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ABSTRACT

ApiEST-DB (http://www.cbil.upenn.edu/paradbs-
servlet/) provides integrated access to publicly
available EST data from protozoan parasites in the
phylum Apicomplexa. The database currently
incorporates a total of nearly 100 000 ESTs from
several parasite species of clinical and/or veterinary
interest, including Eimeria tenella, Neospora cani-
num, Plasmodium falciparum, Sarcocystis neurona
and Toxoplasma gondii. To facilitate analysis of
these data, EST sequences were clustered and
assembled to form consensus sequences for each
organism, and these assemblies were then sub-
jected to automated annotation via similarity
searches against protein and domain databases.
The underlying relational database infrastructure,
Genomics Uni®ed Schema (GUS), enables complex
biologically based queries, facilitating validation of
gene models, identi®cation of alternative splicing,
detection of single nucleotide polymorphisms, iden-
ti®cation of stage-speci®c genes and recognition of
phylogenetically conserved and phylogenetically
restricted sequences.

INTRODUCTION

The protozoan phylum Apicomplexa separated from other
eukaryotic lineages prior to the divergence of animals and
fungi. Apicomplexa are believed to be most closely related to
the dino¯agellates and ciliates, which together form the
alveolates. The phylum Apicomplexa includes >5000 named
species, all of which are parasites (1±3). Apicomplexan
parasites infect a wide range of vertebrate hosts and cause
many important diseases in humans and domestic animals.
Parasites in the genus Plasmodium are responsible for human
malaria; Toxoplasma gondii and Cryptosporidium parvum are
widespread opportunistic pathogens that cause disease in
immunocompromised patients; T.gondii is a prominent source
of congenital neurological infection in humans and sheep,
while Neospora caninum causes fetal abortions in cattle;
Eimeria species cause coccidiosis in poultry; Theileria parva
and Babesia bovis are important cattle pathogens.

Relatively large EST data sets have been generated for
T.gondii, Eimeria tenella and Plasmodium falciparum, and
substantial numbers of ESTs are also available for N.caninum,
Plasmodium berghei, Plasmodium yoelii, Sarcocystis neurona
and T.parvaÐwith additional sequences for these and other
apicomplexan parasites expected in the near future. EST
sequencing projects have permitted cost-effective data mining
of expressed genes in these parasites prior to sequencing of the
full genome. This is particularly true for pathogenic organ-
isms, where abundant transcripts are of interest as likely
targets for drug, vaccine and diagnostic development. Even
when a complete genome sequence (as for P.falciparum) or
draft sequence (as for T.gondii and P.yoelii) are available, EST
data provides valuable complementary information, con®rm-
ing expression and de®ning intron structure. However, the
fragmented and error-prone nature of these sequences,
together with their high redundancy and lack of extensive
annotation, poses major challenges for utilizing EST data. The
goal of ApiEST-DB is to integrate data emerging from various
EST sequencing projects, and provide automated annotation
and data-mining tools enabling biologically interesting queries
from the Apicomplexa research community and beyond.

DATA AND QUERY TOOLS

The current release of ApiEST-DB incorporates 61 116 ESTs
from T.gondii, 10 023 from P.falciparum, 28 550 from
E.tenella, 4949 from S.neurona and 3121 from N.caninum. All
EST data were downloaded from the NCBI dbEST database
(4) (http://www.ncbi.nlm.nih.gov/dbEST/) and loaded into the
Genomics Uni®ed Schema (GUS; http://www.gusdb.org)
relational database for further analysis, using database and
interface tools developed for the Allgenes database (http://
www.allgenes.org). To handle redundancy and possible
sequencing errors, apicomplexan EST sequences and addi-
tional mRNA/cDNA sequences from GenBank (5) were ®rst
`cleaned' by detecting and removing vector sequences,
poly(A/T)s and poor-quality ends. Although the obligate
intracellular lifestyle of these parasites raises the possibility of
contaminating host cell mRNA as a possible concern, we have
previously demonstrated that it is generally rare (6).

For each individual species, sequences longer than 50 nt
were then clustered by running an `all-against-all' BLASTN
comparison (7) (http://blast.wustl.edu). Species-speci®c
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sequence clusters were formed by a connected component
analysis of all the BLASTN matches with minimum cut-off
values of 92% identity over 40 nt length, and without
overhanging ends. Clusters were then assembled to form
consensus sequences using the CAP4 algorithm (Paracel Inc.;
http://www.paracel.com), yielding 18 805 assemblies for
T.gondii, 5800 for P.falciparum, 7089 for E.tenella, 1445
for S.neurona and 1388 for N.caninum. Higher-level relation-
ships were identi®ed based on BLAST similarities among
assemblies from a given species, generating `RNA clusters'
that highlight potential gene families, alternative transcripts
and differential splicing. Highly represented assemblies for
each organism can be searched via a query specifying a
minimum number of constituent sequences. Databases of the
consensus sequences for each organism are available for
BLAST searches with user-de®ned protein or DNA sequences.

To facilitate gene discovery, ApiEST-DB provides auto-
mated annotations of the mRNA assemblies using similarity
searches. The consensus sequence for each assembly was

searched against the NCBI non-redundant protein database
using BLASTX. The best match with P value <1e±10 was
used to assign a putative description for each assembly, and a
word index was created for these annotations. The results of
all BLAST searches with a cut-off value of P <1e±5 were also
stored, and an index was created for words appearing in the
description of these hits. Finally, we conducted searches
against protein domain databases, including ProDom (8)
(using BLASTX) and CDD (9) (using RPS-BLAST). Users
can conduct keyword searches for assemblies whose putative
description or BLAST hits (similar proteins or functional
domains) contain any keyword of interest, and can then
view a summary of all BLAST hits that were generated by
the assembly, with direct links to the external protein or
domain databases provided for each subject discovered by
the search.

These tools are comparable to several previously reported
software pipelines designed for annotating EST sequences
(10±12), although ApiEST-DB does not provide a mechanism

Figure 1. Graphical illustration of a sample query session. A query for Toxoplasma assemblies that contain at least 20 ESTs from the library `TgME49 B7
Tachyzoite cDNA Library 2' (top left) identi®es 21 assemblies (top right). The summary page for assembly 95060253 (bottom left) provides a variety of
information, including a graphical representation of the top 10 BLAST similarities to protein and domain databases, and links to these results in tabular
format, the constituent ESTs contained in the assembly (`input seqs', hot-linked to dbEST), the EST sequence alignment (`cap4'; bottom right, with potential
SNPs highlighted in red), and a graphical view of information on library distribution (`estLibs'; bottom center).
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for clustering of EST data sets submitted by the user. The
strength of ApiEST-DB derives from its sophisticated
relational infrastructure which provides a platform for
extensive data integration and cross-species comparison. The
web interface also facilitates functional analyses such as
stage-speci®c expression and SNP identi®cation.

In addition to assisting in gene identi®cation and annota-
tion, one interesting class of questions that can be examined
using EST data relates to strain or developmental stage
speci®city. To enable such analysis, information on each
library from which ESTs have been generated is stored,
allowing library distribution to be displayed for each mRNA
assembly, and enabling queries based on the number of ESTs
from a given library. The database also supports Boolean
combinations of the various queries available, and retains a
history of searches performed in each session, enabling results
to be selectively combined by users.

For each query result, users are directed to a summary page
providing links to detailed information about the assembly,
including the best 10 BLAST hits to protein sequences and
protein domain databases (in both tabular and graphical form),
the CAP4 alignment of constituent sequences (with potential
SNPs highlighted in red) and the breakdown of ESTs in each
assembly according to their library source (facilitating identi-
®cation of strain or stage speci®city). Summary tables are also
provided for cross-comparisons between apicomplexan para-
sites, highlighting gene families that are speci®c to the
Apicomplexa. Such gene families are likely to be useful
targets for the development of broad-spectrum vaccines, drugs
and/or diagnostic reagents.

FUTURE DIRECTIONS

With the further expansion of EST and genome projects
associated with the phylum Apicomplexa and other related
taxa (13), ApiEST-DB will incorporate this new information,
including sequence data from additional species. New builds
of ApiEST-DB will be coordinated with the release of new
sequences generated from apicomplexan EST projects.
ApiEST-DB uses the same underlying database infrastructure
as PlasmoDB (14) (http://PlasmoDB.org), ToxoDB (15) and
CryptoDB (http://CryptoDB.org) (16), allowing data integra-
tion with genomic data and other data types related to gene
expression, including microarray, SAGE tag and proteomics
data from Plasmodium spp. and T.gondii. As more species are
included in ApiEST-DB, more sophisticated queries and tools
for cross-species comparison and phylogenetic analysis will
also be provided.
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