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Abstract

DiscoverySpace is a graphical application for bioinformatics data analysis. Users can seamlessly
traverse references between biological databases and draw together annotations in an intuitive
tabular interface. Datasets can be compared using a suite of novel tools to aid in the identification
of significant patterns. DiscoverySpace is of broad utility and its particular strength is in the analysis
of serial analysis of gene expression (SAGE) data. The application is freely available online.

Rationale

Underlying DiscoverySpace, the DiscoveryDB relational data-
base integrates 26 biological databases (Table 1). Although
relational databases are indispensable tools for large-scale
data analysis, they present a technically challenging interface.
DiscoverySpace provides user interfaces that help researchers
to conceptualize, visualize and manipulate available datasets,
allowing them to construct powerful queries without the
requirement of programming knowledge and experience.

DiscoverySpace was developed to support serial analysis of
gene expression (SAGE) [1] technologies, and throughout the
paper we illustrate the features of the application with scenar-
ios from example SAGE analyses. Other examples are pro-
vided to show how DiscoverySpace is applicable to a wider
range of bioinformatics use cases.

The paper does not focus on the details of the low-level imple-
mentation, but instead describes the approach, the architec-
ture of the application, conceptual underpinning and use of

key technologies such as the Resource Description Frame-
work (RDF) [2]. We introduce the various user interfaces of
DiscoverySpace, explain the functionalities made available,
and, where possible, contrast it with other available tools. We
show that DiscoverySpace offers an innovative and extensible
example of a graphical bioinformatics environment. The
application and code are freely available to academic
researchers.

Biological database integration

Bioinformatics is a data-driven discipline in which the availa-
ble data sources dictate the scope of possible research. Biolog-
ical data are dynamic; new databases are constantly being
created [3], and existing databases are constantly updated
and extended. It remains a challenge to integrate the data and
analyze them in an effective manner.

The problem of integrating biological databases is well known
[4]. Our approach has been to centralize all data into a rela-
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Discovery data sources and their update frequency

Data source

Update frequency (days)*

Present in

CGAP (SAGE) [38] 60 DiscoveryDB/DiscoverySpace
COG [51] 60 DiscoveryDB/DiscoverySpace
Ensembl (human and mouse) [45] 30 DiscoveryDB/DiscoverySpace
EntrezGene [13] 14 DiscoveryDB/DiscoverySpace
Gene Expression Omnibus (SAGE) [37] 60 DiscoveryDB/DiscoverySpace
Gene Ontology [I1] 30 DiscoveryDB/DiscoverySpace
Homologene [52] 30 DiscoveryDB/DiscoverySpace
Inparanoid [53] 30 DiscoveryDB/DiscoverySpace
KEGG [54] 60 DiscoveryDB/DiscoverySpace
LocusLink [55] 21 DiscoveryDB/DiscoverySpace
MGC [44] 14 DiscoveryDB/DiscoverySpace
PAGOSUB [56] 60 DiscoveryDB/DiscoverySpace
PFAM [57] 30 DiscoveryDB/DiscoverySpace
PSORT [36] 120 DiscoveryDB/DiscoverySpace
RefSeq [12] 14 DiscoveryDB/DiscoverySpace
SwissProt [58] 90 DiscoveryDB/DiscoverySpace
Taxonomy (NCBI) [52] 90 DiscoveryDB/DiscoverySpace
TCAG [59] 30 DiscoveryDB/DiscoverySpace
Transcompel* [60] - DiscoveryDB/DiscoverySpace
Transpro* [61] - DiscoveryDB/DiscoverySpace
Hugo [62] 120 DiscoveryDB only

Omim [63] 60 DiscoveryDB only

Genecards [64] When released DiscoveryDB only

Trembl [58] 90 DiscoveryDB only

Interpro [65] 120 DiscoveryDB only

SCOP [66] 120 DiscoveryDB only

Many data sources are not released publicly to coincide with a consistent release cycle and, as such, an automated pipeline has been created to
regularly monitor the release of new data. Data sources present in DiscoveryDB have been integrated and can be accessed via SQL commands. Data
sources present in DiscoverySpace can, in addition, be accessed through the DiscoverySpace graphical user interface. *Licensed data sources (not

externally available).

tional database where they can be shared and readily
accessed. A drawback of this 'data warehousing' method is the
ongoing need to maintain the database and develop data
import tools [4]; though many groups, including this one,
have successfully managed to sustain such an effort over time
[5,6].

A key feature of the 'data warehousing' method is that it con-
centrates all of the data at a single physical location. This
allows complex and highly optimized queries to be run at the
site of data storage, with resulting gains in efficiency and per-
formance. The alternative, a more distributed 'federated’
solution, draws data from a number of remote servers before
processing and returning the result [7,8]. Federated systems
amalgamate content from multiple data warehouses, there-
fore permitting the organizational independence of each data
provider. Distributed systems are still an emerging technol-
ogy, with rapidly evolving standards and best practices [9].
We chose to concentrate our efforts on utilizing the capabili-

ties of one database, leaving the challenge of supporting mul-
tiple databases to a later stage of development.

The DiscoveryDB database

The DiscoveryDB database supports 26 biological databases,
including Ensembl [10], Gene Ontology (GO) [11], Refseq
[12], Entrez [13], Mammalian Gene Collection (MGC) [14]
and Uniprot [15] (Table 1). The database also hosts data gen-
erated by the Genome Sciences Centre (GSC), such as the
results of SAGE experiments.

At present, many biological data providers do not publish
their data in a database-compatible tabular format, and
require specialized analysis and parsing to prepare them for
import into a relational database. Proprietary flat-file for-
mats, such as those used by the Uniprot and GenBank [16]
databases, centralize all of an entity's data into a single docu-
ment-like record, and are well suited to access by UNIX com-
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mand line tools and scripting languages. Unfortunately, such
proprietary formats make efficient mass analysis using rela-
tional databases much more difficult. Recently, many data
providers, such as Entrez, GO and Ensembl, have begun to
publish data files in a tabular, tab-separated format. Such
files are optimal because they can be directly imported into a
database with little, or no, additional processing. Such files
are also easily accessible via traditional UNIX tools.

The DiscoveryDB database is housed in a MySQL database
server [17] (presently being upgraded to PostgreSQL [18])
that supplies all of the data content for the DiscoverySpace
application. Because data sources are frequently updated, we
have developed software to automatically download and
import data files in a series of regular update cycles. Data files
are parsed, if necessary, using dedicated parsing tools and
then imported into the central database system.

Accessing the data

Once the various data sources have been imported into Dis-
coveryDB's central relational database, researchers need a
means to access the data. While SQL provides a powerful
interface to the database, gaining full command of the SQL
language can be challenging and time-consuming for those
not trained as programmers.

The most rudimentary method to promote data access is to
provide a list of documented, 'pre-canned' SQL queries; a
researcher can adapt a query to suit their needs and then exe-
cute it in a script or database client. The GO database [11] pro-
vides such example queries. This solution does require a
degree of technical confidence from the researcher, but
requires little development. It has the disadvantage that the
researcher needs to rework all their queries when the data
structure changes.

An alternative is to develop tools that wrap the database
query with another interface, such as a web interface or API
(application programming interface). Web interfaces typi-
cally provide a form to capture parameters, and produce a
chart or other report given those parameters; DAVID [19] and
FatiGO [20] are examples of web interfaces. For the more
programming-literate researcher, some biological databases
provide APIs. These APIs wrap SQL calls in programming
interfaces and save the researcher from having to analyze the
data model and code the SQL themselves; the Ensembl data-
base [10] and GO database [11] provide such APIs. APIs
assume a level of comfort with the given programming
language.

Most tools are narrowly focused and, depending upon the
sophistication of the implementation, restrict the user to a
finite number of specific questions: for instance, 'get the Ref-
seq accessions for these GenBank accessions', or 'get the GO
terms for these genes at level 4', and so on. In such instances
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the interface and underlying query are dedicated to one par-
ticular usage, so the researcher does not have free rein over
the data but is restricted to those functionalities that the
developer exposes. For more complex tasks the researcher
will need to learn and integrate multiple interfaces into a sin-
gle methodology.

Because of the dynamic nature of the available data, and
because of the rapidity with which researchers alter their
methodologies, it is a challenge for developers to keep tools
current and relevant. This is particularly acute in the case of
API development where multiple programming languages are
supported, as is the case with the SeqHound [5] and Atlas [6]
projects. The developer must struggle to anticipate future
analyses, as well as maintain the existing functionality.

Development strategy

The strategy of the DiscoverySpace project has been to
develop a comprehensive graphical interface that supports all
possible data models with only minimal configuration on the
part of the database administrator. We have aimed to create
an application that allows the researcher to explore the avail-
able knowledge domain freely with a limited amount of train-
ing, to expose the content and power of the underlying
database while abstracting away its low-level complexity.

We decided to develop a graphical standalone application
rather than a browser-based application. Standalone applica-
tions are more difficult to develop, but permit a richer user
experience as there is more scope for customization. Stan-
dalone applications can also make full use of the features of
the client computer, rather than offloading all work to the
server (which is a shared resource). Throughout the applica-
tion we have used familiar interactive devices that enhance
user productivity, such as 'drag and drop' functionality. 'Drag
and drop' is used to exchange data between DiscoverySpace's
various internal tools; throughout the application it is possi-
ble to define a dataset in one tool, then drag it out and drop it
onto another tool. We have also consistently provided fea-
tures that promote interoperability with external applica-
tions, such as 'cut and paste’'.

The DiscoverySpace architecture

DiscoverySpace is a distributed application in which multiple
DiscoverySpace clients connect to a single DiscoverySpace
server. The application is built around the three-tier
architecture widely used by distributed applications (Figure
1); with database, middleware and client components. The
server-side middleware controls access to the database and
provides additional application logic, while the client pro-
vides a feature-rich graphical user interface, storage and data
processing.

Genome Biology 2007, 8:R6
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Diagram showing the three-tier architecture of DiscoverySpace. Many
DiscoverySpace clients connect to the shared DiscoverySpace server using
HTTP and DiscoverySpace's application-level protocol. Each
DiscoverySpace server connects to a single database server using the
database's JDBC (Java Database Connectivity) driver.

Both client and server-side components are written in the
Java programming language [21]. The main strengths of Java
are that it is object-oriented, platform independent, and
offers a wealth of well-designed APIs. The middleware com-
ponent is a Java servlet [22] and is deployed in the Apache
Tomecat [23] reference servlet container. The client is distrib-
uted using Java Web Start technology [24], which integrates
with the user's desktop and updates the application automat-
ically as newer versions are released.

The middleware layer decouples the client and the database
so that database drivers do not need to be deployed with the
standalone client; the underlying database implementation
can be changed without needing to re-release the client soft-
ware. This decoupling is particularly vital when considering
that future versions of DiscoverySpace may progress to a fed-
erated architecture with many servers per client, each of
which might use a database from a different vendor. Future
versions would also benefit from a server discovery protocol
that would enable the client to find and identify available Dis-
coverySpace servers.

As each DiscoverySpace client starts up, it contacts its config-
ured server and retrieves a schema describing the available
data content. The client then communicates with the server
using DiscoverySpace's custom protocol to query and down-
load data. The protocol, which uses RDF/XML [25] in the
request and tab-separated data in the response, is designed
and optimized specifically for DiscoverySpace interactions.
Each request is authenticated using the user's name and pass-
word, and the server has the ability to restrict data types and
to filter content based upon the user's permissions. This
means that confidential or sensitive information can be lim-
ited to specific collaborators.

http://genomebiology.com/2007/8/1/R6

The DiscoverySpace data model

A data model is an abstract framework for data representa-
tion that determines how data are conceptualized and under-
stood. A data model acts as a common definition of terms for
both the user and the developer, and needs to offer broad
descriptive power and extensibility, while remaining simple
and intuitive. Like the basic architecture, the data model is
fundamental and determines the capabilities of the applica-
tion; finding the correct model is vital.

Many groups have used ontologies, or controlled vocabular-
ies, to describe biological knowledge domains: for example
the GO [26] and Sequence Ontology [27] projects. Models
with ontological support are advantageous because they help
to describe the semantics of the data rather than merely the
syntax. While SQL is extremely good at defining the format of
data, it is poor at describing meaning. If data are properly
annotated with rich ontological meta-information, in addi-
tion to their syntactic constraints, then they are truly self-
describing.

Prototypes of DiscoverySpace used an ontological data model
provided by the KDOM API [28]. However, in this latest iter-
ation we have adopted the Jena API [29], which provides full
support for the Resource Description Framework (RDF) [2]
and its associated ontology languages (DAML+OIL [30],
OWL[31]). RDF is a widely used metadata language and is the
foundation of other bioinformatics projects such as BloMOBY
[9]. By annotating relational data with RDF metadata, data
integration occurs at the semantic level, not the syntactic level
[32].

RDF conceptualizes data as graphs of atomic and compound
nodes connected by edges known as predicates, or properties.
RDF graphs are formally described using statement-like
structures called triples, each of which comprises a subject, a
predicate and an object. An example triple would be 'gene
NM_032983 translates to protein NP_116765', where the
gene and protein are subject and object, respectively, and
"translates to" is the predicate. Compound nodes, termed
resources, may be both the subject and object of a triple.
Atomic nodes, or literals, can only be the object. RDF man-
dates that globally accessible resources should have a world-
wide web-friendly universal resource identifier (URI).
DiscoverySpace adopts a specialized form of URI designed for
the biological knowledge domain: Life Science Identifiers

[33].

While it is possible to deal with only individual resources and
their individual properties, the DiscoverySpace model also
parallelizes the RDF model into sets of subject resources,
their properties and the grouped sets of object resources (Fig-
ure 2). For instance, as a gene resource 'translates to' a pro-
tein resource, so a set of genes 'translates to' a set of proteins.
The DiscoverySpace model is thus conceptualized as a tree of
typed sets linked by properties, cascading down from a root

Genome Biology 2007, 8:R6
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Figure 2

A diagram depicting two RDF graphs. The color yellow represents literal nodes and the color blue represents resource nodes. The capitalized text
denotes the data type of each node. The arrows represent properties connecting the subject resource to object nodes, each with its own label. The left
hand graph represents an individual RDF resource and its properties. Note that some properties have a single object whereas some have multiple objects.
The right-hand graph represents a parallelization of the left-hand graph. Instead of a single subject node it has a root set of subject nodes, and properties
follow to the objects of all subjects. Notice that the properties that were singular in the left-hand graph are now plural, and have multiple objects.

subject set of resources. That root dataset might be imported
from an external source or defined internally using a query.

Supporting SAGE analysis

The features of DiscoverySpace are illustrated through SAGE
analysis use cases; therefore, it is necessary to introduce the
pertinent aspects of a SAGE experiment. SAGE is a gene
expression profiling technology [1]. The result of a SAGE
experiment is a library of SAGE tags, in which a tag is derived

from a transcribed RNA sequence. A tag has a quality score
(derived from PHRED [34] values) and a sequence, ten or
more base pairs in length (depending upon the protocol
used), that can be used to identify the corresponding
transcript. SAGE libraries can be compared to other libraries
to identify common or differential patterns of expression. A
typical SAGE analysis scenario is composed of three stages:
first, specify tag sequences; second, compare tag sequences
and perform statistical analysis; and third, map tag sequences
to genes and proteins for interpretation.
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This specific use case can be extended to a general bioinfor-
matics scenario: importing and defining datasets; performing
quantitative and qualitative analysis on given datasets; and
mapping data to available annotations for semantic
interpretation.

The capabilities of DiscoverySpace will be illustrated by two
example experiments. These examples provide a biological
context to showcase the features of the application and its
underlying database.

Example one

In the first example, we compare the expression of two sets of
short SAGE tags: one a set of tags from a library generated
from a normal pancreas tissue, the other the combined set of
tags from two pancreatic cancer libraries. The sets are com-
pared using the Audic-Claverie [35] significance test and
those sequences that are significantly up- and down-regu-
lated (to 95% confidence) are isolated. The isolated sequences
are then mapped to Refseq transcripts, via position one, sense
strand virtual tags. The functional qualities of the Refseq
transcripts are analyzed using GO annotations. Functions of
particular interest are reviewed and interpreted by the
researcher; those genes that are associated with significant
functions are then selected and mapped back to the dataset of
up- and down-regulated tag sequences.

Example two

In the second example, we compare five Cancer Genome
Anatomy Project (CGAP) breast long SAGE libraries; four
from cancer samples and one from normal tissue. Logical
analysis is performed to isolate those non-singleton tag
sequences that are present in all of the cancer libraries and
not at all in the normal library. Those isolated sequences are
then mapped to their counterpart virtual tags, to Refseq tran-
scripts, to their Entrez genes and to predicted subcellular
localizations generated from the translations of the tran-
scripts (using PSORT [36]). With this additional annotation
the researcher can identify genes of further interest, for exam-
ple, those that are predicted to be extracellular. These tag
sequences are then compared with other available long SAGE
libraries to determine whether the tags are significantly
expressed in comparison to a broader range of samples.

Importing and defining datasets

SAGE tag data can be imported into DiscoverySpace either
from tag-frequency files or directly from raw fasta files. The
data may be used immediately or saved for later use. The
import includes PHRED [34] sequence quality scores, if they
are available. In addition to data loaded by the user, the Dis-
coverySpace database houses over 300 publicly available
SAGE libraries published by the Gene Expression Omnibus
(GEO) [37] and the CGAP [38]. Once the data have been
imported into DiscoverySpace, the user can specify the librar-
ies they wish to analyze (Figure 3).
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Figure 3

A screenshot of the DiscoverySpace query 'SM022 SAGE Tags .99". The
SAGE data housed by the Discovery database are represented with three
classes of resource: SAGE Libraries, SAGE Tags and Tag Sequences. A
library represents an experiment performed on a tissue sample; a library
has properties such as a name and a protocol and is composed of many
thousands of SAGE tags. Each SAGE tag represents a discrete, physical
result from a SAGE experiment, and has a quality score, a read identifier,
in addition to ditag and linker flags. Each tag also has a tag sequence that
represents the sequence of the tag, such as TTCATACACCTATCCCC. In
this figure, the user is requesting those tags from the library SM022 that
have a quality score >0.99 and were not extracted from duplicate ditags.

Performing quantitative and qualitative analysis
on given datasets

DiscoverySpace integrates commonly used tools for perform-
ing statistical analysis of SAGE data. Specifically, these tools
are the Scatterplot and Venn table.

The Scatterplot (Figure 4) implements the Audic-Claverie sig-
nificance test [35] to plot a chart that visualizes similarly and
differentially expressed sequences. The Audic-Claverie
method, which accounts for different sample sizes, was
designed for the quantitative, absolute comparison of SAGE
gene expression profiles. Although we chose the Audic-Clav-
erie method for our initial implementation, other methods for
evaluating differentially expressed tags have been developed.
Chen et al. [39] have developed a Bayesian method for assign-
ing p values to differentially expressed genes and this is avail-
able through SAGE Genie [40]. Vencio et al. [41] have also
developed a Bayesian method that is available through Web-
SAGE [42].
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Figure 4

A screenshot of the DiscoverySpace Scatterplot. To use the Scatterplot
the user must define a comparison between two sets of tag sequences. For
this example the researcher has constructed a comparison of one normal
pancreas library on the x-axis versus two cancer libraries on the y-axis.
This comparison has then been viewed in the Scatterplot and the
researcher has selected those tags that are up- and down-regulated with a
confidence threshold of 95% or greater (marked in red). Selected tags can
be dragged out of the chart and isolated into their own dataset 'Up &
down regulated pancreas' for further investigation.

Data points on the Scatterplot chart can be selected manually
or by setting criteria of up- or down-regulated confidence
thresholds. Points can also be selected by dropping tag
sequences from outside the Scatterplot onto the chart; this
allows the user to visualize the relative expression of a given
set of tags with regards to the comparison. The tags repre-
sented by the selected data points can be dragged out of the
chart for further analysis using other DiscoverySpace tools.

The Venn table (Figure 5) allows the user to perform set
manipulations and statistical analysis upon multiple sets of
data resources. In the first stage of Venn analysis the user can
apply a quantitative filter across the contents of each
imported set. For example, this allows the user to exclude
genes with low expression values. In the second stage, the
user can apply a logical filter that performs set operations
upon imported datasets. In the third stage the user applies a
statistical view to the resulting sets to compare and contrast
the contents. And in the fourth and final stage another quan-
titative filter can be applied to further restrict the statistical
view.

Mapping data to available annotations for
semantic interpretation

The Explorer is DiscoverySpace's central data exploration
and visualization tool (Figure 6). The Explorer allows the user
to map from a set of data resources to directly and indirectly
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associated resources. The tool attempts to mask the
complexity of the underlying database joins and queries
behind an intuitive, but powerful, spreadsheet-like interface.
In database terms, the Explorer performs a series of outer
joins, in contrast to the Query tool, which performs a single
inner join.

As with the query, the Explorer allows the user to attach con-
straints to the view to filter any associated sets. This can help
to reduce datasets to an informative and manageable amount.
For example, a constraint can reduce the set of all associated
Refseq genes to only those associated Refseq genes that are
human, non-predicted and located on chromosome 1. Con-
straints can be attached to any non-literal node.

Data in the Explorer can be manipulated in many ways,
including tag to gene mapping, and assignment of annota-
tions (for example, GO terms, PSORT annotations) to genes.

Tag to gene mapping with the CMOST database
Several quality resources exist to assist investigators in tag
assignment, notably the NCBI SAGEmap [43] and SAGE
Genie [40] efforts. These resources focus primarily on identi-
fying genes that, in general, have been highly characterized or
have significant expressed sequence tag (EST) data. SAGE
Genie uses multiple (seven) ranked transcript sources to map
tags to genes focusing on the more abundant tags and
ignoring tags with single base variations with respect to the
reference sequence or tags that occur only once. SAGEmap
also provides mappings to ESTs. For both SAGEmap and
SAGE Genie, mappings are predefined by an algorithm.

We have implemented a database that allows the user to
choose the data source to which tags are mapped. They may
choose to map (concurrently) to one or more of RefSeq [12],
MGC [44] and Ensembl [45] genes. They may also map tags
directly to the genome. The results of the mapping are pre-
sented in the DiscoverySpace Explorer.

Mappings are performed against a set of pre-extracted tags.
For RefSeq, MGC and Ensembl genes, the tag adjacent to
every Nlalll site (sense and antisense) in the gene is extracted
(10 base pairs for SAGE tags and 17 base pairs for LongSAGE
tags). For mapped tags, the DiscoverySpace Explorer displays
both the sense of the tag relative to the gene and the ordinal
count of the NlallI site relative to the 3' end of the gene. In
Figure 7, the columns indicate whether the tag is antisense
relative to the gene and the position or ordinal rank of the
NIalll site. The first tag maps to position 1 or the 3' most
NIalll site in the gene, while the second maps to position 6 or
the 6th Nlalll site relative to the end of the gene. For the
genome, tags adjacent to all NlallI sites are extracted and the
DiscoverySpace Explorer reports the position and strand of
the mapped tags.
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AMARRACATTCCACGTGC | 26 5 15 4 2
Allenabled | 4] T [¥] | ARACATCCTATCATCTG |26 4 5 13 4 =
Rows: 5 Rows: 134
Figure 5

A screenshot of the DiscoverySpace Venn table. In the example above the user has specified five sets of tag sequences from CGAP SAGE libraries and has
selected and dragged them into the Venn table. Four of the sets are tag sequences from breast cancer libraries, the fifth, CGAP 647, is from a normal
breast sample. The user has raised the quantitative cutoff to 2 or above in order to exclude singleton tag sequences, and has then excluded any tags in the
normal set and has selected the intersection of the other cancer sets. The resulting sets of tags are selected from the table and are dragged out for further
analysis in the DiscoverySpace Explorer.

A unique feature of the application is that it allows the user to
map 'off-by-one' tags. During the construction of and
sequencing of SAGE libraries, single base pair errors (inser-
tions, deletions and permutations) may be incorporated into
tag sequences to create off-by-one tags. Several groups have
developed methods to cluster off-by-one tags with the highly
expressed tag from which they are derived [46-49]. Imperfect
tag clustering and the presence of a single nucleotide poly-
morphism in the tag sequence for the individual gene under
study means that some high frequency off-by-one tags will
not be mapped by standard methods.

The comprehensive mapping of SAGE tags (CMOST) data-
base allows the user to map tags to RefSeq, MGC and
ENSEMBL genes and to the genome, allowing for the possi-
bility of single base pair insertions, deletions and permuta-
tions in tag sequences. This is achieved by pre-populating the
CMOST database with the off-by-one mapped location of all
experimentally observed tags. All possible one-off tags are
generated for each experimental observed tag. Those off-by-
one sequences that match an exact map to a sequence data-
base (the same set of pre-extracted tags described previously)
are stored in the database for later retrieval. As new SAGE
libraries are sequenced and additional tag sequences gener-
ated, the off-by-one calculations are performed for new tags.

The user may elect to utilize the off-by-one mappings or not
and has complete control over the entire tag mapping
process.

The tag clustering and off-by-one mapping features are only
available for LongSAGE libraries (comprising 21 base pair
tags). Tags from regular SAGE libraries (14 base pair tags) are
too short and map to too many locations for these features to
be effective.

Drawing together multiple annotations with the
DiscoverySpace Explorer

The DiscoverySpace Explorer enables the researcher to navi-
gate and view multiple annotation paths at once, so that it is
possible, for instance, to view both associated Refseq genes
and associated MGC genes, and even the proteins of those
genes, concurrently in the same table (Figure 7).

A strict tabular format is necessary for easy compatibility with
other tools such as Microsoft Excel, and all data from the
Explorer are exportable as tab-separated value (TSV) files.
However, a relationship may be one-to-many (a subject can
have many objects of a particular property): for example, a
gene can have many GO terms, or many synonyms. One-to-
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& Up & down regulated pancreas - DSExplorer e 2 e e
m = @ :[ il Up & down regulated pancreas | )
Tag Sequence [=] 4 w ] ‘ (i @ %
¥ Sequence data Tag Sequence :
&3 : data Refseq Virtual Tags
7 v Refseq Virtual Tags s S
Antisense Accession Definition Taxon
" : 5 Scientifc name
U] |Base pair position ‘lh118 TcacesTeAT false 1| |Nm_002768 |Homo sapiens protease, serine, 1 (typsin 1) (PRSS1), mRMA. | _|Homo sapiens -
O Length #1092 |CCETCCAAGG false 1| MM_001020 Homo sapiens ribosomal protein 516 (RPS16), mRNA. Homo sapiens % :
[ | perSpecies Tag F 614 |CCTCCAGCTA false 1] |NM_002273 [Homo sapiens keratin 8 (KRTS), mRNA Homo sapiens
538 |CCCATCGTCC
v Position 439 TCCTCARAAC false 1| INM_000699 Homo sapiens amylase, alpha 2A; pancreatic (AMY2A), mRNA. | |Homo sapiens
¢ Refseq 390 |CAAACCATCC ofalse 1| |xm_498018 [PREDICTED: Homo sapiens similar to Keratin, type | cytoskel...|  [Homo sapiens
399 AGCCTTGGTA false 1 MM_001807 Homo sapiens carboxyl ester lipase (bile sali-stimulated lipa... Homo sapiens
v] Accession 397 TCATTGGCCA false 1 NM_000936 Homo sapiens pancreatic lipase (PNLIP), mRNA. Homo sapiens
] Definition 390 |GCGTGACCAG false 1] |NM_007352 |Homo sapiens elastase 3B, pancreatic (ELA3E), mRNA, Homno sapiens
355 TGCGAGACCA ralse 1 MM_001869 |Homo sapiens carboxypeptidase A2 (pancreatic) (CPAZ), mRNAl Homo sapiens
O Comment 352 | TGTGTTGAGA o false 1 MNM_001402 [Homo sapiens eukaryotic b lation el tion factor 1 alph... Homo sapiens
O Genbank —| :|| 341 [seTGACTCTE g 7 / / / / / / / .
300 |ACGCTGGACG false 1 NM_001832 |Homo sapiens colipase, pancreatic (CLPS), mRNA, Homo sapiens
[ |GeneNames 709 [GAACACAARA
O Location 296 [GAGCACACCC [false 1 MNM_001868 |Homo sapiens carboxypep Al ic) (CPAT), mR... Homo sapiens
280 |GTGAAACCCC o|false 1| [¥M_498894 PREDICTED: Homo sapiens hypothetical gene supported by ...|  [Homo sapiens
u Froduct Names 277 |GTGACCACGE . ’ LA VI SIS SIS ITIII TS IS IIIT IS I T A S I A ST AIV AT AIL. 55, IS A 544
O Version 272 |ARTTGAAGAR o=|false 1 NM_00100... Homo sapiens glycoprotein 2 (zymogen granule membrane) .. Homo sapiens
266 |GEATTTGGCC false 1] |NM_001004 |Homo sapiens ribosomal protein, large, P2 (RPLP2), mRNA. Horno sapiens
o [J| |EntrezGene 261 [GTGTGTGLTG |false 1| |NM_005747 [Homo sapiens elastase 3A, pancreatic (ELA3A), mRNA. Homo sapiens
- [ GO Terms 251 [TTGGTCCTCT false 1 NM_021104 |Homo sapiens ribosomal protein L41 (RPL41), mRNA. Homo sapiens
" 240 [TTGGGGTTTC ofalse 1 NM_00100... Homo sapiens ferritin, heavy polypeptide-like 16 (FTHL1E), m... Homo sapiens
o [ Human Virtual Tags from CMOST 234 Fercamacace e e e e ) e e S =TT e A
- [ Locuslinks 234 [TTCTGTGTGG false 1| |NM_002770 |Homo sapiens protease, serine, 2 (rypsin 2) (PRSS2), fransc..|  |Homo sapiens
- [ Mouse Virtual Tags from CMOST :|| 224 |ccTGTAATCC | ofalse 1| |NM_001558 |Homo sapiens interleukin 12 receptor, beta 2 (IL12RB2), mR... | |Homo sapiens
. 223 |GCTCCGAGCH
o LI |PA-GOSUB Analysis 208 |CCAGAGAGTG false 1] [NM_001871 |Homo sapiens carbo B1 (issue) (CPBT). mRNA | _|Homo sapiens
o []| |Protein localization predictions 204 [GCAGCCATCC
¢ @ Taxon : 13(; CCCGTCCGGA
ImE A CTAAGACTTC
[m] 189 TAGGTTGTCT false 1| INM_003295 Homo sapiens tumor protein, translationally-contralled 1 (TP... Horno sapiens
Scientifc name 186 |AKTTGCAATA
181 |GGGGAALTCG
O Common names 178 |AMGACAGTGG
O Genbank common name 177 |ATGGCTGGTA _o-false. 1| |XM_486555 PREDICTED: Horno sapiens similar to ribosomal protein S2;..|  |Homo sapiens
175 |GCGACGAGGC
O Rank 174 | TGGTGTTGAG false 1 MM_022551 Homo sapiens rihosamal protein 518 (RPS18), mRNA, Homo sapiens
- [] 5.:' Parent Taxon 173 |GTGGCAGECE o-false 1] |NM_207331 |Homo sapiens hypothetical protein LOC153561 (LOC153561...| |Homo sapiens
) 168 ACCCTTGGCC
-0 ‘9 Virtual Tags 167 [GACATCAAGT false 1 Mi_002278 Homo sapiens keratin 19 (KRT19), mRNA. Homo sapiens
o []| &3 TagSequence 167 |CCACTGCACT ofalse 1 INM_138801 Homo sapiens galaciose mL (aldose 1-epimerase) (.. Homo sapiens
o CGAP Experimental Tags | #|| 160|CGCCBGCCGGC *false 1 »M_499313 |PREDICTED: Homo sapiens similar to 605 ribosomal protei.. Homao sapiens
< - I o > || 157 |CCTAGCTGGA awI@se 1] |NR_000030 Homo sapiens peptidyiprolyl isomerase A processed pseudo...|  [Homo sapiens =
IThe unique identifier of this Taxon as defined by NCBI | Rows: 1491

Figure 6

A screenshot of the DiscoverySpace Explorer. The Explorer comprises one 'view', which describes the cross-section of data required by the user, and one
or more datasets, which provide the initial starting content. The view is displayed in the left panel of the Explorer and graphically represents all navigable
paths as a tree of sets cascading from the root class (much like the data model from Figure 2). Some properties have a literal object, such as a name, a
sequence or a comment field. Others are links to associated resources such as genes, proteins or pathways. The view determines the content being
displayed in the main table of the Explorer; each property in the tree has a checkbox that is used to include or exclude the property as a column. The right
panel of the Explorer holds the main display. Each dataset added to the Explorer is represented by a tab containing a table. Each table displays the member
resources of the selected dataset (and their weight values) as rows. The properties of the resources, and the properties of associated resources, are
represented as columns, as determined by the view. The table, with its novel nested header, reflects the structure and the color-coding of the view in the
left panel. If no view is specified by the user then a default view is created from the class of the dataset. All datasets in an Explorer session must have the
same data type, and that class must be shared by the root node of the view. In the example above the user has constructed a view consisting of a path from
the root set of tag sequences 'Up & down regulated pancreas' through virtual tags from Refseq to their counterpart Refseq genes. Additionally, the user
has restricted the set of linked virtual tags to only those from human Refseq (multi-species joins are supported by the data model) and only those tags at
position one (closest to the 3' end) on the sense strand. The result of the mapping operation, a set of human Refseq genes, can be selected and dragged
out of the Explorer for further interpretation. The frequency, or weight, is displayed on the left hand side of each tag sequence.

one properties are simple to display in a tabular format
because all qualities of a resource can be represented on a sin-
gle row. However, it is more difficult to display one-to-many
relationships where, to stay tabular, it is necessary to show
the product of the subject and objects of a property, and
repeat the subject for each object. The Explorer makes the
relationships clear by shading out repeated subjects, and

their properties, which are the result of such products (Figure
8).

The representation of one-to-many properties is complicated
by the fact that sibling, one-to-many properties are 'in compe-
tition'. The product of a gene and its synonyms is simple to
comprehend because it reflects the hierarchy of the model
and the path from gene to synonym. However, the product of
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@ CGAP Breast - Venn Analysis Result - DSExplorer ;55 s b s es e e b s e e s o o B
;[ [ CGAP Breast - Venn Analysis Result | ]
A= | % =
Tagy Sequence :
data Refseq Virtual Tags g
Anti Position Refseq
Accession Definition Entrez Gene Protein localization predictions Taxon
GenelD | Symbol Description Score(%) | Location Scientifc name
o o= o= Name
45 |ACCAAAAACCAAAAGTA | | 7 “ 7 7 |~ |
40 |CAGGAGACCCCAGGCCC false 1 NM_005940 |Homo sapiens matrix metall - 4320 hMP11 rmatrix metall ticl 1. “h Horno sapiens
-|38 |TTGGTTTTAATAGTGTC false 5 NM_003358 |Homo sapiens UDP-glucose de... 7358 UGDH UDP-glucose dehydrogen... | ) Homo sapiens
:||37 |acccaceTeacoascca [ | 77 7 7
|37 |CAAGGGCCAAGCAAAGG false 1 NM_004761 |Homo sapiens ral guanine nucl... 5863 RGL2 ral guanine nucleotide dis... | o 43.5) nuclear Homo sapiens
137 |TGG AGGAL | oftrue 2 NM_002135 |Homo sapiens nuclear receptor .. 3164 NR4AT nuclear receptor ily... | o 261 Homo sapiens
:|[36 |CCTGTGTTGGGTTGACA |- ! 7 7 7 72 =
:||36 |GACGCCGAACTCATCGA false 1 NM_133467 |Homo sapiens Chpip300-intera... 163732 |CITED4 Chp/p300-interacting frans...| & 43.5] nuclear Homo sapiens
‘(|34 |TTACCTCCTTCAGTTGA | 1 £ i 7 i
‘|34 |TTCATACACCTATCCAC [ 1 s i 7 7
||33 | TGGGACTCCAGGCACCA false 1 NM_032348 [Homo sapiens matrix-remodelli... 54587 MXRAS mat aSS0Ci... | o 43.5] « Homo sapiens
‘||31 |CCGTGCTCATCCTACCE false 1 NM_016286 [Homa sapiens dicarbonyl/Lgiul... 51181 DCHR dicarhonyliL-wlulose redu... | 65.2] « Homo sapiens
30 |CATTTGGTATTTTCGTC | | 7 7 7 m
29 |GCAGCCATCCGCAGGAC [/ 1 s A
29 |TGGCTGGGAAACTGTTG false 1 NM_003761 |Homo sapiens vesicle-associat... 8673 VAMPS vesicle-associated membr...| o 55 .6 {oplasmi.. Homo sapiens
:|128 |TTGAGCCAGGCCTGGGT false 5 NM_005252 |Homo sapiens v-fos FBJ murine.. 2353 FOS v-fos FBJ murine osts o 73.9 nuclear Homo sapiens
|27 |TTGATGGGGGACACCGG true 2 INM_002228 [Homo sapiens jun B proto-onco. 3726 JUNB jun B proto-oncogene o 87.0] nuclear Homo sapiens
|26 |AAAAACATTCCACGTGC false 3 INM_006732 |[Homo sapiens FBJ murine oste. 2354 FOSB FBJ murine o o] 69.5) nuclear Homo sapiens
:||26 |ABACATCCTATCATCTG |~ 1 7/ i 7
:||26 |CCACTGTACTCCAGCCT | o|false NM_024986 |Homo sapiens hy ical prot... 80052 |FLJ12331 hypothetical protein FLJ12... | o 52.2] mitochondrial Homo sapiens
‘|26 |SCTCTGTGAATTTGAGG | o[false NM_016946 |Homo sapiens F11 receptor (F1... 50848 FI1R F11 receptor o 44.4] endoplasmi... Homo sapiens
‘(125 | TGGAAAGTGAATTTGAC [ 1 7 i A
(|25 |TTTCTTCCCTTTCTGAT false 1 MM_020127 |Homo sapiens tuflelin 1 (TUFTT)... 7286 TUFT1 tuftelin 1 o 69.6] nuclear Homo sapiens
‘||24 |CAGATTTTGGTGCTTTC | “ftrue 4 NM_033625 [Homo sapiens rikosomal protei.. 6164 RPL34 ribosomal protein L34 o 78.3] C Homo sapiens
24 |CATCTGTGAGCTTTAGR false 1 NM_004334 [Homo sapiens death-associate. . 1611 DAP death-associated protein o 60.9] |nuclear Homo sapiens
|23 |CTGTCAGCGGCTGCCCC false 1 INM_080861 [Homo sapiens splAfyanodine r... 90864 SPSB3 splAfvanodine receptor do...| & 56.5] mitochondrial Homo sapiens
:|[23 |GTTATAAGATGGAGACT false 1 INM_006304 [Homo sapiens split handffoot m... 7979 SHFM1 split handifoot malformatio...| o 56.5] cytopl. i Homo sapiens
:|[23 | TTGAATTCCCCAARARR false 1 NM_006379 [Homo sapiens sema domain, i 10512 SEMA3C  |sema domain, immunoglo...| o 34.8] nuclear Homo sapiens
:|[22 |CACTTGAAAAGCAARACC false 1 NM_001219 [Homo sapiens calumenin (CAL... 813 CALU calumenin o 55 .6 extracellular,. Horno sapiens
:||22 |GCTAGGTTTATAGATAG true 5 XM_496332 |PREDICTED: Homo sapiens si 440552 |LOC4405... |similar to OK/ISW-CL16 o 60.9] mitochondrial Horno sapiens
:|[22 |TATTTATTCCTCTGTCC | o[false 1 INM_000388 |Homo sapiens cytochrome b5 re... 1727 CYB5SR3  |cvtochrome b5 reductase 3 [ Homo sapiens
:|[21 |TACTTGGGAGGCTGAGG | o[false 13 NM_00101... [Homo sapiens PDZ and LIM do.. 10611 PDLIMS PDZ and LIM domain § ) Homo sapiens
:||20 |GTATTCCCCTTACTAAR false 4] NM_004643 [Homo sapiens poly(A) hinding p... 8106 PABPMN1  |poly(A) binding protein, nu... | o 43.5] nuclear Homo sapiens
:||20 |TATTTTGTGAGGCAGGT false 4] NM_002356 |Homo sapiens istoylated ala.. 4082 MARCKS |myristoylated alanine-rich ... | & 78.3] nuclear Homo sapiens
20 |TGTACTTCCTAAGGTGA false 1 NM_000274 |Homo sapiens ornithine aminotr... 4942 QAT omithine aminofransferas... | & 47.8] mitochondrial Homo sapiens
20 |TTACTGCTTCATTTTGG false 2 MNM_001554 [Homo sapiens cysteine-rich, an... 3481 CYRE1 cysteine-rich, angiogenic i... | & 52.2] mitochondrial Homo sapiens
20 |TTCCTGGTAGTTCTTTT false 2 NM_014014 [Homo sapiens activating signal ... 23020 |ASCC3L1 |activating signal cointegrat...| o 381 nuclear Homo sapiens
20 |TTGCCCAGGCTGETCTC | offalse 33]  |NM_007331 |Homo sapiens Wolf-Hirschhorn .. 7468 WHSC1  Wolf-Hirschhorn syndrome...| o 739 |nuclear Homo sapiens
;| |1 CAAGATAMATTTATTTG | o[false 1 INM_006986 [Homo sapiens melanoma antig. 9500 MAGED1 |melanoma antigen family ... | o 69,6} nuclear Homo sapiens
3 |‘L, CCTGTAATCCCAGCTAT | o-[true 21 |[xM 498467 |PREDICTED: Homo sapiens hy... 438911 |LOC4399... hypothetical gene support... | o 44 4| lendoplasmi... Horno sapiens |
:| Rows: 134
Figure 7

A detail from the main table of the DiscoverySpace Explorer showing the ability to draw together multiple annotations. The user has taken the resulting
tags from the Venn analysis and is viewing them in the DiscoverySpace Explorer. The user has mapped the tags to their human Refseq genes, via virtual
tags. The user is also viewing various qualities of those Refseq genes, their Entrez gene counterparts and predicted subcellular locations (generated using
PSORT [36]). Hatched cells indicate the absence of a mapping.

a gene's synonyms and the gene's GO terms is slightly obscure
and does not reflect a path in the hierarchy. The Explorer pro-
tects the user against such situations by dimming expansion
points if they are in conflict with already open expansion
points (Figure 8). Simultaneous expansions are only possible
if the properties are nested and the expansions follow exactly
one path down the hierarchy. If a subject resource has an
expanded one-to-many property then that property will be
collapsed if a competing property is expanded.

Conclusion

DiscoverySpace is a supportable and extensible software
application; the architecture is strong and scaleable, and the
core functionality has wide utility. The application allows a
user to traverse multiple biological databases without requir-
ing detailed knowledge of the source databases and provides
useful domain-specific tools. The application presents a con-

sistent, uniform view of the data, simplifying the process of
analysis.

Further development will include adding further client-side
logic and visualizations for domain-specific functionalities.
Effort is also required to complete the DiscoverySpace server
and release it as a standalone distribution. This will entail
upgrading the client application for multi-server support and
polymorphic queries.

A particular aim is to strengthen DiscoverySpace for develop-
ment by third-parties. Though we are not yet at the stage of
having a stable and publishable API, DiscoverySpace has a
well-defined internal structure and strong feature set.
Continuing work will develop the core application into a gen-
eral bioinformatics platform. The application and code are
freely available at [50].
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(a)

15 |NM_002089

|Homo sapiens chemnokine (C-X-

©-|G0:0005615

|extracellular space

Accession Definition ) GO Terms
| | & Accession | Name Depth | Term type

ENM_UUSBAU |Homo sapiens matrix metallope __@*-.GO 0004243 |stromelysin 3 activity 7|function
38 [INM_003359  |Homo sapiens UDP-glucose de... | § |GO:0003979  |UDP-glucose B-dehydrogenase activity 6|function
38 |INM_003359  |Homo sapiens UDP-glucose de... | |GO:0005489  |electron transporter activity 3|function
38 |NM_003359 Homo sapiens UDP-glucose de.. G0:0006011  |UDP-glucose metabolism 6|process
38 |NM_003359 |Homo sapiens UDP-glucose de... | |G0:0006024  glycosaminoglycan biosynthesis 7|process
38 INM_003359  |Homo sapiens UDP-glucose de... | |GO:0006065 | UDP-glucuronate biosynthesis 8|process
38 |NM_003359  |Homo sapiens UDP-glucose de... | |GO:0006118  |electron transport 4|process
38 |NM_003359 |Homo sapiens UDP-glucosede... | |GO:0016491  |oxidoreductase activity 3[function
37 |NM_004761 |Homo sapiens ral guanine nucle...| e-|G0:0005088 |Ras guanyl-nuclectide exchange factor activity 6/function
37 INM_002135 Homo sapiens nuclear receptor ... | ©|G0:0003700 [transcription factor activity 3/function
(b)

15 |NM_004395 |Homo sapiens drebrin 1 (DEN1),..| ¢|G0:0003779  |actin binding 5[function

3/component

ENM_UUHUB |Homo sapiens tyrosine 3-monoo. GO:0019904  |protein domain specific binding _4jfunction
14 |XM_084514 |PREDICTED: Homo sapiens he... [ 1 !
14 |NM_012081 |[Homo sapiens elongation factor,...| ©/G0:0003702  |RNA polymerase Il transcription factor activity 3[function
14 |NM_020130 Homo sapiens chromosome 8 o... [
(c)
Accession Definition GO Terms Virtual Tags
Accession Name Antisense | Position TagSequence |
o 5| | o | o= Sequence data
40 |NM_005940 Homo sapiens matrix metallope... | ©-|GO:0004248  |stromelysin 3 activity | effalse 17| |CCGAGAGGAG
38 |NM_003359 |Homo sapiens UDP-glucose de... | ¢ |G0:0003878 |UDP-glucose B-dehydrogenase .| - [false 13 TTTGAAATTA
38 |NM_003359  |Homo sapiens UDP-glucose de... | |GO:0005489  |electron transporter activity |false 13| TTTGAAATTA
38 |NM_003359  |Homo sapiens UDP-glucose de... |  |GO:0006011  |UDP-glucose metabolism _ |false 13| |TTTGAAATTA
38 |NM_003359 |Homo sapiens UDP-glucose de... | |GO:0006024  |glycosaminoglycan biosynthesis false 13 TTTGAARATTA
38 INM_003359 |Homo sapiens UDP-glucose de.. | |GO:0006065 |UDP-glucuronate hiosynthesis false 13 TTTGAAATTA
38 |NM_003359  |Homo sapiens UDP-glucose de... | |GO:0006118 |electron transport | [false 13| |TTTGAAATTA
38 |NM_003359  |Homo sapiens UDP-glucose de... |  |GO:0016491  |oxidoreductase activity [false 13| |TTTGAAATTA
37 |NM_004761 |Homo sapiens ral guanine nucle...| &/G0:0005088 |Ras guanyl-nucleotide exchange...| o-false 9| |GCCCGACCCC
37 |[NM_D02135 Homo sapiens nuclear receptor ... | ©|GO:0003700 |transcription factor activity | efalse 15| |GACCTGGCCA
Figure 8

Displaying multiple annotations through expansion points. (a) A detail from the Explorer showing an open expansion point. The blue outer columns

Ré.11

represent a set of Refseq genes, the green inner columns represent the GO terms mapped to those genes. As there are many GO annotations per gene,
the property is represented by an expansion point. The second expansion point is expanded and the others collapsed. One can see that the expansion is
represented by the product of the subject and objects of that property. The repeated subject cells are shaded for clarity. Expansion points in the header
allow each property to be expanded or collapsed in bulk per column. (b) A detail from the Explorer showing various expansion point states. Notice that
the third Refseq gene does not have an expansion point because it has only one GO annotation. The fourth and sixth genes have no GO annotations at all,
as represented by the hatched cells. The first, second and fifth genes have multiple GO annotations, all collapsed. (c) A detail from the Explorer showing
conflicting expansion points. The user is now viewing the set of Refseq genes, their GO annotations and their virtual tags (lilac), along with the sequences
of those virtual tags (purple). Properties 'GO Terms' and 'Virtual Tags' are sibling one-to-many properties of the class Refseq gene and are, therefore, 'in
competition'. The user has expanded the GO annotations of the second Refseq gene and the product is being displayed. Notice that the respective
‘expansion point' for the virtual tags property is now dimmed and the first virtual tag is now repeated as part of the GO product. If the dimmed 'expansion
point' is expanded, then the open competing property (GO Terms) will automatically be closed.
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