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Using an ontology to enhance metabolic or
signalling pathway comparisons by biological
and chemical knowledge
Martin Pohl

School of Humanities and Informatics, University of Skövde, P.O. Box 408, Skövde,
54128, Sweden

ABSTRACT
Motivation: As genome-scale efforts are ongoing to
investigate metabolic networks of miscellaneous organisms
the amount of pathway data is growing. Simultaneously an
increasing amount of gene expression data from micro arrays
becomes available for reverse engineering, delivering e.g.
hypothetical regulatory pathway data. To avoid outgrowing
of data and keep control of real new informations the need
of analysis tools arises. One vital task is the comparison
of pathways for detection of similar functionalities, overlaps,
or in case of reverse engineering, detection of known data
corroborating a hypothetical pathway. A comparison method
using ontological knowledge about molecules and reactions
will feature a more biological point of view which graph
theoretical approaches missed so far. Such a comparison
attempt based on an ontology is described in this report.
Results: An algorithm is introduced that performs a
comparison of pathways component by component. The
method was performed on two selected databases and the
results proved it to be not satisfying using it as stand-alone
method. Further development possibilities are suggested and
steps toward an integrated method using several approaches
are recommended.
Availability: The source code, used database snapshots and
pictures can be requested from the author.
Contact: map@minet.uni-jena.de

1 INTRODUCTION
Ogata et al. (1998) already stated that in silico reconstruction
of metabolic pathways is a useful approach. Unfavourably
the observed data often admits many different hypothetical
metabolic pathways. But if a hypothetical pathway is also
biologically feasible needs further investigation. The tool
introduced by Ogata et al. (1998) enables researchers to
perform pathway search, description and comparison, but
focuses more on heuristic methods of graph comparisons
than on biological properties. It computes possible reaction
paths between compounds relying upon the binary relations
of substrates and products in known enzymatic reactions.
They are using the Kyoto Encyclopedia of Genes and

Genomes (http://www.genome.ad.jp/) as annotation base and
comparison results are thus enriched by database content.
Several other attempts likewise concentrate on the graph
topology aspect. Pinter et al. (2005) proposed another
pathway similarity approach. They introduce Approximate
Labelled Subtree Homeomorphism as a seemingly clever
principle of comparison of undirected labelled graphs. The
method does not depend on identical pathway topology
for comparison and measures similarity by its labels but a
good similarity measurement for these labels is missing. A
more promising approach toward recognition of biologically
plausible pathways was proposed by Gamalielsson et al.
(2006). Their method based on Gene Ontology (GO)
(Ashburner et al., 2000) classifications proved to be useful
during metabolic network reconstruction.

In this report another method for pathway comparison
based on ontological information is proposed. It aims at
providing a similarity measurement that indicates how near
two paths are functionally regarding the biological roles
and attributes of involved compounds. Such a measurement
could provide support to graph theoretical comparisons by
delivering a more biologically oriented way of similarity
or distance between molecules and building up on that as
well between pathways. The introduced method performs
comparisons of a hypothetical pathway to current knowledge
(known pathways) with respect to classifications of its
involved molecules. Biological pathways best matching
the hypothetical one are displayed and a similarity score
calculated from the information content of compound to
compound relations is given. A match between pathways
is not restricted to topological consistency and therefore it
can be a full as well as partial match to known pathways.
The report is structured in the following way: First closer
information is given about requirements of the method and
the databases it depends on in the background section.
Second the implementation is illustrated in the methods part.
Finally the output is analysed and the used databases and
the method are assessed and conclusions upon the results are
made.
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2 BACKGROUND
2.1 Related work
Pathway comparison approaches are desired for possibilities
of characterizing metabolic and regulatory pathways and
to find properties giving hints about common regulating
functions. Such an attempt was undertaken by Dandekar et al.
(1999) for detailed analysis of similarities and differences
in the glycolysis pathway between species. Dandekar et al.
(1999) did not use a real alignment or automated comparison
but several manual performed steps of analysis showed
the need for generalized methods. Attempts from another
point of view are algebraic approaches such as proposed
by Forst et al. (2006) performing comparisons of metabolic
networks to infer phylogenies which can be applied to
the organisms of origin. To do so Forst et al. (2006)
introduced an identification of metabolic changes, evolution,
by set algebra and upon that a distance measure defining
phylogenetic relations. Using statistical scoring Berg and
Lässig (2004) searched in gene regulation networks of E.
coli for small topological motifs. Identifying such common
patterns it is hoped to recognize common building blocks of
molecular information processing. A combination of graph
topological aspects and sequence similarity were proposed
by Kelley et al. (2003). They used an alignment strategy
for protein-protein interaction networks based on recognition
of conserved regions by merging two graphs according to
results of sequence alignments of the nodes. Thus unknown
networks may get characterized by alignment to well known
networks. Ogata et al. (2000) detected functionally related
enzyme clusters by a heuristic graph comparison approach
and identification of local similarities between physical gene
locations and functions of genes in metabolic pathways.

Another but deterministic topologically oriented approach
has been presented by Pinter et al. (2005). Their approach
is scoring method independent, however they do not give a
suggestion to a reasonable scoring method. Using the one
year before introduced algorithm for Approximate Labelled
Subtree Homeomorphism (Pinter et al., 2004) this approach
is able to evaluate trees (transformed pathways) without need
of exact topological matching. In this way similar pathways
can be found and their similarity measured. More focussing
on the measurement of similarity itself some ways of
using information of hierarchical classifications, ontologies,
have been developed and examined. Azuaje et al. (2005)
analyse relationships between GO annotation semantic
similarity and other functional information resources such
as expression correlation, co-regulation and protein-protein
interactions. Wang et al. (2004) already stated that GO
derived similarity and expression correlation of genes are
significantly interrelated. In addition there is a correlation
between sequence similarity of genes and semantic similarity
of their annotations in GO as investigated by Lord et al.
(2003). The core problem according to Lord et al. (2003)

was still to define the distance between different compounds
annotated in GO. A related approach based on enzymes has
been performed on the EC number hierarchy by Tohsato
et al. (2000). Here distances in the hierarchy formed by the
EC numbering are taken into account. Tohsato et al. (2000)
defined such distances depending on occurrence probabilities
of enzymes in pathways and the subclass sizes of the assigned
Enzyme Hierarchy classes.

2.2 Pathway models
The aim of this project was to develop a possibility of
assessing how much a hypothetical pathway fits the current
knowledge. Current knowledge is meant to be what is already
manifested in manually curated databases. Here it refers to
well described, well known pathways or parts of them. These
pathways can be of metabolic or signalling nature since that
does not have an effect on the method. Generally, a series
of chemical reactions is a pathway, often presented as a
simple graph with substrates as vertices and reactions or their
enzymes as connecting edges (Rossell and Valiente, 2005).
Such an attribution may of course get altered due to requisites
of special applications as shown by Ogata et al. (2000).
Naswa (2005) determined that differences in representations
of pathway models may include differences in terminologies,
basic architecture, adoption of different standards for the
same thing, but the overall similarity of pathway models
enables conversions between them.

Several methods were developed to enable stoichiometrical
information about the concentration levels of compounds and
behaviour on environmental changes. Gibson and Mjolsness
(2001) describe three basic types used in gene regulatory
networks which are Boolean models, differential equation
models and stochastic models. Since concentrations and
reaction flows do not alter the overall appearance of a
pathway, these models are not used here and stoichiometry
is left out. For simplicity, all reactions are considered to
be reversible according to Ogata et al. (2000). This yields
undirected graphs with nodes labelled by compounds. Such
an approach is absolutely applicable since chemical reactions
are reversible. A reaction is considered irreversible only if the
throughput of one direction converges to zero.

To define a pathway manually a sequence of reaction
formulas in the style of:

Phosphoenolpyruvate + ADP 
 Pyruvate + ATP

will suffice for a clear definition. Hence input and output
files will be made up with every line containing such a single
reaction. However the identifiers could as well be LIGAND
COMPOUND numbers. The reaction above then would look
like:

C00074 + C00008 
 C00022 + C00002

Consequently the implementation has to contain the
information about all involved compounds and reactions as
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Table 1. Examples of databases hosted by EBI

Database Topic Access

EMBL-Bank DNA and RNA sequences www.ebi.ac.uk/embl/
Ensembl Vertebrate genomes www.ensembl.org
UniProt Protein sequences www.uniprot.org
IntAct Protein-protein

interactions
www.ebi.ac.uk/intact/

ChEBI Small molecules www.ebi.ac.uk/chebi/
Gene Ontology functional attributes of

gene products
www.geneontology.org

they are provided by LIGAND. Additionally a structure
defining the connections between elements is required. A
connection matrix will meet the demands here.

2.3 Sources of Data
Adequate sources of biological information about possible
queries are a vital fundament of comparison. Therefore it was
necessary to select appropriate sources of data according to
the following properties. First the data source has to treat
molecules and attributes participating in processes of life
(reaction pathways of any kind) since they are what any
pathway is made of. Second of course such pathways have to
be known, thus pathway information must be supplied. Third
the data should be annotated according to standards that are
common to enable comparability or integration of new data
sources. That implies the desire for cross linking to other
sources of data. Further a classification of the molecules by
biological, chemical and structural aspects is needed, because
the comparison will be based on a classification hierarchy.
To ensure a reasonable classification the data entries are
preferably manually curated. As this report should be freely
accessible for everyone the used data and materials should
not have restricted access. And last but not least the data
source should be regularly updated so a continuation of usage
without getting out of date is ensured.

A huge number of available databases already covers
nearly all molecular domains that are essential to life,
offering numerous possible candidates. Looking at the
offerings hosted by the European Bioinformatics Institute
(EBI) there are around 160 databases (Brooksbank et al.,
2005). Table 1 shows a small selection of databases and their
topics.

Not considering many more databases addressing sequence
data there are more public databases like PDB (Protein
Databank; wwPDB, PDBj, MSD). These give information
about structures of molecules determined so far. They are
also not considered, even though structure is a major point
of functionality and chemical properties. That is because
structural analysing like structural prediction has become an
own research field due to its complexity and the range of

possible utilization. To get a classification demands that the
database provides a relation structure between its entries.
Such a structure can be called ontology, a theory about the
relations and hierarchy between the beings of this world.
Attempts of ontologies in biology have been made several
times for genes as well as molecules in general. Some
examples described by Stevens et al. (2000):

• The RiboWeb ontology, http://smi-web.stanford.edu/
projects/helix/riboweb.html

• The EcoCyc ontology, http://ecocyc.org/
• The Schulze-Kremer ontology for molecular biology

(MBO)
• The Gene Ontology, http://geneontology.org/
• The TAMBIS Ontology (TaO).

Not all attempts has been crowned with success. Sources that
have been shortlisted for use in the project are the following
3 molecule databases:

• GO (Gene Ontology, http://www.geneontology.org),
• ChEBI (Chemical Entities of Biological Interest,

http://www.ebi.ac.uk/chebi/),
• KEGG (Kyoto Encyclopedia of Genes and Genomes,

http://www.genome.ad.jp/).

GO as the name gives away handles gene products so it
has been omitted, although it is an ontology that gained
ground in research in the last years thanks to its useful
structure and content. ChEBI provides an ontology as well,
while focusing on small molecules. ”Small molecules”
will not cover the whole range of pathway compounds.
Since its manually curated content provides a hierarchy of
structural and functional properties and applications it is
chosen anyway. To complement the rather small content of
ChEBI by sufficient knowledge (for a higher identification
rate, cross link data and pathway information) and to have
a source of known pathways a second database, namely
LIGAND (Goto et al., 2002; Yamamoto et al., 2002) a part
of KEGG was considered.

2.3.1 LIGAND Once initiated to create a bridge between
bioinformatics and chemoinformatics, LIGAND is promising
for chemical information enrichment, providing for example
a list of several known synonyms of each entry covering
a range of chemical name standards. LIGAND is part of
KEGG (Kanehisa et al., 2004). It is a composite database
consisting of three main parts: COMPOUND, ENZYME and
REACTION. COMPOUND is dedicated to metabolites and
other chemical compounds. It provides information in which
paths and reactions a molecule is involved, by which enzymes
it is catalysed, gives structural information and provides
references to other databases. ENZYME contains molecules
acting as enzymes for COMPOUND from above and in
REACTION as follows. Each ENZYME entry is identified
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Table 2. Components of LIGAND database

Database Identifier Content Entries

COMPOUND C number Metabolite and other
chemical compound
structures

13,835

DRUG D number Drug structures 2,672
GLYCAN G number Glycan structures 11,243
REACTION R number Reaction formulas taken

from ENZYME
6,579

RPAIR A number Reactant pair
transformation patterns in
REACTION

not
specified

ENZYME EC number Enzyme nomenclature not
specified

LIGAND contains different molecule classes according to biological and practical
demands

by its EC number. REACTION is ”for the collection of
substrate-product relations representing metabolic and other
reactions” (Goto et al., 2002). Like COMPOUND and
ENZYME it contains database cross links, references and in
addition reaction formulae, lists of substrates and products
and a classification. Additional database parts have been
supplemented as shown in table 2 to support different aspects
of practical science and molecular properties. Altogether
LIGAND provides a very good round-up of molecular
interactions in pathways.

2.3.2 ChEBI Ideally all - or as many as possible -
compounds in the pathway can be supplemented by ontology
data to make it comparable to other molecules by functional
or other kinds of classification. And that is the point of
the second database. ChEBI (de Matos et al., 2006) is
a freely available dictionary of small molecular entities
(i.e., atom, molecule, ion, ion pair, radical, radical ion,
complex, conformer, etc.). Contained entities are either
products of nature or synthetic products used to intervene
in the processes of living organisms. The database is
developed at the European Bioinformatics Institute (EBI).
It is structured according to OBO syntax (Open Biomedical
Ontologies, http://obo.sourceforge.net/) similar to the one of
Gene Ontology. OBO provides a controlled vocabulary for
the description of cellular components, molecular functions
and biological processes in a hierarchically structured way.
Figure 1 (all ChEBI illustrations drawn from their website,
see reference) shows an example of the hierarchy ChEBI
provides. Possible relation types are ”is a”, ”is part of”,
”has functional parent”, ”is conjugate base of”, ”is conjugate
acid of”, ”is tautomer of”, ”is enantiomer of”, ”has parent
hydride” and ”is substituent group from”. For performed
experiments only ”is a” and ”is part of” relations were
considered to avoid the risk of introducing cycles within the
hierarchical structure. Currently ChEBI (release 19, February

Fig. 1. ChEBI: hierarchy

Fig. 2. ChEBI: Status of database

Fig. 3. ChEBI: Cross referencing

2006) contains around 6800 curated entries with 3 times as
many synonyms. The overall status of the database content
can be seen in figure 2. Approximately two-thirds of ChEBI
are cross linked to KEGG Compound, which suggests to
combine the usage of ChEBI with the usage of KEGG
LIGAND. Figure 3 shows all databases cross referenced by
ChEBI entries.

Figure 4 shows the organisation of ChEBI, the data schema
of the database. Apparently the ontology is only indirectly
associated to the main compound file. A file ”VERTICE”
forms the bridge between references, compounds and the
ontology. Thus the identifiers of all three sub parts are
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Fig. 4. ChEBI: data schema

not directly related and a common usage might get messy.
Assuming that the ontology is complete regarding the
classified entries the ontology file has been used as stand-
alone.

2.4 Distance Measure
Given an ontology of molecules the question remains how
the relation between two elements A and B can be measured.
In an ontology a relation between A and B is embodied as
the path through the hierarchy that leads from one element
to another. The shorter the path, the more similar are A
and B. Accordingly similarity is reciprocal to the distance
of two elements and can be equated with 1/Distance.
Intuitively the relation distance of A and B is specified by
the number of steps (nodes in a hierarchical tree) on the
path. But using path length as measure (Rada et al., 1989)
leads to a distorted representation of the ”real world” if the
links do not represent uniform distances or the accuracy of
sub classifications alters through the ontology. For example
looking at figure 5 the distance between A and C, d(A,C),
would be 6. Now d(C,D) would be 6 as well, but as A and C
are only connected through the root R it should not have an
equal similarity. To avoid such phenomena not path lengths
but subclass sizes could be considered. Doing so d(A,B)
is assigned the number of links in the smallest common
subclass S that contains both A and B, S(A,B). Taking the
example from figure 5:

d(A,B) = |S(A,B)| = 7 = d(C,D) (1)

Again this is a contradiction to human judgement since A and
B share so to speak their direct ancestor while C and D are
separated by several levels.

As discussed by Azuaje et al. (2005) several similarity
measures and their limitations (like the one mentioned above)
have been examined. Information theory based approaches
seem to come off best regarding the modelling of real
states. Resnik (1999) introduced a simple edge count but
used information content based counting. Let the size of a
subclass not be the count of edges but the probability that a
random element is part of this subclass. In other words: the
background frequency. Distance is now defined by:

d(A,B) = p(S(A,B)) (2)

The higher the probability, the lower the information content
and accordingly the lower the similarity. Calculating the
negative logarithm we obtain the Resnik score:

R(A,B) = −log(p(S(A,B))) (3)

Due to the fact that probabilities are terms less than 1, the
negative logarithm will be positive again and the higher the
score, the more similar is a pair of elements. An adaptation
to the requirements of this projects is described in Methods.

3 METHODS
Conceptually the need of the below listed working steps has
arisen and has been performed accordingly:

• Modelling and implementation of accession to data of
both databases
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Fig. 5. Variable accuracy in sub classifications

Fig. 6. Overview of work steps performed by the algorithm for
comparison of a pathway

• Extraction of pathways from LIGAND
• Implementation of a scoring algorithm
• Testing of the method and statistical evaluation.

The following subsections are dedicated to the listed
points in appropriate sequence. Subsection 1 contains a
basic description of the underlying C++ implementation.
In Subsection 2 the pathway extraction is shown and all
following sections address the scoring method. A general
overview of the work steps described in these sections is
illustrated by the flowchart in figure 6.

3.1 Implementation
The implementation was performed in the C++ programming
language. First because C++ is known to be comparatively
fast at execution of basic calculations. Second the idea of
object oriented programming, since C++ is an object oriented
programming language, offers some convenient ways of

problem modelling, solving and depicting the code structure.
By virtue of object oriented programming every item of
interest got its own class as the code describes the properties
and relations of objects as they are in reality. All in all design
and implementation was performed in a top down manner.
Figure 14 and 15 illustrate the class structure in UML style.
In case of interest, further information about interfaces can be
drawn from the diagram in combination with the C++ header
files of the classes. The code can be requested and retrieved
from the contact address.

3.2 Pathway extraction
All entries of LIGAND provide information about pathways
they are involved in within a separate data field. Hence
pathway extraction here comprises mainly collection and
assembly from annotations. KEGG already has its own
pathway database but it does not fit the requirements of the
project very well. For this project the REACTION part was
processed as shown in figure 7. Afterwards all pathways

Fig. 7. Algorithm ”path extraction”
begin

for (each reaction R in LIGAND) do
begin

for (each pathway P where R is involved) do
begin

if (not P exists) do create P
add R to reaction list of P

end
end

end

should be known and contain their defining reactions. From
the reaction formulas all compounds can be obtained. The
substrate-product relations make up the connections in the
pathway.

3.3 Absolute background frequency
Counting the occurrences of compounds in pathways by
incrementing a counter for each compound every time it
appears yields the absolute background frequencies (ABF).
Given the background frequencies of the compounds the
frequency of the upper ontology classes is built up by the sum
of their children. Starting with the root ”ChEBI Ontology”
the algorithm for ABF update of the ontology nodes works
according to figure 8. If a leaf node of the ontology (a specific
compound) is reached no summation will be done but the
ABF of compounds is already known (and set) and will be
returned. The total count of molecules will be much higher
than the number of compounds counted in pathways since
multiple occurrences of compounds are allowed at several
places in the ontology.
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Fig. 8. Algorithm ”update ABF”
begin

input: node of ChEBI ontology N
for (each child C of N ) do
begin

ABF (N)← ABF (N) + updateABF (C)
end
output: ABF (N)

end

3.4 Comparing two pathways
Each compound from one pathway has been compared with
each compound of the other and such a matrix of similarity
scores was created. In this approach the pathway score was
naively calculated by taking the best score of each line
of the scoring matrix. This brings with it the possibility
of assigning compounds of one pathway several times to
compounds of the other pathway. Looking at the biological
background this can absolutely be meaningful with respect
to evolved complexes of molecules substituting functions of
several smaller ones. Furthermore no structural alignment is
performed so far since the compounds of the input pathway
can be mapped to anywhere in the other pathway ignoring
any reactional relations between the compounds, thereby
ignoring possible intermediate steps or sideways. Still it is
a very straightforward approach and there is much room for
advanced aligning methods as it will be outlined in section
Discussion.

3.5 Finding a subsumer
A subsumer of two nodes is defined as the smallest common
upper class of both of these nodes in an ontology. Because
compounds may occur several times each compound pair
may have multiple subsumer candidates. Hence firstly all
candidates are searched and afterwards the one offering
the highest information content is picked. All subsumer
candidates can be found with the algorithm of figure 9.

The result is a list of all subsuming classes in the ontology.
Determining the smallest, most informative class is done by
choosing the one with lowest background frequency.

3.6 Similarity score
Using the Resnik similarity (equation 1) the similarity score
of two compounds C1 and C2 is calculated as the negative
logarithm of the subsumer probability:

R(C1, C2) = −log(p(Subsumer)) (4)

After background frequencies are calculated and the total
count of molecule occurrences in the ontology is known by
the ABF of the root node ”ChEBI Ontology” the probability

Fig. 9. Algorithm ”subsumer”
begin

input: compounds C1, C2
if (C1 = C2) do output: C1
for (each ”is a” and ”is part of” relation of C1) do
begin

for (each ”is a” and ”is part of” relation of C2) do
begin

L← L + subsumer(rel(C1), rel(C2))

end
end
output: L

end

of a sub class is determined by the term

p(Subsumer) =
ABFofSubsumer

TotalCount
(5)

Thus high scores are a result of high similiarity of two
compounds while 0 as lowest score means that there is no
similarity.

3.7 Statistical significance
To evaluate the significance of scores for the best matches the
probability of achieving a particular scoring were calculated.
Having a set X = {x1, x2, ...x(n−1), xn} of scores of one
path compared to the database the mean value was calculated
with:

x̄ :=
1
n

·
n∑

i=1

xi (6)

The standard deviation σ as the square root of the bias
corrected variance is defined by the term:

σ :=

√√√√ 1
n − 1

·
n∑

i=1

(xi − x̄)2 (7)

Confidence levels ( 1,2 and 3σ) resulting from equation 7 are
used for evaluation of significance. Thus they were calculated
for the comparison result and for a null hypothesis, meaning
randomly generated scoring. Such a null hypothesis was
produced by comparing randomly labelled sets of compounds
to the database. The number of compounds of random sets
was chosen equal to the number of compounds in the pathway
of interest. For each experiment random comparison to the
database was done 1000 times to calculating the mean value
and standard deviation.

4 RESULTS
128 pathways were found in LIGAND and used in the
experiments. A comparison of the database entries shows
an overlap of slightly less than a quarter of their chemical
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Table 3. Intersection found between databases

source compounds enzymes reactions

LIGAND 13478 4538 6486
ChEBI 12491 unknown 0
Intersection 3254 166 0

Number of entries recognized in both databases

Fig. 10. Input file of the manually selected part of glycolysis
pathway

compound entries (table 3). That means that more than
three quarters of the ontology compounds are not accessible
this way. Furthermore it is clear that the enzyme entries
will not provide useful information as the intersection count
demonstrates. Considering enzymes thus won’t enhance
comparison here. Two main experiments were performed to
examine and demonstrate the accuracy of this approach and
check if similarities and overlaps are detected in a meaningful
manner. In both cases a chosen pathway was compared to
known pathways and the outcome was analysed.

4.1 Experiment 1
In order to keep presentability a small pathway was manually
created as test set. Without consideration of quality a part
of the glycolysis pathway was selected by the author and
formatted to fit the syntactic requirements described in
subsection 2.2. The input file and therewith the descripton
of the pathway is shown in figure 10. Eleven reactions
define the pathway, each on a single line. Fifteen different
compounds are involved. To illustrate the topology a
compound connection graph (figure 11a) was computed
using GraphViz (Gansner and North, 1999). The pathway
was compared to the 128 extracted paths and to itself to gain
a sense of the scoring proportions. In table 4 the best five
results are listed. Expectedly the self comparison got the best
similarity scoring. Examining the self comparison (figure
11b) with considerably higher score one can clearly see that
only the denotation of the compound names changed, while
all nodes still represent the same molecules. Additionally
the complete glycolysis pathway as specified by LIGAND
appears in the best five. However it did not get the top score.
This may arise from the fact that 11 of 15 compounds could
be assigned between sample and rn00710 (carbon fixation,
figure 12), one more than between the sample and rn00010

Table 4. Glycolysis - small reconstruction compared to database

Name LIGAND
identifier

Similarity
score

Rating

self comparison — 209.839 100%
Carbon fixation rn00710 155.671 74.2%
Glycolysis / Gluconeogenesis rn00010 138.825 66.2%
Pentose phosphate pathway rn00030 106.929 51.0%
Pentose and glucuronate
interconversions

rn00040 106.929 51.0%

Starch and sucrose metabolism rn00500 104.367 49.7%

Result: Best similarity scores comparing hand derived glycolysis pathway to
pathways extracted from LIGAND

Table 5. Confidence estimations for small example

Confidence 68% 95% 99%

Associated score using results
of self made example

70.6732 99.6467 128.62

Associated score at random
comparison

130.28 259.858 389.435

Result: Calculated score boundaries for confidence intervals. All scores lower
than the shown value are within the specific confidence interval (the level to be
by at least xx% by chance), higher scores are out of the confidence interval.
While rn00010 and rn00710 are beyond the 99.7% intervall and although
very unlikely to be achieved by chance the other 3 are between 95% and
99% regarding the single result. Taking into account the null hypothesis with
randomly generated labels even the probability of achieving the scores of self
comparison by chance is considerably higher than 5%.

(glycolysis). Compounds that can not be assigned to an
ontology node provide no information just as if the subsumer
is the root of the ontology. Hence larger pathways are able
to gain higher scores, too, by providing more information.
Due to matters of size and perceptibility most graphs are
not shown in this report but any of them can be obtained by
sending a informal request to the contact address.

A random set with the same number of compounds
was generated and compared to the database 1000 times.
Deviation and confidence levels were calculated from the
result to estimate the probability of getting the results shown
in table 4. Confidence levels are shown in table 5. These
tables indicate two things. On the one hand comparison to
itself, to carbon fixation and to complete glycolysis deliver
significant hits looking at confidence calculated from all
scores gained by comparison with the example. On the other
hand the confidence intervals gained by a random generation
of pathways of the same size state that all scores are achieved
with at least 5% probability by chance and thus are not
significant.
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Fig. 11. Connection graph of pathway from experiment 1: a) the ”original” selected small set of Compounds from glycolysis. b) Result of
comparison of glycolysis to itself. Only labels changed since all compounds have been recognized in ChEBI.

4.2 Experiment 2
For further testing the original and complete LIGAND
glycolysis and gluconeogenesis have been chosen.So the
performance with real problems is demonstrated and can
be contrasted with results of experiment 1. It will also
show the impact of size on the scores since this pathway
is dealing with 54 different compounds. Table 6 shows the
five best hits of the comparison to all LIGAND pathways.
The self comparison got more than twice the scores of the
best hit to another pathway, namely the sucrose metabolism.
The outcome of comparison with the sucrose metabolism

can partially be seen in figure 13. Only 22 compounds
are assigned, the other are either not recognized or got no
subsumer with lower level than the ontology root. Thus a
big tail appears on the node labelled ”ChEBI Ontology”
representing all missing parts. If the similarity is approaching
zero, the graphs become more and more like a big tailed
Ontology. Again further information and graphs are available
upon request.

Significance levels have been calculated with the same
procedure as in experiment 1 but with 54 compounds (table
7). The conclusions that can be drawn here are quite contrary

9



Martin Pohl

Fig. 12. Connection graph of pathway from experiment 1: Comparison result with pathway rn00710.

Table 6. Glycolysis / Gluconeogenesis from LIGAND

Name LIGAND
identifier

Similarity
score

Rating

self comparison rn00010 653.898 100%
Starch and sucrose metabolism rn00500 279.580 42.8%
Pentose phosphate pathway rn00030 279.029 42.7%
Pyruvate metabolism rn00620 271.759 41.6%
Carbon fixation rn00710 249.435 38.1%

Result: Best similarity scores comparing complete glycolysis pathway to other
pathways extracted from LIGAND

to the one in experiment 1. Now the hits are very significant
with respect to the confidence intervals of scores achieved
with random graphs. Looking at the confidence intervals
calculated from the comparison scores of glycolysis there is
a more than 5% probability to gain such scores by chance.

Table 7. Confidence estimations for LIGAND glycolysis pathway

Confidence interval 68% 95% 99%

Associated score using results
of glycolisys

208.907 285.781 362.654

Associated score at random
comparison

8.91068 15.5242 22.1376

Result: Calculated score boundaries for confidence intervals. All scores lower
than the shown value are within the specific confidence interval, higher scores
are outside the confidence interval. Looking at the single result all scores are
within 95% interval which can be interpreted as more than 5% probability
that the scores are achieved by chance. The random contrasting test features
a totally other sight. According to that the scores would be highly significant.

5 DISCUSSION
Performing the comparisons described in the results section
several issues were revealed concerning the reliability and
accuracy of the method. So the comparison scores of the
glycolysis mini pathway to all others did not deliver a
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Fig. 13. Cut-out of the connection graph showing the result of comparison between glycolysis and sucrose metabolism

totally clear indication of the original pathway. In fact that
may be the correct output to the false input. Perhaps the
short glycolysis version is just not fitting the correct and
detailed one. A more precise examination will require a
closer structural assessment of the pathways which directly
leads to the major weak point. So far the topological
information gained from the pathways is treated neglectfully
by simply assigning the compounds to any in the other
pathway. This mainly results in recognition of all pathways
containing related compounds regarding the ontology. Thus
it can only be seen as a good start for further investigation
or as basis for an approach with an improved alignment
method. Possible candidates would be alignment methods
able to handle branching, cycles and local matching. Perhaps
an adapted Smith Waterman local alignment will do it.
Also, Pinter et al. (2005) introduced a promising pathway
aligning method based on Approximate Labelled Subtree
Homeomorphism (Pinter et al., 2004). But, as simple as it
is, the discussed approach still enables detection of pathways
sharing functionally related sub parts. That way a method is
given to determine overlapping and functional similarities of
examined pathways.

Another striking problem is the ”ChEBI Ontology” with
its big tail of self connecting edges as seen in figure 13. It
represents all compounds that either could not be recognized
in ChEBI or in rather small numbers where no better
correlation to compounds in the other paths exists. Since only

3254 cross references (table 6) between ChEBI and LIGAND
are found a big number of compounds can not be classified.
Many entries of ChEBI can be linked supplementary by name
search. Some thousand synonyms could be recognized in
such an attempt, but have been left out since it anticipates the
ChEBI development and the correctness can not be verified
easily.

Coming along with the large number of unrecognised
compounds is the evidently missing of sub classifications in
the shown comparison results. On the one hand this may
partly be caused through missing links. On the other hand
such sub classes can be more often found in results with
considerably worse similarity scores.

The scores themself might be improvable too. ChEBI
can be seen as composed of four main parts: the
molecular structure ontology, biological role ontology,
application ontology and unclassified compounds. As table
8 demonstrates in each sub part of ChEBI the number of
compound occurrences counted in pathways differs greatly.
This may introduce bias to the information content measure
since any relation within the biological role gets high scores
even if the subsumer is just 24432 ”biological role ontology”.
Human observation would assign zero information content
because every compound obviously should have a role in
biology. Hence scoring methods might improve if they
distinguish between the sub ontologies.
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Table 8. Sub ontologies in ChEBI

ChEBI ID Name Absolute Background Count

24431 molecular structure ontology 75784834
24432 biological role ontology 97682
33232 application ontology 29610
27189 unclassified 537

Listing of sub ontologies in the second level of ChEBI.

Further the scores between two compounds could be
calculated by average information content of all minimum
subsumers. It has not been applied because of the risk that a
large number of worse classifications will cover any highly
informative relation.

To finally mention a positive aspect: due to principles
of ontologies and the reported approach an extension for
multiple alignments suggests itself. Given 3 compounds the
similarity can be calculated by searching the subsumer of the
first two compounds and handling the retrieved upper class
like a subsumer. Searching now the subsumer of the result
and the third compound will give the common classification
of all three compounds. Any additional compound can be
processed accordingly, increasing the complexity of the
problem by a multiplier equal to the number of different
compounds.

6 CONCLUSION
The application of a pathway comparison based on
the information content in the ontology of ChEBI was
performed and tested on example problems. Its possible
use and advantages were described. Some weaknesses of
this aconcrete implemention emerged (regarding missing
inclusion of topology) and have been discussed as there are
for example too few cross linkings between LIGAND and
ChEBI, issues of the ChEBI ontology structure regarding
the information content and missing structural relations.
Corrections and improvements were proposed to handle such
issues. All in all further improvements are necessary to obtain
a method applicable in practice. For example including the
pathway structure would make the result considerably more
reliable, especially as there already exist suggestions like the
Approximate Labelled Subtree Homeomorphism of Pinter
et al. (2004). As well any ”simpler” alignment may be a good
complement.

Surveying the nature of pathways one can still find unused
information regarding the reactions and involved enzymes. A
future approach should merge reaction oriented approaches
like an EC number based to involve information by enzymes(
e.g. Tohsato et al. (2000)), structural oriented methods like
the one proposed by Pinter et al. (2005) and the use of other

ontologies as done by Gamalielsson et al. (2006) with the
ChEBI usage proposed in this report.

REFERENCES
Ashburner,M., Ball,C.A., Blake,J.A., Botstein,D., Butler,H., Cherry,J.M., Davis,A.P.,

Dolinski,K., Dwight,S.S., Eppig,J.T., Harris,M.A., Hill,D.P., Issel-Tarver,L.,
Kasarskis,A., Lewis,S., Matese,J.C., Richardson,J.E., Ringwald,M., Rubin,G.M.,
Sherlock,G., (2000) Gene ontology: tool for the unification of biology. The Gene
Ontology Consortium, Nature Genet., 25, 25-29.

Azuaje,F., Wang,H., Bodenreider,O., (2005) Ontology-driven similarity approaches to
supporting gene functional assessment. Proceedings of the ISMB2005 SIG meeting
on Bio-ontologies, 8, 2005:9-10.
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Fig. 14. PathEvaluator Class Diagram
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Fig. 15. PathEvaluator Class Diagram cont.
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