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Summary Whole genome microarrays allow assessment of the profile of genes
expressed under particular experimental conditions, including external stimuli such
as pH or temperature, and internal changes brought about by deleting or over-
expressing a gene. Such experiments produce large data sets, for which
sophisticated analysis software is available. What is lacking are tools for analysing
data sets from different experiments, in order to test and generate hypotheses
about the links between regulatory networks. We describe here a method for
presenting results from different experiments as a directed graph constructed using
an automated graph drawing program xneato, enhanced by a logic program designed
to cluster data and aid in the generation of hypotheses about possible gene
interactions. A web-based front-end to the system has been constructed to explore
and manipulate the graphical displays produced. Results of microarray experiments
on Mycobacterium tuberculosis were used to develop and evaluate the visualization
tool and initiate the development of an inference system for gene interactions based
on such data. The GeneGraph project can be accessed at: zebrafish.doc.ic.ac.uk
& 2004 Elsevier Ltd. All rights reserved.

Introduction

The regulation of gene expression patterns in
response to internal and external stimuli is com-
plex. Specific genes are switched on and off in a
well-concerted manner so that the cell adapts to
new conditions, but the pathways are often
interconnected in ways which are difficult to
investigate experimentally. Traditional methods
for monitoring gene expression typically measure
one gene per experiment and as a result are time

consuming and provide limited information. More
recently, the success of genome sequencing pro-
jects and the emergence of microarray technology
allows the response of all the genes in the genome
to be analysed simultaneously.

Microarray experiments can be designed to test a
large variety of hypotheses. A typical experiment
involves exposure of the cell to an environmental
condition in vitro such as heat-shock or low oxygen;
another form involves deletion or over-expression
of a gene or combination of genes. These experi-
ments aim at identifying genes whose expression is
affected by the test conditions, with the further
goal of understanding the complexity of gene
interactions and unravelling the pathways that
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define the cell’s responses to various stimuli. With
linear gene-by-gene methods the amount of data
generated could be analysed by manual methods.
For microarray data sets, there is a need to develop
computational methods to visualize and interpret
the large volumes of expression data produced.

We describe a method for presenting and
visualizing the results of microarray experiments
in the form of a directed graph (that is, a set of
nodes interconnected with arrows). The graph is
constructed by an automated graph-drawing pro-
gram, a modified version of the neato program for
producing directed graphs provided as part of the
Graphviz package, and enhanced by a logic
program designed to cluster data and make
hypotheses about possible gene interactions. The
web-based front-end enables the user to explore
and manipulate the graphical displays produced.
Our aim in the longer term is to develop inference
methods for producing hypotheses about possible
gene interactions as more and more data sets are
accumulated; in this note we describe the visuali-
zation tool developed so far. The web interface and
further details about the code are available at
zebrafish.doc.ic.ac.uk.

Methods and results

Microarray data

The datasets for the microarray experiments used
in the development of the tools were obtained from
two sources. One source are microarray experi-
ments performed in-house,1 the other is the
supplementary data provided by the Schoolnik lab
on their website2 to published papers.3–6 Both sets
of microarray experiments involve deletion or over-
expression of genes and exposure of the wild-type
and mutant strains to defined environmental con-
ditions. The data are in the form of fold change in
expression using the number of standard deviations
from the control mean as a significance cut-off to
determine up- or down-regulation.

All these data sets were stored in standard
MySQL7 and PostgreSQL8 relational databases
along with information from the Sanger Centre9

about the sequenced strain M. tuberculosis H37Rv10

including the predicted gene product, gene length,
accession numbers in other resources such as
GenBank, and a standard classification of known
function.

Graph drawing tool

Experimental results from selected combinations of
microarray experiments are presented in the form
of a graph: one set of nodes represent the
experiments, another set represent the genes
whose expression is affected, and arrows represent
the activation/repression relations between the
experiment nodes and the gene-nodes. We thereby
provide a graphical way of comparing different
experimental results, as illustrated in Fig. 1.

The graph drawing tool we employ is xneato,
which is a modified version of the neato program
for the automated construction of directed
graphs provided as part of the open source
Graphviz package from AT&T Laboratories.11

In its current version, neato does not pro-
vide mechanisms for drawing clusters and sub-
clusters of nodes; our modified version, xneato,
uses neato as the underlying graph drawing engine
and extends it to produce clusters and sub-clusters
of nodes. The xneato package is integrated with
the database, where we store the experimental
results and with a web-based front end providing
html hyper-links to summary descriptions of ex-
periments and gene nodes and to further informa-
tion on genes and experiments available at remote
sources.

Clustering

To assist in the detection of co-regulated genes, a
logic program written in Prolog, is used to compare
the results of different combinations of microarray

ARTICLE IN PRESS

Figure 1 This graph displays data obtained from three types of experiments. (1) The dnaJþ þ (doi:10.1016/
j.tube.2003.12.009) data is the gene expression profile from a mutant over-expressing DnaJ compared to wild type. (2)
The sigH-6 (Rv3223c), sigE-4 (Rv1221), hspR-1 (Rv0353) and hrcA-1 (Rv2374c) data are the gene expression profiles from
strains carrying null mutations in those genes compared to wild type. (3) The heatshock data are the genes upregulated
in response to heat-shock compared to wild type. The green arrows link the experiment node to the genes whose
expression levels appear increased in the experiment, whereas the red arrows link to the genes whose expression levels
appear decreased in the experiment. The colours of the gene nodes represent a standard classification by known
functions. The stacks of nodes group together genes that are adjacent in the chromosome or genes that are affected in
similar ways by the three experiments. When adjacent genes are also on the same strand, there is the likelihood that
they belong to the same operon, as indicated by red boxes.
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experiments and to cluster the genes. There are
three types of clusters:

1. Genes affected in the same way by all experi-
ments in the comparison set.

2. Genes affected by one experiment in the
comparison set but adjacent along the chromo-
some.

3. Hypothetical operons, genes adjacent along the
same DNA strand of the chromosome and
affected in the same way by all experiments in
the comparison set.

The clusters are shown in Fig. 1 as stacks of nodes
on the graph. Hypothetical operons are depicted as
stacks with red borders.

The first two types of cluster are provided mainly
for presentational reasons, to reduce clutter on the
graph. Directed graphs can become very crowded
and difficult to interpret (and draw) with increasing

number of nodes. By clustering the gene nodes we
reduce the number of arrows, avoid node overlaps,
and produce a much clearer graph that is easier to
interpret.

The third cluster type, hypothetical operons,
attempts to identify groups of spatially linked
genes regulated together which may function as
operons. The hypothetical operons produced as
clusters of type 3 are treated as atomic units, in
that they can appear in stacks of the other two
cluster types. The more microarray experiments
included in a comparison set, the greater the
accuracy of operon prediction, since there is more
evidence that those genes are expressed together.

The clustering program obtains data for the
comparison set of experiments from the database,
constructs the three types of clusters, and outputs
information about the graph’s nodes, arrows, and
clusters for processing by xneato. xneato uses
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Figure 2 This graph displays the experiments that involve deletion of the gene Rv2711 (ideR)5 and over-expression of
Rv2373c (dnaJ2) (doi:10.1016/j.tube.2003.12.009) respectively. Zoom boxes refer to the online version and allow
stacks to be expanded.
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Figure 3 This graph displays the relations derived from applying the different hypotheses in the experiments in Fig. 1.
The central nodes are now the genes deleted or over-expressed in the experiment.
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neato to lay out and display the graph, including
hyper-links that can be processed by a browser in a
web-based interface. The GeneGraph web inter-
face may be viewed at zebrafish.doc.ic.ac.uk.

Inference of relationships between genes
and environmental factors

The clustering program has been further extended
with the addition of a ‘‘hypothesis’’ option. In
addition to viewing selected combinations of
experimental data, the user can choose to view a
graph depicting a classification of genes according
to the environmental factors that affect them or by
possible interactions with other genes.

This option aims to assist in the evaluation of
experimental hypotheses and the design of new
microarray experiments. For example, for the
genes that appear up-regulated in an experiment
where a certain geneX was mutated, we may infer
that the mutated geneX (directly or indirectly)
inhibits the transcription of those genes. This
inference is obtained by formulating, in Prolog,
simple inference rules that may be used to
interpret the data. We have implemented infer-
ence rules that characterise defined mutants, test
in vitro conditions, or test up-regulation of genes.
We call these rules ‘‘First Inference Processes’’
since they are the initial step to the inference of
interactions between gene products from micro-
array results.

The inference results can be viewed as a directed
graph in the same way as experimental data. In
these graphs, however, the central nodes are not
experimental nodes but nodes representing the
genes that have been mutated or over-expressed,
or nodes representing the environmental factors,
such as heat or oxygen, that had been altered in
experiments. An example of an ‘‘experimental
data’’ graph is shown in Fig. 2 with a ‘‘hypotheses’’
graph in Fig. 3.

Finally, there are cases where experiments are
designed to test two different conditions at the
same time, as for example where a mutant strain is
exposed to low oxygen. In such experiments it is
less clear which condition is responsible for
differences in gene expression. Inferences about
hypothetical mechanisms can be made by compar-
ing these experiments against simpler microarray
experiments varying one factor at a time, though
the range of possibilities is quite wide. In this case
comparison with the wild type can be used to
identify the set of genes which are no longer
regulated when a particular gene is deleted.
Formulation of inference rules for interpretation

of combinations of experiments is a main compo-
nent of our current investigations.

Discussion

Our software constructs directed graphs to provide
a pictorial depiction of microarray experiments,
their components, and how these experiments
affect the expression of genes. The web interface
enables a quick identification of each gene appear-
ing in the graph and provides links to information
stored in our database or available at public
databases. Colour coding of the gene-nodes classi-
fies genes to eight main functional groups that are
available at the Sanger Centre. The clustering
program can successfully identify potential operons
and formulate a set of initial hypotheses. Integra-
tion of the clustering program and xneato to the
web interface enables users to select various
combinations of experiments they wish to view.

Future work will focus on the implementation of
inference rules dealing with the interpretation of
combinations of experiments. We also aim to
integrate information that is already available on
known gene interactions in M. tuberculosis. We are
in the process of obtaining data from more
microarray experiments on this organism, and are
planning to test the tool on a larger variety of
microarray data from different organisms. Raw
data are in general not readily available for
microarray experiments which precludes the re-
analysis of data sets using the same statistical
tests. Another issue is that some knocked-out genes
still give positive signals on hybridizationFthis
may be a consequence of gene remnants hybridiz-
ing to the array, but requires details of how
mutants were constructed for evaluation. It is
hoped that the availability of MIAME compliant
microarray data12,13 will solve these problems.

Related techniques for the elucidation of path-
ways from different types of experimental data
have been published.14,15 Although scalable, the
methods described are not suitable for microarray
data sets. At this stage of development the tools
described allow the visualization of microarray
data, and how data from different experiments
overlap. For example, Fig. 1 illustrates that only a
subset of genes up-regulated in the heat shock
response are controlled by the classic heat shock
regulators, demonstrating that many of the genes
are controlled by as yet unknown mechanisms. In
the longer term our aim is to develop a larger set of
inference rules that will be used (a) to confirm that
proposed pathways do not conflict with experimen-
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tal data and prior knowledge, and (b) to provide a
pathway finding facility that will propose new
pathways to explain experimental data and suggest
new discriminating microarray experiments.
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