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Abstract

Background: The today’s public database infrastructure spans a very large collection of
heterogeneous biological data, opening new opportunities for molecular biology, bio-medical and
bioinformatics research, but raising also new problems for their integration and computational
processing.

Results: In this paper we survey the most interesting and novel approaches for the representation,
integration and management of different kinds of biological data by exploiting XML and the related
recommendations and approaches. Moreover, we present new and interesting cutting edge
approaches for the appropriate management of heterogeneous biological data represented through
XML.

Conclusion: XML has succeeded in the integration of heterogeneous biomolecular information,
and has established itself as the syntactic glue for biological data sources. Nevertheless, a large
variety of XML-based data formats have been proposed, thus resulting in a difficult effective
integration of bioinformatics data schemes. The adoption of a few semantic-rich standard formats is
urgent to achieve a seamless integration of the current biological resources.

Introduction
Convergent advances in biochemistry techniques, bio-
technologies, information technology and computer

science provided the basis for the development of
bioinformatics and made available huge and growing
amounts of biological data [1].
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Today’s public database infrastructure spans a very large
collection of heterogeneous biological data, opening
new opportunities for molecular biology, bio-medical
and bioinformatics research, but raising also new
problems for their integration and computational
processing. Indeed the integration of multiple data
types is one of the main topics in bioinformatics and
functional genomics, and several works showed that the
integration of heterogeneous bio-molecular data sources
can significantly improve the performances of data
mining and computational methods for the inference
of biological knowledge from the available data [2-5]. In
this context a key issue is the representation of the basic
bio-molecular entities and biological systems, their
associated properties and data in a universal format
interchangeable between different databases.

XML [6] has emerged as the most interesting recom-
mendation for the representation and exchange of semi-
structured information on the Web. The possibility to
easily extend the structure and content of documents as
well as the flexible association of schema information
makes XML one of the main means for the representa-
tion of information exchanged on the Web and, in
particular, of biological data. XML also provides a large
set of other recommendations, standards and
approaches that can be exploited for the representation
and management of XML within database systems: query
languages (like XPath and XQuery [7]) for querying
collections of XML documents and obtaining adequate
results; transformation facilities (XSLT [8]), for the
presentation of the document contents with different
formats (HTML, pdf, doc, etc.); description of schema
information (DTD and XML Schema [9]) to enforce
integrity constraints; SQL extension to handle at the
same time (object-)relational and XML data (SQL/XML
facilities [19]); indexing structures ([20]) for the efficient
evaluation of queries. Moreover, many results from both
the database and information retrieval communities
have been presented for the integration and manage-
ment of heterogeneous biological data represented
through XML. Finally, new general purpose technologies
(like Web Services, Grid computing, P2P data manage-
ment systems) can be exploited to properly process
heterogeneous bio-molecular data.

In this paper we first review the principal biological data
types that have been identified and analyzed from the
biological community and are currently available in
different heterogeneous databases. Then, we present
different proposals for the XML representation of many
biological data types and the main initiatives that exploit
XML for the integration of heterogeneous biological
data. XML is thus not only employed for the exchange of
data on the Web, but also for their management and

integration. For what concerns data integration, we point
out how conventional and advanced approaches based
on Web services and P2P data management systems
work specifically on XML and the key points and
drawbacks of such approaches. Finally, we envision
some future research directions for XML-based hetero-
geneous bio-molecular data integration, and also
emphasize that further knowledge can be integrated
with XML in order to overcome its limitations.

Biological data types
In this section we introduce the main different types of
bio-molecular data and their characteristics, considering
also the database infrastructure that houses this informa-
tion at different levels of representation.

Primary sequence data
Historically the first types of data made publicly available
have been nucleotide sequence data. It is well-known that
EMBL, GenBank and DDBJ host primary sequence data
with basic information about the sequence of DNA and
RNA [21]. The content of these data bases (DBs) is the
same as it constitutes the common base upon which most
of the other bio-molecular DBs are built on. This
integration effort is due to the international collaboration
between the three most important bioinformatics institu-
tions in Europe, USA, and Japan. Nevertheless, problems of
accuracy and redundancy of the available entries of these
databases can arise. These are due to both the quality of the
annotations and biological representation issues (e.g.
different Expressed Sequence Tags – EST – sequences are
tissue specific and related to the functions of a specific
gene). Thus, in some cases it would be necessary to identify
such redundancies when dealing with multiple data
sources.

Protein DBs represent the second important source of
biological sequence data. The SWISSPROT DB is the
reference protein bank for the “in silico” analysis of proteins
and protein patterns, while TREMBL collects protein
sequences obtained by translation from coding nucleotide
sequences. Both the primary nucleotide DBs and SWIS-
SPROT store sequence information in flat files, although an
XML representation of these files is also available.

Motif and domain data
Motifs and protein domains represent bio-molecular
entities, usually discovered with pattern recognition
methods applied to basic primary sequence data, which
are widely used in bioinformatics and molecular biology
research to characterize functions and families of proteins.
Different specialized databases have been integrated in
InterPRO [22], an EBI bioinformatics resource that allows
the simultaneous search over different protein domain
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DBs, through SRS (Sequence Retrieval System) [23] or the
Oracle DBMS. Pfam is a DB of families of proteins with
common structural and functional elements [24]. They are
represented through multiple sequence alignments and
Hidden Markov Models. Entries are hierarchically struc-
tured from families, to domains, repeats and motifs. Pfam
covers also families of proteins obtained through PSI-
BLAST [25], an iterative version of the popular BLAST
alignment tool for the progressive construction of profiles.
The obtained multi-alignments and profiles are stored in
the ProDOM DB [26]. Aminoacidic patterns, selected from
protein sequences through experimental analysis and
computational methods, are available in PROSITE [27].
Each entry of the DB is represented through a description
of the pattern, bibliographic links, functional annotation
and entries of the SWISSPROT DB where the pattern has
been localized. The PRINTS DB represents families of
proteins as a hierarchy, where families are related on the
basis of their functionalities [28]. Each family is character-
ized by a “fingerprint”, which is a set of conserved motifs
deduced from multi-alignments.

Structural data
Structural data of proteins refer to the atomic spatial
coordinates of the atoms and aminoacids composing the
protein itself. The reconstruction of the three-dimen-
sional structure of a protein is of paramount importance
to understand its function. Data are obtained by X-ray
crystallography or NMR spectroscopy. Each entry of the
PDB (Protein DataBase) is a file with several records and
fields where all the details of the three-dimensional
structure of the protein are available, as well as primary
and secondary structure information and annotations
[29].

Gene level data
Although gene databases started with the annotation of
primary sequence databases, recent advances in interna-
tional projects for sequencing entire genomes have
promoted the development of specific gene-centric data.
For example, Entrez Gene provides a “gene-centered” view
of bio-molecular data [30]. For each genetic locus, official
gene names and synonyms, together with links to primary
DBs are available.

All the information about the context of a specific gene
are provided: information about transcripts, products,
genomic regions, genotype, phenotype, related pathways
and gene ontology terms are linked to the gene under
investigation.

KEGG GENES is a collection of gene catalogs for all
complete genomes and some partial genomes generated
from publicly available resources [31].

This collection is part of KEGG, the Kyoto Encyclopedia
of Genes and Genomes and provides a set of integrated
databases that can be used to perform system level
analyses [32]. KEGG GENES includes the KEGG Orthol-
ogy (KO) system, a classification system of orthologous
genes, including orthologous relationships of paralogous
gene groups. Data about orthologous genes coding
evolutionarily related proteins in different organisms as
well as clusters of paralogous genes conserved in
different species are available in COG: these data
represent orthologs as clusters of individual proteins
delineated by comparing protein sequences encoded in
complete genomes [33].

Related DBs are represented by collections of nucleotide
patterns with control and regulatory functions. For
instance, TRANSFAC is a data bank for transcription
factors involved in the regulation and activation of
transcription [34]. Data refer to transcription factors and
the corresponding DNA binding sites, and can be used
for the analysis of gene regulatory events and networks.
UTRdb is a database of the untranslated regions of
eukaryotic transcripts [35]. They play a fundamental role
in post-transcriptional processes of the regulation of
gene expression, in the subcellular localization and
translation of mRNA. Data related to both the post-
translational modification and the regulation of transla-
tion are available in TRANSTERM [36].

Genomic data
The characteristics and properties of bio-molecules can
be investigated at the “omics” level: from the study and
analysis of single genes or proteins the new bio-
technologies introduced at the end of ‘90s permit to
analyze the entire set of genes (genome) or proteins
(proteome) of a given species. These data have been
generated from the sequencing and mapping of the
genome of entire organisms and are available as species-
specific resources (e.g. FlyBase for D. melanogaster [37],
SGD for S. cerevisiae [38], MGD for M. musculus [39]), or
as integrated resources. For instance Ensembl collects data
of the human genome and other organisms relative to
gene mappings, functional annotations, transcripts,
domains, mutations and other relevant information at
genomic level [40]. Data are publicly available as flat
files. Another similar genomic resource is represented by
the Genome Browser [41].

Transcriptomic data
DNA microarray data collect gene expression levels (i.e.
levels of mRNA expressed in a given cell at a given time)
at a genome-wide scale [42]. These data allow the
analysis of the variability of gene expression between
different tissues, individuals, or between different

BMC Bioinformatics 2009, 10(Suppl 12):S7 http://www.biomedcentral.com/1471-2105/10/S12/S7

Page 3 of 18
(page number not for citation purposes)



functional or pathological conditions. Three main
projects developed at NCBI, EBI and Japan provide
access to large collections of these data. GEO, Gene
Expression Omnibus, provide structured data for plat-
forms (probes that denote each spot on the array),
samples (data of the molecules that need to be analyzed)
and series (tables that link samples of an expression
experiment to the corresponding platform). GEO is
integrated within the NCBI Entrez web site [43].
ArrayExpress, developed at EBI is built on an Oracle
DBMS, collects data MIAME-compliant (Minimum
Information About a Microarray Experiment) using
three main structures: Experiments, Array and Protocols.
A subset of curated data can be queried on gene, sample,
and experiment attributes [44].

Polymorphism and mutation data
Polymorphisms and mutations data are now available in
public databases and allow the analysis at genomic level of
the associations between mutations and clinic phenotypes
[45], as well as studies in the field of population genetics
[46]. The database dbSNPs collects data relative to SNPs
(Single Nucleotide Polymorphism), region polymorphisms
and mutations associated to specific pathologies [47].
Other databases collect bio-medical data for the associa-
tion between mutations and diseases. For instance HGMD
(Human Gene Mutation Database) provides data obtained
from literature about mutations and gene alterations
related to hereditary diseases, with annotations that
associate each mutation to the corresponding clinic
phenotype. The OMIM (Online Mendelian Inheritance in
Man) database reports data correlated to genetic Mendelian
diseases. Data are collected in forms with phenotypes
associated to chromosome alterations, to SNPs and
mutations, with links to other databases (e.g. Entrez
Gene) and cross-references to literature [48]. It is worth
mentioning that OMIM provides an XML-based represen-
tation to export query results.

System level relational data
The relationships and interactions between different
entities and subsystems in cells at different levels (e.g.
gene networks or the metabolism of an entire cell)
represent a class of relational data by which we can
model the behaviour of complex biological systems.
These data, mainly obtained through high-throughput
bio-technologies, can be used to infer the complex
relationships between bio-molecules at “system level”,
considering biological phenomena as the result of the
integration of different processes and different interac-
tions involving the entire genome and proteome [49,50].

An example is represented by protein and genetic
interaction data collected in BioGRID from major

model organism species derived from both high-
throughput studies and conventional focused studies
[51]. BioGRID houses high-throughput two-hybrid [52]
and mass spectrometric protein interaction data [53] and
synthetic lethal genetic interactions obtained through
synthetic genetic array and molecular barcode methods
[54], as well as a vast collection of well-validated
physical and genetic interactions from literature. Data-
bases of biological networks offer other examples of
relational data that can be used to model regulation
processes of gene expression, and post-translational
processes related to the metabolism and cellular trans-
port of proteins. For instance the KEGG PATHWAY DB
collects different interactions between proteins and
genes represented through graphs: e.g. interactions
between transcription factor and corresponding target
genes, direct interactions (binds) between proteins, or
relationship between enzymes participating to the same
metabolic process. Other KEGG DBs are obtained by the
systematic application of computational biology algo-
rithms to the entire genome of an organism. For instance
SSDB is a huge weighted, directed graph, where links
corresponds to pairwise comparison of genes using
Smith-Waterman similarity scores. The graph can be
used to infer orthologs and paralogs or conserved gene
clusters or as input to machine learning algorithms to
predict gene functions.

Advanced XML-based representations of
biological data
The advent of XML as meta-language able to describe
different kinds of data has led to the development of
different XML-based languages for the description of
biological data types.

In the last few years we have observed the proliferation
of XML-based languages for the description of the (1)
principal bio-molecular entities (DNA, RNA and pro-
teins) and their structural properties, (2) gene expression
(microarray), and (3) system biology. Initial proposals
have been developed within small groups of institutes
with the main aim of having a common representation
of data structures and languages to model their own set
of bio-molecular data types, whereas nowadays there are
more initiatives (e.g. MIAME) to have a wider general
agreement by specifying the minimal requirements that
such kinds of data structures and languages should have.
Table 1 summarizes some of the characteristics of a
subset of existing XML languages (a further discussion on
XML standards can be found in [55,56]).

XML representation of bio-molecular entities
The Bioinformatic Sequence Markup Language (BSML)
[57] describes biological sequences (DNA, RNA, protein
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sequences) at different granularity levels via sequence
data, and sequence annotation. A BSML document
usually contains information about how genomes and
sequences are encoded, retrieved and displayed. ProXML
[58] is used to represent protein sequences, structures
and families. A ProXML document consists of an identity
section, containing the description of proteins, and a
data section, containing properties of such proteins.
RNAML [59] has been proposed for the representation
and exchange of information about RNA sequences, and
their secondary and tertiary structures. A RNAML
document can represent RNA molecules as a sequence
along with a set of structures that describe the RNA
under various conditions or modelling experiments.

XML representation of gene expression
The MAGE project [10] provides a standard for the
representation of microarray expression data to facilitate
their exchange among different data systems. MAGE
mainly consists of: a data exchange model MAGE-OM
(Object Model) and a data exchange format MAGE-ML
(Markup Language) according to the standardization
project groups responsible of the MIAME and MGED
Ontology projects.

XML representations for system biology
The need to capture the structure and content of bio-
molecular and physiological systems lead to develop

SBML (the System Biology Markup Language), CellML
(the Cell Markup Language), BioPAX (the Biological
Pathways Exchange Language) [60] and the set of
HUPO-PSI (Proteomics Standards Initiative) formats
[55]. SBML is used to encode models consisting of
biochemical entities (species) linked by reactions to
form biochemical networks, whereas, CellML encodes
models consisting of a number of more generic
components, each described in their own component
elements. BioPAX and HUPO-PSI formats are examples
of standards used to represent both structure and
semantics of biological data. They are based on the use
of ontologies as controlled vocabularies providing a
non-ambiguous meaning of the domain.

Integration initiatives
As showed above, several formats to represent biological
data coming from different sources are available. Therefore,
as a result, a large collection of heterogeneous biological
data is available. This collection claims to be integrated to
obtain a comprehensive view of the domain in order to
perform analysis and sophisticated queries over the
integrated data. cPath [61] has become an interesting
initiative to use PSI-MI and BioPAX as standard exchange
formats. cPath is an open software for collecting, storing
and querying biological pathway data. Biological Data-
bases can be imported and integrated into cPath via PSI-MI
and BioPAX. cPath provides a standard web browser

Table 1: XML languages for the representation of biological data types

Type of
Data

Format Concrete Scope Version Comments

Molecular
entities

BSML [57] Biological sequences and sequence
annotation

v.3.1/2005 Uses DTD. Included in EMBLxml.

ProXML [58] Protein sequences, structures and families v.1.0/2006 Uses XSD. Included within HOBIT formats
RNAML [59] RNA sequence, structure and experimental

data
v.1.1/2002 Uses XSD

AGAVE [16] Biological sequences and sequence
annotation

2003 XSD Included in EMBLxml

Uniprot XSD [121] Representation of UniProt Records 2004 XSD, Successor of SP (SwissProt) ML format
EMBLxml [17] Biological sequences and sequence

annotation
v.1.1./2007 Uses XSD. Currently includes BSML and AGAVE.

GAME [18] Genome and Sequence v.0.3/1999 Uses DTD
SequenceML Sequence Information v.2.1 2006 Designed to replace FASTA. Belongs to HOBIT XML

formats.

Biological
Expression

GeneXML [122] Gene expression data - Uses DTD

MAGE-ML [123] Microarray expression data v.1.0/2006 Uses DTD

System
Biology

CellML [124] Models of biochemical reaction networks v.1.1/2006 Uses DTD. Available conversion to BioPAX.

SBML [57] Models of biochemical reaction networks Lev. 2/2007 Uses XSD. Available conversion to BioPAX.
PSI-MI [125] Protein Interactions v.2.5/2005 Uses XSD and OBO. Linked with OBO vocabularies.
BioPAX [60] Metabolic pathways, molecular interactions Lev. 3/2008 Uses OWL. Linked to OBO vocabularies.
CML [126] Description of Molecules and Reactions v.2.1./2003 Uses XSD

This table summarizes some of the characteristics of a subset of existing XML languages. In particular, we note the application scope, the number and
year of the current version, and comments such as the kind of schema it relies on, or the interaction with other standards.
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frontend and also a XML-based web service API in order to
make data available to third-party applications for pathway
visualization and analysis.

Biological data integration
Biologists usually access different databases through
their web interfaces, collect information (usually in text
format) they think relevant and finally manually
organize them in order to apply their algorithms and
thus prove their theories. More and more there is the
need to adopt (semi)-automatic approaches for the
integration of biological data or rely on framework that
help in the data integration process.

The integration of heterogeneous data sources is a
traditional database research area whose purpose is to
facilitate uniform access to a federation of several data
sources. An integrated system provides its users with a
global schema in which their views can be defined, along
with the mechanisms needed to translate the elements of
the global schema into the elements of the correspond-
ing local schema, and vice versa. The heterogeneity of the
integrated sources usually causes conflicts that must be
resolved by the translation mechanisms in order to
produce global results that are correct and complete.

Conflicts can be produced at different levels, namely:
physical, syntactic and semantic levels. Currently, the
adoption of Internet-based protocols and XML as
interchange language has facilitated the integration at
physical and syntactic levels. Indeed, XML technology
has been formerly aimed at the syntactic integration
through the definition of data models (DTD or XSD
schemas), query languages (XPath and XQuery) and
declarative transformation languages (XSLT). Addition-
ally, recent XML-based formats like RDF and OWL also
allow the specification of semantics for the objects to be
integrated (ontologies). We remark that XML technology
provides the languages for the representation of the
information and lacks methods that implement the
required integration. Data integration methods, formerly
proposed in the database literature, are known as
integration architectures. These architectures have been
traditionally classified into three main groups: data
warehouses, federated and mediated approaches (see
Figure 1 for a summary of them).

In this section, we will analyse the combination of both
XML and data integration architectures for biological
data integration. Specifically, we start by introducing the
aspects of comparison among the proposed data
integration architectures. Then, for each type of archi-
tecture, we analyse how proposed systems address such
aspects.

Integration aspects
Table 2 summarizes the main dimensions we regard for
comparing current approaches that integrates systems
providing biological data. The next paragraphs are
devoted to describe them and discuss their relevance.

BioData
In this aspect we consider the kind of data to be integrated.
Some previous papers like [62,63] have analysed the
impact of data exchange formats in the integration of
biological data and models. All formats rely on XML
because of its simple syntax, extensibility and the
numerous existing tools for its processing. Among the
existing formats, SBML and BioPax are the most accepted
ones for integration. As a result, a comprehensive list of
converters are available from proprietary formats to SBML/
BioPax as well as among themselves.

Instantiation
The degree of instantiation refers to where the physical
data reside. In a virtual federation, data reside in the
respective data sources, and the integration system gives
a unified view of them, whereas in a materialized
federation, data are collected from the data sources,
cleaned, integrated and stored in a (physically) unique
repository. Although the materialized approach is
computationally more efficient, in general the virtual
approach is chosen because it does not involve data
replication, it is more flexible when further data sources
should be included in the system, and it is easier to
maintain [64].

Integration
The intended degree of integration is also a relevant
aspect to take into account when comparing integrated
systems. Thus, the integration architecture can be aimed
at providing: 1) their common data storage, where
biological data are homogenized and consolidated for
end users, 2) their common data access, where all users
can access (query) homogeneously all the integrated
data sources and 3) their common data interface, where
users build its tailored integrated applications by
combining a series of components that share a common
interface (e.g. web services).

Global View
Local As View (LAV) means that the global model has been
developed independently from local sources. Afterwards,
local data is adapted to the global model in order to give
a homogeneous and coherent data representation to end
users. Instead, Global As View (GAV) means that the
global model has been built by merging local source
schemas, unifying entities at two possible levels: schema
(S) and instance (I). Hybrid approaches (i.e. Both As
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Figure 1
Data integration architectures.
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View-BAV-) combine both aspects, there is a loosely
defined global schema which is mapped to the set of
reconciled local schemas (e.g. [65]). Figure 2 illustrates
these three ways to generate an integrated global view.

Schema matching
One of the key issues for building a global view is the
generation of mappings between local sources and the
global view. In the literature, many approaches for
automating the schema matching have been proposed
[66]. Basically, a schema matcher is aimed at finding the
possible mappings between the elements of two sche-
mas. Such mappings are usually one-to-one but in many
cases one-to-many mappings are required. One-to-many
mappings are more complex to discover and require
some transformation/operation to perform the integra-
tion (e.g. current and birth date in a schema must be
subtracted to obtain the age in the other schema).
Schema matching (SM) has been proposed formerly for
relational schemas but it has been also applied to XML
and OWL formats. For XML and OWL, SM also regards
both the structural constraints and semantic constraints
to validate the generated mappings. SM can be used in
any of the three approaches: LAV, GAV and BAV. In LAV,

Figure 2
Approaches to obtaining a global view.

Table 2: Summary of the integration aspects analyzed in this
paper

Aspect Main approaches

BioData Sequences, Biological Expressions, Pathways, etc.
Instantiation Materialized vs. Virtual integration
Integration Common data storage, data access or data interface
Global View Local As View, Global As View or Both As View
Global Model Relational-based, Tree-based, Graph-based
Query Model Ad-Hoc, SQL, XPath, XQuery, SPARQL, etc.
Semantics Dictionaries, Thesauri or Domain Ontologies
Scalability Low (<10 sources), Medium (20–50), High (> 50)

This table represents the aspects around which biological data
integration approaches are compared.
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SM maps each local source to the global view, in GAV is
used to find the unifiable elements of the local sources
and in BAV it is used for both.

Regarding Biodata, the use of widely accepted formats
like SMBL or BioPax greatly facilitates the generation of
global views. SM is partially performed by a manual
mapping between SMBL and BioPax (Figure 3). How-
ever, a true integration requires a deeper analysis of the
values each data record contains. The integration at
instance level is also facilitated by the use of external
links to well-known resources such as UniProt, OMIM,
GeneBank, HUGO, etc. In this case, the integration effort
is focused in finding mappings between accession
numbers and unique identifiers of these resources [67].

Following the schemas in Figure 3, Figure 4 shows
examples of possible mappings. In these examples we
have used XPath to locate the elements that participate in
the mapping. Notice that the first rule involves two entities,
the second one two entity attributes and the third one two
entities by means of their context (reactants).

Global model and query language
The global model is the representation model for the
unified local objects. The more expressive the global
model is, the more complex is the global query
processing. Traditional approaches rely on relational
models (i.e. SQL) which are quite efficient. However,
tree-like (e.g. XML) and graph-like (e.g. RDF) models are

much more adequate for representing most biological
data. The counterpart is that these models present a
higher complexity for query processing (e.g. XQuery and
SPARQL query processors).

Semantics
Ontologies have been used asmediator schemas defining an
abstract layer (semantic level), away from data structures
and implementation strategies (physical level), in order to
provide a transparent access to heterogeneous resources.
Gruber [68] defined ontology as an “explicit specification of
a conceptualization”. An ontology specifies the concepts
and relationships (vocabulary) which are relevant for
modelling a domain, moreover it provides a meaning for
that vocabulary by means of formal constraints. This
definition is rather broad and the concept ontology is not
always exploited as desired. Instead, thesauri and glossaries,
which have less logical expressivity, are used to facilitate
data sources interoperability and integration, that is, which
terms of the sources are intended to have the samemeaning.
Further discussion of the advantages of expressive ontolo-
gies are given in Section “Towards more powerful representa-
tions of bio-entities”.

Figure 3
Schema Matching example between BioPax and SBML formats.

Figure 4
Samples of mapping expressions.

BMC Bioinformatics 2009, 10(Suppl 12):S7 http://www.biomedcentral.com/1471-2105/10/S12/S7

Page 9 of 18
(page number not for citation purposes)



Scalability
An integrated systems is said to be scalable if the cost of
adding new participants (e.g. sources or components) to
the integrated system is low. This cost will mainly
depend on the difficulty of updating the global view.

Data warehouse approaches
A data warehouse integrates and aggregates data of
several different DBMSs into a single repository. To this
end an integrated database schema is developed that
encompasses the schemas of the sources to be integrated.
Moreover, views targeted to the analysis to be performed
can be realized. Usually an integrated database schema is
developed from scratch and can be seldom updated.
Updates should be performed sparingly even if, due to a
change of user requirements, they are mandatory.

Systems that rely on the data warehouse architecture are
usually restricted to consider a few source databases, but
can achieve a higher degree of integration of the data
sources. The limitation of warehouse system is mainly
due to the difficulty to integrate in the system new data
sources without changing the schema of the data
warehouse. Therefore, these systems allow to obtain an
high degree of instantiation. Examples of these systems
are the following ones:

• DWARF [69], which integrates data on sequence,
structure, and functional annotation for protein fold
families. DWARF extracts data from public available
resouces (e.g. GenBank, ExPDB and DSSP).
• BioWarehouse [70] is an open source toolkit for
constructing bioinformatics database warehouses by
integrating a set of different biological databases into a
single physical DBMS (MySQL or Oracle). It supports
data related to the following types of biological objects:
genes and genomes, proteins, enzymatic reactions,
biological pathways, taxonomies, nomenclatures,
microarray gene expression, computationally-generated
results.
• Atlas [71] locally stores and integrates biological
sequences, molecular interactions, homology

information, functional annotations of genes, and
biological ontologies.
• Biozone [72,73] is a unified biological resource on
DNA sequences, proteins, complexes and cellular
pathways. Biozon combines graph model and hier-
archical class approaches to express and characterize
biological entities in terms of constraints depending
on the relations with other modelled entities or
depending on the proper nature of each individual
entity. Biozon supports derived data strategies based
on similarity relationships and functional predictions
enabling propagation of knowledge and allowing the
specification of complex queries.
• cPath [61] is an open source database software for
collecting, storing and querying biological pathway
data. Multiple databases can be imported and
integrated into cPath via PSI-MI and BioPAX stan-
dard exchange formats. cPath data can be viewed by
means of a standard web browser or exported via an
XML-based web service API, making cPath data
available to third-party applications for pathway
visualization and analysis.

Most of these approaches take the LAV strategy to build
the global view, and provide a common data and storage
model (see Table 3). Due to the complexity of the data
loaders, where transformations between schemas are
usually hard coded (e.g. Java, C++ and Perl programs),
the cost of adding new sources is high. This problem can
be alleviated if data sources already provide their data in
standard XML formats, in which case a few data loaders
(e.g. a BioPax data loader) can deal with many sources.
However, any evolution in either the exchange formats
or the source schemas will imply a re-implementation of
all these loaders, so the cost of maintaining these
integrated systems can be very high.

Mediation approaches
In contrast with data warehouse-based architectures, in
mediator-based systems (originally proposed by Gio
Wiederhold [74]) individual data sources maintain their
independence. Data integration is achieved by defining a

Table 3: Data warehouse approaches

Aspect DWARF BioWareh. Atlas Biozone CPath

BioData Sequences All Types Genes All Types AllTypes
Instantiation Materialized
Integration Common Storage/Access
Global View LAV GAV (I) LAV
Global Model Relational Graph RDF/OWL
Query Model SQL SQL/AdHoc SPARQL
Semantics - Thesaurus - - Ontologies
Scalability Low Medium Medium Medium Medium

This table compares the datawarehouse approaches relying on the aspects introduced in Table 2.
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global view, or integrated schema, which is shared by all
sources; a “mediator” component, or mediator-based
middleware, adapts queries formulated against the
global view to the local data and capabilities. Typically,
each individual source will also require the definition of
a “wrapper” component, which will be used to export a
view of the local data in a useful format for mediation
(by translating the data to/from XML, for instance).
Figure 1 depicts a typical mediator-based architecture.
Query processing is achieved by sending subqueries to
relevant sources, and then combining the local query
results.

Thus, the main advantages of mediator-based architec-
tures are threefold: (i) the insurance that returned data are
always up-to-date, since queries are performed dynami-
cally (ii) data are not duplicated since they reside in
their local repository, (iii) it is easier to add new sources of
information. Amajor drawback ofmediator-based system
is the need to manually specify the mappings between
local and global schemas; several techniques have been
proposed to automate these steps (e.g. [66]).

The following systems are examples of mediator-based
systems for biological data:

• Ontofusion [75] proposes a multiple ontology
approach to integrate genomic and clinical databases
at the semantic level. For each data source an
ontology (named virtual schema) is created to
describe the structure of the data. Virtual schemas
are unified (i.e. merged) in a unique global schema
to give an homogeneous access to data.
• TAMBIS [76], unlike Ontofusion, adopts a unique
ontology approach to provide a common access to
several data resources so that cross database searches
seem to be transparent. An ontology called TAO
(Tambis Ontology) has been created for this purpose.
TAO collects all the requirements of the database to
be integrated. Scalability, when adding new
resources, is the major drawback of this approach.

• BioMediator [77] uses a logic-oriented knowledge
base to store meta-information about each data
source, which allows the specification of tailored
mediated schemas including rich relationships. The
mediator component is extensible through the use of
plug-ins, which allows the definition of mapping rules
for the tailored schema.

Table 4 summarizes the main mediator-based approaches.
Last two columns report the characteristics of two recent
internet-based architectures that facilitates the integration
of systems: Web Services and Peer-to-Peer architectures.
Both architectures are discussed in the next sections.

In general, in the Bioinformatics area, mediator-based
approaches are less popular than data warehouse ones.
One possible reason for this is that mediator-approaches
require reversible transformations in order to both
distribute global queries to local sources and translate
local results as global objects. Data warehouse
approaches only require unidirectional transformations
(i.e. from local to global view), which makes their
implementation easier.

Service-oriented architectures (SOAs)
In the previous sections we have been mainly concerned
with the integration of biological data sources through
the classical data warehouse and mediator approaches.
However, Bioinformatics research usually implies pro-
cessing all these data by means of software applications
as those that realize in silico experiments. In this context,
Service-Oriented Architecture (SOA) provides a standard
method to integrate both data sources and software
applications by regarding them as interoperable services.
Thus, client applications will combine these services to
implement their intended tasks. In this section, we
review the main efforts in providing such services within
the Bioinformatics community.

Figure 5 shows an abstract Web Service (WS) for
retrieving pathways given a set of possible participants.

Table 4: Mediator-based Approaches

Aspect Ontofusion TAMBIS Biomed. WS P2P

BioData Genes All types Genes All Types All Types
Instantiation Virtual
Integration Common Access
Global View GAV (S/I) GAV (S) LAV LAV N.A.
Global Model RDF/OWL XML RDF/OWL XML
Query Model Boolean CPL XQuery SPARQL XQuery
Semantics Ontologies - - -
Scalability Medium Low Medium High High

This table compares the mediator-based approaches relying on the aspects introduced in Table 2.
(Biomed. = Biomediator, WS = Web Services approaches, P2P = peer-to-peer approaches).
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It is represented with a box with three parts: the input,
the method name and the output or result. This web
service can take part of either a mediator-based
architecture (top right part of the figure) or a workflow
(bottom part of the figure). However, in order to use
concrete web services (i.e. web services located at some
machines with a specific interface), applications and
users must be aware of the XML schema of input and
output parameters. This schema is expressed with the
Web Service Description Language (WSDL). Thus, the
main integration issue consists of reconciling the
schemas of the services to be combined. Biological
research institutions like the National Center for
Biotechnology Information (NCBI) and the European
Institute for Bioinformatics (EBI) have published most
of their applications and data sources as Web Services.
Thus, researchers can freely invoke the Entrez e-utilities,
the EMBOSS suite [11], the EMBL-EBI tools [12] and
Distributed Annotation System [13] among others. These
Web Services constitute the basic layer over which more
complex services and workflows can be defined.

Semantic web services
WSDL files have found very limited usage for processing
and distributing biological data. As a consequence, new
protocols have been proposed to extend the basic
functionalities of bioinformatics Web Services. Bio-
MOBY [78] has been quite successful as such an
extension. MOBY services are registered in a central
node by properly annotating their interfaces. Such
annotations mainly involve the input and output data
of each service as well as some descriptions about its
functionalities. Currently, there are more than 1000
services registered and more than 500 data types
associated to their descriptions (see http://sswap.info).

Notice that the ratio between data types and services
indicates that a further data integration effort should be
done in order to make them more interoperable.

Workflows
Several proposals have recently appeared to define
complex workflows over BioMOBY services to perform
for example in silico experiments. The most popular of
these proposals is the Taverna tool [79], which has been
proposed within the myGRID project [80]. This tool
allows users to first define graphically a workflow (i.e.
chain of service invocations) and then execute it over a
GRID-based middleware. Other similar Web-based tools
have been proposed, for example MOWServ [81],
SeaHawk [82] and Remora [83] to mention a few.
Recently, some extensions to the BioMOBY protocol
have been proposed according to the new requirements
arisen from workflow management [84].

Grid-based services
Grid technologies are intended to provide highly
scalable computing frameworks where resource-hungry
applications can be performed efficiently. As the
biological community is continuously generating vast
amounts of biological data, which also require time-
consuming processes to be analyzed, Grid computing
has been usually taken up in large bioinformatic projects
(e.g. myGRID, caBIG, EGEE, etc.) Grid technologies also
rely on Service-Oriented Architectures. Indeed, recent
standards for Grid architectures basically extend the Web
Service technology. Thus, the Web Service Resource
Framework (WSRF) is the WS extension proposed for
the Open Grid Service Architecture (OGSA). Unlike Web
Services, Grid services must account for security, transac-
tion and distribution issues arisen from Grid architec-
tures. A good review of Grid technologies applied to
Bioinformatics can be found in [85].

Service-Oriented Architectures have an increasingly
prominent role in the development of biologiocal data
processing and integration. As a result, SOAs are
constituting the technological basis for almost the
projects aimed at seamlessly integrating biological
information systems. Nevertheless, little work has been
done in developing specific methods for querying
homogeneously biological data-providers services.

Peer architecture
All the previous presented architectures rely on the
definition of a global schema that is well accepted by all
data sources belonging to the integrated systems. Current
efforts are devoted to the definition of peer networks
where data can be locally organized and managed [86].
Each peer or group of peers can share the same schema,

Figure 5
Integration through Web Services.
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and local mapping among pairs of schemas can be
established leading to the formulation of a semantic
network. When a new peer wishes to join the semantic
network, it should establish a mapping simply with a
single peer or a subset of the network peers. When a
query is submitted to one of the network peers, the query
is routed to the peers that, according to the resource
availability policies, can contain possible answers.
Relying on the pre-established mappings among sche-
mas, it is possible to translate a query to be executed in
local schema (and thus obtain more precise results) or to
translate the results in order to make homogeneous and
comparable the different results. The peer, that initially
received the query, is in charge of collecting the answers
and returning them to the requesting user or application.
Key features of a peer architecture is, thus, the lack of a
global huge schema. Peers can develop schemas that are
tailored for their main users and then establish a
mapping with a small fraction of other peers. A peer
can easily join and leave the network. The main
drawback of this architecture is the need to develop
mappings and their use on the fly to evaluate queries
that can effect the performance of the retrieval process.
Many efforts are currently devoted to quickly perform
these tasks (e.g. developing mapping tables [87]). As in
the other architecture, XML plays a central role in
semantic peer networks, XML can be exploited both as
a message exchange format among peers as well as a
format for the representation of the peer contents.

Well-known and general purpose P2P data management
systems (PDMS) like Hyperion [86], PeerDB [88], and
GridVine [89] have been proposed that rely on the
relational model and can be exploited for the manage-
ment of biological data that do not present complex
structures. Moreover, the Bioscout system [90] has been
developed for helping biologists in the graphical
specification of queries and for developing efficient
query plans to be executed in a peer network. Apart from
these few systems, P2P technology has been scarcely
applied to the biological research.

From a practical point of view, there are not big
differences between Service-Oriented Architectures
(SOA) and P2P. Both have as strongest point their
good scalability. However, unlike SOAs, P2P systems
lack a solid and standard technological background (e.g.
SOAP, WSLD, OGSA etc.) that makes them fully
interoperable.

Advanced issues in XML-based biological data
integration
Even if several XML-based approaches for the integration
of bio-molecular data have been proposed, several items

remain open for current and future research. For
instance, XML is mainly employed for the exchange
format and in many cases the data management facilities
(XSLT, XQuery, indexing structure,...) are not yet
exploited. Besides this basic limitation, there are some
other important issues in data integration which are not
addressed by these systems:

• Data security and privacy. Data contains sensitive
information about people that needs to be protected
from unauthorized users. Specific approaches are
required for biological data because they contain
personal characteristics that can lead to the identifi-
cation of a subject and their obfuscation can alter the
experimental results.
• Evolution of data. Biological databases quickly
change [91]: data formats, access methods and query
interfaces are not stable over time, and even when
elaborate database integration solutions are used, a
significant amount of time is spent to address this
issue.
• Efficiency. Approaches for the efficient evaluation
of queries in a distributed and heterogeneous
environment as well as approaches for collecting
and normalize answers produced from independent
sources should be developed.
• Approximation. The richness of data format and
organization requires the development of systems
that return approximate answers to an user query.

We have to remark that conflicts at physical and syntactic
levels are almost solved exploiting XML technologies.
However conflicts at the semantic layer are still an open
issue for seamless biological data integration.

In the remainder of the section we present the main
research initiatives that are currently devised to face these
issues in the XML context.

Towards more powerful representations of bio-entities
Despite the current standardization efforts, the Bioinfor-
matics community still lacks of a standard exchange
language and vocabulary for all the biological data. As
shown along this paper, XML-like representations have
been widely accepted to represent biological data.
Additionally, several controlled vocabularies (e.g. the-
sauri) are now available to properly annotate these data.
These vocabularies are usually expressed in the Open
Biological Ontologies (OBO) [14], for example the Gene
Ontology, the NCBI Taxonomy, the Cell Ontology, etc.
The main drawbacks of these standards are that pure
XML representations do not account for semantics, and
that OBO ontologies are in most cases limited to simple
taxonomies (i.e. informal is-a relationships).
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The use of more expressive logics would give rise to more
powerful and extensible ontologies so that biological
concepts can be described not only with taxonomical
relationships but also with logical descriptions (axioms).
Consider, for example, the following pair of axioms

∃participant. Interaction (1)

GeneticInteraction 2participant Gene. (2)

It can be derived that GeneticInteraction ⊑ Interaction, that
is, a new implicit is-a relationship is inferred from
concept definitions. Notice that in this way, ontologies
can be more compact and legible as concept descriptions
are closer to natural language expressions.

To the best of our knowledge, BioPax is the only
standard relying on an expressive ontology language.
BioPax describes biological pathways and their compo-
nents in the Ontology Web Language (OWL) [15]. In this
way, specific pathway data can be classified according to
the BioPax concepts by using a reasoner, as long as these
data are represented as OWL individuals. It is worth
mentioning that in OWL individuals do not need to be
explicitly associated to a specific concept, but just to a
proper description. This allows biologist to delegate the
final classification to a reasoner. For example, taking into
account the axioms 3 to 6 involving a set of individuals
and the axioms 1 and 2, a reasoner is able to infer that
interaction_1 is an individual of the concept GeneticInter-
action.

participant interaction_1,BNI( )1 (3)

participant interaction_1,ATS( )1 (4)

BNI :Gene1 (5)

ATS :Gene1 (6)

Ontology-based data integration has been tested in
systems like Ontofusion and Tambis previously pre-
sented. Ontofusion adopts a multiple ontology
approach (e.g. one per source) whereas Tambis uses a
unique global schema. Multiple ontology approaches are
more scalable since they do not require a global
ontology dependent of the data sources. However the
implementation and integration is harder since the
ontologies of each source should be integrated, that is,
mappings between them have to be defined. This task
may be rather difficult [92] if ontologies use different
names or naming conventions to refer to their entities.
Assuming that ontologies can be easily mapped (e.g.
they use common vocabulary) semantic compatibility
still arises as an open issue in ontology integration
approaches. Ontologies to be integrated, and therefore
the data sources, may contain conflicting descriptions

which should be detected to perform a proper integra-
tion. This apparently disadvantage of the multiple
ontology approach could also be seen as a strong, since
ontologies could be exploited to detect those incompat-
ibilities between data sources and then to repair/adapt
them to make possible the integration. When integrating
ontologies errors and incompatibilities manifest them-
selves as unintended logical consequences (e.g. unsatisfi-
able concepts or unintended subsumptions). In the
literature several approaches can be found to detect and
repair unintended logic consequences [93-95]. These
techniques localize those sets of descriptions (i.e.
axioms) which provoke the error (i.e. incompatibility).

Nevertheless, although the use of expressive ontologies
seems to be a feasible solution to both the semantic
representation of data sources and the classification of
biological data, in practice, they are not being adopted as
expected. The design of expressive ontologies requires
strong skills in Description Logics (DL) [96], which are
not familiar to biologists. That is why less expressive
languages like OBO has become so popular among
biologists.

Open issues in service oriented architectures
The use of Web Services in Bioinformatics have been
earlier analyzed in [97]. Some of the issues reported in
this paper are being currently addressed, for example: the
migration of HTML-based query forms to web service
interfaces, the improvement of the discovery tools for
biological web services (e.g. Semantic BioMOBY), and
the overhead produced by XML when dealing with large
biological data objects. However, there are some other
issues that still remain open. Among them, we empha-
size those related to data integration, namely:

• Web service architectures allow biologists to have
several alternative sources for the information they
request. In contrast, the selection of the proper
sources will depend on criteria that are not usually
found in these architectures, like the authority of the
provider, the version of the data collection behind
the service, etc. In this way, new metadata should be
defined to guide users in the selection of the services
they require for their tasks.
• Workflows also require some criteria and methods
to select the services that potentially can comprise
them [98]. These criteria must go beyond simple
annotations of input/output parameters, because
compositions can require more complex interactions
between the involved services. For example, non-
trivial data transformations may be required in order
to connect two web services (i.e. Mediators). Addi-
tionally, we need the discovery of semantic mappings
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between WS data types to look for further potentially
compatible services.
• Biological web services require an integrated data
space consisting of just a few standard data formats,
instead of the hundreds XML data types currently
available. In this way, any data type used in a web
service should be defined within a widely accepted
semantic-based standard (e.g BioPax).

Approximate retrieval of information
As earlier commented, data warehouse approaches allow
a high degree of integration but at the cost of complying
with a common database schema, which makes it
difficult the inclusion of new data sources or the
evolution of existing ones. Recently, several research
works proposed to create XML data warehouses with
data published in the Web (see [99] for a review).
Basically, XML warehouses propose to store the XML
data as it is without imposing any common schema.
Afterwards, by applying clustering techniques and XML
schema inference methods, the data warehouse provides
the proper structures to support data exploration and
analysis. However, these systems should face the high
heterogeneity the stored XML data may present. Unfor-
tunately, well-known XML tools like XPath and XQuery
are not appropriate in this context, because they assume
a well-defined schema.

Current approaches to handle highly heterogeneous XML
collections are based on both approximate query
processing [100,101] and multi-similarity systems
[102]. The former consists of defining a relaxed query
(pattern) in order to retrieve a list of similar XML
documents (fragments). The latter ones provide multiple
notions of similarity simultaneously in order to account
for the heterogeneity of the data contained in the stored
XML documents. The ArHex system [101] combines both
methods in order to provide an extensible framework
where users can adjust their similarity measures to the
collection complexity. Such a framework could be used
as the basis for defining novel exploration and analysis
tools over highly heterogeneous biological data sets.

Evolution of data
The rapid development of technologies leads to quickly
change both biological data and applications working
with such data.

For what concerns data, different problems should be
faced. The introduction of new versions of data structures
already developed leads to the problem of their manage-
ment and also to determine the version on which queries
should be evaluated. The evolution of data structures may
imply the elimination of the old versions of data, but it

introduces the issue of modifying existing instances in
order to adhere to the evolved structures.

For what concern applications, the evolution of data
structures requires to update the applications working on
them in order to work properly with the different
versions as well as the evolved structures. Moreover,
mapping among schemas of two sources, when one of
the two is modified, needs to be adapted.

The representation of biological data in the XML format
can introduce further issues when modifying the schema
(either represented through a DTD or a XML Schema).
Specifically, the evolution of a schema may lead to
revalidate documents already developed according to the
old schema to check whether they are still valid for the new
schema and, whenever they are no longer valid, to adapt
the documents to the new schema. In [103], the X-evolu-
tion framework has been presented to address the issue of
XML schema evolution. The authors propose both
graphical and query-based approaches for the specification
of schema modification and for adapting the documents to
the new schema. Nevertheless, more specific approaches
adapted to biological data should be addressed.

Schema modifications also impact on applications,
queries, and mappings between schemas. The impact of
schema evolution on queries and mappings has been
investigated ([104-106]). The issue of automatically
extending applications working on the original schema
when this has evolved has not been addressed in the
context of XML.

Last, but not least, another issue to be faced is ontology
evolution; that is, the issue of modifying an ontology in
response to a certain change in the domain or its
conceptualization. The issues of ontology mapping,
alignment, and evolution and their consequences on
ontology instances should be addressed in the highly
evolving context of biological data ([107-109]).

Security and data privacy
The integration and management of heterogeneous data
sources into a huge and organized data repository
supports the scientists in making and proving the
validity of their theories but it also produces as a side-
effect the opportunity for a malicious user to access to or
to make a prediction about relevant sensitive data. As an
example, in healthcare domain a malicious user may be
interested in patient genomic information in order to
predict its current and future health status.

The degree of relevance of data and the kind of counter-
measures to adopt in order to react against a malicious
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attack depend on several different aspects mainly based on
the characteristics of the context to be considered and on
the type of the attack.

Several approaches have been recently proposed to
increase privacy and security in different context
[110-114]. Access control, authentication, policy speci-
fication and enforcing techniques [115-117] are used to
filter the requests to the sensitive resources so that the
access requests coming from unauthorized parties be
discarded and data be accessible only by users according
to the enforced security policy. On the other hand, data
obfuscation and data hiding techniques [118-120] are
used to preserve privacy and security in presence of data
mining techniques and they are based on the idea to
distort or encrypt confidential data so that relevant
information can not be easily retrieved.

When the security level increases, by adopting different
security techniques coexisting together, the data sharing
level decreases. Indeed, data are not publicly available
but accessible only by those holding the required
security credentials. A right tuning of these levels is
desirable in order to satisfy both the security require-
ments and the data sharing demand.

Conclusion
In this paper we pointed out the main current
technologies that can be exploited for the integration
and management of biological data through XML. We
outlined the proposals for the representation of biolo-
gical data in XML and discussed new interesting
approaches that have been emerging in the last few
years. We can conclude that XML has succeeded as the
syntactic glue for biological data sources. Nevertheless,
XML-based approaches produced a great variety of data
formats, which makes it difficult to effectively integrate
them. The adoption of a few semantic-rich standard
formats is urgent to achieve a seamlessly integration of
the current biological resources.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
The group of work is formed by Italian and Spanish teams.
The idea and structure of this work has been proposed by
MM. The Italian team was coordinated by MM, whereas the
Spanish team was coordinated by EJR and RB. GV took care
of the biological data types. MM, EJR, and PP presented the
approaches for the XML representation of biological data.
RB, EJR, IS,MM, PP, andDMworked on the data integration
issues and approaches within the biological context. All

authors jointly proposed the future work, read, and
approved the final manuscript.

Acknowledgements
This work has been partially funded by the Spanish National Research
Program (contract number TIN2008-01825/TIN). Ernesto Jimenez-Ruiz
was supported by the PhD Fellowship Program of the Generalitat
Valenciana.

This article has been published as part of BMC Bioinformatics Volume 10
Supplement 12, 2009: Bioinformatics Methods for Biomedical Complex
System Applications. The full contents of the supplement are available
online at http://www.biomedcentral.com/1471-2105/10?issue=S12.

References
1. Galperin M: The Molecular Biology Database Collection: 2008

update. Nucleic Acids Res 2008, 36(Database issue):D2–D4.
2. Pavlidis P, Weston J, Cai J and Noble W: Learning gene functional

classification from multiple data. J Comput Biol 2002, 9:401–411.
3. Troyanskaya O, et al: A Bayesian framework for combining

heterogeneous data sources for gene function prediction (in
Saccharomices cerevisiae). Proc Natl Acad Sci USA 2003,
100:8348–8353.

4. Lanckriet G, et al: A statistical framework for genomic data
fusion. Bioinformatics 2004, 20:2626–2635.

5. Barutcuoglu Z, Schapire R and Troyanskaya O: Hierarchical multi-
label prediction of gene function. Bioinformatics 2006, 22(7):
830–836.

6. W3C: Extensible Markup Language (XML) 1.0 (Fourth
edition). 2006.

7. W3C: XQuery 1.0 and XPath 2.0 Data Model (XDM). 2007.
8. W3C: XSL Transformations (XSLT). 1999.
9. W3C: XML Schema. 2000.
10. MAGE project. http://www.mged.org/Workgroups/MAGE/mage.

html.
11. EMBOSS suite. http://emboss.sourceforge.net/.
12. EMBL-EBI tools. http://www.ebi.ac.uk/services/.
13. Distributed Annotation System. http://www.biodas.org.
14. Open Biological Ontologies. http://www.obofoundry.org/.
15. W3C Ontology Web Language. http://www.w3.org/TR/owl-

guide.
16. AGAVE. http://www.agavexml.org/.
17. EMBLxml. http://www.ebi.ac.uk/embl/xml/.
18. GAME. http://xml.coverpages.org/game.html.
19. Melton J and Buxton S: Querying XML – XQuery, XPath, and SQL/XML

in Context Morgan Kaufmann; 2006.
20. Catania B, Maddalena A and Vakali A: XML Document Indexes:

A Classification. IEEE Internet Computing 2005, 9(5):64–71.
21. Kulikova T, et al: EMBL Nucleotide Sequence Database in

2006. Nucleic Acid Res 2007, 35:D16–D20.
22. Mulder N, et al: New developments in the InterPro database.

Nucleic Acids Research 2007, 35:D224–228.
23. Zdobnov E, Lopez R, Apweiler R and Etzold T: The EBI SRS

server-recent developments. Bioinformatics 2002, 18(2):368–73.
24. Finn R, Tate J, Mistry J, Coggill P, Sammut J, Hotz H, Ceric G,

Forslund K, Eddy S, Sonnhammer E and Bateman A: The Pfam
protein families database. Nucleic Acids Research 2008, 36:
D281–D288.

25. Altschul S, Madden T, Schaffer A, Zhang J, Zhang Z, Miller W and
Lipman D: Gapped Blast and PSI-Blast: a new generation of
protein database search programs. Nucleic Acids Research 1997,
25(17):3389–3402.

26. Corpet F, Servant F, Gouzy J and Kahn D: ProDom and ProDom-
CG: tools for protein domain analysis and whole genome
comparisons. Nucleic Acids Research 2000, 28:267–269.

27. Hulo N, Bairoch A, Bulliard V, Cerutti L, Cuche B, De Castro E,
Lachaize C, Langendijk-Genevaux P and Sigrist C: The 20 years of
PROSITE. Nucleic Acids Research 2008, 36:D245–D249.

28. Attwood T: The PRINTS database: a resource for identifica-
tion of protein families. Brief Bioinform 2002, 3(3):252–263.

29. Berman H, Henrick K, Nakamura H and Markley J: The worldwide
Protein Data Bank (wwPDB): ensuring a single, uniform
archive of PDB data. Nucleic Acids Research 2007, 35:D301–303.

BMC Bioinformatics 2009, 10(Suppl 12):S7 http://www.biomedcentral.com/1471-2105/10/S12/S7

Page 16 of 18
(page number not for citation purposes)

http://www.biomedcentral.com/1471-2105/10?issue=S12
http://www.ncbi.nlm.nih.gov/pubmed/18025043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18025043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12015889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12015889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12826619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12826619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12826619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15130933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15130933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16410319?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16410319?dopt=Abstract
http://www.mged.org/Workgroups/MAGE/mage.html
http://www.mged.org/Workgroups/MAGE/mage.html
http://emboss.sourceforge.net/
http://www.ebi.ac.uk/services/
http://www.biodas.org
http://www.obofoundry.org/
http://www.w3.org/TR/owl-guide
http://www.w3.org/TR/owl-guide
http://www.agavexml.org/
http://www.ebi.ac.uk/embl/xml/
http://xml.coverpages.org/game.html
http://www.ncbi.nlm.nih.gov/pubmed/17148479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17148479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17202162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11847095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11847095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18039703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9254694?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9254694?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10592243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10592243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10592243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18003654?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18003654?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12230034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12230034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17142228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17142228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17142228?dopt=Abstract


30. Maglott D, Ostell J, Pruitt K and Tatusova T: Entrez Gene: gene-
centered information at NCBI. Nucleic Acids Research 2005, 33:
D54–D58.

31. Kanehisa M and Goto S: KEGG: Kyoto Encyclopedia of Genes
and Genomes. Nucleic Acids Research 2000, 28:27–30.

32. Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M,
Katayama T, Kawashima S, Okuda S, Tokimatsu T and Yamanishi Y:
KEGG for linking genomes to life and the environment.
Nucleic Acids Research 2008, 36:D480–D484.

33. Tatusov R, Fedorova N, JD J, Jacobs A, Kiryutin B, Koonin E,
Krylov D, Mazumder R, Mekhedov S, Nikolskaya A, Rao B,
Smirnov S, Sverdlov A, Vasudevan S, Wolf Y, Yin J and Natale D:
The COG database: an updated version includes eukaryotes.
BMC Bioinformatics 2003, 4:.

34. Wingender E: TRANSFAC project as an example of frame-
work technology that supports the analysis of genomic
regulation. Brief Bioinformatics 2008, 9(3):326–332.

35. Mignone F, Grillo G, Licciulli F, Iacono M, Liuni S, Kersey P, Duarte J,
Saccone C and Pesole G: UTRdb and UTRsite: a collection of
sequences and regulatory motifs of the untranslated regions
of eukaryotic mRNAs. Nucleic Acids Research 2005, 33:
D141–D146.

36. Dalphin M, Brown C, Stockwell P and Tate W: The translational
signal database, TransTerm, is now a relational database.
Nucleic Acids Research 1998, 26:335–337.

37. Wilson R, Goodman J, Strelets V and the FlyBase Consortium:
FlyBase: integration and improvements to query tools.
Nucleic Acids Research 2008, 36:D588–D593.

38. Fisk D, Ball C, Dolinski K, Engel S, Hong E, Issel-Tarver L,
Schwartz K, Sethuraman A, Botstein D and Cherry J: Sacchar-
omyces cerevisiae S288C genome annotation: a working
hypothesis. Yeast 2006, 23(12):857–865.

39. Bult C, Eppig J, Kadin J, Richardson J, Blake J and the members of the
Mouse Genome Database Group: The Mouse Genome Database
(MGD): mouse biology and model systems. Nucleic Acids
Research 2008, 36:D724–D728.

40. Birney E, et al: An Overview of Ensembl. Genome Res 2004, 14
(5):925–928.

41. Karolchik D, et al: The UCSC Genome Browser Database:
2008 update. Nucleic Acids Res 2008, 36(Database issue):
D773–D779.

42. Eisen M, Spellman P, Brown P and Botstein D: Cluster analysis and
display of genome-wide expression patterns. PNAS 1998, 95
(25):14863–14868.

43. Barrett T, Troup D, Wilhite S, Ledoux P, Rudnev D, Evangelista C,
Kim I, Soboleva A, Tomashevsky M and Edgar R: NCBI GEO:
mining tens of millions of expression profiles. Nucleic Acids
Research 2007, 35:D760–D765.

44. Parkinson H, Kapushesky M, Shojatalab M, Abeygunawardena N,
Coulson R, Farne A, Holloway E, Kolesnikov N, Lilja P, Lukk M,
Mani R, Rayner T, Sharma A, William E, Sarkans U and Brazma A:
ArrayExpress, a public database of microarray experiments
and gene expression profiles. Nucleic Acids Research 2007, 35:
D747–D750.

45. Giardine B, Riemer C, Hefferon T, Thomas D, Hsu F, Zielenski J,
Sang Y, Elnitski L, Cutting G, Trumbower H, Kern A, Kuhn R,
Patrinos G, Hughes J, Higgs D, Chui D, Scriver C, Phommarinh M,
Patnaik S, Blumenfeld O, Gottlieb B, Vihinen M, Valiaho J, Kent J,
Miller W and Hardison R: PhenCode: connecting ENCODE
data with mutations and phenotype. Hum Mutat 2007, 28(6):
554–562.

46. Huerta-Sanchez E, Durrett R and Bustamante CD: Population
Genetics of Polymorphism and Divergence Under Fluctuat-
ing Selection. Genetics 2008, 178:325–337.

47. Sherry S, Ward M, Kholodov M, Baker J, Phan L, Smigielski E and
Sirotkin K: dbSNP: the NCBI database of genetic variation.
Nucleic Acids Research 2001, 29:308–311.

48. McKusick V: Mendelian Inheritance in Man and its online
version, OMIM. Am J Hum Genet 2007, 80(4):588–604.

49. Dalphin M, Brown C, Stockwell P and Tate W: All systems go.
Nature 2007, 446:493–494.

50. Kaneko K: Life: An Introduction to Complex Systems Biology Berlin:
Springer; 2006.

51. Stark C, Breitkreutz B, Reguly T, Boucher L, Breitkreutz A and
Tyers M: BioGRID: a general repository for interaction
datasets. Nucleic Acids Res 2006, 34:D535–D539.

52. Uetz P, Giot L, Cagney G, Mansfield T, Judson R, Knight J,
Lockshon D, Narayan V, Srinivasan M and Pochart P, et al: A
comprehensive analysis of protein-protein interactions in
Saccharomyces cerevisiae. Nature 2000, 403:623–627.

53. Ho Y, Gruhler A, Heilbut A, Bader G, Moore L, Adams S, Millar A,
Taylor P, Bennett K and Boutilier K, et al: Systematic identifica-
tion of protein complexes in Saccharomyces cerevisiae by
mass spectrometry. Nature 2002, 415:180–183.

54. Davierwala A, Haynes J, Li Z, Brost R, Robinson M, Yu L,
Mnaimneh S, Ding H, Zhu H and Chen Y, et al: The synthetic
genetic interaction spectrum of essential genes. Nature Genet
2005, 37:1147–1152.

55. Harvey S, et al: Standards for systems biology. Nat Rev Genet
2006, 7:593–605.

56. Strömbäck L, et al: A review of standards for data exchange
within systems biology. Proteomics 2007, 7:857–867.

57. Hucka M, et al: The Systems Biology Markup Language
(SBML): A Medium for Representation and Exchange of
Biochemical Network Models. Bioinformatics 2003, 19(4):
524–531.

58. Hanisch D, et al: ProML – the Protein Markup Language for
specification of protein sequences, structures and families.
Silico Biology 2002, 2(3):313–324.

59. Harvey S, et al: RNAML. A standard syntax for exchanging
RNA information. Silico Biology 2002, 8(6):707–717.

60. Bader GD and Cary MP: BioPAX – Biological Pathways
Exchange Language Level 2, Version 1.0.2005 http://www.
biopax.org/release/biopax-level2-documentation.pdf.

61. Cerami EG, Bader GD, Gross BE and Sander C: cPath: open
source software for collecting, storing, and querying
biological pathways. BMC Bioinformatics 2006, 7:497.

62. Strömbäck L and Lambrix P: Representations of molecular
pathways: an evaluation of SBML, PSI MI and BioPAX.
Bioinformatics 2005, 21:4401–4407.

63. Brazma A, Krestyaninova M and Sarkans U: Standards for systems
biology. Nat Rev Genet 2006, 7:593–605.

64. Davidson SB, Overton C and Buneman P: Challenges in integrat-
ing biological data sources. Journal of Computational Biology 1995,
2:557–572.

65. Zamboulis L, Martin N and Poulovassilis A: Bioinformatics
Service Reconciliation By Heterogeneous Schema Trans-
formation. Data Integration in the Life Sciences 2007, LNCS 2007,
4544:89–104.

66. Rahm E and Bernstein PA: A survey of approaches to automatic
schema matching. VLDB J 2001, 10(4):334–350.

67. Laibe C and Le Novère N: MIRIAM Resources: tools to
generate and resolve robust cross-references in Systems
Biology. BMC Syst Biol 2007, 1:58.

68. Gruber TR: Towards Principles for the Design of Ontologies
Used for Knowledge Sharing. Formal Ontology in Conceptual
Analysis and Knowledge Representation Deventer, The Netherlands:
Kluwer Academic Publishers: Guarino N, Poli R 1993. http://
citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.43.6200.

69. Fischer M, Thai QK, Grieb M and Pleiss J: DWARF – a data
warehouse system for analyzing protein families. BMC
Bioinformatics 2006, 7:495.

70. Lee TJ, Pouliot Y, Wagner V, Gupta P, Stringer-Calvert DW,
Tenenbaum JD and Karp PD: BioWarehouse: a bioinformatics
database warehouse toolkit. BMC Bioinformatics 2006, 7:170.

71. Shah SP, Huang Y, Xu T, Yuen MM, Ling J and Ouellette BF: Atlas – a
data warehouse for integrative bioinformatics. BMC Bioinfor-
matics 2005, 6:34.

72. Birkland A and Yona G: BIOZON: a system for unification,
management and analysis of heterogeneous biological data.
BMC Bioinformatics 2006, 7:70.

73. Shafer P, Isganitis T and Yona G: Hubs of knowledge: using the
functional link structure in Biozon to mine for biologically
significant entities. BMC Bioinformatics 2006, 7:71.

74. Wiederhold G: Mediators in the Architecture of Future
Information Systems. IEEE Computer 1992, 25(3):38–49.

75. Pérez-Rey D, Maojo V, García-Remesal M, Alonso-Calvo R,
Billhardt H, Martin-Sánchez F and Sousa A: ONTOFUSION:
Ontology-based integration of genomic and clinical data-
bases. Comput Biol Med 2005. http://dx.doi.org/10.1016/j.comp-
biomed.2005.02.004.

76. Goble C, Stevens R, Ng G, Bechhofer S, Paton N, Baker P, Peim M
and Brass A: Transparent Access to Multiple Bioinformatics
Information Sources. IBM Systems Journal Special issue on deep
computing for the life sciences 2001, 40(2):532–552.

77. Shaker R, Mork P, Brockenbrough JS, Donelson L and Tarczy-
Hornoch P: The BioMediator System as a Tool for Integrating
Biologic Databases on the Web. Proceedings of the VLDB 2004
Workshop on Information Integration on the Web 2004.

BMC Bioinformatics 2009, 10(Suppl 12):S7 http://www.biomedcentral.com/1471-2105/10/S12/S7

Page 17 of 18
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/pubmed/15608257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15608257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10592173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10592173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18077471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12969510?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15608165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15608165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15608165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9399869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9399869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18160408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17001629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17001629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17001629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18158299?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18158299?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15078858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18086701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18086701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17099226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17099226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17132828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17132828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17326095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17326095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17947441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17947441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17947441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11125122?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17357067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17357067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10688190?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10688190?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10688190?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11805837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11805837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11805837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16155567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16155567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16847461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17370264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17370264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611808?dopt=Abstract
http://www.biopax.org/release/biopax-level2-documentation.pdf
http://www.biopax.org/release/biopax-level2-documentation.pdf
http://www.ncbi.nlm.nih.gov/pubmed/17101041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17101041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17101041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16234320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16234320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16847461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16847461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8634908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8634908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18078503?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18078503?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18078503?dopt=Abstract
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.43.6200
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.43.6200
http://www.ncbi.nlm.nih.gov/pubmed/17094801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17094801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16556315?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16556315?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15723693?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15723693?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16480510?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16480510?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16480496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16480496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16480496?dopt=Abstract
http://dx.doi.org/10.1016/j.compbiomed.2005.02.004
http://dx.doi.org/10.1016/j.compbiomed.2005.02.004


78. Wilkinson MD and Links M: BioMOBY: An Open Source
Biological Web Services Proposal. Briefings in Bioinformatics
2002, 3(4):331–341.

79. Oinn TM, Greenwood RM, Addis M, Alpdemir MN, Ferris J,
Glover K, Goble CA, Goderis A, Hull D, Marvin D, Li P, Lord PW,
Pocock MR, Senger M, Stevens R, Wipat A and Wroe C: Taverna:
lessons in creating a work flow environment for the life
sciences. Concurrency and Computation: Practice and Experience 2006,
18(10):1067–1100.

80. Stevens RD, Robinson AJ and Goble CA: myGrid: personalised
bioinformatics on the information grid. ISMB (Supplement of
Bioinformatics) 2003, 302–304.

81. Delgado IN, del Mar Rojano-Muñoz M, Ramírez S, Pérez AJ, León EA,
Montes JFA and Trelles O: Intelligent client for integrating
bioinformatics services. Bioinformatics 2006, 22:106–111.

82. Gordon PMK and Sensen CW: Seahawk: moving beyond HTML
in Web-based bioinformatics analysis. BMC Bioinformatics 2007,
8:208.

83. Carrere S and Gouzy J: REMORA: a pilot in the ocean of
BioMoby web-services. Bioinformatics 2006, 22:900–901.

84. Kawas E, Senger M and Wilkinson MD: BioMoby extensions to
the Taverna workflow management and enactment soft-
ware. BMC Bioinformatics 2006, 7:523.

85. Shah AA, Barthel D, Lukasiak P, Blazewicz J and Krasnogor N: Web
and Grid Technologies in Bioinformatics, Computational
and Systems Biology: A Review. Current Bioinformatics 2008,
3:10–31.

86. Arenas M, Kantere V, Kementsietsidis A, Kiringa I, Miller RJ and
Mylopoulos J: The hyperion project: from data integration to
data coordination. SIGMOD Rec 2003, 32(3):53–58.

87. Kementsietsidis A, Arenas M and Miller RJ: Mapping Data in Peer-
to-Peer Systems: Semantics and Algorithmic Issues. SIGMOD
Conference 2003, 325–336.

88. Ooi BC, Tan KL, Zhou A, Goh CH, Li Y, Liau CY, Ling B, Ng WS,
Shu Y, Wang X and Zhang M: PeerDB: peering into personal
databases. Proceedings of the 2003 ACM SIGMOD international
conference on Management of data, ACM 2003, 659–659.

89. Cudré-Mauroux P, Agarwal S and Aberer K: GridVine: An
Infrastructure for Peer Information Management. IEEE
Internet Computing 2007, 11(5):36–44.

90. Kementsietsidis A, Neven F and de Craen DV: BioScout: a life-
science query monitoring system. EDBT 2008, 730–734.

91. Köhler J: Integration of life science databases. Drug Discovery
Today: BIOSILICO 2004, 2(2):61–69.

92. Shvaiko P and Euzenat J: Ten Challenges for Ontology
Matching. Proc of ODBASE 2008, 1164–1182.

93. Jimenez-Ruiz E, Cuenca Grau B, Horrocks I and Berlanga R:
Ontology Integration Using Mappings: Towards Getting
the Right Logical Consequences. Proc of European Semantic Web
Conference (ESWC) LNCS, Springer-Verlag; 2009, 5554:173–187.

94. Kalyanpur A, Parsia B, Sirin E and Grau BC: Repairing Unsatisfi-
able Concepts in OWL Ontologies. Proc of ESWC 2006,
170–184.

95. Meilicke C, Stuckenschmidt H and Tamilin A: Supporting Manual
Mapping Revision using Logical Reasoning. Proc of AAAI 2008,
1213–1218.

96. Baader F: The Description Logic Handbook: Theory, Implementation and
Applications Cambridge University Press; 2003. http://www.amazon.
ca/exec/obidos/redirect?tag=citeulike09-20n&amp;path=ASIN/
0521781760.

97. Neerincx PBT and Leunissen JAM: Evolution of web services in
bioinformatics. Brief Bioinform 2005, 6:178–188.

98. Dibernardo M, Pottinger R and Wilkinson M: Semi-automatic
web service composition for the life sciences using the
BioMoby semantic web framework. J Biomed Inform 2008,
41:837–847.

99. Pérez JM, Llavori RB, Aramburu MJ and Pedersen TB: Integrating
Data Warehouses with Web Data: A Survey. IEEE Trans Knowl
Data Eng 2008, 20(7):940–955.

100. Polyzotis N, Garofalakis MN and Ioannidis YE: Approximate XML
Query Answers. SIGMOD Conference 2004, 263–274.

101. Sanz I, Mesiti M, Guerrini G and Llavori RB: Fragment-based
approximate retrieval in highly heterogeneous XML collec-
tions. Data Knowl Eng 2008, 64:266–293.

102. Adali S, Bonatti PA, Sapino ML and Subrahmanian VS: A Multi-
Similarity Algebra. SIGMOD Conference 1998, 402–413.

103. Guerrini G and Mesiti M: X-Evolution: A Comprehensive
Approach for XML Schema Evolution. Database and Expert
Systems Applications, International Workshop on 2008251–255.

104. Moro MM, Malaika S and Lim L: Preserving XML queries during
schema evolution. Proceedings of the 16th international conference
on World Wide Web 2007, 1341–1342.

105. Velegrakis Y, Miller RJ, Popa L and Mylopoulos J: ToMAS: A
System for Adapting Mappings while Schemas Evolve. Data
Engineering, International Conference on 2004862.

106. Andritsos P, Fuxman A, Kementsietsidis A, Miller RJ and
Velegrakis Y: Kanata: adaptation and evolution in data sharing
systems. SIGMOD Rec 2004, 33(4):32–37.

107. Haase P and Sure Y: D3.1.1.b State of the Art on Ontology
Evolution. Technical report 2004. http://www.aifb.uni-karlsruhe.de/
WBS/ysu/publications/SEKT-D3.1.1.b.pdf.

108. Yildiz B: Ontology Evolution and Versioning. The state of the
art. Technical report 2006. http://publik.tuwien.ac.at/files/pub-
inf_4603.pdf.

109. Hartung M, Kirsten T and Rahm E: Analyzing the Evolution of
Life Science Ontologies and Mappings. DILS 2008, 11–27.

110. Castano S, Fugini MG, Martella G and Samarati P: Database security
ACM Press/Addison-Wesley Publishing Co; 1994.

111. Agrawal R and Srikant R: Privacy-preserving data mining.
Proceedings of the 2000 ACM SIGMOD international conference on
Management of data 2000, 439–450.

112. Verykios VS, Bertino E, Fovino IN, Provenza LP, Saygin Y and
Theodoridis Y: State-of-the-art in privacy preserving data
mining. SIGMOD Rec 2004, 33(1):50–57.

113. Malin BA: An evaluation of the current state of genomic data
privacy protection technology and a roadmap for the future.
Journal of the American Medical Informatics Association 2005, 12(1):
28–34.

114. Cios KJ and Moore GW: Uniqueness of medical data mining.
Artificial Intelligence in Medicine 2002, 26:1–24.

115. Lupu E and Sloman M: Conflicts in policy-based distributed
systems management. IEEE Transactions on Software Engineering
1999, 25:852–869.

116. Ahn GJ and Sandhu R: Role-based authorization constraints
specification. ACM Trans Inf Syst Secur 2000, 3(4):207–226.

117. Sloman M and Lupu E: Security and management policy
specification. IEEE Network 2002, 16:10–19.

118. Liu K and Ryan J: Random Projection-Based Multiplicative
Data Perturbation for Privacy Preserving Distributed Data
Mining. IEEE Trans on Knowl and Data Eng 2006, 18(1):92–106.

119. Sweeney L: k-anonymity: a model for protecting privacy. Int J
Uncertain Fuzziness Knowl-Based Syst 2002, 10(5):557–570.

120. Rizvi S, Mendelzon A, Sudarshan S and Roy P: Extending query
rewriting techniques for fine-grained access control. Proceed-
ings of the 2004 ACM SIGMOD international conference on Management
of data 2004, 551–562.

121. Williams A and Runte K: XML Format of the UniProt
Knowledgbase. International Conference on Intelligent Systems for
Molecular Biology 2004.

122. Mangalam H, et al: GeneX: an open source gene expression
database and integrated tool set. IBM Systems Journal 2001, 40(2):
552–569.

123. Spellman P, et al: Design and implementation of microarray
gene expression markup language (MAGE-ML). Genome
Biology 2002, 3(9):1–9.

124. Cuellar A, Nielsen P, Bullivant D and Hunter P: CellML 1.1 for the
Definition and Exchange of Biological Models. CIFAC Sympo-
sium on Modelling and Control in Biomedical Systems 2003, 451–456.

125. Orchard S and Hermjakob H: The HUPO proteomics standards
initiative-easing communication and minimizing data loss in
a changing world. Briefings in Bioinformatics 2007, 9(2):166–173.

126. Murray-Rust P and Rzepa H: Chemical Markup, XML and the
Worldwide Web. Part 4. CML Schema. J Chem Inf comp Sci
2003, 43:757–772.

BMC Bioinformatics 2009, 10(Suppl 12):S7 http://www.biomedcentral.com/1471-2105/10/S12/S7

Page 18 of 18
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/pubmed/12511062?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12511062?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16257987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16257987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17577405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17577405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16423924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16423924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17137515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17137515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17137515?dopt=Abstract
http://www.amazon.ca/exec/obidos/redirect?tag=citeulike09-20n&amp;path=ASIN/0521781760
http://www.amazon.ca/exec/obidos/redirect?tag=citeulike09-20n&amp;path=ASIN/0521781760
http://www.amazon.ca/exec/obidos/redirect?tag=citeulike09-20n&amp;path=ASIN/0521781760
http://www.ncbi.nlm.nih.gov/pubmed/15975226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15975226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18373957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18373957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18373957?dopt=Abstract
http://www.aifb.uni-karlsruhe.de/WBS/ysu/publications/SEKT-D3.1.1.b.pdf
http://www.aifb.uni-karlsruhe.de/WBS/ysu/publications/SEKT-D3.1.1.b.pdf
http://publik.tuwien.ac.at/files/pub-inf_4603.pdf
http://publik.tuwien.ac.at/files/pub-inf_4603.pdf
http://www.ncbi.nlm.nih.gov/pubmed/15492030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15492030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12234714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18065433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18065433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18065433?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Introduction
	Biological data types
	Primary sequence data
	Motif and domain data
	Structural data
	Gene level data
	Genomic data
	Transcriptomic data
	Polymorphism and mutation data
	System level relational data

	Advanced XML-based representations of biological data
	XML representation of bio-molecular entities
	XML representation of gene expression
	XML representations for system biology
	Integration initiatives

	Biological data integration
	Integration aspects
	BioData
	Instantiation
	Integration
	Global View
	Schema matching
	Global model and query language
	Semantics
	Scalability

	Data warehouse approaches
	Mediation approaches
	Service-oriented architectures (SOAs)
	Semantic web services
	Workflows
	Grid-based services

	Peer architecture

	Advanced issues in XML-based biological data integration
	Towards more powerful representations of bio-entities
	Open issues in service oriented architectures
	Approximate retrieval of information
	Evolution of data
	Security and data privacy

	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

