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Abstract

The last three decades has seen the successful development of many high-throughput
technologies that have revolutionised and transformed biological research. The application of
these technologies has generated large quantities of data allowing new approaches to analyze and
integrate these data, which now constitute the field of Systems Biology. Systems Biology aims to
enable a holistic understanding of a biological system by mapping interactions between all the
biochemical components within the system. This requires integration of interdisciplinary data
and knowledge to comprehensively explore the various biological processes of a system.

Ontologies in biology (bio-ontologies) and the Semantic Web are playing an increasingly
important role in the integration of data and knowledge by offering an explicit, unambiguous and
rich representation mechanism. This increased influence led to the proposal of the Semantic
Systems Biology paradigm to complement the techniques currently used in Systems Biology.
Semantic Systems Biology provides a semantic description of the knowledge about the
biological systems on the whole facilitating data integration, knowledge management, reasoning
and querying.

However, this approach is still a typical product of technology push, offering potential users
access to the new technology. This doctoral thesis presents the work performed to bring
Semantic Systems Biology closer to biological domain experts. The work covers a variety of
aspects of Semantic Systems Biology:

The Gene eXpression Knowledge Base is a resource that captures knowledge on gene
expression. The knowledge base exploits the power of seamless data integration offered by the
semantic web technologies to build large networks of varied datasets, capable of answering
complex biological questions. The knowledge base is the result of the active collaboration with
the Gastrin Systems Biology group here at the Norwegian University of Science and
Technology. This resource was customised by the integration of additional data sets on users’
request. Additionally, the utility of the knowledge base is demonstrated by the conversion of
biological questions into computable queries. The joint analysis of the query results has helped in
filling knowledge gaps in the biological system of study.

Biologists often use different bioinformatics tools to conduct complex biological analysis.
However, using these tools frequently poses a steep learning curve for the life science
researchers. Therefore, the thesis describes ONTO-ToolKit, a plug-in that allows biologists to
exploit bio-ontology based analysis as part of biological workflows in Galaxy. ONTO-ToolKit
allows users to perform ontology-based analysis to improve the depth of their overall analysis.



Visualisation plays a key role in aiding users understand and grasp the knowledge represented in
bio-ontologies. To this end, OLSVis, a web application was developed to make ontology
browsing intuitive and flexible.

Finally, the steps needed to further advance the Semantic Systems Biology approach has been
discussed.
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Introduction

Chapter 1






This thesis articulates some advances made in research on knowledge management, a
paradigm that lies within the domain of Bioinformatics. Bioinformatics can be broadly
described as a field that is at the intersection of biology and computer sciences. The primary
goal of this field is to develop and provide the necessary computational means to archive,
handle and mine data to increase the understanding of the various processes in the biological
system. To this end we currently witness the field of bioinformatics getting branched out into
specific research areas such as biological data storage and exchange, data processing and
mining, text mining, gene and protein feature identification, protein structure prediction, gene
expression analysis, and protein-protein interactions, to name a few. In this sense
bioinformatics has certainly transformed into a field underpinning the biomedical domain.
Among the numerous research directions that bioinformatics has taken, knowledge
management extends upon the biological data storing and exchange sub-domain. To put this
thesis into perspective, it is essential to trace back the origin of bioinformatics and how all of
what is currently being done in knowledge management came into existence. The role of this
introductory chapter is thus to provide the readers with a brief account on the history of
Bioinformatics, the status of data, need for data management and integration, the concept of
knowledge management, and finally providing the foundation to be able to understand the
described work.

Emergence of Bioinformatics

Molecular biology as we know it today began with the discovery of the structure of the
deoxyribonucleic acid (or DNA). In the 1950s, Francis Crick and James D. Watson developed
a model that accurately explained the structure of DNA [1]. Furthermore, Crick presented the
“Central Dogma” model that described the relationship between the DNA, RNA (Ribonucleic
acid) and proteins, thus forming the foundations for the modern molecular biology [2]. This
advancement was succeeded in the early 1970s by the discovery and exploitation of the
enzymatic toolbox with bacterial endonucleases (restriction enzymes) and other nucleic acid
modification- or synthesizing enzymes. Together with the vast advances made in determining
the base sequence of DNA, especially in the last decade of the previous century, this allowed
the determination of virtually the complete sequence of the human genome a mere 50 years
after the discovery of the structure of DNA. In parallel, by the 1960s computer systems
became widely available to academic researchers. With the increase in biological data the
early molecular biologists were working towards understanding the complexity of some
fundamental concepts such as genetic information for proteins, factors influencing protein
structure, molecular homology and biological pathways. These were research areas that could
be enhanced by using computational methods. The initial approaches already combined
computational and experimental data in enhancing the understanding of these fundamental
concepts marking the birth of computational biology [3, 4]. However, The successful
completion of the Human Genome Project at the beginning of this century marked a sharp
increase in the amount of data generated, because advancements in sequencing technology
made the determination of the full DNA sequence of any organism almost trivial and very
affordable, and with the sequence of a genome in principle the full potential for all bio-
molecules made by that organism became known [5]. Similar technical advancements are
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being made for virtually every bio-molecule type, which explains the massive amounts of data
that are produced today. So indeed the trend has been to first manage and analyse genome
sequences and now more into the area of massive data analysis, data management.

The need for efficient data management has proven to be a great driver for the development of
advanced computer algorithms and applications. As noted above, computational data analysis
has been embraced by the molecular biologist well before the start of the Human Genome
Project. This period marked an increase in the influence of computer technology in life
sciences, especially to harness the enormous amounts of genomic data. Thus, Bioinformatics
gained importance and became an independent scientific discipline in its own right. Institutes
such as European Molecular Biology Lab (EMBL) in Heidelberg, Germany, formed the very
first departments exclusively devoted to bioinformatics. One of the domains covered by
Bioinformatics is the design, development and maintenance of bio-molecular databases.
These databases differ mainly in the type of data they provide such as sequence databases
(e.g. NCBI GenBank [6], EMBL data library [7]), transcriptome databases (e.g. ArrayExpress
[8], GEO [9]), protein databases (e.g. UniProtKB [10]), pathway databases (e.g. KEGG [11],
Reactome [12]) and protein-protein interaction databases (e.g. IntAct [13], MINT [14], BIND
[15]).

The emergence of the powerful genome-wide data production technologies both allowed and
made necessary new approaches to analyse and integrate these data, which now constitute the
field of Systems Biology (SB). SB aims for a holistic understanding of a biological system in
contrast to the more traditional reductionist approach that focuses on individual components
of the system [16]. One of the foundations of SB is the use of mathematical and
computational modeling: simulation of the behavior of complex biological systems through
mathematical and computational models. These models serve to integrate all relevant
biological data about a process or system, a comparison of the process and the model’s
behavior allows an assessment of the model’s accuracy. The simulations ultimately help
biologist predict the behavior of a system under new conditions which paves the way to new
hypotheses that can be validated experimentally (Figure 1).

Perspectives on data in the Life Sciences

In the year 2001, business analyst Doug Laney of Gartner, Inc., USA, reported the trends in
data explosion in the e-commerce domain. He categorised data growth into three factors,
namely Volume, Variety and Velocity [17]. These factors have since been considered as the
foundation for the concept of ‘Big Data’. A closer look at the trend of data growth in the life
science domain reveals similarities with the ‘Big Data’ concept. In this case, the Volume and
Velocity factors can be attributed to mainly two aspects; a) the affordability in conducting
high-throughput genome-wide technologies, the efforts taken in conducting these experiments
and generating data is trivial when compared to the time spent in its integration and analysis;
b) publishing data over the web has become fairly trivial.
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Figure 1: This schematic diagram depicts the Systems Biology cycle. Systems Biology is an integrative biology
that requires a multidisciplinary effort, incorporating experimental design and data generation (‘wet’ lab) with
knowledge extraction, data analysis, mathematical modelling and simulations (‘dry’ lab). These efforts are
performed in a consecutive an iterative way with each cycle improving the quality of a system model.

Consequently, multiple databases exist for each type of data (i.e. ‘omics’ data) with a possible
overlap or slight variation in its coverage. The number of databases in this domain
outnumbers other data-intensive disciplines; currently, there are more than 1500 online
databases covering various sub-domains that include nucleotide and protein sequence,
protein-protein interactions and metagenomic databases [18]. Another factor that adds to these
numbers is the existence of secondary and tertiary databases. These sources derive data from
primary sources to provide a partial solution for data integration, however, in most cases these
sources remain autonomous and disconnected [19, 20]. Furthermore, the ‘Variety’ factor is
very distinct to the life science community. The biological system is a dynamic and complex
one with constant interactions between different biomolecules. The rapid categorisation of
these biomolecules creates the variety and complexity in the type of data being generated. As
a result, the variety of data is followed by varied data representation formats. This is due to
the fact that in the life sciences there is an absence of data standardisation. As articulated in
the previous section, with the advent of SB, researchers are attempting to combine and
overlay various data sets to understand various events in a biological system. Given the
extreme heterogeneity of data models, formats and its volume, data interoperability and
integration has become a challenging task.



To deal with this growing necessity to integrate data, an assortment of technologies have been
developed and explored over the years mainly varying in their architecture and the level of
automation. Some of the technological efforts made towards data integration are as follows:

Cross-database referencing: Connecting data sets through cross-database indexing is
achieved by providing cross references i.e. a data entry (a web page) of a data source is
referenced to its corresponding entry in another data source. This “point and click”
approach is most widely used by data providers and helps user surf through data entries
by following the corresponding hyperlinks. This method hinges on ontological terms
and identifier mappings that requires co-operation between the service providers.
Although it is a quick method that aids users to browse through varied data sets, issues
such as maintenance, updates and accuracy of the links are limiting factors. Moreover,
this approach merely interlinks different data entries and the data integration part has to
done by the user or a software application. This method is light on computation aspect
and is incapable of answering complex biological question.

Data warehousing: The data warehousing approach was adopted to provide a one-stop
solution for data access. This method follows the Extract-Transform-Load (ETL)
approach which is importing and translating data from various sources and transforming
them into a pre-defined data model. In most cases the data warehouse is hosted by a
third party, typically created to serve a particular sub-domain. Some popular data
warehouses include Atlas [21], BioWarehouse [22], BioMart [23], and Columbia [24].
This approach has several advantages such as single point access as opposed to
accessing different websites; elimination of network bottlenecks for querying; data
maintenance undertaken by one party hence benefiting from data control [25].
However, when the nature of data is taken into account (specially the Velocity and
Variety factors), there are a number of limitations such as low adaptability to changing
data structures (source data), large up-front time investment required for data
integration, technical challenges with respect to the infrastructure, data provenance and
maintenance issues.

Data federation: The data federation approach mainly depends on the query flexibility
i.e. instead of transforming data into one store (like in data warehouse) applications are
developed to execute queries to fetch data from their source and provide a unified
view to the user. Popular initiatives that represent this approach include the
Distributed Annotated System (DAS) [26], BIOZON [27] and Kleisli [28]. This
approach presents an alternative to data warehousing method as the users have access
to updated information with no data replication and is comparatively inexpensive.
However, data federation is dependent on the network connectivity due to the
geographical locations of the data sources affecting query efficiency and time
consumed for fetching data.

Service architectures: The Web Service (WS) method has evolved into a popular
option for data integration in bioinformatics. This approach came into existence to
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evade the issues brought by both data warehousing and data federation. In this
decentralised approach data providers agree to open their data via webservices. These
are designed to make computers communicate with each other over the Web. In this
technology, machine interoperability is afforded by describing the data in the Web
Service Description Language (WSDL, XML-based language). With WS protocols
such as SOAP (Simple Object Access Protocol) and REST (REpresentational State
Transfer) data integration is supported by developing Web API (Application
Programming Interface) as a tool for programmatic access to the source data. The
potential of WS is well exploited by projects like Taverna [29], Enrez utilities Web
Service [30] and KEGG Web Services [31] that uses WSs to build user defined
workflows to integrate data. The BioCatalogue [32] serves as a curated catalogue of WS
with the life sciences domain. This catalogue can be used to search for available WSs to
build workflows on Taverna. However, the main challenge in this approach is the
availability of WSs and the success also depends on the data exchange formats.

The heterogeneity and fragmentation of data sources has resulted in a significant gap between
the generated of data and the knowledge being extracted from these data. To bridge this gap, a
seamless data integration approach is required to support complex queries over the varied
resources; facilitating data analysis, hypothesis generation and experimental design. However,
this rapid development in data production has indeed increased awareness towards structured
collection and quality control that should be adopted by the scientific community. This
challenge was taken up by grassroots movements like the MIAME consortium (Minimum
Information About a Microarray Experiment) [33], which put together recommendations for
experiment design and data recording in the area of transcriptome analysis. This initiative has
been extended by the global research community, including the Norwegian University of
Science and Technology (NTNU) [34] to cover aspects of quality control and quality
assurance. Similar initiatives have been taken up in virtually every area of data production.
For instance, the Minimum Information for Biological and Biomedical Investigations
(MIBBI) [35] is a web-based project that provides a common platform for ongoing ‘minimum
information’ initiatives to promote collaborative and integrative development of data
standardisation. There are two key aspects to the MIBBI project, a) the MIBBI portal, this
provides access to information on a wide range of MIBBI-affiliated projects such as project
scope and developmental status; b) MIBBI Foundry, modelled on the OBO Foundry (refer
section: Bio-ontologies) to promote standard practices in producing orthogonal minimum
information modules. Additionally, the Investigation-Study-Assay (ISA) [36] framework is an
open source framework that is built on the ‘Investigation’ (the project context), ‘Study’ (a unit
of research) and ‘Assay’ (analytical measurement) metadata categories to promote data
exchange and integration. This is facilitated by the ISA-file format (ISA-Tab) that provides an
extensible, hierarchical structure that enables the representation of studies that employs a
particular technology or a combination of technologies. Also, the framework is supported by a
software suite that aids in lowering the barriers for the users to implement ISA-Tab for the
regularisation in experimental metadata management, and consistent curation.



Towards effective knowledge management in the Life Sciences

Having outlined the nature of data in the life sciences and the challenges concerning its
integration, this section describes the concept of knowledge management and how the
bioinformatics community has adopted elements of this concept to meet the data integration
woes.

Knowledge management is a broadly defined concept varying from one domain to the other.
For instance, knowledge management in the business domain would mainly deal with
management of business activities such as business policies, assets and risk assessments. In
comparison, knowledge management in bioinformatics deals with management of what is
understood about the various components of a system of interest. Implementation of
knowledge management practices may vary from a technology-driven approach to a cultural
and behavioristic approach [37]. However, irrespective of the domain, to manage knowledge
it is important to understand the three fundamental aspects: data, information and knowledge.
The definitions of these fundamental blocks seem to be constantly changing [38] and it is
beyond the scope of this work to dwell deep into the precise definition of these terms.
However, Floridi [39] presents a detailed discussion on differences between these terms.
From the perspective of knowledge management in bioinformatics the following definitions
have been proposed and are implied throughout this thesis:

e Data: unstructured observations made to understand an event within a biological
system using trusted empirical methods. For instance, output from a high-throughput
experiment consists of a matrix with numbers.

o Information: a collection of (processed) data that makes decisions easier i.e. numbers
along with metadata.

o Knowledge: it is the outcome of placing the information within context i.e. interpreted
information for a thorough understanding of the underlying meaning.

Generally speaking, the evolution of the concept of data is synchronous with the advances
made in the field of information technology. From the proposed definition it is clear that a set
of data warrants interpretation with respect to a given context which subsequently creates
knowledge. The task of interpretation was traditionally carried out by scientists but with the
outpour of large—scale data; interpretation is highly dependent on computer systems. Hence,
to allow interpretation from a multitude of data sources requires sophisticated computer
technologies that integrates data and bridges the gap between data and its underlying
meaning. This process of systematically capturing and structuring data to enable the
understanding of a system is called Knowledge Management (KM). Thus, efficiently
managed knowledge in principle will make data analysis easier aiding in more efficient
decision making. An effective KM system will enable the hierarchical information flow,
having a significant effect on the performance of research groups both in academia and life
science companies [40, 41, 42].



Efficient KM promotes exchange and reusability of information, mainly hinging on two
fundamental aspects:

o Knowledge Representation: Knowledge representation plays a crucial role in the
facilitation of processing and sharing knowledge between people and application
systems. Knowledge representation entails development of formal languages that
enables modelling of the entities (both physical and abstract entities) in a domain
through modelling guidelines that provide a standard, agreed upon by domain experts.
Additionally, knowledge representation languages should adopt a common syntax that
is reusable and enables parsing of data in a semantically unambiguous manner [20].
These conditions will support intelligent inferencing of facts over a given domain or
sub-domain and facilitate processing of information in a computational environment.

e Data Integration: To effectively capture knowledge, data needs to be combined from
various sources. The different approaches taken towards data integration have been
discussed in the previous section. These approaches failed to deliver as KM platforms
due to the vagueness in their approach, lack of semantics and reusability.

One of the main data exchange formats used in bioinformatics is the XML with numerous
variants developed to support data exchange for specific sub-domains, this includes CellML
[43], SBML [44], KGML [45] and MAGE-ML [46], to name a few. Documents represented
in XML are based on a nested tree structure which consists of attribute-value pair; the
Document Type Definition (DTD) or the XML schema enforces constraints on how the data
needs to be nested, defining the grammar of the document. XML serves well as a data
exchange format, especially when two applications are aware of the data being exchanged.
Given the volatile nature of biological data, the structure of data and its relationship is bound
to change. The inclusion of the new data elements should be carried out by making an
extension in the schema. For a domain with constantly changing data this process is very
cumbersome. Furthermore, overlaying different data sets requires mapping different sub-
domain models and it is nontrivial using XML. This issue of interoperability is not due to the
lack of agreement between various interested parties using these XML variants but in the
architecture itself, mainly due to the rigidity in the schema. Matching two models would
require reengineering of the models to accommodate mappings between the concepts and
relationships; additionally the mapping must be defined in the schema [47]. Moreover, XML
schema is limited to the syntax and does not specify the semantics of the content, lacking
granularity with respect to semantics between the nested nodes [48]. Alternatively, in recent
times the JSON (JavaScript Object Notation) format is being widely used as a data exchange
format. The format is more human readable and imposes far less overhead for computer
application to parse and extract data. This is mainly because the JSON data structure
translates directly into the native data structure common to most of the programming
languages.



Bio-ontologies:

In recent times, knowledge representation and knowledge management have gained
popularity and growth in the life sciences, an important trend towards this direction is the
adoption of ontologies. The concept of ontologies stems from a branch of philosophy that
engages in the study of being. This approach dates back to the days of ancient philosophers
such as Plato and Aristotle [49], to provide a definitive and systematic classification of
entities of nature and reality in general. For the first time in 1913 philosophers, Rudolf Gockel
and Jacob Lorhard coined the term ‘ontology’ for this method of classifying entities [50].
Furthermore, Quine [51] formalised the ontology as a tool to understand scientific theories in
the language of first order logic. Gradually, ontology development became a part of the
information sciences domain; where it was used to create vocabularies (concepts and their
relations) for a domain of discourse, yielding a framework for knowledge sharing, reusability
and reasoning for various streams of research [49, 52]. One of the main factors that fuelled
research on ontology application was the rapid increase in data over the Web. To integrate
data, improve machine interoperability and data analysis required a conceptual scaffold. This
is especially visible in the life science domain. Bio-ontologies have certainly helped in
capturing the semantics of entities and their interrelationships within biology, thereby
reducing conceptual ambiguity, increasing re-usability and computational automation that
aids knowledge discovery.

Initially, Ocelot - a knowledge representation system was developed to organise information
with similar properties in the form of classes [53] for EcoCyc — a species specific
genome/pathway database. Similar knowledge systems were developed to organise biological
data such as Molecular Biology Ontology (MBO) [54], RiboWeb [55], TAMBIS [56] and
PharmGKB [57]. Figure 2, shows the time line for the growth of ontologies in molecular
biology and related fields marking the first phase in the development of ontologies in the life
science domain. Currently, one of the main ontologies used in the life sciences is the Gene
Ontology (GO) [58], which facilitated the unambiguous annotation of biomolecules with
terms specifying molecular functions, cellular components and biological processes. The
controlled vocabulary terminology, the relational rules and more importantly the unique IDs
provided in GO are incorporated by the database source, providing unique and cross-domain
common entry points in the description of the gene products, the Gene Ontology Annotation
(GOA) [59] project highlights this effort. This aids the users (life scientists) in further
investigation of a gene of interest, enriching the knowledge related to that gene. The success
of GO gave rise to the establishment of the Open Biomedical Ontologies (OBO) [60]
consortium, who among others provide a set of foundational principles to structure the further
co-ordinated development of bio-ontologies (e.g. ontology orthogonality: different ontologies
in the foundry should not overlap). The OBO foundry now constitutes a set of 130 domain-
specific candidate ontologies, which are becoming widely accepted as a reference by the life
science community. Additionally, there have been a number of institutes established with the
focus of supporting the development of bio-ontologies. Among others, a few notable ones are
as follows:



The Institute of Formal Ontology and Medical Information Science (INFOMIS) [61]:
The institute is located at the University of Saarbriicken, Germany. The centre was founded in
2002 bring specialists from fields such as Philosophy, Information Science and Medicine,
focusing on theoretical research on formal and applied ontologies in the bio-medical domain.
The institute contributed significantly for the development of GO.

Gene Ontology
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Figure 2: Shows the time line of the appearance of bio-ontology/ontology-like knowledge sharing systems.
Reprinted from Bodenreider and Stevens, 2006 [62].

The European Centre for Ontological Research (ECOR) [63]: The center was founded in
2004 at the University of Saarbriicken, Germany. The center mainly focuses on design,
development and implementation of ontology for varied domains. The centre is involved in
developing ontologies for the life science domain in collaboration with INFOMIS.

The National Centre for Biomedical Ontology (NCBO) [64]: The centre founded created in
2006, as a part of the National Centre for Biomedical Computing, USA. NCBO has been
actively involved in the development ontologies to promote semantic interoperability of
knowledge and data. NCBO BioPortal, is one such effort towards this endeavour.

European Bioinformatics Institute (EBI): One of the flagship institutes for the
Bioinformatics domain is actively involved in the development of ontologies and knowledge
bases to provide interoperable resources. Ontologies such as the Chemical Entities of
Biological Interest (ChEBI) [65], Experimental Factor Ontology (EFO) [66] and the Ontology
for Biomedical Investigations (OBI) [67] were developed under the auspices of EBI.

Ontologies can be classified according to the degree of conceptualisation which includes:

o Upper-level ontology: Ontologies that describes general concepts which are
independent of a particular domain. Their applicability is in providing support to a
large number of ontologies. The Basic Formal Ontology (BFO) [68] is a widely used
upper level ontology in a number of sub-domains within the life sciences.
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e Domain ontology: The knowledge represented in this type of ontology serves a
particular domain by providing vocabularies about concepts and their relationships
governing the domain such as GO.

e Application ontology: These ontologies are typically used to define concepts for a
particular use case. For instance, EFO is used to represent concepts and sample
variables from gene expression experiments and Cell Cycle Ontology (CCO) [69], an
ontology that captures knowledge related to the cell cycle processes.

Furthermore, ontologies can range from simple taxonomies (with ‘is-a’ hierarchy among
concepts) to highly interconnected networks including constraints associated with concepts
and relations (cardinality constraints and axioms). This is afforded by the type of ontology
language (knowledge representation language) that is chosen for ontology development and
plays an important role in the machine readability of the ontology. For instance, ontologies
adhering to formal logic such as Description Logic (DL) and expressed in the Web Ontology
Language (OWL) render a higher degree in machine-readability when compare to ontologies
developed in the OBO format, designed to be more human readable.

Bio-ontologies have become a cornerstone for knowledge representation and management in
life sciences. Currently, numerous applications exploit the advantages offered by bio-
ontologies. Tools such as Cytoscape [70] and ONDEX [71] use ontologies to integrate and
visualise diverse data sets to build various biological networks. A number of plug-ins have
been developed to provide ontology driven data analysis, for instance BINGO [72] utilises the
GO vocabulary to determine the overrepresentation of GO terms among a set of genes;
similarly PINGO [73] utilises user-defined target GO categories to identify and classify
unknown genes in a network; and finally RDFScape [74], a tool that brings Semantic Web
(refer section: Semantic Web Technology) functionalities to Cytoscape for the utilisation of
ontology-based knowledge to enhance biological analysis.

Semantic Web Technology:

Bio-ontologies have been successfully used as method to unambiguously represent domain
knowledge. However, as discussed ecarlier (see section: Towards effective knowledge
management of Life Science resources), efficient knowledge management additionally
requires the adoption of effective data integration methodologies. This entails efficient
integration of the disparate data sources, represented in a machine-readable format.

The emergence of the Semantic Web Technology (SW) is starting to have a significant impact
on knowledge integration, querying, and knowledge sharing in the life science domain.
Conceptualised by Tim Berners-Lee in 2001 [75], SW intends to convert the current World
Wide Web which consists of hyperlinked pages into a Web of Knowledge that is machine
comprehensible. The SW depends on a set of web technologies specifically designed to
facilitate automated machine interoperability. It promises to meet the challenge of integrating
and querying highly diverse and distributed resources. Systems based on SW would provide
sophisticated frameworks to manage and retrieve knowledge. This is achieved by the use of
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well established web technologies and a number of essential components added on top. The
architecture of the SW involves a hierarchical assembly (Semantic Web Stack, Figure 2) of
various formats and technologies where each layer exploits the capabilities of the layer below
providing a formal description of concepts and relationships within a given domain. The
bottom layers in the Semantic Web Stack consists of technologies that are widely used in the
current Web, thus SW is built on the basis of these technologies and the middle layer (RDF
onwards) consists of technologies that have been standardised specifically to support semantic
web applications. The various components of the Semantic Web Stack are as follows:

" User interface and applications. ’

Ontologies: Rules: RIF/
OWL SWRL

Querying:
SPARQL

Taxonomies: RDFS

Syntax: XML

Figure 3: Semantic Web Stack

Unicode: This is a standard developed for the consistent representation of text expressed in
the world’s various writing systems. The usage of unicode aids the semantic web applications
in bridging documents expressed in different human language systems.

Unique Resource Identifier (URI): A URI is a series of characters used to identify an
abstract or a physical entity. URIs are used in Semantic Web based systems to describe a
resource and its components, enabling interactions over the Web using the Hypertext Transfer
Protocol (HTTP). The URI is one of the fundamental aspects of SW; they are more generic
when compared to the Unique Resource Locator (URL) and the Unique Resource Name
(URN). URIs are formed in a way that it can be used as a URL (locator) or URN (name
space) or as both. Recently, the Internationalised Resource Identifier (IRT) was proposed as a
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generalisation of the URI [76], accommodating all Unicode characters which includes
characters from other languages such as Chinese and Japanese.

Extensible Markup Language: The eXtensible Markup Language (XML) is a widely used
language to exchange data over the internet. XML provides an elementary structure in
describing data with documents consisting of nested sets of open and closed tags with
corresponding data indexed using labels. The restrictive syntax rules of XML are highly
suited for the Semantic Web and provide a scaffold in data representation.

Resource Description Framework (RDF): RDF is a data modelling language that provides a
framework to describe a resource and its relationship with other resources in the form of
triples, i.e. Subject-Predicate-Object. A set of such triples forms a RDF graph that is made
machine-readable using the XML serialisation (Figure 3). Furthermore, the World Wide Web
Consortium (W3C) has proposed additional non-XML serialisations for RDF, this includes
Turtle [77], Notation 3 [78], N-Triples [79] and JSON-LD [80]. These formats make the
underlying RDF triples more user-friendly and perform better while parsing. The RDF graphs
can be stored in repositories called Triple stores or RDF stores. They are categorised under
NoSQL databases, where one could store and query the graphs via a query language,
SPARQL (also known as SPARQL endpoints). In recent times, a number of efficient scalable
triple stores have been developed equipped with SPARQL functionality, e.g. Openlink
Virtuoso [81], Apache Jena [82] and 4store [83].

RDF Schema (RDFS): RDF provides flexibility and machine interoperability in data
representation. However, to create a Web of Knowledge, systems need to have reasoning
capability. This requires advanced logics capable of capturing the complexity of data. RDF
technology does not provide logical meaning for the data descriptions. Hence, to bring about
an improvement in this area the RDFS was developed. RDFS is an ontology language that
facilitates simple inferences through hierarchical specification of classes, sub-classes,
properties and sub-properties. RDFS vocabulary is abundantly used in RDF graphs, however,
it has not added much in terms of advancing reasoning due to the limitations in its
expressivity. It does not support commonly required features such as union, negation and
disjunction.

SPARQL: The SPARQL Protocol and RDF Query Language is a query language for RDF. It
offers the developers and end users a way to retrieve and manipulate data stored in RDF
format. It is considered as one of the key technologies of semantic web, as it allows users to
write unambiguous queries consisting of triple patterns, conjunctions, disjunctions, and
optional patterns. Furthermore, as an extension to SPARQL, the SPARQL/Update (SPARUL)
has been developed. It is a declarative data manipulation language that offers the ability to
insert, delete and update RDF data held within a triple store. With the latest updated version
of SPARQL, SPARQL vl.1, more features have been added to the language for instance,
SPARQL 1.1 provides its users with the capability of query federation i.e. the ability to
launch SPARQL queries to different RDF stores.
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XML structure

Flat text file

Figure 4: Evolution of data representation formats: The large hexagons and rectangles represent the data
elements, attributes and their corresponding values, and the small hexagons represents the relation between the
attribute-value pair. Reprinted from Deus et al., 2008 [84].

Web Ontology Language (OWL): OWL goes beyond RDF and RDFS in its expressiveness
by providing logical constructs to the description of classes. OWL was developed based on
already existing languages such as OIL and DAML made compatible with RDF. W3C
provided three specifications for OWL (also known as OWL 1): OWL-Lite, OWL-DL and
OWL-Full. OWL-DL was developed based on a well understood fragment of Description
Logics (DL, www.dl.kr.org), which guarantees computability. As a consequence, a number of
DL reasoners, developed by the artificial intelligence community, were made available for
deployment in the Semantic Web for: a) consistency checking, b) reasoning, c) classification
and d) querying. FaCT++, Pellet and RACERPro are among the most commonly used DL
reasoners. Although, research on DL has kept the hope alive for realising fully automated
reasoning on bio-ontologies. The application of reasoners on fully fledged large, integrated
bio-ontologies failed due to scalability issues. In contrast, OWL-Lite developed as a
sublanguage of OWL-DL is less expressive and provides better performance for reasoning
tasks. However, with the recent release of OWL 2 significant work has gone into making
reasoning more tangible, offering several DL-based sublanguages such as OWL 2 DL, OWL
2 EL and OWL 2 RL [85]. Particularly, OWL 2 EL appears to be a promising alternative
within the life science domain [86, 87].



Rule Languages: The Semantic Web Rule Language (SWRL) [88] was initially developed in
2004. This proposed language for SW could be used to specify logical inferencing. SWRL is
based on a combination of RuleML [89] and OWL-DL or OWL Lite. However, SWRL has
not become a W3C recommendation due to practical implementation hurdles. Alternatively
the more recently developed SPARQL Inferencing Notation (SPIN) [90], submitted to W3C
in 2011, provides standards for implementing rules on SW models expressed in SPARQL.
The implementation of SPIN rules is straightforward, as it uses already established methods
such as SPARQL CONSTRUCTS and SPARQL Update requests.

Since its inception SW has gained steady acceptance among the life science community.
Several projects have been undertaken to demonstrate the potential of SW, some notable
initiatives are as follows:

e Bio2RDF [91]: an open-access SW knowledge base that provides a mashup over 19
different data sets that includes the Gene Ontology, OMIM, Reactome, ChEBI, BioCyc
and KEGG.

e BioGateway [92]: a SW resources that integrates the entire set of OBO Foundry
ontologies (including both accepted and candidate OBO ontologies), the complete
collection of annotations from the Gene Ontology Annotation (GOA) files, fragments of
the NCBI taxonomy and SWISS-PROT and IntAct. This project marked the fusion of
SW to Systems Biology (refer section: Semantic Systems Biology).

o Linked Life Data [93]: a semantic data integration platform developed by Ontotext as
part of the Large Knowledge Collider (LarKC) project. The platform interconnects data
sets from the Pathway and Interaction KB (PIKB), PubMed, KEGG, IntAct, MINT,
Entrez-Gene, and the SKOS representation of OBO ontologies.

o KUPKB [94]: a SW knowledge base that integrates high-throughput experiment data on
kidney and urine. This includes data from sources such as NCBI Gene, UniProt and
KEGG.

o  HyQue [95]: a SW tool for the evaluation of hypotheses on molecular events pertaining
to the galactose gene network in Saccharomyces cerevisae. The hypotheses submitted
by the user are validated using the HyQue Knowledge Base (HKB). HKB contains data
on various molecular events like protein-protein interaction, regulation of transcription
and gene expression.

These initiatives have certainly helped to demonstrate the advantages of the SW technologies,
including a richer knowledge representation, streamlined data integration and efficient
querying. In particular, the graph-based data model of RDF makes it a compelling choice to
model knowledge and integrate data from multiple sources. It has become the cornerstone for
data integration across computing platforms due to its flexibility and its suitability to represent
concepts in the biomedical domain. Through the query language SPARQL, users are provided
with the capability of simultaneously querying and integrating results from multiple RDF
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graphs. With properly designed RDF graphs the querying is very robust [96] and in principle
it is even possible to query multiple RDF stores. This has also encouraged primary data
providers to publish their data in RDF. Currently, the EBI has setup the RDF platform [97]
aimed at providing RDF representation of EMBL-EBI resources i.e. BioModels, BioSamples,
ChEMBL, Expression Atlas, Reactome and UniProt. Additionally, the utilisation of SW has
been pushed further by combining it with WS called the Semantic Web Service (SWS)
framework. SWS is aimed to provide solutions for the challenges faced in a WS setup by
adding semantics to WS standards for automation of data processing and reasoning.
Ontologies such as OWL-S [98] and the Web Service Modelling Ontology (WSMO) [99] and
the capabilities offered by RDF are used to model various aspects of WS such as service
interfaces and structures, enabling automation of discovery and invocation of services. SWS
frameworks such as SSWAP [100], SADI [101] and BioSemantic[102] have provided a proof
of concept towards describing WS with semantic annotations by the use of ontologies.
Considering that the data within the life sciences will further increase and make the domain
more data intensive, SWS will adopt the advances made in high-performance computing such
as cloud computing [103, 104] to setup SWS pipelines.

Semantic Systems Biology:

As discussed earlier SB seeks to explain the various biological phenomena through a web of
interactions between all the biochemical components within biological systems. Obviously,
this requires integration of interdisciplinary data and knowledge to comprehensively explore
the various biological processes of a system. To this end, SW has been proposed as a part of
the work flow in SB [72, 105]. Antezana et al. [106] have taken a significant step in fusing
SW and SB, as their initiative has resulted in the proposal of a platform called Semantic
Systems Biology (SSB) [107]. SSB provides a semantic description of the knowledge about
the biological systems on the whole facilitating data integration, knowledge management,
reasoning and querying (which plays a key role in hypothesis generation). Figure 4 is a
schematic representation of the work flow in SSB. Firstly, biological knowledge is extracted
from disparate resources and integrated into a knowledge base. Through inferencing and
querying of the integrated data hypotheses are generated based on which new experiments
could be designed. Through experimentation the hypotheses could be validated and further
added to the knowledge base completing the cycle of SSB. Essentially, SSB is similar to SB
in that it constitutes a cyclical process (Figure 1) that revolves around hypothesis generation,
which in SB is driven by computational modelling and in SSB by computational reasoning
and querying. Furthermore, the impact of SW in the life sciences has urged the World Wide
Web Consortium to establish a special interest group, the Semantic Web Health Care and Life
Sciences Interest Group (HCLSIG) [108]. The interest group is currently involved in the
development and support the use of SW, a special task force has been setup to explore the
application of SW for Systems Biology [109]. SW as an area of research is very active and is
continuously improving (e.g.: SPARQL 1.1, OWL 2 and SPIN) and these initiatives makes
SW a compelling aspect of the Semantic Systems Biology.
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Figure 5: The Semantic Systems Biology cycle. The cycle starts with gathering and integrating biological
knowledge into a semantic knowledge base; (A) Data is then checked for consistency, and made available for
querying and automated reasoning; (B) This yields hypotheses about particular functions of biological
components that may be used to design experiments; (C) The experiments generates new data and might also
verify hypotheses. (D) The new findings are integrated into the knowledge base, thereby enhancing the quality
of the knowledge base and allowing a new cycle of hypothesis building and experimentation.
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Objectives of the Study:

The definitive aim of bioinformatics research is to automate data analysis and generate
hypotheses ultimately reducing the knowledge discovery cycle for the biologists. To that end,
the Semantic Web provides solutions to make seamless data integration a reality, bridging the
data-knowledge gap. The various initiatives that provide semantic web solutions have greatly
facilitated this process by increasing the critical mass of integrated data. However, these
resources are still typical products of a technology push, offering potential users access to the
new technology. As the Semantic Web community wrestles to provide better solutions to
handle the data deluge in the life science community, it is also important that the technology
is brought closer to biologists. To promote the advantages of the semantic web and to
encourage the end-users to utilise these resources as part of their daily research activities
requires the lowering of boundaries to adopt the new approach. For instance, exploiting
various ontologies to performing ontology-driven data analysis could enhance the process of
new hypothesis generation that can drive new experimental design. Correspondingly, tools are
required to allow easy manipulation ontologies and further link them to other tools that allow
further analysis. Furthermore, the semantic web knowledge bases currently provide a
SPARQL endpoint as means to access the integrated data but these endpoints are more
machine-friendly. In some cases, the knowledge bases are equipped with faceted browser
interfaces or sample queries suitable for a quick search, such as retrieving a local
neighborhood for a particular term (e.g.: ontological term, protein or gene identifiers).
Although, this helps the user to get acquainted with the data housed in these resources,
hypotheses generation warrants formulation of complex queries. This requires at the
minimum a moderate knowledge of SPARQL. It is evident that the SPARQL technology may
be intimidating to the biologists resulting in semantic web resources not being exploited
completely. Therefore, attempts have to be made to pursue various joint initiatives with the
intended target audience to mobilise ‘user-pull’ as an essential source for knowledge base
design ideas and to develop real world use cases to generate hypotheses.

Therefore, this study was aimed at investigating approaches to bring the Semantic Systems
Biology closer to the user community. The definitive objectives of this study were:

1. To use or develop tools that provides a user friendly interface allowing biologists to
conduct ontology-based analysis.

e Paper I: ONTO-ToolKit: enabling bio-ontology engineering via Galaxy —
ONTO-ToolKit is a tool suite for Galaxy [110] that allows biologists to
manipulate OBO ontologies and opens up the possibility to perform further
analyses by using other tools available within the Galaxy environment.

2. Contribute to the development of a knowledge base that captures knowledge of a
domain of discourse. Further, it supports intuitive and complex queries to generate
hypotheses.
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o Paper II: Reasoning with bio-ontologies: using relational closure rules to
enable practical querying — This paper demonstrates reasoning on bio-
ontologies as a semi-automated process by using Metarel, a vocabulary that
specifies relation semantics, to apply reasoning on a large semantic web
knowledge bases.

e Paper III: Towards an integrated knowledge system for capturing gene
expression events — This paper outlines the development of a semantic web
based knowledge system, the Gene eXpression Knowledge Base (GeXKB).
The knowledge base is capable of answering complex biological questions
with respect to gene expression and facilitates the generation of new
hypothesis.

o Paper IV: Network candidate discovery using the Gene eXpression
Knowledge Base — This paper describes the further enhancement of GeXKB
and demonstrate the potential of this resource in the identification of candidate
network components (proteins) that may be considered for network extension.
The network components were generated by the formulation of SPARQL
queries based on set of biological questions launched to GeXKB.

3. Contribute to better visualisation of ontologies that makes ontology browsing intuitive
and flexible.

o Paper V: OLSVis: an Animated, Interactive Visual Browser for Bio-ontologies
— OLSVis is a web application that provides a user-friendly environment to
visualise bio-ontologies from the OLS repository. It broadens the possibilities
to investigate and select ontology subgraphs through a smooth visualisation
method.
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Abstract

terms that match specific search criteria.

Background: The biosciences increasingly face the challenge of integrating a wide variety of available data,
information and knowledge in order to gain an understanding of biological systems. Data integration is supported
by a diverse series of tools, but the lack of a consistent terminology to label these data still presents significant
hurdles. As a consequence, much of the available biological data remains disconnected or worse: becomes
misconnected. The need to address this terminology problem has spawned the building of a large number of bio-
ontologies. OBOF, RDF and OWL are among the most used ontology formats to capture terms and relationships in
the Life Sciences, opening the potential to use the Semantic Web to support data integration and further
exploitation of integrated resources via automated retrieval and reasoning procedures.

Methods: We extended the Perl suite ONTO-PERL and functionally integrated it into the Galaxy platform. The
resulting ONTO-ToolKit supports the analysis and handling of OBO-formatted ontologies via the Galaxy interface,
and we demonstrated its functionality in different use cases that illustrate the flexibility to obtain sets of ontology

Results: ONTO-ToolKit is available as a tool suite for Galaxy. Galaxy not only provides a user friendly interface
allowing the interested biologist to manipulate OBO ontologies, it also opens up the possibility to perform further
biological (and ontological) analyses by using other tools available within the Galaxy environment. Moreover, it
provides tools to translate OBO-formatted ontologies into Semantic Web formats such as RDF and OWL.
Conclusions: ONTO-ToolKit reaches out to researchers in the biosciences, by providing a user-friendly way to
analyse and manipulate ontologies. This type of functionality will become increasingly important given the wealth
of information that is becoming available based on ontologies.

Background

Bio-ontologies are artefacts used to represent, build,
store, and share knowledge about a biological domain
by capturing the domain entities and their interrelation-
ships. Bio-ontologies have become an important asset
for the life sciences. They not only provide a controlled,
standard terminology (to support annotations for
instance); a variety of tools are available to exploit these
ontologies, making them one of the cornerstones for
biological data analysis. The Gene Ontology (GO) [1] is

* Correspondence: erickantezana@bio.ntnu.no
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probably the best known bio-ontology. One of the most
common uses of the GO is to perform term enrichment
[2,3] on a gene set. The GO website lists over fifty such
tools [4]. In addition, the life sciences community began
to utilise other available ontologies (such as the Plant
Ontology [5]) as well as to develop their own bio-ontol-
ogies to support other biology or technology domains.
A recent example is the Ontology of Biomedical Investi-
gations (OBI [6]), a community effort to build an ontol-
ogy describing the different elements of a biomedical
investigation (e.g. protocols, instruments, reagents,
experimentalists). The Open Biomedical Ontologies
(OBO) foundry [7] suggests a set of principles to guide
the development of ontologies, for instance the

© 2010 Antezana et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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‘orthogonality principle’ designed to prevent overlapping
ontologies. Most of the bio-ontologies gathered by the
OBO foundry are represented in the OBO format [8],
which has became the lingua franca to build bio-ontol-
ogies. An increasing number of bio-ontologies is being
developed in the more expressive Web Ontology Lan-
guage (OWL) that allows for advanced automated rea-
soning [9,10]. Automated reasoning, performed on
OWL-formatted ontologies via the so-called reasoners
(such as HermiT [11]), allows bio-ontologists to per-
form various tasks such as classification (also known as
subsumption), which enables the process of making
explicit the relations that were hidden (i.e. implicitly
captured), and in general provides help to ensure the
consistency of an ontology.

Several open source tools are available to deliver
native support for bio-ontology manipulation (BioPerl
[12], ONTO-PERL [13], BioRuby [14], BioPython [15]).
We have previously published ONTO-PERL, a suite of
Perl tools supporting the management of ontologies
represented in OBO format (OBOF). ONTO-PERL is a
full-blown API to manipulate bio-ontologies in OBOF.
It offers a set of scripts supporting the typical ontology
manipulation tasks, which can be used from the com-
mand line. Useful as this API may be for bioinformati-
cians or expert ontologists, biologists may find it
intimidating to use. To accommodate their easy use,
working with ontologies has for instance been facilitated
by the setting up of ontology portals [16,17]. These
applications can be directly linked to knowledge systems
that store information in local infrastructures, thus tak-
ing advantage of the ontological scaffold (generally, hier-
archical and partonomical relationships) through
mappings between the ontology components (terms and
relationships) and actual data. The linking of ontologies
and biological data is proving to be a successful stepping
stone towards ontology-based knowledge discovery plat-
forms [18]. Those platforms may eventually become
important tools in the quest for new hypotheses that
can drive experimental design.

To further improve the repertoire of tools available to
biologists to handle and analyze the knowledge available
through ontologies we have turned to Galaxy [19], a
web-based environment that integrates various types of
tools to handle biological data. Galaxy’s development is
strongly targeted towards end-users who have limited
computational skills (including many molecular biolo-
gists), so that they may easily perform analysis or have
their favourite command line tool integrated. A tracking
of the history of analyses, support for building work-
flows and data sharing are among Galaxy’s most appeal-
ing features.

We used Galaxy to construct ONTO-ToolKit, which
is an extension of the ONTO-PERL software that we
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developed previously. ONTO-PERL consists of a collec-
tion of Perl modules that enable the handling of OBO-
formatted ontologies (like the Gene Ontology). With
these modules a user can for instance manipulate ontol-
ogy elements such as a Term, a Relationship and so
forth, or employ scripts to carry out various typical
tasks (such as format conversions between OBO and
OWL (obo2owl, owl20bo).

ONTO-ToolKit allows exploiting the ONTO-PERL
functionality within the Galaxy environment. Galaxy not
only provides a user friendly interface to manipulate
OBOF ontologies, it also offers the possibility to perform
further biological (and ontological) analyses by using
other tools provided within the Galaxy platform. In
addition, ONTO-ToolKit provides tools to translate
OBOF ontologies into Semantic Web formats such as
RDF (Resource Description Framework) and OWL.

Methods

The functionalities of ONTO-PERL are enabled as tools
in Galaxy through a set of tool configuration files (XML
files), or ‘wrappers’. These files contain execution details
of the tool, e.g. path to the script, the arguments and
the output format. Table 1 lists the functionalities pro-
vided by ONTO-PERL that are useful to understand the
relationship between various biological components.
The script get_ancestor_terms.pl, for instance, retrieves
all the ancestor terms for a particular term id from a
given OBO ontology. Furthermore, through obo2owl.pl
and obo2rdf.pl scripts users can convert their data
(OBOF) into OWL and RDF, respectively. A schematic
representation of how ONTO-PERL is embedded as
ONTO-ToolKit in Galaxy is given in Figure 1. A
detailed description of installing ONTO-ToolKit is avail-
able at http://bitbucket.org/easr/onto-toolkit/wiki/Home.

Results

We illustrate the use of ONTO-ToolKit through three
ontology-analysis use cases. In use case I we have ana-
lysed the relationship between terms from the Cell
Cycle Ontology (CCO), an application ontology that we
described previously [20]. In use case II we carried out
an analysis combining ONTO-ToolKit functionality with
other tools available in Galaxy, and in use case III we
have demonstrated how a workflow was built to analyse
gene sets with GO and S. pombe annotations.

Use case I: “Investigating similarities between given
molecular functions”

The first use case illustrates the functionality of ONTO-
ToolKit in identifying the ontology terms linking a pair
of molecular function terms. A user might be interested
to search for the most specific ancestor term that is
shared by two molecular functions, to see if these
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Table 1 Examples of ONTO-PERL functionalities

Scripts
get_ancestor_terms.pl
get_child_terms.pl

get_descendent_terms.pl
get_subontology_from.pl
get_obsolete_terms.pl
get_parent_terms.pl

get_relationship_types.pl
get_root_terms.pl
get_term_synonyms.pl
get_terms.pl
get_terms_by_name.pl
obo2owl.pl
obo2rdf.pl
obo_trimming.pl
obo2cco.pl
obo2tran.pl
obo2xml.pl
go2owl.pl
goazrdfpl
owl20bo.pl
obsolete_term_id_vs_def_in_go.pl

obsolete_term_id_vs_name_in_go.

pl
term_id_vs_term_def.pl
term_id_vs_term_name.pl
term_id_vs_term_namespace.pl
get_list_intersection_from.pl*
get_intersection_ontology_from.
pl*

Functionality
Collects the ancestor terms (list of IDs) from a given term (existing ID) in the given OBO ontology.

Collects the child terms (list of term IDs and their names) from a given term (existing ID) in the given OBO
ontology.

Collects the descendent terms (list of IDs) from a given term (existing ID) in the given OBO ontology.
Extracts a sub-ontology (in OBO format) of a given ontology having the given term ID as the root.
Finds all the obsolete terms in a given ontology.

Collects the parent terms (list of term IDs and their names) from a given term (existing ID) in the given OBO
ontology.

Finds all the relationship types in a given ontology.
Finds all the root terms in a given ontology.
Finds all the synonyms of a given term name in an ontology.
Finds all the terms in a given ontology.
Finds all the terms in a given ontology that have a given string in their names.

OBO to OWL translator.
OBO to RDF translator.

This script trims a given branch of OBO ontology.

Converts an ontology into another one which could be integrated into CCO.
OBOF into RDF translator. The resulting file has (full) transitive closure
OBO to XML translator (CCO scheme).

Gene Ontology (in OBO) to OWL translator.

Generates a simple RDF graph from a given GOA file
OWL to OBO translator.

Obsolete terms vs. their definitions
Obsolete terms vs. their names

Gets the term IDs and term definitions of a given ontology.
Gets the term IDs and term names of a given ontology.
Gets the term IDs and its namespaces in a given ontology
Collects common OBO terms from a given set of lists containing OBO terms
Provides an intersection of the given ontologies (in OBO format)

The left column lists ONTO-PERL scripts available in ONTO-ToolKit, with their functionality described in the right column. *: Scripts written specifically for ONTO-

ToolKit and included in the ONTO-ToolKit download package.

functions fall into the same biological category. As a pri-
mary step all ancestor terms pertaining to the molecular
function term IDs defined in a query are retrieved. In a
next step a comparison is made between the two sets of
ancestor terms for their relatedness. Figure 2 shows a
schematic depiction of this use case, with retrieval of
individual ancestor terms and checking for the most
specific terms shared by the two molecular functions
specified in the query. It is noteworthy that such a step
will always result in a set of shared upper-level terms
(as all molecular function terms are linked to the root),
but obviously the relationship will be more specific if
their shared terms are positioned further away from the
root of the ontology, where information is more
fine-grained. To implement this concept, the S. pombe-
specific CCO was chosen along with the two molecular
function term IDs (CCO:FO000391 — 6-phosphofructoki-
nase activity; CCO:FO000759—glucokinase activity). The

analysis consisted of several steps. Firstly, using the
get_ancestor_terms functionality two queries were used
to fetch the ancestor terms for each of the two term IDs
(see Figure 3). This resulted in two sets of ancestor
terms and annotations associated with the terms. The
intersection of these two sets was determined using the
get_list_intersection_from function yielding one set of
specific terms (see Figure 4) and corresponding annota-
tions allowing the assessment of the relatedness of the
initial terms.

Figure 5 shows the set of ancestor terms for the two
terms of the query. For both the terms (CCO:F0000391,
CCO:F0000759) ten ancestor terms were retrieved (see
Supplementary file). Furthermore, the most specific com-
mon terms for the two molecular function term IDs were
retrieved (see Figure 6). This list (Additional file 1) con-
tained nine terms that were common, with various
degrees of specificity, to both the molecular function
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OBO File

Tools

| P
| ONTO-PERL

| ONTO-ToolKit

S

Databases

Annotations Galaxy

Figure 1 Schematic representation of ONTO-PERL, ONTO-ToolKit and Galaxy. The ONTO-ToolKit suite of tools provides a support within
the Galaxy framework to analyse and manipulate OBO-formatted ontologies. ONTO-ToolKit relies on the functionality enabled by ONTO-PERL to
handle bio-ontologies and to enable operations (such as format conversions from OBO to OWL) that could in turn produce results that might
be further analysed and exploited through other tools (such as workflows or statistical analyses) provided in the Galaxy environment.

TermID 2

Term ID 1

Figure 2 Schematic diagram of use case | The nodes and the
edges represent a section of an ontology, with the higher nodes

representing terms with general descriptions, and

down in the graph depicting terms with higher specificity. The

nodes in green and blue represent the terms asso

molecular function term id 1 and term id 2, respectively. The red

nodes represent the terms shared by search terms,
specific term encircled in red.

the nodes further
ciated with the

, with the most

terms. The most specific terms shared between them
were: CCO:F0004123 - carbohydrate kinase activity,
CCO:F0003345 — phosphotransferase activity, CCO:
F0003344 — transferase activity. These results suggest
that the two chosen terms are related, and additional
ancestral terms make it clear that the two molecular
function terms both describe functions of the glycolytic
pathway in S. pombe.

Use case lI: “Identifying shared terms for a pair of
proteins”

Use case II illustrates how ONTO-ToolKit can be used
in combination with other functionalities available in
Galaxy. A user might be interested in identifying the
functional relatedness of two proteins, as described by
their GO annotations. To assess this, two lists of GO
Terms associated with the two proteins need to be
retrieved and then matched to determine their intersec-
tion. The example uses the H. sapiens proteins JUN
(UniProt ID: P05412) and FOS (UniProt ID: P01100).
Their UniProt IDs were used to query the BioMart [21]
central server from within Galaxy to retrieve lists of
JUN and FOS GO terms and annotations (see Additional
file 1). In the second step, the ONTO-ToolKit function
get_list_intersection_from was used to obtain all the
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annotations shared between JUN and FOS (see Addi-
tional file 1). The results show the four GO terms
(GO:0010843, GO:0070412, GO:0060395, GO:0007179)
common between these two transcription factors.

Use case llI: “Performing term enrichment using an
ontology subset”

Use case III shows how ONTO-ToolKit can be used to
create interdependent workflows (see Figure 7). Here a

researcher may wish to analyze an S. pombe gene
expression dataset using a subset of GO. The dataset
contains a set of genes that have a high likelihood of
being differentially expressed, and the researcher wants
to know if this gene set has an overrepresentation of
GO terms that are annotated to a specific biological
process. As this type of analysis considers all GO terms
sequentially, running this analysis on the whole GO may
result in insignificant P-values due to the large
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Figure 4 Screenshot of step 2 in use case | lllustration of use case |, step 2. The Galaxy interface shows the use of the get_overlapping_terms

function to intersect the two sets of terms obtained in step 1.

| Collects common OBO terms from a given set of lists containing OBO terms.

History | Options ~

]3]

Unnamed history
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OBO Ontolegy manipulation (C0:FOD00343 catalytic activity o s
» Get the ancestor s of a given (Coveeel  (RIELGLAL Portinims Honamed bisbory
y . s inase activity
e e o (C0:F0303316  transferass activity 5Cethe @ %
OBO ontology (C0:UB3E0800 biological entity ancestorterms of a
' (C0:FO360272 molecular_function given OBO term on data
= Get the parent terms of a given OBO C(C0:Fe303344 transferase activity, trensferring phosphorus-containing groups 123
term Collects the parent terms from —
agiven term in the given OBC 123: @R

Workflow

cco_S_pombe.obo

Data Libraries

Help
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Panel 5b shows ancestor terms for the term ID CCO:F0000759.

5b)  Tools CC0:FOOEOBE7  hexckinase activity History  [Options v
; T C(0:FOOE4123 cartohydrete kinase activity T E
GetData C(0:FOOE3345 phosphotrensferase activity, alcohol group as acceptor U= )
OBO Ontology manipulation C(0:FOOEO343 catalytic activity Unn: -

Gatthe ancesior lems ot a given €C0:L00€00€1  biological continuent m
h OBO term Collects the ancestor CC0:FOOE3114 kinase activity

terms from a given term in the giver €C0:FO0E3316 transferase activity

0BO ontalogy €(0:U00E0060 biological entity an ) terms of a

C(0:FO0EO272 nolecular function given OBO term on data

= Getthe parent terms of a given OBO CC0:FOOE3344 transferase activity, transferring phosphorus-containing groups 123

term Collects the parent teims fom

agiven tem in the given 0BO 175:Cetthe @ (0

ontology ancestor terms of a
= Get the descendent terms of a aiven ; " | given OBO term on data

Figure 5 Ancestors term list — use case | lllustration of use case |, results. Panel 5a shows the results obtained for the term ID CCO: FO000391.

hypothesis space. This may be remedied by reducing
this hypothesis space — for example, by considering only
the role of these genes in the cell cycle.

This workflow starts by fetching an ontology and a set of
gene associations, in this case, the Gene Ontology and the
S. pombe annotations. The next step is to use the get_des-
cendant_terms function (the converse of the get_ancestor_-
terms function described above) to extract a subset of the
ontology (in this case, it is configured to extract all descen-
dants of the term “cell cycle”). To get the corresponding
annotations an annotation mapping function is used to get

all annotations corresponding to this sub ontology. This
cell cycle specific annotation file is fed into the GO Term-
Finder [3] enrichment tool, along with a user-supplied
gene set. This workflow can be reused multiple times (for
example, to re-check results with the latest ontology and
annotations), and can be shared between Galaxy users.

Discussion

A coherent integration of public, online information
resources is still a major bottleneck in the post-genomic
era. Bioinformatics databases are especially difficult to

Tools CC0:FO004123  carbohydrate kinase activity History [ Options v
N CC0:FOOO3345 phosphotransferase activity, alcohol group as acceptor
» Getthe descendent terms of a given CCO:FOOOO343  catalytic activity (=]
OBO term Collects the CCo: 1 biological continuant e
terms from a given term in the given CC0:FOOO3114 kinase activity Unnamed history
OBO ontology CC0:FOOO3316 transferase activity
. ; CC0:U00EEsBO  biological entity 177:Getthe @ § R
wiiGette child temms o2 given OBO €C0:F000272  molecular_function overlapping terms from
term Collects the child terms from a CC0:FO0O3344 transferase activity, transferring phosphorus-containing groups agiven set OBO terms
given term in the given OBO o data 175 and data
onlology Pt
176
= Getthe overlapping terms from a
given set OBO terms Collects 176:Getthe @ § &
common OBO terms from a given A " | ancestor terms of a
setof list containing OBO terms. given OBO term on data
= Getall the term IDs and term 123
definitions of a given OBO ontology
Getall the term IDs and term 175:Getthe @ § 8
definitions of a given OBO ontology ancestor terms ofa
given OBO term on data
= Getall the term IDs and term names 123
of a given OBO ontology Get all the
term IDs and term names of a given
OBO ontology 123: @ %
cco S pombe.obo
= Getall the relationship tvpes in an
Figure 6 Intersection of ancestor terms — use case | Use case | results. The main panel shows the intersection of the two sets of ancestor
terms of the terms of the query.
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Figure 7 Example of workflow in Galaxy The boxes depict functions and intermediate workflow steps; the arrows indicate how these

integrate because they are often complex, highly hetero-
geneous, dispersed and incessantly evolving [22-24].
Moreover, consensus naming conventions and uniform
data standards are often lacking. Nevertheless, the need
for efficient procedures to integrate data is only increas-
ing, due to the growing popularity of integrative biology
and systems biology: approaches that need a variety of
data from multiple sources to build computational mod-
els in order to understand biological systems behaviour.
Bio-ontologies can greatly facilitate this integration
process [25] because they provide a scaffold that allows
computers to automate parts or the whole of the inte-
gration process [26]. Setting up an integrative platform
that can support an advanced data analysis based on
bio-ontologies typically requires the establishment of an
environment that enables access both to the many pub-
lic biological databases that contain curated information,
and to the various bio-ontologies. Moreover, such an
integrative environment must enable the sharing of the
information at any time with all contributors to the data
curation process. In addition to curated databases, vast
amounts of literature-independent data are being gener-
ated by high-throughput genome-wide analyses and
accumulated in various databases. These databases
represent another resource of context to infer biological
function and to assess relations between biological enti-
ties. To obtain a powerful structuring and synthesis of
all available biological knowledge it is essential to build
an efficient information retrieval and management sys-
tem. This system requires an extensive combination of
data extraction methods, data format conversions,

ontology-based analysis support and a variety of infor-
mation sources. Ultimately, such an integrated and
structured knowledge base may facilitate the use of
computational reasoning for analysis of biological sys-
tems, an approach that we have named Semantic Sys-
tems Biology [26].

ONTO-ToolKit offers functionality that allows a biol-
ogist to exploit the increasingly abundant information
supported by ontologies. The Gene Ontology Consor-
tium is participating in the development of ONTO-
ToolKit as an integration platform for performing many
GO based workflows, replacing existing functionality in
AmiGO [27] and expanding the range of tools to be
used. For example, it is possible to extract all experi-
mental annotations for the clade Mammalia, generate a
slim (subset) from this set, or to fetch all annotations
belonging to a pre-defined ontology subset. Annotations
extracted in this way can also be used in term enrich-
ment analyses using GO TermFinder [3]. Term enrich-
ment analysis on ontology subsets reduces the number
of terms that are considered for the overrepresentation
analysis, making the analysis more sensitive.

Platforms such as Galaxy are aimed to overcome the
barriers in global data processing, and its flexibility
offers ample opportunity to identify and implement new
ways to fill the gaps in data visualisation and analysis.
We have explored Galaxy’s use to implement data analy-
sis techniques based on bio-ontologies. Bioinformatics
data resources are constantly updated, i.e. by automated,
software-mediated annotation or manual curation pro-
cesses that depend on human intervention. Ontologies
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provide a means of improving the annotation process
and to semantically represent the knowledge contained
in biological databases in an unambiguous way. ONTO-
ToolKit builds on this trend by enabling the manipula-
tion of bio-ontologies within an integrative platform,
which in turn allows analysis results to become the
entry-point for further biological data analysis.

Conclusions

We presented several use cases to illustrate how the
functionality of ONTO-PERL can be combined with the
functionality of other tools in Galaxy. We have shown
how the functionality of ONTO-PERL can be used to
identify all the ancestor terms of a pair of ontology
terms, or to simply retrieve all the terms shared by two
proteins in order to assess their potential biological
relatedness. We have extended and used ONTO-ToolKit
to build a workflow to dynamically extract a subset of
GO, map annotations to this subset, and then perform
term enrichment analysis. With this we have shown that
ONTO-ToolKit constitutes a useful extension to the
functionalities available in Galaxy, by adding a variety of
ontology-based analysis approaches that can improve
the depth of the overall analysis because it builds on an
increasing wealth of annotation and curation results.

Availability

ONTO-ToolKit can be obtained from its project page
[28] or from the Galaxy Tool Shed [29]. ONTO-ToolKit
is distributed under an Open Source License: GNU
General Public License [30]. ONTO-ToolKit provides
access to the latest obo2owl conversion code that imple-
ments the new proposed OBO Foundry mapping to
OWL [31]. Once the ontology is converted to OWL,
there are a number of OWL processing tools available,
including Pellet [32], and ontology processing via the
Thea library [33]. OntoToolkit, including the workflow
example mentioned in use case III, is also available on-
line [34].

Additional material

Additional file 1: This file contains all the additional results referred to
in the description of the use cases | and Il.Subsection I: Use case | - Lists
the ancestor terms for CCO:F0000391.Subsection II: Use case | - Lists the
ancestor terms for CCO:F0000759.Subsection lll: Use case | - Lists the
overlapping terms generates as part of step 2.Subsection IV: Use Case Il
- GO terms associated with JUN (Uniprot ID: P05412)Subsection V: Use
Case Il - GO terms associated with FOS (Uniprot ID: PO1100)Subsection
VI: Use Case Il - Intersection of GO terms associated JUN and FOS

List of abbreviations used
OBO: Open Biomedical Ontologies; OBOF: Open Biomedical Ontologies
Format; OBI: Ontology of Biomedical Investigations; GO: Gene Ontology;
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CCO: Cell Cycle Ontology; RDF: Resource Description Framework; OWL: Web
Ontology Language; XML: eXtensible Markup Language.
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ABSTRACT

Motivation: Ontologies have become indispensable in the Life
Sciences for managing large amounts of knowledge. The use of
logics in ontologies ranges from sound modelling to practical querying
of that knowledge, thus adding a considerable value. We conceive
reasoning on bio-ontologies as a semi-automated process in three
steps: 1) defining a logic-based representation language; 2) building
a consistent ontology using that language; and 3) exploiting the
ontology through querying.

Results: Here, we report on how we have implemented this approach
to reasoning on the OBO Foundry ontologies within BioGateway,
a biological RDF knowledge base. By separating the three steps
in a manual curation effort on Metarel, a vocabulary that specifies
relation semantics, we were able to apply reasoning on a large scale.
Starting from an initial 401 million triples, we inferred about 158
million knowledge statements that allow for a myriad of prospective
queries, potentially leading to new hypotheses about for instance
gene products, processes, interactions or diseases.

Availability: SPARUL code, a query endpoint and curated relation
types in OBO Format, RDF and OWL 2 DL are freely available at
http://www.semantic-systems-biology.org/metarel.

Contact: ward.blonde@ugent.be

1 INTRODUCTION

Life Sciences researchers become more and more acquainted
with ontologies that support the management of knowledge in
their research domains. Many initiatives on biomedical knowledge
management have evolved into large Knowledge Bases (KB). Some
of these consist of an ontology with a rich semantical content,
like the Foundational Model of Anatomy (FMA) (Rosse et al.,
2003) —supporting anatomical aspects, SNOMED CT (Truran
et al., 2010) —for medical and clinical terms, the Gene Ontology
(GO) (Ashburner et al., 2000) —containing cellular information
for gene description and the NCBI Taxonomy (Sayers et al., 2010)
—holding a classification of living organisms. Other KBs hold a
large body of similarly formatted knowledge, like UniProt (UniProt
Consortium, 2010) —collecting valuable information about proteins

*to whom correspondence should be addressed

and the Gene Ontology Annotations (GOA) (Barrell et al., 2009)
—annotating gene products using the cellular information in GO.
Public ontology repositories such as the BioPortal at NCBO (Noy
et al., 2009), the Ontology Lookup Service (OLS) (Cote et al., 2008)
and BioGateway (Antezana et al., 2009a) make ontologies better
accessible for scientists through visualisations, browse menus and
search facilities.

Biologists are beginning to accept formal languages and
ontologies as instruments to reach consensus while modelling the
knowledge of their interest (Antezana et al., 2009b). The large
amounts of data that are generated with high-throughput methods
call for such a framework (Taylor er al., 2008). In general, a
sound framework consists of a common syntax (the symbols and
language constructs used), a common semantics (the meaning of
the symbols) and common modelling practices (describing how to
use the language). Ontology, a domain in philosophy that has long
been trying to describe reality, often with the use of logics, is
strongly stimulated by its fusion with computer science. Theories
that have been developed for over 2000 years can now be applied
in automated systems (Petrie, 2009). Since the last decade of the
previous century, Description Logics (DL) have been developed as
decidable fragments of First Order Logic, and some of them with
the purpose of efficient reasoning (Baader et al., 2003).

Another important evolution in computer science with respect to
ontologies is the emergence of the Semantic Web and the use of
Linked Data (Shadbolt ef al., 2006). The Semantic Web is viewed
as a stack of languages and technologies that make knowledge
and data on the internet computer intelligible. This stands in stark
contrast to the current World Wide Web, which consists of human
readable websites on the internet. The bottom layer of the Semantic
Web stack consists of IRIs (Internationalized Resource Identifier,
availabe at http://www.w3.0rg/2004/11/uri-iri-pressrelease) that can
identify anything, like for instance biomedical concepts. On top of
IRIs there is a layer dealing with the syntax, called XML (Extensible
Markup Language, available at http://www.w3.org/XML/), in turn
followed by a layer of RDF (Resource Description Framework,
available at http://www.w3.org/RDF/), which is useful for querying
and inferring graph-based representations (the linked data).
Most of the KBs mentioned above are also provided in RDF
The top layer is OWL (Web Ontology Language, available
at http://www.w3.org/TR/owl-features/), used for expressing the

© The Author (2011). Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @ oup.com 1



meaning of knowledge and data (Horrocks, 2003). In October 2009,
OWL upgraded to OWL 2, which distinguishes several DL-based
sublanguages (profiles), like OWL 2 DL, OWL 2 EL and OWL
2 RL (OWL 2 Profiles, available at http://www.w3.org/TR/owl2-
profiles/). By their RDF/XML syntax and by using IRIs, OWL
ontologies are computer-manageable, syntactically sound and they
provide an unambiguous meaning to well-identified concepts. All
these technologies are the most important current standards at our
disposal for the implementation of computer-readable ontologies.

Bio-ontologies are meant to be accessible to humans. The
investment that biologists put in ontology development is driven
by the need to build clear and sound models from the knowledge
they have conceptualised collectively. Ontologists have the task to
coordinate these efforts into a useful and manageable integrated
framework. A consortium that has taken up this challenge is the
OBO Foundry, fostering the Open Biomedical Ontologies (OBO)
(Smith et al., 2007), which should all follow a set of 10 design
principles (available at http://www.obofoundry.org/crit.shtml). So
far 6 OBO ontologies (GO, CHEBI, PATO, PRO, XAO and ZFA)
have been adopted by the OBO Foundry, while the others remain
candidates under review. Many of the OBO ontologies that were
developed in the more human-readable OBO Format have been
translated into OWL. The Basic Formal Ontology (BFO) (Grenon
et al., 2004) is developed as an upper level ontology that can
integrate all the OBO ontologies. These scientific initiatives —OBO
and BFO— are involved in the development of common modelling
practices for ontologies across different scientific communities.

Query systems make bio-ontologies accessible to humans. OWL
reasoners sustain such a query system on the Semantic Web, but
they are very slow and demand too much memory to operate on
large KBs, if they work at all. The SPARQL query language
(SPARQL, available at http://www.w3.org/TR/rdf-sparql-query/)
for RDF performs much better. RDF is perfectly suited for
connecting large amounts of knowledge, however, it was not
engineered for reasoning purposes.

With the construction of BioGateway (Antezana et al., 2009a)
we have shown that biomedical resources (OBO ontologies, GOA
annotations, UniProtKB/Swiss-Prot and the NCBI Taxonomy)
can be interconnected in a single RDF store on the basis of
common IRIs, and queried with SPARQL. BioGateway was given
some minimal reasoning support for queries through Perl-operated
inferences for transitivity of the is_a and part_of relation types in the
OBO ontologies. In (Blondé et al., 2009) we presented Metarel, a
controlled vocabulary for the semantics of relations in RDF, that
is very well suited to create inference rules in conjunction with
the RDF update language SPARQL/Update (SPARQL 1.1 Update,
available at http://www.w3.org/TR/sparqll1-update/). Metarel can
provide a meaning to a relation between classes as a knowledge
statement that takes the basic triple form subject-relation-object.
It can be used by simply loading metarel.rdf, a meta-ontology for
relations, together with KB-derived graphs in a single RDF store.

In this paper we show that semi-automated reasoning on bio-
ontologies is possible for a set of closure rules in RDF, with the
use of Metarel and SPARQL/Update. We augmented the query
system behind BioGateway with inferences from these closure rules,
thus further integrating the biomedical resources incorporated in
BioGateway. Fully automated OWL reasoning, even on a single
OBO ontology, is currently found challenging (e.g. the Sequence
Ontology (Holford et al., 2010)) or even vexing (e.g. the Cell

Cycle Ontology (Antezana et al., 2009)). By using Metarel as a
representation framework for the logical reasoning, we were able
to keep an RDF representation that is uncomplicated on both the
syntactic level and on the semantic level.

2 DESCRIPTION LOGICS IN THREE STEPS

Description Logics research has kept the hope alive for realising
fully automated reasoning on bio-ontologies. This research
promises that any ontology that is modelled in a DL language makes
unambiguous sense and that an automated reasoner can answer any
logical question about the ontology correctly. However, applying the
fully fledged reasoning approach on large, integrated bio-ontologies
has proven to be overambitious for two main reasons. First of
all, the developers of bio-ontologies, often more experienced in
biology than computer science, do not succeed to model all the
available knowledge into the rigid language constructs of logics.
Consequently, bio-ontologies are full of glitches concerning their
logic-based rules (Good and Wilkinson, 2006). Secondly, even
if a large bio-ontology succeeds to pass the computational proof
of consistency, current automated reasoners are not fast enough
for answering queries. Although computer performance continues
to increase, the amount of knowledge and data in bioinformatics
has been growing even faster. Another hurdle is that being
computationally consistent gives us no guarantee that the ontology
is actually meaningful and correct.

Even an ontology with imperfections can be useful by providing
sensible answers to many real life questions. In order to better
exploit the available ontologies, we need an approach that benefits
from DL as much as possible, without insisting on the exclusive use
of DL at all stages in constructing a practical query system.

We approach the enabling of large-scale reasoning in three
steps: 1) define a logic-based representation language; 2) build a
consistent ontology; and 3) create inferences for enabling queries.
DL reasoning is very useful in the first two steps and has proven
already useful for consistency checking of smaller units. However,
it is still problematic to implement DL in a query system on a very
large scale.

We accomplished the third step for the ontologies in BioGateway
by capitalizing on the prior work (by others and ourselves) with
respect to the steps one and two. We minimally adjusted this prior
work by a manual curation effort that was restricted to the relation
types (types of relations like is part of, is located in) that were used.
This curation effort implies a certain feedback from the last step to
the previous steps. Certain language constructs, like defined classes,
domains and ranges or number restrictions on relations, may turn
out to be very expensive in terms of query time. Alternatively a
relation type used in a given ontology may turn out to create masses
of useless inferences. By using Metarel as a semantic framework,
and SPARQL/Update as inference tool, we had ample flexibility to
engage in a trial and error process to create only those inferences
that were useful and necessary. This is a practical alternative to
the ambitious approach of DL to execute reasoning as a one-step
process without any flexibility for optimisation or feedback.




3 REASONING ON BIO-ONTOLOGIES
3.1 All-some relations between classes

Biological knowledge consists almost always of relations between
classes (groups) of different individual biological entities. When we
express knowledge about cells, proteins or organisms, for instance,
we are not referring to a single cell that we observe under a
microscope, or a particular mouse that was injected yesterday. We
rather refer to classes of many entities that behave in similar ways,
and these classes are what we name and identify. In comparison, for
example the geographical knowledge domain is strikingly different,
as the Atlantic Ocean, New York and Bermuda are large and
significant enough to be referred to as individuals with a (usually
capitalised) proper name and a proper identifier.

In queries about biological knowledge, we need a logical
semantics for relations between classes. The all-some interpretation
is the most prominent example to illustrate this (Smith et al., 2005).
When we relate the classes ‘p53-protein’ and ‘tumour suppression’
with the has function relation, it has to mean that all p53-proteins
have some tumour suppression as function. This way of using
relations provides a very powerful system to infer sound statements
of biological knowledge.

Let us give an example using two statements that have the all-
some interpretation: ‘every pS3-protein is some protein’ and ‘every
protein is encoded by some gene’. From these two we can derive
logically that ‘every p53-protein is encoded by some gene’. The
inferred statement is sound and it may be the basis for further
conclusions.

All the millions of biological classes and the relations between
them can be represented as a large network or graph. Queries can
be constructed by defining a pattern or subgraph that must match
one or several segments of the larger netwerk. Imagine we want to
find all the objects that are encoded by a gene and that have some
tumour suppression function. Then the search pattern will consist of
two triples and one subject that we are interested in: ‘my subject is
encoded by gene’ and ‘my subject has function tumour suppression’.
This pattern should match sections of the network, with the middle
part of the triples fitting to the relations and the binding elements to
the biological classes. The subject ‘p53-protein’ is a possible answer
to the query.

We want to use this example to demonstrate the importance of
reasoning. What happens if nobody bothered to add ‘every p53-
protein is encoded by some gene’ explicitly? This absence would
prohibit finding ‘p53-protein’ among the list of answers, although
this statement follows logically from the two statements described
above. It appears that in a good knowledge system all sound
statements that are implicit should be made explicit by logical
inference, thus augmenting the explicit knowledge in the system by
pre-computing. A complete inference of implicit knowledge can be
referred to as a ‘closure’.

3.2 Five closure rules for inferring all-some relations

We propose five closure rules for inferring knowledge statements
concerning relations between biological classes with an all-some
interpretation. These five rules together provide the foundation
for the reasoning in step 3 on the current state-of-the-art OBO
ontologies and on annotations with OBO ontologies. Annotations of
biological subjects imply that an ontology relation and an ontology

term are used in the second and third parts of a knowledge statement
that is represented as a triple.

Let A, B and C be classes and R, S and T be relation types.
For instance, with A = ‘p53-protein’, R = ‘is encoded by’ and B =
‘gene’, the knowledge statement A R B means ‘Every p53-protein
is encoded by some gene’.

1. Reflexivity
A reflexive closure infers the knowledge statements A R A,
where R is a reflexive relation type. For instance, ‘every body
is part of some body’.

2. Transitivity
A transitive closure infers the knowledge statements A R C,
when the knowledge statements A R B and B R C exist and
R is a transitive relation type. For instance, ‘every kidney is
located in some body’ follows from ‘every kidney is located in
some abdomen’ and ‘every abdomen is located in some body’.

3. Priority over subsumption
The priority over subsumption infers the knowledge statement
A R C, if Ais a subclass of B and the knowledge statement
B R C exists, or if the knowledge statement A R B exists
and B is a subclass of C. For instance, ‘every API5-protein
regulates some cell death’ follows from ‘every APIS5-protein
regulates some apoptosis’ and ‘every apoptosis is some cell
death’.

4. Super-relations
A knowledge statement A S B is inferred if S is a super-
relation of R and the knowledge statement A R B exists.
For instance, ‘every APIS-protein regulates some apoptosis’
follows from ‘every APIS-protein negatively regulates some
apoptosis’.

5. Chains
A knowledge statement A R C' is inferred if the knowledge
statements A S B and B T C exist and R holds over a chain
of S and T'. The relation types R, S and 71" do not need to
be all different. For instance, ‘every APIS-protein negatively
regulates some apoptosis’ follows from ‘every APIS-protein
participates in some anti-apoptosis’ and ‘every anti-apoptosis
negatively regulates some apoptosis’.

Such closure rules for all-some relations between classes follow
directly from rules expressed for (chains of) relations between
instances, which are common for Description Logics and OWL.
Indeed, if all instances from class A are related to some instances
of class B and all instances of class B are related to some instances
of class C, then all instances of class A are connected by a chain of
two instance relations to some instances of class C. The language
features corresponding to the closure rules within step 3 (DL: chains
as role constructors; global reflexivity for atomic roles, transitivity
for atomic roles and role inclusions as role axioms; existential
restrictions of atomic concepts by a role as concept constructors;
and concept inclusions with atomic concepts on the left-hand side as
terminological axioms) are a subset of those in OWL 2 EL and OWL
2 DL, which warrants efficient reasoning in a decidable semantics.

The semantics of OBO implies additional rules for inferring new
knowledge statements. A prominent asset is the use of classes that
are logically defined from primitive classes (DL: atomic concepts)




through necessary and sufficient conditions. Such defined classes
are used in most DL languages, like OWL DL, OWL EL and
OWL RL. OBO ontologies have mostly primitive classes with
natural language definitions, although logical definitions through
intersections of classes are also used. However, the rules in step 3
treat an all-some relation between classes only as a necessary
condition, which is not enough for a logical definition.

Other features in OBO that do not appear in step 3 are domains,
ranges, symmetry, union, disjointness and functionality of relation
types, and union and disjointness of classes. It is inherent to the idea
introduced above (separating reasoning in three steps) that rules for
these features were applied already in step 2 (building a consistent
ontology).

Step 3 uses language features that can express knowledge
more compactly (DL: logic entailment) and avoids the reasoning
problems associated with consistency checking for logically defined
classes (DL: satisfiability). If for instance the relation type precedes
was given the range process and some annotator or ontology
engineer erroneously creates a precedes relation to a logically
defined class that is disjoint from process, then a reasoner should
detect this problem in step 2.

An issue not mentioned here is the treatment of individuals (DL:
assertional axioms), because they are currently not used in OBO
ontologies, nor in the biomedical KBs that are annotated with OBO
ontology classes. The individual geographical entities present in
OBO’s environmental ontology Gazetteer are modelled as singleton
classes. In order to model and treat them as individuals, the five rules
would need to be complemented with some extra rules. Inverses of
relation types, which do not have logical consequences on all-some
relations between classes, might also be of use in this extension.

4 METHODS

The large-scale inference of biological knowledge statements was achieved
with RDF tools, operating on a merger of Metarel and BioGateway.
The merging was relatively straightforward, as the ontologies in Bio-
Gateway consisted of the simple triple form subject-relation-object. We
curated all the relation types that were used in the OBO ontologies, both
candidates and adopted ones, assembling them in a relation ontology called
biorel.obo. Subsequently, we translated biorel.obo into OWL 2 DL and
merged it as an RDF graph with metarel.rdf. This resulted in the relation
graph biometarel.rdf for use in BioGateway. Finally, we inferred new
knowledge statements as RDF triples by running SPARQL/Update queries
over both biometarel.rdf and the existing RDF graphs in BioGateway,
thereby executing the above-described reasoning approach.

4.1 Manual curation of the relation types

Most relation types in BioGateway originate from the OBO ontologies.
All OBO ontologies exist in BioGateway as RDF graphs, providing the
opportunity to transform the relational information available in BioGateway
with RDF tools. However, standard RDF conversion tools do not properly
translate all information embedded in OBO ontologies to RDEF, so the work
was initiated with the original OBO files for a more expressive translation.
All Typedef sections for relation types were separated from all OBO files
and through a process of manual curation this long list was reduced to a
single valid, consistent OBO file. Text sorting operations and spreadsheets
were used to compare and select the best annotated and authoritative relation
type entries among the duplicates. In this manner 833 relation type entries
were reduced in a consistent, single-person effort to 365 unique, curated
relation types. The resulting OBO file, biorel.obo, is available for download
at http://www.semantic-systems-biology.org/metarel/biorel.

ONTO-PERL
Bf |OB_° manual | biorel.obo| ~ + | biorel.owl
ontologies | — manual
OBOF OBOF | — ™ |owL2DL
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RDF
. BioGateway
metarel.rdf| ___. | biometarel.rdf Explicit /

SPARUL 5 closures
with
SPARUL
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OWL Full

STEP 3: Semi-automated reasoning

Fig. 1. A practical implementation of the three-step process for reasoning
with bio-ontologies through management of relation semantics. A consistent,
validated biorel.owl in OWL 2 DL contains all the relation types. It is the
starting point for applying 5 important closure rules with a basic RDF tool
like SPARQL/Update (SPARUL).

The most crucial step in our curation process, central to the decision of
using the Metarel/RDF framework, was to make a consistent interpretation
of the relation types as either object properties (relation types between
instances) or all-some relation types between classes. Every relation
type used between two terms in an OBO file was interpreted as a
metarel: AllSomeClassRelationType and the corresponding relation type in
the Typedef section as an owl:ObjectProperty. Relation types that were
annotated as ‘metadata-tags’ in the Typedef section were always interpreted
as an owl:AnnotationProperty. This interpretation is entirely consistent with
the current standardised practices of translation between OBO and OWL DL
(OboInOw]) (Aitken et al., 2008), but it is not consistent with the original
interpretation that is still commonly held by many OBO ontology developers.
Judging from definitions and tags in OBO’s Typedef section, the relation
types are most often still viewed as class relation types.

As a consequence, some tags that were introduced in an ad hoc
manner to solve this ambiguity, like ‘inverse_of_at_instance_level’ and
‘instance_level_is_transitive’, were replaced by the standard variants that are
captured better by OBO translation tools.

Six relation types, like has taxonomic rank, is valid for taxon and
is extinct, have OBO’s metadata-tag because they cannot be given an
interpretation as object properties. We added this tag to is integral part
of for the same reason. Its semantics is clear as it can always be written
as a combination of the two all-some relation types is part of and has
part in opposite directions: if *A is integral part of B’, then every A
is part of some B and every B has part some A. It is interpreted as
a metarel:InvertibleRelationType, which enables some additional closure
rules. However, it does not fit in the general system and it needs to be
translated to an annotation property for validation in OWL 2 DL.

A consistent naming system was created, by giving every relation type a
name that contains a verb in the third person singular. For instance the name
after was replaced by exists after, as this seemed to be the intended meaning.

Rules that were only poorly formulated as informal comments were
upgraded to sound logic. For instance, the comment that any srarts at
end of implies an is preceded by was easily translated to OBO’s logic by
modelling the former as a subproperty of the latter. The new OBO tag
‘holds_over_chain’ for creating property chains was exploited to its fullest
extent and it was added in several cases. For instance, is directly preceded
by holds over a chain of has start and is end of. The ‘transitive_over’ tag
became superfluous through the use of ‘holds_over_chain’.

One informally asserted rule stated: “Gt influences P & Gt variant_of
G => G influences P”. This is a chain rule with one object property in




the inverse direction. Interpreting the object properties as all-some relation
types between classes we will have is variant of from the some-side to the
all-side, which does not result in a sound rule on the class level. Indeed,
as every Gt is a variant of some entity, it would follow that every entity
(everything) influences some P. Implementing such a rule for classes would
corrupt the whole knowledge base. The rule was translated to a formal chain
rule by using an inverse relation. As no inverse was tagged for is variant
of, the following choice was made: is influenced by holds over a chain of
is influenced by and is variant of. This chain goes from the all-side to the
some-side and it retains the intended semantics.

Transitivity was added for all the object properties that were tagged as
the inverse of a transitive object property. For instance is preceded by was
provided with transitivity by the transitivity of precedes.

Apart from the names, some dozens of OBO tags for the semantics of
relation types had to be altered. Contradictions were nowhere found and the
intended semantics could always be retrieved by informal comments and by
the way the relation types were actually used in the ontologies.

4.2 Translation to the Semantic Web

The use of the available Semantic Web tools for inferring and querying
requires a translation to a Semantic Web language. The current standards
are OWL and RDF. BioGateway, an RDF store, does not contain any of
the OWL profiles. By using Metarel/RDF as a target framework for the
translation, we are, however, still using the standards, because Metarel is
valid OWL Full and apart from using class relation types, Metarel is fully
compatible with the language constructs used in OWL. Moreover, Metarel
being valid OWL Full is technically equivalent with it being valid RDF
(http://www.w3.org/TR/owl-ref/). Unlike OWL Full, however, Metarel can
connect the class relation types that reside in the RDF of BioGateway with
the object properties in Biorel.

We translated biorel.obo first to biorel.owl using ONTO-PERL (Antezana
et al., 2008) and adjusted the translated file with some manual curation,
which resulted in a valid OWL 2 DL ontology file for the relation types.
We added also the chains of relation types, a feature novel in OWL 2 that
is in the process of being included in the ObolnOwl translation standard.
In principle, biorel.owl should contain all the expressivity for the rules in
Section 3.2, even in RDF.

For our purposes, biorel.owl was not practically useful yet, because
it contains only object properties, while BioGateway contains only class
relation types. We uploaded biorel.owl into the relation meta-graph
metarel.rdf alongside the other RDF ontologies in BioGateway. The merged
graph is called biometarel and it is this graph that is used for the reasoning
process. With SPARUL updates in biometarel we could connect the object
properties of biorel with the class relation types of BioGateway and
propagate the semantic rules, like transitivity and chains, to the level of
classes.

4.3 Inferring new knowledge statements

Each of the five rules that are required for a query system, as discussed
in Section 3.2, corresponds to a single SPARUL/Update query type (see
Figure 2) . These update queries range over biometarel and the ontology
graphs in BioGateway. They need to be operated in a recursive loop until
there is no new knowledge statement left that can be inferred.

This practice implies that the entailment of the inferred triples is fully
materialised on a hard disk and when this is executed on BioGateway
with OpenLink Virtuoso 5.0.8, it shows an acceptable performance. It
takes approximately 20 hours to produce 158 million inferred knowledge
statements, which is reasonable compared to an uploading time of 5 hours
for the 401 million original triples. We would like to point out that not
all triples are knowledge statements with a meaningful relation type as a
connector. Many triples are used for asserting names, synonyms, definitions,
textual annotations, literature references, etc. As these triples are often
more verbose, we will call them verbose triples as opposed to knowledge
statements. For the Gene Ontology we get the following numbers: 54 718

BASE <http://www.semantic-systems-biology.org/>
PREFIX metarel:<http://www.metarel.org/>
PREFIX rdf:<http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>

INSERT INTO GRAPH <human_disease_tc> {
?Class ?RelType ?Class.

}
WHERE {
GRAPH <human_disease_tc> {
?Class rdf:type ?Type.

}
GRAPH <biometarel> {
?RelType rdf:type metarel:ReflexiveRelationType.
?RelType rdf:type metarel:ClassRelationType.
}
}

Fig. 2. The update query for inferring reflexive relations in the human
disease graph. A PERL script parametrises the 5 SPARQL/Update query
types with about 2000 graph names. All the inferences from such small
graphs are merged later in the large SSB_tc graph through other update
queries. Contrary to OWL, Metarel uses reflexivity and relation types that
fit directly between classes.

explicit knowledge statements, 643 384 verbose triples and 2 031 247 newly
inferred knowledge statements. This implies a multiplication factor of 38,12
for the number of knowledge statements, but a multiplication factor of only
3,90 for the total number of triples. For the complete BioGateway we have a
multiplication factor of only 1,39.

The relatively low multiplication factor and the high percentage of verbose
triples clearly show that a full materialisation does not pose many extra
storage-related problems for bio-ontologies. It makes no sense to start the
reasoning process in a temporal memory only after a query is launched. It
takes 20 hours to generate all the informative knowledge statements, whereas
the majority of typical biologically relevant queries take no more than some
seconds to produce an answer. A quick response is absolutely required in the
knowledge exploration phase that precedes a more systematic investigation
of a new hypothesis. Therefore the materialisation of inferred triples is the
preferred practice for bio-ontologies.

5 RESULTS

We inferred about 158 million knowledge statements through semi-
automated reasoning within BioGateway. The inferences are almost
always sound within the intuitive system of all-some relations
(an exception: plural forms in ‘Every Mammalia is some cellular
organisms’, following from an incompatible system for defining
terms in the NCBI Taxonomy) and they can be accessed directly for
any term through BioGateway’s most basic lookup query (results
for APIS in supplementary material). Most of the inferences are
rather trivial if they are considered as a single statement, however,
their effect becomes clear to those who are querying the knowledge
base. Without the inferences, certain queries either simply return
only a fraction of the answers potentially available in the knowledge
sources, or they require a lot of very specific knowledge on the
architecture of the ontologies in the KB to retrieve full results. The
reasoning process would need to be done by the query builder and
the resulting queries would become huge and slow.

By precomputing all the inferences, the hardest part of the
reasoning process happens only once in a single although substantial
computational effort, but the results are stored and are available
for all subsequent queries. The query builder can now concentrate
solely on the intended meaning of the relation types that are used,
instead of reconstructing this meaning by his query. He can query




over the explicit knowledge statements as well as over the implicit
ones.

Queries on the RDF graphs with inferred knowledge statements
are now short and the answers are more informative and complete.
Imagine a cancer researcher who investigates the ASPP1-proteins
(Apoptosis stimulating of p53-protein 1) and she finds in direct
manual annotations from GOA that proteins of this type are located
in the nucleus and in the cytoplasm and that they participate in the
processes ‘induction of apoptosis’ and ‘negative regulation of cell
cycle’. Now she would like to see which other proteins fulfil these
conditions within mammals.

This query involves just a pattern of knowledge statements in the
triple form:

e my_subject is located in cytoplasm
e my_subject participates in apoptosis
e my_subject participates in negative regulation of cell cycle

e my_subject has source mammal

The query will return all the classes of biological entities (proteins
in this case) that can, within BioGateway, be inferred to be located in
the cytoplasm, to participate in apoptosis, etc., instead of searching
only through the knowledge statements that were once annotated
explicitly by an ontology engineer or a manual curator. ‘Mammal’
is too generic to be chosen as an annotation for a source species.
Also ‘cytoplasm’, ‘apoptosis’ and ‘negative regulation of cell cycle’
have many sublocations and subprocesses that are often choosen for
annotations. The query returns 36 types of proteins that actually
fulfil all the conditions, but just 29, 29 and 17 respectively if only
the explicit annotations are queried for ‘cytoplasm’, ‘apoptosis’ and
‘negative regulation of cell cycle’. We still get 13 protein types for
explicit annotations on all these three conditions, but none for direct
annotations on ‘mammal’. The relatively high numbers of explicit
annotations are due to the fact that they are abundant and redundant
in meaning, though taken together still incomplete.

We investigated the necessity of each of the five closure rules
separately by recreating the inferred version of BioGateway five
times and omitting one of the rules during each recreation. We
detected that many inferences followed from several different
closure rules, however, for all 5 recreations of the implicit KB, some
of the inferences were missing. Four specific biological queries in
BioGateway illustrate the practical relevance of each of the closure
rules:

e Query 1: Which are all the biological processes in which
a given protein (dnaJ in Chlamydophila felis Fe/C-56) is
involved, which are all the other proteins that participate in
these biological processes and which cellular locations were
annotated for these other proteins? (Bio4 in BioGateway)

e Query 2: Which are the proteins that have both the nucleus and
the endoplasmatic reticulum as inferred locations, compared
and ordered for all the organisms in the KB? (Bio5 in Bio-
Gateway)

e Query 3: What are the subparts of liver parenchyma?

e Query 4: Which are the developmental stages preceding the
unfertilised egg stage, and that are themselves preceded by
oogenesis stage S6 (the stage during which follicle cell division
ceases)?

The SPARQL translations of these queries and the answers to the
queries can be found as supplementary material to this paper. For
each query we counted the number of answers rendered by either
the KB with only the explicit knowledge, on the KB with all the
additional inferred knowledge and in each of the KBs that lacked
one specific type of closure. The results can be viewed in Table 1.

To demonstrate that the additional answers also make biological
sense we will analyse the queries and the corresponding parts of
the KB. Query 1 asks for proteins that are involved in the same
biological process as a given process. This means that a protein
involved in a subprocess is also a good answer. The query asks
generically for proteins in the same process and/or the subprocesses,
but without the reflexive closure proteins annotated with the exact
same process are disregarded (79 answers). Without any closure
we get only the proteins annotated with the subprocesses on the
level immediately below the original process, but not subprocesses
of subprocesses (2 answers). Query 2 fails to return proteins that
are annotated with sublocations of the nucleus and the endoplasmic
reticulum when either the priority over is_a or the chain closure is
omitted. This depends on the particular engineering of the Gene
Ontology. We find almost exclusively the is_a relation type below
the nucleus and the endoplasmic reticulum, with only nuclear
part is part of nucleus and endoplasmic reticulum part is part
of endoplasmic reticulum, for instance ‘germ cell nucleus is a
nucleus’ and ‘ARC complex is a nuclear part’. The priority over is_a
propagates is located in over all these is_a’s, but we need a specific
chain rule to propagate is located in over is part of. The priority over
is_a generates extra answers for annotations with terms like ‘germ
cell nucleus’ (616 answers). But as no protein was annotated with
nuclear part nor endoplasmic reticulum part, we get only the explicit
annotations on nucleus and endoplasmic reticulum if the priority
over is_a is omitted (593 answers). Only if both the chain closure
and the priority over is_a are in place, proteins with annotations in
the hierarchy below nuclear part and endoplasmic reticulum part are
retrieved (738 answers). Query 3 requires the transitive closure of
is part of for finding the subparts of ‘liver parenchyma’. Without
any closures only ‘liver lobule’, ‘portal lobule’ and ‘portal triad” are
retrieved (3 answers), but not the 6 more specific terms like ‘bile
canaliculus’, which are subparts of the liver lobule and the portal
triad. Reflexivity acknowledges that a liver parenchyma is also part
of itself (4 answers). Query 4 asks for a series of developmental
stages. The ontology of developmental stages uses starts at end of
as a relation type to connect subsequent stages. Starts at end of is
a subrelation of the transitive relation type is preceded by. That is
why only answers are found if both the transitive closure and the
super-relation closure are implemented (19 answers).

The results show that every query executed in BioGateway that
uses any of the 365 relation types in biorel.obo benefits from the
reasoning process that has created the inferences. The answers
to such a query are complete and they correspond to the logical
meaning of the relation types as intended by the ontology engineers.
This meaning no longer needs to be simulated in the queries.




Exp. |Imp. | R1| R2| R3 | R4 | R5
Query 1 2| 118] 79| 118 | 118 | 118 | 118
Query?2 | 593 | 738 | 738 | 738 | 593 | 738 | 616
Query 3 3 10 9 4| 10| 10| 10
Query 4 0 19| 19 0| 19 0| 19

Table 1. The number of answers to queries compared on explicit knowledge
(Exp.) and implicit knowledge (Imp.), and on partial closures where
reflexivity (R1), transitivity (R2), priority over subsumption (R3), super-
relations (R4) and chains (R5) were omitted respectively.

6 DISCUSSION

Bio-ontologies and the Semantic Web are two important evolutions
for knowledge management in the Life Sciences. They provide a
logical framework, universal identifiers and tools for the integration
of knowledge. However, in order to become really useful for Life
Sciences researchers, both pillars need to mature further.

As the amount of biomedical knowledge keeps growing
exponentially, the scalability of Semantic Web tools should be a
main concern. Slow queries and memory overflows form a real
obstacle for the exploitation of KBs. With this work, we have
chosen to enable efficient querying with the most basic semantic
features, instead of hampering the query system with advanced,
fully automated reasoning.

The large and diverse possibilities of querying RDF demands
better browsing and visualising tools to make the technology more
accessible to biologists. Some specific tools for browsing Bio-
Gateway are under construction (available at http://www.semantic-
systems-biology.org/biogateway/sparql-viewer), but parameterizing
and reworking the SPARQL code is still the best option for acquiring
all the expressivity of the SPARQL query language. However,
the direct relations between classes used in BioGateway may help
overcome some of the current shortcomings pertaining to reasoning
and browsing.

On the side of the development of bio-ontologies, more efforts are
required: ontology engineers should reuse other bio-ontologies to
avoid duplication, create appropriate relations, provide identifiers,
synonyms, definitions and cross-references. The Semantic Web
architecture is perfectly suited for exploiting an orthogonal, cross-
linked set of bio-ontologies. BioGateway, with logical inferences in
place, can be used to identify the glitches in OBO ontologies.

As a future work, we plan to include more data in BioGateway,
like biological pathways, and to test the biological usefulness of the
inferences with in-depth queries on very specific research questions.
For example the inferences on GO and the NCBI Taxonomy will
allow to compare gene functions across species and kingdoms.

7 CONCLUSION

Many different ontology engineers have collaborated in the
coordinated development of more than 80 OBO ontology files. We
have brought consistency to the stack of relation types in these files
by gathering all the relation types in Biorel and translating them
to OWL 2 DL. After merging the OWL translation of Biorel with
Metarel in the RDF store BioGateway, we could infer 158 million
previously hidden knowledge statements from the explicitly asserted

knowledge in the OBO ontologies, GOA annotations for about
2000 species, UniProtKB/Swiss-Prot and the NCBI Taxonomy. The
inferred knowledge statements can be used for biological hypothesis
generation through querying. The success of our methodology is due
to the soundness of OBO ontologies, the use of Semantic Web tools
and the semi-automated approach of reasoning.

Our work shows that a small set of simple rules for bio-ontologies
results in efficient practices for reasoning and querying. As many
researchers are involved in building bio-ontologies, more restrictive
guidelines and principles for building bio-ontologies are required
in order to obtain more uniformity and reach more convergence for
knowledge management in the Life Sciences.
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ABSTRACT

Transcriptional regulation of gene expression is an important
mechanism in many biological processes. Aberrations in this
mechanism have been implicated in cancer and other diseases.
Effective investigation of gene expression mechanisms requires a
system-wide integration and assessment of all available knowledge
of the underlying molecular networks. This calls for a method that
effectively manages and integrates the available data. We have
built a semantic web based knowledge system that constitutes a
significant step in this direction: the Gene Expression Knowledge
Base (GeXKB). The GeXKB encompasses three application on-
tologies: the Gene Expression Ontology (GeXO), the Regulation
of Gene Expression Ontology (ReXO), and the Regulation of
Transcription Ontology (ReTO). These three ontologies, respec-
tively, integrate gene expression information that is increasingly
more specific, yet decreasing in coverage, from a variety of
sources. The system is capable of answering complex biological
questions with respect to gene expression and in this way facili-
tates the formulation or assessment of new hypothesis. Here we
discuss the architecture of these ontologies and the data integration
process and provide examples demonstrating the utility thereof.
The knowledge base is freely available for download and can be
queried through a SPARQL endpoint (http://www.semantic-
systems-biology.org/apo/).

1 INTRODUCTION

Research in the Life Sciences is supported by a plethora of
databases (see overview at www.pathguide.org). Moreover,
the continuing advancements in functional genomics
technologies make it possible to create an overwhelming
amount of data in a single experiment. The many
hypotheses that can be derived from such experiments must
be assessed against a multitude of information and
knowledge bases, often represented in a variety of formats.
Scientists therefore become increasingly dependent on
sophisticated computer technologies to integrate and
manage all the available information. Furthermore, the

"To whom correspondence should be addressed: mironov@nt.ntnu.no
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drastic increase in the available information and a lack of
adhering to accepted formal representations across all
disparate knowledge bases allows only a fraction of the
knowledge to be easily considered in the analysis of new
data, or causes a user to query many databases individually,
sometimes even without the support of ontology terms that
would warrant a common semantics of queries in different
databases. As discussed by Antezana et al. (2009),
application ontologies can facilitate the query process itself
as the ontology ensures a uniform semantics across all data.

1.1 Need for an integrated resource that captures
gene expression knowledge

Transcriptional gene expression and its regulation depend
on a large variety of cellular processes that control the tim-
ing and level of transcription of an individual gene, often in
a cell- or condition specific manner. Regulation of the ex-
pression of protein coding genes is extensively studied.
Gene expression falls into two main phases, i.e. transcrip-
tion and translation. During the process of transcription,
proteins called transcription factors bind to specific DNA
sequence motifs (binding sites) of a gene, playing a key role
in initiating or inhibiting the formation of an active RNA
Polymerase Il transcription complex. Active transcription
produces pre-mRNAs which are subsequently processed
(removal of introns, and polyadenylation of the transcript)
upon which mature mRNAs are transported from the nu-
cleus to the cytoplasm where the mRNA is translated into a
protein. Regulatory processes of gene expression occur at
different levels, enabling the cell to adapt to different condi-
tions by controlling its structure and function. Furthermore,
the process of gene expression may also be influenced at the
epigenetic level, where nucleotide or protein modifications
can cause heritable changes in expression of otherwise iden-
tical gene sequences. Abnormalities in the regulation of
gene expression can cause diseases such as the occurrence
of malignant cell proliferation.

The knowledge required to decipher the various processes
involved in gene expression continues to grow. However,
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for a systems-wide understanding of gene regulation, there
is a need for efficiently capturing knowledge of this domain
in its entirety and to further facilitate efficient querying of
this data. For instance, the complex one-to-many relation-
ships of a transcription factor like Myc includes thousands
of target genes, representing a wide variety of functions and
processes. An ontology-driven approach would best solve
the issue of knowledge querying, representation and man-
agement. Previously, attempts have been made to model the
gene regulation process; resulting in the Gene Regulation
Ontology (GRO) (Beisswanger et al., 2008). GRO provides
a conceptual model to represent common knowledge about
the gene regulation domain. However, it was primarily built
as a scaffold for knowledge intensive natural language proc-
essing (NLP) tasks and lacks the granularity in concepts
much needed for advanced querying and hypothesis genera-
tion.

We have built a system that integrates existing ontologies
relevant for the domain of gene expression to support the
discovery of new scientific knowledge. We have named this
knowledge system: the Gene Expression Knowledge Base
(GeXKB). This system is conceived as part of the Semantic
Systems Biology (SSB) (http://www.semantic-systems-
biology.org) initiative and comprises at the current stage
three application ontologies that capture the knowledge
about gene expression, namely the Gene Expression
Ontology (GeXO), Regulation of Gene Expression
Ontology (ReXO) and the Regulation of Transcription
Ontology (ReTO).

2 GEXKB OBJECTIVES AND
PRINCIPLES

GeXKB is designed to provide the molecular biologist with
a knowledge system that captures knowledge on a variety of

DESIGN

aspects of the gene expression process. To this end it should
be able to provide answers to questions like:

o ‘Which are the proteins that act as chromatin
remodeling proteins and as modulators of tran-
scription factor activity?’

o ‘Which are the proteins that participate in two
successive regulatory pathways?’.

e ‘Which are the transcription factors (Human)
that are located in the cytoplasm? .

The following design principles were followed in the pro-
cess of GeXKB development:

e 'isa' completeness

e 'all-some' semantics

e only classes used for modelling of the domain of
discourse (see Table 1)

e maximal flexibility both for users and for future
extensions

3 GEXKB ARCHITECTURE
CONSTRUCTION

The core of the three ontologies is built of terms from a
number of well established biomedical ontologies, first of
all GO (Ashburner et al., 2000) and Molecular Interactions
ontology (Kerrien et al., 2007), The core is used to integrate
data from GOA (Barrell et al., 2009), IntAct database
(Kerrien et al., 2007), KEGG (Kanehisa and Goto, 2000),
UniProtKB (Magrane and Uniprot consortium, 2011) and
NCBI Gene (Wheeler et al., 2005). In the subsequent
sections we describe the architecture and the main features
of the ontologies.

3.1

The ontologies were built using an automated pipeline
implemented with the use of the library ONTO-PERL
(Antezana et al., 2008).

AND

Data integration pipeline

[ abstract entity } [

physical entity ]

[ attribute ] [ processual entity

material entity

function

[ process aggregate ]

malecule

submolecule
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[geneexpresswanpmcess] [ cellular component }

gene expression

Figure 1: The figure illustrates the seed ontology of GeXO.




3.1.1 Building seed ontologies:

GeXO, ReXO and ReTO share a common Upper Level
Ontology (ULO), which provides a general scaffold for data
integration. It was developed on the basis of the Science
Integrated Ontology (SIO) (http://code.google.com/p/seman
ticscience/wiki/SIO) with the addition of few terms from
other ontologies. The origin of the terms is preserved in
external references. The ULO is generated on the fly by the
pipeline and does not exist as an individual artifact. The
upper level term IDs are of the form ‘SSB:nnnnnnn’.

The ULO is then merged with GO (domain specific
fragments of Biological Process, complete Cellular
Component, complete Molecular Function), MI (‘interaction
type' branch), and the Biorel ontology (Blond¢ et al. 2011).
This yields three ontologies referred to as seed ontologies.
To be more specific, in order to build the seed ontology for
GeXO, the term ‘gene expression’ (GO:0010467) and all its
descendants are imported. For ReXO and ReTO the
corresponding GO terms are: 'regulation of gene expression'
(GO:0010468) and 'regulation of transcription, DNA
dependent' (GO:0006355). We refer to these three terms as
sub-roots. Each of them is connected to the ULO as a
subclass of 'biological process'. To ensure 'is a'
completeness, each of the ontologies is complemented with
an auxiliary term - (‘gene expression process’
(GeX0:0000001), 'process of regulation of gene expression’
(ReX0:0000001), ‘process of regulation of DNA-dependent
transcription’ (ReTO:0000001)), which becomes the parent
of all the terms that did not have an 'is a' path to the sub-
root. Apart from this, the three seed ontologies are
structurally identical (Figure 1).

3.1.2 Building species specific intermediate ontologies:

The GeXKB ontologies support three model organisms:
Homo sapiens, Mus musculus and Rattus norvegicus.

The corresponding three species-specific intermediate
ontologies were developed in the following steps:

(1) For each species GOA annotations are used to
extract all the associations involving domain
specific Biological Process terms incorporated in
the previous phase. The corresponding proteins are
added as child terms to the upper level term
‘protein’ (SSB:0001211) and referred to as 'core
proteins' hereafter.

(2) From the IntAct database all the interactions
involving at least one of the core proteins are
retrieved and incorporated into the knowledge base
along with their pertinent information. This results
in a further extension of the set of proteins in the
KB.

3.1.3 Building the complete ontologies:

This is the final phase in the generation of the ontologies
which proceed as follows:

(1) The species specific ontologies (from the previous
step) are merged together.

(2) From the KEGG database all the pathways
involving at least one of the core proteins are
extracted and incorporated in the KB along with the
pertinent information. The pathway terms become
children of the term 'SSB:0011221' ( 'pathway’,
'BioPAX:Pathway'). The corresponding KEGG
orthology groups are incorporated as children of the
term 'protein cluster' (SSB:0001122). This step
results in a second extension of the set of proteins.

(3) Putative orthology relationships were computed
with the use of the high-performance library
TurboOrtho (Ekseth et al., 2010), a multi-threaded
C++ implementation of the OrthoMCL algorithm
(Li et al., 2003). The relations including core
proteins are added to the KB, leading to the final
extension of the set of proteins.

(4) The set of proteins in the GeXKB was finally
augmented with:

e GOA annotations for Cellular Components and
Molecular Functions,

e Additional information (e.g.
modifications) from UniProtKB,

protein

e The corresponding genes along with the pertinent
information from NCBIL

The final result is the three ontologies in the OBO (Smith et
al., 2007) format.

3.1.4 Enhancing the utility of the ontologies:

(1) Transitive closures were constructed with the use of
the library ONTO-PERL for the following relation
types: 'is a', 'part of', ‘regulates’.

(2) The ontologies were exported in a number of formats:
RDF, OWL, XML, and DOT.

(3) The RDF exports were used to populate a triple store,
refer Table 2 (Virtuoso Open Link).
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No. of No. of No. of
Ontology . .

classes relations instances
GeXO 168417 15 0
ReXO 152962 15 0
ReTO 141095 15 0

Table 1: An overview of the ontologies in GeXKB

3.2 GeXKB and the Semantic Web

The Semantic Web (Berners-Lee and Hendler, 2001) is an
extension of the WWW which aims at building a web of
data accessible both by computers and human beings. This
new technology is increasingly gaining momentum, in par-
ticular in the domain of Life Sciences (Antezana et al.,
2009).

In order to make use of these new technologies, the RDF
versions of the ontologies have been loaded into Open Link
Virtuoso (http://virtuoso.openlinksw.com) and can be ac-
cessed via a SPARQL query page (http://www.semantic-
systems-biology.org/apo/queryingcco/spargl). In contrast to
other Semantic Web formalisms, such as OWL, RDF ena-
bles handling of large amounts of knowledge due to its sim-
ple and flexible syntax, making querying tractable. Howev-
er, on the downside the low expressivity of RDF/RDFS im-
poses limitations on the inferencing over the knowledge
base. To overcome this limitation, Blondé¢ et al. (2011) have
developed a novel approach for semi-automated reasoning
on RDF stores with the use of the SPARUL update language
(http://www.w3.org/TR/sparql11-update/). This allows for
pre-computing the inferences supported by the store, thus
making implicit knowledge explicit and available for query-
ing. In order to provide maximum flexibility for querying,
two graphs are available for each of the ontologies - with or
without closures (e.g. GeXO-tc and GeXO, 'tc' standing for
'total closure').

The most convincing evidence of the success of the Seman-
tic Web is the quick expansion of the Linked Data cloud
(Heath and Bizer, 2011). In the course of the design of
GeXKB a number of decisions were made to facilitate the
migration of GeXKB eventually to the Linked Data cloud.
For instance, we have re-used original IDs as much as pos-
sible. If the original IDs include a name-space (e.g. GO, MI)
they were adopted without any modifications, otherwise the
IDs were prepended with a name-space (for example UPKB
for UniProtKB or NCBIgn for NCBI Gene), separated by a
colon from the original ID (the colons are replaced with
underscores in the RDF renderings). The re-use of the IDs
benefits as well the users due to faster query execution and

the familiarity of the IDs. Furthermore, in compliance with
the Linked Data recommendations we minted the URIs in
our own common name-space: http://www.semantic-
systems-biology.org/ and have consistently used rdfs:label
properties to aid human readability of the results.

RDF GeXO- ReXO- ReTO-
GeXO ReXO ReTO
graphs tc tc tc
R ~3
No. of | ~33 ~23 o ~19.9 ~2.8 ~19.1
) o . million . . .
triples | million | million million | million | million

Table 2: Shows the number of triples in the individual graphs of
GeXKB

4 QUERYING GEXKB

In this section we demonstrate the utility of GeXKB with
the help of a few example SPARQL queries. These queries
are available as a part of a list of sample queries provided on
the query page (http://www.semantic-systems-
biology.org/apo/queryingcco/spargl). To query GeXKB, the
base URI and the prefixes are set and the SELECT block
specifies the variables to be part of the solution. The RDF
triple pattern queried is defined in the WHERE block. The
queries are as follows:

Q1: (see Table 3)

Biological question: Which proteins can act as chromatin remodel-
ing proteins and as modulators of transcription factor activity?
SPARQL query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb: <SSB#>

PREFIX taxon: <SSB#NCBItx_9606>

PREFIX graph1: <ReX0>

PREFIX graph2: <ReTO-tc>

SELECT distinct ?protein_id ?protein_name

WHERE {

GRAPH graph1: {

? protein_id ssb:is_a ssh:SSB_0001211 .
?b_process ssb:is_a ssb:GO_0040029 .
?b_process ssb:has_participant ? protein_id .
? protein_id ssb:has_source taxon: .

}

GRAPH graph2: {
ssb:GO_0034401 ssb:has_participant ? protein_id .
? protein_id rdfs:label ?protein_name .

}

}
LIMIT 4




Q2:

Biological question: Which proteins participate in both the
JAK/STAT signaling pathway and Apoptosis?

SPARQL query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb: <SSB#>

PREFIX taxon: <SSB#NCBItx_9606>

PREFIX pathway1: <SSB#KEGG_ko04630>

PREFIX pathway2: <SSB#KEGG_ko04210>

PREFIX graph: <GeX0>

SELECT distinct ?protein

WHERE {

GRAPH graph: {
?prot_id ssb:is_a ssb:SSB_0001211 .
?prot_id ssb:is_member_of ?cluster.
pathway1: ssb:has_agent ?cluster .
?prot_id ssb:has_source taxon: .

}

GRAPH graph: {
?prot_id ssb:is_member_of ?cluster .
pathway2: ssb:has_agent ?cluster.
?prot_id rdfs:label ?protein .

}

}

Q3:

Biological question: Which are the transcription factors (Human)
that are located in the cytoplasm?

SPARQL query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb: <SSB#>

PREFIX taxon: <SSB#NCBItx_9606>

PREFIX location: <SSB#G0_0005737>

PREFIX graph: <ReTO-tc>

SELECT distinct ?protein ?protein_name

WHERE {

GRAPH graph: {

?protein ssb:is_a ssb:SSB_0001211 .
?protein rdfs:label ?protein_name.
ssb:GO_0006355 ssb:has_participant ?protein .
?protein ssb:has_function ?function .
?function ssb:is_a ssb:GO_0003700.
location: ssh:contains ?protein .
?protein ssb:has_source taxon: .

}

}

These queries offer just a glimpse of the repertoire of bio-
logical question that can be addressed to the knowledge
system. In addition, users could also query the knowledge
base in combination with other complementary semantic
web resources to formulate advanced queries for hypothesis

generation. This could be performed through the query fed-
eration features that are included in the latest version of
SPARQL (ver. 1.1) and will be explored in the future.

Protein ID Protein Name

http://www.semantic-systems-

ZHANG _HUMAN
biology.org/SSB#UPKB_Q9NS37 G_HU

http://www.semantic-systems-

biology.org/SSB#UPKB P14373 | | T2 HUMAN

http://www.semantic-systems-

biology.org/SSB#UPKB_Q62158 TRI27_ MOUSE

http://www.semantic-systems-

PI1_HUMAN
biology.org/SSB#UPKB_P17947 SPI1_HU

Table 3: The table shows the results for Q1

5 CONCLUSION

The drastic increase in the amount of data generated in the
field of molecular biology and biomedicine requires effi-
cient knowledge management practices. Ontologies cer-
tainly provide a robust method to integrate data and effi-
ciently represent specific (sub) domain knowledge. With the
creation of GeXKB, we have built a knowledge system that
specifically supports researchers focusing on various aspects
of gene expression. The three ontologies provide the user
with the flexibility of choosing an ontology depending on
the breadth and specificity of information needed. Further
flexibility is afforded by a range of available formats for
knowledge representation (OBO, RDF, OWL), data ex-
change (XML), and visualisation (DOT).

The presented examples demonstrate the utility of our
knowledge base with respect to answering realistic domain
specific questions, and this utility is expected to grow with
its further development. The primary goal will be to aug-
ment the knowledge base with additional high quality, cu-
rated sources of information with documented transcription
factor function and relations between transcription factors
and their target genes.
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Abstract

Background
Network-based approaches for the analysis of large-scale genomics data have become

well established, as biological networks provide a knowledge scaffold against which
the patterns and dynamics of ‘omics’ data can be interpreted. The background
information required for the construction of such networks is often dispersed across a
multitude of knowledge bases in a variety of formats. The integration of this
information into one seamless knowledge resource is one of the main challenges in
bioinformatics. The Semantic Web offers powerful technologies for the assembly of
integrated knowledge bases that are computationally comprehensible, providing a
potentially powerful resource for constructing biological networks and network-based
analysis.

Results

We previously developed the Gene eXpression Knowledge Base (GeXKB), a
semantic web technology based resource that contains integrated knowledge about
gene expression regulation. We have enhanced and extended GeXKB and now
demonstrate how this resource can be exploited for the identification of candidate
regulator proteins that should be considered for integration into a regulatory network
model. We present four use cases that were designed from a biological perspective in
order to find candidate members relevant for our model network: the gastrin hormone
signaling network. These candidates (regulator proteins and regulated genes) were
subjected to a number of criteria to further substantiate their potential role in gastrin-
mediated regulation of gene expression in our model system: AR42J cells. We have
identified 33 potential regulator proteins and two regulated genes which may be

considered for the extension of the gastrin response network.
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Conclusions
The GeXKB offers biologists an integrated resource that allows complex biological

questions pertaining to gene expression. Semantic Web technologies provide the
means for integrating various heterogeneous knowledge sources in order to extract
maximum information (if needed inferred computationally). This work illustrates how
new potential candidates can be retrieved for the extension of a gene regulatory

network.

Background

Cellular signaling cascades support the transmission of information from external
signals (e.g. hormones) to distinct cellular responses, for instance changes in gene
expression. Gene expression is controlled by a network of highly interconnected
proteins known as transcription regulators [1, 2]. There is a large array of
transcription regulators including sequence-specific DNA binding transcription
factors (DbTFs), various transcription co-factors and chromatin modifiers [3, 4]. The
information concerning these regulatory network components is scattered across a
multitude of resources in a variety of formats, making it a challenge to consider all

information when addressing questions to this fragmented knowledge resource.

More generally, the formulation and assessment of biological hypotheses against prior
knowledge fundamentally relies on efficient knowledge integration that interlinks
information and knowledge at various levels in standardized formats, after which the
best supported hypotheses can be selected for testing in wet-lab experiments. The

development of the technology for knowledge integration, metadata requirements and



knowledge representation formats therefore has evolved to become a major research

area [5, 6].

Ontologies have become a fundamental scaffold for the representation of biological
knowledge. The Open Biomedical Ontologies (OBO) Foundry [7] provides a set of
guidelines to structure the co-ordinated development of bio-ontologies. Bio-
ontologies developed following the guidelines of the OBO Foundry are becoming
widely used the life science community. The Gene Ontology (GO), a prominent
example of this [8], provides a unified representation of properties of genes and their
products. Furthermore, the Gene Ontology Annotation project [9] facilitates the
unambiguous annotation of gene products with GO terms covering molecular

function, cellular component and biological process aspects.

In parallel, the Semantic Web initiative [10] essentially aims at transforming the
current Web into a global reasoning and semantics-driven knowledge base. The
semantic web is founded on a collection of technologies such as the Resource
Description Framework (RDF) [11], RDF Schema (RDFS) [12], Web Ontology
Language (OWL) [13] and SPARQL Query Language (SPARQL) [14] which
provides the foundation for data integration, and the means for querying and
reasoning. RDF has become the foundation for data integration across computing
platforms due the flexibility it offers in describing data. RDF models data in the form
of so-called triple statements, comprising a subject, a predicate and an object. Triples
can be joined in a large network of data that can be integrated from different sources,
essentially in the form of a graph. At the core, RDF and the associated semantic web

technologies like RDFS and OWL use the Uniform Resource Identifiers (URI) to



identify real-world objects and concepts enabling interactions over the Web using the
Hypertext Transfer Protocol (HTTP). The SPARQL querying language allows the
retrieval of triples of interest (a sub-graph) from an arbitrary set of RDF graphs. It is
considered as one of the key technologies of the semantic web as it enables users to

query and integrate results from multiple RDF graphs that may reside at any location.

The semantic web promises to meet the challenges in knowledge representation and
management by providing flexible frameworks for the modelling of knowledge of any
given domain. We are currently witnessing a growing use of semantic web
technologies for the management of broad repertoires of biological concepts and for
providing a scaffold for the integration of concepts and data from disparate biological
databases. As part of these efforts we previously built the Cell Cycle Ontology (CCO)
[15] and the BioGateway knowledge base [16], both part of the Semantic Systems
Biology platform [17]. Several other initiatives are demonstrating the potential of
semantic web technologies. Semantic web resources such as Bio2RDF [18] and
Linked Life Data [19] provide integrated knowledge that comprises information from
NCBI Gene, UniProt, DrugBank, Pfam and the Protein Data Bank (PDB), to name
just a few. These resources are generic in their scope by covering many aspects of the
life science domain, but they lack information specific to gene regulation such as the
relationships of DbTFs and the genes that they regulate (‘target genes’). Furthermore,
AmiGO [20] is the official web-based tool suite that allows users to analyse GO-
annotated genes and proteins, such as browsing GO branches, searching for gene or
gene product associations with specific GO terms, performing sequence similarity
(BLAST) searches and viewing the associated GO terms for the returned list of genes

or proteins. This tool however is restricted to the information housed in the GO



database. The Orymold system [21] provides gene expression information integrated
from TIGR rice genome database and Plant Proteome Annotation program for the
model organism Oryza sativa. The system follows two tier architecture: the gene
expression information is managed by a traditional relational database management
system (RDBMS), OryDB; an ontology (Orymold ontology) is built on top of OryDB
which serves as an integration scaffold and aids users make ontology based queries
via a user interface. Data access in Orymold is made flexible by the ontology layer
however it is built on a RDBMS platform which is a limiting factor towards efficient
data integration. IntegromeDB [22] is a graph-based semantic knowledge base that
integrates publicly available information focusing on transcriptional regulation. Users
may opt to analyze the integrated data with the BiologicalNetworks application [23],
but the possibilities to address complex queries of the type that SPARQL can handle
are limited. Alternatively, WikiPathways [24] is an open collaborative platform for
curated information on biological pathways. The information from WikiPathways has
been converted to RDF providing access this knowledge via a SPARQL endpoint
[25], but this is restricted to the information on biological pathways as the resource

does not integrate information on protein-protein and DbTF-target gene interactions.

Broadly speaking, the various initiatives that provide semantic web solutions have
greatly facilitated the process of integrating data from various sources. However, this
does not mean that the semantic web has become deeply integrated in the repertoire of
tools currently in use by experimental biologists. In that sense the semantic web
represents a typical technology push, the technology can only make an impact when it
becomes broadly embraced by the end users. To further establish the advantages of

the semantic web and to encourage the experimental biologists to utilise these



resources as part of their daily research activities requires involvement of the user
community in the development of resources and the lowering of hurdles to adopt the
new approach. For instance, many semantic web knowledge bases currently provide a
SPARQL endpoint as a means to access the integrated data. Although in most cases
sample queries are provided to guide the users, these are not very user-friendly. In
some cases, the knowledge bases are equipped with faceted browser interfaces that
allow users to explore the information by applying multiple filters and keywords.
These are suitable for quick searches, such as retrieving a local neighborhood of a
particular term (e.g. an ontological term, protein or gene identifiers). Although this
helps the user in getting acquainted with the information offered by these resources,
specific biological questions often need the formulation of much more complex
queries. This requires at least a minimum knowledge of SPARQL, and as it is evident
that this query language is somewhat intimidating for the biologists it results in an
underuse of available semantic web resources. Providing interfaces that covert natural
language questions to SPARQL queries is an active area of research with some
advances been made in this regard outside the bioinformatics domain [26, 27, 28].
However, these approaches need to be carefully studied and adapted to suit the needs

of the bioinformatics domain.

Therefore, in a close collaboration between semantic web specialists and experimental
biologists we developed and exploited a set of resources designed as an analysis
platform for the study of gene regulation events and built the Gene eXpression
Knowledge Base (GeXKB) [29]. Here we describe the results of this joint work which
focused on a number of concrete biological questions addressing the transcriptional

regulatory network being regulated by gastrin-mediated signaling cascades.



Gastrin is a gastrointestinal peptide hormone which, similar to many other
extracellular signals such as e.g. growth factors, plays a crucial role in both normal
and pathological processes. After binding to its receptor CCK2R (cholecystokinin 2
receptor) gastrin triggers the activation of multiple intracellular signaling pathways
and transcription regulatory networks culminating in the regulation of a vast number
genes and cellular responses. We previously performed an extensive genome-wide
gene expression time-series experiment on a gastrin-hormone induced AR42J cells
[30]. This work allowed us to identify global changes in mRNA levels in response to
gastrin, serving as an experimental reference for our study. In addition, we
constructed a CellDesigner [31] map of gastrin-responsive intracellular signaling and
transcription regulation networks based on an exhaustive search for experimental
evidence reported in literature [32]. This network map was taken as a point of
departure to identify new proteins that should be considered as putative network
extensions. Sets of candidate proteins and genes were retrieved from the GeXKB
resource based on a series of specific biological questions and converting those into
computable queries that could be launched against GeXKB. The subsequent sections
briefly describe the architecture and the improvements made to GeXKB, the
construction of queries to generate the sets of candidate proteins and how these sets

were assessed for significance with respect to the network model.

Methods

Experimental data

A genome-wide gene expression time-series experiment was performed on AR42J
cells, available from the ArrayExpress database [33] (accession number: GSE32869).

Analysis of this data set showed ~2000 genes with changes in expression in response
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to gastrin. For proteins to qualify as valid network candidate we reasoned that its

corresponding gene expression should be responsive to gastrin.

Gastrin and CCK2R mediated signaling network

We constructed a map of gastrin-responsive intracellular signaling and transcription
regulation proteins and genes based on an exhaustive search for experimental
evidence reported in literature [32]. This map provided a comprehensive overview of
all studies performed to date concerning gastrin inducible pathway members, and it

served as a seed to query for new network candidates.

GeXKB Architecture

Capturing knowledge of the domain of gene expression requires the integration of
information covering a broad range of biological processes, and molecular functions.
Furthermore, it is important to capture the complex molecular interactions that
represent the associations between DbTFs and their target genes and also the factors
that modulate these interactions. To this end, GeXKB was designed to integrate high
quality (curated) knowledge from a variety of sources. The knowledge base comprises
three application ontologies: the Gene eXpression Ontology (GeXO); the Regulation
of Gene eXpression Ontology (ReXO); and the Regulation of Transcription Ontology
(ReTO). GeXO, ReXO and ReTO are three nested ontologies (see Figure 1) with, in
the order given, an increasingly narrower biological focus: users interested
specifically in the regulation of nuclear transcription may find it more convenient and
efficient to use ReTO instead of e.g. GeXO. GeXKB supports the three model
organisms Homo sapiens, Mus musculus and Rattus norvegicus. The GeXKB

ontologies share a common Upper Level Ontology (ULO), which serves to ‘glue’



together the various components of the application ontology. The ULO terms were
developed on the basis of the Semanticscience Integrated Ontology (SIO) [34] and
BioPAX [35]. In the current version of the GeXKB ontologies (v1.01), the ULO
contains additional terms from other ontologies, including the Ontology for
Biomedical Investigations (OBI) [36]; Chemical Entities of Biological Interest
(ChEBI) [37]; and the Information Artifact Ontology (IAO) [38]. The ULO is merged
with the GO through sub-domain-specific fragments of the Biological Process branch,
and the complete Molecular Function and Cellular Component branches. More
specifically, the GO gene expression sub-domain terms ‘gene expression’
(GO:0010467), 'regulation of gene expression' (GO:0010468) and 'regulation of
transcription, DNA dependent' (GO:0006355) with all their respective descendants
are imported to form GeXO, ReXO and ReTO, respectively. Additionally, the
molecular interaction data is supported by the ‘interaction type’ branch of the
Molecular Interaction (MI) ontology [39]. The Biorel ontology [40], an extension of
the Relational Ontology [41] is added to provide additional vocabulary to logically

link entities with relation attributes such as transitivity, reflexivity and subsumption.

GeXKB is fundamentally a protein-centric resource. Protein information from various
sources is linked to the integrated ontologies to form the subsequent application
ontologies. These sources include the UniProt Knowledgebase [42] (protein
annotations including protein modification information); the Gene Ontology
Annotations [9]; KEGG [43] (pathway data); and IntAct [44] (protein-protein
interactions). The corresponding gene information is integrated from NCBI Entrez
datasets [45]. Also, orthology relationships were predicted using orthAgogue [46], a

high performance C++ implementation of OrthoMCL [47]. Furthermore, the current
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Figure 1: GeXKB ontologies.

The illustration shows the layout of the nested GeXKB ontologies (GeXO, ReXO and ReTO).The blue
nodes represent the upper level ontology (ULO), the common root of the three ontologies. The black
and red edges depict ‘is_a’ and ‘part of’ relations, respectively. The three ontologies cover an
increasingly wide domain from bottom to top. Each GO sub-domain term (e.g. GO:0010467; denoting

‘gene expression’) and its descendants are linked to the ULO as a subclass of ‘Biological Process’.

version of GeXKB contains documented information about the functional interaction
of DNA binding transcription factors with their target genes, added from a number of
sources which includes a) PAZAR database [48], an open source framework that
serves as an umbrella to bring together datasets pertaining to transcription factors and
regulatory sequence annotations; b) Human Transcriptional Regulation Interactions

(HTRI) database [49], an open-access database that serves as a repository for
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experimentally verified human transcription factor - target gene interactions; c)
TFactS [50], a database that catalogs curated transcription factor - target gene
interactions; and d) TFcheckpoint [51], a database that compiles curated information
on human, rat and mouse DbTF candidates from many different resources.

Data integration pipeline

The GeXKB ontologies are generated by an automated data integration pipeline
(Figure 2) that relies on the ability to programmatically manipulate ontologies
through the ONTO-PERL API [52]. The pipeline is designed to accommodate the
dynamic structure of biological information that is constantly being extended and
updated. Hence the production of the knowledge base follows a particular cycle
involving periodical download of data and integration of ontologies and data from
scratch. As a first step, the ULO is assembled as a seed structure for linking both to
the various GO sub-domain fragments and the MI and Biorel ontologies. This step
generates three ontologies known as the seed ontologies. At the next step sets of
proteins are retrieved from the Gene Ontology Annotation files by association with
the Biological Process terms present in each of the seed ontologies. These sets of
proteins (referred to as 'core' proteins) are used in the subsequent steps as a basis to
select additional proteins from IntAct interactions, KEGG pathways and binary
orthology relations as predicted by orthAgogue. Next, protein modifications, basic
gene information and associations with Cellular Component and Molecular Function
terms are added from UniProt, NCBI Entrez and the Gene Ontology Annotations.
The pipeline finally outputs the three application ontologies in OBO [53], DOT [54]
and XML [55] formats. A more detailed description of the pipeline has been provided

earlier [29].
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Accessing GeXKB
The semantic web extends on conventional Web technologies with the aim to

facilitate automated machine interoperability by providing sophisticated frameworks
for representation, management and retrieval of information. GeXKB utilizes the
knowledge representation features offered by RDF and builds on previous efforts to
use semantic web technology for the integration of knowledge [15,16,18,19,56]. The
GeXKB ontologies are uploaded as RDF graphs to a Virtuoso data storage engine
[57], which makes them accessible as a SPARQL query endpoint [58]. The query
page contains sample queries that can be easily customized to help users explore the

knowledge base.

Although RDF is efficient in integrating data, it has limited expressivity and it was
not conceived to perform inferencing tasks. In GeXKB this limitation is partially
overcome by the use of a semi-automated reasoning approach developed by Blondé et
al. [40]. This approach allows the inference of new relations from the existing relation
types in GeXKB based on five inference rules, namely reflexivity, transitivity, priority
over the subsumption relation, superrelations and compositions. For details about the
theoretical aspect of these inference rules see [40] and [59]. The inferencing process
is implemented by using the SPARQL update language (SPARUL) [60] and a
scaffold provided by the Biorel ontology to pre-compute the inferences, essentially to
extract implicit relationships. This method enriches the RDF graph and offers
increased power and flexibility in querying. Hence, each of the three nested
ontologies is available as two graphs: either with or without the information obtained
through inferencing. The graphs containing pre-computed inferences are suffixed with
‘tc’ (e.g. ReTO-tc, where 'tc' stands for total closures). Data sets from PAZAR, HTRI,
TFactS and TFcheckpoint are loaded as separate RDF graphs.
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Figure 2: The data integration pipeline.

The first step of integration starts by generating an Upper Level Ontology, which is then linked with
the different ontologies: GO (Biological Process, Molecular Function and Cellular Component
fragments), the MI ontology and the Biorel ontology, forming a seed ontology. Mouse, human and rat-
specific data are integrated from Gene Ontology Annotation files and IntAct. Next, these species-

specific ontologies are merged and additional data is integrated including protein information



(UniProt), pathway annotations (KEGG), basic information for genes (NCBI) and orthology relations

for proteins (orthAgogue). The final ontology is available in different formats.

A major effort of the semantic web community is focused towards making resources
available as part of the Linked Data cloud [61]. We have taken initial steps in making
the GeXKB resource Linked Data-compatible, therefore we re-use original IDs for all
entities in GeXKB and we use a common namespace (http://semantic-systems-
biology.org/SSB#) for all the URIs. This solution combines the benefits of faster
query execution and familiarity of the IDs for the users. For instance, GeXKB can be
queried using NCBI Gene IDs or UniProt accessions to retrieve information
pertaining to the gene of interest. Additionally, the ID mapping file offered by
UniProt has been uploaded in the RDF format to provide flexibility in using IDs

produced by databases such as Ensembl [62].

Alternatively, the GeXKB ontologies can also be accessed through the NCBO
BioPortal [63], where they can be visualized using the NCBO's FlexViz tool and
queried via a SPARQL endpoint. However, it should be noted that BioPortal re-

designs the URIs according to their internal policy.

Use cases
Our use cases were designed to identify new putative network components related to

gene expression regulation that may play a role in the response to gastrin. We
formulated biological questions that, once converted to SPARQL queries, should
allow us to retrieve proteins and genes related to the current literature-based gastrin
signaling network map. We reasoned that given the knowledge sources integrated into

GeXKB, these queries should yield both well established and new gastrin response
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network participants. In total we formulated 6 questions, identified as Q1 through Q6
below, all converted to customized SPARQL queries on the Homo sapiens data in

GeXKB.

The results returned for uses cases I through III were investigated for their relevance
to the gastrin response network by categorizing them into two disjoint groups: a)
proteins that are already documented as memebers in the gastrin response network,
and b) potential novel components of the gastrin response network. The proteins from
group b were further assessed for two criteria: 1) whether they show evidence of
gastrin-induced regulation at the mRNA level, based on transcriptome observations
previously obtained in the AR42J cell line model system (essentially a 14h time series
gastrin response data set, see Methods); and 2) whether there is any literature
reference implicating them to respond to stimuli in general (other than gastrin).
Proteins qualifying for both criteria were deemed to constitute the most promising set
of new putative network members obtained from GeXKB. Further, for use case IV the
results returned for Q6 were assessed based on whether the genes (regulated by the
corresponding DbTFs) are expressed in the AR42J cell line and their expression in
response to gastrin stimulation. Below we provide a detailed description of the use

cases and queries submitted to GeXKB.

Use Case I: Protein candidates involved in regulation of transcription factor CREBI

The cAMP response element binding protein 1 (CREBI1) is a specific DNA binding
transcription factor. It is known that many different signal transduction and gene
regulation proteins can modulate CREBI1 activity. These regulators include activators,

repressors, chromatin modifiers and signaling proteins, each of which may belong to
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one or more of the network protein classes such as DbTFs, co-factors and kinases. We
were interested in gathering all known regulators of CREBI1 that could be relevant in

the context of gastrin signaling.

To investigate the regulators of CREB1 (UniProt accession: P16220; commonly
referred to as “CREB”), three queries were formulated (Q1-Q3, supplementary
material). Query Q1 retrieves all proteins that are involved in the activation of
CREBI. To achieve this, the query combined different terms that suggest the
activation of CREBI. First of all, we used the ReTO and ReTO-tc graphs as default
graphs for the queries as they are suitable to query nuclear transcriptional processes.
Further, the GO terms positive regulation of CREB transcription factor activity
(GO:0032793) and cAMP response element binding protein binding (GO:0008140)
were included in the query. These terms suggest direct association with the process of
regulating CREB1. Additionally, the term direct interaction (M1:0407) was included
in the query to retrieve proteins that interact directly with CREB1. Then, to widen
the breadth of the query, a broader GO term, positive regulation of sequence-specific
DNA binding transcription factor activity (GO:0051091) was included. However, in
this case only proteins that have a physical association (M1:0914) with the CREB1
protein were considered, thus reducing the number of false positives (see Figure 3).
Similarly, Q2 retrieves proteins associated with biological process terms negative
regulation of CREB transcription factor activity (G0O:0032792) and negative
regulation of sequence-specific DNA binding transcription factor activity

(GO:0043433).
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Figure 3: Conceptual model of Q1.

The cartoon displays the different concepts, ontology terms and relationships that together form a graph
that was used as a SPARQL query to find matching patterns in GeXKB. The query specifies proteins
that A) exhibit positive regulation of CREB transcription factor activity (GO:0032793); B) exhibit
positive regulation of sequence-specific DNA binding transcription factor activity (GO:0051091) and
are linked to the CREBI1 protein through an association (M1:0914); C) are linked to the CREBI protein
through a direct interaction (MI1:0407); and D) have function cAMP response element binding protein

binding (GO:0008140).

The query Q3 specifies chromatin modifiers that are involved in the regulation of
CREBI. It retrieves the union of proteins associated with molecular function terms
histone acetyltransferase (G0O:0004402) and histone deacetylase (GO:0004407)
activity that are involved in the biological process regulation of sequence-specific
DNA binding transcription factor activity (GO:0051090), and are interacting with the
CREBI protein. Other than providing putative network components these queries also
serve to demonstrate the utility of targeting relations obtained through the inferencing
process. By using the ReTO-tc graph, we were able to include implicit knowledge

statements in the query output, meaning ontology term relationships not directly
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annotated to proteins, but shown to belong and directly linked to them through the

inferencing process (see Methods 2.2: Accessing GeXKB).

Use Case II: Repressors of NFkBI and RELA that undergo proteasomal degradation

NFkB1 and RELA are members of the NF«B transcription factor family. Members of
this family are involved in regulating apoptosis, proliferation, and immune responses
[64]. Gastrin-dependent regulation of this transcription factor is reported to be
mediated through PKC and Rho GTPase signaling cascades [65, 66] (Figure 4). The
activity of NFkB is under the control of a family of inhibitors, known as ‘inhibitors of
kB (IkB)’ that sequester NFkB in the cytoplasm and thereby keep these transcription
factors in their inactive state. Proteasomal degradation of IkB factors results in
restoration of the active state of the NFxB transcription factor. In order to gain
detailed mechanistic insight in NF«B regulation in the context of the gastrin response,
we were interested in retrieving the proteins that contribute to NFkB down-regulation,
and also are functionality related to proteasomal degradation. This was achieved by
formulating Q4, which was constructed similar to the previous queries by using a
combination of terms. First, the GO term negative regulation of NFxB transcription
factor activity (GO:0032088) was chosen as the central term, as this would retrieve all
proteins annotated as negative regulators of NKxB and RELA. Next, GeXKB was
explored to identify terms that suggested an involvement with proteasomal
degradation. Several terms were identified: wubiquitin ligase complex (cellular
component: GO:0000151), ubiquitin binding (molecular function: GO:0043130),
ubiquitination reaction (interaction type: MI:0220), and wubiquitin mediated
proteolysis (KEGG pathway: ko04120). The SPARQL union construct was used to

formulate a combination of the central term and the additional term set.
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Use Case IlI: List of components that function as repressors for TFC7L2 and
activators for NFkB1 or CREBI

In the gastrin response signaling cascade, DbTFs are implicated in different cellular
processes. TCF7L2 plays a central role in gastrin mediated cellular migration [67],
whereas NFkB1 and CREBI are central in regulation of gastrin-dependent immune
responses and proliferation, respectively [68, 69]. Investigation of proteins that
function as repressors for one transcription factor and activators for another can be of

potential significance in cellular decision making.

No terms were found specifically suggesting negative regulation of TCF7L2.
Therefore, Q5 was formulated by using generic terms that indicated a dual role of
proteins. As a result, Q5 retrieves all proteins that interact with the TCF7L2 protein
(UniProt accession: QINQBO) and are furthermore annotated with the terms negative
regulation of sequence-specific DNA binding transcription factor activity
(GO:0043433), and positive regulation of sequence-specific DNA binding

transcription factor activity (GO:0051091).

Use Case IV: Identification of genes that are shared targets of DbTF regulators and
the DbTFs in use case I-II1

Most signal-induced cellular responses involve regulation of gene expression. DbTFs
are central in regulating gene transcription rates which in turn play a key role in
determining gene expression levels. Often, several DbTFs act together in the
regulation of transcription of a specific gene. To enhance our understanding of

mechanisms involved in gastrin mediated cellular responses we were interested in
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retrieving the shared target genes of the selected DbTFs (CREBI, NFKBI1 and
TCF7L2) and their regulators that function as DbTFs. TFcheckpoint data contains
literature curated classifications of true DbTFs. Thus, queries Q1, Q2, Q4 and Q5
were extended to identify the DbTFs among the regulators using the TFcheckpoint
graph. Furthermore, Q6 was formulated to retrieve target genes shared between the

regulators and their corresponding DbTF from TFactS, PAZAR and HTRI graphs.

Results
The six SPARQL queries and the results of use cases I through III are available in the

supplementary material. All queries combined returned 148 proteins and 20 target
genes. Because we used both standard RDF graphs and graphs containing triples
obtained from pre-computing relations through total closures (the tc graphs, see
Methods) we were able to differentiate the results. Queries Q1, Q3, Q4 and Q5 were
launched against RDF graphs containing inferred triples, meaning the contained
results from tc graphs. QI returned 37 proteins, 24 of them obtained by inferencing;
Q4 returned 32 proteins with 17 proteins resulting from inferencing. Moreover, the
results produced by Q3 and Q5 were solely based on the tc graphs, and yielded 21 and
six proteins, respectively. Table 1 shows the break-down of the number of proteins

returned.

The proteins were classified based on the criteria described above (see section Use
cases), grouping them in known members of the CCKR network (a), new candidates
with evidence of regulation at the mRNA level (b1) and proteins which are described
in literature as responding to stimuli other than gastrin (b2). Considering the new

putative network proteins among the 105 proteins identified in Use case I, 60 proteins
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Table 1: SPARQL query results
The table shows the break-down of results returned from the five SPARQL queries that were part of

Use case I - I1I. Asserted components: the number of proteins retrieved by direct statements; Inferred
components: proteins retrieved by inferred statements; Union: the number of proteins retrieved by
using a combination of asserted and inferred statements in the queries; Intersection: the number of
proteins that are common between asserted and inferred statements; Total: the total number of proteins

retrieved by the five queries. Note: n/a — not applicable.

Use Case I Use Case 11 Use Case III
Q1 | Q2 | Q3 Q4 Q5
Asserted components 13 52 - 15 -
Inferred components 24 - 21 17 6
Union 37 n/a n/a 32 n/a
Intersection 3 n/a n/a 0 n/a
Total 37 52 21 32 6

qualify as b, and 16 proteins as b, (Table 2a, Supplementary material). Similarly, Use
case II yielded 32 proteins, 20 of which belonging to b; and 12 to b, (Table 2b). Use
case III resulted in six proteins; all of them are member of both group b; and b,
(Table 2c). Furthermore, Use case IV yielded 18 potential regulators of CREBI, three
of NFKBI1 and two of TCF7L2; all of them are DbTFs based on the TFcheckpoint
data (Table 2d). These regulators proteins were subsequently used in Q6 from Use
case IV to identify target genes that they share with CREB1, NFKB1 or TCF7L2.
This query yielded 20 target genes (19 unique target genes), and were further assessed

based on 1) their expression in AR42J cells and 2) their response to gastrin-induced
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stimulation. Finally two target genes that were considered as valid hypotheses (Table

3).

Discussion
Network based analysis of biological data forms one of the cornerstones of systems

biology. Finding new candidate network components is an area of active research [70,
71, 72]. Our objective was to demonstrate the use of semantic knowledge bases for
such network expansion work, in order to illustrate the potential value of the semantic
web for the biologists. We extended the semantic knowledge base GeXKB in order to
make it more suitable for regulatory network analysis and construction. Starting from
a literature-based gastrin signaling network that we built previously we chose three of
its documented DNA binding transcription factors (CREB1, NFKB1 and TCF7L2) for
the design of a set of biological questions that were formulated as SPARQL queries.
This allowed us to retrieve 148 candidate regulators of these three DbTFs, and 20
shared target genes that are likely to be regulated by both the candidate regulators and

the DbTFs.

Use Case I was designed to identify new activators of CREB1. The only known
activator of CREBI reported in the context of a gastrin-mediated response is
Ribosomal S6 Kinase 1/2 (RSK1/2, see Fig. 4), a member of the 90 kDa ribosomal S6
kinase (RSK) protein family [73]. The results obtained from GeXKB suggest several
other members of the RSK family to be involved in the activation of CREBI:
Ribosomal protein S6 kinase alpha-4 (RPS6KA4) and Ribosomal protein S6 kinase
alpha-5 (RPS6KAS), as indicated in Table 2a and Figure 3. Our literature search
revealed that activation of CREBI1 was indeed shown to be regulated by RPS6KA4

and RPS6KAS [74, 75], however, only RPS6KA4 is expressed in AR42J cells and is
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thus an interesting candidate for experimental investigation in our gastrin response
model system. Similarly, the network candidates PRKD1 (PKD1) and PRKD2
(PKD2) were reported to play a role in CREBI1 activation in other cellular responses
[76, 77], making them interesting candidates for AR42J experiments since they are
expressed in this cell line (Table 2a). Furthermore, among the repressors, TCF7L2,
SIRT1 and SIK1 (Table 2a, and Figure 4) are well documented as negative regulators
of the CREBI transcriptional complex in other experimental systems [78, 79, 80].
Proteins such as CREB-binding protein (CREBBP, also termed CBP), which have
multiple functions to accommodate different contexts and environments [81, 82], also
appear in the query result (see Table 2a, and Figure 4). This reflects the complexity
where various factors interplay and contribute to CREBI regulation in response to a
stimulus. Taken together, our analysis of GeXKB for information relevant for the
CCKR network showed that gastrin-mediated regulation of CREB1 activity involves
several other proteins in addition to RSK1/2, which is the only CREB1-modulator
reported so far in gastrin-responses. Rather, the cellular response outcomes upon
gastrin stimuli and mediated by CREBI1 are likely to be dependent on the interplay
between different activators such as RPS6KA4 and PRKD1/2 and repressors such as
TCF7L2, SIRT1 and SIKI1, resulting in fine tuning of CREBI-mediated gene

regulatory events triggered by gastrin.

For Use Case II, literature screening showed that several proteins, including
NFKBIA, CYLD, TAX1BP1, ITCH, SIRT1 and IRAK, have been reported to
undergo proteasomal degradation and are implicated in contributing to NFkB down-
regulation (see Table 2b and references herein, and Figure 4). However, in the gastrin

response signaling cascade, so far only NFKBIA has been experimentally shown to be
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associated with negative regulation of NFkB (reference in Table 2b, Figure 4). The
GeXKB query result suggests additional proteins e.g. CYLD, TAX1BPI1, ITCH,
SIRT1 and IRAK that are documented as NFkB repressors and undergoing
proteasomal degradation (see Table 2b, and Figure 4) and that can therefore be

interesting to pursue in future experimental work.

Furthermore, in Use Case 111, interestingly, the genes encoding these six proteins are
all expressed in AR42J cells. Five of these proteins (see Table 2c, and Figure 4) have
literature evidence indicating that they function both as activators and repressors,
depending on the context. Of these six proteins, only beta-catenin (CTNNBI1) has
previously been shown to modulate TCF7L2 in gastrin mediated intracellular
signaling. In Use Case IV, the result suggests that regulators CREM, FOXP3,
TCF7L2, SMAD3 and PAPRI1 are DbTFs and share 20 target genes that are also
regulated by CREB1 and NFkB1 DbTFs (see Table 3). The genes encoding the
regulators CREM, TCF7L2 and PAPRI are found to be expressed in AR42J cells.
Therefore, potential targets of any of the AR42J expressed regulators would be of
greater significance, especially if these target genes would show evidence of
regulation in the gastrin-induced AR42J cell system. GeXKB provided five genes
(JUN, NFkBI1, IER3, ALOX5AP and BRCA?2) (see Table 3), however, only JUN and
BRCA?2 are identified as genes that are targets of regulators (CREM and PAPRI,

Figure 4), and show changed expression in AR42]J cells after gastrin perturbation.

The results presented in this paper demonstrate that GeXKB can facilitate the
identification of potential novel regulatory network candidates. Our analysis suggests

that GeXKB also offers good perspectives as a resource for relevant information
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Table 2: Regulators of DbTFs

List of proteins returned for use case I (a); use case II (b); use case III (c). Key for columns (left to

right) of tables a-c: Regulator(s): A subset of proteins (complete list in supplementary material) that

are retrieved after querying GeXKB for regulators of the targeted transcription factors. Function: Role

of the retrieved regulators. GeXKB result categories: b; novel regulators that are expressed in AR42J

cells; and b, novel regulators which are implicated based on observations in responses to other stimuli

than gastrin. Evidence: Literature references for the given functionality for the transcription factor

regulators in question. The PubMed IDs (PMIDs) are chosen from PubMed-based searches guided by

GeXKB results.
a)
GeXKB result
Regulator(s) Function categories Evidence
b] b 2
CAMKI1D CREB activator Yes PMID:16324104
CREM CREB activator Yes Yes PMID:1370576, PMID:7961842
CRTC1 CREB activator Yes PMID:17565599
CRTC2 CREB activator Yes PMID:17565599
CRTC3 CREB activator Yes PMID:17565599
MAPK3 CREB activator Yes PMID:8688081
. PMID:19442239, PMID:18063805,
PRKAAL1 CREB activator Yes PMID:17565599
PRKAA2 CREB activator Yes PMID:19442239, PMID:18063805
PRKD1 CREB activator Yes PMID:20497126, PMID:17389598
PRKD2 CREB activator Yes PMID:20497126, PMID:17389598
RPS6KA1 CREB activator Yes PMID:8688081, PMID:17565599
RPS6KA4 CREB activator Yes Yes PMID:16125054
RPS6KAS CREB activator Yes PMID:16125054
CEBPG CREB repressor Yes Similarity bZIP
DDIT3 CREB repressor Yes Similarity bZIP
Functional similarit
HDAC2 CREB repressor Yes (PMID: 10669737)y
Functional similarit
HDAC4 CREB repressor Yes (PMID: 1066973 7)y
SIRT1 CREB repressor Yes Yes PMID:23292070
SIK1 CREB repressor Yes Yes PMID: 15511237
TCF7L2 CREB repressor Yes PMID:23028378
CREB activator
CREBBP and chromatin Yes Yes PMID:11094091, PMID:9413984
modifier
EP300 CREEOZI}%‘;T“I“ Yes Yes PMID: 17565599
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b)

GeXKB result Eviden
Regulator(s) Function categories vidence
b 1 bz
NFKBIA NF«kB1 and RELA repressor Yes PMID:12740336
PMID: 15799966,
COMMD1 NF«xB1 and RELA repressor Yes PMID:16573520,
PMID:20068069
PMID: 15799966,
COMMD7 NF«B1 and RELA repressor Yes PMID:16573520,
PMID:20068069
TAX1BP1 NFkBI1 and RELA repressor Yes Yes PMID:22435550
PMID:19494296,
PMID: 19608751,
TNFAIP3 NF«B1 and RELA repressor Yes PMID: 16684768,
PMID:19380639
PMID:22435550,
ITCH NF«B1 and RELA repressor Yes Yes PMID-21119682
PMID:22435550,
CYLD NFkB1 and RELA repressor Yes Yes PMID:21119682,
PMID:19373246
SIRT1 NFkB1 and RELA repressor Yes Yes PMID:19373246
PMID: 12398896,
CTNNB1 NF«B1 and RELA repressor Yes PMID: 14991743
PMID:20300215,
IRAK1 NFkB1 and RELA repressor Yes Yes PMID: 17457343
PMID:20300215,
IRAK2 NF«xB1 and RELA repressor Yes Yes PMID: 17457343
PMID:20300215,
IRAK3 NF«kB1 and RELA repressor Yes Yes PMID: 17457343
ZNF675 NFkB1 and RELA repressor Yes PMID:11751921
)
GeXKB result Evidence
Regulator(s) Function categories
by by
TCF repressor, NFkB PMID:17504138,
PARP1 activator Yes Yes PMID:19060926
TCF repressor, NFkB PMID:18772112,
RUNX3 activator Yes Yes PMID:21523770
CTNB1 TCF repressor Yes PMID:20122174
TCF repressor, NFkB PMID:17283121,
XRCCS activator Yes Yes PMID:17031478
TCEF repressor, NFkB PMID:17283121,
XRCC6 activator Yes Yes PMID:17031478
DAXX TCF repressor Yes Yes PMID:16569639
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Table 3: DbTF — target gene categorisation

The table lists shared target genes of the novel DbTFs and CCKR core DbTFs, retrieved through Use
Case I-11I. Key for columns (left to right): Novel DbTFs: Proteins that regulate the core CCKR-DbTFs
(CREBI, NFkB1 and TCF7L2) transcriptionally; Function: Role of the regulators; CCKR-DbTF:
core CCKR-DbTF that is regulated by the candidates from column one; TGs: Target genes retrieved
from GeXKB that are found to be common between the novel DbTFs and the CCKR core DbTF(s);
AR42J expressed: target genes that are expressed in AR42J cells; Gastrin responsive: target genes

that show change in gene expression after gastrin treatment..

Novel DbTF Function | KR TGs . ):)'::szs‘l J rg;z:s'l"v .
CREM activator CREBI1 JUN Yes Yes
FOXP3 repressor CREBI1 IFNG No

repressor CREBI1 IL10 No
repressor CREB1 BCL2 No
repressor CREBI MALATI No
TCF7L2 repressor CREBI1 MYODI1 No
FOXP3 repressor NFkB1 PIGR No
repressor NFkBI1 CXCL5 No
repressor NFkBI1 VCAMI1 No
repressor NFkB1 VWF No
repressor NFkB1 IFNG No
repressor NFkBI1 1L8 No
repressor NFkBI1 BCL2A1 No
repressor NFkB1 NFKBI1 Yes Yes
repressor NFkBI IER3 Yes Yes
repressor NFkBI1 CD40LG No
repressor NFkB1 SELE No
repressor NFkBI1 ALOXSAP Yes Yes
SMAD3 repressor NFkBI1 MMP9 No
PARP1 activator NFkB1 BRCA2 Yes Yes

concerning transcription factor regulation. Obviously the involvement of the
candidate regulators and target genes in gastrin mediated regulation of transcription

factors requires further experimental validation. The observations made through small
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scale experiments such as RNAi-mediated knock-down of novel regulators or large-

scale studies on knock-out model organisms can greatly

enhance our current

understanding of gastrin mediated transcription regulation and subsequent cellular
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Figure 4: Core CCKR network and novel candidate regulators

The core of the Gastrin mediated signal transduction network (CCKR) and novel candidate regulators

resulting from our queries are shown. The CCKR DbTFs that were targeted

in our queries are colored

light green. The network components in grey and the solid lines connecting them are part of the core

CCKR network and documented as regulators of the CCKR DbTFs and respond to gastrin. The dotted

lines represent new relations identified by the queries which could be verified against literature: blue

pointed arrows denote ‘activation or positive influence’ and red bar-headed arrows depict ‘repression

or negative influence’. CREBI candidate regulators identified through QI, Q2 and Q3 are colored

yellow. Candidate regulators of NFxB1 identified through Q4 are colored furquoise, and candidate
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regulators of TCF7L2 identified through QS5 are colored orange. The pink-colored candidate is
identified by both Q2 and Q4. The target genes shared by the CCKR DbTFs (CREBI1 and NF«B1) and
the DbTF candidates identified through Q6 are colored light blue and their connections are shown as

solid arrows.

outcomes. Alternatively, information from gene expression databases such as
ArrayExpress could already provide some evidence to elucidate the role of the
candidate regulators. We searched for gene knockout experiments for the candidates
in ArrayExpress and found evidence supporting two regulators. Proteins CRTC1 and
COMMDI were among the novel regulators suggested by GeXKB to play a role in
gastrin mediated transcriptional regulation. Gene knock-out experiments indicate
CRTC1 and COMMDI as a potential regulator of CREB1 (ArrayExpress accession:

E-GEOD-12209) and NFkB1 (ArrayExpress accession: E-MEXP-832) respectively.

Conclusions

Our work demonstrates the level of knowledge discovery that can be achieved when
knowledge from a broad range of GO annotations and experimental evidence is
semantically integrated. Interlinking various data sets using RDF provides the much
needed homogeneity and extensibility for advanced data analysis. Additionally, we
have shown the implications of using computational inferencing in building the
knowledgebase, as this approach allows the retrieval of information that would
otherwise have remained implicit and hidden from querying. Our efforts have
involved a close collaboration between semantic web specialists and biological
domain experts, resulting in novel ways for generating hypotheses and an initial
assessment of these hypotheses against the current understanding of a regulatory

network.
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The utility of GeXKB is expected to grow with its further development. The goal for
future releases will be to expand the knowledge base with additional high quality
datasets which will include relations between DbTFs and other interactors from
curated texts, partially based on our current work on checking the full repertoire of

transcription factors of human, mouse and rat, and their respective target genes.
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Supplementary material

Q1:
Biological Question: List of proteins involved in activation of CREB1 Transcription factor

Parameters:
= GO_0032793 - positive regulation of CREB transcription factor activity,
= GO_0051091 - positive regulation of sequence-specific DNA binding transcription factor activity +
MI 0914 — association,
= MI 0407 - Direct interactors,
= GO_0008140 - cAMP response element binding protein binding

SPARQL query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs:<http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>

PREFIX term: <SSB#UniProtKB P16220> # CREB1

SELECT distinct ?gene ?name ?description ?dbtf ?protein
WHERE {
GRAPH <ReTO> {
?protein ssb:has source ssb:NCBITaxon 9606
?protein ssb:Definition 2d
?d ssb:def ?description
?g ssb:codes_for ?protein
?g rdfs:label ?gene
?protein rdfs:label ?name
}
{
GRAPH <ReTO> {
ssb:GO 0032793 ssb:has participant ?protein
}
}UNION {
GRAPH <ReTO-tc> {
?biological process ssb:is a ssb:GO 0051091
?biological process ssb:has_participant ?protein
?interaction ssb:is_a ssb:MI_0914
?interaction ssb:has agent ?protein
?interaction ssb:has agent term:
}
} UNION ({
GRAPH <ReTO-tc> {
?interaction ssb:is a ssb:MI 0407
?interaction ssb:has agent ?protein
?interaction ssb:has_agent term:
}
} UNION ({
GRAPH <ReTO> {
?protein ssb:has_function ssb:GO_ 0008140
}
}
FILTER (?protein != term:)
OPTIONAL {
GRAPH <tfcheckpoint> {
?protein ssb:is dbtf 2dbtf.
}
}
}

ORDER BY ?gene




Q2:
Biological Question: Name transcriptional repressors of CREB1 Transcription factor

Parameters:
= GO_0043433 - negative regulation of sequence-specific DNA binding transcription factor activity,
= GO_0032792 - negative regulation of CREB transcription factor activity

SPARQL query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs:<http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>

SELECT distinct ?gene ?name ?description ?dbtf ?repressor
WHERE {
GRAPH <ReTO> {
?repressor ssb:has_source ssb:NCBITaxon 9606
?repressor rdfs:label ?name
?repressor ssb:Definition 2d
?d ssb:def ?description
?g ssb:codes_for ?repressor
?g rdfs:label ?gene
}
GRAPH <ReTO> {
{
ssb:GO_0043433 ssb:has participant ?repressor
} UNION ({
ssb:GO_0032792 ssb:has_participant ?repressor
}
}
OPTIONAL {
GRAPH <tfcheckpoint> {
?repressor ssb:is dbtf ?dbtf.
}
}
}

ORDER BY ?gene

Q3:
Biological Question: List chromatin modifiers which are part of CREB transcription factor complex

Parameters:
= GO_0004402 - histone acetyltransferase activity,
= GO_0004407 - histone deacetylase activity,
=  GO_0051090 - regulation of sequence-specific DNA binding transcription factor activity
= GO_0005667 - transcription factor complex + MI_0914 - association

SPARQL Query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs:<http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>

PREFIX term: <SSB#UniProtKB_P16220> # CREB1-P16220

SELECT distinct ?gene ?chromatin modifier name ?description ?chromatin modifier
WHERE {
GRAPH <ReTO> {
?chromatin modifier ssb:has source ssb:NCBITaxon 9606



?chromatin _modifier ssb:Definition ?Def
?Def ssb:def ?description
?chromatin modifier rdfs:label ?chromatin modifier name
?g ssb:codes for ?chromatin modifier
?g rdfs:label ?gene
}
GRAPH <ReTO-tc> {
{
?chromatin modifier ssb:has function ?function
?function ssb:is_a ssb:GO_0004402
} UNION ({
?chromatin modifier ssb:has function ?function
?function ssb:is a ssb:GO 0004407
}
ssb:GO_0051090 ssb:has participant ?chromatin modifier
}
GRAPH <ReTO-tc> {
?complex ssb:is_a ssb:GO_0005667
?complex ssb:contains ?chromatin modifier
?complex ssb:contains term:
OPTIONAL {
?interaction ssb:is_a ssb:MI_0914
?interaction ssb:has agent term:
?interaction ssb:has agent ?chromatin modifier
}
}
}

ORDER BY ?gene

Q4:

Biological Question: List all transcriptional repressors of Transcription factors NFkB1 and RELA which
undergoes proteosomal degradation.

Parameters:
= GO_0032088 - negative regulation of NF-kappaB transcription factor activity
=  KEGG ko04120 - Ubiquitin mediated proteolysis,
= GO_0000151 - ubiquitin ligase complex,
= GO _0043130 - ubiquitin binding,
= MI 0220 - ubiquitination reaction

SPARQL Query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs:<http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>

SELECT distinct ?gene ?name ?description ?dbtf ?protein
WHERE {
GRAPH <ReTO> {
?protein ssb:has_source ssb:NCBITaxon 9606
?protein rdfs:label ?name
?protein ssb:Definition 2d
?d ssb:def ?description
?g ssb:codes_for ?protein
?g rdfs:label ?gene
}
{
GRAPH <ReTO-tc> {
?cellular component ssb:is a ssb:GO 0000151
?cellular component ssb:contains ?protein
}
GRAPH <ReTO> {



ssb:GO_0032088 ssb:has_participant ?protein
}
}
UNION {
GRAPH <ReTO> {
ssb:GO_0032088 ssb:has_participant ?protein
}
GRAPH <ReTO> {
ssb:KEGG ko04120 ssb:has agent ?protein cluster
?q_prot ssb:is_member of ?protein cluster
}
GRAPH <ReTO> {
?interaction ssb:is a ssb:MI 0915
?interaction ssb:has_agent ?protein
?interaction ssb:has agent ?qg prot
}
}
UNION {
GRAPH <ReTO-tc> {
?function ssb:is a ssb:GO 0043130
?protein ssb:has function ?function
ssb:GO_0032088 ssb:has_participant ?protein
}
}
UNION {
GRAPH <ReTO-tc> {
?interaction ssb:is_a ssb:MI_0220
?interaction ssb:has agent ?protein
ssb:GO_0032088 ssb:has_participant ?protein
}
}
OPTIONAL {
GRAPH <tfcheckpoint> {
?protein ssb:is_dbtf ?dbtf.
}
}
}

ORDER BY ?gene

Qs5:

Biological Question: List all transcriptional repressors of TCF7L2 which are activators of NFkB1 or CREBI1.

Parameters:
= GO_0043433 - negative regulation of sequence-specific DNA binding transcription factor activit
= GO_0051091 - positive regulation of sequence-specific DNA binding transcription factor activity,
=  MI 0914 - association

SPARQL Query:

BASE <http://www.semantic-systems-biology.org/>
PREFIX rdfs:<http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>

PREFIX term: <SSB#UniProtKB Q9NQBO> # TCF7L2

SELECT distinct ?gene ?name ?description ?dbtf ?protein
WHERE {
GRAPH <ReTO> {
?protein ssb:has source ssb:NCBITaxon 9606
?protein rdfs:label ?name
?protein ssb:Definition ?d



?d ssb:def ?description
?g ssb:codes_for ?protein
?g rdfs:label ?gene
}
GRAPH <ReTO-tc> {
?interaction ssb:is_a ssb:MI_0914
?interaction ssb:has agent term:
?interaction ssb:has agent ?protein
FILTER (?protein != term:)
}
GRAPH <ReTO-tc> {
?biological processl ssb:is a ssb:GO 0043433
?biological processl ssb:has participant ?protein
?biological process2 ssb:is_a ssb:GO_0051091
?biological process2 ssb:has participant ?protein
}
OPTIONAL {
GRAPH <tfcheckpoint> {
?protein ssb:is dbtf 2?dbtf.
}
}
}

ORDER BY ?gene

Q6:
Biological Question: Identification of shared target genes between regulators and their DbTFs

Parameters:
= Regulators retrieved from Q1, Q2, Q4 and Q5 that are DbTF,
= DbTF of interest (CREB1, NFKB1 and TCF7L2)

SPARQL Query:

BASE <http://www.semantic-systems-biology.org/>

PREFIX rdf:<http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs:<http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>

PREFIX reg term:<SSB#UniProtKB Q9BZS1> # FOXP3, DbTF terms to be changed
accordingly

PREFIX creb:<SSB#UniProtKB P16220> # CREBl protein term
PREFIX nfkb:<SSB#UniProtKB P19838> # NFKBl protein term
PREFIX tcf712:<SSB#UniProtKB_Q9NQBO> # TCF7L2 protein term

SELECT distinct ?name ?tg
WHERE {
{
GRAPH <htridb> {
reg _term: ssb:acts on ?tg.
creb: ssb:acts on ?tg.
# nfkb: ssb:acts_on ?tg.
# tcf712: ssb:acts_on ?tg.
?tg rdfs:label ?name.
}
}
UNION {
GRAPH <tfacts> {
reg_term: ssb:acts_on ?tg.
creb: ssb:acts_on ?tg.



# nfkb: ssb:acts_on ?tg.
# tcf712: ssb:acts_on ?tg.
?tg rdfs:label ?name.
}
}
UNION {
GRAPH <UP-IDMAP> ({
reg term: ssb:ensembl trs ?term mrna.
creb: ssb:ensembl trs ?creb mrna.
# nfkb: ssb:ensembl trs ?nfkb _mrna.
# tcf712: ssb:ensembl trs ?tcf712 mrna.
}
GRAPH <PAZAR> {
?term_mrna ssb:acts_on ?tg.
?creb_mrna ssb:acts _on ?tg.
# ?nfkb_mrna ssb:acts_on ?tg.
# ?tcf712 mrna ssb:acts_on ?tg.
OPTIONAL ({
GRAPH ?g {
?tg rdfs:label ?name.
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OLSVis: an animated, interactive visual browser
for bio-ontologies

Steven Vercruysse', Aravind Venkatesan and Martin Kuiper

Abstract

Background: More than one million terms from biomedical ontologies and controlled vocabularies are available
through the Ontology Lookup Service (OLS). Although OLS provides ample possibility for querying and browsing
terms, the visualization of parts of the ontology graphs is rather limited and inflexible.

Results: We created the OLSVis web application, a visualiser for browsing all ontologies available in the OLS
database. OLSVis shows customisable subgraphs of the OLS ontologies. Subgraphs are animated via a real-time
force-based layout algorithm which is fully interactive: each time the user makes a change, e.g. browsing to a new
term, hiding, adding, or dragging terms, the algorithm performs smooth and only essential reorganisations of the
graph. This assures an optimal viewing experience, because subsequent screen layouts are not grossly altered, and

method.

users can easily navigate through the graph. URL: http://ols.wordvis.com

Conclusions: The OLSVis web application provides a user-friendly tool to visualise ontologies from the OLS
repository. It broadens the possibilities to investigate and select ontology subgraphs through a smooth visualisation

Keywords: Bio-ontologies, Visualisation, Browsing, Web application

Background

Ontologies constitute an increasingly important know-
ledge resource. In the biomedical domain the engineering
of ontologies is predominantly organised by the Open
Biomedical Ontology (OBO) Foundry [1]. Ontologies ar-
range terms hierarchically, connected by relationships in
directed acyclic graphs. OBO ontologies represent forma-
lised biological knowledge and are broadly used in the
analysis and interpretation of experimental results, e.g. by
linking Gene Ontology (GO) terms [2] to gene sets [3,4].
Ontologies provide also an important resource to find ac-
curate terms for use in scientific reports.

Many tools are available for browsing ontologies (see
[5,6]). Several of them are integrated in systems dedi-
cated to analyse specific data sets (e.g calculating overre-
presented GO categories in a gene list: GOrilla [7],
agriGO [8], and GOTermFinder [3]). Other tools are
designed for more general-purpose ontology exploration,
such as QuickGO [9], AmiGO [10], or NCBO’s FlexViz

* Correspondence: vercruys@nt.ntnu.no
Department of Biology, Norwegian University of Science and Technology,
Trondheim, Norway

( ) BioMed Central

[11]. Some of these ontology viewers are text-based, i.e.
they use a folder/subfolder-interface to explore hierarch-
ies (eg AmiGO [10], MGI GO Browser [12]). However,
many ontologies feature multiple-inheritance: they have
terms that are linked to more than one parent. This mul-
tiple-inheritance is more clearly visualised in a two-di-
mensional display, with nodes and connectors in
between. For instance, the Ontology Lookup Service
(OLS) offers static images that clarify better how terms
are positioned and related to adjacent terms in the hier-
archy, and it provides this unified interface for the
browsing of 79 bio-ontologies [13]. Also, the NCBO Bio-
Portal features the graph browser FlexViz, which draws
subgraphs from 293 ontologies and allows clicking on
terms to bring up its local environment (e.g. child or par-
ent terms) [11]. FlexViz is one of the most powerful
viewers currently available. But despite the added flexi-
bility and user-interaction support, this graphical
browser may feel rigid and sometimes confusing, because
it only shifts between static, pre-calculated, and often
sub-optimal configurations. The addition of new terms
may therefore result in large graph reorganisations that
are often hard to follow.

© 2012 Vercruysse et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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One can easily experience why we consider the NCBO
Bioportal’s FlexViz not an optimal viewer even in simple
use scenarios, by trying for example the following exer-
cise in FlexViz: open the ontology ‘Gene Ontology,
search for ‘mitochondrion; and then expand some terms
upward towards the root, eg ‘intracellular membrane-
bound organelle’ and then ‘intracellular organelle’. When
doing so, one is confronted with terms moving all over
and far out of the viewport, with the viewport shifting
over large distances. This is caused by many terms being
placed next to each other on a too wide hierarchy level.
Much of the overview is lost, and an attempt to regain
some of it back by zooming out will leave the node labels
too small to read. Using other layout algorithms than the
default one (‘tree layout’) seems also less than
satisfactory.

Although FlexViz constitutes an interesting first step
towards a fully flexible and user-friendly browsing experi-
ence, it leaves room to explore alternative approaches to
ontology visualisation. We therefore investigated if the
use of a fundamentally different layout method would
give a better user-experience for the general-purpose
browsing of ontologies. We chose to implement a real-
time, force-based layout algorithm, which can organise
nodes and connections globally and dynamically. First,
it uses a ‘minimum energy principle, ensuring that
nodes and connection-structures are distributed opti-
mally relative to each other in the available screen
space. Second, it immediately responds when (and as
long as) the user interacts with the graph, updating the
nodes’ positions continuously until a new optimal con-
figuration is reached.

Results and discussion

Web-based ontology visualisers are largely used for
browsing and to analyse the placement of a given term
in an ontology. They help to get a grasp of the local en-
vironment of a term of interest or to view terms that
form the connection to the root term (path to the root).
As Dbio-ontologies are getting increasingly complex,
browsing through them requires a visualiser that offers
more intuitive functionalities such as the autosuggestion
of terms, an ‘undo’ function, filtering for relationships
and additional functions that facilitate smooth and user-
friendly browsing. The visualisers that are currently
available only have some of these characteristics, and
often show limitations with respect to browsing speed,
scalability issues, context-based display of a term’s envir-
onment, or overall user interaction support. This
prompted us to create the web application OLSVis: a fast,
interactive visualiser to explore OLS ontologies based on
minimal and smooth relayouts. OLSVis exploits the
speed and ease-of-use of the WordVis application
[14,15]. Inspired by the Ontology Lookup Service, we
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applied the concept of a term’s local environment (child
terms and path to the root [13]) as the basic viewing unit
for the visualiser. We illustrate the advantages of OLSVis
through three use cases, exemplifying both the added
functionalities and the enhanced user-experience that
OLSVis brings to ontology visualisation. Use Case I
demonstrates a general overview of the features of OLS-
Vis, highlighting its interactive environment using the
Gene Ontology. Use Case II illustrates an approach to
view common ancestor terms shared between two Gene
Ontology terms; and Use Case III demonstrates the visu-
alisation of the local neighbourhood of a protein.

Use case |: Browsing ontologies in OLSVis

The first use case illustrates how OLSVis can make
ontology browsing more intuitive: A user is interested in
the placement of the term ‘mitochondrion’ in the Gene
Ontology hierarchy. She can proceed in two ways: a) se-
lect the ontology of choice and then search for the
chosen term, or b) do a direct search for the GO term
‘mitochondrion’. Autosuggestion enables her to perform
a quick selection of the term from the autosuggest list.
Autosuggestion also highlights the occurrence of the
chosen term in other ontologies. The user selects the
GO entry, in this case ‘mitochondrion’ (GO:0005739)
and OLSVis shows the official GO term centered in the
visualiser, along with its child terms and all paths of an-
cestor terms up to a GO root term (Figure 1). The dis-
play of the local environment of the term is dynamic and
the visualiser allows the use of various features to further
refine the display (see the toolbar). For instance, the
‘Eraser’ tool can be used to hide unnecessary terms from
the display panel. In some cases the relation names are
abbreviated for a clearer view and displayed in full by
mouse-hovering. Parts of the graph can be made less/
more compact by increasing/decreasing the length of
connectors. Also, similar to modern map-applications,
OLSVis supports moving the graph by dragging its back-
ground and zooming by mouse scrolling. Furthermore, a
‘filters’ panel is provided to assist the user in narrowing
or broadening the search space. In Figure 1 both ‘is_a’
and ‘part_of” relations are shown.

Other improvements that OLSVis provides concern
the animation and presentation of terms after specific
user actions. For instance, clicking on ‘cytoplasm’ will
shift the display into cytoplasm’s local environment (the
children and all ancestors of the term ‘cytoplasm’). The
algorithm switches between local environments by gently
pushing out terms and inserting new terms, which allows
a user to easily keep track of the changing display. A but-
ton on the toolbar may be used to prevent automatic re-
moving of nodes. Its dynamic layout algorithm and the
additional graph interaction tools all contribute to the
user-friendliness of OLSVis. Furthermore, OLSVis allows
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OLSVis More info

Ol_,S\ViS - Search in all ontologies [+] ®

mitochondrion

+ fiters

mitochondrion (G0:0005739)

A semiautonomous, self replicating organelle that occurs in
varying numbers, shapes, and sizes in the cytoplasm of
virtually all eukaryotic cells. It is notably the site of tissue
respiration.

exact synonym: mitochondria
subset goslim candida:  Candida GO slim

subset goslim generic:  Generic GO slim

subset goslim pir: PIR GO slim

subset goslim plant Plant GO slim

subset goslim yeast Yeast GO slim

xref defintion: ISBN:0198506732

xref analog: tbcellular:sao1 860313010
xref analog: ‘Wikipedia:Mitochondrion

Child terms:

mitochondrial derivative
mitochondrial part
Nebenkem

BE Neo NS ¢ O RKER

membrane-bounded organelle

intracellular membrane-bounded
organelle

Figure 1 Screenshot of the OLSVis web application. OLSVis has been used to search the Gene Ontology term ‘mitochondrion’ (see search
box). The graph panel on the right shows the term'’s child, parent and ancestor terms linked by various relationship types. Clicking any term
launches a new search focused on that term. The left panel shows ontology details for the displayed term.

<o Ay ae B{eE

cellular_component

cell

cell part

intracellular
organelle
intracellular part

intracellular organelle

cytoplasm
cytoplasmic part

mitochondrion

mitochondrial derivative
Nebenkern

mitochondrial part

the user to save the local environment in XGMML for-
mat that may be imported in network building tools such
as Cytoscape [16,17]. Alternately, the user can obtain the
list of nodes and relationships in the current view in a
tab-delimited file.

Use case II: Identifying shared ancestor terms between
two ontology terms

Suppose a user wants to identify the common ancestry
between two different terms, in order to assess their re-
latedness. Use case II shows an example based on the
cellular components ‘mitochondria’ and ‘sarcoplasm’.
Here the user first selects ‘Gene Ontology’ from the
ontology list and then enters two terms in the search
box, separated by a comma. OLSVis reads both text
strings as separate terms, matches them to their respect-
ive terms in the selected ontology, GO, and then displays
a merged view of their local environments. Figure 2
shows the terms that hereby are displayed, linking ‘mito-
chondria’ and ‘sarcoplasm’ and showing their shared

connections. Additionally, for customised visualisation,
shared terms could be repositioned and fixed by using
the ‘Anchor node’ functionality. Non-anchored terms will
slide to new optimal positions. This example demon-
strates the potential of OLSVis in displaying environ-
ments for multiple terms which is currently not available
in any other visualiser.

Use case llI: Visualising the local neighbourhood of a
protein

Biologists are often interested in understanding the vari-
ous attributes of a particular protein such as protein
modifications, biological functions, or protein interac-
tions. Use case III illustrates how OLSVis can be used
for visualising the local neighbourhood of a protein. In
this example the protein is cdc23 (H. sapiens). The user
enters the string ‘cdc23’ and the autosuggestion list
shows a number of matches from the Cell Cycle Ontol-
ogy (CCO) [18]. Selection of the term ‘cdc23_HUMAN
(CCO:B0002212)" displays the local neighbourhood of
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mitochondrion, sarcoplasm

28)
The cytoplasm of a muscle cell; includes the sarcoplasmic
reticulum.

xref defintion:
xref analog

ISBIN: 0198547654
Wikipedia: Sarcoplasm
Child terms:
junctional membrane complex
sarcoplasmic reticulum

organelle

by the user.

Ol_s‘\/if, Gene Ontology (GO) E] < ﬁa 2 NN b O [}\" [}‘c [k"

organelle

membrane-bounded organelle

intracellular organelle

intracellular membrane-bounded

mitochondrion
mitochondrial derivative
Nebenkern

mitochondrial part

Figure 2 OLSVis screenshot of use case Il. The canvas shows the combined local environments of two search terms, their paths to the root
and thereby the relatedness between the terms. The search box in the left panel shows the two terms. Also a number of terms were ‘anchored’
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this term whilst providing a warning message that alerts
the user as to the large number of terms associated with
the chosen protein. When browsing large ontologies (e.g.
CCO), a user usually has to deal with performance issues
as the visualiser may actually fail to load the subgraph
due to its size. Instead, OLSVis loads up to 500 terms
smoothly and if more it gives a notification to the user.
The user is suggested to use the filter panel to narrow
the search space for improved performance and viewing.
For example, clicking on ‘parents only’ will update the
current view with a simplified graph (Figure 3). Alterna-
tively, a number of relation types could be filtered away.
Here we note that CCO includes bidirectional relation-
ships, so leaving some out can clarify the intended par-
ent—child hierarchy. The user may then choose to save
the current display in formats provided by OLSVis. For
instance, biologists to a large extent still work on spread-
sheets where they periodically associate a particular pro-
tein of interest with an ontological term. In such cases,
saving the current view in a tab-delimited format makes
it easier for them to use the terms associated with a pro-
tein in their annotation work.

Implementation

For the client-side of the software, we used the modern
web technologies of JavaScript and the new HTML5
standard. In contrast to traditional Flash-objects or Java-
applets, which are isolated objects in the web page,

JavaScript and HTML5 make it possible to create anima-
tions that are fully connectable with other elements on
the web page, and that require no extra browser plugins.
HTMLS5 defines the < canvas > HTML-element, basically
a rectangular empty space on the web page, onto which
JavaScript code (which is included in the web page)
draws basic shapes like lines, circles, text, etc. Note that
the older SVG (Scalable Vector Graphics) technology
requires computationally expensive (slow) DOM-
updates; therefore only canvas is appropriate for smooth
animation of large graphs. Because a sufficiently power-
ful JavaScript library for animated graph browsing did
not exist yet, we wrote one from scratch: GraphVis. We
first applied GraphVis in the webapp WordVis [14,15],
which visualises WordNet, a lexical database of English
[19].

Layout engine

We applied our GraphVis layout module to the explor-
ation of ontologies in OLSVis, and upgraded it among
others with hierarchical layout for parent/ancestor terms,
see Figure 1. When the user searches for an ontology
term, OLSVis will by default show it together with its
child terms and parent terms up to the ontology root(s),
see Figure 1. After initial placement of ontology terms,
OLSVis uses a real-time force-based layout algorithm
that gently moves the terms towards more optimal posi-
tions. The algorithm is explained in [14] and [15]. It
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Figure 3 Screenshot illustrating use case lll. The canvas shows the local neighbourhood of a CCO term. The left panel shows the term name
in the search box and the pop-out panel with filter settings. The filter setting enables the display of only parent terms.
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models nodes as repelling, electrically charged rectan-
gles. This distributes them over the screen, prevents
them from occupying the same space (if possible), and
prevents term labels from overlapping. Connections are
modelled as mechanical springs, which hold nodes to-
gether and which may be given a specific preferred-
length in order to create a certain global structure in the
graph. Connections may also have a preferred orienta-
tion (e.g down-to-up for ‘is a’ links). This layout is fully
interactive: each time the user makes a change (such as
focusing on a new term, hiding, adding or dragging
terms, changing connection lengths), it smoothly yet
minimally reorganises the graph. This assures an optimal
viewing experience that minimises each operation’s effect
on graph reorganisation, and maximises the user’s ability
to keep track of changes and comprehend the new lay-
out.

Data source

OLSVis visualises the contents of the OLS database
[13,20,21], which holds around 80 bio-ontologies and
over 1 million concepts. OLSVis uses a local copy of
OLS’ publicly available database, in order to provide a
smooth visualisation with fast response times. Only via a
local copy placed on OLSVis’ server can the node envir-
onments be calculated sufficiently fast. The use of the

OLS web-service to retrieve data proved to be painfully
slow, because each mouse click required several web-ser-
vice queries, which typically resulted in total query times
of several tens of seconds. EBI updates the OLS database
weekly by polling its ontology providers through the
CVS and SVN version control systems. OLSVis detects
OLS’ updates automatically and then updates its local
copy. In addition, a number of table-indexes and pre-
calculated fields are added to enable the speed of OLS-
Vis. On the server-side of OLSVis, PHP scripts translate
client-side requests into custom queries on the local
MySQL database. Note that the web-application’s front-
end is designed independent from the database back-
end. Given software that would be able to calculate
node-environments (filterable paths-to-roots) in reason-
ably short times, the visualiser would be usable also for
other semantic resources.

Term searching

While the user types one (or several) terms or identifiers
(e.g ‘mito’ or ‘PO:0009001’) in the search box, a selection
of best known matches is shown in a pop-out list. This
includes preferred terms as well as their synonyms. For
each autosuggested term, the ontology’s (short)name and
identifier is shown, and mouse-hovering shows its ontol-
ogy’s full name. Autosuggestions can be confined to a
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single specific ontology by selecting one from the drop-
down list. Pressing ‘Enter’ in the search box will display
the term that is selected in the autosuggestion list. If the
user has no term selected, OLSVis will take the first term
(also if the autosuggestion list has not appeared yet).

Basic visualisation

The chosen term is then expanded: it is placed in the
centre of the graph panel, amidst its local environment of
child terms and parent terms, and connected with further
ancestors up to the ontology root(s). This configuration is
inspired by OLS’ static images [13]. Child terms are
ordered in a half circle under the expanded term; ances-
tors are put in hierarchical levels above it. Relations are
shown as labelled arrows; their lengths are adjusted for
good hierarchical positioning. After initial placement, the
visualiser slides terms to more optimal positions via real-
time animation; hereby the graph ‘feels’ and behaves as if
terms are repelling electric charges (or repelling magnets)
that are connected over mechanic/elastic springs. This
creates a layout that minimises term overlap. In addition,
the connecting arrows undergo a small north—south
orienting force to enhance a hierarchical alignment of
terms. The visible graph is fully customisable: see the
toolbar in Figure 1 or the online description for mouse/
keyboard shortcuts. It has undo/redo history, and terms
can be dragged and pushed around. Clicking on any dis-
played term will re-centre on that term and expand its
local neighbourhood. Hereby the graph is subtly reorga-
nised via real-time animation, and is transformed into the
new term’s local environment (by addition and removal
of terms). This enables easy and intuitive browsing
through ontologies. The automatic removal of already
visible terms can be turned off via the rightmost button
on the toolbar. Hovering over any term makes its defin-
ition pop up. For a relation arrow, its non-abbreviated
name pops up. Leaf terms (=without child terms) get a
slightly orange background. The three most common
relations (is_a, part of, develops from) get a coloured
arrow. In the left panel, data for the /ast expanded term
is shown: its identifier (hovering shows ontology’s full
name) and definition; its synonyms, annotations and
cross-references (as in the OLS database); and its child
terms (each clickable to expand), to make them easier
visible when there are many. When zooming in, OLSVis
increases distances faster than font sizes; this is more
useful and is an extra method (next to electrostatic re-
pulsion) to counteract overlapping terms.

Customised visualisation

A click on ‘filters’ (left of the search box) brings up a panel
to set filters that prune the expanded node’s environment.
For instance, any relation type can be excluded; this means
that they are omitted when building e.g. the path-to-root.
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Initially the three most common relation types are listed in
the panel; this list grows each time the visualiser encoun-
ters new types. Relation types that are currently in the
visualiser are highlighted. The filter that hides obsolete
terms also hides them in autosuggestion lists. Earlier
expanded terms and their environment are by default
automatically removed when clicking on a new term, but
can be kept in the visualiser by turning off the rightmost
toolbar button. Several toolbar tools enable further cus-
tomisation of the graph. Connections can be made longer
or shorter (also via Alt + scrolling up/down). Terms can
be anchored to a fixed position, and anything can be
removed manually via the Eraser tool.

More features

A ‘roots’ link appears next to the search box after select-
ing a specific ontology. Clicking it shows and expands
this ontology’s root term(s) (if defined in the OLS data), i.
e. showing them and their child terms. This enables easy
top-down ontology exploration. Multiple terms and iden-
tifiers can be searched, separated by commas. Therefore
in-term commas must be preceded by a backslash, and
genuine backslashes doubled. First hits from autosugges-
tion are then expanded. When a term’s local environment
contains too many terms (this happens with application
ontologies such as the Cell Cycle Ontology [18]), OLSVis
will only show the first 500 terms and will suggest using
filters. OLSVis supports URL-shortcuts:

(1)A term or identifier can be expanded directly via
URLs like: ols.wordvis.com/q = GO:0005739, or .. ./q
= mito. The part after /g = will be put in the search
box and the first term that would have been
autosuggested will be expanded.

(2)A specific ontology can be preselected via a URL
like: ols.wordvis.com/ont = GO. The part after /ont =
is the ontology’s short name from the selection list.
This is a shortcut for users that are mainly interested
in a specific ontology.

(3)'q’ and ‘ont’ can be combined like:

.. Jont = GO&q = mitochondrion,sarcoplasm , which
also illustrates a multi-term query.

(4)Some ontologies use non-standard prefixes in term-
identifiers (GO has ‘GO:, but ZFA may use ‘ZFS:,
and NEWT has none), so identifiers may be
disambiguated by adding their ontology’s short name
as prefix, e.g. .../qg = NEWT:1234, or .../q = ZFA:
ZFS:0000019.

Terms in the graph can be right-clicked for more
options. The visible graph can be exported to an XGMML
file (eXtensible Graph Markup and Modeling Language)
and can subsequently be imported in Cytoscape [16,17]
for further analysis. There, node labels will show the term
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names, and ‘ontID’ attributes store the ontology identifiers.
In addition, nodes and relations can be exported to a tab-
delimited text file.

Comparison with other visualisation tools

The utility and performance of OLSVis was assessed in
comparison to other tools commonly used for ontology
visualisation, including some biological data analysis tools
that have visualisation components integrated in them, as
listed in Table 1. The evaluation addressed a number of cri-
teria, including tool functionality (e.g. support of multiple
term searching); scalability (e.g handling of large numbers
of terms); and some aspects that capture user-friendliness
and intuitiveness of browsing (eg context-dependent
browsing). The table shows that some of OLSVis’ features
are not provided by any other visualiser, and that the other
tools only support a subset of what OLSVis offers. Clearly,
OLSVis offers the most interactive visualisation environ-
ment. FlexViz ranks well too, as it also provides a relatively
high level of user-interaction; however, OLSVis makes more
efficient and intuitive use of the available screen space.

Conclusions

OLSVis was created to improve the exploration of bio-
ontologies. Other visualisers like FlexViz, may feel rigid
and sometimes confusing, because the addition of new
terms may result in largely rearranged term displays.
OLSVis demonstrates that the user experience for ontol-
ogy exploration can be substantially improved by using
real-time animation of force-based graph relayout, and
by providing improved user interaction on the graph’s
structure. This new webapp provides the scientific com-
munity with a versatile and more user-friendly tool to
explore ontologies and to find related and more precise
ontology terms.

Availability and requirements

Project name: OLSVis

Project home page: http://ols.wordvis.com

Operating system: Platform independent

Programming language: JavaScript, PHP, (MySQL)

Other requirements: Modern browser: recent

version of Firefox, Chrome, Opera, Safari or Internet

Explorer. (IE 8 not recommended; please upgrade to

IE 9, which supports ‘canvas’ and thus is much

faster). No browser plugin needed.

e License: The web-application is freely accessible for
use.

e Any restrictions to use by non-academics: No

specific restrictions.
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Chapter 7

Discussion






The Semantic Web technology is playing a key role in creating a content-oriented
research environment within the life science domain by making structured description of
data over the web. To that end, bio-ontologies have provided the required knowledge
scaffold for achieving seamless data-integration. Initiatives such as the OBO Foundry
and the OBI consortium are committed to improve biological knowledge discovery by
making knowledge and data semantically interoperable. The growing acceptance of the
semantic web in the life science domain as a means to manage biological knowledge is
noteworthy. Particularly, the development of the RDF technology has helped to enable
this transition as large amounts of data can be integrated due to the flexibility it offers in
modelling. RDF is currently the most widely adopted Semantic Web technology.

This being said, to further establish the semantic web as a robust technology in the life
science domain depends greatly on how this caters to the end-users' (biologists') needs.
Further development and application of semantic web technologies should go in parallel
with the adoption of the integrated resources by the users. The work presented in this
thesis covers a number of steps in the direction of the end-users, including efforts to
provide them with customised knowledge bases, possibilities to analyse, engineer and
visualise ontologies, and some elaborate use cases in collaboration with these end-users
that demonstrate the potential of bringing the semantic web closer to the biologists.

e Paper I: Computational approaches to analyse biological data have become an
essential part in life science research. Biologists often have to utilise many different
tools to conduct complex analysis. However, the skilled use of bioinformatics tools
frequently poses a steep learning curve for the life science researchers.
Additionally, reproducing results becomes a crucial problem while dealing with
different tools. Galaxy is aimed to overcome these barriers by catering to the needs
of the biologists with limited computational skills. The Galaxy platform offers
flexibility in integrating various tools to build reproducible workflows. The ONTO-
ToolKit plug-in extends the functionality of the ONTO-PERL software suite,
allowing users to handle and manipulate OBO ontologies within the Galaxy
environment. As ontologies provide a means to add semantic annotations to the
data contained in various biological databases. ONTO-ToolKit allows users to
perform ontology-based analysis to improve the depth of their overall analysis.

e Paper II: As automated computational reasoning is still an active research area and
not commonly available to end-users, it is important to provide alternative solutions
that accommodate the exponential growth in biological data and provides scalable
inferencing methods to exploit data housed in knowledge bases and the semantic
web. The thesis describes a novel method to perform semi-automated reasoning on
RDF stores with the use of the Metarel ontology and the SPARQL update
language, SPARUL. This implementation allows the inference of new relations
from existing relations in RDF stores, thus aiding in the extraction of implicit
knowledge through querying. This inferencing approach is used in knowledge
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bases under the Semantic Systems Biology platform, including the Gene
eXpression Knowledge Base (GeXKB).

e Paper(s) III and IV: A key aspect in establishing the role of semantic web
resources as a knowledge discovery platform is to engage with the domain experts.
The participation of end-users promotes development of resources that could be
used to address real world use cases. The active collaboration of the Semantic
Systems Biology group with experts at the Norwegian University of Science and
Technology (NTNU) who are investigating gene regulatory networks has resulted
in the development of GeXKB. GeXKB exploits the power of seamless data
integration offered by the semantic web technologies. GeXKB demonstrates the
ability to build large networks of varied datasets, afforded by homogenising data
using RDF. Furthermore, the use cases demonstrate the potential of GeXKB in the
identification of candidate regulators of transcription factors and their target genes
in a given biological system. To this end, SPARQL technology plays a crucial role
in interrogating the data represented in RDF. SPARQL in conjunction with pre-
computed inferencing allows addressing questions that were unapproachable at the
time the data were produced, strategically filling knowledge gaps.

e Paper V: As the complexity of bio-ontologies grows, visualisation plays an
important role in grasping the knowledge represented in these ontologies. OLSVis
was developed to provide a scalable solution to make ontology browsing intuitive.
OLSVis offers a user-friendly, interactive visualisation environment for e.g. the
browsing of large ontology branches (including an analysis of the path to the root),
viewing the local neighbourhood of terms of interest or alternatively viewing the
relationship between two ontological terms.

Enhancing semantic data integration:

As the semantic web technology gains acceptance in the life science domain, it is
observed that the full potential of semantically encoded knowledge for querying, and
hypotheses generation has not yet been completely realised. All the semantic web
resources constructed so far are essentially ‘data warehouses’ with all the classical
shortcomings such as a large up-front time investment required for data integration and
querying, technical challenges with respect to the infrastructure, maintenance issues and
data redundancy. Projects such as SWObjects [1] have used RDF to explore the
possibility of utilising query federation for fast track data integration avoiding the
aforementioned technical shortcomings, offering an interesting alternative to traditional
‘data warehousing’ approach. However, query federation is still in its nascent stage and
has been hampered by RDF’s major strength: its flexibility. RDF allows for a variety of
modeling practices creating differences among the knowledge bases in the way they use
RDF [2], which may result in the production of non-interoperable resources, such as the
use of different types of predicates to represent the same datasets across different
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semantic web resources. Therefore, in the process of developing real world use cases, a
semantic web specialist would be required to spend considerable time to understand the
layout of the knowledge bases; then formulate suitable queries (based on the biological
question) and produce consolidated results for the biologists. Although these resources
follow a consistent pattern in the formulation of their URIs, the user needs to be
acquainted with the varying usage of synonymous predicates to query different semantic
web resources housing similar data (with possible differences in the scope). For instance,
in GeXKB, biological process (BP), molecular function (MF) and interaction (INT)
terms are linked to their corresponding proteins using the predicates has_participant

(http://www.semantic-systems-biology.org/SSB#has_participant), has_function
(http://www.semantic-systems-biology.org/SSB#has_function) and has_agent
(http://www.semantic-systems-biology.org/SSB#has_agent), respectively. In contrast,
Bio2RDF makes use of the predicates process
(http://bio2rdf.org/goa_vocabulary:process) for BP, function

(http://bio2rdf.org/goa_vocabulary:function) for MF and interactor_b
(http://bio2rdf.org/irefindex_vocabulary:interactor b) for INT terms.

a) Bio2RDF | GOA dataset
__________________________________________
1 Interaction Reference Index i : Biological_process
! dataset . E
'
]

proces

protein

] Fittipg:
' H Molecular_function
_______________________________ EEEESSREEL
|

expressedin
child_go_term broader parent_go_term

c) GeXKB

- - has_participant | has_function -
Biclogical process *» protein ” Molecular_function
has_source
- is_a
child_go_term parent_go_term

Figure 1: The illustration compares the relations used to represent similar data sets across three different
semantic web resources. @) Represents the Gene Ontology Annotations data set and IntAct data set
modeled in Bio2RDF; b) represents relation between NCBI Gene term to its corresponding taxon term and
parent-child Gene Ontology relations used in Linked Life Data and finally ¢) shows an alternative data
representation of similar data sets (Bio2RDF and LLD) modelled in GeXKB.




Similarly, GeXKB uses has_source (http://www.semantic-systems-
biology.org/SSB#thas_source) to link gene/protein terms to their corresponding taxon and
child-parent GO term relationship, represented by is_a (http://www.semantic-systems-
biology.org/SSB#is_a), whereas Linked Life Data (LLD) wuses expressedin
(http://linkedlifedata.com/resource/entrezgene/expressinedin) and broader
(http://www.w3.0rg/2004/02/skos/ corettbroader), respectively (Figure 1). Therefore, a
clear distinction between the representations of these datasets is observed.

To enhance the process of knowledge discovery, data-specific queries across different
semantic web resources have to be executable. Hence, there is a need to develop
approaches that mitigate the variety of otherwise synonymous predicates. One way to
realise this is by formulating SPARUL-based rule transformations that effectively align
the knowledge bases and ease the process of querying. For example, SPARUL INSERT
constructs can be used to map the chosen predicates from Bio2RDF and LLD into the
GeXO graph of GeXKB as follows:

a) Predicate mapping between Bio2RDF (Gene Ontology Annotation graph) and GeXKB
(GeXO graph):

BASE <http://www.semantic-systems-biology.org/>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>
PREFIX goa:<http://bio2rdf.org/goa_vocabulary:>
INSERT INTO GRAPH <GeX0O> {

?subject goa:process ?object.
}
WHERE {

GRAPH <GeXO0> {

?object ssb:has_participant ?subject.

}

}

b) Predicate mapping between LLD (NCBI Entrez graph) and GeXKB (GeXO graph):

BASE <http://www.semantic-systems-biology.org/>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>
PREFIX entrezgene:<http://linkedlifedata.com/resource/entrezgene/>
INSERT INTO GRAPH <GeX0O> {

?subject entrezgene:expressedIn ?object.
}
WHERE {

GRAPH <GeX0> {



?subject ssb:has_participant ?object.
?subject rdf:type ssb:NCBIGene.

}
}

The transformation rules must take into account the difference in the way the RDF data
has been modelled. The aforementioned examples provide a clear picture on how
SPARUL transformations would work. The first case (a) concerns with proteins’
participation in a BP, deals with inverse relations. Apart from the replacement of the
relations, the subjects and the objects must be inverted to map it to the triples in GeXKB.
This example demonstrates alignment of relations where one of the knowledge base uses
all-some relations (GeXKB). In the example b, a distinction in the modelling practice is
observed in which GeXKB uses a generic has_source predicate to link gene and proteins
to their corresponding taxon, whereas LLD uses the expressedin relation for the NCBI
Gene data sets. Hence, the relation should be mapped to GeXKB genes only, by
restricting on the meta-class ssb:NCBIGene. Furthermore, once the transformation rules
are in place generic queries could be launched to GeXKB using predicates from
Bio2RDF or LLD, for example:

BASE <http://www.semantic-systems-biology.org/>

PREFIX rdf:<http://www.w3.0rg/1999/02 /22-rdf-syntax-ns#>
PREFIX ssb:<http://www.semantic-systems-biology.org/SSB#>
PREFIX goa:<http://bio2rdf.org/goa_vocabulary:>

PREFIX graph: <GeXO>

SELECT ?subject ?object

WHERE {

GRAPH graph: {

?subject goa:process ?object.

}

}

This query would return proteins and their corresponding BPs, although originally the
knowledge was modelled as an all-some relation type (BP has participant protein); the
incorporation of SPARUL rules bridges the gap, in this case between Bio2RDF and
GeXKB.

Thus, these transformation rules could provide an ad-hoc solution to promote data
integration between disparate semantic web resources. In principle, the SPARUL
transformation rules could be automated by a) modelling a set of relations representing
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biomedical knowledge; b) developing applications that would fetch predicates from
various semantic web resources and use the model as template to make rule
transformations. This will perceptibly affect only the sections the resources have in
common and thus effectively aligning resources and enhancing the process of query
federation.
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Chapter 8

Conclusions






The work presented in this thesis demonstrates a series of advances made in bringing
Semantic Systems Biology to biological domain experts. These advances cover a variety of
aspects of Semantic Systems Biology: developing tools that allow biologists to exploit bio-
ontology based analysis as part of biological workflows; the development of intuitive
visualisation approaches; the building of customised knowledge bases; the integration of
additional data sets on users request; a multidisciplinary approach in the conversion of
biological questions in SPARQL queries and the analysis of query results.

Biologists are beginning to adopt Systems Biology approaches to study biological systems in
their entirety, as opposed to working on studying functional aspects only of single
components in isolation from a system. The semantic web technology complements this
approach by providing a sound framework for biological knowledge integration and
management. Knowledge bases semantically enriched by bio-ontologies and founded on the
RDF technology allow biologists to ask biological questions pertaining to their domain of
interest. This is achieved by following and developing new and efficient data integration
methods that enable explicit description of data and their relationships. Furthermore, querying
and inferencing are key components that potentially reduce the knowledge discovery cycle for
the biologists. This has been demonstrated with the development of the Gene eXpression
Knowledge Base. This work indicates the level of knowledge discovery that can be achieved
with active involvement of the user group in designing knowledge resources and formulation
of queries. The collaboration has resulted in the identification of novel components involved
in transcription factor regulation in a biological system and provides a proof of concept to the
Semantic Systems Biology paradigm in the extension of biological networks.

The full power of Semantic Systems Biology paradigm has even more potential than what is
described here, however, this cannot as yet be exploited. The choice taken here, in essence the
development of the ‘data warehouse’ type knowledge base presents a steep learning curve to
master the integration of data from various sources, and poses a considerable liability with
respect to maintenance. As large amounts of RDF data are being made available for querying,
by various primary data providers, future semantic web systems need to effectively build on
this trend and support the federated querying of data warehouse type knowledge bases
together with the external RDF stores.

However, the execution of federated queries is far from being straightforward as it is severely
hindered by the variation in modelling practices adopted by independent RDF stores to
represent biological data. A number of initiatives have been undertaken to harmonise the use
of RDF. The Linked Open Data project [1] provides a list of recommendations for consistent
RDF representation. The Vocabulary of Interlinked Datasets (VoID) [2] is an emerging
standard to facilitate the linking of various datasets by providing a common vocabulary to
describe data in RDF Schema. The Banff Manifesto [3] provides some best practices for the



design and implementation of RDF documents in the life science domain. The Concept Web
Alliance (CWA) [4] developed an initial proposal of the nano-publication model that enables
the aggregation of fine-grained scientific information across the web in RDF. Furthermore,
members of the BioRDF task force have produced substantial literature on guidelines of how
to produce RDEF[5, 6, 7]. Nonetheless, there is a need for consolidating the aforementioned
efforts for developing RDF standard practices to improve machine readability. These issues
should be discussed and addressed at the community level, and standardisation efforts similar
to the MIAME initiative must be broadly accepted in order to unleash the full potential of the
semantic web for hypothesis generation, in-silico validation, and the answering of complex
biological questions.

Finally, the current knowledge bases need a more sophisticated and user-friendly front-end
interface. While experts can easily retrieve knowledge from semantic web resources it still is
not very friendly or intuitive to the non-expert users. The general practice is to provide
standard ‘backbone’ queries that can easily be modified and customised to guide the lay user
to address specific questions to the knowledge housed in these resources. In order to generate
hypotheses from complex questions the user still needs to have a moderate knowledge of
SPARQL. Therefore, further work is required to for instance build a natural language query
interface that intuitively converts natural language questions to SPARQL queries. Such an
application should take into account the evolving architecture of the underlying resource in
terms of the RDF model. Although some advances have been made in this regard [8, 9, 10]
outside the bioinformatics domain and in principle offer great potential, these approaches
must be carefully studied and adapted to suit the needs of the life science domain.
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Botany
Tore Slagsvold Dr. Breeding events of birds in relation to spring
philos temperature and environmental phenology
Zoology
Egil Sakshaug Dr.philos  "The influence of environmental factors on the
Botany chemical composition of cultivated and natural
populations of marine phytoplankton"
Arnfinn Langeland Dr. Interaction between fish and zooplankton populations
philos and their effects on the material utilization in a
Zoology  freshwater lake
Helge Reinertsen Dr. The effect of lake fertilization on the dynamics and
philos stability of a limnetic ecosystem with special
Botany reference to the phytoplankton
Gunn Mari Olsen Dr. Gravitropism in roots of Pisum sativum and
scient Arabidopsis thaliana
Botany
Dag Dolmen Dr. Life aspects of two sympartic species of newts
philos (Triturus, Amphibia) in Norway, with special
Zoology  emphasis on their ecological niche segregation
Eivin Reskaft Dr. Sociobiological studies of the rook Corvus frugilegus
philos
Zoology
Anne Margrethe Dr. Effects of alcohol inhalation on levels of circulating
Cameron scient testosterone, follicle stimulating hormone and
Botany luteinzing hormone in male mature rats
Asbjern Magne Dr. Alveolar macrophages from expectorates —
Nilsen scient Biological monitoring of workers exosed to
Botany occupational air pollution. An evaluation of the AM-
test
Jarle Mork Dr. Biochemical genetic studies in fish
philos
Zoology
John Solem Dr. Taxonomy, distribution and ecology of caddisflies
philos (Trichoptera) in the Dovrefjell mountains
Zoology
Randi E. Reinertsen ~ Dr. Energy strategies in the cold: Metabolic and
philos thermoregulatory adaptations in small northern birds
Zoology
Bernt-Erik Sather Dr. Ecological and evolutionary basis for variation in
philos reproductive traits of some vertebrates: A
Zoology  comparative approach
Torleif Holthe Dr. Evolution, systematics, nomenclature, and
philos zoogeography in the polychaete orders
Zoology  Oweniimorpha and Terebellomorpha, with special
reference to the Arctic and Scandinavian fauna
Helene Lampe Dr. The function of bird song in mate attraction and
scient territorial defence, and the importance of song
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Winter survival strategies of the Willow tit Parus
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Autecological investigations along a coust-inland
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Somaclonal variation in plants regenerated from cell
cultures of Nicotiana sanderae and Chrysanthemum
morifolium

Olfaction in bark beetle communities: Interspecific
interactions in regulation of colonization density,
predator - prey relationship and host attraction
Reproductive behaviour in willow ptarmigan with
special emphasis on territoriality and parental care

Reproduction in Atlantic Salmon (Salmo salar):
Aspects of spawning, incubation, early life history
and population structure

The effects of selected environmental factors on
carbon allocation/growth of larval and juvenile
mussels (Mytilus edulis)

The formation of landlocked Atlantic salmon (Salmo
salar L.)

Crustacean plankton and fish during the first decade
of the manmade Nesjo reservoir, with special
emphasis on the effects of gill nets and salmonid
growth

Theoretical models of activity pattern and optimal
foraging: Predictions for the Moose Alces alces

Interactions between a generalist herbivore, the
moose Alces alces, and its winter food resources: a
study of behavioural variation

Alginate gel media for plant tissue culture

Osmotic and ionic regulation in Atlantic salmon,
rainbow trout and Arctic charr: Effect of temperature,
salinity and season

Respiration and temperature regulation in birds with
special emphasis on the oxygen extraction by the
lung

The mutagenic load from air pollution at two work-
places with PAH-exposure measured with Ames
Salmonella/microsome test

Effects of water temperature on early life history,
juvenile growth and prespawning migrations of
Atlantic salmion (Sa/mo salar) and brown trout
(Salmo trutta): A summary of studies in Norwegian
streams

Pheromone reception in moths: Response
characteristics of olfactory receptor neurons to intra-
and interspecific chemical cues

Breeding strategies in birds: Experiments with the
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Magpie Pica pica

Population biology of the European lynx (Lynx lynx)
in Norway

Reproductive biology in freshwater fish, brown trout
Salmo trutta and roach Rutilus rutilus in particular

The plant cover of the boreal uplands of Central
Norway. I. Vegetation ecology of Selendet nature
reserve; haymaking fens and birch woodlands
Soil acidification and metal uptake in plants

Reflctometric studies of photomechanical adaptation
in superposition eyes of arthropods

Age, origin and development of blanket mires in
Central Norway

The dynamics of habitat use in the salmonid genera
Coregonus and Salvelinus: Ontogenic niche shifts
and polymorphism

Aspects of migration and spawning in salmonids

Compartmentation and molecular properties of
thioglucoside glucohydrolase (myrosinase)

Mating behaviour and evolutionary aspects of the
breeding system of two bird species: the Temminck's
stint and the Pied flycatcher

The influence of photoperiod on nitrate assimilation
and nitrogen status in timothy (Phleum pratense L.)

Food supply as a determinant of reproduction and
population development in Norwegian Puffins
Fratercula arctica

Thermoregulation in aquatic birds in air and water:
With special emphasis on the effects of crude oil,
chemically treated oil and cleaning on the thermal
balance of ducks

The ecophysiology of under-ice fauna: Osmotic
regulation, low temperature tolerance and
metabolism in polar crustaceans.

Regulation and expression of uracil-DNA
glycosylase and O°-methylguanine-DNA
methyltransferase in mammalian cells

Habitat shifts in coregonids.

Cortisol dynamics in Atlantic salmon, Salmo salar
L.: Basal and stressor-induced variations in plasma
levels ans some secondary effects.

Theoretical studies of life history evolution in
modular and clonal organisms
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Molecular studies of myrosinase in Brassicaceae

Reproductive strategy and feeding ecology of the
Eurasian otter Lutra lutra.

Avian interactions with utility structures, a biological
approach.

Mutations in the replication control gene trfA of the
broad host-range plasmid RK2

Sexual selection in the lekking great snipe (Gallinago
media): Male mating success and female behaviour at
the lek

Nutritional effects of algae in first-feeding of marine
fish larvae

Breeding distribution, population status and
regulation of breeding numbers in the northeast-
Atlantic Great Cormorant Phalacrocorax carbo
carbo

Tissue culture techniques in propagation and
breeding of Red Raspberry (Rubus idaeus L.)

Distribution, ecology and biomonitoring studies of
epiphytic lichens on conifers

Light harvesting and utilization in marine
phytoplankton: Species-specific and photoadaptive
responses

Infanticidal behaviour and reproductive performance
in relation to competition capacity among farmed
silver fox vixens, Vulpes vulpes

Host adaptations towards brood parasitism by the
Cockoo

Growth and nitrogen status in the moss Dicranum
majus Sm. as influenced by nitrogen supply

Bioenergetics in ecological and life history studies of
fishes.

The role of heterotrophic planktonic bacteria in the
cycling of phosphorus in lakes: Phosphorus
requirement, competitive ability and food web
interactions

Determinants of Otter Lutra lutra distribution in
Norway: Effects of harvest, polychlorinated
biphenyls (PCBs), human population density and
competition with mink Mustela vision
Reproductive effort in the Antarctic Petrel
Thalassoica antarctica; the effect of parental body
size and condition

The surface electromyographic (EMG) amplitude as
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an estimate of upper trapezius muscle activity

The impact of clothing textiles and construction in a
clothing system on thermoregulatory responses,
sweat accumulation and heat transport

Distribution patterns and adaptations to light in newly
introduced populations of Mysis relicta and
constraints on Cladoceran and Char populations

A revision of the Schistidium apocarpum complex in
Norway and Sweden

Microbial ecology of early stages of cultivated
marine fish; inpact fish-bacterial interactions on
growth and survival of larvae

Radiocesium turnover in freshwater fishes

Production of Atlantic salmon (Sal/mo salar) and
Arctic charr (Salvelinus alpinus): A study of some
physiological and immunological responses to
rearing routines

Glucose metabolism in salmonids: Dietary effects
and hormonal regulation

The sodium energy gradients in muscle cells of
Mytilus edulis and the effects of organic xenobiotics

Status of Grey seal Halichoerus grypus and Harbour
seal Phoca vitulina in the Barents sea region

Eevalution of rotifer Brachionus plicatilis quality in
early first feeding of turbot Scophtalmus maximus L.
larvae

Studies of lichens in spurce forest of Central Norway.
Diversity, old growth species and the relationship to
site and stand parameters

Responses of birds to habitat disturbance due to
damming

Physiological effects of reduced water quality on fish
in aquaculture

Birds as indicators for studying natural and human-
induced variations in the environment, with special
emphasis on the suitability of the Pied Flycatcher
Temporal and spatial trends of pollutants in birds in
Norway: Birds of prey and Willow Grouse used as
Biomonitors

Impacts of long-range transported air pollution on
birds with particular reference to the dipper Cinclus
cinclus in southern Norway

Identification of conifer volatiles detected by receptor
neurons in the pine weevil (Hylobius abietis),
analysed by gas chromatography linked to
electrophysiology and to mass spectrometry
Adaptive and incidental biological ice nucleators
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Wolverines in Scandinavia: ecology, sheep
depredation and conservation

An evolution of possible horizontal gene transfer
from plants to sail bacteria by studies of natural
transformation in Acinetobacter calcoacetius

Gene flow and genetic drift in geographically
structured populations: Ecological, population
genetic, and statistical models

Population responces of Arctic charr (Salvelinus
alpinus (L.)) and brown trout (Salmo trutta L.) to
acidification in Norwegian inland waters

Control of Parr-smolt transformation and seawater
tolerance in farmed Atlantic Salmon (Salmo salar)
Effects of photoperiod, temperature, gradual seawater
acclimation, NaCl and betaine in the diet

Cold sensation in adult and neonate birds

Influence of environmental factors on myrosinases
and myrosinase-binding proteins

Variation in space and time: The biology of a House
sparrow metapopulation

Variation in population dynamics and life history in a
Norwegian moose (A4lces alces) population:
consequences of harvesting in a variable environment
Species delimitation and phylogenetic relationships
between the Sphagnum recurvum complex
(Bryophyta): genetic variation and phenotypic
plasticity

Metabolism of volatile organic chemicals (VOCs) in
a head liver S9 vial equilibration system in vitro

Plant biodiversity and land use in subalpine
grasslands. — A conservtaion biological approach

Encoding of pheromone information in two related
moth species

Behavioural and morphological characteristics in
Northern Tawny Owls Strix aluco: An intra- and
interspecific comparative approach

Genetic studies of evolutionary processes in various
populations of nonvascular plants (mosses, liverworts
and hornworts)

Vegetation dynamics following trampling and
burning in the outlying haylands at Selendet, Central
Norway

Habitat selection, reproduction and survival in the
White-backed Woodpecker Dendrocopos leucotos

A study of driftwood dispersal to the Nordic Seas by
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dendrochronology and wood anatomical analysis

Muscle development and growth in early life stages
of the Atlantic cod (Gadus morhua L.) and Halibut
(Hippoglossus hippoglossus L.)

Population genetic studies in three gadoid species:
blue whiting (Micromisistius poutassou), haddock
(Melanogrammus aeglefinus) and cod (Gradus
morhua) in the North-East Atlantic

The impact of environmental conditions of density
dependent performance in the boreal forest
bryophytes Dicranum majus, Hylocomium splendens,
Plagiochila asplenigides, Ptilium crista-castrensis
and Rhytidiadelphus lokeus

Aspects of population genetics, behaviour and
performance of wild and farmed Atlantic salmon
(Salmo salar) revealed by molecular genetic
techniques

The early regeneration process in protoplasts from
Brassica napus hypocotyls cultivated under various
g-forces

Mate choice, competition for mates, and conflicts of
interest in the Lekking Great Snipe

Modulation of glutamatergic neurotransmission
related to cognitive dysfunctions and Alzheimer’s
disease

Social evolution in monogamous families:

mate choice and conflicts over parental care in the
Bluethroat (Luscinia s. svecica)

Young Atlantic salmon (Sa/mo salar L.) and Brown
trout (Salmo trutta L.) inhabiting the deep pool
habitat, with special reference to their habitat use,
habitat preferences and competitive interactions
Host spesificity as parameter in estimates of
arhrophod species richness

Expressional and functional analyses of human,
secretory phospholipase A2

Microbial ecology in early stages of marine fish:
Development and evaluation of methods for
microbial management in intensive larviculture

The Cuckoo (Cuculus canorus) and its host:
adaptions and counteradaptions in a coevolutionary
arms race

Methods for the microbial econtrol of live food used
for the rearing of marine fish larvae

Sexual segregation in the African elephant
(Loxodonta africana)

Seawater tolerance, migratory behaviour and growth
of Charr, (Salvelinus alpinus), with emphasis on the
high Arctic Dieset charr on Spitsbergen, Svalbard
Biochemical impacts of Cd, Cu and Zn on brown
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trout (Salmo trutta) in two mining-contaminated
rivers in Central Norway

Maternal effects in fish: Implications for the
evolution of breeding time and egg size

Production and nutritional adaptation of the brine
shrimp Artemia sp. as live food organism for larvae
of marine cold water fish species

Lichen response to environmental changes in the
managed boreal forset systems

Male dimorphism and reproductive biology in
corkwing wrasse (Symphodus melops L.)

Coevolutionary adaptations in avian brood parasites
and their hosts

Spatio-temporal dynamics in Svalbard reindeer
(Rangifer tarandus platyrhynchus)

Exercise- and cold-induced asthma. Respiratory and
thermoregulatory responses

Dynamics of plant communities and populations in
boreal vegetation influenced by scything at Selendet,
Central Norway

The function of scent marking in beaver (Castor
fiber)

The Role and Regulation of Phospholipase A, in
Monocytes During Atherosclerosis Development

Dendrochronological constructions of Norwegian
conifer chronologies providing dating of historical
material

Functional analysis of plant idioblasts (Myrosin cells)
and their role in defense, development and growth

Effects of climatic change on the growth of
dominating tree species along major environmental
gradients

The evolution of small GTP binding proteins in
cellular organisms. Studies of RAC GTPases in
Arabidopsis thaliana and the Ral GTPase from
Drosophila melanogaster

Causes and consequenses of individual variation in
fitness-related traits in house sparrows

Cultivation of herbs and medicinal plants in Norway
— Essential oil production and quality control

Behavioural effects of environmental pollution in
threespine stickleback Gasterosteus aculeatur L.

Assisted recovery of disturbed arctic and alpine
vegetation — an integrated approach
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Reproductive strategies in Scandinavian brown bears

Population ecology, seasonal movement and habitat
use of the African buffalo (Syncerus caffer) in Chobe
National Park, Botswana

Olfactory receptor neurones specified for the same
odorants in three related Heliothine species
(Helicoverpa armigera, Helicoverpa assulta and
Heliothis virescens)

Life history characteristics and genetic variation in an
expanding species, Pogonatum dentatum

Plant- and invertebrate-community responses to
species interaction and microclimatic gradients in
alpine and Artic environments

Sex roles and reproductive behaviour in gobies and
guppies: a female perspective

Environmental effects on lipid nutrition of farmed
Atlantic salmon (Salmo Salar L.) parr and smolt

A revision of Nereidinae (Polychaeta, Nereididae)

Natural and Experimental Tree Establishment in a
Fragmented Forest, Ambohitantely Forest Reserve,
Madagascar

Genetic, molecular and functional studies of RAC
GTPases and the WAVE-like regulatory protein
complex in Arabidopsis thaliana

Coastal heath vegetation on central Norway; recent
past, present state and future possibilities

Olfactory coding and olfactory learning of plant
odours in heliothine moths. An anatomical,
physiological and behavioural study of three related
species (Heliothis virescens, Helicoverpa armigera
and Helicoverpa assulta)

Cytochrome P4501A (CYP1A) induction and DNA
adducts as biomarkers for organic pollution in the
natural environment

The Importance of Water Quality and Quantity in the
Tropical Ecosystems, Tanzania

Dynamics of Mountain Birch Treelines in the
Scandes Mountain Chain, and Effects of Climate
Warming

Polygalacturonase-inhibiting protein (PGIP) in
cultivated strawberry (Fragaria x ananassa):
characterisation and induction of the gene following
fruit infection by Botrytis cinerea
Energy-Allocation in Avian Nestlings Facing Short-
Term Food Shortage

Metabolic profiling and species discrimination from
High-Resolution Magic Angle Spinning NMR
analysis of whole-cell samples

Dynamics of Genetic Polymorphisms

Life History strategies, mate choice, and parental
investment among Norwegians over a 300-year
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Shimane Washington
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Kjartan Ostbye
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Ivar Herfindal
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Functional characterisation of olfactory receptor
neurone types in heliothine moths

Studies on antifreeze proteins

Organochlorine pollutants in grey seal (Halichoerus
grypus) pups and their impact on plasma thyrid
hormone and vitamin A concentrations

Motor control of the upper trapezius

Interactions between marine osmo- and phagotrophs
in different physicochemical environments
Implications of mate choice for the management of
small populations

Investigation of the biological activities and chemical
constituents of selected Echinops spp. growing in
Ethiopia

Salmonid fishes in a changing climate: The winter
challenge

Interactions between woody plants, elephants and
other browsers in the Chobe Riverfront, Botswana
The European whitefish Coregonus lavaretus (L.)
species complex: historical contingency and adaptive
radiation

Levels and effects of persistent organic pollutans
(POPs) in seabirds

Retinoids and a-tocopherol — potential biomakers of
POPs in birds?

Life history consequences of environmental variation
along ecological gradients in northern ungulates

Are the ubiquitous marine copepods limited by food
or predation? Experimental and field-based studies
with main focus on Calanus finmarchicus

Taxonomy and conservation status of some booted
eagles in south-east Asia

Conservation biology and acidification problems in
the breeding habitat of amphibians in Norway
Acesta Oophaga and Acesta Excavata — a study of
hidden biodiversity

Metal-mediated oxidative stress responses in brown
trout (Salmo trutta) from mining contaminated rivers
in Central Norway

Temporal and spatial effects of climate fluctuations
on population dynamics of vertebrates

Wildlife conservation and local land use conflicts in
western Serengeti, Corridor Tanzania

Reproductive decisions in the sex role reversed
pipefish Syngnathus typhle: when and how to invest
in reproduction

Female ornaments and reproductive biology in the
bluethroat

Selection and administration of probiotic bacteria to
marine fish larvae

Female coloration, egg carotenoids and reproductive
success: gobies as a model system

Metal binding proteins and antifreeze proteins in the
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beetle Tenebrio molitor

- a study on possible competition for the semi-
essential amino acid cysteine

Photosynthetic responses as a function of light and
temperature: Field and laboratory studies on marine
microalgae

Bushmeat hunting in the western Serengeti:
Implications for community-based conservation
Functional tracing of gustatory receptor neurons in
the CNS and chemosensory learning in the moth
Heliothis virescens

Functional Characterisation of Olfactory Receptor
Neurons in the Cabbage Moth, (Mamestra brassicae
L.) (Lepidoptera, Noctuidae). Gas Chromatography
Linked to Single Cell Recordings and Mass
Spectrometry

Spatial and temporal variation in herbivore resources
at northern latitudes

Spatial Ecology of Wolverines in Scandinavia

Demographic variation, distribution and habitat use
between wildebeest sub-populations in the Serengeti
National Park, Tanzania

Depredation of Livestock by wild Carnivores and
Illegal Utilization of Natural Resources by Humans
in the Western Serengeti, Tanzania

Effects of fire on large herbivores and their forage
resources in Serengeti, Tanzania

Functional development and response to dietary
treatment in larval Atlantic cod (Gadus morhua L.)
Focus on formulated diets and early weaning
Toxicogenomics of Aryl Hydrocarbon- and Estrogen
Receptor Interactions in Fish: Mechanisms and
Profiling of Gene Expression Patterns in Chemical
Mixture Exposure Scenarios

The Svalbard reindeer (Rangifer tarandus
platyrhynchus) and its food base: plant-herbivore
interactions in a high-arctic ecosystem

Wolverine foraging strategies in a multiple-use
landscape

The ecology and behaviour of the Masai Ostrich
(Struthio camelus massaicus) in the Serengeti
Ecosystem, Tanzania

Sources of inter- and intra-individual

variation in basal metabolic rate in the zebra

finch, (Taeniopygia guttata)

Biodiversity dynamics in semi-natural

mountain landscapes.

- A study of consequences of changed

agricultural practices in Eastern

Jotunheimen

"The Role of Androgens on previtellogenic

oocyte growth in Atlantic cod (Gadus

morhua): 1dentification and patterns of
differentially expressed genes in relation to
Stereological Evaluations"
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