retrieving sequences.
Moreover, none of the tools mentioned above presents both pairwise
distances and phylogenies. This dual facility is important in viral clas-
sification because precise distance thresholds are frequently stipulated
as demarcation criteria, and these may vary widely among families
and even among genera due to differences in evolutionary rate.

Viruses are classified formally by the International Committee
on Taxonomy of Viruses (ICTV; http://www.ictvonline.org/) into
three ranks (family, genus and species), and, in some cases, two fur-
ther ranks (order and subfamily). The huge diversity of viruses has
the effect that the criteria used and the relative emphasis placed on
each vary widely from family to family. However, sequence-based
criteria (typically based on amino acid, rather than nucleotide, se-
quences) are prominent, and include simple measures of distance
and increasingly powerful phylogenetic measures, as in the case of
family Parvoviridae discussed below (Cotmore et al., 2014). The
rapidly increasing volume of viral sequence information and the
limitations of existing tools in relation to viruses necessitates the de-
velopment of automated bioinformatic solutions that are suited spe-
cifically to viruses (Simmonds, 2015; Simmonds et al., 2017). At
least two tools in this category have been used in viral classification:
PASC provides a web-based interface for visualizing distances
among automatically aligned sequences (Bao et al., 2014), and
DEmARC takes a sophisticated approach to identifying taxonomic-
ally significant thresholds in the distribution of distance data
(Lauber and Gorbalenya, 2012). These tools were developed for
exploring the pairwise distance criteria used to define species and
genus boundaries within a taxon. ViPTree, a web-based classifica-
tion tool, employs a genome-wide similarity method to classify viral
sequences, and generates a static viral proteomic tree to illustrate the
phylogenetic relationships among the existing sequences available in
the GenomeNet/Virus-Host database (Nishimura et al., 2017).
Useful as these tools are, none of them presents the results of pair-
wise distances along with the phylogeny, a feature that is important
to viral taxonomists as they transition from using distance-based to
phylogeny-based classification methods.

As an aid to integrating GenBank data into taxonomic analyses
that can be updated automatically, we present ViCTree, a pipeline
that retrieves the relevant viral sequences from GenBank, aligns and
clusters them, and generates a maximum likelihood phylogenetic
tree combined with distance data. The results are rendered by using
ViCTreeView, which is a Javascript-based tool that enables users to
visualize and explore distances in the context of the tree. ViCTree is
automated so that the phylogenies are synchronized with the
GenBank data, and the results are versioned on GitHub. The pipe-
line is flexible and broadly applicable to examining the phylogenetic
relationships that underpin viral taxa.

2 Framework

All modules and tools implemented in ViCTree are open-source.
The framework is a combination of a Bash shell script for automat-
ically generating multiple sequence alignments and phylogenetic
trees, and JavaScript for visualizing and exploring the trees in com-
bination with the underlying distance data.

2.1 Phylogeny building

A curated set of seed protein sequences must be provided that spans
the known diversity of a viral taxon. These sequences and the rele-
vant GenBank taxonomic ID (specified at any rank) are submitted
to the start of the ViCTree pipeline (Fig. 1), and all available protein
sequences that bear the taxonomic ID are automatically down-
loaded from GenBank. Rather than filtering on the basis of
GenBank sequence annotations, which are sometimes incomplete or
incorrect, BLAST (Altschul et al., 1990) is used to compare the
downloaded sequences with all the seed sequences. Significant

Input:
Valid Taxonomy ID
seed sequences file

|

Download all protein
sequences specific to
[Taxonomy ID from GenBank

|

BLAST protein sequences
against seed set database

|

Filter BLAST matches with
specified -c and -I
parameters

|

Cluster identical sequences
based on -i parameter

Use CD-HIT .
Cluster representatives
cluster .
. provided
representatives

Reset cluster
representatives for CD-HIT
clusters

|

Collect metadata for cluster
representatives

A 4

Perform pairwise distance
analysis and multiple
sequence alignment with
ClustalO

|

Build a phylogeny using
RAxML

|

Automated species
delimitation using mPTP

l

| Visualise in ViCTreeView |

Fig. 1. Data processing workflow of the ViCTree pipeline
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matches are extracted from the BLAST output on the basis of user-
specified parameters specifying the hit length threshold (the min-
imum number of amino acid residues in the alignment between the
query and subject sequences) and query coverage threshold (the min-
imum percentage of amino acid residues in the query sequence repre-
sented in the alignment). Significant matches are clustered by using
CD-HIT (Fu et al., 2012) with a user-specified identity threshold,
and a representative sequence from each cluster is selected for down-
stream analysis in order to reduce the size of the tree to a manage-
able scale. CD-HIT is used to cluster the sequences below species
level to generate a manageable sized phylogeny, with the default
clustering threshold set to 0.9. CD-HIT picks the longest sequence
as representative by default, and processes the classification of the
remaining sequences by comparing them to the representatives. This
arrangement has the advantage of not influencing the inter-species
or inter-generic relationships. An optional parameter enables the
user to provide a list of predefined sequences representing the clus-
ters instead of the default sequences derived by using CD-HIT, thus
allowing static tips to be maintained in an expanding phylogeny. A
multiple sequence alignment and a distance matrix are generated for
the final sequence set by using Clustal Omega (Sievers et al., 2011),
and an evolutionary tree is inferred by using RAXML (Stamatakis,
2014) under a user-defined evolutionary model or a default model
(PROTGAMMAJTT). The evolutionary tree can then be submitted
for automated species delimitation by mPTP (Kapli et al., 2017).

The output files include the tree in Newick format, the alignment
in Fasta format, a distance matrix, a comma-separated list of clus-
tered sequences, and a metadata file with GenBank accession num-
bers and taxonomic names (species and genus) if known. These files
are stored on GitHub in a predefined directory structure, thus allow-
ing previous versions of the alignment and tree to be retrieved and
enabling changes to be tracked over time. After an initial setup stage
for the viral group of interest, the phylogeny can be updated with lit-
tle or no manual intervention.

2.2 Tree visualization

ViCTreeView was inspired by VEG’s phylotree (https:/github.com/
veg/phylotree.js) and enables the tree to be visualized. In
ViCTreeView, maximum likelihood phylogenetic trees are rendered
directly from the GitHub repository and visualized as a phylogram
with bootstrap values. It is possible to visualize the tree in ultramet-
ric representation instead of a phylogram. Different phylogenetic
tree instances available in the GitHub repository can be browsed
and visualized using by using the example menu. Attributes to in-
crease and decrease distances between branches and a zooming func-
tion styled after Google maps are implemented in ViCTreeView,
thus enabling users to explore specific parts of the phylogeny in de-
tail. This interactive web tool facilitates an integrated dynamic visu-
alization of the tree and the distance data represented as
percentages. When a user-defined distance threshold is specified, se-
quences that fall within it are highlighted in clusters of different col-
ours. This enables users to study and explore the sequences that
generate new clusters when a specific pairwise distance criterion is
applied. The highlighted versions of the tree with user-defined
thresholds are also available for downloading in SVG and PNG for-
mats. The automated phylogeny generated within ViCTree is mid-
point rooted and can be re-rooted to any nodes in the phylogeny.
Specific branches can be expanded and collapsed in order to explore
large phylogenetic trees in modular fashion. In addition, various fea-
tures are included to allow manipulation of the tree, including op-
tions for labelling the tips by GenBank accession number,

taxonomic ID, species name or genus name. These options, along
with the alignment files from GitHub repositories, enable users to
download the tree files in a specific format, and also facilitate easy
incorporation of data for newly discovered viruses into taxonomic
proposals. Links are also provided to the NCBI genomes page for
representative sequences and to the NCBI proteins page for the rep-
resentative and non-representative protein sequences clustered in the
phylogeny.

ViCTree can be run on any Linux/Unix or OSX Apple computer.
It was tested on an Apple iMac with a 4 GHz Intel Core i7 processor
and 32 GB RAM.

3 Results
3.1 Case study

The example framework (http:/bioinformatics.cvr.ac.uk/victree/) is
setup for subfamilies Densovirinae and Parvovirinae of family
Parvoviridae and for family Herpesviridae, and is updated monthly
on an automatic schedule. To illustrate the application of ViCTree,
we present the results for subfamily Densovirinae.

Within the family Parvoviridae, viruses that infect invertebrates
and vertebrates are classified into the two subfamilies Densovirinae
and Parvovirinae, respectively. This division is strongly supported
by the protein sequence-based phylogeny of viral non-structural pro-
tein 1 (NS1) (Cotmore et al., 2014). All viruses within the same spe-
cies are required to be at least 85% identical to each other in this
protein, and at least 15% different from viruses in other species.
Viruses within the same genus are required to be monophyletic and
to encode NS1 proteins that are at least 30% identical to each other.
These demarcation criteria were applied to an analysis of subfamily
Densovirinae carried out by using ViCTree. The analysis took
552 min 34.983 s real time, 1019 min 38.773 s user time and 29 min
32.492 s system time.

The analysis of subfamily Densovirinae runs automatically every
month as a Cron job. In June 2017, 916 protein sequences available
under the relevant taxonomic ID (40120) were downloaded auto-
matically from GenBank. A subset of 21 NS1 protein sequences was
used as the seed set in a BLAST-based similarity search of all down-
loaded protein sequences. A subset of 187 sequences was generated
when hit length and query coverage thresholds of 100 and 50, re-
spectively, were applied to filter the BLAST output. These sequences
grouped into 103 distinct clusters when a CD-HIT clustering thresh-
old of 1.0 was applied. Distance analysis and multiple sequence
alignment were performed on the 103 representatives of these clus-
ters, and taxonomic and accession metadata were collected from
GenBank. A phylogeny was built for the aligned sequences, and the
tree file was submitted with metadata and distance matrix files to
ViCTreeView for visualization.

ViCTree identified all previously classified species and genera in
subfamily Densovirinae (Cotmore et al., 2014), including members
of genus Ambidensovirus that encode the NS1 protein on the oppos-
ite strand from members of the other genera. This success was due
to the breadth of diversity in the seed set and to the use of protein se-
quences in conducting the BLAST search. The analysis identified six
new species (Table 1), which were recognized subsequently by the
ICTV (Adams et al., 2017b) on the basis of proposals made by the
ICTV Parvoviridae Study Group. Although ViCTree is not a dedi-
cated taxonomic misclassification identification tool such as
SATIVA (Kozlov et al., 2016) it is able to identify misclassified se-
quences. Thus, the misclassification of an isolate of Helicoverpa
armigera densovirus (GenBank accession number JQ894784) in the
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NCBI taxonomy was readily identified. This virus is described as
being a member of genus Iteradensovirus, but in fact belongs to
genus Ambidensovirus (species Lepidopteran iteradensovirus 5).
The in-built automated species delimitation using mPTP had
identified a total of 25 species from the phylogeny, of which 18 were
consistent with the current ICTV classification of subfamily
Densovirinae. The automated species delimitation combined
Decapod ambidensovirus 1 and Asteroid ambidensovirus 1 into a

species cluster, and Lepidopteran iteradensovirus 1, Lepidopteran
iteradensovirus 2 and Lepidopteran iteradensovirus 4 into another
species cluster. It also identified an additional six new species that
are not currently recognized by the ICTV (Supplementary Appendix
S1). Some of these species are not yet defined as new species by the
ICTV as the sequences may be from incomplete genome sequences
or may lack multiple sequences from the same species, both of which
are requirements for the assignment of new species.

Table 1. New species identified in subfamily Densovirinae by using ViCTree

Name of new species Representative isolate Genus

Asteroid ambidensovirus 1 Sea star-associated densovirus Ambidensovirus
Decapod ambidensovirus 1 Cherax quadricarinatus densovirus Ambidensovirus
Hemipteran ambidensovirus 2 Dysaphis plantaginea densovirus 1 Ambidensovirus
Hemipteran ambidensovirus 3 Myzus persicae densovirus 1 Ambidensovirus
Hymenopteran ambidensovirus 1 Solenopsis invicta densovirus Ambidensovirus
Orthopteran densovirus 1 Acheta domestica mini ambidensovirus Unassigned

Source: https://talk.ictvonline.org/ICTV/proposals/2016.003a, bD.A.v1.Densovirinae_6sp.pdf
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Fig. 2. Phylogenetic tree for subfamily Densovirinae based on the NS1 protein and visualized in ViCTreeView. Sequences that fall within the 15% pairwise dis-
tance criterion are indicated as distinct clusters in different colours. Black arrows indicate new species identified using ViCTree
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3.2 Evaluation of accuracy

The accuracy of the ViCTree was tested by determining the propor-
tion of recognized species that it was capable of identifying in sub-
family Densovirinae (Fig. 2). Three parameters were varied: the
number of seed sequences (sets of 5, 10 or 20 randomly selected se-
quences), the hit length threshold, and the query coverage threshold
(Fig. 3). Accuracy increased with the number of seed sequences, and
was >95% for all seed sequence sets at a hit length of <400 and a
query coverage of <60. Accuracy was compromised by reducing
these values, due to increasing numbers of false positives. Hit length
and query coverage thresholds of 100 and 50, respectively, were
found to be optimal for subfamily Densovirinae.

4 Discussion

ViCTree is an integrated, automated pipeline for assisting taxo-
nomic classification in an era in which genomic and metagenomic
data are being actively accommodated by the ICTV (Adams et al.,
2017a; Simmonds, 2015; Simmonds et al., 2017). It is capable of
supporting the identification of novel viral species and pinpointing
taxonomic errors in public databases. Its automated approach to
finding the best reference sequences to represent a viral family or
subfamily provides a useful tool for virologists. It implements
GitHub-based versioning of alignments and phylogenies of any size,

thus allowing users to monitor taxonomic developments incremen-
tally. The built-in visualization tool (ViCTreeView) enables phyloge-
nies to be explored interactively in a web browser. These features
will contribute to the establishment and dissemination of
standardized phylogenetic and taxonomic data within the virology
community.

The initial setup of ViCTree for a taxonomic group requires sev-
eral optimization steps, which include setting the thresholds for seed
sequences, CD-HIT clustering, and BLAST hit length and query
coverage. These parameters were shown to be accurate in the case
study of subfamily Densovirinae, but will need to be improved itera-
tively as the taxonomy expands. They will differ for other viral taxa;
for example, a single DNA polymerase protein seed sequence was
sufficient to identify all species in family Herpesviridae. In a wider
context, the criteria used to classify viruses vary greatly from family
to family, and the flexibility of ViCTree allows appropriate thresh-
olds to be explored interactively. Accuracy determination for a spe-
cific viral group of interests is deemed to be an iterative process, as
classification parameters depend on the new sequences identified
and incorporated into the seed set used as a starting point for
ViCTree analysis. The ViCTree GitHub repository provides scripts
that enable users to identify optimal BLAST and seed set parameters
to study a viral taxonomic group using ViCTree. Novel sequences
that are yet to be submitted to GenBank can also be explored using
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the ViCTree framework, as ViCTree allows the incorporation of
these sequences by adding them to the seed sequence set.

Since ViCTree is a pipeline that integrates a number of existing
tools, it will suffer from their limitations. Clustal Omega was incor-
porated because it can align large numbers of protein sequences
quickly and accurately (Sievers et al., 2011). However, like other
progressive algorithms such as CLUSTAL W (Thompson et al.,
1994), MAFFT (Katoh et al., 2002; Katoh and Standley, 2013),
MUSCLE (Edgar, 2004) and T-COFFEE (Di Tommaso ef al., 2011),
it may suffer from shortcomings in the handling of insertions and de-
letions. Other phylogeny-aware methods that have been developed
for accurately aligning closely related sequences, such as PRANK
(Loytynoja and Goldman, 2005, 2008), are less susceptible to these
problems and may improve ViCTree in future, particularly for de-
limiting genotypes within viral species.

ViCTree adds to a growing number of sequence-based tools that
are designed to inform viral classification specifically or that may
prove to be adaptable from other areas of biology. Pairwise distance
criteria currently being used across the field of viral taxonomy does
not provide an objective approach to classify groups of viruses and
other methods such as GMYC and PTP/mPTP should be explored
further in the context of speciation and identification of novel viral
groups. The current version of ViCTree uses protein sequences as in-
put because amino acid sequences are typically used to distinguish
taxa from the level of family (or sometimes order) down to species
(e.g. Parvoviridae and Herpesviridae). Although ViCTree was de-
veloped with viral classification in mind, it could be used to explore
the evolution of any protein.
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Abstract

The genome sequences of many important Triticeae species,
including bread wheat (Triticum aestivum L.) and barley (Hordeum
wulgare L), remained uncharacterized for a long time because
their high repeat content, large sizes, and polyploidy. As a result
of improvements in sequencing technologies and novel analyses
strategies, several of these have recently been deciphered. These
efforts have generated new insights info Triticeae biology and
genome organization and have important implications for down-
stream usage by breeders, experimental biologists, and compara-
tive genomicists. fransPLANT (http://www.transplantdb.eu) is an
EU-funded project aimed af constructing hardware, software, and
data infrastructure for genome-scale research in the life sciences.
Since the Triticeae data are intrinsically complex, heterogenous,
and distributed, the transPLANT consortium has undertaken ef-
forts to develop common data formats and tools that enable the
exchange and integration of data from disfributed resources.
Here we present an overview of the individual Triticece genome
resources hosted by transPLANT partners, infroduce the objectives
of transPLANT, and oufline common developments and inferfaces
supporting infegrated dafa access.
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ROPS from the tribe of the Triticeae, including wheat,

barley, and rye (Secale cereale L.), account for some
of the most important nutritional resources in the
human diet. Until recently, genomics-informed breed-
ing approaches were limited in Triticeae species, as few
genomic data were available. This lack can mainly be
attributed to the inherent complexity of their genomes
and genetics, especially in species of high economic
interest such as barley and bread wheat. With estimated
haploid and triploid sizes of 5.3 and 17.1 Gb, respectively,
the genomes of these (and other Triticeae) species signifi-
cantly exceed the size of the haploid human genome (~3
Gb). The high overall repeat content and, in bread wheat,

M. Spannagl, K.C. Bader, T. Nussbaumer, and K.F.X. Mayer, Plant
Genome and Systems Biology (PGSB), Helmholiz Center Munich,
D-85764, Neuherberg, Germany; M. Alaux, T. letellier, E. Kimmel, R.
Flores, C. Pommier, D. Steinbach, and H. Quesneville, INRA, UR1164
URGI-Research Unit in Genomics-nfo, INRA de Versailles, Route de
Saint-Cyr, Versailles, 78026, France; M. lange, J. Chen, C. Colmsee,
S. Beier, M. Mascher, T. Schmutzer, D. Arend, and U. Scholz, Leibniz
Institute of Plant Genetics and Crop Plant Research (IPK) Gatersleben,
Stadt Seeland, D-06466, Germany; D.M. Bolser, A. Kerhorou, B.
Walts, C. Grabmuller, and PJ. Kersey, European Molecular Biology
Lab., The European Bioinformatics Institute, Wellcome Trust Genome
Campus, Hinxton, Cambridge CB10 15D, UK; A. Thanki, R. Ramirez-
Gonzalez, M. Ayling, S. Ayling, and M. Caccamo, The Genome
Analysis Centre (TGAC), Norwich Research Park, Norwich, NR4
7UH, UK. Received 8 June 2015. Accepted 14 Oct. 2015. *Corre-
sponding author (manuel.spannagl@helmholizmuenchen.de).

Abbreviations: BAC, bacterial artificial chromosome; CSS,
chromosome survey sequence; EBI, European Bioinformatics Insfitute;
EST, expressed sequence tag; GO, gene oniology; IBSC, Infernational
Barley Genome Sequencing Consortium; IPK, Leibniz Institufe of Plant
Genetics and Crop Plant Research; IWGSC, International VWheat
Genome Sequencing Consorfium; PGSB, Plant Genome and Sysfems
Biology unit at the Helmholtz Center Munich; QTL, quantfitative

traif loci; RNAseq, RNA sequencing; SNP, single nucleotide
polymorphism; TGAC, The Genome Analysis Centre; URGI, Unité de
Recherche Génomique Info af the Insfitut National de la Recherche
Agronomique; WheatlS, International VWheat Information System.

THE PLANT GENOME = MARCH 2016 = VOL. 9, NO. 1

10oF13



the allohexaploid genome structure, further complicate
every aspect of the collation and analysis of genomic
data, including sequencing, assembly, gene calling, and
functional analysis.

Nevertheless, great progress has recently been made
in deciphering the genome sequences and gene content
of these species through coordinated international col-
laboration. The International Barley Genome Sequencing
Consortium (IBSC) reported a draft genome sequence
for the barley cultivar Morex obtained using mainly
next-generation sequencing technologies, chromosome
sorting, an integrated physical and genetic map, gene
predictions, and analysis of the transcriptional landscape
(IBSC, 2012). For bread wheat, 5x 454 whole-genome
sequencing was used to generate assemblies of homeolo-
gous genes and to analyze the gene content of hexaploid
wheat in a reference-directed approach (Brenchley et
al,, 2012). In 2014, the International Wheat Genome
Sequencing Consortium (IWGSC) released draft genome
sequence assemblies for all wheat chromosome arms
(again, following the use of a physical sorting strategy
before sequencing), with a total of 124,201 annotated
gene models and supporting transcriptomics data
(IWGSC, 2014). Meanwhile, a French-led consortium has
generated a reference sequence and gene annotation for
wheat chromosome 3B (Choulet et al., 2014). Genomic
data for a number of additional Triticeae species has
also been generated recently, including the bread wheat
subgenome progenitors Aegilops tauschii Coss. (Jia et
al,, 2013), A. sharonensis Eig and A. speltoides Tausch
(IWGSC, 2014), and T. urartu Tumanian ex Gandilyan
(Ling et al., 2013), and the tetraploid T. turgidum L.
subsp. durum (Desf.) Husn. (pasta wheat) IWGSC, 2014).
GenomeZippers, a synteny-enabled anchoring approach,
have been constructed for the Triticeae species barley
(Mayer et al., 2011), wheat (IWGSC, 2014), A. tauschii
(Luo et al., 2013), and rye (Martis et al., 2013), facilitat-
ing the positioning of 10,000s of genes in the absence of
finished genome sequences. While the sequence of all
these species is incompletely assembled, significant prog-
ress has been made toward assembling the gene space,
assigning contigs to chromosomes, and ordering them.
The data is already sufficient to support analyses of gene
families, variation within populations, large scale syn-
teny, and association of genotype with phenotype.

The availability of genomic data from multiple Triti-
ceae species is expected to facilitate powerful compara-
tive genomics approaches and help to enhance under-
standing of Triticeae biology and evolution. However, the
use of multiple approaches to genome sequencing and
assembly (e.g., chromosome sorting, GenomeZippers,
and genome survey sequencing), the variety of associ-
ated data types (e.g., gene predictions, expression data,
and molecular markers), and the existence of alternative
coordinate systems (e.g., genetic map, physical map, and
numerical position in molecular sequence) can make
it difficult for users to combine different data sets eas-
ily and correctly. Storage, integration, and visualization

of these heterogenous and complex data are essential to
enable efficient research.

Here we describe Triticeae genome data resources
maintained by partners in the EU-funded transPLANT
project. The transPLANT project aims at producing an
integrated, coherent data infrastructure shared among
dispersed expert resources with strong interconnections
between them (including cross-linking and the use of com-
mon formats, tools, and datasets) designed to make it easy
for users to switch between different resources according to
which one best addresses their current point of interest.

Results

transPLANT

The transPLANT project (Table 1, reference no. 1 [Table
1.1]; hereafter, this format is used to reference Table 1) is
an integrated infrastructure funded by the Framework

7 program of the European Union. It brings together 11
partners from seven countries with the aim of developing
common standards, data, and technologies in the plant
genomics area. A major focus of the work is variation
data and the development of tools to organize, archive,
and analyze this. Another major focus is the definition
and use of common reference sequences so that annota-
tion from different resources can be shared and com-
pared. A third focus is the development of a distributed
query infrastructure to provide a common point of entry
to data held in multiple, dispersed resources.

In the context of Triticeae data, five transPLANT
partners (The Plant Genome and Systems Biology unit
at the Helmholtz Center Munich [PGSB], the European
Bioinformatics Institute [EBI], the Unité de Recherche
Génomique Info at the Institut National de la Recher-
che Agronomique [URGI], the Leibniz Institute of
Plant Genetics and Crop Plant Research [IPK] and The
Genome Analysis Centre [TGAC]) are involved and
interacting with other partners engaged in the interna-
tional consortia (IWGSC and IBSC) coordinating the
sequencing and assembly of these genomes. Figure 1
provides an overview over the respective Triticeae data
resources hosted by transPLANT partners together with
available species and shared search interfaces and ser-
vices. Data from barley, wheat, and other species have
been exported to common data formats in accordance
with established standards for data representation,
exchanged between partners, and synchronized across
the distributed transPLANT resources. Moreover, part-
ners have collaborated in comparative analysis of Triti-
ceae genomes to study ancient duplications, polyploidy,
and syntenic relationships.

As aresult, end users benefit from a number of spe-
cialized tools and interfaces operating on synchronized
Triticeae genome data hosted and exchanged by the
transPLANT partners. This includes an interface embed-
ded in the transPLANT web portal enabling keyword
searches over the data inventories of many transPLANT
partners as well as extensive cross-linking between
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Table 1. List of URLs for transPLANT Triticeae resources, tools, and websites. References to specific URLs are given
in the format Table 1. REFERENCE no. (e.g. Table 1.1) throughout the text.

Reference no. Service provider URL Short description
1 transPLANT http://www.transplantdb.eu transPLANT web hub
2 transPLANT http: //www.transplantdb.eu/resource-registry transPLANT resource registry
3 PGSB http://pgsb.helmholtz-muenchen.de,/plant/transplant/genomeResources.jsp transPLANT resource registry mirror at PGSB
4 PGSB http://pgsb.helmholtz-muenchen.de/plant/Hrificeae/index.jsp PlantsDB Trificeae homepage
5 PGSB http: //pgsb.helmholtz-muenchen.de/plant,/crowsNest/index.jsp PlantsDB CrowsNest tool
6 BBl http://plants.ensembl.org Ensembl Plants homepage
7 INRA http://wheat-urgiversailles.inra.fr/ INRA URGI wheat database
8 INRA http: //wheat-urgi.versailles.inra.fr/Seq-Repository IWGSC wheat sequence repository
9 INRA https://urgiversailles.inra.fr/gh2 /gbrowse /wheat_phys_pub Wheat physical maps browser
10 INRA https: //urgi.versailles.inra.fr/blast/ URGI wheat BLAST search tool
I INRA http://urgi.versailles.inra.fr/Wheat3BMine/ Wheat 3B data warehouse
12 IPK http: //lailaps.ipk-gatersleben.de LAILAPS search engine
13 IPK http: //webblast.ipk-gatersleben.de/barley IPK barley BLAST server
14 IPK http://barlex.barleysequence.org Barlex home page
15 TGAC www.tgac.ac.uk/tools-resources TGAC tools and resources homepage
16 TGAC http: //polymarker.tgac.ac.uk TGAC Polymarker
7 TGAC http://www.tgac.ac.uk /grassroots-genomics TGAC grassroots genomics website
18 ransPLANT http://www.transplantdb.eu/training-resources transPLANT user fraining resources
19 transPLANT http://www.transplantdb.eu videos transPLANT user training videos
20 WheatlS http://www.wheatinitiative.org/tools/wheat Wheat Inifiative website
21 WheatlS www.wheatis.org Wheat Information System homepage
2 PGSB http: //pgsb.helmholtz-muenchen.de /plant,/plantsdb.jsp PlantsDB entry page
23 PGSB http: //pgsb.helmholtz-muenchen.de/plant/barley gz /tablejsp/index.isp PlantsDB GenomeZipper view
% TGAC http: //browser.tgac.ac.uk /wheat/ TGAC wheat browser
25 TGAC http: //browser.tgac.ac.uk /barley_phys/ TGAC physical map browser
26 TGAC http://browser.tgac.ac.uk /wheat_compara/ TGAC Aequatus browser

transPLANT integrated search interface
http://www.transplantdb.eu/search

tran

LAILAPS information retrieval system
http://www.transplantdb.eu/lailaps

A
LAILAPS

THE PLANT BCIENCE SEARCH ENOINE

Triticeae genome data exchange, synchronisation,
integration and tools development
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Figure 1. Overview of Triticeae genome resources and services provided by transPLANT partners. Species for which data is available
in the respective database systems are given under the resource names. Details on data types and tools and modes of access are given
in the individual partner sections. Upper panels illustrate both the transPLANT integrated search tool (enabling centralized keyword
searches over the data inventories of many transPLANT partners) as well as the LAILAPS search engine (linking plant genomic data to

phenotypic traits).
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Figure 2. Triticeae and transPLANT resources hosted by PGSB PlantsDB. (A) Database overview and PlantsDB entry page (Table 1.22).
(B) transPLANT genome resources registry giving access to more than 300 different plant genome resources and databases (Table 1.3).
(C) GenomeZipper overview representation for the barley genome (Table 1.23). (D) Visualization of syntenic relationships between the
genome sequences of Aegilops fauschii and barley within the CrowsNest tool (Table 1.5).

partner resources and the provision of web services and
data warehouses. To assist users and communities in
identifying data critical for their research, transPLANT
provides a registry for genome resources (not restricted
to Triticeae) and all data is discoverable within a single,
integrated search. The registry can be accessed at the
websites indicated in Table 1.2 and 1.3 (see also Fig. 2B).
The integrated search is available from the website indi-
cated in Table 1.1.

Plant Genome and Systems Biology PlantsDB:

A Platform for the Comparative Analysis of
Triticeae Genome Data

Plant Genome and Systems Biology (PGSB, formerly
MIPS) PlantsDB provides a platform for the integration,
visualization, and comparative analysis of plant genome

data. Currently, genome data from 12 different plant spe-
cies are available in the public domain of PGSB PlantsDB
(Fig. 2A). Access points include search and browse inter-
faces, BioMoby webservices (Wilkinson et al., 2005),
FTP download server, as well as visualization tools. With
ongoing involvement in Triticeae genome sequencing
and annotation initiatives such as IBSC (IBSC, 2012) and
IWGSC (IWGSC, 2014), a major focus of PlantsDB was
put on the representation and analysis of complex Triti-
ceae genome data.

To compensate for the lack of reference chromo-
some sequences, GenomeZippers were constructed for
many Triticeae species including barley, wheat, and rye.
The GenomeZipper concept integrates data from chro-
mosome sorting, second generation sequencing, array
hybridization, and systematic exploitation of conserved
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synteny with model grasses to construct virtual ordered
gene maps (Mayer et al., 2009, 2011). Besides batch down-
load via FTP, all GenomeZipper data has been integrated
into the PGSB PlantsDB database scheme. To assist the
interactive exploration of GenomeZippers and the search
for anchored elements such as expressed sequence tags
(ESTs), genetic markers, and full-length complementary
DNA, interfaces for querying and browsing the Geno-
meZippers for barley, wheat, and rye were constructed
(accessible from Table 1.4; Fig. 2C).

Between the genomes of many monocotyledonous
plants, including major Triticeae crops and model plants,
gene order appears to be conserved over long chromo-
somal stretches (synteny). This facilitates the potential
transfer of knowledge from model plants such as Brachy-
podium distachyon (L.) Beauv. or rice (Oryza sativa L.)
to the more complex Triticeae crops such as barley and
wheat. To assist interactive exploration and visualization
of syntenic regions and genes between grass models and
Triticeae crop species, the CrowsNest tool (Table 1.5)
was developed and populated with the genomes of rice,
sorghum [Sorghum bicolor (L.) Moench], B. distachyon,
barley, and A. tauschii, the diploid progenitor of the D
sub-genome of hexaploid bread wheat. Figure 2D shows a
screenshot from the CrowsNest tool visualizing synteny
between A. tauschii and barley on a whole-genome scale.

Wheat genomic subassembly sequences generated
in a reference-directed approach (Brenchley et al., 2012)
were integrated with their corresponding genes from B.
distachyon, sorghum, rice, and barley. Interfaces to query
this data include a BLAST server to search for homolo-
gous wheat sequences as well as search for reference genes
and associated wheat sequences. Genes predicted from
chromosome-sorted wheat genome sequence generated
within the IWGSC (IWGSC, 2014) have been integrated
into PGSB PlantsDB and cross-referenced with the corre-
sponding repositories GnpIS Wheat and Ensembl Plants.

To visualize and search the integrated barley physi-
cal and genetic maps, dedicated instances of GBrowse
and CrowsNest were set up and in cooperation with IPK
Gatersleben populated with markers, bacterial artificial
chromosome (BAC) end sequences, BAC sequences, and
physical map information. Gene expression data from
barley (IBSC, 2012) has been integrated into the RNASeq-
ExpressionBrowser (Nussbaumer et al., 2014) and can be
queried by keyword, sequence similarity search (BLAST),
or gene ontology (GO) and Interpro term and domain.

Triticeae Genome Data in Ensembl Plants

Ensembl Plants (Table 1.6) is an integrative web portal for
plant genomic data, developed by the EBI. The portal pro-
vides interactive and programmatic access to data from
39 species through a variety of interfaces including web
browser, Perl and RESTful Application Programming
Interfaces, FTP, a publicly accessible relational database
server, and a data-mining tool implemented using the
data-warehousing framework BioMart optimized for gene
and variant-centric queries. In addition to participating

in transPLANT, coordination with efforts in the United
States is achieved through a formal collaboration with the
Gramene project (http://www.gramene.org).

Currently, four Triticeae genomes (among 20 cereal
genomes) are available in Ensembl Plants: bread wheat, two of
its diploid progenitors, A. tauschii and T. urartu, and barley.
In the case of both wheat and barley; additional information
(from genetic and physical maps) has been used to assign the
genomic contigs to chromosomes and locate them within
them. For barley, many of the contiguous sequences gen-
erated and assembled by the IBSC have been binned into
located clusters according to evidence from the genetic and
physical maps, and this information is used to construct a
chromosome level view in Ensembl. The initial assembly has
recently been revised using POPSEQ (Mascher et al., 2013a)
data generated by the IPK. Whole-genome alignments have
been performed against B. distachyon, rice, bread wheat, and
the bread wheat progenitor genomes; collections of barley
and wheat ESTs and RNA-sequencing (RNA-seq) reads have
been aligned to the barley reference. In addition, intervarietal
single nucleotide polymorphisms (SNPs) are represented for
eleven varieties of barley as well as sites of variation between
wild barley (H. spontaneum) and the barley reference.

The core wheat data represented is the chromosome
survey sequence (CSS) generated, assembled, and anno-
tated by the IWGSC. However, the CSS assembly of chro-
mosome 3B has been replaced by the BAC-by-BAC assem-
bly constructed by Choulet et al. (2014). In addition to
sequence assemblies and gene models, a number of addi-
tional data sets have been aligned to the survey sequence,
including the complete genomes of B. distachyon and rice,
wheat unigene clusters from NCBI, and wheat RNA-seq
data deposited in the International Nucleotide Sequence
Database Collaboration archives. The wheat genome
assemblies previously generated by Brenchley et al. (2012)
have also been aligned to the survey sequence B. dis-
tachyon and barley. In addition, a collection of 900,000
polymorphisms from CerealsDB (http://www.cerealsdb.
uk.net) have been included in the resource as well as data
from the wheat HapMap project (Jordan et al., 2015). The
chromosome survey sequence (and its annotations), in
addition to the complete EST set, are available to search
via BLAST and other search alignment algorithms.

For all gene models in Ensembl Plants, functional
annotation is inferred using GO, InterPro, and homology
metrics. Additionally, the evolutionary history of each
protein-coding gene is inferred from comparisons to other
plant species, and gene trees and protein alignments are
available to browse (see Fig. 3) and download. The three
bread wheat genomes have additionally been aligned to
each other and linked to assertions of homeology derived
from the gene tree analysis to provide supporting evi-
dence. These alignments have been used to identify sites of
variation (single nucleotide variants and insertion—dele-
tions) between the A, B, and D genomes (see Fig. 4).

In addition, transcriptome data from another bread
wheat precursor species, T. monoccocum (Fox et al.,
2014), have been aligned to the hexaploid reference.
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Figure 3. A gene family conserved with 1:1 orthology over 21 Poaceae genomes as visualized in Ensembl Plants. The three bread
wheat genes are highlighted in red and blue, and the chromosome (and subgenome) are indicated in the prefix of the gene name (e.g.,
Traes_4AL_X is the name of a gene from the long arm of chromosome 4 in the A genome). The most related genes are those of the
bread wheat precursors, followed by barley. Genes from more distant Poaceae species are located below.

Triticeae Genome Data and Tools at the Unité de
Recherches en Génomique Info

The Official Wheat International Wheat Genome
Sequencing Consortium Portal

Unité de Recherches en Génomique Info has been chosen
by the IWGSC to be the repository for wheat genomic
sequences and physical maps (Table 1.7).

To allow users to download, display, and query the
ITWGSC sequences and physical map data, a section dedicated
to wheat genomics data, the sequence repository (Table 1.8;
Fig. 5A), has been set up. Data stored in the sequence reposi-
tory includes the wheat survey sequence, the chromosome
reference sequence (chromosome 3B), the genes and annota-
tions (gene models, GenomeZipper, and POPSEQ), the physi-
cal maps, the RNA-Seq, and the variations (HapMap) data.

Users can display the sequence annotation of the 3B
reference sequence and the survey sequence in dedicated
browsers. The physical maps browser (Table 1.9; Fig. 5B)

is a customized instance of the GBrowse tool developed
by the GMOD community (Stein et al., 2002).

The T. aestivum sequence data, diploid, and tet-
raploid wheat species sequence data (e.g., T. durum, T.
monococcum, T. urartu, A. speltoides, A. sharonensis, and
A. tauschii) are searchable using a BLAST tool (Table
1.10). The BLAST server is a customized version of the
ViroBLAST tool developed by the University of Wash-
ington (Deng et al., 2007).

It also hosts the supplementary data attached to
IWGSC publications and we are currently developing a
page dedicated to assist the upcoming reference chromo-
some assemblies.

Data Warehouse for Wheat Chromosome 3B

To be able to connect reference sequence data from chromo-
some 3B (Choulet et al., 2014) with genetics and phenomics
data, the Wheat3BMine data warehouse (Table 1.11; Fig. 5C)
was developed in the framework of transPLANT.
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Figure 4. Homeologous regions from the bread wheat A, B, and D genomes as visualized in Ensembl Plants. (A) The top panel shows
the annotations made on three regions of contiguous sequence. (B) The lower panel is centered on the homeologous genes and shows
gene structures, intervarietal polymorphisms and interhomeologous variants.

The warehouse is implemented using InterMine
technology that provides a fast, flexible, and user friendly
access to integrated data by multiple ways: a browser, a
query builder, and a region search tool. Wheat3BMine
users can filter their favorite features, save their own que-
ries, and export results in many different formats (GFF3,
BED, or XML). An online documentation and precom-
puted queries are also available.

The data warehouse contains heterogeneous data and
is gene centric. In fact, the typical gene card centralizes
relevant information like gene function, ontology terms,
and overlapping features. Wheat3BMine provides access to

genomic annotation data (genes, mRNA, polypeptides, and
transposable elements), polymorphisms data (markers),
genetic mapping data (quantitative trait loci [QTL], meta-
QTL), and phenotyping data. Moreover, useful links are
available from a gene card to the wheat 3B genome browser
(Choulet et al., 2014) and to additional details in GnpIS.

Wheat Data in the GnplS Information System

GnplS (Steinbach et al., 2013) is an information system
that integrates genomic and genetic data for plants and
fungi. A “wheat” filter was implemented within GnpIS
that allows interconnecting the wheat genomic data
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Figure 5. Triticeae resources hosted by URGI. (A) Wheat@URGI website: IWGSC Sequence Repository page (Table 1.8). (B) Wheat
physical maps browser (Table 1.9). (C) Wheat3BMine tool homepage (Table 1.11). (D) Wheat data search in GnplS: quick search,

advanced tool and dedicated web interfaces (Table 1.7).

detailed above with the germplasm, markers, QTLs,
SNPs, expression, and phenotypes data. Moreover, asso-
ciation and genomic selection data are in the process of
integration into the information system. The wheat data
in GnplIS (Table 1.7; Fig. 5D) can be queried using the
quick search tool (Google-like search), advanced search
tool (Wheat3BMine), and the dedicated web interfaces
developed in Java and Google Web Toolkit.

Triticeae Genome Data and Tools at the Leibniz
Institute of Plant Genetics and Crop Plant
Research Gatersleben

LAILAPS Search Engine

LAILAPS (Esch et al,, 2014) is an integrated information
retrieval system to link plant genomic data in the con-
text of phenotypic traits for a detailed forward genetic
research (Table 1.12; Fig. 6). LAILAPS is developed in
the framework of the transPLANT project and allows
exploratory search for candidate genes linked to specific
traits over a loosely integrated system of indexed and
interlinked genome databases. Query assistance and an

evidence-based annotation system enable time-efficient
and comprehensive information retrieval. An artificial
neural network incorporating user feedback and behav-
ior tracking allows relevance sorting of results. Because
this enhanced relevance ranking is one of the major
innovations to explore millions of database records, a
special focus has been set to its training and the inclusion
of user feedback. The current LAILAPS release comprises
about 91 million indexed database records of trait knowl-
edge within 13 major life science data collections and
more than 60 million associations to -omics data sets.

To provide an up-to-date user ergonometry, the front
end features an interactive query assistance that suggests
spelling correction as well as semantic query expansion.
This feature makes use of PubMed abstracts to learn vec-
tors of similar words and phrases. Queries are expressed
as keyword or phrases that are spell corrected. As query
results, a condensed list of relevant hits is rendered that
includes a short excerpt of relevant text positions and

a list of annotation links to annotated genes in plant
genomes. A comprehensive result filter panel and the
suggestion of semantic follow-up queries rounds off the

80oF 13

THE PLANT GENOME = MARCH 2016 = VOL. 9, NO. 1



|- Lailaps Result Browser

uniprot_sprot(3) @

MLOC 99933 ** evid.: 1.00
MLOC 78141 *° evid.: 1.00
MLOC 755382 ** evid: 1.00

Filter linked Database:
PlantsDB(3)

[7] PubMed(3)

[] BioModels(3)
BARLEX(3)

[7] OPTIMAS-DW(1)
EnsemblPlants(3)

MLOC 754966 ** evid: 1.00
MLOC 754502 ** evid: 1.00

050055:° (Score: 41.8%

EnsemblPlants 1389 links
[ gnpis(3) scaffold 8026361 ** evid.: A
B cresTE) scafold 8011181 ** evid: NA

Type of Data Link: scaffold 701556.1 * evid.: NA

(7] all hits(106) scaffold 701477.1 *° evid.: NA

direct data links(106) £

[@lindirect data links(95) ** @

scaffold 700091.1 ** evid.: NA

Source: uniprot_sprot)
REFERENCE TITLE  The flowering-time gene CONSTANS and homologue CONSTANS LIKE 1 exist; COMMENTS OR NOTES: in the ligh

\ pyre.ipk-gatersleben.de/lailaps/Result filterSelection.sdirect 4 - Google
\f/‘@ ipk-gatersleben.de/lailaps/Result filterSelection.sdi a Goog
flowering time barley
Qualaps
tranm suggested flowering flowering photoperiodic late flowering
. b queries: arabidopsis barley  bariey flowering barley barley
Do@d Search Results Results 1-3 from 3 displayed (Ranked: 106 FilterResults: 3)
Search in Databases: Q96502;: (Score: 41.8% Source: uniprot_sprot)
(7] uniprot_trembI(36) REFERENCE TITLE'COL2is a of the i i ing-ti
PlantsDB 49 links BARLEX 43 links

morex_contig 7813 ** evid.: 1.00
morex_contig 7405 ¥* evid.: 1.00
morex_contig 68173 ** evid.: 1.00
morex_contig 6805 ** evid.: 1.00

morex_contiq 87944 ** evid.: 1.00

PlantsDB_ 49 linis
MLOC 99983 ** evid.: 1.00
MLOC 7814.1 *° evid.: 1.00
HLOC 75538.2 ** evis.: 1.00

MLOC 754966

evid.: 1.00

MLOC 754502 ** avid.: 1.00

Source: uniprot_sprot)

Q39057, Q2V373.. (Score: 37.4%
KEYWORDS:; Diff lion; DNA-binding; F
Filter found synonyms: encodes:
[PIHORDEUMVLEGARE(D) EnsembiPlants 1399 linis

HORDEUM VULGARE L.(0)

scaffold 8026361 ** evia: NA

scaffold_801118.1 «*
scaffold 7015561 =* evid.:

evid.: NVA
NA
scaffold 701477.1 ** evid.:

scaffold_700091.1 ** evid.:

NA

NA

Plants0B 49 linis
MLOC 99983 ** evia.: 1.00
MLOC 7814.1 ** evid.: 1.00
MLOC 755382 **
MLOC 754966 **

MLOC 75450.2 ** evig.: 1.00

evid.: 1.00

evid.: 1.00

L il

Pl s ¥ A=

you're logged in 85

guesi@local
Homepage / legout

vernalization

barley

Query time: 3 seconds

gene CONSTANS; COMMENTS OR NOTES: flowering timg

EnsemblPlants 1338 links

AT3G02380 % evig: WA

scaffold 8026361 ** avic
scaffold 8011181 *° evig

scaffold 701556.1

* evid

scaffold 701477.1 »°

evic

BARLEX 43 linis.

morex_contig 7813 ** e
morex_contig 7405 *° e
morex _contig 68173 +*
morex contig 6805 *° e

morex contia 67944 ** ¢

ing; Metal-binding; Nuderence: FEATURE TABLE DATA, late-flowering under

BARLEX

e
morex_contig 7813 «* ey

43 linis.

-

morex_contig 7405 =* e

morex_contig 68173 ** « |

morex_contig 6805 ** ev
morex_contig_87944 =* ¢

»

Figure 6. The LAILAPS web interface, illustrating the search and results page. The text box (A) enables an interactive and spelling cor-
rected keyword query submission. After query was executed successfully, a list of semantically related phrases is provided for query refine-
ment (B). The query results can be either downloaded as a Microsoft Excel sheet (C) or interactively explored. For this, all relevant hits are
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either refer to genome data directly (green) or reflect an indirect, transitive relationship (red). The left hand filter panel enables to restrict
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query refinement features. Once the user identifies inter-
esting records, he is guided to the most relevant genomic
dataset and is able to rate its quality. In turn, this enables
LAILAPS relevance prediction system to improve the
relevance prediction network.

Barley BLAST Server

The IPK hosts a BLAST server (Table 1.13), providing
homology searches against the complete barley sequence
data sets published in IBSC (2012). This comprises the
whole-genome shotgun assemblies of the cultivars
Morex, Barke, and Bowman as well as the high- and low-
confidence gene sets. The latest POPSEQ anchoring data
(Mascher et al., 2013a) was also integrated in addition to

BARLEX

The recent progress in sequencing and mapping technol-
ogy has facilitated the construction of advanced genomics
resources in species with large and complex crop genomes
like barley. During such genome sequencing projects,
the integration of large volumes of diverse information
and data from disparate sources is an open issue. Exist-
ing genome browsers are not well adapted to this task,
as they expect all genomic features to be anchored to a

single linearly ordered reference sequence. The IPK pro-

vides the barley genome explorer, BARLEX (Colmsee et
al., 2015), as a central unified repository for the genomic

resources of barley. BARLEX is centered on the genome-
wide physical map of barley and links it to an annotated
whole-genome shotgun assembly and dense genetic

the barley exome capture targets (Mascher et al., 2013b).
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maps. A web-based interface presents data in tabular

and graphical format and associates all information and
published sequence data with shotgun assemblies, repeat
annotations using KMasker (see Schmutzer et al., 2014),
physical contigs, and annotated genes. A novel graph-
based visualization strategy was implemented to show
overlaps between adjacent BACs based on fingerprint and
sequence data. BARLEX is publicly accessible at the web-
site listed in Table 1.14 and is directly connected to the
IPK Barley BLAST server as well as the LAILAPS system.

elDAL: Plant Genomics and Phenomics Research
Data Repository

The IPK is hosting a plant genomics and phenomics
research data repository, which is based on the e!DAL
data sharing and publication infrastructure (Arend et al.,
2014). It features the publication of plant research data
that is out of scope of existing domain databases, too
huge, or less structured. In compliance to international
standards, such as DOI, DataCite, and OpenAIRE, plant
genomic and phenotpyic datasets are published. In a par-
ticular focus are studies of plant genetic resources from
the system plant from the root to bloom and seed, as well
from sequence analysis to systems biology. Examples are
genomic datasets of Triticeae (DOIs: 10.5447/TPK/2015/0,
10.5447/IPK/2015/1, and 10.5447/1PK/2015/2).

Triticeae Genome Data and Tools at The

Genome Analysis Centre

The TGAC Browser is an open-source genomic browser
developed to visualize genome annotations such as
genes, variations, and markers for species whose refer-
ence sequence may be contiguous or highly fragmented;
the IBSC’s barley genome and the wheat CSS represent
two such fragmented references (Fig. 7A, 7B). Traditional
datatypes, such as the reference assembly and gene anno-
tations, reside in an Ensembl schema database. Larger
datasets are stored in standard file formats such as SAM,
BAM, bigwig, and VCE. The TGAC Browser has an inte-
grated BLAST functionality, essential for identifying and
accessing regions of interest in fragmented genomes, and
an interface to enable manual annotation of genomic fea-
tures. Homeologous genes can also be explored through
the Aequatus browser (Fig. 7C).

Through collaboration with CerealsDB, the TGAC
wheat browser displays the mapped SNP markers from the
90K iSelect and Axiom arrays against the IWGSC chro-
mosome survey sequence contigs. The TGAC Browsers are
also available for the barley genome and barley physical
map, which display the minimum tile path and BAC-end
sequences. All browsers can be accessed at Table 1.15.

To tackle the issue of marker design for polyploid
genomes, we have developed PolyMarker, an automated
bioinformatics pipeline for SNP assay development that
increases the probability of generating homeologue-
specific assays for polyploid wheat (Ramirez-Gonzalez
et al,, 2015). PolyMarker (Fig. 7D) generates a multiple

alignment between the target SNP sequence and the
IWGSC chromosome survey sequences (IWGSC, 2014)
for each of the three wheat genomes. It then generates a
mask with informative positions, which are highlighted
with respect to the target genome allowing homeologue-
specific primer design. The PolyMarker site (Table 1.16)
provides predesigned primers for the iSelect 90K chip
and 820K Axiom markers.

For more information and community support for
these resources TGAC hosts the Grassroots genomics
website (Table 1.17).

Discussion
Outlook

Great progress has been made recently in sequencing,
annotating, and analyzing the complex genomes of Tri-
ticeae species including bread wheat and barley. The data
generated has great potential for applications in plant
breeding, experimental plant biology, and compara-
tive genomics. However, to make the best possible use
of the large and heterogeneous data sets produced, data
archiving, integration, visualization, and access are essen-
tial. A variety of platforms provide different types of anal-
ysis and presentations, but it can be difficult for users to
use these resources in combination. Many of the partners
within the transPLANT project are actively involved in
past or ongoing Triticeae genome initiatives and the devel-
opment of resources. A major focus of the project is ensur-
ing interoperability to maximize their collective value.
Critical to this is the development of common stan-
dards and formats. transPLANT partners use accepted
standards to share and disseminate data wherever pos-
sible and are involved in ongoing efforts to standardize
plant phenotypic data and metadata (that is, the descrip-
tion of material, experimental conditions, and results
[Krajewski et al., 2015]). We have also been working with
common data mining interfaces (BioMart [Smedley et
al,, 2015], InterMine [Smith et al., 2012]), and developing
RESTful web services to support integrative program-
matic access to data. We have also been developing cloud
computing environments to support downstream analy-
ses. This has translated into a number of concrete bene-
fits for end users working with complex Triticeae genome
data, including the following:

- Extensive and standardized data exchange and
synchronization between partners; all data is served
on common reference sequence, and portable
annotation tracks can be visualized at different sites

. Data retrieval tool at the transPLANT web hub,
indexing multiple types of Triticeae genome data
(e.g., ESTs, genes, transcripts, phenotypes, and
accessions) from all transPLANT partners

- LAILAPS integrated search engine, linking various
Triticeae genomic data from transPLANT partners
in the context of phenotypic traits

100F 13

THE PLANT GENOME = MARCH 2016 = VOL. 9, NO. 1



1§ TGAC K Wheat : IWGSC_CSS_2AS_scaff_530648% I | o Sion

- C e 0000 & Sems Sosson | Tacha/ Suirin |
= = Sere ey v
B = - = =
e e s ey oo ey ey ey nIeD ey

s o ¢ x

- - - B I

wiom WU @ x

H
RN
Piii

e et o e e e e e
= = =
C T N - =

[ e e— e L ViamaTT

P
ea! . @ P00 e
- [ R e e LR
s £33 cowIne
D
e el bl h & o
& PolyMarker TEACT, o
B i

Rt pramens Druigned primen.  Adowt

Tha status of your e (iest_papeccoe] s: GONT
e e ve

* b
* Mok

T

Figure 7. The Genome Analysis Centre (TGAC) wheat genome resources. (A) Wheat TGAC Browser: TGAC browser (Table 1.24) showing
Triticum aestivum scaffold IWGSC_2AS_scaff_5306489, with SNPs from 820K Axiom array and gene annotations from MIPS/PGSB. (B)
TGAC Browser Barley Physical Map: TGAC browser showing the barley physical map for fingerprint (FPC) contig 20 (Table 1.25). MTP
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gous genes from Triticum aestivum, Aegilops tauschii, Oryza sativa, and Triticum uratu. (D) Primers designed by PolyMarker (Table 1.16).
The webpage highlights the designed primers for validation that can be downloaded in spreadsheet formats.
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- Extensive cross-linking between Triticeae genome
resources and tools

- Provision of programmatic access to databases via
APIs or web services

- Comprehensive online user training material
available for download, covering both resource usage
and wider analytical approaches, developed during a
series of hands-on workshops (Table 1.18)

- Integrated training videos providing an overview of
available resources (Table 1.19)

The result of these efforts is a rich collection of inter-
faces using common reference data, searchable through
a single entry point at the central transPLANT web hub.
They also simplify the identification of suitable datasets and
databases for research using Triticeae genome data, assist
in data acquisition, and provide powerful tools to analyze
data in the context of other plant species. The training vid-
eos provide example use cases illustrating how users can
take advantage of different resources in combination to
interrogate the data and perform complex analyses.

With the expected emergence of additional genome
sequence data from the Triticeae, the framework for
data integration, exchange, and aggregation established
within the transPLANT project will help to address the
challenges involved with even more distributed data
repositories and heterogeneous data types. In this con-
text, a project has started recently with the objective
to set up an International Wheat Information System
(WheatlS) to support the wheat research community.
The main objective is to provide a single-entry web-based
system to access the available data resources and bioin-
formatics tools. The WheatIS project is an international
project lead by an Export Working Group of the Wheat
Initiative (Table 1.20). The Wheat Initiative is supported
by the G20 Agricultural Ministers to coordinate world-
wide research efforts in the fields of wheat genetics,
genomics, physiology, breeding and agronomy.

The WheatIS project is driven by a network of 21
experts from Australia, Canada, France, Germany,
Mexico, United States, and United Kingdom that congre-
gates a group of volunteers willing to participate in the
WheatIS project. The WheatIS (Table 1.21) will operate
as a hub integrating wheat data produced and submitted
to the public repositories by the community, extending
the model and technologies established in transPLANT
for the coordination of dispersed resources.
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