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                    Abstract

 The Gene Ontology (GO) project ( http://www.geneontology.org /) provides a set of structured, controlled vocabularies for community use in annotating genes, gene products and sequences (also see http://www.sequenceontology.org /). The ontologies have been extended and refined for several biological areas, and improvements to the structure of the ontologies have been implemented. To improve the quantity and quality of gene product annotations available from its public repository, the GO Consortium has launched a focused effort to provide comprehensive and detailed annotation of orthologous genes across a number of ‘reference’ genomes, including human and several key model organisms. Software developments include two releases of the ontology-editing tool OBO-Edit, and improvements to the AmiGO browser interface. 
                    

                    INTRODUCTION

 The Gene Ontology (GO) project ( http://www.geneontology.org /) is a collaborative effort to develop and use ontologies to support biologically meaningful annotation of genes and their products in a wide variety of organisms. Major model organism databases and other bioinformatics resource centers contribute to the project. 
 The GO ontologies provide a systematic language, or ontology ( 1–4 ), for the consistent description of attributes of genes and gene products, in three key biological domains that are shared by all organisms: molecular function, biological process and cellular component ( 5–11 ). A fourth ontology, the Sequence Ontology (SO), covers sequence features ( 12 , 13 ). 
                    GO CONTENT DEVELOPMENT

 The branches of the Gene Ontology continue to be dynamic, changing to reflect the current state of biological knowledge and expanding to meet the needs of its user communities. Recently GO has made improvements in both biological content and ontology structure. A summary of the current content of the GO is shown in Table 1 . 
                    
Table 1.Status of GO, September 1, 2007

 
	Biological process terms	13 916
	Molecular function terms	7878
	Cellular component terms	2007
	Sequence ontology terms	1305
	 Annotation datasets a	35
	Species with annotation	1 37 454
	Annotated gene products
	    Total	3 34 7495
	    Electronic	3 12 8309
	    Manual	2 19 186


	Biological process terms	13 916
	Molecular function terms	7878
	Cellular component terms	2007
	Sequence ontology terms	1305
	 Annotation datasets a	35
	Species with annotation	1 37 454
	Annotated gene products
	    Total	3 34 7495
	    Electronic	3 12 8309
	    Manual	2 19 186


a Most datasets represent single species; Gramene, the TIGR gene index, UniProt GOA and UniProt PDB represent multiple species. 
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                    Biological content improvements

Content-oriented meetings, which bring together GO curators and community experts, have facilitated large-scale changes in specific areas of the ontology. Face-to-face meetings are now supplemented by virtual meetings via teleconferencing utilities and wikis. Interfacing with experts provides GO curators with the most up-to-date views of a given field, thus allowing comprehensive ontological representation of a biological domain; this often entails the addition of many new terms and the refinement of existing terms and relationships. In exchange, GO curators can provide community experts with an in-depth introduction to the GO.
 GO curators have recently implemented major changes in the host–pathogen interactions, immunological process ( 14 ), central nervous system development and transporter portions of the ontology. The most recent content meetings covered cardiovascular physiology and muscle physiology, and ontology changes agreed upon at these meetings are in progress. Biological topics targeted for improvement include signaling and responses to chemical substances. 
 Small-scale modifications to the content of the GO are made continuously, in response to individual requests submitted by curators via the GO SourceForge tracker ( http://geneontology.sourceforge.net ). These requests usually reflect the immediate needs of gene product annotators, and those arising from the Reference Genome annotation project (see below) are given priority. 
                    Structural improvements

 A significant improvement to ontology structure was completed at the end of 2006 when all of the GO ontologies became is_a complete. This means that all non-root terms in the ontologies now have an is_a parent, and a complete path to the root of the ontology that traverses only is_a relations. As part of this effort, GOC curators also examined and refined the relationships between many existing terms. As a result, the ontologies are more complete, and are more interoperable with a wider range of ontology tools. This also opens the way to more advanced reasoning, and more flexible ontology visualization. 
 GO (and SO) curators use OBO-Edit ( 15 ), a Java-based ontology editor, to maintain and improve the ontologies. The most recent version of OBO-Edit offers sophisticated filtering, editing, reasoning and error-checking capabilities with both GUI and command-line access. Built-in checks in OBO-Edit help maintain ontology structure, ensuring that curators correctly format definitions and maintain complete is_a paths. Other computational checks generate reports that flag possible logical inconsistencies in the ontologies for examination and resolution by GOC curators. 
 The reasoner in OBO-Edit takes advantage of the increased expressive power of the new OBO Format 1.2 specification ( http://www.geneontology.org/GO.format.obo-1_2.shtml ). Using OBO Format 1.2, the GO can now provide ontology subsets (‘GO slims’) and metadata term obsoletion (e.g. alternative terms to update annotations). The format also supports anticipated new features such as cross-products, multi-species interactions (e.g. host–pathogen interactions) and homologous gene sets. The new specification also supports GO's current focus on offering improved support for biochemical pathways by appropriately linking the three branches of the GO. There is also ongoing work specifying cross-products that forge links between the GO and other ontologies in the Open Biomedical Ontologies (OBO) Foundry ( http://obofoundry.org /) collection. 
                    THE SEQUENCE ONTOLOGY

 The Sequence Ontology continues to provide the terminology needed to describe biological sequences, with the aim of unifying sequence annotation ( 13 ). SO has been adopted by many model organism databases as it forms the basis for sequence feature annotation by the Chado database schema ( 16 ) and the GFF3 ( http://www.sequenceontology.org/gff3.shtml ) sequence annotation format. 
 The ontology now contains over 1300 terms, 161 of which are cross-products; the latter are new terms that are intersections between a sequence feature and a sequence attribute. For example, low_complexity_region (SO:0001005) is explicitly defined as a region (SO:0000001) that has the characteristic of low sequence complexity. SO held two workshops in 2006 covering topics ranging from mobile genetic elements to RNA editing and mammalian immunology, thereby meeting the needs of diverse users. SO has also actively collaborated with other ontology and database groups to develop and incorporate new terminology. For example, SO recently added 96 protein-based features to the ontology after working with the Biosapiens group ( 17 ). New terms can also be requested via a SourceForge tracker or the developers’ mailing list. 
                    IMPROVING ANNOTATION COVERAGE

                    The Reference Genome annotation project

 In early 2006, the GO Consortium initiated the Reference Genome project, whose purpose is to offer comprehensive GO annotation for a varied group of organisms: Arabidopsis thaliana (thale cress), Caenorhabditis elegans (nematode), Danio rerio (zebrafish), Dictyostelium discoideum (slime mold), Drosophila melanogaster (fruit fly), Escherichia coli , Gallus gallus (chicken), Homo sapiens (human), Mus musculus (mouse), Rattus norvegicus (rat), Saccharomyces cerevisiae (baker's yeast) and Schizosaccharomyces pombe (fission yeast) (Gene Ontology Reference Genome group, manuscript in preparation). These organisms were chosen because they form an experimentally studied, biologically and evolutionarily diverse group for which expert curators are available to ensure accurate and consistent genome annotation. Comprehensiveness of annotation is measured by how many genes in a genome are annotated (breadth) and how completely those annotations capture known functions (depth). The standards of annotations of the Reference Genome groups are high: measures of comprehensiveness count only annotations based directly on experimental data and those based upon manual inspection of sequence similarity to an experimentally characterized target. The current targets for annotation are human genes associated with heritable diseases and their orthologs (or similar genes) in the other genomes. Figure 1 shows a selection of the molecular function GO terms used to annotate human MSH2 and its orthologs; the complete graph is available as Supplementary Data. 
                    
Figure 1.
Open in new tabDownload slide

 A selection of annotations curated by GO Reference Genome project annotators for human MSH2 and its predicted orthologs. GO terms are depicted graphically, with arrows representing relationships between terms; each term includes color-coded panels representing the species in which an ortholog has been annotated to the term. 


The Reference Genome project will eventually extend its annotation targets beyond the initial focus on disease genes, and will refine annotation metrics, ortholog identification and public access to annotations.
Annotation of reference genes helps determine ontology development priorities, such that any new terms needed are added to the ontology promptly. A significant expected benefit of the high quality annotation set provided by the Reference Genome group is to assist annotation in other species, especially for newly sequenced genomes.
                    Supporting new annotation groups

 The GO Consortium has continued to actively support the use of GO to annotate emerging genomes, by offering annual annotation camps and one-to-one mentoring to new groups. Several new annotation groups have joined the GO project in the past two years, including AgBase ( http://www.agbase.msstate.edu /; ( 18 )), Muscle TRAIT ( http://muscle.cribi.unipd.it /), and the Plant-Associated Microbe Gene Ontology ( http://pamgo.vbi.vt.edu /) group. 
 The GO Consortium has also supported a number of new community annotation efforts. In 2006, the Eurofung group ( http://www.eurofung.net /) held a community annotation meeting, during which biologists provided manual GO annotation for approximately 500 gene products. GO has, in addition, set up a community annotation wiki to allow experimental immunologists to contribute annotations (see http://www.geneontology.org/GO.immunology.shtml ). 
                    USER SUPPORT AND AVAILABILITY

 The GO Consortium has initiated a coordinated effort to establish lines of communication between itself and users of the ontologies and annotations in the scientific community to ensure that the Consortium remains aware of, and receptive to, the community's needs. A quarterly newsletter is now produced to communicate current and future developments within the GO Consortium; in addition, the GO Newsletter features uses of GO within the scientific community in its ‘Paper Review’ and provides tips for using OBO-Edit or AmiGO. The newsletter can be viewed online ( http://www.geneontology.org/newsletter/current-newsletter.shtml ) or by subscribing to the GO-friends mailing list. 
 The AmiGO browser (now at http://amigo.geneontology.org ), a web-based tool for searching GO terms and annotations, has been enhanced by the addition of new navigation and search options, an improved display of search results, and a simplified user interface. Advanced users have the option to query any of several GO database SQL mirrors programatically or via the GO Online SQL Environment (GOOSE) interface ( http://www.berkeleybop.org/goose ); the latter includes a collection of user-adaptable templates for common queries. GO also offers semantic web access to the database via an experimental SPARQL ( http://www.w3.org/TR/rdf-sparql-query /) EndPoint. URLs and database access details are available as Supplementary Data. 
The GO and SO are available in both OBO and OWL formats and can be browsed online using AmiGO and miSO, respectively. GO annotations are available in their native tab-delimited format and as RDF-XML and a MySQL database dump. URLs for downloads and documentation are available as Supplementary Data.
 Please do not hesitate to contact GO at gohelp@geneontology.org with comments, questions or suggestions about any GO resources, or enquiries about contributing GO annotations. 
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