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This paper presents the implementation of a model
for expression array annotation (EAA) using the
BioMediator biological data integration system along
with BioConductor, an analytic tools platform The
model presented addresses the need for annotation
sources identified during BioConductor’'s develop-
ment. Annotation provides us with well-curated ge-
nomic background knowledge for expression array
analyss and interpretation. Annotation requests are
congtructed and pogted to the query interface of the
EAA package (the EAA model implemented as a
component of BioConductor). The software enumer-
ates all possible annotation paths for queries. These
are then transformed to PQL queries and processed
by BioMediator. Annotation entities returned from
the EAA package answer the annotation request.

INTRODUCTION

Expression array technologies report expression lev-
els of thousands of genes in one experiment, and pro-
duce large amounts of data. These huge datasets are
more valuable when analytic tools are available and
annotated information on the datasets can be pro-
vided. For example, a supervised learning agorithm®
combined with background knowledge from Gene
Ontology? explores large scale expression datasets for
gene function prediction® “. In this paper, we intro-
duce the EAA mode (and its implementation) to
provide a bridge between the BioConductor® analytic
platform for expression data and the BioMediator®
data integration system for annotation of a gene-
based expression array.

BACKGROUND

BioConductor is a collaborative open source project
to develop a modular generd framework for the
analysis of expression array” data. This project has
developed many innovative software packages for
solving problems in Bioinformatics. All software
packages are implemented in the R statistica pro-
gramming language’. The goal of BioConductor is to
provide access to a wide range of numerical and vis-
ual datistical methods for the analysis of genomic
data. In this paper, we introduce an expression array
annotation (EAA) package that annotates (BioCon-
ductor) expression arrays using results from a bio-
logical data integration system (BioMediator).

Expression Array Data from laboratories contain
raw expression data along with many important prop-
erties (metadata) like array characteristics, descrip-
tions of labeling, hybridization and washing condi-
tions. To efficiently utilize the increasing volume of
expression data and metadata, public databases al-
lowing submission, storing, sharing and analysis of
microarray data are desired. There exist many public
and private expression array database repositories
including Gene Expression Omnibus (GEO)?, Ar-
rayExpress’ and SMD™. For the purpose of this paper,
GEO will be considered, though the other two could
easily be incorporated into this model. GEO serves as
a complementary tertiary resource for the storage and
retrieval of public high-throughput gene expression
and genomic hybridization data™. GEO attempts to
cover the broadest spectrum of high-throughput ex-
perimental methods by loose requirements and stan-
dards for entry™, which make possible storing flexi-
ble basic information for many kinds of expression
array data. However, GEO does not provide extended
information on the gene-based expression data (e.g.,
metadata such as annotation data). To support effi-
cient data analysis and successful interpretation, ex-
ternal well-curated data sources for annotation should
be provided. We interfaced GEO to BioMediator as a
key data source for expression array data. GEO and
other well-curated data sources in BioMediator form
theinitial basisfor EAA.

BioMediator*? is a general-purpose biological in-
formation system, which permits integration and
anaysis of diverse types of biological data to help
answer biological questions.

In BioMediator, interoperability of multiple data
sources is achieved by consructing a mediated
schema designed for the domain of discourse (i.e., the
universe of anticipated queries). To incorporate a
data source into the data integration system, BioMe-
diator uses semantic mappings to relate the concepts
and terms of the data source to the mediated schema;
gueries are posed using the terms of the mediated
schema. The important advantage of this architecture
is that the data stays at the source (and hence can be
managed and updated there), and at query time, ap-
propriate accesses are made to the data sources to
obtain the most up-to-date data. BioMediator cur-
rently supports twelve data sources including Entrez®,



SwissProt, HUGO®™, LocusLink!®, OMIMY, IM-
AGE®, GEO?, GO? et al.

The current mediated schema includes biologically
meaningful entities such as Gene, Protein, Phenotype
and Nucleotide Sequence. The interface is PQLY, a
path-based declarative query language.

Vision: BioConductor provides efficient data struc-
tures to store expression array data and a rich set of
andytics (provided as R packages) for data analysis.
We developed the EAA model and implemented the
EAA package to bridge BioMediator and
BioConductor, so that externa knowledge for
dynamic expresson array annotation flows
seamlessly from BioMediator to BioConductor,
which can be used directly by existing analytic tools
running under BioConductor.

RELATED WORK

With the broad application of the expression array
technique, a multitude of expression array systems
now store the high-throughput gene expression data.
Most of these systems (e.g., SMD™ and ArrayEx-
press’) adopt the Minimum Information About a Mi-
croarray Experiment (MIAME®) standard to store
experiment information. To facilitate analysis of ex-
pression arrays, some systems are integrated with
andytic packages. E.g., the Stanford Microarray Da-
tabase (SMD™) uses the X Cluster software package”
to provide hierarchical and K-means clustering.
Though some systems are not associated with an ana-
Iytic package, expression data can be exported in a
form suitable for a specific analytic tool (eg.,
AMAD?). To hep andyze expression data, some
systems also provide extended annotation (e.g.,
GeneX? can store BLAST hits and map positions
associated with a sequence).

To our knowledge, nearly all current expression array
systems store expression data in a data warehouse.
Though some systems integrate an analytic package,
most of these packages are focused on a specific type
of data analysis (e.g., clugering) and are not open
source. A review of the leading expression array sys-
tems reveals no single system that can provide pow-
erful extended annotation and analysis for an expres-
sion array dataset. Therefore, we developed the EAA
model, to bridge the BioMediator data integration
system and the BioConductor anaytic platform to
establish a powerful integrated expression array an-
notation and analytic system.

PRELIMINARY WORK

To support our goal of expression array annotation,
we first integrated the NCBI Gene Expression Omni-
bus (GEO) into BioMediator. This involved extend-

ing the mediated schema to include entities and rda-
tionships (nodes and edges) relevant to expression
arrays. We chose GEO because it is a public domain
expression array database for data deposition and
guery with broad support for a variety of different
expression array types. To achieve an open and flexi-
ble design, GEO uses a semi-structured data model
implemented as tab-delimited free text. This semi-
structured data is transformed by the BioMediator
wrapper and metawrapper layers into a data stream
with mediated schema semantics represented in XML
syntax.

At times, the annotation of expression arrays requires
mapping from nucleotide sequences to cDNA clones.
Expression arrays are designed and synthesized based
on nucleotide sequence information. To extract nu-
cleotide sequence from a cDNA clone array, the
I.M.A.G.E database™ %, the world's largest public
collection of genes, was included in the BioMediator
mediated schema and appropriate wrappers were de-
veloped. I.M.A.G.E integration provides two-way
annotation between cDNA clones and nucleotide
sequences. Furthermore, there is on-going two-way
annotation from |.M.A.G.E cDNA clones to two
types of gene clusters, Known Gene Clusters based
on NCBI's Reference Genes and Candidate Gene
Clusters having no known gene association.

METHODS

The EAA modd is an intermediate layer between
BioMediator and BioConductor. The information
flows bi-directionally through the EAA package. En-
tity annotation queries from BioConductor flow into
EAA and are trandated to PQL queries for BioMe-
diator. Wdl-curated information retrieved from
source databases by BioMediator entersthe EAA tool
and leave as an annotated entity in a data structure
supported by BioConductor. The EAA mode and
software package can be divided into the following
components. 1) BioConductor-EAA interface, 2)
Graph Searching Schema, 3) Metadata Trandation 4)
Entity Coalesce and Classfication 5) EAA-
BioMediator interface. See Figure 1 for the graphical
representation of the model underlying the EAA tool
and the information flow. Each of these components
is described in detail below.

1. BioConductor-EAA interface

At the top-level, anaytic tools interact directly with
the EAA interface (Fig 1A), which processes the an-
notation query request. The EAA modd relies on
guerying several biologically meaningful entities, e.g.,
Gene, Clone Nucleotide, Protein, and Phenotype.
Queryable entities and their annotation relationships
are defined in the EAA Searching Schema (Fig 1B).
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Figurel: Expresson Array Annotation (EAA) Modd Bridge
Bioconductar and Biomediator

The BioConductor-EAA interface uses a graph-
searching algorithm to find possible annotation paths
in the Searching Schema. The paths then are distrib-
uted to the Trandation Layer (Fig 1C) for further
processing. Responding to an annotation query re-
gquest, the interface (Fig 1A) returns entities with
well-curated annotations for directly analysisin Bio-
Conductor.

2. Graph Searching Schema

We designed the Graph Searching Schema (Fig 1B)
in EAA to assist with the automatic construction of
PQL queries. PQL is a graph-based declarative query

language: The USING clause defines which relation-
ships are well-curated (based on metadata in a source
knowledge base). The WHERE clause declares the
entities of interest. The CREATE and LINK clauses
define the nodes and edges to be returned (see an
earlier PQL™ paper for a more detailed description).
In BioMediator, users manually construct PQL que-
ries based on the mediated schema. The fina PQL
query is posed to PQL reformulator to create query
plans over the actual sources. In EAA, we need a
mechanism to automatically construct and pose PQL
gueriesto BioMediator.

Clone

¢

Nucleotide

¢

Gene

¢

Phenotype

Protein Classification

Figure 2: Searching Schema

Because EAA uses nested data structures and Bio-
Mediator output is flat (i.e, relational) EAA must
iteratively construct nested results The Graph
Searching Schema (Fig 1B) is used for graph tra-
versal. Given the searching schema of Figure 2, we
can find only one annotation path from Clone to
Gene, namely: Clone - Nucleotide > Gene. Starting
from Gene, the annotation path to Phenotype will be
Gene - Phenotype. Based on the annotation path, a
preliminary PQL query is provided by the Metadata
Trandation (Fig 1C) component.

The Graph Searching Schema (Fig 1B) is a dynamic
schema stored as a directed graph. It is dynamic be-
cause the search schema can be defined in BioCon-
ductor and passed to the BioConductor-EAA inter-
face or a default searching schema can also be loaded
when no schemais defined.

3. Metadata Trandation

This is a bidirectional trandation layer (Fig 1C). In
the forward trandation, the input stream contains the
entities and annotation paths. These are transformed



to a preliminary query with four fragments, which
correspond to the USING, WHERE, CREATE and
LINK® clausesin PQL.

In the backward trandation, the input stream contains
annotated results from the BioMediator system. This
component traverses the XML results and populates
the attributes of the corresponding BioConductor
entities, which are returned to the upstream process
(Fig 1C, Fig 1Dy, or Fig 1Dy).

4. Entity Coalescing and Grouping

Before passing annotated entities back to the Bio-
Conductor-EAA interface (Fig 1A), entities are pre-
processed for merging (Fig 1D,) and grouping (Fig
1D,). Both merging and grouping are based on the
entities' attributes. If more than one attribute is pro-
vided, a logical ‘AND’ relationship is applied. By
merging (Fig 1D,), redundant entities can be removed
and clean entities returned. For example, gene entities
can be merged on their gene names, so gene entities
with the same name from different external data
sources will be merged to a single gene entity. Entity
grouping (Fig 1D,) provides a clustering mechanism
based on an entity’s annotated attributes. Thus ex-
pression array probes corresponding to entities with
common annotated attributes can be clustered into the
same group (for example, different probes of the
same gene could be clustered into a single group).
Entities can be returned to BioConductor with or
without merging/grouping.

5. EAA-BioMediator interface

This layer (Fig 1E) communicates with BioMediator.
It accepts preliminary queries and constructs the final
PQL queries to be processed by BioMediator. Pre-
liminary queries are represented using BioConductor
data structures. The EAA-BioMediator component
maps these data structures to PQL statements, which
can be directly processed by BioMediator. When
preliminary queries are sent to the EAA tool, the in-
terface creates an active connection to the remote
BioMediator PQL query processor and submits the
final PQL query. This interface parses the XML and
converts it to a tree representation, which is returned
to the Metadata Trandlation (Fig 1C) component.

IMPLEMENTATION & RESULTS

The EAA mode isimplemented as a software pack-
age in R. This facilitates the integration of the two
systems and permits EAA to be distributed as a Bio-
Conductor package. Each component of the EAA
package was designed and tested independently. Be-
cause R is an interpreted functional language for sta-
tistical analysis, interfacing layers in the EAA im-

plementation communicate with each other via input
parameters and output results. Analytic tools in Bio-
Conductor can post annotation requests to the Bio-
Conductor-EAA interface (Fig 1A), as described
above, or communicate directly with EAA-
BioMediator interface (Fig 1E) by manually con-
structing preliminary queries.

Under BioConductor, user posts annotation regquest to
EAA-BioMediator interface for retrieval of related
annotation entities. Annotation requests consist of
two entities, known entity and annotation entity. For
example (refer to EAA example onlineé® and EAA
thesis® for detailed explanation and output resuilts),
in the request "Find protein information related to
probe identifier, clonelD=6133969", the known en-
tity is "Clone" with known id attribute 6133969 and
the annotation entity is "Protein”. When the BioCon-
ductor-EAA interface gets this annotation reguest, it
explores searching schema and constructs annotation
path: Clone -> Nucleotide Sequence -> Gene -> Pro-
tein. Metadata trandation uses the annotation path
and cloneid attribute, 6133969, to form a preliminary
PQL query. The preliminary query is organized to
form afina PQL query by EAA-BioMediator inter-
face, which is forwarded to BioMediator for process-
ing. The EAA-BioMediator interface converts XML
results from BioMediator into an XML tree. Meta-
data trandation traverses the XML tree and extracts
seven protein entities related to the clone with id at-
tribute 613359. In this annotation example, Entity
Coalesce merges seven proteins to three proteins
based on their name attribute (e.g., al proteins with
name “myc-associated zinc finger protein” are
merged to one protein). Entity Group classifies those
proteins to three groups based on their organism at-
tribute (e.g., proteins from “human” are classified in
same group). By seamless information flowing and
parsing within EAA, annotation entities with well-
curated information wrappered in atributes are fi-
nally returned for easy and efficient control under
BioConductor.

DISCUSSION & CONCLUSION

Successes: The implementation of the EAA model as
a software package is able to link the BioConductor
andytic platform to the BioMediator data integration
system. Users of BioConductor can easily retrieve
well-curated biological knowledge without having to
explicitly consider heterogeneous data sources with
different data storage formats and different semantics.
From the annotation example above, we can see that
this process can be easily redlized by posting simple
annotation requests to the query interface. The EAA
system for annotation is efficient. It removes onerous
work to access independent data source and integrate



heterogeneous data manualy. The uniform and well-
structured data format makes automated analysis of
huge datasets possible. The EAA model uses its own
searching schema to define the annotation drategy.
This alows the biologist to focus only on the biologi-
cally meaningful annotations. For example, we can
provide congtraints that make Nucleotide > Gene >
Protein a valid annotation path, but not Nucleotide >
Protein > Gene. Furthermore, as described above,
each layer in the EAA tool is implemented as an in-
dependent module, which makes it easily modified
and expanded without changing other components.

Current Development: We currently (March, 2003)
have implemented all the basic modules of the EAA
model. These modules process the basic biological
entities’ annotation. In the next step of development,
we expect to define new entities to represent ex-
tended expression array annotation (e.g., homologous
genes related to interesting probes). Current EAA
model has an important limitation. Entities in the
EAA model are derived from entities defined in the
BioMediator knowledge base, but BioMediator is a
highly expandable (and evolving) system?” and thus
the structure and characteristics of entities in the me-
diated schema may be modified for various applica
tions. We do not yet have automated mechanisms to
keep the entities in the EAA modd (Fig 1B) consis-
tent with the evolving BioMediator mediated schema.
One solution could be to have the EAA modd di-
rectly access the Protégé knowledgebase stored on
the BioMediator server (an approach used by many
components of BioMediator).

Future challenges. In face of increasingly broad
applications of expression arrays, more sophigticated
annotation is desired. Therefore, more heterogeneous
data sources will be added to BioMediator for ex-
panded annotation. For example, to find a potential
SNP for a given sequence, dbSNP in NCBI could be
included as a source. To cluster EST sequence, the
NCBI sequence cluster database, UniGene, needs to
be supported. To explore genetic regulatory networks,
data sources of metabolic and signaling pathways
need to be supported. These sources could be called
data analysis resources?®.

Incorporation of these resources into BioMediator
requires that additional wrappers be written and the
mediated schema modified. Moreover, the current
system architecture is based on standard data integra-
tion techniques. We are exploring ways to extend
these ideas to handle such analytical tools.

In light of these anticipated extensions and modifica-
tions, the main challenge for EAA will be to ensure
that the BioConductor and BioMediator data models
are kept congruent.
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