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ABSTRACT

The Onto-Tools suite is composed of an annotation
database and eight complementary, web-accessible
data mining tools: Onto-Express, Onto-Compare,
Onto-Design, Onto-Translate, Onto-Miner, Pathway-
Express, Promoter-Express and nsSNPCounter.
Promoter-Express is a new tool added to the
Onto-Tools ensemble that facilitates the identification
of transcription factor binding sites active in specific
conditions. nsSNPCounter is another new tool that
allows computation and analysis of synonymous
and non-synonymous codon substitutions for study-
ing evolutionary rates of protein coding genes.
Onto-Translate has also been enhanced to expand
its scope and accuracy by fully utilizing the capabil-
ities of the Onto-Tools database. Currently,
Onto-Translate allows arbitrary mappings between
28 types of IDs for 53 organisms. Onto-Tools are freely
available at http://vortex.cs.wayne.edu/Projects.html.

INTRODUCTION

While high-throughput sequencing and microarray technolo-
gies have allowed the collection of a staggering amount of data
per experiment rapidly, they have also posed the challenges of
translating such data into a better understanding of the under-
lying biological phenomena. First released in 2001, Onto-
Tools is a freely available web-accessible software suite
that addresses some of these challenges (1–6). This is achieved
using a probabilistic functional analysis that bridges the gap
between low-level, high-throughput gene expression data and
high-level functional knowledge, as well as public annotations
within the framework of the Gene Ontology (GO). This ana-
lysis approach has become the de facto standard in the second-
stage analysis of microarray experiments (7). The Onto-Tools
suite includes (i) Onto-Express—used to translate lists of

differentially regulated genes into a better understanding of
the underlying biological phenomena; (ii) Onto-Design—used
to select the best set of genes to be included on a custom
microarray designed for the study of a given biological phe-
nomenon; (iii) Onto-Compare—used to analyze the functional
bias of various focused commercial microarrays and select the
one that is most appropriate for a given biological hypothesis;
(iv) Onto-Translate—used to translate lists of genes from one
reference system to another (e.g. from GenBank accession
numbers to UniGene cluster IDs to Affymetrix probe IDs,
etc.); (v) Onto-Miner—providing a unified access point and
an application programming interface (API) allowing queries
for various information such as the gene name, official
symbol, reference accession number, coded protein, etc.;
(vi) Pathway-Express—which helps the users find most
interesting pathway(s) involving their genes of interest; (vii)
Promoter-Express—which allows the users to find
condition-specific transcription factor binding sites (TFBSs)
and (viii) nsSNPCounter—which allows analysis of synonym-
ous and non-synonymous codon substitutions in protein
coding genes. Previous publications have described in detail
the motivation, implementation and validation of these tools
(1–7). The logical work-flow between the Onto-Tools applica-
tions has been previously explained (1,4). This paper describes
two new tools added to the ensemble and discusses various
other additions and enhancements made to the existing tools.

PROMOTER-EXPRESS

Transcription initiation is accomplished by complex and
tightly coordinated protein-DNA interactions between a
number of transcription factors and the promoter region(s)
of a gene. While Onto-Express and Pathway-Express in the
Onto-Tools ensemble help identify the significant biological
processes and pathways in the condition under study, devel-
oping a detailed mechanistic model of the regulatory mech-
anism(s) that control these processes requires the identification
of the the genetic elements involved in these mechanisms.
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Promoter-Express (PE) is a new tool in the Onto-Tools
ensemble designed to help the user identify cis-regulatory
elements on the DNA (8). The underlying hypothesis behind
its approach is that similarly expressed genes involved in
related biological phenomena are likely to be regulated by
a common transcriptional mechanism (9–13). Given this hypo-
thesis, PE accepts a list of genes that are known to be involved
in the same or related biological processes. For example, this
list could come from Onto-Express, and could contain genes
involved in the same biological processes. Alternatively, the
list could contain genes with similar expression profiles. For
each input gene, PE queries the back-end Onto-Tools database
and retrieves the nucleotide sequences in the upstream regions
of all genes in the list. Currently, the organisms supported by
PE are human and mouse. By default, PE retrieves a nucleotide
sequence 1000 bp upstream and 200 bp downstream from the
start of the mRNA of the target gene. Most TFBSs are likely to
be within this region. However, PE also allows the user to
expand or restrict the search boundaries. Note that in most
cases, the start of an mRNA corresponds to its transcription
start site (TSS). However, in case of some mRNAs, the TSS
may not be annotated precisely or not annotated at all. For such
situations, PE also allows the user to submit an arbitrary list of
FASTA formatted sequences. Next, PE performs pairwise
sequence comparisons using a sliding window approach. By
default, PE uses a window size of 9 since most of the known
TFBSs are 6–20 bp long. However, PE allows the user to use a
different window size. Furthermore, when a match is found,
the program tries to expand the matching sequence in both
directions.

The result of the pairwise sequence comparisons is a num-
ber of exact matching subsequences found on both the input
sequences. We define each of these exact matching sub-
sequences as an element. It has been shown previously that
two genes involved in a similar biological process and regu-
lated by the same transcription regulation mechanism may
require that these elements appear in the same order and
approximately at the same distance on both genes (14).
Hence, after finding the exact matching elements in both

genes, PE searches for the combinations of those elements
that appear in the same order with approximately the same
distance among the elements on both genes. A set of elements
that satisfies these criteria is defined as a module (see
Figure 1). Such a module represents a ‘footprint’ of the tran-
scriptional regulatory mechanisms at work in a specific bio-
logical context.

PE’s output shows each input gene as a color-coded con-
tinuous line labeled with Entrez Gene ID or gene name
(Figure 2). Under each line, it displays the elements found
as short color-coded line segments that quickly allow the user
to find out how many and what genes an element is found in.
When a user moves the mouse over an element, PE shows its
nucleotide sequence, start and end positions on both the genes,
and the strand on which the element was found on (i.e. forward
or reverse strand). Selecting a gene and one of its modules
displays all elements in the selected module in color, while the
rest of the elements on all genes are represented in white color
(Figure 2). PE also allows the users to save the results on the
user’s machine in a binary file which can be opened at a later
time for further analysis.

nsSNPCOUNTER

Studying the evolutionary rates of different protein coding
genes usually requires the computation of the number of syn-
onymous and non-synonymous substitutions among genes
(15–17). Recent studies have focused on evolutionary changes
among single nucleotide polymorphisms (SNPs) (18). Such a
change is considered synonymous if it leads to a synonymous
codon, i.e. a change in the nucleotide sequence of a gene does
not change the amino acid sequence of the protein translated
from it. Alternatively, if the change in the nucleotide sequence
does change the amino acid sequence of the protein, the
change is non-synonymous. Clearly, non-synonymous muta-
tions are much more important both from an evolutionary and
from a clinical perspective.

Figure 1. Example of a typical module. The black thick lines are two upstream sequences to be analyzed. The thin shorter color-coded segment between them are the
elements common to both, and the thick color-coded segments are the elements that together form a module. The gap X is approximately equal to gap�X and gap Y is
approximately equal to gap �Y.
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The dbSNP (http://www.ncbi.nlm.nih.gov) is a SNP data-
base provided by the NCBI that allows the retrieval of a list of
known SNPs within the coding region of a given gene, iden-
tified for instance by a refseq ID. However, dbSNP does not
provide the means to distinguish and automatically count the
synonymous and nonsynonymous SNPs occurrences in the
database (SynCounts and NonSynCounts) for a given refseq
ID. The task is especially cumbersome when one needs to
extract this information for thousands of genes simultan-
eously. The nsSNPCounter is a web-based tool that was
designed to fulfil this need. Beside this main functionality it
also gives the user an estimate of the number of synonymous
(SynSites) and non-synonymous (NonSynSites) sites available
in the sequence of each gene. This supplementary information
is needed to adjust the SynCounts and NonSynCounts due to
their uneven proportions (19). The PAML software collection
(http://abacus.gene.ucl.ac.uk/software/paml.html) provides
functionality to estimate the SynSites and NonSynSites but
this is done only for one gene at a time. The new nsS-
NPCounter brings together all this information (SynCounts,
NonSynCounts, SynSites and NonSynSites) for thousands of
genes at a time.

nsSNPCounter requires a list of mRNA RefSeq IDs and the
name of the organism as input. The user can also specify other
optional search criteria to refine the search. These optional
criteria include heterozygosity range, SNPs validation method,
etc. For each RefSeq ID, nsSNPCounter queries NCBI’s
dbSNP database (using the esearch tool provided by NCBI)
in order to obtain its corresponding reference SNP cluster ID
(RS ID). The RS ID of the SNP is then used to obtain its
corresponding gene and Entrez Gene ID using the efetch
tool provided by NCBI. The Entrez Gene ID is further used
to query dbSNP database again to retrieve all known SNPs
(RS IDs) for the gene. The output of this query is further
processed to retain only non-redundant SNPs, and to count
the synonymous and non-synonymous substitutions relative to
the reference contig.

To compute the SynSites and NonSynSites we need the
sequence of the coding region of each gene of interest. This
information is obtained by querying the NCBI GenBank data-
base for every single refseq in the list to obtain a sequence GI
ID. Then, the GI IDs are used to query the GenBank database
again in order to retrieve the actual nucleotide sequences, and
the start and end positions of the coding regions. The coding
sequences are then used as an input to the PAML software
which calculates the number of synonymous and non-
synonymous sites. The nsSNPCounter automatically processes
the PAML output and integrates the results in unique output
containing the RefSeq ID, synonymous and non-synonymous
SNP counts, calculated by nsSNPCounter, as well as the num-
ber of synonymous and non-synonymous sites, calculated by
the PAML software (see right side of Figure 3).

ONTO-TRANSLATE

In order to correctly interpret the results of an experiment, the
researchers need to build a complete picture of the biological
phenomenon under study, to the extent possible, using the
knowledge accumulated in various annotation databases.
However, our current knowledge is spread over a number
of different databases where various databases are rather spe-
cialized and no single database contains all available data.
Although within each database, the data are consistent, coher-
ent and non-redundant, most of these annotation databases are
developed by independent groups. These groups use different
designs and different sets of identifiers for the same biological
entities. The result of these independent efforts is replication
of the same information in multiple databases. Furthermore,
these databases cross-reference to some of the other databases
to facilitate navigation from one resource to another. In order
to build a complete picture of the biological phenomenon
under study, a researcher is not only responsible for mapping

Figure 2. The output provided by Promoter-Express for a selected module. The figure also shows some of the possible data manipulations and interactions
with the GUI.
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various types of IDs from one another, but also for being aware
of relationships among these resources.

Onto-Translate (OT) is designed to address these name-
space issues and help the user with the problem of mapping
various types of IDs to each other. The ultimate goal of OT is to
provide the users with a non-redundant and complete mapping
from any type of identification system to any other type. In
order to achieve this goal, OT uses the custom design of
Onto-Tools database that integrates 20 publicly available bio-
logical databases including dbEST (20), GenBank (21), Uni-
Gene (22), KEGG (23), WormBase (http://www.wormbase.
org), NetAffx, dbEST library (http://www.ncbi.nlm.nih.gov/
dbEST/dbEST_summary.html), eVOC (24), Swiss-Prot (25),
TrEMBL (25), PIR (26), UniProt (27), Eukaryotic Promoter
Database (EPD) (28), Human Genome Nomenclature Com-
mittee (HGNC) (29), GenPept, Online Mendelian Inheritance
in Man (OMIM) (30), Protein Data Bank (31), iProClass (26),
HomoloGene (http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?DB¼homologene), RefSeq (32) and Gene Ontology (GO)

(33,34). In addition, Onto-Tools database also integrates infor-
mation about commercial microarrays from nine manufactu-
rers including Affymetrix, Agilent Technologies, Amersham’s
codelink microarrays, SuperArray, Takara Biosystems,
Perkin-Elmer, NIA, SigmaGenosys and Clontech. Over the
past year, OT has been enhanced to allow arbitrary mappings
among 28 types of IDs for 53 organisms. Currently, OT can
translate thousands of IDs in a single batch run. It also provides
a graphical user interface to select the desired input and output
which are hyperlinked with the corresponding online database
resources. As an example of the capabilities of OT, Figure 4
shows a comparison between the translations performed by OT
and MatchMiner, a similar tool from NCI (35). The figure
shows the percentages of genes that are successfully translated
from probe IDs to gene symbols for a number of popular
Affymetrix arrays. Note that NetAffx performs such transla-
tions, from probe IDs to gene symbols, but the lists to be
translated are limited to at most 5000 genes. Hence, none of
the translations shown here can be performed on NetAffx.

Figure 4. A comparison between the performance of Onto-Translate (OT) and MatchMiner (MM). The figures show the percentage of successful translations from
probe IDs to gene symbols, for a number of sets of genes corresponding to popular Affymetrix human (left) and mouse (right) arrays.

Figure 3. Input (left panel) and output (right panel) for nsSNPCounter.
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SUMMARY

The Onto-Tools suite is composed of a back-end database and
eight integrated, web-accessible, free data mining tools:
Onto-Express, Onto-Compare, Onto-Design, Onto-Translate,
Onto-Miner, Pathway-Express, Promoter-Express and nsS-
NPCounter. Promoter-Express is a new tool that allows iden-
tification of condition-specific TFBSs for co-expressed genes
that are involved in same or related biological processes.
nsSNPCounter is another new tool that allows analysis of
synonymous and non-synonymous codon substitutions for
studying evolutionary rates of protein coding genes. Over
the past year, Onto-Translate was enhanced to improve its
scope. The Onto-Tools are freely available at http://vortex.
cs.wayne.edu/Projects.html.
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