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The EnsMart system (www.ensembl.org/EnsMart) provides a generic data warehousing solution for fast and flexible
querying of large biological data sets and integration with third-party data and tools. The system consists of a
query-optimized database and interactive, user-friendly interfaces. EnsMart has been applied to Ensembl, where it
extends its genomic browser capabilities, facilitating rapid retrieval of customized data sets. A wide variety of
complex queries, on various types of annotations, for numerous species are supported. These can be applied to many
research problems, ranging from SNP selection for candidate gene screening, through cross-species evolutionary
comparisons, to microarray annotation. Users can group and refine biological data according to many criteria,
including cross-species analyses, disease links, sequence variations, and expression patterns. Both tabulated list data
and biological sequence output can be generated dynamically, in HTML, text, Microsoft Excel, and compressed
formats. A wide range of sequence types, such as cDNA, peptides, coding regions, UTRs, and exons, with additional
upstream and downstream regions, can be retrieved. The EnsMart database can be accessed via a public Web site, or
through a Java application suite. Both implementations and the database are freely available for local installation,

and can be extended or adapted to ‘non-Ensembl’ data sets.

Databases of biological information have become a major driving
force behind biological research. Many scientists have begun to
shift their analyses away from the traditional, single-gene focus
towards a genomic focus involving one or more organisms. Such
data tend to be voluminous. Efficient, flexible, and scalable so-
lutions are required to facilitate access to these data in a rapid and
interactive manner.

Since the 1990s, data warehousing techniques have been
used to handle large quantities of data. There are many examples
of successful implementations in commercial organizations
(Devlin 1997). However, such designs tend to be focused on nu-
merical data, and are not easily applicable to biological data,
which is primarily descriptive. In addition, the data cleansing
and processing techniques generally used in data warehousing
are not sufficient for the management of biological data, which
requires a high level of domain-specific knowledge. Conse-
quently, connecting information coming from disparate biologi-
cal resources and reconciling frequently conflicting data in an
efficient, scalable way have proven to be a major challenge.

The majority of biological databases are designed to facili-
tate the unambiguous storage and update of large amounts of
data, and so by necessity have complex normalized schemas,
which are specific for a given type of data. Consequently, large-
scale querying of the stored data is computationally expensive,
must be designed specifically for a given database, and requires
domain-specific software solutions. This represents a significant
challenge for easy interrogation of existing data, and integration
of additional data.

Described here is EnsMart, a system capable of organizing
data from individual databases into one query-optimized system,
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using a data warehousing technique specifically designed for de-
scriptive data. The system is based on the principle of creating
a generic system from specific data sources, where disparate
data can be integrated and interrogated in a flexible, efficient,
unified, and domain-independent manner. The key features of
this solution are scalability for large amounts of data, rapid and
flexible data access, support for easy integration with third-party
data and/or programs, and intuitive user interfaces. The solution
is generic, and can be adapted to any database containing de-
scriptive data, including but not limited to other biological da-
tabases.

In this paper, we describe the application of EnsMart to En-
sembl databases. Ensembl is a typical example of a large biologi-
cal resource. It provides a consistent genomic annotation across
a variety of metazoan genomes, using a sophisticated, automated
pipeline system for high-quality gene prediction and cross-
species analyses (Hubbard et al. 2002; Clamp et al. 2003). The
amount of data stored in Ensembl is growing rapidly, and cur-
rently includes genomic annotation for nine species, distributed
in numerous databases. EnsMart extends Ensembl genomic
browser capabilities and allows for fast and flexible querying of
this information-rich, genomic resource. The EnsMart system
can be installed locally as a database, a stand-alone Web site, or
a Java application suite. All software and data included in the
project are freely available.

RESULTS

Data

The present implementation of the EnsMart system is built on
the data in the Ensembl genome databases, extended with addi-
tional data sets. The data fall into three broad categories: ge-
nomic annotation (relating predominantly to genes and single
nucleotide polymorphisms [SNPs]), functional annotation, and
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expression. All nine of the species in Ensembl are represented
in EnsMart (currently Homo sapiens, Mus musculus, Rattus
norvegicus, Danio rerio, Fugu rubripes, Anopheles gambiae,
Drosophila melanogaster, Caenorhabditis briggsae, and Caenorhab-
ditis elegans). In addition to Ensembl-generated data and the
external data that are imported by Ensembl, for instance
dbSNP, annotations for Drosophila melanogaster, Caenorhabditis
elegans, and manually curated Vega genes (www.vega.
sanger.ac.uk), the EnsMart database also includes Genomics In-
stitute of the Novartis Research Foundation (GNF) and EST-
based expression data sets accessible through a controlled expres-
sion vocabulary (eVOC; Kelso et al. 2003). A full listing of
the data sets is given in Table 1. The cross-species analyses are
listed in Table 2, and all external cross-references are listed in
Table 3.

The EnsMart data are organized around central objects—foci
(currently gene and SNP). The rest of the data is presented in
relation to the above objects. It can be retrieved as additional
annotations (e.g., Interpro descriptions), provide query criteria
for the retrieval of those objects (e.g., markers) or both (e.g.,
diseases). From this perspective the system can be described as
being focus-centric, that is, in the current implementation, gene
and SNP-centric. The system could be extended to include addi-
tional foci.

Table 1. Data Sets in EnsMart An ‘(F)’ Indicates Focus Data Set

User Interfaces

All of the data contained in EnsMart can be queried through simple
and intuitive user interfaces: MartView (Web site), MartExplorer
(stand-alone GUI application), and MartShell (text-based applica-
tion). A development release of MartShell is available at the time of
this writing, and MartExplorer will be released shortly.

MartView

MartView implements the user-input abstractions using a “wiz-
ard” interface (Figs. 1-4). Users navigate through a series of pages,
each designed to gather input for one of the three required user-
input abstractions. Each step is described in detail in a readily
available online help window. Certain attributes, such as se-
quences, gene structure information, and SNP data are function-
ally separated from the other attributes to facilitate easier group-
ing of reasonable queries, and efficient server response. Finally,
the user selects the output format, and exports the data.
Throughout the process, the user interface provides feedback on
the number of items that have been selected.

MartExplorer

MartExplorer follows the same query logic and supports all the

functionality described above and takes advantage of the inter-

activity available in a desktop application. It represents the query
as a tree graphical user interface (GUI)
component (Fig. 5). As users click on each
node of the tree, they are presented with

input fields for the data required for that

Species Category Data set Primary source part of the query. As filters and attributes
are chosen, they are moved onto the tree
Homo sapiens Genomic Ensembl genes (F) Ensembl below their respective nodes. Thus, the
EST genes (F) Ensembl user has a single, interactive view of an
Vega genes (F) VEGA . .
SNP (F) dbSNP/HGVbase entire query. Once all required data have
Markers UCSC been provided, the output format is cho-
Disease OMIM morbid map OMIM sen and the results are viewed or exported.
Expression eVOC SANBI The MartExplorer GUI benefits from
SS'\TJF 'd\‘ggsa;“s speed and scalable representation of query
Protein annotation InterPro Ensembl nthlgatlon, which are mor(? egsﬂy
Pfam o achieved through a desktop application.
Prosite Ensembl
PRINTS Ensembl MartShell
PROFILE Ensembl MartShell uses a query language specifi-
l ) FAMIL\k()IcIusters Ensemg: cally designed to facilitate mart queries
Mus musculus Genomic Ensembl genes (F) Ensem (Fig. 6). Queries can be submitted from
EST genes (F) Ensembl . .
SNP (F) dbSNP the command line individually or
Markers MGl batched in a script file. There is also an

Protein annotation

As for Homo sapiens

Ensembl interactive mode allowing users to sub-
Ensembl mit queries to the mart using a shell in-
’E/’I‘Becmbl terface. The interactive mode supports
RMR/WTCHG command completion, and command-

RGD line history functions. It also provides

Rattus norvegicus Genomic Ensembl genes (F)
EST genes (F)
SNP (F)
Markers
Disease QTL
Protein annotation As for Homo sapiens
Caenorhabditis elegans Genomic WormBase Genes (F)
Protein annotation As for Homo sapiens
Caenorhabditis briggsae Genomic Ensembl genes (F)

Danio rerio

Fugu rubripes

Anopheles gambiae

Drosophila melanogaster

Protein annotation
Genomic

Protein annotation
Genomic
Protein annotation
Genomic

Protein annotation
Genomic
Protein annotation

As for Homo sapiens
Ensembl genes (F)
Markers

As for Homo sapiens
Ensembl genes (F)
As for Homo sapiens
Ensembl genes (F)
SNP (F)

Markers

As for Homo sapiens
FlyBase genes (F)
As for Homo sapiens

Ensembl users with the ability to use EnsMart
AceDB data in a pipeline of analysis applica-
Ensembl tions.

Ensembl

Ensembl g

Ensembl Query Organization

EMBL STS The querying of EnsMart data through
Ensembl MartView and MartExplorer is organized
IMCB into three steps: start, filter, and output.
Ensembl Below is a detailed description of each
B t ing MartVi n mpl
Ensembl step, using MartView as an example.
Anobase

Ensembl Start

FlyBase The start stage includes the initial selec-
Ensembl

tion of the species and focus for the
query. Currently the database contains
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Table 2. Homolog and Conserved Region Data Available
in EnsMart

Species Hs Mm Rn Ce Cb Dr Fr Ag Dm

Hs HU HU
Mm HU HU
Rn HU HU

Dr H H H

ITT
ITITTITT

Ce HU
Cb HU

Dm H

H, homolog pairs; U, conserved upstream regions; Hs, Homo sapiens;
Mm, Mus musculus; Rn, Rattus norvegicus; Dr, Danio rerio; Fr, Fugu
rubripes; Ce, Caenorhabditis elegans; Cb, Caenorhabditis briggsae; Ag,
Anopheles gambiae; Dr, Drosophila melanogaster.

nine species and four foci (Ensembl genes, EST genes, Vega genes,
and SNPs). Each species is designated with its genome assembly
version (Fig. 1).

Filter

The filter stage allows the user to limit the initial search to a
subset with particular characteristics (Fig. 2). A wide range of
filter types can be applied, in any combination. The system sup-
ports batch querying, and a set of external identifiers can be
uploaded directly from a file. These then act as an external filter,
allowing rapid cross-referencing of large numbers of external
identifiers and association of items in the set with corresponding
genomic annotation and sequences. The region filter allows a
search to be carried out on the full genome, on a single chromo-
some, or on a portion of a chromosome (as determined by mark-
ers, bands, or base pairs). The availability of other filter options
depends on the data content for a particular species and focus.
For gene foci, multispecies filters can limit the selection of genes
to those associated with homologs in other species, or with an
upstream region that is conserved between species. Further filters
allow restriction to a particular gene type (e.g., novel genes or
disease genes) or to genes that have been mapped to a particular
external id set (e.g., Affymetrix, EMBL, Gene Ontology [GO], or
HUGO identifiers). Searches can also be limited to genes with
protein products possessing particular features, such as the pres-
ence of a transmembrane domain, signal sequence, or other do-
main specified using identifiers from domain databases. Access to
expression data stored in EnsMart is provided via the eVOC con-
trolled expression vocabulary. Currently two data sets can be
accessed in this way: the GNF microarray data set, and EST-
derived expression data. Finally, one can restrict searches to
genes with SNPs in particular regions (e.g., coding or UTR), or to
genes that have nonsynonymous SNPs.

The SNP focus allows whole-genome or regional querying of
SNPs mapped to a particular species’ genome. SNPs can be fil-
tered to include only those that have been validated, or those
with external TSC or HGVBASE ids. In addition, SNPs with allele
frequency data from a particular geographical divided popula-
tion, or all available populations, can be selected. Finally, SNPs
mapping to upstream regions, UTRs, coding regions, or introns of
genes can be selected. SNPs present in coding regions can be
further filtered regarding whether they are synonymous, nonsyn-
onymous, or stop SNPs. Throughout the process of filter selec-
tion, a summary table provides feedback on the number of items
that pass the currently selected filters, allowing users to modify
their searches in an interactive way.
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Output

At the final output stage, the data that are available regarding the
set of items that pass the filters are organized into a number of
topics, reflecting the kinds of data that are most likely to be
required in different types of analyses (Fig. 3). Again, the topics
available will depend on the species and focus. For example, with
a gene focus you choose between “features,” gene “structures,”
“SNPs,” and “sequences.” Within gene “features,” the data types
available correspond roughly to the types of filters described
above. Thus, chromosomal location, identifiers from external da-
tabases, protein domain annotation, expression attributes, ho-
mologous genes in other species, and locations of conserved up-
stream regions are all available. The gene “structure” options in-
clude information about the genomic and transcript locations of
exons, introns, and coding sequences, and the GTF output for-
mat is supported. The gene “SNPs” options include validation
status, location and SNP type (e.g., coding, intronic, UTR, non-
synonymous) as well as data relating SNPs to gene function. For
nonsynonymous SNPs, the peptide shift is available, and the ra-
tio of synonymous to nonsynonymous SNPs within a gene can
be shown. The gene “sequence” options include gene sequence,
gene with flanking sequence, upstream or downstream sequences
of user-specified length, exons, transcripts, and coding sequence
only. The user is guided by a graphical representation of se-
quence options (Fig. 4). A variety of output formats are sup-
ported, including HTML, Microsoft Excel, a number of flat file
formats, GTF, and FASTA.

Query Chaining

In addition to the functionality described above, it is also pos-
sible to chain individual queries. MartView allows file output
from previous queries to be applied as filters. Although this ap-
proach extends the range of possible queries, it is admittedly
rather tedious. A new, more intuitive and user-friendly imple-
mentation is planned in the future. An alternative solution is

- BCD) =D ez
T e 1 [T
START I oew TN } s ‘
This page is used to Initialise your search criteria. Please complete the ummary |
following selections: ‘ » start ‘
Select the species for this query T 4o pet putatond ‘
¢ Anopheles gambias (MOZ 2) » filter |

¢ Caenorhabditis briggsae (CER 25) .d NGt I Inivelies:
« Caenorhabditis elegans (CEL 98)
© Danio rerio {ZFISH 2)

¢ Drosophila melanogaster (DROM 3)
¢ Fugu rubripes {(FUGU 2} |
& Homo sapiens (NCBI 31)

© Mus musculus (NCBIM 30)
¢ Rattus norvegicus (RGSC 2)

> output
21 Mt et s sed

Sefect the focus for this query

& Ensembl Genes
¢ EST Genes

¢ Vega Genes |
€ SNPs |

Feedback

We would like to haar your impressions of EnsMart, especially regarding functionality that
you would like EnsMant ta provide in the futurs, Many thanks for your time,
[Feedpack Formn

About EnsMart

EnsMart is a data refrieval tool that generates lists of bislogical objects (e g
genes, SNPs) from data held in the Ensemnbl database

EnsMart contains a ‘query builder' interface to allow users to specify genomic
regions, and refine the result set using filters. |

EnsMart can generate a number of different types of output, including sequence
and tabulated fist data. Multiple output formats, including HTML, text and Microsoft

Excel, are also supported
- Yo

Figure 1 MartView start page showing available species and foci. The
availability of a particular focus depends on species. Each available species
is designated with an assembly version.
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rowed down their search for the disease
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From [Band =] [03633 7] o 11 iy
To|Base par = mﬁwmg v » fiter

+ Chromosome; 1
I~ Limit to ENCODE region

gene to a region of interest on the genome.
In addition, they may have some knowl-
edge of which tissues the causative gene is
expected to be expressed in, and what its
potential function may be. The EnsMart re-
gion, expression, and protein filters can be

used to define such a query, and greatly nar-
row down the list of potential genes that
would have to be screened. For example, a
locus for autosomal dominant retinitis pig-
mentosa was originally mapped to 3q21

Typs: [Random Ficks ¥ | o g;‘[’;“sg“”d
Region: |Chr13. 24500016-25000015bp d
| aTobase
GENE: | 250000000
Disease Genes
% |Disease Genos s : g:guded 12 Only
. Expression
Limit to genes with these IDs = » eGengtics/SANBI
- (Pasis D et o1 uploa ) data
AFFVHG-UTE D8], = ¥ o+ Anatamical Site
4 v lung
Browse._. Mouse
" Include other identifiers of this type in the output < hemalogues
Only

EXPRESSION:
NOTE Expression datasels are cunently being protolyped. The current detasets have sparse coverage of
genes and lissues.

. Mouse upstream
matches; Only

McWilliam et al. 1989). Using EnsMart
with the Ensembl gene set based on the
NCBI 31 assembly, a list of 96 candidates
can be identified in this region, with 25
having retinal expression as assessed from
EST-derived data. Exporting the GO descrip-
tion data for these candidates immediate-
ly reveals one potential candidate with a
role in phototransduction, the RHO gene,
» which was the gene that was eventually

& eGenotics/SANEI data | ¢ Transmembrane
P Enffias sxpressedin; ~ GNF data (AFFY-HG-USS) Domalns: Only
Anatormical Site flung <find> « Nor-synonymous
SNi 1
Development Stags: <find> : SNPs Only
=1 | _nen-symisyn =
Pathology: <find> ‘ 05 Sl
Cell Type: <find> ., Validated SNPs
Only
MULTI SPECIES COMPARISONS: @ & Frvvie fads Fley
Homolegous genes > output
Enfries associated with homologous &  Only « Feature List
mouse genes € Excluded
~ Entries associated with homologous & Only
rat genes © Excluded

Figure 2 MartView filter page showing some of the available filters. A wide range of filter types
can be applied, in any combination. The system supports batch querying, and a set of external
identifiers can be uploaded directly from a file. A summary table provides feedback on the number
of items that pass the currently selected filters, allowing users to modify their searches in an
interactive way. The additional window shows the tool for finding terms in the expression vocabu-

lary.

offered by MartShell, where this functionality is fully supported
by the query language syntax.

DISCUSSION

The EnsMart database design and its application interfaces
provide a powerful, flexible tool for the delivery of customized
sets of biological data. It can be used in a wide variety of ap-
plications and scenarios, by users ranging from laboratory
scientists to experienced bioinformaticians. Presented here is
an application of this solution to Ensembl databases. The
powerful combination of a generic, query-optimized tool and the
consistent species-specific and interspe-
cies annotation from Ensembl makes it
possible to quickly solve previously dif-

shown to be mutated in the affected fami-
lies (Rosenfeld et al. 1992). Following the
identification of candidate disease genes,
researchers often screen the known SNPs
in these genes for variations showing an
association with the disease. EnsMart allows
quick identification of suitable SNPs to
screen. For each of the candidate genes,
the user can export a list of the SNP ids
for that gene, and SNP attributes such as
whether they are validated, their location
in the transcript and coding sequence
(CDS), and whether they are nonsynony-
mous (together with the associated amino acid change). To
further enhance this functionality, we are currently introduc-
ing additional SNP options, including the identification of
SNPs that are located in upstream regions conserved between
species.

The consistent gene annotation provided by Ensembl facili-
tates quick and efficient interspecies comparisons using EnsMart.
Currently, homologous gene pairs and the upstream regions that
are conserved between species are stored for a number of species
(Table 2). Thus, it is possible to execute a query such as “give me
all the human genes with conserved upstream regions in mouse,
and export a list of these genes, along with their mouse ho-

Table 3. External Identifiers in EnsMart

ficult problems such as SNP selection for
candidate gene profiling or the resolu-
tion of conflicts in microarray annota-
tion. This is illustrated below by some
typical EnsMart use cases.

Candidate gene SNP selection can
be a very tedious task, requiring data re-
trieval from a number of resources; for
example, SNPper (Riva and Kohane
2002) and dbSNP (Sherry et al. 1999,
2001; Smigielski et al. 2000), and consid-
erable additional data processing. This
kind of investigation can be greatly fa-
cilitated by the use of EnsMart. Typi-
cally, researchers working on a posi-

AFFY_HG_U133
AFFY_HG_U95
AFFY_MG_U74

SWISSPROT

Anopheles_paper
Anopheles_symbol
BRIGGSAE_HYBRID
Celera_Gene
Celera_Pep
Celera_Trans
drosophila_gene_id
DROS_ORTH

Microarray identifiers mapped by direct DNA/DNA sequence mapping
UMCU_Hsapiens_19Kv1

AFFY_MG_U74v2 AFFY_RT_U34 Sanger_Mver1_1_1
AFFY_Mu11Ksub AFFY_RAE230

AFFY_RG_U34 AFFY_MOE430

AFFY_RN_U34 Sanger_Hver1_2_1

Gene/protein identifiers mapped by protein/protein mapping

SPTrEMBL RefSeq

Mappings derived by cross-referencing of identifiers

EMBL LocusLink wormbase_pseudogene
flybase_gene MarkerSymbol ZFIN

flybase_symbol MIM ZFIN_ID
flybase_transcript ~ PDB ZFIN_AC

GKB protein_id

GO wormbase_gene

HUGO wormbase_transcript

InterPro wormpep_id

tional cloning project will have nar-
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» output
» Feature List

| Ensembl Gens 1D Ensemb] Transcript 1D |

External Gene ID |

Disease OMIM 1D |

Disease Description

ENSTOOR003 10
ENS

ENSTD0G0
ENST

001

g ENSTO
00174

ENSTOD200
ENSTO000

ENSTO030
RIST0000
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N5300 3!

000017417

120570
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6 1
1

7
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Cly deficiency, type B (3)

Deafness, sutosomal domimant 2 (2)

Deafness, autosomal domimant 2 {2)

Rostmann neutropenia, 202700 (3)

{Vivax malaris, susceptibility to} (1)

Platelet alpha/delta storage pocl deficiency (1)
Platelet alphasdelta storage pocl deficiency (1)
Platslet slphadelta storage pool deficiency (1)
Platelet alphasdelta storage pool deficiency (1)

The EnsMart project generates mappings of
reporters to Ensembl and Vega genes for a
number of popular microarray chips, by di-
rect sequence alignment of the reporters
with the transcript sequence (Table 3). It
also contains cross-referencing between
identifiers from a wide variety of public se-
quence repositories, and Ensembl and Vega
identifiers (Table 3). Consequently, users
can easily access the latest annotation relat-
ing to a gene assayed by a particular re-
porter. The reconciling of microarray anno-
tation coming from different sources is a
well known problem, and has prevented
meaningful comparisons of the results ob-
tained from different microarrays. The
problem originates from the fact that the
original annotations were generated using
different methods. Adding further annota-
tion purely on the basis of linking identifi-
ers is likely to introduce even more confu-
sion. EnsMart presents an attractive alterna-
tive to other Web-based resources for
microarray annotation such as Resourcer at
TIGR (Tsai et al. 2001), Source at Stanford
(Diehn et al. 2003), and MatchMiner at
NCBI (Bussey et al. 2003). Thanks to well
defined gene models created either auto-
matically (Ensembl) or manually (Vega), all
reporters can be related to one common de-
nominator—a consistent, genomic se-
quence-aligned set of genes. EnsMart main-
tains a rich set of reporters mapped to these
gene sets, and facilitates rapid annotation.
In this way the microarrays can be reanno-
tated, providing a consistent, genomic se-
quence-verified set of annotations. Added
benefits of EnsMart annotation include a
rich variety of sequence retrieval options,
plus the ability to integrate other sequence-

|

|

|

|

| FY

I SELP
!

|

|

00000907906 . 1

ENSTDOQ0N

131210

{Atherosclerocsis. susceptibility to} (2)

based genomic data such as SNP effects, in-

Figure 3 MartView output page and an example of a corresponding output in HTML format.
‘Tabs’ at the top show the output topics available: With a gene focus as shown here, one chooses
between features, SNPs, genomic structures, and sequences. A full description of each option is
available in the online help. ‘Features’ has been selected, and most of the available data types are

shown.

mologs, with the location of the upstream conserved regions.” As
another example, one can select for human genes with a high
ratio of nonsynonymous to synonymous sequence changes, find
their orthologs in rat, mouse, and Fugu, and compare the ratios
across all these species. Such a search quickly reveals possible
candidates for genes under selection. The sequence export fea-
tures of EnsMart will also allow identification of the upstream
region sequences, enabling the researcher to import these se-
quences into a sequence alignment program and view them in
more detail.

EnsMart provides easy methods to update and expand an-
notation associated with microarrays. Microarray reporters (se-
quences associated with microarray spots) tend to be designed
and annotated on the basis of the sequence information that is
publicly available at the time of their creation. Subsequently, the
annotation associated with the sequence may be corrected or
improved, and microarray users may want to access a wider range
of information about the genes on which the microarray reports.
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terspecies conserved regions, disease asso-
ciations, and localization as quantitative
trait loci (QTLs) in other species.

Another bioinformatic application of
EnsMart is integration with third-party
tools. An example of such integration is
provided by the Web-based microarray ex-
periment data-clustering tool Expression Profiler (Vilo et al.
2003). One end product of the clustering process is a list of iden-
tifiers of the reporters or genes in each cluster. Using the URL-
based MartView Web query mechanism with the URLmap func-
tionality of ExpressionProfiler, the user can download a prespeci-
fied data set for genes in the cluster, including attributes such as
the upstream sequence of each transcript, in order to investigate
possible common control elements in coexpressed genes. Alter-
natively, one can open a MartView interface window, already
filled with the cluster’s identifiers, in order to conduct ad hoc
investigations into features the genes in the cluster have in com-
mon. Using the same mechanism, MIAMExpress, the Web-based
annotation/submission tool for the ArrayExpress microarray
public repository at EBI (Brazma et al. 2003), allows users to query
EnsMart, and reannotate or update their array before submission.
A Web form is provided to users to upload the spotter output file,
and database identifiers are automatically extracted and entered
in MartView. The output of the query can be downloaded in the
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SENST00000310515. || ENSG00000173369.1 assembly=NCBI31|chr=1|strand=forward |bases 22014636 to 22014935|region upstream of transcript only
GATCACCAGGTCAGAGAGCCTOGOAGGETOAGCTGTOOATGTICCCCCAGGACAGCETGTTCTCCCCACAGCTGCTGAGT
TGGCAGAACCAAACTTACCACCCACCCGTCTCATTTACAGTAAATCCAGTGOOTTGCAGAAATAGGACCTGAAACTGCCT

GAGGGCAGCAGGAT AGT GGGAAA
AAGCCCTTCCCGCCTCT AGGGAACTTCCGCTTCGGACCGAGGGCAGTAGGCTCTC

3CCAGCCTGCTGGTCCATGGGAGGGGACCETCAGGGGA

>ENST00000314933. 1{ENSG00000173369.1 assembly=NCBI31|chr=1|strand=forword |bases 22020783 to 22021082|region upstream of transcript only
GATGGATGCAGGGATGGAGGATAGAGAGATAGATGOATGGATGGATGAATGGATGGATGCAGATAGAGGGATAGAGAGAT
GGATGGATOGATGETTGGATGCAGGAATGGAGCCATAGAGAGATGCATBGATOCATGCAGGGAT GCOAGGGATACGAGAGAT
GGATGGATGGATGOACAGATGCAGATGGAGGGATAGAGAGATGOATACATAGATGIATOGATGAAT GBATGAATGCAGAT

GGAGGAATAGAGAGATGGATGAATGGATGGATGGATOGATGGATGGATAGATGGATGOAT

>ENST0D000263686. 1| ENSGO0000174175.1 assembly=NCBI31|chr=1|strand=reverse|bases 165239595 to 165239296 |region upstream of transcript only
TTICTICCATACACATTAAAAATGTATCTTAAAATAAAAACATIGGTGGCACAAACTACTCAATAAACATTIGTTGAATG
AATGAAGAAATGAACTCTGTCCCCAGCCTTGCTACAGTGTCCATCCAGGGTAGAACTTAGAAGCAGGGCAATGAGAAGCA
AGAAGGAAGCAGAGOGCTTGAACCACTCTICCAGTGOAAATTGOCACAATIATACTICAACATAATGATIGTTAACTAGA

ATTATTTTTGGCCATGTTGGTGGTGTATGGATACTAAAAGAAAGTTTTCTCTICTIGTTT

SENST00000271405. 1| ENSG00000174175.1 assembly=NCBI31|chr=1|strand=reverse|bases 165239595 to 165239296 |region upstream of transcript only

TTTCTTCCATACACATTAAAAATCTATCTTAAAATAAAAA(

CATTGGTGGCACAAACTACTCAATAAACATTTGTIGAATG

AATGAAGAAATGAACTCTGTCCCCAGCCTIGCTACAGTGTCCATCCAGGGTACAACTTAGAAGCAGGGCAATGAGAAGCA
AGAAGGAAGCAGAGGGCTTGAACCACTCTICCAGTGGAAATTGGCACAATTATACTICAACATAATGATIGTTAACTAGA

ATTATTTITGGCCATGTTOGTAGTGTATOGATACTAAAAGAAAGTTITCTICTICTIGTTT

>ENSTD0000310578. 1| ENSG00000174175.1 assembly=NCBI31|chr=1|strand=reverse|bases 165239595 to 165239296|region upstresam of transcript only

TTICTICCATACACATTAAAAATGTATCTTAAAATAAAAACATIGGT

GGCACAAACTACTCAATAAACATTTGTIGAATG

AATGAAGAAATGAACTCTGTCCCCAGCCTTGCTACAGTGTCCATCCAGGGTAGAACTTACAAGCAGGGCAATGAGAAGCA

AGAAGGAAGCAGAGGGCTTGAACCACTCTICCAGTGGARATIRGC,
ATTATTTITGGCCATGTTGOIGGTOTATGEATACTAAAAGAAAGTTITCTCTTCTIGTIT

ACAATTATACTTCAACATAATGATTGTTAACTAGA

Figure 4 MartView output page showing the range of sequence retrieval options (human gene focus, sequences tab). An example of the corre-
sponding FASTA output is also shown. The gene sequence options include gene sequence, gene with flanking sequence, upstream or downstream
sequences of user-specified length, exons, transcripts, and coding sequence only. The user is guided by a graphical representation of sequence options.

standard format required by MIAMExpress (http://www.ebi.
ac.uk/miamexpress).

The use cases discussed above by no means cover the whole
scope of EnsMart: They only provide illustrative examples. The
user interface combines ease of use with considerable power, and
an enormous number of possible queries can be rapidly answered
by the system. Some other genomic resources provide support for

functionality that resembles some aspects of EnsMart. The most
flexible among these, which are also based on relational data-
bases, are Table Browser at UCSC (Kent et al. 2002; Karolchik et
al. 2003), Penn State University’s GALA (Giardine et al. 2003),
RZPD’s Genome-Matrix (http://www.rzpd.de/colBox/html/), and
MapViewer at NCBI (www.ncbi.nlm.nih.gov). The UCSC Ge-
nome Browser is an example of a versatile genomic database
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Figure 5 MartExplorer GUl implementing user abstractions using a modified tree. As users click on each node of the tree, they are presented with input
fields for the data required for that part of the query. As filters and attributes are chosen, they are moved onto the tree below their respective nodes,
giving the user a single, interactive view of an entire query (shown on the /eft). Once all required data have been provided, the output format is chosen

and the results are exported.

combining the power of visualization and data browsing. The
GALA database predominantly focuses on human/mouse align-
ments, and supports a broad range of queries related to genomic
annotation for both species. In the Genome Matrix Web site, the
information on genes and the different types of information are
displayed as a matrix of colored boxes, with columns represent-
ing the different genes, and rows the different information types
linked to the genes. MapViewer shows integrated views of chro-
mosome maps for numerous organisms, and is a valuable tool for
the identification and localization of genes, particularly those
that contribute to diseases. However, those systems tend to be
primarily Web-based, frequently large, and require a considerable
effort to install externally.

An alternative integration solution for genomic data is pre-
sented by Distributed Annotation System (DAS), a Web service
based on http protocol (Dowell et al. 2001). This approach is
focused on data aggregation based on a common coordinate sys-
tem. It presents an excellent solution for easy addition of exter-
nal annotations to existing genomic browsers. However, DAS
lacks the flexible query capabilities of EnsMart, and because it is
network-based, it is unlikely to match the speed optimizations
for large data sets, which is the crucial feature of the EnsMart
solution. The Sequence Retrieval System (SRS) developed origi-
nally at EBI (Etzold and Argos 1993; Etzold et al. 1996; Zdobnov
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et al. 2002) uses flat file data aggregation based on linking of
stable identifiers, and is capable of aggregating numerous se-
quence databases. It is, however, ‘unaware’ of genomic assem-
blies, and consequently lacks the easy sequence navigation op-
tions, such as the retrieval of upstream sequence, that are in-
cluded in EnsMart. In addition, the EnsMart data integration
principle, based on genomic assemblies, allows for easy and rapid
calculation, update, and storage of ‘value added,” secondary data
such as possible SNP effects on gene function.

The present implementation of the EnsMart system is based
on Ensembl databases with a few additional data sets. In the
future, the system will be applied to a large set of publicly avail-
able data sources in order to provide a truly one-stop shop for
biological investigations. Such a system will provide access to
both local and remote ‘marts’ through a single set of interfaces,
supporting query chaining between individual data sets. A pro-
totype version of the EnsMart system built on top of several EBI
databases is currently undergoing final testing. Consequently,
the future directions of EnsMart software development include
more support for users who want to extend or adapt this system
for external data sets. The extensions include a configuration
editor, which will facilitate easy configuration of both EnsMart
databases built from external data sets and fine-tuning of user
interfaces to distributed EnsMart databases.
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[ <

s2d[d1]5; martshell,sh
MartShells An Interactive User Interface to Mart based on Mart Query Language (MOL)

tupe 'help' for a list of available commands, or tupe ‘help command' to get help for a particular command.
conhected to ensembl_mart_15_1 on s2d:336

MartShell> use

homo_sapiens_ensembl_genes homo_sapiens_vega_genes
homo_sapiens_snps mus_nusculus_ensemb]_genes
MartShell> use homo_sapiens_ensembl_genes;

MartShell> get sequence
cdna gene_exon_intron
coding gene_exons
downstream_utr gene_flanks
MartShell> get sequence 1000+gene_flanks

% where disease_genes exclusive and
2 transmenbrane_domains exclusive;

PENSGO0000007933,1 strand=forward | chr=Un_X|assembly=NCBI 33 |upstream Flanking sequence of gene only
AATCCTCTARTCCTTGTTARRARRARARTAGCCAGACAGGART TRATAGTGTAGT TATCCCTATTTTATTRATGAGTAAR

TCARCGAT TGGARAGGT TAAGTGATT TGCCCARGGCCACAGAGCTATAGARGTGATTTGGARTCTCTCATACTCACACTT
CAGAGATGRAGATTACTGTCTTCARAAGGCATGARGGGTARTTCCTCARARTTAGACATATACCAGTTTACACTARGTAT

CACTTGCTTAATGAAGGAGT TRRCTAGRCARRATCAGTGAGATGTTATART TCTARGTGACATCARRATATAGTTCATRG
GARARCTTTTTTTGAARTTCTACTATAT TTCATGACTGGGAGTTAGGTGCAGTTTATTTTGTCTARCTGCCARCATAATT
TTACCTGGTACTARTTTTACCTGGTTCCTGCTACTAATAGATCAATTTGTGGARTTTTGATCTTTTCTGTGACCACACAC
TGTACTCAGARACAAGTAARTATAAGCT TGAGARATACAGGCCT TTGACCCCARARAT TCCARGACABGACATCAARAGAG
AGAGCAGAGARARGTCATCCTCCT TATTGGGCTATCTCAAT TRAGTAGCTARGTTTCTACAGTATTTGCRGGACTACTAT
GAGCTACCCACARRAGARCTAGGART ARGGARAACARGGTARACT TTCARRTAACACATARTARARTGGAGTACACAALT
GCARRGTCACCTGGGAGARACTACTTGACTCCCAGGECARGGGTCCARGAGTATARCCAGCAGCTTCTGTTTACCATART
CARAGGRRAAGTAGRRACTGGGTGGCCATOEGAGACTGGCCTACAGTCCCATCCATCACAGAGGGTTGGLGTGTGETCAC
CCATTCARGGACCARTAARTGAGTATCTCTTTAAGAGCAGCTCCTCCCATTTTTCAACAATCTTCCTARTATGTAGGCTC
ACTAGARCATTTTCTCTTTCAARCTGCCCAGACGGTTGCA

SENSG00000141558,1 strand=revearse|chr=Un_17|assembly=NCEI 33 lupstream flanking sequence of gene only
AGTGAGACCTCCTTTARGCTGGCTCCTATGETTTTTTTGATAGGAGGGATGATCT TTTATCCTGATATTATTTCAARCTT
AGCCGAGCAAGGTGGCTCACACCTOTAGTCTTAGCTACTCCOGTGGCCGAGECAGGAGART TACTTARGTTCCAGCCTTA
GTGARCCACTATTCATGCCTATGAARTARCT ALTGCACCCCAGCCCGAGCAACGTAGTACGATACCGTCTCARARARGGAG
AAGGAGRAGARRGAAGARGAGGGAGGAGLARGGARGHARGRGRAGARRAGT TTGCARRAGCRRGART TCCTGCTGTATAT

CTTTTTTTITITTITITT GGAGATGGAGTCTCCCTCTGTCGCCAGGCTGEAGTGLAGTEECGRARRTCTCAGCTCA
CTGCAACCTCTGCCTCCCGGGTTCARGCCATTCTTCTGCCTCAGCCTCCCGAGTAGCTGEGACTACAGGTGTGLAGCACT
ACACCCAGCTAGTTGTTGTTTTGTTTTGTTTTGT TTTTTGAGACGGAGTCTCGCTCTGTTGCCCAGGCTGGAGTGCAGTG
GTGCAATCTCGGLTCACTGCAAGCTCCGCCTCCCGEGT TCACATCATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGEACT
ACAGGCACCTGCCACCATGCCCGGCTRATTTTTTGTATTTTTAGTAGRCATGGEGTTTCACCATGT TAGCCAGGATGGTC
TCARTCTCCTGACCTCGTGATCCACCCGCCTCAGCCTCECCARAGTGCTEGGATTACAGGTGTGAGCCACCACGCCCAGCE
CCCAGCTCCCTCTTTATCCCTAGGACCLTGAGGL TCAGRGGGGEAGCTTCAGGGGAGGACACCCCACTEGCCAGGACGEE
CCAGGCTCTGCTGCTCTGCCACTCAGCTGLCCTCGGAGGAGCGTACACACCCACCAGGACTGCATTGCCCCAGCTGTECA
GCCCCTGCCAGATGTGGGAGGCAGCTAGCT GLCCAGAGGE

ENSG00000184953,1 strand=forward |chr=Un_8|assembly=NCBI1 33 |upstream flanking sequence of gene only

peptide transcript_flanks
transcript_exon_intron upstream_utr |
transcript_sxons

TTTCCCATCACCARCAGGGRGACCACGTGLAGGCCT TGLAGCCCTACTCGGTECTTCTCCACCAART CCCARGGGCAGTG
ACGCTGACGTCTGT GGARAGLAGAGARAGCCCTGGCTCECARRGCCCTGARGTCCTGTGGAGCTGACATTCCCTGAGTGA

GGTTACGGARGRAGGACAGGGT CCTGAGAGACACCAGAGACC TCACACAGCCCTGARRACATGEGGCTCCTTCATAAGTG

Figure 6 Screenshot of an interactive MartShell session. Upon entering the interactive session,
the user types ‘use’ and then hits the tab key twice to get a list of possible data sets available. She
chooses the data set, then begins to type a query. After typing ‘get sequence’, she hits the tab key
twice to get a list of possible sequences available, then completes her query for 1000 bp of
upstream gene flanking sequence for all genes that are both disease genes and transmembrane
domains.

Staging Area

In the current EnsMart implementation,
the staging area comprises all of the En-
sembl databases, containing both Ensembl-
generated and imported data. In addition, a
number of additional third-party databases
and EnsMart-generated data are also in-
cluded. The EnsMart-generated data consist
chiefly of microarray reporters and expres-
sion mappings (Table 3).

Mart Building Software

The transformation phase involves extrac-
tion and transformation of data from indi-
vidual schemas of staging area databases to
a single query-optimized data mart schema.
Transformation is achieved in a multistep
process that involves creating a number of
temporary tables. Several precalculation
steps, including the transformation of vari-
ous sequence coordinates into a unified
chromosomal coordinate system, the deter-
mination of the type and potential effect of
SNPs on proteins, and the summing of ge-
nomic component lengths to give overall
lengths, are also performed during this
phase. The mart building software respon-
sible for this task is organized hierarchically
and includes a top-level script that launches
individual task-specific scripts. The software
has been designed such that most of the
table generating scripts can be run in paral-
lel with as few dependencies between the
individual scripts as possible.

Data Mart

The EnsMart data are organized based on
the concept of central biological objects
(foci). Each of the biological objects (cur-
rently gene and SNP) on which a user can
focus has its own constellation of satellite
tables (Fig. 8). All data having one-to-one or
many-to-one relations to a central object
(focus) are stored in the central table, and

We believe the integrative approach presented here is an
attractive alternative to the existing solutions and will become
crucial to the further exploitation of biological data. We hope
that the open data, software, and general design principles of
EnsMart provide an excellent starting point for this field.

METHODS

System Architecture

The EnsMart data system is based on the principle of creating a
generic data system from specific data sources. This is achieved
through capture and transformation of data from the collection
of primary data sources (staging area) to the query-optimized
EnsMart database (data mart). The staging area and the data mart
are implemented in MySQL, and the transformation software
(mart building tools) is written in Perl. The staging area databases
and mart building tools are specific to the data and schemas of
the source databases (Fig. 7).

The end product of this process, the EnsMart system, con-
sists of the data mart and front-end tools. The front-end tools
have two implementations: a Web-based system, written in Perl,
and stand-alone applications written in Java (Fig. 7). All software
accessing the data mart is almost entirely domain-agnostic, and
can handle any data with the same software. The exceptions to
this rule are domain-specific extensions, for example the DNA
sequence-handling logic, which is specific to genomic data.

the data having one-to-many or many-to-many relations to a
central object are stored in the satellite tables. The dimension
tables are ‘conformed’ in that they join to more than one fact

External

Ensembl

Staging area

Mart building Tools

Data mart

l MartLib | Mart API |

Front-end | MartExplorer || MartShell | | MartView. |

Figure 7 An overview of EnsMart architecture. The domain-specific
staging area and mart building tools are shown at the top of the diagram;
the domain-independent EnsMart database and user interfaces are
shown at the bottom. The domain-independent part can be adapted to
other data sets.
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table (e.g., gene and transcript). This structure allows the central
tables for a given fact constellation to have different granulari-
ties, and prevents row duplication in the results set. It also allows
for the model to be easily extended, to include other central
tables, including those with one-to-many relations to each other
(e.g., protein).

The EnsMart database schema has been optimized for fast
retrieval of large quantities of descriptive data. The design was
derived from a warehouse star schema (Kimball et al. 1998), and
its adaptation for descriptive data required that certain key char-
acteristics of the classic star schema were ‘reversed’ in the Ens-
Mart implementation (Fig. 8). Thus, the relation of the tuples in
the central (fact-like) table to those in the satellite (dimension-
like) tables is one-to-many or in some cases many-to-many rather
than many-to-one; the primary keys of the central table are the
foreign keys in satellite tables, and the central tables are in gen-
eral smaller than the satellite tables. Central table attributes are
the source of all query constraints, as opposed to dimension
tables in the classical star schema.

In addition to the ‘reversed star’ components, the EnsMart
schema includes meta tables, lookup tables for configuring the
UI, map tables for mapping between external data and internal
identifiers, and support tables for external data. One of the key
features of the overall schema is modularity, which facilitates
partial, species-specific, or focus-specific updates and downloads.

Front-End Tools Architecture

There are currently two types of front-end tools which make it
possible to interact with EnsMart data: a Web-based software
program written in Perl consisting of MartView and Mart API;
and Mart]J, a Java application suite consisting of MartExplorer
(GUI) and MartShell (command-line tool and interactive shell).
MartExplorer and MartShell are built on top of MartLib, a Java
library. The key abstractions of user input in both the MartView
and MartExplorer implementations are focus, filter, and at-
tributes. These abstractions are domain-neutral and allow the
system to be reused with other types of data. Users are respon-
sible for choosing a focus biological object, any applicable filters
with which to narrow down the biological objects returned by
the query, and the attributes of those objects in which they are
interested. MartShell can run in two modes: as a command-line
tool or interactive shell. It uses a structured query language de-
signed specifically for MartShell. Once the user input is provided
using any of the above interfaces, the system automatically gen-
erates all of the structured query language (SQL) required to pro-
cess the query.

EnsMart as an Extensible System

An important EnsMart design goal is to support extensions to the
system through one of three avenues: the addition of user-

PFAM SATELLITE GENE CENTRAL DISEASE SATELLITE
gene_id (FK) gene_id(PK) gene_id (FK)
transcript_id(FK) § gene_stable_id disease
translation_id gene_chrom_start omim_id
pfam_id gene_chrom_end stc.
etc. chromosome

gene_display_id
band
description
etc
TRANSCRIPT CENTRAL
H transcript_id (PK) 1

SNP SATELLITE gene_id REFSEQ SATELLITE
gene_id (FK) gene_stable_id gene_id (FK)
transcript_id(FK) gene_chrom_start transcript_id(FK)
snp_id . gene_chrom_end db_primary_id
snp_external_id chromosome display_id
2;‘5-0'1""”‘—3‘3“ gene_display_id etc.

i band
description
etc

Figure 8 A diagram of the EnsMart ‘reversed star’ schema.
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specified data to existing EnsMart data, the integration of Ens-
Mart software with other programs, or building EnsMart on top
of other data sources.

Integrating EnsMart Data With External Data

EnsMart provides support for users who want to add their own
fact and dimension tables. Such additional, user-defined data can
be made available for querying and exporting via the front-end
tools. Currently, this requires manual updates of the configura-
tion file. We plan to make MartShell and MartExplorer capable of
automatically discovering new database tables and making them
available for querying. In this way, users can interrogate their
own in-house data in the context of publicly available data from
EnsMart. Users can map their own biological entities within ex-
isting mart foci or add an additional focus. Data can be mapped
to an existing focus either by sequence similarity or as an ‘xref’
sharing one or more of the many known database stable identi-
fiers that are used to identify biological objects. Data meeting one
of these criteria can be organized into a separate dimension table
within the EnsMart data mart, using the stable identifier of the
mapped EnsMart focus object as a foreign key. An additional
focus can be added by mapping data to a particular sequence
assembly coordinate system.

Integrating EnsMart With Other Programs

There are several ways in which external programs can be inte-
grated with EnsMart. In most cases the program will access Ens-
Mart data via either the MartLib library or by executing URL-
based queries against MartView servers. Alternatively, third-party
code could be plugged into Mart] to provide domain-specific
functionality.

Building EnsMart From ‘Non-Ensembl’ Data Sets

The system can readily be adapted for use with other data sets.
The EnsMart database and front-end tools are domain-agnostic
and can be adapted to store and query other data sets. This can be
achieved by collecting the data sources in a staging area and
writing appropriate mart building tools to populate the data mart
as in the implementation described here. In cases where this is
not practical (e.g., due to a different relational database manage-
ment system [RDBMS]), the alternative is to first extract data into
a flat file format, and then parse them directly into data mart.
Any additional, domain-specific extensions that are required can
then be added to the system.
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