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1 Introduction

Systems biology is an emerging multi-disciplinary field in which the behaviour
of complex biological systems is studied by considering the interaction of all
cellular and molecular constituents rather than using a ”traditional” reduction-
ist approach [1, 2]. Systems are often studied over time [3] with the ultimate
goal of developing models which can be used to predict and understand complex
biological processes, such as human diseases [4]. Systems biology also seeks to
integrate information at different levels of organisation in order to understand
the biology of cells. This multi-level structure can for example be illustrated by
the pyramid of life [5], where there are four levels of organisation located in a
pyramid structure. The broad bottom level contains organism specific entities
such as genes, mRNA, proteins and metabolites. The next level is where the
bottom level entities are organised into regulatory motifs and metabolic path-
ways. At the third level, motifs and pathways are integrated into higher order
networks where tightly connected proteins and metabolites form functional mod-
ules that perform certain cellular functions. Functional modules are organised
hierarchically at the top level in the pyramid in order to describe the large-scale
organisation of cells. Powerful computational tools are needed at each level in
this pyramid and also for integrating information between levels. In this docu-
ment we propose methods for semantic alignment of different kinds of biological
pathways at the second level in the pyramid of life. We use the Gene Ontology
(GO) [6], documented pathways, hypothetical pathways or sets of gene products,
GO annotation databases, various algorithms from computer science, and signif-
icance calculations from statistics. In a different track of research, not covered
in this document, we have also developed different methods combining semantic
and topologic analysis of protein interaction networks with the aim to identify
functional modules [7–10], where GO was successfully applied in the analysis of
documented Y2H (yeast-two-hybrid) networks for S. cerevisiae. This shows that
generalising about gene products using GO is also beneficial in tools for systems
biology at higher levels in the pyramid of life.

Three methods are proposed as the core of the PhD dissertation and these
are described in the following.



2 Method 1: GOTEM; GO-based regulatory TEMplates

2.1 Background

It is highly desirable to be able to derive causal gene regulatory networks using
gene expression data. This is known as reverse engineering of genetic networks
[11]. Time series expression data is often used, and the task of the reverse engi-
neering algorithm is to find a set of rules that fits these data. Methods for reverse
engineering of genetic networks that have been proposed include techniques such
as boolean [12, 13], neural [14, 15] and Bayesian networks [16–18]. In most cases,
however, many different reverse engineered networks are consistent with the ob-
served data, but we can expect only a few of these networks to be biologically
plausible. A drawback of reverse engineering methods which are based solely on
fit to the data is that they do not provide any way of distinguishing between
biologically plausible and implausible networks.

2.2 Method description

To be able to distinguish between plausible and implasible networks, we pro-
posed GOTEM [19, 20]. This is a method for assessing the biological plausibility
of regulatory hypotheses using prior biological knowledge in the form of GO an-
notation of gene products and examples of regulatory interactions from pathway
databases. Using GO, we derive templates encoding general knowledge by gener-
alising from examples of known interactions to typical properties of interacting
gene product pairs. By matching regulatory hypotheses to such templates, their
plausibility can be assessed. The assumption is that if the properties of the gene
products in a regulatory hypothesis are similar to those of gene products which
are already known to interact, this increases the plausibility of the hypothesis.

GO [6] is a structured vocabulary of molecular biology. It contains three
different sub-ontologies covering the molecular functions, biological processes
and cellular components of gene products, and is structured as a directed acyclic
graph showing how terms are related to each other, using inheritance (IS-A)
and aggregation (PART-OF). Using these relations, abstraction hierarchies of
terms with different specificity are created. A gene product can be associated
with several terms in each sub-ontology. One important use of an ontology is
the calculation of semantic similarity between two terms. Different information
theoretic measures have been proposed and applied for this purpose [21–23] and
ideas from these measures are used in our method.

The concept of templates is appealing for identifying hypothetical regulatory
relations that are similar to known regulatory relations. Templates have previ-
ously been used in the context of association rule discovery and expression data
in [24], where a template-language was designed that allows users to group, filter
and inspect a large number of rules produced by association rule discovery al-
gorithms. Of particular interest for our work are rule templates F1 → F2 which
detect rules where the antecedent part contains one of the genes in a predefined



functional group F1 and the consequent part contains one gene from another
predefined group F2.

The basic idea behind the method proposed here is to use what we know
about regulation in documented pathways, generalise this knowledge, and apply
it for assessment of the plausibility of regulatory hypotheses. The GO molecular
function classification of the gene products participating in regulatory relations
in pathways is used to derive templates. The templates encode the types of gene
products known to be involved in a particular type of regulatory relation. By
searching for matches in the set of templates, the plausibility of regulatory hy-
potheses can be assessed. We evaluate to what degree the collection of templates
can separate true from false positive interactions, and we illustrate the practical
use of the method by applying it to example network reconstruction problems.
Our results demonstrate that the method is able to filter out a large propor-
tion of implausible hypotheses, thus improving the specificity of the regulatory
network reconstruction process.

The method for assessing the biological plausibility of regulatory hypotheses
is described thoroughly in [19, 20].

3 Method 2: GOSAP; GO-based Semantic Alignment of
biological Pathways

3.1 Background

A large number of biological pathways are being derived for many different
organisms such as S. cerevisiae and E. coli, and these are stored in various
databases such as KEGG [25] and EcoCyc [26].

There is a lack of and need for algorithms capable of searching for homo-
logues to pathway queries in a collection of known pathways [27]. These al-
gorithms should also return alignments between matching pathway fragments.
Furthermore, these pathway alignment methods should rely on approximate,
rather than exact, matching in biological pathways [27, 28].

Previous work has addressed comparative analysis of metabolic pathways
[29], where a combined approach was used which involves analysis and compari-
son of biochemical data, pathway analysis using the elementary modes concept,
and comparative analysis of a set of completely sequenced genomes where the EC
hierarchy was used. A method for detection of functionally related enzyme clus-
ters has been proposed [30], where topological properties of metabolic pathways
are considered. Another paper describes a method for topological motif search
in biological pathways [31]. An approach for detecting frequent subgraphs in bi-
ological pathways has been reported [28], however this method does not directly
address alignments. Furthermore, work on sequence similarity based alignments
between protein interaction networks has been reported [32]. None of these pa-
pers address the concept of approximate matching and generalisation using an
abstraction hierarchy or ontology. However, there are a few papers which do
address this, and these are briefly described in the following. A method for de-
riving multiple alignments of paths in metabolic pathways has been proposed



[33], where the EC hierarchy is used for generalising about enzymes. A method
for alignment of metabolic pathways using a technique known as approximate
labeled sub-tree homeomorphism, has recently been proposed [27, 34], where the
EC hierarchy once again is used for generalisation.

To our knowledge, GO has not been used for deriving semantic alignments of
paths in biological pathways earlier. GO enables the study of other gene products
apart from enzymes. Another novelty is the combination of function-, process-
and component ontologies of GO, creating a richer semantic description of gene
products. This makes it possible to better discriminate between gene products
in semantic similarity calculations, compared to the case of using molecular
function alone as for the EC hierarchy.

3.2 Method description

In [35], we proposed GOSAP; a GO-based local alignment method for compar-
ing biological pathways. GO enables the analysis of pathways where nodes are
not only enzymes, but any kind of gene product. Another novelty is the use of
combined alignment scores involving all three sub-ontologies of GO for a richer
semantic description of gene products. Our proposed method is applicable to
all types of biological pathways, where nodes are gene products, e.g. regulatory
pathways, signalling pathways and metabolic enzyme-to-enzyme pathways. It
would also be possible to extend the method to work with other types of nodes,
as long as there is an ontology or abstraction hierarchy available for categorising
the nodes.

In our method, one pathway graph is used as a model graph, and another
pathway graph serves as query graph. Simple paths are extracted from both
model- and query graphs, and every path from the set of query paths is aligned
against each of the model paths using a modified Smith-Waterman [36] local
alignment algorithm. We devised special cost matrices featuring different mea-
sures of semantic similarity between GO terms. The specificities of different GO
terms used for semantic similarity comparisons are derived using GO annotation
databases for the organisms under study. In order to detect statistically signif-
icant path alignments, a p-test is performed using an ensemble of randomised
model graphs. Alignments with p-values below a certain threshold are regarded
significant with respect to the model used. Results show that the algorithm is
able to detect query paths from reverse engineered gene regulatory networks in
S. cerevisiae that are significantly similar to paths in the KEGG model of the
cell cycle pathway. It is also shown that GOSAP is able to suggest missing gene
products in query paths. Significantly similar paths were also found for different
metabolic pathways in S. cerevisiae. For all types of pathways it was noted that
the increased semantic richness achieved by combining GO sub-ontologies made
it possible to detect significantly similar alignments in cases where the molecular
function alone proved to be too unspecific. Hence, it is demonstrated that the
method is useful for studying protein regulatory pathways in S. cerevisiae, as
well as metabolic pathways for the same organism.



The method for GO-based semantic alignment of biological pathways is de-
scribed in detail in [35].

4 Method 3: EGOSAP; Evolutionary GO-based Semantic
Alignment of biological Pathways

4.1 Background

GOSAP (see section 3) assumes that the topologies of both model- and query
graphs are known. However, sometimes only a query set of gene products is
available, and there is no knowledge available about how the gene products
interact. It is highly desirable to derive interactions between gene products as
systems biology seeks to develop a global understanding of the complex processes
in cells. A query set of gene products is the result when microarray experiments
have been performed and are followed by differential gene expression analysis.
Such analysis filters out genes that have significantly different gene expression
levels between two experimental conditions. Differential analysis is particularly
common when time series data is not available. Experiments could be performed
using animal models where there is a number of wildtype phenotypes and a
number of treated phenotypes used for statistical analyses.

There are existing tools available that are capable of mapping groups of
gene products onto known pathways, but this is only done using the identity
of gene products and for visualisation purposes only. An example is GenMAPP
[37], where the genes and their colour-coded expression values are mapped onto
known pathways. There is also the GenMAPP accessory software MAPPFinder
[38] where GO visualisation has been added. Pathway tools [39] is another exem-
ple where functionality is available for including gene expression data in pathway
diagrams in a manner similar to GenMAPP. ArrayXPath [40] is a similar tool
where gene expression clusters can be mapped onto the best matching pathways
in a database. Additionally, there are numerous algorithms for reverse engineer-
ing regulatory networks using time series gene expression data (see e.g. section
2), but this is a different problem as no model networks are used to compare
derived networks with and the data requirements differ.

Hence, no generalisation with respect to gene products is performed in earlier
efforts. As stated in section 3, it is important to be able to reason about pathways
and gene products using similarities rather than identity. Additionally, related
methods do not attempt to create hypothetical paths using a query set of gene
products.

4.2 Method description

In [41], we propose EGOSAP, where hypothetical paths are evolved by an evo-
lutionary algorithm using a query set of gene products and a known pathway
graph as model. All paths are extracted from the model and for each path a
semantically similar path is assembled by the evolutionary algorithm using the



query set of gene products. Measures of semantic similarity are used to calculate
a match score between each pair of gene products in the model path and in the
evolved query path. For example, if the model path contains five gene products,
there will be five semantic similarity comparisons, each adding to a total score
describing the similarity of the two paths. All three GO sub-ontologies can be
used in the calculations. The evolutionary algorithm tested so far is a steady
state (elitism) algorithm using a fixed number of individuals and generations.
Operators such as tournament selection, partially mapped crossover and mu-
tation, are used. A test for statistical significance of hypothetical paths is also
performed using randomised versions of the model graph. It is also possible to
include path alignment features (gap insertion) in the evolutionary algorithm it-
self or by aligning the hypothetical paths using GOSAP. Regarding represention
of solutions, one possibility is that paths are represented as permutations of gene
products from the query set, i.e. a gene product can only appear once. This is,
for example, the case regarding the transcriptional regulatory chain motifs for
S. cerevisiae in [42]. It is also possible to allow each gene product to appear at
several positions in a path, but it would require different operators in the evolu-
tionary algorithm. Pathways with multiple instances of the same gene product
can be found in e.g. KEGG [25] and MetaCyc [43]. We demonstrate that the
method is able to derive hypothetical pathways that are significantly similar to
documented pathways of regulation in several different biological scenarios. Bi-
ological experiments are required to validate any derived hypothetical pathway.
EGOSAP is not compared to any other existing tools such as GenMAPP, be-
cause existing tools only use gene identifiers and do not generalise about genes
and their products. Furthermore, related tools do not attempt to assemble paths
of gene products, they merely map individual gene products to nodes in a model
pathway by identity.

The EGOSAP method for deriving hypothetical pathways by an evolutionary
approach is described more thoroughly in our forthcoming paper [41].

5 Conclusion and contribution

A thesis is proposed where three related methods are developed for semantic
analysis of biological pathways. The methods have several traits in common. Bi-
ological pathways are being analysed in all cases. GO, gene product annotation
databases, and information theory are used in all methods. Furthermore, the con-
cept of generalisation using GO categories of gene products is used throughout.
Methods also aim to derive, in some sense, biologically plausible results. There
are also some major differences between the methods; GOTEM uses binary in-
teractions between gene products in pathways, whereas GOSAP and EGOSAP
use paths of gene products. Additionally, GOTEM derives structures of knowl-
edge (templates) from a model pathway prior to comparison with a query path-
way, whereas GOSAP and EGOSAP derive structures of knowledge (alignments)
during the comparison itself. Furthermore, GOSAP and EGOSAP use statistical
tests to assess the significance of alignments whereas GOTEM uses a more arbi-



trary score threshold approach to template match assessment. Finally, GOTEM
and GOSAP assume a query graph, whereas EGOSAP only assumes a query set
of gene products.

It is believed that the methods will be useful to biologists in order to assess
the biological plausibility of derived pathways, compare different pathways for
semantic similarities, and to derive hypothetical pathways that are semantically
similar to documented biological pathways. To our knowledge, all methods are
novel, and will therefore extend the bioinformatics toolbox that biologists can
use to make new biological discoveries.
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