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University of Washington
Abstract

A Rule-Based Strategy for Accurately Describing Gene
Content Similarities and Differences Across Multiple Genomes

Dhileepan Sivam
Chair of the Supervisory Committee:
Research Professor Peter J. Myler
Department of Medical Education & Biomedical Informatics,

and Department of Global Health

A fundamental tasks in genome research is comparing gene content between multiple
genomes. In infectious disease research such comparisons are critical for determining the
parasite genetic factors that are responsible for disease transmission, pathogenicity and
clinical outcome. Though numerous technologies exist for comparing gene sequences and
clustering similar genes, the genomics field lacks structured methods for describing the
complicated evolutionary dynamics that caused the differences between compared species.
This dissertation puts forth novel technologies for accmrately and precisely describing
differences in gene content across multiple genomes. A novel knowledge representation
specification aggregates gene annotation and sequence comparison results from
heterogeneous data sources. A newly developed ontology describes pairwise homology
relationships between genes and a rule-based system applies those terms to sequence
comparison results. Those ontologically annotated sequence comparison results serve as
inputs to a novel method for grouping genes based on the their homology relationships.
Finally, this dissertation presents techniques for querying the gene groups to uncover
interesting evolutionary trends across the compared genomes. These methods represent a
significant advance in the clarity and detail with which large-scale comparative genomics can
be described; furthermore, the novel techniques presented herein are amenable to integration

with existing sequence comparison and clustering technologies.
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CHAPTER 1: INTRODUCTION



1.1: COMPARATIVE GENOMICS

The pace of genome sequencing is rapidly increasing; determining similarities and
differences between these genomes is a fundamental first step in pinpointing answers to
critical biological and medical questions. The process of elucidating these similarities and
differences is known as comparative genomics. Although the term comparative genomics can
encompass any number of analytic techniques involving genomic sequence, perhaps the most
common and fundamental task in comparative genomics is assessing gene content across

multiple genomes.

On the most basic level, comparison of gene content entails determining which genes are
present or absent in one organism as compared to another. A refinement of such an analysis
is to determine the level of similarity between those genes. A further refinement is the task of
determining evolutionary forces that might have caused the differences in gene content.
Finally, we can also move beyond comparing pairs of genomes to comparing genomes from
multiple organisms. These analyses all fundamentally serve to provide insights into how and

why a particular organism functions the way that it does.

Comparative genomics can serve as a particularly important tool in the fight against global
infectious disease. According to the World Health Organization there are approximately 250
million cases of malaria per year, resulting in 1 million deaths; Tuberculosis is even more
deadly, killing 1.6 million people per year. Even in the United States 36,000 people a year

die of influenza related complications alone.

The advancing technologies for DNA sequencing have provided genome sequence for a wide
spectrum of disease causing bacteria, viruses, fungi, protozoa and multi-cellular parasites.

This wealth of knowledge runs not only wide, but deep; in many cases genomes have been



sequenced for numerous species or strains of closely related parasites. For example
PlasmoDB !, the online resource for the malaria causing organism Plasmodium faiciparum,

lists DNA sequence data for ten different species.

The depth of DNA sequence data for similar organisms furnishes the opportunity to better
explore species-specific adaptations that allow a certain pathogen to behave in a particular
manner. For instance the protozoan pathogen Leishmania infantum causes the disease
visceral leishmaniasis (also known as kala azar), which can carry a nearly 100% fatality rate
within two years if left untreated; by contrast the closely related parasite Leishmania major

causes the still serious, but considerably less fatal, disease cutaneous leishmaniasis.

L. major and L. infantum have 99% similar gene contents, indicating that the differences in
clinical manifestation are likely due to subtle genetic differences. Furthermore, the research
community has DNA sequence for several more closely related Leishmania species, with
several more sequencing projects in the planning or early stages. Characteristics such as
clinical manifestation, disease vector, disease host and geographic distribution vary amongst
these species. Comparative studies between these highly similar species can provide valuable

insights into the genomic causes for these differences.

At a broader level, comparison between more distantly related organisms can provide
knowledge about more fundamental and generally applicable matters. Comparing large
groups of pathogens can, for instance, can provide information on which genes are associated
with general mechanisms of virulence; this provides lab scientists rcseérching mechanisms of
infection with insights as to which genes may be most critical for study 2. Furthermore such
broad comparisons between various types of pathogens supply insights into which genes are
generally necessary to support the basic cellular functions of a parasite; such information can

guide development of broad-spectrum drugs for the treatment of infectious disease 3.



While the above examples are compelling rationales for comparative studies on infectious
organisms, they represent only a few of the vast array of comparative studies that have been
performed or will be performed in the future. The increasing pace of genome sequencing and
advances in technologies for assessing gene expression ensure that comparative genomics
will become an increasingly vital tool in the scientific community’s efforts towards

promoting health and well-being in humans, animals and agriculture.

Though comparative genomics holds much promise, it also generates many challenges. Of
particular importance is the need to develop robust, but flexible, strategies for dealing with
the vast amounts of data generated by these studies. The challenge of dealing with genomic
data is many-fold: advances in computer hardware and software are necessary to
accommodate ever more complicated analytic techniques;' biological scientists increasingly
need an understanding of mathematics and statistics in order to fully comprehend the results
of gene expression studies; new reporting and visualization strategies are necessary to deal

with data that potentially spans thousands of genes across numerous genomes.

This work addresses a very specific and fundamental problem in comparative genomics data
analysis: accounting in an accurate and descriptive manner for the similarities and differences

in gene content across genomes.

1.2: STATEMENT OF PROBLEM

The field of comparative genomics would greatly benefit from a clear, generalized and
systematic methodology for representing the results of genome comparisons. Genomic
researchers typically posses a sound understanding of how best to approach most comparative

genomic questions; however the increase in sequenced genomes — and the consequent growth



in the number of relevant cross-species, cross-strain and cross-version comparisons

exacerbates the need for structured tools for improved comparative genomics.

The lack of structure in comparative genomics can be described in three succinct points:
1. There is no standardized way to describe relationships between pairs of genes
2. Most technologies that group related genes do not describe the relationships between
genes in the group
3. Despite a lack of standards, comparative genomics studies are relatively easy to

interpret at the gene-to-gene level, but more difficult to interpret at the genome scale.

As evidenced by the Gene Ontology, Sequence Ontology 4%, Chado 7, as well as numerous
other projects 10, the genome community is progressing towards software that adheres to
formal data representations. Such ontologies provide standardized vocabularies, clear
semantics, the ability to query at varying degrees of similarity, and provide a common
standard for the integration of disparate data sources. Although the inference of gene
relationships through sequence comparison is perhaps the most fundamental of
biocinformatics tasks, no such structured vocabularies have been created for describing the

results of these analyses.

Gene clustering is a clear example of how the lack of semantics in comparative genomics
leads to difficult-to-interpret results. Most clustering methodologies collect genes with some
defined degree of sequence similarity into groups of genes; however, most clustering
technologies output groups of genes without necessarily describing how those genes are
related. Given the scale of data in multi-species comparisons of gene content, this represents

a significant challenge to researchers attempting to understand clustering outputs.



A clear description of relationships between genes in a cluster would supply a researcher with
a better understanding of how a group of genes evolved from a single ancestral gene. Such
an understanding provides greater insight toward the functional similarities between the
genes; furthermore, explicit relationship descriptions at the gene-level would allow
researchers to pose structured queries that could result in a clearer view of genome-wide

differences across the compared species.

Determining homologous relationships between genomes requires detailed investigation to
fully catalog differences in gene content, composition, synteny, and copy number. An
exhaustive comparative genome analysis entails much more than simple sequence
comparison - exploration of paralogous groups within genomes and orthologous groups
across genomes is often complicated by many-to-many relationships, varying degrees of
similarity, syntenic breaks, as well as false-positive and false-negative gene predictions. This
unfailingly requires considerable human curation.  Although the automation of such
comparisons can significantly lessen the tedious bookkeeping efforts often involved in such
analyses, the above-mentioned obstacles present challenges in developing software capable of

addressing those complexities and presenting the results in a comprehensible manner.

Prior Attempts at Solutions

This above issue has been addressed by prior works, such as the COG/KOGs 12 project and
the INPARANOID 34 tool (both described below); however, these technologies rely on a
strict set of rules for defining how clusters are formed. These rules do provide a certain de-
Jacto description of pairwise relationships between genes in each cluster. While such a
strategy is certainly useful, these tools lack the flexibility to truly accommodate the breadth of

comparative genomics research questions,



The COG project has clustered orthologous genes from 66 prokaryotes — similarly the
Eukaryotic Clusters of Orthologous Groups (KOG) project has clustered orthologs from
seven eukaryotes. Both projects use mutual best hits as criteria for classifying a pair for
genes as orthologous. Both projects also employ further refinement to ensure that common
problems such as multi-domain proteins are appropriately resclved. The COG and KOG
databases provide a framework for functional annotation by grouping together genes that

likely have similar structure and function.

A particular weakness in the COG project, and indeed a weakness in most comparative
genomics studies, is the lack of semantic annotation of results. The current COG database
contains 4873 clusters, which consist of 128,458 genes. Given the sheer number of
relationships contained within the clusters, manual assessment of the actual cluster content
and full understanding of the relationships contained therein is extremely difficult. An
ontology by which homologous genes could be categorized would allow for far richer and

more understandable summaries of gene clusters from COG, KOG, and other projects.

The fundamental goal of INPARANOID is to cluster orthologs across genomes (in a
conceptual manner similar to COG) and add to the clusters any genes that have duplicated
from those orthologs. A strength of INPARANOID is that the addition of duplicated genes to
the clusters provides distinction between one-to-one and one-to-many orthology scenarios,

which is a functionally important difference.

While INPARANOID does build upon the relatively simple orthology assignments conducted
by COGs, the two projects share many of the same weaknesses. They do not provide means
for accurately describing a number of functionaily important homology relationships and they
do not employ any sort of defined semantics to concisely describe the relationships between

genes in a cluster.



The sheer scale and complexity of homologous relationships in multiple genome comparisons
exceeds the descriptive capabilities of existing comparative genomics methodologies. This
issue is extensively explored later in this dissertation in the context of a four-way Leishmania
comparative genomics study (Chapter 7) and a three-way bacterial pathogen comparative

study (Chapter 8).

1.3: PROPOSED SOLUTIONS
Rule-Based Comparative Genomics Pipeline

This work presents a rule-based method for describing homologous relationships; this novel
method is referred to as homology annotation. This work also presents a rule-based system,
known as semantic grouping, for grouping genes based on their homology relationships.
Finally, this work introduces a rule-based system, which we call logical cluster querying, for
interrogating the content of semantic groups. The above rule-based steps collectively form a
pipeline for concisely describing relationships between genes, grouping those genes and then

assessing meaningful similarities and differences at the genome scale.

An important component of the rule-based system is the use of a novel knowledge
representation schema that affords us a lightweight data integration platform for collecting
information in a flexible manner from any number of sources. This schema allows users to
input results from other analytic tools into the above pipeline and serves as the output format

from all the individual steps in the pipeline.

Homology Annotation
The solutions presented in this dissertation rely on a newly developed ontology for
unambiguously describing homology relationships between pairs of genes; this ontology will

serve as the foundation upon which the entire rule-based comparative genomics pipeline will



be built. The benefits of employing ontologies as a basis for software development are many-
fold 5. First, an-ontology serves as a standardized vocabulary of terms, thereby facilitating
data sharing and unambiguous discussion of terms.  Second, ontologies describe the
relationships between vocabulary terms, hence allowing for intelligent queries and automated
inference. Third, ontologies separate the semantic layer of software applications from the
reasoning and conirol layers, which allows decentralized software systems to leverage
common terminologies. Finally, semantic annotation of text and data provides a starting

point for natural language processing of scientific literature,

The homology annotation strategy entails classifying homologous relationships (as elucidated
by sequence comparison results) according to the newly developed ontology using a set of
Prolog rules. Along with concisely describing sequence comparison results, the formal
ontology of comparative genomic terms scrves as a standardized, extensible template for
developing comparative genomics software. This strategy has been used effectively in the

genomics community, most notably for functional annotation by Gene Ontology terms 135,

Semantic Gene Grouping

The semantic gene grouping methodology groups genes based on the homology annotation
relationships. This strategy provides biologists with collections of related genes that have
been assembled according to a set of readily understandable logical steps. This strategy is
advantageous in that it is flexible (the rules can be changed), human comprehensible (the
grouping relies on logic as opposed to complex mathematics), and is agnostic to which
sequence comparison methodology was used to clucidate the homology amnotation

relationships.

Logical Cluster Querying
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Logical cluster querying provides a means for posing directed, rule-based queries to the
semantic groups in order to answer biologically meaningful questions, such as when in a
lineage a gene evolved, or which genes are expanding in a particular genome; this
functionality is possible because the groups are not represented simply as a list of genes,

instead the evolutionary relationships between the group members are explicitly described.

1.4: DISSERTATION OUTLINE
Pairwise Genome Comparison Ontology (PGCO) & Gene Homology Ontology (GHO}

The GHO provides a structured vocabulary for describing homologous relationships between
pairs of genes. This ontology describes relationships that are computable by sequence
comparison, but is also structured such that new types of relationships can be easily added.

The GHO is discussed in depth in Chapter 3.

The process of assigning GHO terms to a pairwise relationship involves parsing high-
throughput sequence comparison results. We have created an intermediate ontology, the
PGCO, to assist in efficiently describing these results. Though the PGCO describes sequence
comparison results independently of the GHO, in this work it serves as a bridge between raw

sequence comparison results and the GHO assignments.

The PGCQO has been created as a means of describing important characteristics of
comparisons of gene content across two genomes; these descriptions serve as the
underpinnings for the work described below, as well as potentially for any analysis that
involves & similar comparison of one group of genes to another. The PGCO is described in

Chapter 3.

Rule-Based Homology Classification System
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This work has resulted in an ¢xtensive set of rules, implemented using the Prolog ¢ language,
which classify sequence comparison results according to the PGCO and subsequently
describe homologous relationships according to the GHO. The rule base is written such that
it is readily extensible and amenable to changes in either or both ontologies. The homology

classification system is discussed in Chapter 4.

Rule-Based Semantic Grouping And Querying System

This work has created a methodology for grouping genes together according to their
homologous relationships as described by the GHO. This grouping technology is similar in
purpose to most clustering technologies, however it employs semantics rather than statistics
or graph theory to create groups of evolutionarily related genes. Furthermore, this work has
created a serics of rule-based queries that can interrogate the semantically linked groups of
genes. The grouping technology is described in Chapter § and the querying technology is

described in Chapter 6.

Leishmania comparative genomics analysis

The above technologies have been employed to perform a comprehensive analysis of four
species from the genus Leishmania (L. major, L, infantum, L. braziliensis and L. mexicana)'’.
The purpose of this study is to highlight the differences between four very closely related

human parasites. The results of this comparison are presented in Chapter 7.

Cross-phyla bacterial pathogen comparative genomics analysis

Qur newly developed technologies have also been employed to perform a cross-phyla
comparative analysis on three infectious organisms: Burkholderia pseudomallei, Rickettsia
prowazekii and Mycobacterium tuberculosis. In contrast to the Leishmania comparative
genomics study, this work aims to elucidate similarities and differences across a range of

disease causing organisms. These results are presented in Chapter 8.
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1.5: SIGNIFICANCE AND IMPACT

The primary purpose of this work as that of creating a foundation which researchers can
leverage to better represent sequence comparison results and group genes in semantically
meaningful ways. This work will provide the type of structure and conciseness to sequence
comparisons that the Gene Ontology project has provided to functional annotation and that

the Sequence Ontology has provided to the representation of sequence data.

Bioinformatics researchers are increasingly [everaging a “pipelining” approach ¥ whereby
they create a workflow that involves numerous software tools and data repositories. A key
problem in such a strategy is that of efficiently translating output from one tool into an
appropriate input format for the next tool. The endeavor of translating between formats is
greatly aided by standard ontologies that allow for communication and interoperability

between the wide array of software tools developed by the genomics community.

Current sequence comparison tools such as BLAST and cross_match output results that are
relatively clear at the pairwise sequence-level, but have no larger context for explaining the
specific relationship between genes. For instance, orthology, inparalogous expansion and
outparalogy all give similar BLAST results at a pairwise comparison level. In practice, most
researchers develop ad hoc methodologies for viewing sequence comparison results in the
larger genomic context, but a discipline-wide ontology would allow for the development of

more meaningful standards-based sequence comparison tools.

Functional genomics studies, such as whole-genome expression analysis, are becoming less
expensive, and hence the availability of data for related species is becoming increasingly

common. This expansion provides many opportunities for comparative expression studies.
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Unambiguously representing the relationships between genomes will allow researchers to

construct complex comparative functional genomics queries in a simple manner.

Releases of new, presumably more complete and accurate, versions of a genome assembly
pose challenges for researchers who have performed analysis on an earlier version of the
genome. The current approach for solving this problem often involves individual researchers
constructing their own mappings between versions. This creates problematic discrepancies
between rtesearch groups studying the same organism. A discipline wide means for
representing homology relationships would allow sequencing centers to better annotate the
differences between draft versions of a genome, thereby allowing the scientific community to

more easily transfer results from earlier versions of genomes to more current versions.

Project such as COG and KOG serve as central repositories for comparative genomic data
that are widely leveraged by genome researchers. Although these projects are of tremendous
value, interpreting the clusters requires a significant amount of parsing by the end-user. For
instance, a user cannot simply pose questions such as “find a gene that is widely present in
genus X, but absent in species Y™ — instead a user has to develop ad hoc methods for parsing
and representing the clusters before posing such questions. Semantic homology annotation of
resources such as COG would allow for queries that are more meaningful and reduce the need

for post-processing.
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CHAPTER 2: BACKGROUND AND CONTEXT

15
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2.1: OVERVIEW

This dissertation explores methods for elucidating and describing differences and similarities
between groups of genomes using sequence comparison tools. The following chapter
provides background information on a set of topics necessary relevant to the understanding of

the dissertation’s aims.

This chapter begins by discussing the evolutionary forces by which new genes are created by
duplication of existing genes. Those duplication events result in new genes with shared
ancestry; in this chapter we discuss patterns of duplications, how those pafterns result in
different types of relationships between duplicated genes, and the functional implications of
those differences. Next, we discuss the process of sequencing genomes, predicting genes
within those sequenced genomes, and the use of gene-clustering technologies to assign
putative functional annotations to predicted genes. Afterward, we discuss some data-
management and programming strategies that aid in the process of genomic research. Finally,
we provide background for two comparative genomics experiments for which we employ the

newly developed technologies developed as a result of this thesis work.

2.2: MECHANISMS OF EVOLUTION: GENE DUPLICATION, ACQUIRING NEW

GENES AND GENE LOSS
Gene Duplication 1

Gene duplication events usually occur during DNA replication through a number of different
mechanisms. Gene duplication by unequal cross-over results in what are known as tandemly
repeated genes; in other words the “new” gene will be immediately adjacent on the

chromosome to the gene from which it originated. Altemnatively, gene duplication as a result
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of some retrotransposon event will result in a “new” gene placed at some arbitrary
chromosomal location in the genome. Finally, duplication of entire chromosomes, or large

sections of a chromosome, results in large blocks of duplicated genes.

Subfunctionalization and Neofunctionalization 2°

A newly duplicated gene can have several different fates subsequent to the duplication event.
It is possible that maintaining multiple copies of a particular gene in a relatively static form
could convey some advantage to the organism, in this case the newly duplicated gene is
unlikely to evolve at a significant rate. Alternatively, one copy of the gene could be free to
evolve a new function given that the other copy of the gene is ensuring that its original
functional role is satisfied. This process of evolution of a new function is known as

negfunctionalization and is thought to be the primary mechanism by which new genes evolve.

Certain genes may serve multiple different biological roles in many cellular processes. When
such genes duplicate one or more times, the duplicate genes may specialize to more
efficiently perform some subset of the roles that were once performed entirely by one gene.

This process is known as subfunctionalization.

Horizontal Gene Transfer

The above definitions have all described evolutionary dynamics resulting from vertical gene
transfer — the transfer of a gene from a parent to an offspring. Another evolutionary force,
known as horizontal gene transfer (HGT), alternatively known as lateral gene transfer {LGT),
involves the transfer of a genetic material from an organism to another organism in a non-
parent-offspring manner. In prokaryotes, HGT can occur because of the uptake and
expression of genetic material of one individual by another, or by a process known as

transduction 2! whereby a bacterial phage transfers genetic material from one organism to
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another. HGT can also occur in eukaryotes by the uptake of genetic material from

prokaryotes in a process known as endosymbiosis 22,

Gene Loss by Pseudogenization 2°

Pseudogenes are genes that have lost their ability to encode for a functional protein as a result
of some sort of mutation to the once-coding gene. Pseudogenes can occur as a result of some
sort of change in selective pressure that renders a gene unnecessary. Pseudogenization is
thought to be the primary mechanism by which a lineage loses a gene, however excision of
sections of a chromosome during DNA replication is an alternative means by which genes are

lost.

2.3: RELATIONSHIPS — THE MANY TYPES OF HOMOLOGY

The term homolog carries numerous connotations; here we refer the homologs as two or more
genes that show evidence of shared ancestry, The evolutionary relationships between related
genes are a complex interplay between the forces of speciation, gene duplication, and gene
loss, and horizontal gene transfer 24, Understanding these relationships is more than a mere
semantic exercise — each relationship carries with it a particular connotation in terms of
evolutionary relatedness and functional similarity. The sum of relationships seen across two

genomes provides clues as to key similarities and differences between the species.

Several types of homology have been identified and terms such as ‘ortholog’ and ‘paralog’
are commonly used in genomics literature to describe gene content patterns across and within
genomes. However, the current state of homology description is notably lacking in two areas:
first, there have been no formal semantic specifications (e.g. ontologies, controlled
vocabularies) specified for the various types of homologous relationship. Second, since there

has been no formal semantic specification, there are no established rules for actually
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representing and summarizing the homologous relationships identified by sequence

comparison experiments.

A 2005 review article * summarizes several types of homologous relationships: orthology,
paralogy, inparalogy, outparalogy, pseudoorthology, pseudoparalogy and xenology. This
summary will serve as a starting point for the ontology development phase of this work.

Below is a summary of several broad categories of gene homology:

Orthologs
Perhaps the simplest type of homologous relationship is orthology — by definition, orthologs

are genes that whose ancestor was a single gene. In other words, orthology is the result of a

single gene diverging into two genes due 1o a speciation event.

Paralogs
The second type of homologous relationship is paralogy. Paralogs are defined as genes that

are related by a gene duplication event.

Inparalogs and Outparalogs

Paralogs across two species can be related either by a gene duplication that occurred pre-
speciation, or by a gene duplication that occurred post-speciation. In the even that the
duplication occurred pre-speciation, the genes are known as outparalogs, or less commonly
alloparalogs. In the event that the gene duplication event occurred post speciation, the
paralogs are known as inparalogs, or symparalogs. Of note is that this definition makes no

distinction between within-species paralogs and across-species paralogs.

Co-orthologs
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A paralogous expansion in a given species can give rise to a type of relationship known as co-
orthology. For instance, a particular gene can expand to numerous inparalogs in species A
while remaining a single copy in species B. In this scenario, all of the inparalogs in species B

are considered co-orthologous to the single copy gene in species A.

Xenologs

In practice, orthologs are usually defined as genes that are the mutual best sequence
comparison match between genomes. Xenology occurs when one of the genes involved in a
mutual best-hit scenario was acquired by horizontal gene transfer as opposed to common

descent from its mutual best hit.

Pseudo-paralogs
A species may acquire a gene by horizontal gene transfer that bears sequence or functional

similarity to a native gene. This scenario is known as pseudo-parafogy.

2.4: GENOME SEQUENCING AND ANNOTATION

The genome sequencing and annotation process is a multi-stage endeavor, with opportunity
for refinement and improvement at each stage. A difficulty associated with this model is that
a change in one step can alter the results obtained in future steps. This would not pose a
particularly complicated problem were the steps performed in a strict order; however, the
process moves non-linearly, with the first versions of annotation often occurring prior to the

publishing of the finished sequence.

The process of adding biological insight through explanatory text or positional specification
to an assembled genome is known as annotation 23, Protein coding genes are the most
common form of annotation attached to a genome sequence, usually by an automated

annotation software package. Once the gene coordinates on the parent sequence (usually a
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contig or chromosome) are established further refinement occurs by the process of functional
annotation, which is the assignment of putative function to the predicted gene, most often by
sequence-based homology to well-studied genes of known function 26, The functional
annotation can take the form of free text, or, increasingly commonly, as structured Gene
Ontology codes 5. Though protein coding genes are the most often annotated feature, many
other sorts of features are commonly annotated as well — including, but not limited to:
promoters, regulatory regions, repeat regions, transposable elements, RNA genes, and

telomeric features.

Gene annotation and functional annotation often occur well before the final release of a
finished genome. For example, the two chromosome, 7.4 million base pair (Mbp) genome of
the opportunistic pathogen Burkholderia pseudomailei 1106b is still in the stage of 241
contigs; nonetheless, 7738 protein-coding genes have already been computationally predicted
27 Furthermore, determining the absolutely most accurate set of gene predictions for a
genome is complicated by the wide variety of gene prediction software tools 28, the inevitable
rise of newer tools, the variability in interpreting results from those tools and errors in the

sequencing or assembly.

The increasing speed and decreasing costs associated with genome sequencing suggest that
soon multiple strains and variants of a particular species will be sequenced. In such cases it is
likely that many of those genome sequences wiil never be truly finished, instead existing in a

state of continuing refinement.

Widely studied parasite genomes such as Leishmania major '7 and Plasmodium falciparum
undergo frequent updates in genome assembly and gene prediction after the initial release of a
draft version to the research community. These updates can include reassembly of

improperly assembled regions, sequencing of previously unsequenced regions, elucidation of
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previously unannotated genes, and improvement (via refinement, addition or subtraction) of
prior gene predictions.  Scientific imperative dictates that initial stage analysis and
publication of results be performed before a “finished” genome is elucidated. Furthermore,
as mentioned above, a genome will never be truly complete, given the continual advancement
of the technologies available for automating and improving the sequencing and annotation

processes.

Significant high-throughput work is often performed on these draft genomes. Such work
includes comparative genomics, microarray analysis and proteomics. The results of these
types of analysis are then further propagated to increasingly more species. This propagation
of result sets, which are prone to change and differential interpretation leads to a sort of
pyramid of data. For instance, species such as Leishmania major are well curated and
annotated, other Leishmania species such as L. infantum, L. braziliensis, L. mexicana are
much less extensively curated and can benefit from detailed pairwise comparisons to L.
major. As an example of the need for multi-genome comparisons, the closely related
Burkholderia species Burkholderia mallei, Burkholderia pseudomaliei and Burkholderia
thailandensis have thirty-five sequenced strains between them, each in various stages of

completion.

The above issues will only become increasingly salient and complicated as time passes: The
genome online database lists 684 currently published complete genomes and over three times

as many genomes projects (2312) in progress °.

While much valuable insight and information can be gained by comparison of highly
annotated genomes to less annotated genomes, no methodology exists for propagating those
changes in a structured manner across the genomes. The full process of describing and

propagating the aforementioned relationships and data will likely require an extensive set of
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software, and as such is beyond the scope of this work. Nevertheless, the base technology for
implementing such a system is a well-structured understanding of the types of relationships

among genes.

2.5: INFERRING FUNCTION THROUGH SEQUENCE SIMILARITY

The overall field of functional genomics encompasses a great number of techniques, both wet
bench and computational. However, the sheer amount of information gleaned from the
genome projects is rapidly outpacing the ability of researchers to understand and fully
leverage the data by conventional means . As such, there is tremendous added value in
widely applying information gained by in-depth study of a particular gene or set of genes to
bomologous genes that have yet to be functionally annotated, As an increasing number of
similar genomes are sequenced, pairwise and group sequence-based comparisons can
elucidate genes and other conserved sequence features that have not been predicted by ab

initio methods 31,

At the most basic level comparative genomics consists of the comparison of a particular
protein or amino acid sequence to another sequence or group of sequences. Pairwise
comparisons of sequence are performed using sequence comparisons algorithms such as
BLAST %, Fasta, or ‘cross_match.” Assessment of similarity across more than two sequences
typically involves multiples sequence alignment (MSA) tools such as ClustalW 3. These
types of analyses establish sequence-level of similarity between two or more genes and

elucidate conserved sequence motifs or regions.

Sequence similarity tends to imply common descent and hence commen function.
Orthologous relationships across genomes tend to imply highly conserved function, whereas
paralogous gene expansion tends to imply functional diversification. Theoretically, a full

phylogenetic analysis is necessary in order to fully elucidate orthologous and paralogous
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relationships; however, for pragmatic computational reasons, surrogates (notably, mutual best

blast hit) can be used to approximate a full phylogenetic analysis .

2.6 SEQUENCE COMPARISON

In practice sequence comparison requires the use of a particular software algorithm, each
with its own strengths and weaknesses 323433 [n this work, we do not discuss specifics of
those algorithms, instead focusing on general strategies and issues that are applicable to any

methodology.

The underlying premise behind sequence comparison is the assessment of similarity between
gene sequences, represented as a series of alphabetical characters 36, and determination of a
score that reflects the degree of similarity 3738, Though we typically refer to comparing one
group of genes to a second group of genes, it is important to note that these types of
comparisons represent a pairwise comparison of every gene in the first group to every gene in
the second group. Typical sequence comparison programs will formulate a score that
represents the level of similarity between each pair of sequences in the two groups, remove

all comparisons that fall below a certain threshold and report the remaining matches.

The techniques presented in this paper employ sequence comparison as a surrogate for
building phylogenetic tree representations of gene evolution. While such phylogenetic
analysis is the gold standard for elucidating homologous relationship, these methods are not
particularly practical in the context of comparing full gene content across multiple genomes;
furthermore, in practice sequence comparisons can well approximate the results obtained

from phylogenetic analysis 13143940,

2.9: ONTOLOGIES
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In the last two decades ontologies have grown from an esoteric branch of philosophy to a key
technology in fields as diverse as enterprise software, the semantic web and functional
genome annotation 4.  Ontologies provide a structured and extensible means of annotating
data, thus providing a standardized platform for communicating and sharing of data.
Ontologies also contain semantically rich relationships between terms, thus providing
software agents with a set of rules by which to query and make inferences from the ontology
structure. Finally, ontologies provide a centralized vocabulary by which decentralized

software tools may interoperate.

Data sharing is becoming progressively more complicated as the pace of data generation
increases and the number of data sources multiply. Ontologies are increasingly serving as a
basis on which data sharing tools are built > and as a means for rectifying information across

information sources 9.

The data-sharing problem in the biological sciences is many-fold:
}. In most scientific disciplines, many terms are used to describe the same concept.
2. Researchers tend to describe a given concept to varying degrees of granularity.

3. Software tools do not interact well with each other.

As to the first point, ontologies do not per se solve the problem of numerous terms for a given
concept.  However, ontology development does initiate the process of standardizing
vocabularies. Large consortiums, like the Gene Ontology Consortium !5, can form discipline-
wide consensus on definitions. At an abstract level, projects like the Relationship Ontology 4
and the Basic Formal Ontology 4 are taking steps to form consensus on the basic meta-
principles behind relationships in biological ontologies. Even biological ontologies that have
arisen independently with heterogeneous terms have been mapped to each other, for example

the mappings % of Enzyme Commission and Prosite terms 1o the Gene Ontology.



26

As to the varying degree of granularity to which researchers describe a given term, the very
structure of ontologies allow for variable specificity of description. Take for example gene
annotation using the Gene Ontology: due to lack of information, interest, or time, a researcher
may simply annotate a particular gene as a ‘helicase.” Another researcher may annotate the
same gene with a more specific term such as ‘ATP-dependant DNA helicase.” Ontologies
specify relationships and their properties, so given the ‘is_a’ relationships between the more
specific and the less specific term, a human or software agent can easily identify that one
researcher has simply provided a more granular term and that the two annotations, while

different, are not contradictory.

Another facet of the granularity issue is that highly granular annotations do not lend
themselves well to summary statistics. The structure of ontologies allows for higher-level
aggregation of granular data, which can create a more manageable summary-level view. An
example of this functionality are GO-Slims, which are simplified subsets of the full Gene

Ontologies which provide a “Bird’s Eye View” of the functional annotation.

The final issue, the inability of software tools to interact with each other, is a matter that is
addressable at many levels. An ideal solution would involve software tools that could
directly interface with each other with no intermediate communication layers. This solution,
while attractive, is not likely to occur soon in genome research. A more realistic and
reachable goal is that of software that semantically annotates its output according to some
discipline-wide standard, with the notion that other software that adheres to the standard can
understand the output. To a degree this has been achieved in the field of functional gene
annotation by the Gene Ontology (GO.) While researchers are increasingly employing GO
annotations, our informal analysis of available functional annotation reveals that they are not

necessarily structuring the annotations in a uniform matter, thus requiring a certain amount of
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text parsing. Although not optimal, text parsing of GO codes is tremendously less difficult

than parsing natural language free text descriptions of gene function.

Rescafchers are increasingly adopting the Sequence Ontology ° (SO) as a tool for
standardizing genomic annotation. The SO provides a structured vocabulary for describing
annotation terms such as ‘Chromosome’, ‘CDS’, ‘RNA’, etc. These terms are not inherently
complicated, however SO ameliorates issues pertaining to the ambiguity of certain terms (e.g.
‘gene’ versus ‘CDS’) and variability in the use of terms across research groups. Furthermore,
SO provides varying degrees of granularity, so for instance an RNA can be described in the
most general terms as a ‘transcript’, or in slightly more specific terms as an ‘RNA’, or in any

number of more specific terms such as ‘snoRNA.’

The above issues are largely unaddressed for genome comparisons. A suitable exchange
format for such data is critically important given the number of comparative tools (BLAST,
cross_match, Clustalw), the number of sources of comparative data (organism-specific
resources such as GeneDB and PlasmoDB; omnibus resources such as GenBank), and the

ubiquity of such analyses.

2.10: CHADO

Chado is an ontology-driven, open source, extensible, generic database schema for the
representation of biological knowledge 7. Chado was created for the FlyBase project, which
aimed to accrue and make public genotypic, phenotypic and molecular data from the well-
studied model organism Drosophila. Despite the very specific aim of the project, the
developers took pains to ensure that their work would remain flexible enough to apply to
other organisms and new types of experimental data, while maintaining sufficient structure

such that standard genomic software tools ¢an be designed atop Chado.
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The Chado schema was designed such that entities, attributes of entities, and relationships
between entities could all be semantically typed using ontology terms. In this model, entities
could refer to sequence (e.g. chromosomes), locatable feature on sequenced entities (e.g.
genes, splice sites), sequence comparison matches, or quantitative results (e.g. microarray

results),

The work described in this dissertation relies heavily on Chado for data storage and retrieval.

2.11: LEISHMANIA

In Chapter 7 we will present the results of our comparative analysis of four Leishmania
species. The analysis wilt be performed using the novel technologies we outlined in Chapter
1. Approximately 20 species of the protozoan parasite Leishmania are human pathogenic —
worldwide incidence of leishmaniasis is estimated at 2 million per year with approximately
250 million individuals at risk. A complex array of host and pathogen factors result in a wide
range of clinical manifestations ¥'. Symptomatic disease can manifest itself in one of three
forms (listed in order of increasing severity): cutaneous, mucocutaneous, and visceral.
Further complexity in disease manifestation is introduced by regional variation among

Leishmania species.

Comparison of the genomes of the three extensively sequenced Leishmania genomes (L.
major, L. infantum, L. braziliensis) reveals that the genomes are relatively highly conserved in
terms of gene order and content 4%, Nonetheless, the same studies have elucidated
approximately 200 differences at the gene or pseudogene level that are potentially responsible

for the differences in clinical manifestation observed across the three species.

The Leishmania parasite has a complicated life cycle involving a series of morphological and

functional changes as it undergoes differentiation from its insect (sand fly) vector stage to its
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host stage °°. Although differentiation is complicated by the presence of several distinct
intermediate steps, the process fundamentally involves morphing from the flagellate

promastigote stage in the vector to the amastigote stage in the mammalian host.

2.12: COMPARATIVE GENOMICS FOR DRUG DISCOVERY

Whereas the comparative genomics study discussed in Chapter 7 covered a comparison
between four closely related species within the same genus, this comparative genomics study
assesses three relatively distantly related human pathogens: Burkholderia pseudomallei,

Rickettsia prowazekii and Mycobacterium tuberculosis.

The Leishmania study aims to find relatively minor differences between four similar parasites
to uncover a (likely relatively small) group of genes responsible for differences in virulence
and pathogenicity between the organisms. This broader study aims to form orthologous
clusters for the Seattle Structural Genomics Center for Infectious Disease 3! (SSGCID) drug

target discovery project 32,

The aim of the SSGCID drug target discovery project is to elucidate the protein structure for
potentially drugable targets in a list of emerging or weaponizable pathogens 3 identified by
the National Institute for Allergies and Infectious Disease (NIAID). Although the project has
numerous areas of focus and employs a number of discovery strategies, one particular area of
research is that of finding closely related orthologs across a wide group of pathogens. Such
ubiquitously present genes represent potential drug targets for wide-spectrum infectious

disease therapies, and as such are particularly interesting to researchers.
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CHAPTER 3: ONTOLOGY CREATION
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3.1: OVERVIEW

We have created two ontologies for the semantic annotation of comparative genomics results;
the first is the Pairwise Genome Comparison Ontology (PGCQ) for describing the results of
sequence-based comparisons of gene sequences from pairs of genomes, and the second is the
Gene Homology Ontology (GHO) for describing homologous relationships between pairs of

genes.

Though the two ontologies both serve to describe some aspect of a relationship between two
sequences, they operate on distinctly different levels and describe these relationships in
fundamentally different ways. The PGCO is designed purely to describe a particular match
(gene-to-gene similarity) in the context of all the matches generated by a group of sequence
comparisons. Context refers to the quality of that match relative to the other matches and
whether that match was generated by a comparison of a group of sequences to itself or some
different group of sequences. The PGCO also describes the reciprocal context to any match;
in other words a match between Gene_4 and Gene_B might be the highest scoring match in a
particular search, but the reciprocal match from Gene_B to Gene_A may not necessarily be
the highest scoring match in the reciprocal comparison. These concepts are further

enumerated in Section 3.2.

The GHO, on the other hand, describes homology relationships that were a result of some
particular evolutionary dynamic. The GHO certainly covers a set of concepts that are similar

to the PGCO; however the GHO factors in multiple gene-to-gene relationships to determine
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the nature of the homology relationship between any two given genes. As such, despite some
apparent similarities, the two ontologies operate at distinctly different levels. Furthermore,
the PGCO can describe sequence comparison results between any set of DNA or protein
sequences, the GHO is designed strictly for use with annotated genes as it contains terms that

are associated with gene evolution.

The PGCO serves as an intermediate step between raw sequence comparison results and
assigning GHO terms to those results; the relationships listed in the GHO are all computable
by sequence comparison and furthermore are¢ computable solely by the PGCO terms assigned
to a particular sequence comparison match. While the GHO builds on the PGCO in this
work, particularly in our rule-based classification system described in Chapter 4, it bears
mentioning that the two are independent of each other and are structured such that they are

amenable to separate use.

The GHO is not meant to exhaustively cover all topics associated with gene homology (or the
topic of homology in general); instead if focuses on the types of relationships we can
elucidate using pairwise sequence comparison. A more in-depth description of homology
relationships is provided by the Homology Ontology 34, which covers topics ranging from
molecular level homology to functional similarity and phenotypic mimicry. However, as
mentioned carlier, the structure of this work is such that a researcher may substitute other
ontologies into our overall framework and still achieve the principles of semantic homology
annotation, semantic gene grouping and logical group querying with no modification to the

logic of the overall work and very minimal changes to the rule/code-base.

While the ontology encompasses a set of terms that are largely comprehensive in regard to
most genome comparisons, some researchers may choose to add more terms; similarly some

researchers may choose to employ an entirely different ontology all together. The GHO, as
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with all well-structured ontologies, is fully amenable to the adding, removing and refining of
concepts. However, a particular advantage to the overall strategy lies in the flexibility of
assigning of ontology terms using the rule-based system. Additionally, the rule-based
classification system allows for easy mapping of ontology terms; this permits researchers to

potentially extend the rule-base to new ontologies.

3.2: PAIRWISE GENOME COMPARISON ONTOLOGY (PGCO)

The phrase pairwise genome comparison typically refers to comparing the set of genes from
one genome to the set of genes from another genome. Furthermore, researchers often run
reciprocal comparisons and self-comparisons as well. In other words, for a comparison of
Genome A 10 Genome B involves comparing all the genes from Genome A to the genes from
Genome B and then the genes from Genome B to the genes from Genome 4; the next step is a
comparison of all the genes from Genome 4 to themselves and all the genes from Genome B

to themselves.

The self comparisons (4 to 4, B to B) are performed to find inparalogs and elucidate gene
families within a genome. While the 4 to B and B to 4 comparisons are in many senses the
same comparison, in practice most genome researchers run both due to pragmatic issues

related to querying and organizing the search results.

While the PGCO ontology is designed to handle the above-described pairwise genome
comparisons, it is capable of handling any sort of sequence comparison. It can describe the
results of a one-way genome comparison {e.g. A to B); an internal genome comparison (e.g.

A to A); or any other type of sequence comparison strategy.

This ontology was originally developed to describe the results of comparisons using the Basic

Local Alignment Search Tool (BLAST) 32, However, the ontology terms are applicable to the
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results of any type of sequence comparisons. Later this dissertation describes results obtained
from the Fasta sequence comparison tool 3 (not to be confused with FASTA format), and we

have effectively used this ontology for a