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The ORFeome project has validated and corrected a large number of predicted gene models in the nematode C
elegans, and has provided an enormous resource for proteome-scale studies. To make the resource useful to the
research and teaching community, it needs to be integrated with other large-scale data sets, including the C. elegans
genome, cell lineage, neurological wiring diagram, transcriptome, and gene expression map. This integration is also
critical because the ORFeome data sets, like other ‘omics’ data sets, have significant false-positive and false-negative
rates, and comparison to related data is necessary to make confidence judgments in any given data point. WormBase,
the central data repository for information about C elegans and related nematodes, provides such a platform for
integration. In this report, we will describe how C. elegans ORFeome data are deposited in the database, how they are
used to correct gene models, how they are integrated and displayed in the context of other data sets at the
WormBase Web site, and how WormBase establishes connection with the reagent-based resources at the ORFeome

project Web site.

The publication of C. elegans ORFeome 1.1 confirmed approxi-
mately 4000 gene models that had not previously been con-
firmed by cDNA or EST data. More than 50% of the 11,984 open
reading frames (ORFs) identified by the project showed different
intron-exon structures from those given by the ab initio gene
prediction program that had been used to predict C. elegans genes
unsupported by cDNA or EST evidence (Reboul et al. 2001, 2003).
As described in other articles in this special issue of Genome
Research, the ORFeome project provides a collection of reagents
that can be used to study gene function or to perform large-scale
interactome (genome-wide protein-protein interaction) map-
ping (Walhout and Vidal 2001; Boone and Andrews 2003; Li et al.
2004). This resource will be used by C. elegans researchers for
many years to come.

The WormBase database (http://wormbase.org) is an online
resource for biological data in C. elegans and other nematodes
that has been developed and maintained by over 30 scientists
and software engineers from four different institutions (http://
wormbase.org/about/people.html; Harris et al. 2004). Although
the resource is of substantial size (over 8 Gigabytes of data and
expanding), it is quite dynamic. It is updated every two weeks,
with an average of 120 changes in gene model per release. Data
deposited in WormBase come from two major sources: high-
throughput projects that generate large data sets, and individual
experiments that are curated from the published literature. Ex-
amples of large data sets include the genomic sequences of C.
elegans (The C. elegans Sequencing Consortium 1998) and C.
briggsae (Stein et al. 2003) genome-wide RNAI trials (e.g., Piano et
al. 2000; Kamath et al. 2003; Simmer et al. 2003), The Stanford
Microarray Database (SMD) microarray expression maps (Kim et
al. 2001), deletion alleles from the C. elegans knock-out consor-
tium (http://www.celeganskoconsortium.omrf.org/), EST librar-
ies (Kohara and Shin-i 1999), the ORFeome project, the nervous
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system wiring data (White et al. 1986) and the cell lineage data
(Sulston and Horvitz 1977). Data curated from the literature in-
clude text descriptions of gene function, reports of new genes
based on genetic screens, polymorphisms, and gene mapping
information.

In this article, we outline how WormBase accommodates,
integrates, and utilizes data from the ORFeome project, how us-
ers access and view the data and finally, how users can use
WormBase to obtain the ORFeome sequence tags (OSTs) for their
own research.

RESULTS

Integration of Data From the ORFeome Project

in WormBase

WormBase obtains the ORFeome project primers and OSTs (Re-
boul et al. 2001, 2003) by retrieving the sequence data from the
GenBank EST division using the same processing pipeline as used
for nematode EST data. Since the OST sequences are single pass
forward and reverse reads from a RT-PCR-derived cDNA, subse-
quent resequencing of an OST from the same gene will be re-
garded as a different entity with a different name. The OSTs are
mapped to the C. elegans genome using BLAT (Kent 2002). The
BLAT output is then parsed to assign the single best match as
BLAT_OST_BEST (corresponding to “ORFeome sequence tag
(best)” in the feature section of the “Batch Sequences” page de-
scribed below) and any secondary matches as BLAT_
OST_OTHER. This assignment is based on the percent identity of
the match and the length of the match in relation to the query
sequence (OST read length). The mapped OSTs are then used to
validate and improve existing gene models at WormBase, as de-
scribed later in a separate section. The current version of Worm-
Base (release WS122) hosts 19,400 ORFeome project primer pairs,
13,197 pairs of which were successfully amplified. The data set is
also available at WorfDB (http://worfdb.dfci.harvard.edu/; Vaglio
et al. 2003), a database maintained by the Vidal group.

Genome Research 2155
WWW.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on November 6, 2017 - Published by Cold Spring Harbor Laboratory Press

Chen et al.

ORFeome Data for Individual Genes

To describe how the WormBase integration of the ORFeome data
can be used, let us consider the hypothetical case of a researcher
who is searching for new members of the odr-10 family, one of
the earliest and best studied of the C. elegans chemosensory gene
superfamily (Sengupta et al. 1996). To search for more instances
of this family, the researcher uses the WormBase interface to the
BLAST program (Altschul and Gish 1996) to search against the C.
elegans nucleotide and protein data sets.

At the nucleotide level, one BLAST hit, F10D2.4, matches
odr-10 at an e-value < 10~ 2°. While the gene model inferred from
the BLAST hits is similar to the existing F10D2.4 gene model, it is
not exactly the same. Specifically, the BLAST hits indicate that
the first exon of the F10D2.4 gene model should be extended,
exons 5 and 6 should be combined together with the intron
between these two exons, and the last exon should be removed
from the gene model. One explanation for this is that the Worm-
Base gene model is incorrect; another is that there has been
evolutionary change in the gene structure between odr-10 and
F10D2.4. To sort this out, the investigator can turn to the
ORFeome data. Starting with the WormBase home page (Harris et
al. 2004), the researcher searches for “Any Gene” using the can-
didate chemosensory receptor gene’s name (F10D2.4). This
search will lead directly to the gene summary page for F10D2.4
(Fig. 1). This page summarizes key information for the gene of
interest, provides links to more specialized pages including the
corresponding RNAi page, sequence page, protein page, expres-
sion profile page, information on precomputed best BLASTP
matches to proteins in other organisms and literature references
relevant to the gene. From a list of precomputed BLAST hits on
this page (not shown), the user can find close homolog to the
F10D2.4 gene, including the odr-10 gene itself.

The ORFeome data can be found on the gene page in the
“Reagents” section, under “ORFeome Project primers & se-
quences.” If the gene has been successfully assayed in the
ORFeome project, this section will list three hyper-linked entries,
corresponding to the 5’ ORFeome sequence tag, the 3" ORFeome
sequence tag and the ORFeome primers themselves.

Clicking on the 5' ORFeome sequence tag brings the user
to the sequence page (http://www.wormbase.org/db/seq/
sequence?name=0STF176E5_1;class=Sequence; Fig. 2) where the
tag sequence is described, a graphical alignment of the tag on
the genome, and relevant links to EMBL, GenBank, and the
ORFeome project database WorfDB (http://worfdb.dfci.harvard.
edu/; Vaglio et al. 2003). The bottom of the page contains the
nucleotide sequence of OSTF176ES. In this case, the ORFeome
tag validates each of the exons and splice junctions in F10D2.4
(Figs. 2, 3).

Returning to the gene page, the user may click on the third
entry in the ORFeome “Project primers & sequences” line in or-
der to navigate to the ORFeome project primers page (http://
wormbase.org/db/seq/pcr?name=mv_F10D2.4;class=PCR_
product). This page displays the oligonucleotide sequences for
both the left and right primers of the ORFeome tag, and again
links to the WorfDB database. Unlike the sequence page, this
page provides a graphical representation of the ORFeome primers
in the context of the F10D2.4 gene model. The reaction condi-
tions for the PCR amplification are listed at the bottom of the
page.

Clicking on the graphic in either the Sequence or Orfeome
project Primers page leads users to the Genome Browser (http://
wormbase.org/db/seq/gbrowse/wormbase?name=V%3A7138817..
7141118).

The Genome Browser (Stein et al. 2002) integrates all the
information previously displayed in a single configurable view. It
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shows the structure of the F10D2.4 gene model, the position of
the ORFeome project primers and their amplification status, and
the structure of the 5’ and 3’ OST tags. In addition, all the other
genome annotation information in this region is available, in-
cluding EST matches, cDNA matches, and the presence of RNAi
and expression map data in and around the gene.

WormBase also provides a handy interface between its
BLAST tool and the genome browser. To use this interface, the
researcher performs a BLAST (TBLASTN) of the odr-10 protein
sequence against the C. elegans genome, and then follows the
links to the Genome Browser representation of the hit positions.
By enabling the ORFeome tracks, the researcher can see exactly
how the odr-10 BLAST results map onto the region around
F10D2.4, and compare this to the position of the OSTs (Fig. 3).
The BLAST hits are displayed in a track entitled “BlastHSPs_
from_Query” in parallel with the gene model and the OST of
F10D2.4. This information shows that, on the one hand, the
BLAST hits overlap well with the exons of an existing gene model
F10D2.4, suggesting that there is likely a valid odr-10 homolo-
gous gene model in this genomic region. On the other hand, the
BLAST hits don’t match exactly with the gene model. Comparing
the gene model with the OST tag confirms that the existing gene
model is valid (Fig. 3).

Researchers who wish to look up information on a single
primer pair can do so by searching “Primer Pair” from the search
menu on the WormBase front page by typing the name of the
“Primer Pair” reagent.

Accessing ORFeome Data in Batch Form

Using odr-10 as a query to BLAST against the C. elegans genome
actually yields a large number of significant hits (>300; Robertson
et al. 1999; Robertson 2000, 2001). The researcher could examine
the BLAST hits one at a time following the procedure described
earlier, but there is a better way. Instead, the researcher can ob-
tain ORFeome data in bulk via the “Batch Sequences” page
(http://wormbase.org/db/searches/advanced/dumper), accessible
from the navigation bar at the top of every WormBase page. To
download the alignment of OST sequences to the genes covered
by odr-10, the researcher inputs the names of these genes in the
text field in the left panel of the “Batch Sequences” page. In the
middle panel, the researcher selects “ORFeome sequence tags
(best)” feature. In the right panel, the researcher only needs to
select the output format between plain text and html. The re-
searcher can also select “Save to disk (Plain TEXT)” to download
the results. In addition to OST alignments, the “Batch Se-
quences” page allows researchers to download a large number of
sequence features including 5'UTR, 3’UTR, EST, cDNA, gene
models, and Operons. The page also allows users to obtain se-
quence features for C. briggsae.

Obtaining ORFeome Reagents for Further Studies

After validating the gene models for the 300+ putative chemo-
sensory receptors, the investigator might want to express these
genes to evaluate their function. The ORFeome project offers the
necessary resources for this purpose, by providing the OST in an
InVitrogen Gateway™ recombinational vector system (Reboul et
al. 2003; Li et al. 2004). All of the OSTs are available from the
MRC Geneservice, and the appropriate link for ordering the re-
agents can be found on the ORFeome Primers Page described
above.

Complex Queries

In addition to the name-based searches discussed above, Worm-
Base provides users with a rich selection of other ways to query
the database (Harris et al. 2004). For example, users can query the
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Figure 1 Gene summary page for F10D2.4 (str-112). The gene summary page summarizes key information and serves as a gateway to related
information. It is divided into multiple sections with links at the top of the table. Pages with ORFeome data, the Genome Browser page, the OST sequence
page, and the PCR primer page all have links embedded in the gene summary page.
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Figure 2 Sequence page for ORFeome sequence tags. The sequence summary page for OSTs contains a description about the OSTs, a graphical
representation of the OSTs in the context of the genome, corresponding gene models, and the nucleotide sequence of the OSTs.

database via the “AQL Search” page, which gives users access to
ad hoc queries via the Ace Query Language (AQL). This page
provides a large number of examples for users to follow and
learn. With some practice, users should be able to do fairly
complex queries. For example, if a user want to retrieve the
spliced DNA sequences of all genes on chromosome X that have
ORFeome models and have been assayed in RNAi trials, the user
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can type the following query into the text field on the “AQL
Search” page:

select a from a in class CDS

where a—Sequence—Interpolated_map_position like “X”
and a—Corresponding_pcr_product—amplified = 1

and exists_tag a—RNAi_result
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This query returns a list of 1524 genes, which can then be
queried further. This query can be easily modified to retrieve
genes on other chromosomes and with other properties. Worm-
Base is scheduled to provide a wizard-interface to this query fea-
ture in the fourth quarter of 2004 based on the BioMart technol-
ogy (Kasprzyk et al. 2004).

For more advanced users with some programming experi-
ences, WormBase has set up a data mining server for remote
access. Details about how to connect to the database and query
the database using Perl modules are included in the data-mining
page (http://wormbase.org/about/linking.html#mining), acces-
sible from the WormBase front page.

Using ORFeome Data to Improve C. elegans Gene Models
In addition to providing researchers with access to the ORFeome
data set, WormBase is actively using the ORFeome information
to improve the canonical set of C. elegans gene models. Worm-
Base gene models are examined and updated following a two-
step protocol. First, WormBase curators mark up putative gene
prediction corrections based on cases in which OSTs and gene
models don’t agree. This step is performed systematically, and
utilizes in-house software that compares the OSTs to the gene
models and flags disagreements. Second, the problematic cases
are examined by hand and updates are made based on the judg-
ment of the curator. Most of the judgment calls involve deciding
whether a gap in an aligned OST corresponds to a proper intron.
Criteria for accepting a gap as an intron include: Does the gap
look like an intron with canonical donor/acceptor regions
(GT..AG)? Is the gap biologically long enough to be an intron
(>30 bp)? If these criteria are met then the gap is declared to
correspond to confirmed intron feature between the two blocks
of similarity. This process is repeated for all OST reads.

During the curation process, curators visualize the align-
ment of OSTs to the genome and to existing gene models using
ACeDB (Stein and Thierry-Mieg 1998). In cases where the align-
ment will cause a change to one or more of the boundaries of the
gene’s coding region (CDS), the updated CDS is written back to
ACeDB, and the change is propagated automatically into the
gene’s corresponding protein translation. As with gene models
and other genomic features, the OSTs and updated gene models
are also written out into Gene Feature Format (GFF, originally
proposed by Durbin and Haussler, http://www.sanger.ac.uk/
Software/GFF), a flat file format that is very amenable to process-
ing via scripts written in Perl (http://www.perl.org). This allows
the OST annotation data to be processed via a variety of quality
control scripts.

At the current time, approximately 1300 gene models (or
about 6.5% of the all of the gene models in the whole genome,
excluding isoforms) have been improved based on the OSTs from
the C. elegans ORFeome projects. In addition, based on the OST
reads WormBase has increased the number of fully confirmed
genes (those in which each splice junction has been verified and
every single base of the gene has been confirmed) by approxi-
mately 600 (15% increase compared to the number of genes
known at the time). The number of partially confirmed coding
regions increased by 3200 (37%). Information on the changes to
the modified genes can be obtained from the WormBase gene
summary pages by following the curators’ “Notes” field. Alto-
gether, 8545 genes have supporting data in the ORFeome data set
(Reboul et al. 2003).

DISCUSSION

The whole ORFeome project data set has been integrated into
WormBase, where it can be searched, browsed, and downloaded
in the context of other large-scale and curated C. elegans data sets.
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As the ORFeome project makes new releases, the data set con-
tained within WormBase will continue to be updated. In addi-
tion, we will continue to improve C. elegans gene models as new
ORFeome data (and other relevant data) become available. The
data model used in WormBase will allow us to accommodate
ORFeome-style data from other nematode genomes should they
become available in the future.

With the availability of the C. elegans OSTs in the InVitrogen
Gateway recombinational vector system, we foresee that increas-
ing amounts of large-scale functional assay data for C. elegans will
be produced by the research community. A prime example of this
is the genome-wide C. elegans interactome data published earlier
this year (Li et al. 2004). We are committed to integrating this
and future ORFeome-derived data sets into WormBase, where
they can be queried, browsed and downloaded by the commu-
nity.
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