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The vast quantities of diverse biological data generated

by recent biotechnological advances have led to the

development and evolution of the field of bioinfor-

matics. This relatively new field facilitates both the

analysis of genomic and postgenomic data and the inte-

gration of information from the related fields of

transcriptomics, proteomics, metabolomics and phe-

nomics. Such integration enables the identification of

genes and gene products, and can elucidate the func-

tional relationships between genotype and observed

phenotype, thereby permitting a system-wide analysis

from genome to phenome. With the increasing value

and throughput of plant biotechnology, bioinformatics

is being called on to integrate the varied data generated

by the expanding ‘-omic’ technologies.

Following recent advances in technology and the develop-
ment of ultra high-throughput research, the field of
biotechnology is beginning to suffer from data overload.
This has led to the development of a broadening field of
science, termed bioinformatics, in which biology and
information technology converge. As such, bioinformatics
is often considered to be different things by different
people. In its most basic form, bioinformatics might be
described as ‘the structuring of biological information to
enable logical interrogation’.

Recent advances in genomic technologies have led to an
explosion of data and a huge growth in bioinformatics
within both plant biotechnology and the broader biomedi-
cal sciences. Applications of bioinformatics have expanded
with the so-called ‘-omic’ technologies, and this discipline
now sits as an umbrella over biotechnology. The new
challenges facing the field of bioinformatics are to provide
both complex data integration across the -omic platforms
and a direct link between traditional genetics – through
the genome, transcriptome, proteome and metabolome –
and the observed phenotype of the plant. Researchers now
want more than candidate functions for DNA sequences or
predicted structures for proteins. Biotechnology demands
intelligent searching and filtering of numerous, complex
data types to address specific issues, ranging across
specialist research fields outside the knowledge of any
one individual. Although bioinformatics is expanding its
applications alongside the rise of the new -omic and

postgenomic technologies, its focus and strengths remain
in the analysis of DNA sequences and genomes.

Genomics

Modern bioinformatics came of age with the development
of genomic technologies, specifically the ability to produce
large amounts of sequence information at an ever-
decreasing cost. High-throughput gene discovery by
expressed sequence tag (EST) sequencing, initiated in
1991 [1], set the requirement for large and searchable
sequence databases. Although EST sequencing is still the
standard procedure for gene discovery in many crops, a
reduction in the cost of DNA sequencing has led to a move
towards whole-genome sequencing.

Plant genomics was revolutionized by the release of the
complete Arabidopsis thaliana genome sequence by the
Arabidopsis Genome Initiative in 2000, four years ahead of
schedule [2]. Two years later, the completion of the rice
(Oryza sativa L ssp. japonica Nipponbare) genome sequence
by public consortia was announced (see USDA News
Release; Table 1). This work was complemented by rice
sequencing work undertaken by the agribusinesses Syn-
genta [3] and Monsanto [4], and a separate research project
at the Beijing Genomics Institute that sequenced the rice
subspecies indica [5]. Owing to similarities at the genomic
level between rice and other important crop species [6],
completionofthericegenomehashadasignificant impacton
both plant biotechnology and crop bioinformatics.

Theavailabilityof complete-genome sequences,as well as
the flood of sequence data, is leading to alternative views on
how these data can be organized and interrogated. The high
level of redundancy in gene discovery programs is being
condensed through reference to consensus or complete-
genome sequences. If a complete-genome sequence is
unavailable for a specific crop, closely related syntenic
genomes can be used. The ever-increasing size of DNA
sequence databases continues to push bioinformatic capa-
bilities, and there is a growing need to condense redundant
data. Database development has been accompanied by
progress in tools for data analysis, enabling researchers to
annotate sequences more fully and to mine complex
interacting data for valuable biological knowledge.

Databases

The rapid growth in DNA sequence information required
the development of specific DNA sequence databases. TheCorresponding author: David Edwards (dave.edwards@dpi.vic.gov.au).
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largest of these sequence databases emerged in 1986 from
the collaboration of GenBank and EMBL, and was joined
the following year by the DNA Data Bank of Japan. This
meta-sequence database is considered to be the standard
repository for public DNA sequences worldwide and
contains over 7.4 million plant DNA sequences. Further-
more, the consolidation of public databases led to the
application of a common ‘feature table’ format and common
standards for annotation practice. Feature table design
provided an extensive vocabulary for describing features
and was a precursor to current extensible mark-up
language (XML) formats, which provide standards for
structuring data across databases.

The GenBank meta-database has remained the reposi-
tory of choice for DNA sequence data, and it contains vast
quantities of organism-specific data. However, in addition
to this general sequence data bank, there developed a
demand for species-specific sequence databases that could
incorporate analytical, visualization and interrogation
tools. One of the first such databases, AceDB, was
introduced in 1989 (Table 1). AceDB provides a custom
database with a graphical user interface and tools for
structuring and interrogating genomic data. Although
AceDB was initially developed for sequence data from the
Caenorhabditis elegans genome project, it was rapidly
adopted for crop species and remains one of the principal
database formats for plant DNA sequences.

Alongside the increase in numbers of sequencing
projects, based on numerous crops in different labora-
tories, has been a concomitant growth in plant databases.
AceDB provided an early model for genome databases but
the variety of formats has expanded to suit the specific
demands of different users. There are now a multitude of
database schemata to choose from depending on the
requirements of the users, and schemata are frequently
modified to suit individual needs.

One of the more significant changes to crop genome
databases has been the move towards graphical user
interfaces that provide a more user-friendly search
environment. Although graphical user interfaces have
been developed for AceDB, more recent crop databases

have used the Ensembl database schema [7], which has a
strong emphasis on graphical user interaction. Ensembl
was initially developed as part of the Human Genome
Project, and its facility for viewing related data from
several different organisms made it an ideal model for the
cereal comparative genomic database Gramene [8–10]. A
recent advance in crop database interfaces is the use of a
standardized client-based scalable vector graphics viewer
[11], which enables data views to be manipulated without
the need for constant web page updating.

The diversity of database formats and interfaces
reflects the needs of various research groups, but such
diversity creates a challenge for bioinformatics because it
reduces the scope for data integration and interrogation
across databases. With the maturation of genomics has
come a move towards the adoption of standard data
formats and schemata for crop genome information, and it
is likely that future databases will be designed with cross-
connectivity capabilities as a priority. Complex biological
data integration can be also driven by developments in
grid computing [12].

Tools

Primary tools for sequence comparison and assembly have
grown in line with an expansion of the datasets that they
analyze. Without basic local alignment search tool
(BLAST) [13] and related sequence comparison tools,
much of the data coming from the many high-throughput
sequencing laboratories would be nothing more than
strings of letters. BLAST remains the fastest means by
which to identify specific sequences in large datasets and
enables the rapid annotation of novel sequences. Although
BLAST is the standard tool for identifying sequence
similarities in large datasets, there are several options
for assembling sequence datasets, the choice of which
depends on hardware availability, dataset size, data
format, structure and the genetic structure of the
organism.

Sequence similarity search and assembly tools are the
foundation of many software applications for analyzing
crop genomic information. The ability to rapidly identify

Table 1. Relevant URLs

Website URL Refs

Genomics

Syngenta http://www.syngenta.com [3]

Monsanto http://www.monsanto.com [4]

USDA Press Release 18 December 2002 http://www.usda.gov/news/releases/2002/12/0515.htm

Data and databases

AceDB http://www.acedb.org/

BIOVIZ Genome Viewer http://www.svgopen.org/2002/abstracts/lewis_et_al__bioviz_genome_viewer.html [11]

Gene Expression Omnibus http://www.ncbi.nlm.nih.gov/geo/

Brassica Gene Ontology Page http://hornbill.cspp.latrobe.edu.au/cgi-binpub/goindex.pl

Kyoto Encyclopedia of Genes and Genomes http://www.genome.ad.jp/kegg/ [48,49]

MicroArray Software Catalogue http://www.cs.tcd.ie/Nadia.Bolshakova/softwarecatalogue.html

Directory of MPSSa Data Pages http://mpss.dbi.udel.edu/

SwissProt http://www.expasy.org/sprot/

Bioinformatics

Wheat: the Big Picture http://www.wheatbp.net/

How a Corn Plant Develops http://maize.agron.iastate.edu/corngrows.html

ISI Web of Knowledge http://wok.mimas.ac.uk/

aAbbreviation: MPSS, massively parallel signature sequencing.
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similarities to previously characterized sequences greatly
enhances the sequence annotation process and has led to
the development of comparative sequence databases,
whereas sequence assembly packages both reduce the
high level of redundancy in datasets and enable variations
in sequence to be identified.

The availability of large sequence datasets permits
mining for biological features – for example, single
nucleotide polymorphism [14–16] and simple sequence
repeat [17] molecular markers – that can be then applied
to plant biotechnology research such as genetic trait
mapping [18]. The availability of complete-genome
sequences enables further mining for novel promoter
sequences [19,20] and other regulatory features such as
micro-RNAs [21,22]. This tertiary level annotation pro-
vides links to both the phenotype and the complex
regulatory mechanisms that govern development and
response to the environment.

Transcriptomics

The application of microarrays and sequence-based
methods to expression profiling has added an extra
dimension to current genomic data and has founded
several statistics-based disciplines within bioinformatics.

Owing to their extended linear dynamics, sequence-
based methods have the potential to determine more
accurately quantitative levels of gene expression. Fur-
thermore, they do not require prior sequence information
and so have the advantage of being able to identify novel
genes or to assess gene expression in uncharacterized
plants. With the scaling-up of EST sequencing projects, it is
becoming possible to mine these datasets to estimate
expression information [23], although this remains more
a byproduct of EST sequencing than a true transcriptomic
tool.

The predominant methods for sequence-based
expression analysis are serial analysis of gene expression
(SAGE) [24] and massively parallel signature sequencing
(MPSS) [25,26]. Of these, only SAGE has been broadly
adopted for plant genomes. Although MPSS provides
several major benefits over SAGE, the high costs involved
with the process have led to its limited implementation in
public plant biotechnology research. The use of MPSS for
annotating genomes with expressed genes is likely to lead
to the wider adoption of MPSS for crop species, and the
availabilityofpublicplantMPSSdatais increasing(Table1).

Hybridization-based microarrays have become the
transcriptomic tool of choice, probably because they can
be used to analyze several samples simultaneously. The
rapid implementation of microarrays has been followed by
a growth in the bioinformatics of microarray data analysis
[27,28]. This field has expanded from the initial examin-
ation of twofold differences in expression, to the incorpor-
ation of complex statistical models including Lowess
normalization, hidden Markov modeling and Bayesian
statistics [29–31]. There are also a plethora of software
tools for analyzing microarray data (see MicroArray
Software Catalogue; Table 1) and, with the continued
growth in methods for array data analysis, it is
unlikely that a standard, uniform procedure will be
developed soon.

There is a direct relationship between genes and their
expression, but the process of quantifying microarray-based
measurements leads to difficulties in making direct
comparisons between experiments. Efforts are being
made to standardize microarray experiments and reposi-
tories such as Gene Expression Omnibus (Table 1) are
being used more widely. With continued developments in
the field of microarray data production, significant
improvements in data analysis and integration are
necessary before these data can be structured for efficient
interrogation.

Microarray technology continues to expand: cDNA
arrays are being produced for gene expression analysis
in many plant species, and complete oligonucleotide-based
Unigene arrays are being developed for the major plant
species. The development of technologies for ‘one-off ’
custom production of oligonucleotide expression arrays is
likely to lead to a spread of microarray technology into
niche applications in expression analysis and genotyping.
Data produced from these increasing numbers of unique
array designs will extend the need for complex data
integration and analysis [27].

Proteomics

The term ‘proteomics’ was coined in the mid 1990s [32,33]
on the back of the success of ‘genomics’ and has since come
to incorporate many aspects of protein biochemistry. The
bioinformatics of proteomics predates the term in the form
of databases of predicted protein sequences, which were
mostly an outcome of the growth of genomic and high-
throughput sequencing. Proteomics currently encom-
passes databases of protein sequences, databases of
predicted protein structures and, more recently, databases
of protein expression analysis, and the field is expanding
with emerging technologies.

The principal protein sequence database remains
SwissProt (Table 1), which was established in 1986 as a
repository for predicted protein sequences and now
contains multi-level protein data [34,35]. In the bid to
link the genome and the proteome with associated
phenotypes, there has been a push towards the prediction
of protein structures in relation to their sequence. This
drive has come mainly from the pharmaceutical industry,
although structure prediction has applications in plant
biotechnology research.

The development of more accurate algorithms for
predicting protein structure is moving protein structure
elucidation out of the laboratory and into the hands of
bioinformaticists [36]. As more protein structures are
identified, the relationship between structure and function
becomes easier to predict. Databases of protein structures
and comparative structure tools also facilitate the identi-
fication of common structures and predicted functions
[37,38]. Another challenge facing the plant biotechnology
and bioinformatic research community is the translation of
complete-genome DNA sequence data into protein struc-
tures and predicted functions: such a step will provide the
vital link between the genetics of an organism and its
expressed phenotype. A comparison of the numbers of
current plant protein sequences with predicted structures
suggests that there is much scope for research in this area.
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Knowledge of the structure and function of every
protein would revolutionize the field of proteomics.
A further challenge is the high-throughput determination
of protein expression patterns. Protein expression is
predominantly determined by two-dimensional gel elec-
trophoresis and protein spot characterization through
molecular mass determination. Two-dimensional gel elec-
trophoresis technology is progressing towards the detec-
tion of smaller and smaller quantities of protein, and the
application offluorescent dye labeling enables the accurate
determination of quantitative differences between two
samples [39]. This, along with highly accurate methods for
molecular mass determination and databases of predicted
protein fragments, permits the rapid identification of not
only the complete predicted protein sequence and the
related DNA gene sequence, but also any post-transla-
tional modifications such as phosphorylation [40–43].

Recent advances in protein detection arrays and high-
throughput antigen studies are being applied in the
biomedical sector [44–46]. These advances are likely to
have an impact on plant biotechnology, particularly in the
fields of pharmaceutical and/or nutriceutical development,
although applications of these technologies in plant
biotechnology are limited at present.

Proteomics has significant prospects for advancing our
understanding in plant biotechnology owing to its direct
relationship with gene and transcript data. Proteomes also
have a strong influence on the measured phenotype of the
plant, either directly through protein content or function
or indirectly through the relationship of a protein with the
metabolome. The potential for bioinformatics to structure
and integrate -omic data, therefore, relies on an ability to
model both the proteome and its interactions.

Metabolomics

Like proteomics, metabolomics was derived from the field
of biochemistry and involves the analysis (usually high
throughput or broad scale) of small-molecule metabolites
and polymers such as starch. The foundations of metabo-
lomics are descriptions of biological pathways and current
metabolomic databases, such as Kyoto Encyclopedia of
Genes and Genomes [47,48] (Table 1), are frequently based
on well-characterized biochemical pathways.

On a more applied level, the bioinformatics of metabo-
lomics involves the identification and characterization of a
broad range of metabolites through reference to quanti-
tative biochemical analysis. Although this field is rela-
tively new, there have been significant recent advances
[49] and there is scope for many direct applications in plant
biotechnology [50,51].

Metabolomics might be considered to be the key to
integrated systems biology because it is frequently a direct
gauge of desired phenotype [52], measuring quantitative
and qualitative traits such as starches in cereal grains or
oils in oilseeds. Moreover, metabolomes can be correlated
with genetics through proteomes, transcriptomes and
genomes and therefore bypass the more traditional
quantitative trait locus approach applied to molecular
crop breeding. One of the challenges for bioinformatics will

be the structuring and integration of these diverse types of
data for the emerging field of systems biology [49,53,54].

Other -omics technologies

Genomics has spawned a plethora of related -omics terms
that frequently relate to established fields of research. Of
these terms, ‘phenomics’, the high-throughput analysis of
phenotypes, has probably the biggest application in plant
biotechnology. The great plasticity of plant genomes in
producing various phenotypes from little genetic variation
has provided both challenges and opportunities for crop
improvement. The detailed and systematic analysis of
phenotype requires both a data repository and a means of
structured interrogation. The field of phenomics developed
from the phenotypic characterization of mutant plants, the
descriptions of which have been published in volumes that
frequently use structured ontological terms (e.g. see Refs
[55–57]). The storage of these data in searchable data-
bases, together with the application of phenomics to high-
throughput analysis [58], plant development (e.g. see
Wheat: the Big Picture and How a Corn Plant Develops;
Table 1) and natural variation [59], creates the final link in
the chain from the genetics of crop development to crop
production.

Another area of data integration has, from its inception,
required data structuring and query systems. The current
literature databases in the field of ‘bibliomics’ (biblio-
graphic reference data management) were founded on
printed reference lists. These have since been integrated
into web-searchable forms, such as the ISI Web of
Knowledge (Table 1). Although there has been some
integration of bibliographic resources in species-specific
databases, such integration has generally required con-
siderable manual input. Thus, there is scope in bioinfor-
matics for the automated integration of bibliographic
references with biological datasets [60].

Data integration: from genome to phenome

Bioinformatics arose from the need to structure and to
interrogate the ever-increasing quantity and forms of
biological data being generated through the developing
-omic technologies. As these technologies continue to grow,
so does the need for such integration and interrogation
across the various types of data and scientific disciplines.
Precise data integration requires the formal annotation of
data with relational terms, and this is an essential driver
behind applications of bioinformatics in the development
of systems biology.

Although manual annotation of DNA sequences has been
considered to be the ‘gold standard’ because it is less likely to
accumulate and build on previous errors, automated
annotation by sequence comparison tools is making a
resurgence owing to its lower cost and the reduction in
bias or variation that is inherent in manual annotation [61].
Whereas primary annotation of sequences is usually
performed using sequence comparison tools (BLAST
searches of DNA and protein databases), secondary
annotation (e.g. genetic or physical map position, gene
expression data and predicted protein structure)
provides data integration and greater insight into
potential gene function.
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A current limitation of complex annotation and inte-
gration is the lack of agreed formats across databases. This
is being addressed by the use of ‘gene ontology’ terms for
protein and gene sequences [62,63], minimum information
about a microarray experiment (MIAME) standards for
microarray experiments [64], and plant ontologies for
broader plant-based database information [65]. Data
integration is also being assisted through the use of
agreed XML standards. At present, only the Arabidopsis
and rice plant genomes have primary gene ontology
annotation. However, sequence comparison tools permit
the application of this primary annotation to related
species. For example, Brassica EST sequences can be
identified through their similarity to Arabidopsis
sequences with specific gene ontology annotation
(see Brassica Gene Ontology Page; Table 1).

The formal annotation of diverse datasets is comple-
mented by the parallel analysis of related data in the
emerging field of systems biology. The integration and
structured interrogation of metabolome and transcrip-
tome datasets are already yielding results [66], providing
the basis for the integration of genome and phenome data.
Linking gene expression, protein sequence and protein
structure data with genetic and physical map data will
integrate genetics, genomics, transcriptomics and proteo-
mics. The further incorporation of metabolomic data and
data from phenotype studies will close the loop and create
the foundation for advanced knowledge bases – in other
words, meta-integrated databases that facilitate queries
across whole-systems biology.
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