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ABSTRACT
Summary: Inferring genetic network architecture from time
series data generated from high-throughput experimental
technologies, such as cDNA microarray, can help us to under-
stand the system behavior of living organisms. We have
developed an interactive tool, GeneNetwork, which provides
four reverse engineering models and three data interpolation
approaches to infer relationships between genes. GeneNet-
work enables a user to readily reconstruct genetic networks
based on microarray data without having intimate knowledge
of the mathematical models. A simple graphical user inter-
face enables rapid, intuitive mapping and analysis of the
reconstructed network allowing biologists to explore gene
relationships at the system level.
Availability: Download from http://genenetwork.sbl.bc.sinica.
edu.tw/
Contact: hchuang@gate.sinica.edu.tw; bcchen@gate.sinica.
edu.tw
Supplementary information: Supplement documentation
of algorithms for the four approaches is downloadable at the
above location.

INTRODUCTION
Most biochemical relationships among genes, proteins and
other organic substrates are known to be many-to-many,
meaning that one component can have many functions and
one function can be influenced by many components. To
understand these complex relationships, the structure of a
biological system, such as regulatory relationships of genes,
needs to be identified first. Reverse engineering methods
provide a good way to model genetic interactions as network
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diagrams of interacting elements based on time-course gene-
expression data generated from cDNA microarray exper-
iments. The reconstructed genetic network can then be
validated experimentally.

Because most genetic network models are mathematically
and computationally complicated, a full understanding of the
logic and complex behavior of genetic networks will require
the development of tools for the computational and visual
exploration of complex networks. Although several previ-
ous attempts have been made to visualize pathways from
prior known knowledge and to simulate system dynamic
processes in software packages (Breitkreutz et al., 2003;
Dahlquist et al., 2002; Shannon et al., 2003), none of them
allow users to infer genetic networks from experimental
gene-expression data using reverse engineering approaches.
This paper presents a computational and user-friendly soft-
ware tool, GeneNetwork, to visually reconstruct genetic
networks from gene-expression data using reverse engineer-
ing models. It can be used by biologists with only a minimal
amount of mathematical training, yet gives them the power to
explore a wide range of sophisticated questions about genetic
networks.

OVERVIEW OF THE SOFTWARE
The architecture of GeneNetwork, written in C++, is outlined
in Figure 1. The work flow for GeneNetwork is as follows:
(1) input experimental data in tab-delimited text format; (2)
interpolate data through the Interpolation Controller if the
number or sets of experimental data points are insufficient
to initiate the inference calculations; (3) implement reverse
engineering inference approaches through the Modeling Con-
troller to generate the gene regulation matrix that describes
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Fig. 1. The architecture of GeneNetwork.

how genes regulate each other; (4) automatically draw the
network for visualization, based on the regulation matrix;
(5) compare the inferred intuitive network with on-line data-
bases such as KEGG (Kanehisa et al., 2004), based on the
information from the Network Graph Viewer and the Informa-
tion Viewer; and (6) review the proposed sets of experiments
and generate hypothesis. These high-level capabilities of
GeneNetwork are described as follows.

Interpolation Controller
The required minimum number of data time points depends
on the number of variables in the mathematical model for
genetic network inference. If the time points of experimental
data are insufficient to fulfill the requirement of the specified
model, the network analysis can be initiated by interpolation
of the time series data points. The Interpolation Controller
provides three selections of data interpolation approaches:
linear, Lagrange polynomial and cubic spline interpolation
(Constantinides and Mostoufi, 1999).

Modeling Controller
Various reverse engineering algorithms have been used to
model genetic regulatory networks (de Jong, 2002). Gene-
Network offers four different inference models to extract
the ‘gene regulation matrix’ from the gene expression data:
(1) the linear model (D’haeseleer et al., 1999) is a continu-
ous method that uses linear ordinary differential equations to

describe the system; (2) the S-system (Kikuchi et al., 2003)
is an approximation of traditional rate laws with a uniform
type of non-linear ordinary differential equation in which
the component processes are characterized by the power-law
functions; (3) the Boolean network (Liang et al., 1998) is
a logical description in which variables and functions (the
relationships between the components) are simply presen-
ted as ON or OFF; and (4) the dynamic Bayesian network
(de Jong, 2002) stochastically models causality between genes
over time series data. For the latter three models, the genetic
algorithm is applied to effectively search for the optimal point
in the large solution space and to learn network structure
(Repsilber et al., 2002). Users can change the parameters in
the four approaches through the Modeling Controller.

Network Graph Viewer/Information Viewer
To extract valuable information from the gene regulation
matrix, GeneNetwork embraces several network visualization
layouts. A network diagram is presented with nodes corres-
ponding to genes and edges indicating relations between the
genetic network components. Information on the network
structure and genes, from the gene regulation matrix and
input information, can be shown on the Information Viewer.
Clicking on any node reveals the biological processes that
involve the selected gene and its relation to others. GeneNet-
work is fully customizable and allows users to define personal
settings to generate interaction networks by manipulating
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several graphical setting options, such as linkage changes,
gene selections, gene searches, font and graph settings, etc.

DISCUSSION
The four inference models in GeneNetwork have different
advantages and weaknesses and users can select the appropri-
ate model based on their requirements. The linear model is
a gross simplification for most biological systems but it offers
an easy method to infer genetic network; the assumptions may
be unrealistic. The S-system can capture the non-linear system
dynamics, although the method exerts large computational
cost to search for the optimal solution. In Boolean network
model, the regulatory control of gene expression is expressed
by logical rules, which allows large-scale genetic networks to
be analyzed in an efficient way. The advantages of the dynamic
Bayesian network include the ability to model stochasticity,
to incorporate prior knowledge, and to handle hidden vair-
ables and missing data in a principled way. Nevertheless,
determining the optimal network structure of Bayesian net-
works is an NP-hard problem. Furthermore, discretization of
gene expression in both Boolean and Bayesian models would
induce information loss.

In the Supplementary material, we provide detailed
descriptions of the four methods and an application of the
Saccharomyces cerevisiae cell-cycle gene-expression data
(Spellman et al., 1998) to GeneNetwork. Many of the inferred
gene relations are known to be involved in the S.cerevisiae
cell-cycle pathway.

FUTURE WORKS
The future works will focus on the automatic integration with
on-line databases to provide more up-to-date genome informa-
tion to a user while using GeneNetwork. In addition, the
visualization capabilities for large-scale network layout will
be enhanced.
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