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Arabidopsis, a small annual plant belonging to the
mustard family, is the subject of study for an esti-
mated 7,000 researchers around the world. At the end
of the year 2000, Arabidopsis will be the first higher
plant genome completely sequenced by an interna-
tional public effort, the Arabidopsis Genome Initia-
tive (AGI; AGI et al., 2000). Similar collaborative
efforts are under way to undertake a systematic ap-
proach to address biological problems in this organ-
ism. For the research community to benefit from the
vast pool of information, there is a need for compre-
hensive databases, information retrieval and analysis
systems that are easily accessible to researchers. Ac-
cessibility is not only the ability to search for infor-
mation of interest in sophisticated ways, but also the
ability to verify the quality and sources of data. In
this paper, I will address some of the goals and
challenges in the field of bioinformatics and describe
one example of the currently available bioinformatic
resources and opportunities for this model plant in
detail, along with a few other resources.

OBJECTIVES AND CHALLENGES
IN BIOINFORMATICS

An organism is a complex system. The reductionist
approach taken in biology has driven us to a point
where we can recreate one of the simplest life forms
(virus) and decode the genetic makeup of one of the
most complex life forms (human). Many believe that
sequencing the genome of an organism is the first
step in uncovering the rules that underlie develop-
ment and behavior. Between the raw sequence data
and the rules that govern a life form lies a gap not
unlike that between a string of alphabetical charac-
ters and a great literary work like War and Peace.
Many different approaches will be taken to charac-
terize the structure and function of gene products,
the relationships and interactions of gene products in
a process, the relationships and interactions of pro-
cesses, and the interactions between the organism

and its abiotic and biotic environment. Some of these
approaches are described in accompanying articles in
this issue.

The objective in bioinformatics is to develop meth-
ods and tools to generate hypotheses from data ob-
tained by a variety of approaches. There are many
challenges that must be overcome to achieve this
objective: (a) the increasing complexity of data and
their associations to one another, (b) the diversity in
the sources and formats in which data exist, (c) the
variability of conditions and descriptions of experi-
mentation, and (d) the quality of experimental evi-
dence for data. Developing ways to meet these chal-
lenges must combine expertise not only in biology,
but also in computer science, math, and engineering.
This multidisciplinary approach is not limited to
combining resources in different disciplines, but also
includes training people who can combine studies in
these disciplines to address complex problems in
biology.

CURRENT BIOINFORMATICS RESOURCES
FOR ARABIDOPSIS

There are many bioinformatics resources around
the world that allow researchers to access and ana-
lyze the large amounts of genetic, genomic, and bio-
logical data through the World Wide Web. This pa-
per is not an appropriate place to provide a broad
survey of all these resources, and I will focus on
describing the Arabidopsis Information Resource
(TAIR). I will also briefly discuss other resources
such as the Arabidopsis Genome Resource (AGR) and
a few genome annotation databases. Table I provides
addresses for these and other relevant web sites.

TAIR (WWW.ARABIDOPSIS.ORG)

The TAIR project was initiated last year and its
goal is to provide comprehensive information about
Arabidopsis in an industry standard relational data-
base and provide many avenues of querying, brows-
ing, and analyzing Arabidopsis data.

The basic structure of high-level data in TAIR’s
database centers around data objects, attribution, and
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annotation (www.arabidopsis.org/search/schemas.
html). Data objects (TAIR_Objects) currently include
map elements (clones, genes, sequences, genetic
markers, polymorphims, transcripts, etc.). A map el-
ement is any object that can have a position assigned
on another object. Annotation refers to descriptions
of data objects, such as position, function, or expres-
sion. Attribution contains information about the
source (people, organizations, and references) of the
data and any changes to the data (history) as well as
comments made by TAIR curators and personal com-
munications from individual researchers. References
include journal articles, web sites, databases, and
software analysis

The TAIR database search page (www.arabidopsis.
org/search/) provides an entry point for searching
the major classes of data housed in TAIR. The current
version permits searching clone, genetic marker, and
gene information. Users can perform a general search
by name that queries many different data types, or a
specific search that searches only a single data type
but allows the user to refine the search. Options for
customized searching for clones include limiting by
vector types clones that are cDNAs, have end se-
quences, are fully sequenced, and/or have been used
to make a genetic marker. Markers can be searched
by limiting to a certain class of markers, such as
cleaved-amplified polymorpic sequences markers or

Figure 1. A detail page of genetic marker nga248. The detail page for markers shows all the information about a marker in
TAIR, including name, aliases, the ecotypes that give rise to polymorphism, the type and nature of polymorphism (fragment
lengths in this case), primer sequences, references, and attributions. (http://arabidopsis.org/search/).

Table I. Uniform resource links for bioinformatic resources in Arabidopsis

Resource Address

TAIR www.arabidopsis.org
AGR ukcrop.net/agr/
Munich Information Center for Protein

Sequences Arabidopsis Database
www.mips.biochem.mpg.de/proj/thal/

The Institute for Genome Research
Arabidopsis Annotation Database

www.tigr.org/tdb/ath1/htmls/ath1.html

Kazusa Arabidopsis Opening Site www.kazusa.or.jp/kaos/
Database of Arabidopsis Annotation luggagefast.stanford.edu/group/arabprotein/
Arabidopsis Repeated Sequence Database nucleus.cshl.org/protarab/AtRepBase.htm
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all PCR-based markers, and/or to those that show a
polymorphism between a chosen pair of ecotypes.
Genes can be searched by open reading frame name,
gene symbol, full name, or product name. In addi-
tion, gene searching can be limited to those genes
whose structures have been experimentally deter-
mined, cloned, and/or sequenced. In addition to re-
stricting searches by these features, all three customi-
zable search pages provide the option of restricting
the search by map and chromosome, or specifying a
range of locations on a chromosome. In the future,
more sophisticated queries across different data
types will be available to allow more complex and
flexible queries across the entire database.

Search results are summarized on a middle page,
which is a one-line description of the matching re-
sults. Users can access a detail page for each entry by
clicking on the name, or view the entry’s map loca-
tion using the TAIR MapViewer. The detail page
presents a comprehensive summary of all data asso-
ciated to the chosen object in the TAIR database. For
clones, this includes clone-ends, vector type, and as-
sociated sequence accession numbers hot-linked to
the sequence record. For markers, details shown in-
clude type, length, associated phenotype or digest
pattern, special conditions, primer sequences, and
map positions (Fig. 1A). Gene information includes
open reading frame name, product name and de-
scription, associated clones and sequences, and other
data. All detail pages include aliases, associated se-
quence information, and attribution of the informa-
tion, which includes association to the community
member(s), references, update history, and comments.
A long-term goal is to have more customizable result
pages to allow the browsing and downloading of spe-
cific data of interest.

In addition to the search tools, several sequence
analysis tools (www.arabidopsis.org/tools) are avail-
able at TAIR; BLAST, FASTA, and PatMatch allow
users to analyze a sequence against a number of
Arabidopsis sequence data sets via the Web. The data
sets currently include all Arabidopsis proteins, all
Arabidopsis DNA sequences, bacterial artificial chro-
mosome end and expressed sequence tag sequences
only, and others. In the future, more specific data sets
such as genes, markers, transcripts, as well as non-
plant sequences, will be available. The BLAST and
FASTA input forms include a variety of parameters
for pair-wise sequence alignment algorithms (Alts-
chul et al., 1997; Pearson, 2000). For BLAST, users can
submit up to 20,000 nucleotides in multi-FASTA for-
mat. PatMatch (developed at Arabidopsis Database;
Rhee et al., 1999) allows users to find motifs by
entering a regular expression pattern or a simple
string of less than 20 characters. It provides an alter-
native to BLAST and FASTA, which are not suited for
short-string searching.

Another software tool recently developed at TAIR
is a map viewer (www.arabidopsis.org/servlets/

mapper), which integrates the visualization and anal-
ysis of different maps on each chromosome (Fig. 2). It
allows searching, browsing, and aligning of maps
and map elements on each chromosome from TAIR’s
database and displays the information graphically.
This tool was developed to facilitate forward and
reverse genetics, where researchers can start with a
mutant phenotype and get to the gene of interest, or
start with a gene or gene family of interest and find
out what the roles of these genes might be by looking
for mutations in the gene. Each entity on the maps is
hyperlinked to a page with detailed information from
the database. In addition, there is extensive help on
how to use the map viewer, from interpretation of
the data to navigation of the tool. The help document
is hyperlinked from many places on the map viewer
(http://arabidopsis.org/mapViewer/help/tairmapa.
htm).

In the upcoming year, TAIR will be reiterating the
process of database structure and user interface de-
velopment to enhance the data content and function-
ality. The major data content enhancement will come
from elaboration of annotation of the genome, incor-
poration of genetic mapping data, stock (germ plasm
and DNA) data from the Arabidopsis Biological Re-
source Center, and gene expression data from mi-
croarray and gene chip experiments.

Gene annotation will be elaborated to include data
from cDNA sequencing projects, gene family analy-
sis, expression, and other experimental data associ-
ated with the genes. Sources of annotation will in-
clude molecular databases such as GenBank, Swiss-
Prot, functional genomics groups, bioinformatics
groups, literature, in-house analysis, and individual
researchers. Each annotation will be tagged with at-
tribution as well as the source (type of experiment or
analysis) for the annotation. TAIR will put efforts
into identifying and associating all aliases of gene
names from these sources.

To accommodate consistent and facile access of
gene annotation, gene expression, and germplasm
data, a structured ontology system must be estab-
lished to describe the function, cellular localization,
process, and anatomy/development. In addition, a
list of controlled vocabulary for environmental con-
ditions/treatment will be developed. TAIR is collab-
orating with the Gene Ontology Consortium (www.
geneontology.org) to develop the ontology structure
for gene annotation, MaizeDB to develop the anato-
my/development ontology for plants, and the Ara-
bidopsis Functional Genomics Center to develop
the environmental conditions/treatment controlled
vocabulary.

AGR (HTTP://UKCROP.NET/AGR/)

AGR is focused on integrating AGI sequence data
with the physical and genetic maps of Arabidopsis to
provide the necessary components for the study of
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gene function and the identification of crop plant
orthologs of Arabidopsis genes. AGR maintains the
public recombinant inbred (genetic) maps for Arabi-
dopsis and integrates this information with physical
map data. AGR’s primary purpose is to focus on
comparative genomics between Arabidopsis and
crop plant species. Sequence homology information
is maintained with respect to the public sequence
databases (SWISSPROT, TREMBL, dbEST, and EMBL)
by searches using BLAST. New Java applets have been
developed to provide interactive displays of map and
sequence data. AGR is currently the only public data-
base containing insertional flank sequences searchable
by BLAST and linked to germ plasm requests.

ARABIDOPSIS GENOME
ANNOTATION DATABASES

There are several other databases that allow users
to access the Arabidopsis genome sequence and an-
notation data from the AGI. They each provide
searching and browsing tools for the sequence of the
Arabidopsis genome as well as annotation of the
genome analyzed by the individual groups’ suite of
programs. Researchers can also download these data
in bulk from their public file transfer protocol direc-
tories. The following are some of the major databases
in this category: Munich Information Center for Pro-
tein Sequences Arabidopsis Database, The Institute
for Genome Research Arabidopsis Annotation Data-

Figure 2. A close-up view of TAIR’s Map Viewer. The AGI map, RI map, and classical genetic maps are aligned around the
entity DET1. The Reference Sequence Map was searched for a polymorphism near DET1, SGCSNP369. Each map has its own
search and zoom functions and the zooming can be customized. Each entity on these maps is linked to a detail page from
the database (http://www.arabidopsis.org/servlets/mapper).
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base, Kazusa Arabidopsis Opening Site, and Data-
base of Arabidopsis Annotation.

CONCLUSIONS

In this paper, I have outlined the ultimate goals
desired and the initial steps taken in the areas of
genomics and bioinformatics in the Arabidopsis com-
munity. The next step is to add value to the genome
by verifying the structure and function of the genes
uncovered by the genome sequencing and annotation
efforts. In addition, the large number of genes whose
functions are unknown will need to be studied in a
number of ways. This road to discovery will require
the expertise of researchers who are focused on spe-
cific areas of biology and who are applying more
systematic ways of analyzing data in a holistic way.
Tools and resources that can serve as the hub of the
data flow in the community will be central in moving
the level of knowledge forward. For this, we need a
database structure that can handle complex data
types and be expandable, tools for querying, visual-
izing, and analyzing the data, and more standardized
ways of not only designing and performing experi-
ments, but also describing and analyzing the data.
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