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Gene networks provide the regulation of physiological processes in eukaryotic organisms. Ways and means for automated visualization of the gene networks based on their formalized description are needed. Rapidly increasing information regarding the regulation of gene expression and signal transduction pathways is hard to formalize and systematize. The main principles of a formalized description of various regulatory processes have been worked out for the GeneNet computer system designed for accumulation of the data on gene networks and their visualization through the Internet. The GeneNet system is bipartite and includes: (1) a database containing information on gene networks and (2) a Java program for automated construction of the gene network diagrams based on their formalized description in the database. The GeneNet graphical user interface allows visualization and exploration of the GeneNet database through the Internet. The GeneNet is a part of GeneExpress - an intellectual system for analysis of genomic regulatory sequences (http://wwwmgs.bionet.nsc.ru/systems/GeneExpress/), developed in the Institute of Cytology and Genetics, Siberian Branch of the Russian Academy of Sciences. GeneNet is available at http://wwwmgs.bionet.nsc.ru/systems/MGL/GeneNet/.
1. The gene network concept
Gene networks [Goto S. et al., 1997; McAdams H. and Arkin A., 1997; Savageau,M., 1985; Thomas R. et al., 1995] are gene ensembles functioning in a coordinated manner to provide for the vital functions, fine regulation of physiological processes, and responses to external stimuli. Any gene network is composed of several functional elements: (1) a gene ensemble interacting when certain biological functions are performed; (2) proteins encoded by these genes [Harada et al., 1994; Anan’ko et al., 1997]; (3) signal transduction pathways providing the gene activation in response to an external stimulus; (4) a set of positive and negative feedbacks stabilizing the parameters of the gene network (autoregulation) or providing a transition to a new functional state [Kolchanov, 1997]; and (5) external signals, hormones, and metabolites that trigger the gene network or correct its operation in response to the changes in physiological parameters.
2. The GeneNet database
2.1. Main principles of gene network formalized description
Experimental data from original papers are formalized and collected in the GeneNet database. Using the object-oriented approach, the following components are distinguished in the description of the gene network: entities (any material objects), relations between the entities, and processes occurring in them (for example, viral infection, anemia, etc.). Four classes of entities are distinguished: (1) Cell (tissue, organ) entity, regarded as a definite compartment containing a certain set of entities of other classes; (2) Protein; (3) Gene; and (4) Substance (nonprotein regulatory substance or metabolite). Species and cell types are taken into account in the description of entities. Two classes of relations between the entities are distinguished: (1) reaction, that is, the interaction between entities leading to appearance of a new entity or process, and (2) regulatory event, that is, the effect of an entity on a certain reaction. Each class of gene network components is described in its own format in a separate table (Fig. 1). The table CELL contains the information on the cell types and lineages. Tissues and organs are also described in this table. The table GENE includes the data on the genes and their regulatory features based on the information from the TRRD [Kel et al., 1995; Kel’ et al., 1997]. The data on proteins and protein complexes are collected in the table PROTEIN; on nonprotein regulatory substances and metabolites, in the table SUBSTANCE; on the physiological processes and the organismic state during the gene network functioning, in the table STATE. Relations between the gene network components are described in the separate table RELATION. The database is supplemented with two additional tables: SCHEME, which contains the description of the gene network graphs, and LITER with references to the original papers.
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Figure 1. Structure of the GeneNet database with references to other databases.
 
2.2. Representation levels of the gene network and directionality of processes in it
Compartmentalization is a characteristic feature of the processes occurring in the gene network. Gene network components are scattered throughout different organs, tissues, cells, and cell compartments. The three hierarchical levels are considered as a first approximation to the description of the gene network: (1) the level of organism, at which the entities organs, tissues, particular types of cells, and various substances affecting other organs, tissues and cells are described; (2) the single cell level, where four compartments are distinguished: the intercellular space, the cell membrane, the cytoplasm, and the nucleus; and (3) the single gene level, at which the description of the gene transcription regulation employs the data from the TRRD database [Kel’ et al., 1997].
The directionality of the processes occurring in the gene network can be determined in many cases. There are two directions with respect to the activated genes: (1) INPUT, signal transduction pathways from the cell receptors to the genes, and (2) OUTPUT, the processes occurring in the cell after the genes responded to the signal.
2.3. Current release of the GeneNet database
Current release of the GeneNet database contains description of two gene networks: the antiviral response [Anan’ko et al., 1997] and regulation of erythropoiesis [Podkolodnaya and Stepanenko, 1997] described at the levels of organism and single cell. The gene network of lipid metabolism is under the work. Gene interdependence, signal transduction pathways, and the major features of gene network operation are included in the gene network description.
GeneNet database is available through the SRS system (http://sgi.sscc.ru/). The SRS system also supports the cross-references within the GeneNet database and to the EMBL, SWISS-PROT, TRRD, TRANSFAC, and EPD databases (Fig. 1).
3. The GeneNet user interface
The GeneNet Viewer, which is a Java applet, includes the means for automated generation of the gene network diagram and system of filters as well as the means for data navigation including interactive images on the diagram, on-line help, interactive cross-references within the GeneNet database and references to other databases. All images on the diagram are interactive, i.e., if the user clicks the image, the textual description of the corresponding entry in the GeneNet database is displayed in a special text window under the diagram (Fig. 2). Double clicking the gene image starts the TRRD Viewer, developed using Molecular Genetics Library [Kolpakov and Babenko, 1997], and regulatory map of the gene is visualized. The text window contains a formatted text with hypertext references of three types: (1) references explaining the type of information described in the field; (2) cross-references within the GeneNet database; and (3) the references to other databases (EMBL, SWISS-PROT, TRRD, TRANSFAC, and EPD).
3.1. Automated generation of gene network diagrams
The GeneNet system is developed in such a way that diagram construction of the gene network is automated. A diagram is represented as a graph with nodes corresponding to entities or states and edges indicating relations between gene network components. Information on the graph structure is taken from the SCHEME table. Each class of the gene network components has its own image on the diagram, reflecting the features of the object.
Each of the three levels of the gene network representation is displayed in a separate window. The diagrams summarize all the experimental data on the gene network that have been so far collected in the GeneNet database (fig. 2).
3.2. Equivalence groups
The equivalent components of the gene network (for example, homologous genes or proteins obtained from different species) are represented by a single node on the diagram. In the SCHEME table, such equivalent entities are described as equivalence groups. Relations between equivalent entities are also equivalent.
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Figure 2. Example of automated construction of the diagram representing the gene network of the antiviral response at the cell level.
 
3.3. System of filters
Note that the components of the gene network may originate from the data obtained in different species, types of experiments, and under different conditions. By default, the scheme for the gene network is drawn using all the information given in the corresponding entry of the scheme table. A system of filters allows to select particular components of a gene network for visualization depending on the species, cell type, and inducer. The GeneNet is provided with filters of three types according to (1) species, (2) cell type, and (3) inducer. All three filters can be applied to the diagram of the gene network at the cell level, whereas only the species filter is accessible at the organism level.
An appropriate filter contains the list of all species, cell types, or inducers for all the objects on the diagram. One, several, or all elements listed can be selected from the corresponding filter. All the three filters can be used simultaneously. As a result, only the objects that meet the requirements of all the filters, will be displayed on the diagram. Note that application of the filters does not change the positions of the entities on the diagram, simplifying the visual comparison of the diagrams.
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