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Abstract: Biological ontologies define the basic terms and relations in biological 
domains and are being used among others, as community reference, as the 
basis for interoperability between systems, and for search, integration and 
exchange of biological data. In this chapter we present examples of biological 
ontologies and ontology-based knowledge, show how biological ontologies are 
used and discuss some important issues in ontology engineering. 
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1. I N T R O D U C T I O N 

Intuitively" ,̂ ontologies can be seen as defining the basic terms and 
relations of a domain of interest, as well as the rules for combining these 
terms and relations [24]. Many ontologies have already been developed and 
are used in several areas, including bioinformatics and systems biology 
[27,15,17]. They are considered to be an important technology for the 
Semantic Web (e.g. [18,30,23]). They are used for communication between 
people and organizations by providing a common terminology over a 
domain. They provide the basis for interoperability between systems. They 
can be used for making the content in information sources explicit and serve 
as an index to a repository of information. Further, they can be used as a 
basis for integration of information sources and as a query model for 

^ For discussions of different definitions of ontologies we refer to [10,9]. 



86 Revolutionizing Knowledge Discovery in the Life Sciences 

information sources. They also support clearly separating domain knowledge 
from application-based knowledge as well as validation of data sources. The 
benefits of using ontologies include reuse, sharing and portability of 
knowledge across platforms, and improved maintainability, documentation, 
maintenance, and reliability (e.g. [36]). Overall, ontologies lead to a better 
understanding of a field and to more effective and efficient handling of 
information in that field. As an example, in Figure 4-1 we see two small 
pieces from two ontologies, Adult Mouse Anatomy (MA) and Medical 
Subject Headings (MeSH), representing knowledge about the nose. The / 
symbols in MA denote is-a relationships while the p symbols denote part-of 
relationships. The - symbols in MeSH can denote is-a and part-of 
relationships. The terms in bold face in MA and MeSH, respectively, that are 
connected with a dashed line denote equivalent terms. 

nose 

p - nasal cavity 

p -nasal caviiy epilheliuni 

/" — itasai cavifv otfaciifty cpithi'tiiiw 
i - nasal cavity respiratory epithelium 

nose-MA 

nose 

- nasal bone 
- nasal caviiy 
- nasal mucosa 

— olf'ctctory mucosa 

nosc-McSH 

Figure 4-1. Example ontologies. 

Although ontologies have been around for a while, it is only during the 
last decade that the creation and use of biological ontologies have emerged 
as important topics. The work on biological ontologies is now recognized as 
essential in some of the grand challenges of genomics research [6] and there 
is much international research cooperation for the development of biological 
ontologies (e.g. Open Biomedical Ontologies (OBO)) and the use of 
biological ontologies for the Semantic Web (e.g. the EU Network of 
Excellence REWERSE). The number of researchers working on methods 
and tools for supporting ontology engineering is constantly growing and 
more and more researchers and companies use ontologies in their daily 
work. 

The use of biological ontologies has grown drastically since database 
builders concerned with developing systems for different (model) organisms 
joined to create the Gene Ontology (GO) Consortium in 1998 [7]. The goal 
of GO was and still is to produce a structured, precisely defined, common 
and dynamic controlled vocabulary that describes the roles of genes and 
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proteins in all organisms. Another milestone was the start of Open 
Biomedical Ontologies as an umbrella Web address for ontologies for use 
within the genomics and proteomics domains [25]. The member ontologies 
are required to be open, to be written in a common syntax, to be orthogonal 
to each other, to share a unique identifier space and to include textual 
definitions. Many biological ontologies are already available via OBO. The 
field has also matured enough to start talking about standards. An example 
of this is the organization of the first conference on Standards and 
Ontologies for Functional Genomics (SOFG) in 2002 and the development 
of the SOFG resource on ontologies [35]. Further, in systems biology 
ontologies are used more and more, for instance, in the definition of 
standards for representation and exchange of molecular interaction data. 

In this chapter we give an overview of the area of biological ontologies. 
First, as a background, we introduce a characterization of ontologies based 
on the kind of information they can represent (section 2). In section 3 we 
present OBO as well as some types of biological ontologies. We show how 
biological ontologies are used (section 4) and discuss some important issues 
in ontology engineering (section 5). In addition to the biological ontologies 
other ontology-related knowledge is available and can be used for search, 
integration and analysis of data. Section 7 presents this knowledge. 

2. CHARACTERIZATION OF ONTOLOGIES 

Ontologies differ regarding the kind of information they can represent. 
From a knowledge representation point of view ontologies can have the 
following components (e.g. [36,17]). Concepts represent sets or classes of 
entities in a domain. For instance, in Figure 4-1 nasal cavity represents all 
the things that are nasal cavities. The concepts may be organized in 
taxonomies, often based on the is-a relation or the part-of relation. Instances 
represent the actual entities. They are, however, often not represented in 
ontologies. Further, there are many types of relations. For instance, one type 
is the group of taxonomic relations such as the specialization relationships 
(e.g. nasal cavity olfactory epithelium is-a nasal cavity epithelium) and the 
partitive relationships (e.g. nasal cavity part-of nose). Finally, axioms 
represent facts that are always true in the topic area of the ontology. These 
can be such things as domain restrictions (e.g. the origin of a protein is 
always of the type gene coding origin type), cardinality restrictions (e.g. each 
protein has at least one source), or disjointness restrictions (e.g. a helix can 
never be a sheet and vice versa). 

Ontologies can be classified according to the components and the 
information regarding the components they contain. A simple type of 
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ontology is the controlled vocabulary. These are essentially lists of concepts. 
When these concepts are organized in an is-a hierarchy, we obtain a 
taxonomy. A slightly more complex kind of ontology is the thesaurus. In this 
case the concepts are organized in a graph. The arcs in the graph represent a 
fixed set of relations, such as synonym, narrower term, broader term, similar 
term. The data models allow for defining a hierarchy of classes (concepts), 
attributes (properties of the entities belonging to the classes, functional 
relations), relations and a limited form of axioms. The knowledge bases are 
often based on a logic. They can contain all types of components and 
provide reasoning services such as checking the consistency of the ontology. 

An ontology and its components can be represented in a spectrum of 
representation formalisms ranging from very informal to strictly formal [15]. 
In general, the more formal the used representation language, the less 
ambiguity there is in the ontology. Formal languages are also more likely to 
implement correct functionality. Furthermore, the chance for interoperation 
is higher. In the informal languages the ontology content is hard-wired in the 
application. This is not the case for the formal languages as they have a well-
defined semantics. However, building ontologies using formal languages is 
not an easy task. 

In practice, biological ontologies have often started out as controlled 
vocabularies. This allowed the ontology builders, which were domain 
experts, but not necessarily experts in knowledge representation, to focus on 
the gathering of knowledge and the agreeing upon definitions. More 
advanced representation and fiinctionality was a secondary requirement and 
was left as future work. However, some of the biological ontologies have 
reached a high level of maturity and stability regarding the ontology 
engineering process and their developers have now started investigating how 
the usefulness of the ontologies can be augmented using more advanced 
representation formalisms and added fiinctionality. Moreover, some recent 
efforts, such as Fungal Web Ontology [1], have started out immediately as 
knowledge bases. 

3. EXAMPLES OF BIOLOGICAL ONTOLOGIES 

There are many biological ontologies. They differ in the type of 
biological knowledge they describe, their intended use, the level of 
abstraction and the knowledge representation language. There are ontologies 
focusing on things such as protein fimctions, organism development, 
anatomy and pathways. Most biological ontologies are controlled 
vocabularies, taxonomies or thesauri, but there are also ontologies that are 
knowledge bases and use OWL (Web Ontology Language, a language 
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building on the Resource Description Framework (RDF) and RDF Schema) 
as their representation language. With respect to the abstraction level the 
ontologies may range from high level ontologies that define general 
biological knowledge to ontologies that describe selected aspects. For 
instance, some general biological knowledge is covered in the TAMBIS 
ontology [8] (e.g. protein and nucleic acid are biomolecules, and motif is-
component-of protein). The GO molecular function ontology defines the 
whole space of possible biological functions (e.g. signal transducer activity 
and the more specific function receptor activity). 

In this section we describe one of the important efforts in the area, OBO, 
and present a selection of ontologies that appear often in current research. 

3.1 Open Biomedical Ontologies 

Many biological ontologies are available via OBO, an umbrella web 
address that provides ontologies for shared use across different biomedical 
domains. In June 2006, 58 ontologies were available via the website. Some 
were under development and a few were deprecated and replaced by newer 
ontologies. Many of the OBO ontologies are stored in the SourceForge CVS 
(Concurrent Versions System) repository, which allows the ontologies to be 
updated daily while keeping a record of all changes. 

[Term] 
id: MA:0000281 
name: nose 
is_€i: MA:0000017 ! sensory organ 
is^a: MA:0000581 \ head organ 
relationship: part^of MA 
relationship: part^of MA 
relationship: part^of HA 

0000327 
0002445 
0002473 

respiratory system 
olfactory system 
face 

Figure 4'2. Example entry from Aduh Mouse Anatomy (OBO). 

The allowed representation formats for ontologies in OBO are the OBO 
syntax, extensions of this or OWL. The OBO flat file format is the most 
common file format in the OBO collection and aims to achieve human 
readability, ease of parsing, extensibility and minimal redundancy in the 
ontology files. Figure 4-2 shows an entry in OBO syntax. It represents the 
term nose (name) and has as identifier MA:0000281 (id). The nose is a 
sensory organ (which has identifier MA.OOOOOIT) and a head organ (which 
has identifier MA:0000581). Further, the nose is part of the respiratory 
system {MA:0000321\ the olfactory system {MA:0002445\ and the face 
(MA:0002473). Other information, such as definition, synonyms, and 
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comments may also be described. The same information in OWL is 
presented in Figure 4-3. For a complete description of the OBO syntax, we 
refer to http://geneontology.0rg/GO.format.shtml#oboflat, and for a 
description of OWL we refer to http://www.w3.org/2004/OWL/ and another 
chapter in this book. 

<owl:Class rdf:ID-"MA:0000281"> 
<rdf .s : label xml: lajig~"en">nose</rdf s: label> 
<rdfs :siibCla,ssOf rdf :resource*"#HA:0000017'7> 
<rdfs rsubClassOf rdf:resource»"#HA:0000581"/> 
<rdf J3 :.gubGlassOf > <owl: Re s t r i c t ion> 

<owl:onPropertjo <owl:ObjectProperty rdf:about*"#part_of"/> 
</owl:onProperty> 
<owl:someValuesFrom rdf :resourc#««"#MA:0000:327'7> 

</owl:Eestriction> </rdfs:subClassOf> 
<rdfs:subClassOf> <owl:Restriction> 

<owl:onProperty> <owl;ObJectProperty rdf :abo\it«"#part_of "/> 
</owl:onProperty> 
<owl: some Value sFrom rdf : re source-* "#MA: 0002445"/> 

</owl:Restriction> </rdfs:subClassOf> 
<rdfs :6ubCla.ssOf > <owl :Restriction> 

<owl:onProperty> <owl:ObjectProperty rdf : about-'•#part_of"/> 
</owl:onProperty> 
<owl: some Value sFrom rdf : resource*«"# HA: 0002473"/> 

</owl:Restrlction> </rdfs:subClassOf> 
</owl:Clas8> 

Figure 4-3. Example OWL entry. 

Editing of OBO flat files is often performed using the OBO-Edit tool 
(previously called DAG-Edit). The Ontology Lookup Service [5] provides a 
user-friendly single entry point for (June 2006, circa 40) ontologies in the 
OBO format. There are some ontology development tools, such as Protege, 
that support OWL-based ontologies. 

3.2 Frequently Used Ontologies 

The GO Consortium is a joint project with the goal to produce a 
structured, precisely defined, common and dynamic controlled vocabulary 
that describes the roles of genes and proteins in all organisms. Currently, 
there are three independent ontologies publicly available: biological process 
(ca 11000 terms), molecular function (ca 8000 terms) and cellular 
component (ca 1800 terms) (June 2006). The GO ontologies are a de facto 
standard and many biological data sources are today annotated with GO 
terms. The terms in GO are arranged as nodes in a directed acyclic graph. 
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where multiple inheritance is allowed. The GO ontologies are available via 
OBO. They are still being further developed and efforts are made to improve 
the quality of the ontologies (e.g. [16]). 

Medical Subject Headings (MeSH) [22] is a controlled vocabulary 
produced by the American National Library of Medicine and used for 
indexing, cataloging, and searching for biomedical and health-related 
information and documents. It organizes terms in a hierarchical structure and 
it includes different categories, including anatomy, organisms, and diseases, 
most of which are available via OBO. The version available via the 
Ontology Lookup Service contains circa 15000 terms (version December 
2005). MeSH uses 'is-a' to represent both the is-a relation and the part-of 
relation. 

An area where many ontologies have been developed is anatomy, OBO 
lists 18 different anatomy ontologies (June 2006) and MeSH which has an 
anatomy category. The ontologies cover different organisms (C elegans, 
Drosophila, Medaka fish, Zebrafish, Human, Mosquito, Mouse, Fungi, 
Dictyostelium discoideum, Arabidopsis, Cereal, Maize and Plant), cell types 
and enzyme sources. Some of the plant related ontologies are deprecated 
(e.g. Arabidopsis anatomy and Cereal anatomy) and have been replaced by 
the Plant anatomy ontology. SOFG has focused on integration of human and 
mouse anatomy ontologies and several are available via their web site. The 
number of terms in these ontologies differs a lot. For instance. Fungal 
anatomy and Dictyostelium anatomy contain less than 100 terms, while 
Mouse anatomy and development contains over 13000 terms. The anatomy 
ontologies are often taxonomies. 

In systems biology ontologies are currently being developed in 
conjunction with the development of standards for the representation of 
molecular interaction data. These standards (see e.g. overviews in 
[39,37,38]) aim to provide the ability to supply information on molecular 
pathways in a format that supports efficient exchange and integration. This is 
seen as an important prerequisite for advances in the area. For instance, the 
Systems Biology Ontology, connected to the Systems Biology Markup 
Language (SBML) [32,12], defines terms used in quantitative biochemistry 
in four controlled vocabularies: roles of reaction participants, quantitative 
parameters, rate laws, and simulation fi-ameworks. The Protein-protein 
interaction ontology, connected to the Proteomics Standards Initiative -
Molecular Interaction [11,28], defines terms related to protein-protein 
interactions such as interaction detection methods, experimental roles and 
biological roles. The Systems Biology Ontology and the Protein-protein 
interaction ontology are available via OBO. The Biological Pathway 
Exchange (BioPAX) [3] standard aims to provide an OWL-based data 
exchange format for pathway data and is developed as an ontology. 



92 Revolutionizing Knowledge Discovery in the Life Sciences 

4. USE OF BIOLOGICAL ONTOLOGIES 

We have already mentioned advantages of using ontologies in the 
introduction. Regarding biological ontologies the main focus has been on 
data source annotation, ontology-based search, data integration, data 
exchange and the use of ontologies as a community reference (e.g. 
[36,33,31]).^ 

Many biological data sources use ontologies for annotation of their data 
entries and many tools exist to support annotating data sources or to predict 
annotations for data entries (e.g. BLAST2G0, GOFigure, GOtcha). The 
annotations are used in several ways. Search engines can take advantage of 
the annotations as they give extra information. Further, several kinds of 
systems use GO annotations to compute a semantic similarity measure 
between entries in data sources (e.g. FuSSiMeG). Entries annotated with 
similar sets of GO terms are considered likely to be similar themselves [21]. 
Such a similarity measure can be used for data integration and grouping of 
data entries [14]. There are also many tools that use GO annotations to 
interpret gene expression analysis on multiple genes (e.g. EASE, FatiGO, 
FuncAssociate, GOstat, Onto-Compare). For instance, given a list of genes 
from a microarray experiment, systems calculate over- or under-
representation statistics for each GO term related to the genes in the 
experiment. This provides a description of significant features of the genes 
in the list. Ontologies and annotations are also used in text mining. For 
instance, Genes2Diseases uses occurrence counts of GO and MeSH terms in 
research literature as well as data sources to connect genes to genetically 
inherited diseases. 

Ontologies are also used in different steps in ontology-based search. An 
ontology can be used as an index to the information in the information 
sources. A user can browse the ontology and use the terms in the ontology as 
query terms. For instance, TAIR Keyword Browser (Fly), GOFish (Yeast, 
Fly, Mouse, Worm) and MGI GO Browser (Mouse) use GO to browse 
databases. MeSH is used to index PubMed, an archive for biomedical and 
life sciences journal literature, and GOPubMed connects GO to PubMed. A 
module of Whatizit marks all GO terms in a document and links them to 
their entries in GO. An ontology may also be used for query refining and 
expansion by moving up and down in the hierarchy of concepts. For 
instance, when a user searches in a database for 'immune response' and gets 

^ In this section we exemplify the uses of biological ontologies using a number of systems and 
tools. The list of systems and tools is not intended to be complete. For the sake of brevity, 
we also do not provide references to each of the tools, but the tools without reference are 
available from the GO Web page under 'Tools'. 
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only very few results, the user may decide to query with a more general term 
to find more answers. The ontology can be used to find these more general 
terms, in this case, for instance 'defense response'. 

5. ISSUES IN ONTOLOGY ENGINEERING 

The ontology engineering process contains different phases such as 
development and maintenance. Although there exist many tools that support 
these phases, such as ontology development tools, ontology integration tools, 
ontology evaluation tools, ontology-based annotation tools, ontology 
learning tools and ontology storage and querying tools [27], not all phases 
are well understood yet and several issues need further investigation. In this 
section we briefly discuss such issues that currently receive attention. 

5.1 Ontology Development Best Practice Principles 

Although OBO ontologies are required to be open, to use a common 
syntax, to be orthogonal to each other, to share a unique identifier space and 
to include textual definitions, there are still a number of problems regarding 
interoperability between the ontologies and the quality and formal rigor in 
the ontologies. For instance, not all OBO ontologies use the is-a and part-of 
relations in the same way. For this reason the OBO Foundry was created 
[26]. Ontology developers joining the OBO Foundry commit to a set of best 
practice principles for ontology development (Figure 4-4). Most of the OBO 
criteria are included in the OBO Foundry best practice principles.^ 

The criteria are connected to the main goals and intended uses of 
ontologies. For instance, criterion 1 requires that the ontologies are open and 
available, criterion 9 that there are many users, and criterion 10 that the 
ontologies are developed collaboratively. These are basic requirements if the 
ontologies are to become community references. Further, by not allowing 
changes without changing names (criterion 1), using unique identifiers 
(criterion 3), using textual definitions to reduce potential ambiguity 
(criterion 6) and using relations fi'om the OBO Relation Ontology [34] 
(criterion 7), clear and unambiguous definitions of the terms in the 
ontologies are promoted. This leads to improved understanding and 
usefulness of the ontologies as well as improved interoperability between the 
applications using these ontologies. Interoperability and integration are also 
supported by criterion 2 (use of common formal languages) and criterion 5 

^ OBO Foundry criteria 1, 2, 3, 6 are also OBO criteria. In addition, OBO requires that the 
ontologies in OBO are orthogonal to each other. 
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(terms outside the scope of the ontologies should not be defined within the 
ontology, but the ontology should rather refer to their definitions in other 
ontologies). Criteria 2 and 7 also support reasoning. Criterion 4 (versioning) 
addresses an important, and currently not so well supported, aspect of 
ontology engineering. Finally, criteria 6 and 8 (documenting the content, use 
and development process of the ontologies) are particularly important for 
human users. 

1, T\\(i ontology is oj)en and availal)le to be UBed l>y all without any con-
Btraint otli(>r t.han (1) itn origin munt l)e acknowledged and (2) it is not 
to he altered and snhHcciuently redlBtributed under the original name or 
vviili the name i(leiitifi(»rs. 
2. Tiie ontology in in, <.)i* can be expressed in, a common formal lan­
guage. A i)rovision-al list of iangxiages supported l)y OBO is prov îded fit; 
littp://ol)o.sf.net/. 
^. The ontology i:)ossess(»8 n nniqnc iderititler space within OBO. 
4, The ontology provich'r has procediires for identifying distinct succes-
siv(̂  v('rsions. 
G. The ontology has a clearly specified and clearly dehneated content. 
C, The ontology iriclndc^s textual definitions Ibr all terms. 
7. Th(» ontology uses relations which fire una.ml)iguonsly detined follow­
ing th(̂  pattern of definitions laid down hi the OBO Relation Ontology. 
8. 1li(^ ontology is W(.'ll-docnmented. 
1). Tlie oiitok)gy lias n pInraJity of in(le])endeiit users. 
10. Th(̂  otit(>logi<»s in tlie OIK) Kotnidry will l)e developed in a. collabo­
rative effort. 

Figure 4-4. OBO Foundry criteria (from [26]). 

5.2 Ontology Instantiation 

Vast amounts of biological data, e.g. research articles, are available on 
the Web. However, the knowledge in these Web documents is not readily 
available for analysis and use in applications. Therefore, in ontology 
instantiation (also called ontology population) specific knowledge is 
extracted from these documents based on the knowledge available in 
ontologies. The ontologies define the kind of information that is extracted. 
The instantiated ontology becomes a knowledge base. Manually instantiating 
ontologies is a time-consuming and error-prone task. Research has started on 
developing tools to support (semi-)automatic instantiation, but, currently, 
few tools exist. The most promising approaches use information extraction 
techniques [2,4] for retrieving the knowledge, (see also Chapter 13). Another 
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step is then required to detect redundancy and check consistency of the 
knowledge base. 

5.3 Ontology Alignment 

Many of the currently developed ontologies, such as the OBO and SOFG 
anatomy ontologies, contain overlapping information. As an example, in 
Figure 5-1 the terms in bold face in MA and MeSH, respectively, denote 
equivalent terms. Often we would want to be able to use multiple ontologies. 
For instance, companies may want to use community standard ontologies 
and use them together with company-specific ontologies. Applications may 
need to use ontologies from different areas or from different views on one 
area. Ontology builders may want to use already existing ontologies as the 
basis for the creation of new ontologies by extending the existing ontologies 
or by combining knowledge from different smaller ontologies. In each of 
these cases it is important to know the relationships between the terms in the 
different ontologies. Furthermore, different data sources in the same domain 
may have annotated their data with different but similar ontologies. 
Knowledge of the inter-ontology relationships would lead to improvements 
in search, integration and analysis of biomedical data. We say that we align 
two ontologies when we define the relations between terms in the different 
ontologies. We merge two ontologies when we, based on the alignment 
relations between the ontologies, create a new ontology containing the 
knowledge included in the source ontologies. It has been realized that this is 
a major issue and some organizations have started to deal with it. For 
instance, SOFG developed the SOFG Anatomy Entry List which defines 
cross species anatomical terms relevant to functional genomics and which 
can be used as an entry point to anatomical ontologies. 

There exist a number of ontology alignment systems that support the user 
to find inter-ontology relationships. Some of these systems are also ontology 
merge systems. These systems implement strategies based on linguistic 
matching, structure-based strategies, constraint-based approaches, instance-
based strategies, strategies that use auxiliary information (such as thesauri or 
domain knowledge) or a combination of these. Some systems are automatic, 
but most systems are semi-automatic, requiring a human expert to validate 
the results of the system. For an overview of ontology alignment systems we 
refer to [19,20] and http://www.ontologymatching.org/. 
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6. ONTOLOGICAL KNOWLEDGE 

In addition to the ontologies there is also other publicly available 
ontological knowledge that can be used for data search, integration and 
analysis [13,14]. This knowledge includes ontology alignments (i.e. inter-
ontology relationships), ontological annotations of data sources, and 
mappings between data values and ontological terms. 

Ontology alignments. As mentioned before, knowing inter-ontology 
relationships is a major issue and some organizations have started to address 
it. As a result of these efforts, a number of alignments have been generated. 
We already mentioned the SOFG Anatomy Entry List. Further, there are 
alignments between GO and other ontologies such as the Enzyme 
Nomenclature and MetaCyc. These are available from the GO Consortium 
web pages. Also the Unified Medical Language System (UMLS) [40] may 
be seen as a collection of alignments. In the near future we expect an 
increase of such knowledge as many ontology alignment tools are currently 
being developed to support the identification of such alignments. 

Annotations. Many data sources annotate their data entries with 
ontological terms. For instance, terms from the GO molecular function 
ontology are used to describe gene and protein functions. Annotations can be 
stored as separate mapping rules, included in an ontology or stored in a data 
source entry. For instance, different data source annotations by GO terms 
can be found on the GO Consortium web pages. 

Mappings between data values and ontological terms. In a similar way as 
whole data entries in data sources are related to ontological terms, the 
allowed values for certain data properties can be indexed based on ontology 
terms. For instance, keywords describing data entries in UniProt, a data 
source of protein sequences and related data, are mapped to terms in GO 
ontologies. 

7. SUMIMARY 

In this chapter we presented important efforts and issues related to 
biological ontologies. We presented OBO as well as ontologies that are often 
used in current research. We found that many of these biological ontologies 
are controlled vocabularies, taxonomies or thesauri. Additionally, we 
discussed the use of biological ontologies in data source annotation and 
search. We also discussed some important issues in ontology development, 
ontology instantiation and ontology alignment. Finally, we drew attention to 
publicly available ontological knowledge that can be used for data search, 
integration and analysis. 
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