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ABSTRACT

RNA interference (RNAi) is being used in large-scale
genomic studies as a rapid way to obtain in vivo
functional information associated with speci®c
genes. How best to archive and mine the complex
data derived from these studies provides a series of
challenges associated with both the methods used
to elicit the RNAi response and the functional data
gathered. RNAiDB (RNAi Database; http://www.
rnai.org) has been created for the archival, distribu-
tion and analysis of phenotypic data from large-
scale RNAi analyses in Caenorhabditis elegans. The
database contains a compendium of publicly avail-
able data and provides information on experimental
methods and phenotypic results, including raw data
in the form of images and streaming time-lapse
movies. Phenotypic summaries together with
graphical displays of RNAi to gene mappings allow
quick intuitive comparison of results from different
RNAi assays and visualization of the gene pro-
duct(s) potentially inhibited by each RNAi experi-
ment based on multiple sequence analysis
methods. RNAiDB can be searched using combina-
torial queries and using the novel tool PhenoBlast,
which ranks genes according to their overall pheno-
typic similarity. RNAiDB could serve as a model
database for distributing and navigating in vivo
functional information from large-scale systematic
phenotypic analyses in different organisms.

INTRODUCTION

One of the major goals of functional genomics is to fully
characterize the function of every gene found in the genome.
Because `function' is multifaceted (1,2), a variety of experi-
mental approaches characterizing different aspects of gene
functionÐsuch as where and when a gene is expressed, the
biochemical functions of its gene product(s) and to what other
cellular components it bindsÐmust be combined to achieve
this goal (3,4). Since the completion of the Caenorhabditis
elegans genomic sequence and identi®cation of its ~20 000
protein-coding genes in 1998 (5), numerous studies of gene
expression pro®les [(6±10), reviewed in (11)] and protein

interactions (4,12,13) have been carried out with the ultimate
goal of generating comprehensive functional genomic and
proteomic `maps' (14,15). Together with sequence analysis,
these approaches may reveal that a certain protein is a kinase,
interacts with a cytoskeletal component and is expressed in
dividing cells. However, these data cannot by themselves tell
us, for example, that this protein is required to properly initiate
cytokinesis or that it is also required for cell motility in a
different cell or at a different time.

To understand the cellular and developmental roles a gene
product plays in the context of an organism, empirical in vivo
functional evidence is necessary. Classically, such data have
been gathered using forward genetic approaches which, at the
time the C.elegans genome was published, had revealed some
in vivo information for only ~7% of the predicted genes (16).
The ability to collect more information rapidly and on a large
scale has been augmented through the use of RNAi, a process
that depletes gene functions using double-stranded RNA
(dsRNA) (17,18). Recently, several large-scale systematic
analyses of in vivo function have been carried out in C.elegans
using RNAi to induce gene knock-downs (19±26). Such in vivo
studies are crucial to reveal in which processes proteins
operate within living organisms. Currently the resolution of
RNAi phenotypic data for most genes is still relatively low
(e.g. `sterile' or `embryonic lethal'), but innovations in high-
throughput high-content assay development promise to
increase the amount and level of detail of RNAi phenotypic
data in the near future.

Hand in hand with these developments, the challenge of
archiving, distributing and mining the results of functional
genomic studies has become an important issue. To comple-
ment other functional mapping projects, tools analogous to the
digital representation and database archival of sequence data,
expression patterns or protein±protein interactions are needed
for the complex types of information obtained through
phenotypic analysis. However, the development of pheno-
type-based maps has been hindered by two factors: the non-
systematic way in which these data are usually gathered and
the complex phenomenological nature of the results. Pheno-
typic studies have traditionally been conducted as screens for a
small range of speci®c defects. Although powerful, this
approach leads to a highly ®ltered view of function by
focusing on a limited range of phenomena while ignoring
others. In addition, the resulting phenotypic phenomena are
typically recorded using free-form natural language
descriptions, limiting the potential for computational analysis.
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To realize the goal of constructing phenotypic maps,
phenotypic data need to be gathered and archived in a
systematic and comprehensive way that is amenable to
downstream analyses. An explicit system of phenotypic
documentation is also necessary, in which observable defects
arising from the depletion of a gene's function are described
and annotated using a controlled structured vocabulary. The
Gene Ontology Consortium has undertaken an effort to
standardize gene functional annotations across different
biological systems (27,28), but the application of this idea to
phenotypic data remains a challenge. By systematically
encoding phenotypic data from the early C.elegans embryo,
we have demonstrated previously that genes can be clustered
on the basis of phenotypic data, resulting in groups of genes
enriched for different functional classes (29). We have also
used these data to begin integrating phenotypic, protein
interaction and expression maps in the early embryo (4).

The accelerating accumulation of RNAi-based data from
ongoing large-scale analyses calls for a database system
focused on phenotypes. Such a system should ideally be freely
available, web-accessible, user-friendly, adhere to community
standards and provide ¯exible query options and tools for
analysis of the data. Here we describe RNAiDB, an online
database system, and PhenoBlast, an associated search/
analysis tool, for genome-scale RNAi phenotypic studies in
C.elegans.

DESCRIPTION OF THE DATABASE

One of the ideas behind public sharing of genome information
is the distributed database model (30), in which interconnected
databases can also act as portals displaying speci®c types of
information from other databases that are curated and
developed by the community of people involved in populating
them. Guided by this vision, we designed a database system
that can exchange information easily with WormBase [the
central repository for genomic information from C.elegans
(31)] by using the same object-oriented database engine,
AceDB [R. Durbin and J. Thierry-Mieg: A C.elegans
Database (1991); documentation and code available at http://
www.acedb.org]. The RNAiDB data models are largely
compatible with those in WormBase, although extensions to
the RNAi and other object models have been made to enhance
functionality for RNAi data in particular. RNAiDB is
currently served through the Web using AcePerl (32) and
Perl CGI (http://stein.cshl.org/WWW/software/CGI/) scripts
running on a Linux system with an Apache web server.

Data currently contained in RNAiDB were assembled from
a combination of locally generated RNAi experimental data
and publicly available data imported from WormBase,
including RNAi results, gene annotations and physical
mapping data. For each RNAi experiment in the database,
phenotypic summaries organized by life stage are displayed
along with associated experimental details, RNAi to gene
mappings and supporting raw data such as still images or
streaming Quicktime time-lapse movies of embryogenesis
(Fig. 1). Reciprocal links to WormBase are provided as well as
links to other external resources, such as WorfDB (33)
and WormGenes at NCBI (http://www.wormgenes.org;
D. Thierry-Mieg, J. Thierry-Mieg and Y. Thierry-Mieg,
M. Potdevin, M. Sienkiewicz, V. Simonyan, unpublished).

RNAi is a very powerful technique for gene function
depletion but for best interpretation of the results it is
important to consider some important technical issues.
These are mostly related to the sequence used to trigger the
RNAi response, the way in which the dsRNA is delivered to
the animal and the way in which the affected animals are
scored. Extensive cross-validation analyses for RNAi-derived
phenotypes have suggested a generally low level of false
positive results but a higher level of false negative results
(26,29). Differences in experimental methods can lead to

Figure 1. An example screenshot of an `RNAi Experiment Card' page. The
card contains several panels, each providing a different set of information.
Top row, left panel: summary of information associated with the experimen-
tal protocol, including genes potentially inhibited and the sequence analysis
method used to identify them (e.g. `GenePairs', the canonical location of
the PCR product used in this experiment; `ePCR', additional location identi-
®ed by ePCR). Top row, right panel: summary data on genes potentially
inhibited by this RNAi experiment, with links to WormBase and other
external resources. Second row: summary of phenotypes elicited by this
RNAi experiment, organized by life stage. The link to PhenoBlast will auto-
matically run PhenoBlast on the early embryonic phenotypic signature for
this experiment (see text for details). Third row: links to supporting images
and time-lapse movies available for this experiment, which can be viewed
in a separate window by clicking on the icons provided. Fourth and subse-
quent rows: clickable graphical maps of genes potentially inhibited by this
RNAi experiment showing chromosome coordinates, gene models and
reagents mapped to this location as indicated in the key below each
diagram. Select features are hyperlinked to related pages.
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variability in results of phenotypic assays for the same gene,
much as different genetic mutations can give rise to allelic
series with defects of differing severity. In addition, because
RNAi elicits its effects in a sequence-speci®c manner, in some
cases more than one gene may potentially be inhibited by a
single dsRNA reagent. This could occur for two reasons: (i)
PCR primers using genomic DNA as the template may
amplify more than one distinct genomic interval by annealing
at multiple genomic locations, and (ii) heterologous mRNAs
with high sequence similarity to the primary mRNA target
may also be targeted for degradation. These points are
important for drawing genome-wide conclusions on the
types of genes that can elicit speci®c types of defects as
well as for single-gene analyses used to explore the function of
speci®c genes.

To address such issues in the display of the RNAi results we
have designed two main views for the visualization of RNAi
data: an `RNAi Experiment' card (Fig. 1) and a `Gene
Product/ORF' card (not shown). These cards provide com-
plementary views of the data that show, respectively, all gene
mappings for a single RNAi experiment, or all RNAi
experiments corresponding to a single gene, allowing the
user both to critically review the possibility that a single RNAi
assay could affect multiple genes and to quickly compare the
results from different studies.

To determine when a single RNAi experiment might target
more than one gene, we have supplemented the `canonical'
RNAi±gene mappings provided in WormBase with additional
evidential support based on either electronic PCR (`ePCR')
(34) of primer pairs used to generate PCR products and/or
BLAST (35) analysis of PCR products and cDNAs from
which dsRNA reagents were produced for the RNAi assays
contained in RNAiDB. Together, the ePCR and BLAST
analyses de®ne the set of genes potentially inhibited by each
RNAi experiment. Both analyses were performed using in-
house pipelines designed to retrieve all genomic coordinates
that could be targeted simultaneously in the same RNAi
experiment, based on ePCR or strong sequence similarity
identi®ed by BLAST. The resulting mappings are stored in a
genome coordinate-based general feature format (GFF) data-
base implemented in MySQL (36). RNAi to gene mappings
along with the type of evidential support are indicated in the
text of the RNAi and Gene Product card pages and are also
displayed graphically (Fig. 1) using the Bio::DB::GFF and
Bio::Graphics Perl modules distributed with the BioPerl
toolkit (37).

SEARCHING THE DATABASE

A variety of entry points to the database are available. The
home page contains a simple `quick' search form for ®nding
RNAi experiments that provides drop-down menus for
selecting phenotypes by life stage and an optional text box
for specifying RNAi experiments, genes, phenotypes, labora-
tories and experimental reagents by name. RNAi experiments
can also be searched by phenotype using either a simple menu-
driven form or an advanced phenotype search form that
provides a combinatorial query builder. Additional search
options provide the ability to query any object represented in
the database (genes, PCR products, etc.) using either a simple
class browser with optional name or wildcard pattern, a text/

keyword search, or an Ace Query Language (AQL) statement.
Related objects are cross-referenced in the database, and these
connections can be navigated via hyperlinked text.

Digital phenotypic screening

The ability to perform combinatorial searches of large-scale
phenotypic mapping projects is one of the most powerful
foreseeable outcomes of such projects. When phenotypic
scoring is carried out systematically [e.g. see (25), in which
embryos were scored using a comprehensive list of 47
phenotypes], they can then be mined to identify groups of
genes that elicit speci®c combinations of phenotypes. There
are over 1014 potential complete phenotypic signatures that
could theoretically result from different combinations of these
47 phenotypes (if scored as either wild type or mutant, i.e. not
taking into account penetrance or expressivity). The idea
behind `digital phenotypic screening' is to have the ability to
search for any subset of desired phenotypes among these
combinations.

The phenotype query builder was designed to allow
phenotype-based searches to be conducted in a way that
parallels the logic behind genetic screens, which typically
begin with a primary survey to identify and retain mutants
displaying a speci®c set of desired characteristics while
weeding out others. Similarly, with the advanced search
option users can construct complex queries on speci®c
characteristics of interest and can explicitly exclude undesired
phenotypes. In essence this enables users to perform `digital
phenotypic screens' for speci®c syndromes. For example,
users can search for genes that display RNAi phenotypes
indicative of defects in cytokinesis but not other aspects of
mitosis. This search, which would take months on the bench,
takes only minutes on the computer.

Mining phenotypic data: PhenoBlast

A basic tenet of many genetic studies is that genes whose
mutant phenotypes are similar are often components of the
same pathway. Consequently developmental geneticists often
have a body of knowledge that permits them to perform
associative phenotype studies in their head. This means that
they may see a trend in a series of phenotypes elicited by a
particular mutation that resembles those of other mutations
they already know about. However, as more and more
genome-wide phenotype-based studies are performed, it is
becoming impossible to do this effectively in a non-systematic
way. Inspired by the development of tools for large-scale
sequence searching and alignment necessitated by the DNA
sequencing revolution, to begin to address this issue we have
developed a tool that can help perform phenotype-associative
studies using RNAiDB.

If RNAi experiments have been scored systematically for
the presence or absence of a set of discrete phenotypes (or
`phenotypic characters') (25), then it is possible to examine
this set as a composite and ask how similar the overall
`phenotypic signatures' are among different genes. We have
implemented a novel tool in RNAiDB to permit searching for
genes that elicit a similar range of phenotypes. Given a single
query gene or RNAi assay, this tool dynamically generates a
list of genes ranked according to how similar their phenotypic
signature is to that of the query (Fig. 2). Because it performs a
function analogous to that of BLAST for nucleotide or amino

D408 Nucleic Acids Research, 2004, Vol. 32, Database issue



acid sequence searching, we have designated this tool
`PhenoBlast' to highlight this similarity (although the algo-
rithms are unrelated). The genes are ranked in relation to the
query based on a series of measures, the most signi®cant of
which is the number of phenotypic defects shared between the
query and target genes. By scanning the PhenoBlast result
page, users can identify which other genes in the database
display the most similar composite phenotypic signature
relative to a single particular gene of interest. PhenoBlast can
be accessed either from RNAiDB's main search menu or from
Gene and RNAi card pages.

FUTURE of RNAiDB

We are continuing to develop RNAiDB to enhance its
functionality, focusing initially on three main areas. First,
we are in the process of expanding RNAiDB to provide a web-
based community `lab notebook' system that will allow users
from different laboratories to upload raw data and RNAi
results, to perform computer-assisted phenotypic scoring
using controlled data entry forms and to generate phenotypic
signatures that can then immediately be compared with other
entries in the database. Second, we are generalizing the data
models to allow the de®nition and scoring of any arbitrary set
of phenotypic characters in addition to the early embryo set we
have previously de®ned (29). For example, we anticipate that
the current collection of raw data, generated using differential
interference contrast (DIC) microscopy, will be supplemented
in the future with ¯uorescent images using tagged cellular
markers for different cellular components, which will provide

additional levels of detail in phenotypic descriptors. Finally
we plan to develop and provide additional data analysis tools
to facilitate mining of these data, such as online phenocluster-
ing (29). This work will be done in conjunction with continued
efforts to develop and re®ne methods for the systematization
of phenotypic data.

CONCLUSION

The prospect of a comprehensive database of phenotypic
descriptors in a simple system like C.elegans, including all
genetic aberrations and reverse-genetic defects induced by
RNAi, holds promise to bene®t other areas of study in which
phenotypes play an important role, such as chemical genetics
and medical research. Model systems are especially suited to
the discovery not only of individual key proteins that are
required for basic cellular and developmental processes, but
also to the identi®cation of network components through
genetic analysis and integration of functional genomic data
from comprehensive data sets. Consequently, the development
of effective phenotypic maps for model organisms will not
only contribute a vital view of genome function in those
particular systems but may also lead to a better way of
identifying core molecular pathways underlying cellular
pathologies associated with disease or the effects of drugs
that elicit speci®c cellular responses. Such bene®ts may prove
especially relevant for highly conserved genes whose in vivo
function is not yet known in any animal. We believe RNAiDB
could serve as a model for phenome projects in other
organisms.

Figure 2. An example of a `PhenoBlast' result page. The phenotypic signature of the query is shown in the ®rst row of the result list, followed by the 24 best
matches in the database. In this example, the query (RNAi experiment `PF:GL1_1E9', corresponding to gene `lig-1') is thought to be involved in DNA syn-
thesis, as are many top-ranking genes (based on sequence similarity to genes of known function in other organisms). Wild-type states are represented by a
blue square while mutant phenotypes are represented by yellow squares. Red and purple squares represent cases where the phenotype state for that character
is, respectively, missing or unknowable under these assay conditions. Results are ranked by similarity to the query signature and are sorted lexicographically
based on the number of shared phenotypic defects (M1), the total number of shared phenotypic characters (MA) and the probability of observing this combin-
ation of shared defects (P_M1) or all shared characters (P_MA) in the population of experiments in the database. Results with the same number of shared
characters are thus ranked in a weighted fashion that is inversely proportional to the frequency of character states in the population. Each result row is linked
to the corresponding RNAi Experiment and Gene Product card pages.
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