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Abstract 

There exists a strong need for a qualitative spatial knowl-
edge representation that is capable of modeling and of rea-
soning about knowledge of genomic structures. The reason-
ing component can help to improve the biological plausibil-
ity of existing alignment approaches for bacterial genomic 
DNA sequences, which at present relies exclusively on 
similarity comparisons on the string level. Genomic DNA 
sequences of bacteria, even within the same species, can be 
highly variable. This variability exists not only at the string 
level, but also at the structural level, i.e. the order of genes 
and their coding is less conserved as could be expected. 
Therefore, the comparisons of genomic DNA sequences 
should not only use the sequence similarity on the string 
level, but they should rather be extended to the structural 
level. We present a concept to support the alignment proce-
dure with one-dimensional spatial knowledge of genomic 
structures like genes and their regulatory regions, which is 
expressive since it allows a specification and reasoning 
about spatial relations between genomic structures by dis-
junctions of qualitative relations.  

Introduction 
The comparison of DNA sequences is a common operation 
in bioinformatics which serves as a basis for many other 
more complex manipulations. A DNA sequence can be 
represented for computational reasons as a string over a 
four-letter alphabet, where each character represents a 
nucleotide (Adenine = A, Cytosine = C, Guanine = G, and 
Thymine = T), the fundamental unit of the DNA polymer. 
Any comparison of a pair of biological sequences has two 
results: a similarity or distance value, and the alignment of 
the sequences, which is a way of placing one sequence 
above the other in order to illustrate the correspondence 
between similar substrings of the sequences. 
Recently, there has been a growing interest in bioinformat-
ics in interspecies comparison of complete bacterial ge-
nomic DNA sequences. The alignment of such sequences 
allows the identification of coding and of regulatory re-
gions, helps to throw light on the evolution of bacteria, and 
supports the understanding of their metabolic pathways 
(Bansal, Bork and Stuckey 1998, Overbeek, Woese and 
Overbeek 1994). Existing alignment tools for this task 
search for local similarities on the string level and align the 
identified subsequences. This kind of procedure is neces-
sary since a global (end-to-end) alignment strategy would 
align unrelated regions for the frequent case of genome 
rearrangements, including gene duplication and change of 
orientation (Miller 2001). In order to avoid inconsistencies 
with any kind of false positive sequence similarity, the 

tools usually take the subsequence with a local similarity 
value above a minimal threshold. When comparisons are 
made among species, however, this limits the possibilities 
for the identification of less conserved structures. In addi-
tion, subsequences are possibly taken out of their biologi-
cal context if the similarity does not extend over the whole 
genomic structure. We refer here to genomic structures as 
any subsequence (substring) of the genome carrying a 
biological function (e.g. gene or regulatory region, like 
promotor and terminator). 
In addition to the similarity value, the assessment of identi-
fied subsequences will be more accurate by evaluating any 
local similarity using the biological context (e.g. gene or 
conserved cluster of genes) they are located in. The knowl-
edge is used to test the biological consistency of the order 
of local similarities found between two genomes, i.e. to 
check for their biological context, and thus allows to lower 
the threshold of the local similarity value for the compari-
son.  
Supporting the alignment procedure of complete bacterial 
genomic DNA sequences with spatial knowledge requires 
a modeling language to represent and, furthermore, to 
reason about incomplete one-dimensional spatial knowl-
edge since at present knowledge about bacterial genome 
structure is restricted. Furthermore, a qualitative represen-
tation is required since quantitative modeling of genome 
structures (concrete positions, lengths and distances) 
would disregard genome rearrangements and any kind of 
mutations. Knowledge representation techniques are al-
ready in use in bioinformatics and, predominantly through 
the application of ontologies, have become an essential 
tool during the last years (Karp 2000, The Gene Ontology 
Consortium 2001). However, available ontology descrip-
tion languages lack the ability to reason about spatial rela-
tions between concepts (Visser and Schlieder 2002). Con-
sequently, reasoning about one-dimensional spatial knowl-
edge of genomic structures requires an extension of these 
modeling languages. 

Modeling spatial-rational constraints of ge-
nomic structures 

We assume bacterial genome sequences to be linear like 
they appear in data base entries instead of circular like they 
are for most bacteria in real life. This allows a qualitative 
description of the order of genomic structures in a given 
genome by using relations like before, after, or overlaps. 
Alternatively, the appearance of genomic structures could 
be described by its start- and endpoints in the genome, and 
relations between points could be described by the set 
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{<, =, >}. Both kinds of one-dimensional knowledge rep-
resentations (interval-based and point-based framework) 
are well-known in knowledge-based systems (for an intro-
duction see Beek 1992). When modeling, e.g. the enclo-
sure of one structure into another, or the overlap of two 
structures as it can occur between genes or regulatory 
regions, only the interval-based framework meets the re-
quirements for the representation of genomic structures. 
Therefore, to qualitatively model spatial relations between 
genomic structures we use Allen's interval logic (Allen 
1983). There exists a set of thirteen basic relationships 
denoted by I which can hold between two intervals, 
namely: before (b), after (bi), meets (m), met-by (mi), 
overlaps (o), overlapped-by (oi), starts (s), started-by (si), 
finishes (f), finished-by (fi), during (d), contains (di), and 
equals (eq). In order to represent incomplete information 
between two intervals, the relations are allowed to be a 
disjunction of the basic relations, i.e. any subset of I. We 
then formalize one-dimensional genomic structures Gi and 
Gj as binary variables on which constraints are defined. 
This allows a formalization of the reasoning tasks as con-
straint satisfaction problems (CSP).  
There are various standard algorithms to solve CSPs 
(Kumar 1992). Although in the worst case, finding a con-
sistent scenario is NP-complete for the interval-based 
framework, these algorithms can work well in practice 
(Beek and Manchak 1996). Golumbic and Shamir 
(Golumbic and Shamir 1993) were the first to introduce 
the interval-based framework into a problem of molecular 
biology of practical size, namely to check if the DNA 
molecule is linear in structure, by modeling sequenced 
segments and testing whether they are disjoint or inter-
sects. Beek and Manchak (Beek and Manchak 1996) 
demonstrated that reasoning is tractable for this problem. 

Approach for spatial reasoning about genomic 
structures 

One genome for which knowledge exists is taken as a 
reference for the alignment and called the reference ge-
nome. Spatial knowledge of genomic structures of this 
specific genome and more general knowledge is intro-
duced into a constraint network (reference model) either 
by an expert via an editor, or automatically by extracting it 
from publicly available data bases. This allows for a flexi-
ble knowledge adjustment with respect to the analysis task. 
We call the other genome the inquiry genome.  
Prior to the identification of a consistent scenario, the 
consistency of the reference model must be guaranteed. 
Inconsistencies may have been caused by partial knowl-
edge refinements, i.e. a relation set between two genomic 
structures was either extended or reduced. All feasible 
relations between all pairs of genomic structures have to 
be found. This can be done employing the path consistency 
algorithm on the constraint network (Beek and Manchak 
1996). 
Here, we will concentrate on how to find a consistent sce-
nario of the local similarities identified between the refer-
ence genome and the inquiry genome. Finding local simi-
larities is done by a standard algorithm named BLAST 
(Altschul, et al. 1997).  

A variable xk of the constraint network is a directed rela-
tion r between exactly two genomic structures Gi and Gj: 
xk = r(Gi, Gj), with r ∈  I and Gi, Gj ∈  G. We call the vari-
ables of the reference model the reference variables, de-
noted as x. On the other hand, the relations measured in the 
inquiry genome are called the inquiry variables, denoted 
as y. However, the possibility to identify local similarities 
on the string level for each genomic structure of the refer-
ence genome decreases when comparisons among species 
are made. Thus, we compare only the sets of variables for 
which at least one local similarity hit exists. The remaining 
sets of all variables for the comparison are denoted as X 
and Y, respectively. 
To test the equality of the biological context, a match be-
tween the reference model and the inquiry genome has to 
be performed. This equality holds, if for each x ∈  X a y ∈  
Y exists, so that all relations between two variables r(yi, yj), 
with yi ≠ yj ∈  Y, are consistent with the relations defined in 
the reference genome. Hence, all y of a relation rk are con-
sidered domains of the x which constitutes the relation rk. 
Binary constraints are defined as tuples of variables in 
order to check for consistent matches. Eventually, the 
backtracking algorithm has to find an instantiation for each 
variable x, which satisfies all constraints. Figure 1 illus-
trates an example of the approach. 

Conclusions 
We have described a concept to support the alignment of 
bacterial genomes with respect to spatial knowledge of 
genomic structures. The concept supports the alignment 
procedure by checking the biological context of identified 
subsequences with respect to their order in a reference 
model. As a result, the threshold of the local similarity 
value can be decreased thus making the identification of 
less conserved structures among species more efficient. 
We have shown that for our approach spatial reasoning is 
an important prerequisite in order to check for inconsisten-
cies within the knowledge provided. Inconsistencies may 
be caused by user-refinements of the knowledge, i.e. par-
tial extensions or restrictions of the relationships. The 
reason is that spatial knowledge normally exists about 
special genomic structures (e.g. the order of the parts of a 
gene cluster), but not about all relationships to all other 
existing structures within the same genome. It is not rea-
sonable to adapt by hand the quantity of all relationships 
for a user. The same holds for knowledge provided by 
public data bases, since it is essentially the direct spatial 
order which is annotated. 
The concept described increases the computational ex-
penses of bacterial genome alignments, on the other hand, 
the biological plausibility of the analysis is improved and 
new knowledge about the structures can be derived. The 
accuracy of the concept highly depends on the amount and 
the precision of the provided knowledge, i.e. the genomic 
structures and their relations. Thus, a lot of work is re-
quired to accurately model the structure of a reference 
genome. This work needs to be supported by a user-
friendly editor which allows an intuitive modeling of spa-
tial knowledge. However, once a reference genome is 
modeled accurately it may prove helpful to many analyses. 
 



 
Figure 1 Examples of a) the order of genes in a reference genome (dotted line represents the DNA sequence; numbers account for the 
start- and end-positions of the genes); b) incomplete knowledge of the order of the genes (all permutations are allowed) after instantiating 
the reference model (the relation set {b, bi, m, mi} is provided between all genes, which is not shown); c) knowledge refinement  for a 
conserved gene pair nrgA and nrgB; d) local similarities between the reference genome (Ref.) and an inquiry genome (Inq.) (numbered 1-
4). There exist two local similarity hits (1 and 3) for nrgB. However, only the local similarities 2, 3, and 4 are consistent with the know-
edge modeled in the reference model of c). 

 The structure of bacterial genomes is highly diverse 
across species and the dynamic of genome organization is 
not fully understood yet (Andersson 2000, Casjens 1998). 
Thus, when comparing phylogenetic distanced species, the 
knowledge provided for the reference genome might be 
over-constrained, i.e. the relation sets between genomic 
structures are reduced too much (e.g. for clusters of 
genes). Therefore, we plan to extend the approach by the 
mechanism of constraint relaxation, i.e. trying to satisfy a 
maximal number of constraints (for an overview see Freu-
der and Wallace 1992). 
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