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Abstract

Biological pathway mapping is an important
problem in the post-genomic era. We now present a 
new algorithm for pathway mapping in microbes. The
algorithm considers not only sequence similarity
among the template and target genes, but also the
operon structures in the target genome. We formulated
the mapping problem as a graph finding problem, and
solved it by an Integer-Programming (IP) method. The
goal is to minimize a linear object function subject to
six constraints, such that maximal sequence similarity
among the template and target genes are achieved, and
at the same time, a minimal number of operons are
covered in the target genome. Compared to our
previous Minimal Spanning Tree (MST) algorithm, the
IP method has the following advantages: i) It is much
faster and thus can map larger pathway involving a
much large set of genes. ii) The IP method looks into
the details of genes in the operons, and consequently
avoids the many-to-one mapping mistakes that
sometimes occur in the MST algorithm. We have
compiled a large pathway training set to optimize the
parameters of the program, and tested it by mapping
16 complex pathways from BioCyc onto E.coli K12
genome and the results are very promising.

1. Introduction
Comparative genomics analysis is a powerful approach

for gene function predictions for newly sequenced genomes, 
and this is mainly done by identification of their orthologous
genes in other well studied genomes. Current efforts for
orthologues identification are mainly based on sequence
similarity. While these methods including the popular bi-
directional-best-hit (BDBH)[1] scheme, Clusters of
Orthologous Groups (COGs)[2], multiple sequence alignment
based method [3]  and phylogeny tree based method [4] may
work well for closed related genomes, they may fail on
remotely related genomes. Therefore, more information is 
needed to achieve more robust orthologue predictions.

We have recently proposed a new framework for 
mapping the orthologous genes between genomes at
pathway level by considering not only sequence
similarity but also other gene relationships such as operon 

structures and transcription binding site information, since 
genes in the same operon and regulon are often involved in a
same biological process.  Our previous solution to this
problem was a Minimal Spanning Tree (MST) algorithm
which is not capable of solving problems involving a large
set of operons. Here, we re-formulated the problem as
combinatory optimization problem and solved it by Integer
Programming (IP). This new algorithm overcomes the
shortcomings in the previous method and can work on large
pathways.

2. Problem Formulation
The pathway mapping problem between a template and a

target genome is illustrated in figure 1.  There are m genes in
the template pathway, and n candidate genes in target set.
Each open circle is a gene and each shadowed eclipse is an
operon. xij, ykl are variables.  If gene i in the template is
mapped to gene j in the target genome, then xij = 1, otherwise, 
0. If genes k and l in the target genome are mapped
sequentially, then ykl=1, otherwise, 0. hij reflects the sequence
similarity of gene i in template pathway and gene j in the
garget genome. skl has a large value if gene k and l are in
different operons, otherwise a small value. We formulate the
pathway mapping problem as an IP problem as fellows:
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n

l

n

lk
klkl

m

i

n

j
ijij ysxh

1 11 1

Constraints:

1. , for i=1…m, to guarantee each template gene

is exactly mapped to one target gene.
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2. , for j=1…n, to guarantee each target gene

is only mapped by one template gene, or not mapped by any
gene.
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3. , for j=1…n, to 

guarantee if a target gene is mapped, it must have at least one 
edge (up to 2 edges) connected to other target gene(s), if it is
not mapped, it will not be connected to any target gene.
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The Integer Programming formulation was proved 
mathematically a solution to the pathway mapping problem:
map one template pathway to a target pathway with maximal
sequence similarity and minimal number of operons covered
in the target genome, the solution is global optimal.

3. Results
3.1 Speed improvement

The pathway mapping problem is a NP hard problem.
The MST method is an enumerate algorithm which takes the
computational complexity o(2n). As shown in Table 1, it 
could not solve problems involving a large number of genes.
In contrast, the IP method resolves the problem by optimizing
a linear objective function subject to some constraints and
integer bindings for some variables. It takes “Branch, Cut and
Price” algorithm, and solved the practical mapping problems
involving up to 200 genes in a reasonable time scale (Table
1).  COIN-OR[5] is employed to program the problem.

Figure 1 

3.2 Experimental Results
We have tested the algorithm by mapping three

experimentally verified pathways (phenylalanine,
tyrosine and tryptophan biosynthesis superpathway;
peptidoglycan biosynthesis pathway; KDO2-lipid A
biosynthesis pathway) of 15 microbes stored in BioCyc
database [6] to E.Coli K12 genome. Among the 172
genes in the these pathways, our program correctly 
predicted 163 orthologous in E.Coli K12, with only 9
mistake matches, yielding a total accuracy rate of
94.8%.

Table 1: Speed comparison between IP and MST3 methods 
Template Gene

Number
Target Operon 

Number
Edge Number For 

Each Gene
Time For IP Time For 

MST
11 8 3 3 0.02s 0.01s
2 20 10 5 0.03s 0.01s
3 40 20 3 0.20s 0.30s
4 50 30 6 1.46s 20.71s
5 60 40 6 5.09s 8511.17s
6 100 50 5 6.96s -2

7 200 100 7 69.27s -2

1. The problems are generated by computer; 2. The problem can not be resolved in a reasonable time scale.
3. MST algorithm takes computational complexity of o(2n), please refer to another paper in this proceeding.
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