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Abstract. Functional genome analysis of plants has entered the high-throughput stage. The complete
genome information from key species such as Arabidopsis thaliana and rice is now available and will
further boost the application of a range of new technologies to functional plant gene analysis. To
broadly assign functions to unknown genes, different fast and multiparallel approaches are currently
used and developed. These new technologies are based on known methods but are adapted and
improved to accommodate for comprehensive, large-scale gene analysis, i.e. such techniques are novel
in the sense that their design allows us to analyse many genes at the same time and at an
unprecedented pace. Such methods allow analysis of the different constituents of the cell that help to
deduce gene function, namely the transcripts, proteins and metabolites. Similarly the phenotypic
variations of entire mutant collections can now be analysed in a much faster and more efficient way
than before. The different methodologies have developed to form their own fields within the functional
genomics technological platform and are termed transcriptomics, proteomics, metabolomics and
phenomics. Gene function, however, cannot solely be inferred by using only one such approach.
Rather, it is only by bringing together all the information collected by different functional genomic
tools that we will be able to unequivocally assign functions to unknown plant genes. This review
focuses on current technical developments and their impact on the field of plant functional genomics.
The lower plant Physcomitrella is introduced as a new model system for gene function analysis, owing
to its high rate of homologous recombination.

Introduction
Large-scale genome projects have greatly changed the face of biology. Genomics has often been
referred to as a new field that has led to a paradigm shift in the way science is performed. By taking
full advantage of the vast amount of sequencing data, it has become possible to look at biology in a
different way. Meanwhile the genomic era has undergone a transformation in modern post-genomic
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times. Nowadays researchers do not need to approach biological questions in a hypothesis-driven way
but instead can collect and analyse data in a more non-biased and broader fashion (Rounsley and
Briggs 1999; Brent 2000). New types of scientific questions can be asked and new kinds of
experiments can be performed at an unprecedented pace. Recent technological advances and the rapid
development of novel tools now permit the interrogation of a complete genome all at once and in a
single experiment. Currently the mass of genome data is being converted into gene-function data,
meaning that value is added to the nucleotide sequence collections. Knowing the exact sequence and
location of all the genes of a given organism is only the first step towards understanding how all the
parts of a biological system work together. In this respect functional genomics is the key approach to
transforming quantity into quality. Functional genomics is a general approach toward understanding
how the genes of an organism work together by assigning new functions to unknown genes.
Information about the hypothesized function of an unknown gene may be deduced from its sequence
structure using already known functions of similar genes as the basis for comparison. In addition, the
location of given gene in the context of the chromosome may allow speculation with respect to gene
function, providing that the function and chromosomal location of genes with similar sequence is
known. However, to pin down the exact function of unknown genes it is necessary to understand each
gene’s role in the complex orchestration of all the gene activities in the plant cell. Gene function
analysis therefore necessitates the analysis of temporal and spatial gene expression patterns. The most
conclusive information about changes in gene expression levels can be gained from analysis of the
varying qualitative and quantitative changes of messenger RNAs, proteins and metabolites. New
technologies have been developed to allow fast and highly parallel measurements of these constituents
of the cell that make up gene activity. The basic principles underlying the different analytical steps
have been known for quite some time. But it is only the recent adaptation of these techniques to the
simultaneous analysis of large numbers of genes, proteins, chemical constituents and mutant plants
that has allowed the creation of the current functional genomic technology platform. Some techniques
have already become routine tools for analysing gene function whereas others are still in their infancy.
These new developments have led to the creation of new fields of research within functional genomics,
named comparative genomics, transcriptomics, proteomics, metabolomics and phenomics. Together
these approaches will allow a comprehensive and systematic functional analysis of genomes with the
potential to greatly accelerate the rate of gene function prediction.
Plant functional genomics has benefited largely from genomic research performed on model organisms
such as yeast, worms, flies and mice, not forgetting the technological spin-offs that were inspired by
the human genome project. As a consequence, modern plant biology has become more and more
characterized by extensive instrumentation and an increasing rate of mutant plant analysis. By the end
of last year the complete genome sequence of the small weed plant Arabidopsis thaliana had been
made accessible to the public, representing a very important cornerstone for modern plant molecular
biology (The Arabidopsis Genome Initiative 2000). Recently rice, as a major staple crop species, has
also been sequenced to completion. Interestingly, a large proportion of genes in these two species
share no homology to genes of known or hypothesized function (Eckardt 2000). Uncovering the exact
function of these genes will certainly lead to interesting new discoveries. In addition, the tremendous
amount of biological diversity in plant systems will allow the identification of novel gene functions.
Important functions will be matched with agronomically important traits, leading to the improvement
of crop plants. This review highlights the innovative technological developments behind the different
sets of multiparallel approaches that make up modern functional genomics and describes how they add
a new dimension to the functional characterization of plant genomes.
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Genome sequencing projects
The public effort to sequence the genome of the model flowering plant, Arabidopsis thaliana, had
been completed by the end of last year (The Arabidopsis Genome Initiative 2000). This tiny mustard
plant, a common weed of the Brassicaceae family, had been chosen as the first reference plant to be
sequenced because it has several advantages over other species. Its nuclear genome is very small
(120 Mbp), the generation time is short, and it is genetically very well characterized (Salanoubat et al.
2000). The deciphered genome of Arabidopsis was found to code for approximately 25,500 genes with
one quarter of genes believed to be plant-specific. More recently, two companies have managed to
finish sequencing the rice genome using a shotgun approach (Eckardt 2000). The public Rice Genome
Project (RGP), pursuing a more accurate approach, is still in the process of sequencing (Sasaki and
Burr 2000). In contrast to Arabidopsis, rice is a model monocotyledonous plant and a major crop. It
also has a relatively small genome size (approximately 400-430 Mbp) (Arumuganathan and Earle
1991) and it shows a high degree of synteny, i.e. conserved gene order, with other cereals. It is
estimated that the rice genome codes for 50,000 genes (Eckardt 2000). The completely annotated
reference genomes of Arabidopsis and rice will certainly serve as a starting point for the large-scale
functional analysis of other plant genomes by comparative genomics. Many other plant species have
entered the stage of large-scale expressed sequence tag (EST) sequencing (Table 1). This approach of
randomly selecting and sequencing a large set of cDNA clones allows to us put together a collection of
sequence fragments of expressed genes. A new example is the initiation of the Medicago Genome
Initiative. Medicago truncatulata, a nitrogen-fixing legume has a close phylogenetic relationship with
many agronomically important legume crop plants such as pea, soybean and lucerne (alfalfa). M.
truncatula has a small diploid genome (450 Mbp) and will be developed into a model for legume
genetics and genomics (Bell et al. 2001).
Table 1. A selection of internet sites of current plant EST collections
Public plant EST collections
Soybean EST Project

http://macgrant.agron.iastate.edu/soybeanest.html

Tomato EST Project

http://www.tigr.org/tdb/Igi/index.html

Physcomitrella EST
Programme

http://www.moss.leeds.ac.uk/

Medicago Genome Initiative

http://sequence.toulouse.inra.fr/Mtruncatula.html

Pine Gene Discovery Project

http://www.cbc.umn.edu/ResearchProjects/Pine/DOE.pine/index.html

EST collections from other
plant species

http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html

Once a plant genome has been sequenced to completion, all genes can be identified and their putative
function may be deduced from algorithms which allow the comparison of sequence and presumed
protein structure of an unknown gene with genes with known function. Such approaches of in silico
gene function prediction allow the rapid identification of candidate genes that can be analysed further.
Gene function prediction by sequence comparison, however, will not always lead to conclusive results.
For example, knowing the class of protein that a gene belongs to does not immediately tell researchers
the exact function of a gene. Gene functions may also vary even between close members of a gene
family. To date approximately 45% of all predicted Arabidopsis genes cannot be assigned a function
(Somerville and Dangl 2000). In such cases gene function must be inferred on the basis of gene
product activity, and by studying the expression of the gene in question over the course of a
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developmental process or in response to certain stress conditions. This will allow us to assess a
biological role for the gene in question.

Forward and reverse genetic approaches to gene function
Classical forward genetics are performed by phenotypic screening of mutant populations that have
been obtained by exposing wild-type plants to chemical [e.g. ethyl methanesulfonate (EMS)] or
physical (X-rays) mutagens. Once an interesting phenotype has been found, this approach requires
time-consuming positional cloning strategies to identify and isolate the gene lesion. Such conventional
forward approaches are inefficient when it comes to performing high-throughput functional genomic
analyses, despite the existence of dense genetic and physical maps in Arabidopsis (Camilleri et al.
1998). Random insertional mutagenesis, in contrast, allows the isolation of mutated genes in a much
more direct way. Foreign DNA, either a piece of T-DNA (Krysan et al. 1999) or a transposon
(Martienssen 1998), is introduced into the plant and used to disrupt genes by way of random
integration. This creates loss-of-function mutants harbouring mutant alleles which are tagged by the
interrupting piece of DNA. Such lines can be used for forward genetic approaches but their potential
can only be exploited fully when using such lines for reverse genetics (Parinov and Sundaresan 2000).
The known inserted DNA sequence allows for relatively easy isolation of any mutated gene by using
screens based on PCR methodology (Sussmann et al. 2000; Ramachandran and Sundaresan 2001;
Young et al. 2001). Currently databases are set up that contain sequence information of DNA stretches
flanking the insertion sites (Parinov et al. 1999; Tissier et al. 1999). Accordingly, by using reverse
genetic screening methods, it becomes more easy to find an Arabidopsis mutant with an insertion in
the gene of interest. Insertional mutagenesis is very important for functional genomics in plants
because direct gene knockout by homologous recombination occurs only at marginal frequencies in
flowering plants (Puchta and Hohn 1996; Reski 1998a; Mengiste and Paszkowski 1999). This fact has
up to now encouraged researchers to study higher plant gene function by using overexpression or
antisense RNA suppression. Other methods that are used to produce reduction-of-function mutants
take advantage of silencing-related phenomena such as co-suppression (Meins 2000), virus-induced
gene silencing (Baulcombe 1999) and double-stranded RNA-mediated interference (Chuang and
Meyerowitz 2000). Manipulations of known plant genes were also recently reported to be possible
using chimeric oligonucleotides (Zhu et al. 2000). Plant genetic diversity is also being increased by
using gene trap and activation tagging technologies (Springer 2000; Weigel et al. 2000). Furthermore,
natural allelic variation among the several hundred different ecotypes of Arabidopsis, for example, is
recognized as a rich source for the identification of new gene functions (Bressan et al. 2001).
In very many cases it has been found that Arabidopsis insertional knockout mutants do not show an
informative phenotype. The reason for this is speculated to be functional redundancy among genes or
the fact that mutations are conditional and do not readily change plant morphology (Bouche and
Bouchez 2001). In such cases biological function has to be inferred from measurements of gene
expression and activity. In addition, the analysis of orthologous gene knockouts in Physcomitrella can
contribute to deciphering gene function (see below). These findings underscore the fact that functional
genomic analysis depends on an array of novel methods that are producing more genetic diversity
among plants and which use new techniques to accelerate analysis of transcripts, proteins and
metabolites. In the following paragraphs we discuss the latest developments and applications of these
novel high-throughput analysis tools.
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Transcriptomics - gene expression analysis by mRNA
profiling
High-throughput analysis of differential gene expression is a powerful tool for discovering novel genes
or for gaining additional information about certain biological processes on a genomic scale.
Transcriptional profiling using microarrays has developed into the most prominent tool for functional
genomics and has convincingly demonstrated how information from raw sequence data can be
converted into a broad understanding of gene function. mRNA synthesis is the first step towards
protein synthesis and, for many genes, changes in mRNA abundance are related to changes in protein
levels. Changes in mRNA steady state levels are mostly accomplished by changing the transcriptional
rate of genes. Such fluctuations in relative mRNA amounts are indicative of changes in environment
and developmental processes or reflect responses to all kinds of stimuli. To properly understand a
gene’s function it is not only critical to know when, where, and to what extent a gene is expressed, but
it is also essential to discover other genes which are co-regulated with the gene of interest. Monitoring
the transcriptome, i.e. the complement of all transcribed mRNAs of an organism, by measuring mRNA
concentrations of defined genes in a multiparallel and quantitative way allows us to assign function to
a multitude of unknown genes. Taking the high number of scientific reports as a measure,
transcriptional profiling using microarrays currently appears as the most powerful and versatile of the
technologies used for functional genomics. Constant improvement of the technology will offer even
more possibilities for the fast and comprehensive analysis of plant gene function.
The advantage of microarray-based expression analysis is the large number of different genes, be they
of anonymous or defined sequence, that can be monitored at the same time using a small amount of
biological sample material. Such genes are immobilized on a solid support and interrogated in a single
experiment. The technique enables the parallel mass hybridization of labelled DNA or RNA pools
from two or more samples to thousands of immobilized and arrayed DNA probes and the subsequent
read-out of the number of bound target molecules. The basic principle behind transcriptional profiling
with microarrays is the reverse Northern blot method. This method has been adapted for large-scale
applications. In a typical array experiment the probe consists of labelled cDNA molecules which are
hybridized to an array of distinct immobilized target molecules. An important technical specification
of microarrays is their sensitivity. Microarray analysis of transcript levels allows the identification of
low-abundance mRNAs at a copy number of only a few molecules per cell (Schena et al. 1996; Ruan
et al. 1998). The different methods for the production and hybridization of microarrays have been
extensively discussed in a number of reviews (Lemieux et al. 1998; Baldwin et al. 1999; Brown and
Botstein 1999; Duggan et al. 1999; Eisen and Brown 1999; Lockhart and Winzeler 2000). Basically
two types of microarray formats are currently used. These differ in the way the target molecules are
produced and deposited on the chip surface, the nature and chemistry of the solid support, and the
number of target molecules per area.
The first format uses DNA-fragment-based target molecules (Schena et al. 1995). These are either
gene-specific PCR products (e.g. EST clones), plasmids or oligonucleotides. Such molecules are laid
down on to the solid support surface such that spots are arranged into a highly ordered pattern.
High-density arrays are produced using a gridding robot, resulting in spot densities of up to 1,000
targets per square centimetre. The solid support may either be a conventional nylon membrane or a
chemically-coated microscope slide. Those using the second format are oligonucleotide-based
microarrays. The target molecules (so-called "features") are synthesized in situ on the surface of the
chip using a photolithography process (Fodor et al. 1993; Lipshutz et al. 1999). The oligonucleotide
sequence is selected to be gene-specific. Oligonucleotide chips can be produced with a very high
density (up to 100,000 features per chip). Crucial to the success of a profiling experiment is not only
the high quality of the microarray but also the experimental set-up and sampling of the tissue material
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for making the hybridization probe. The classical experiment involves the simultaneous measurement
of the relative concentration of a given transcript in two different samples by competitive two-colour
hybridization. Most experiments use reverse transcription for labelling the cDNAs of both samples.
cDNA molecules are labelled with different fluorophores (e.g. fluorescein, Cy5, Cy3). After
hybridization to the arrayed target molecules the relative measure of gene expression for each gene
analysed is determined with the help of a high-resolution laser scanning device. Scanning is conducted
using two different wavelengths, giving a quantitative fluorescence image for the two different probe
populations (Lockhart and Winzeler 2000).
As more and more nucleotide sequences are being generated by an increasing number of genomic
sequencing projects, the need for deposition of a growing number of genes on a given surface area
becomes necessary. The apparent need for miniaturization is spurring the development of new chip
formats. Meanwhile it is possible to put the entire set of genes from a fully sequenced organism on to a
chip. Such expression patterns on a truly genomic scale have been obtained for yeast and other
microorganisms (DeRisi et al. 1997; Wodicka et al. 1997). Since the early establishment of basic
methods, this technology has been refined with respect to higher spot densities and sensitivity.
Microarray technology is also being continuously developed for various genomics applications other
than expression profiling (Blohm and Guiseppi-Elie 2001). Expression profiling experiments
employing microarrays can be used to address diverse biological problems. By monitoring the
changing expression patterns in response to a particular treatment or stimulus, one can get a complete
picture of a defined biological process. Accordingly, new insights into the orchestration of certain
plant responses or developmental processes can be gained. Also the complete set of genes (cluster) can
be identified that is characteristic of a certain biological process. Characteristic patterns of gene
expression which are derived from such clustering analyses may serve as a transcriptional fingerprint
of a particular transition phase of the cell. Defining such sets of genes, which are co-regulated under
defined conditions, also allows for the identification of "marker genes" that are diagnostic for certain
developmental or environmental processes. The clustering of groups of genes that are co-expressed
further enables the assignment of a putative function to previously uncharacterized genes by assuming
that genes which can be grouped on the basis of similar expression patterns are likely to be related in
function - a concept referred to as "guilt by association" (Oliver 2000).
Microarray technology stands out from other techniques which can be employed to profile transcript
abundances. A variety of innovative techniques have recently been developed which alternatively offer
great potential in analysing and cataloguing the identity and relative frequencies of mRNA transcripts
in a given polyA(+) RNA preparation and may also serve as gene discovery tools. Such methods
include differential display (DD) (Liang and Pardee 1992), serial analysis of gene expression (SAGE)
(Velculescu et al. 1995), cDNA-amplified fragment length polymorphism (cDNA AFLP) display
(Bachem et al. 1996), total gene expression analysis (TOGA) (Sutcliffe et al. 2000), and gene calling
(GC) (Shimkets et al. 1999). These protocols are largely based on methodologies that yield
differentially amplified cDNA fragments by employing the polymerase chain reaction (PCR)
combined with restriction digest of cDNA molecules and sequence identification of such fragments.
Other methods use high-throughput sequencing approaches such as comparative expressed sequence
tag (EST) sequencing of randomly chosen cDNA clones from different cDNA libraries (Adams et al.
1995; Audic and Claverie 1997), or monitor gene expression by massively parallel signature
sequencing (MPSS) of cDNAs cloned in vitro on microbead arrays to obtain signature sequences for
each cDNA clone of a given library (Brenner et al. 2000). Combinations of these methods have also
been described (Nacht et al. 1999; Ivashuta et al. 1999). The above-mentioned techniques have
successfully been applied to solve diverse problems of plant biology (Ewing et al. 1999; Matsumura et
al. 1999; Bruce et al. 2000; Breyne and Zabeau 2001; Vercauteren et al. 2001). However, difficulties
with reliability and reproducibility of such methods remain. Clearly, such techniques are the method of
choice for plant systems for which relatively little genomic sequence information is available (Breyne
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and Zabeau 2001). In the future more completely sequenced genomes and large plant EST collections
will be available. This fact will further increase the need for technologies that allow the analysis of
very large numbers of genes simultaneously. Using microarrays for transcript profiling on a
genome-wide scale will certainly become the standard approach. To date, research on the yeast and
human transcriptomes has already boosted the technological progress of this method and demonstrated
the general applicability of this technique. Yeast microarrays which contain all 6,200 predicted ORFs
have been used to record mRNA profiles under conditions such as cell-cycle progression, diauxic shift,
sporulation, alkylating treatment, and starvation (Chu et al. 1998; Spellman et al. 1998; Brown and
Botstein 1999; Jelinsky and Samson 1999). Human disease- and tissue-specific gene-chips have also
been investigated (Perou et al. 1999, 2000).
The usefulness of microarray technology for transcript profiling approaches in plants has been the
focus of recent reviews (Baldwin et al. 1999; Richmond and Somerville 2000). For Arabidopsis and
other plant species, different sets of chips are currently available from commercial suppliers. These
chips may comprise up to 10,000 plant genes. Several publicly funded projects such as AFGC and
GARNet also offer microarray services (Wisman and Ohlrogge 2000; Table 2). Early plant microarray
studies were designed to demonstrate the general applicability of the multiparallel profiling technology
for addressing various plant molecular biological questions (Schena et al. 1995; Desprez et al. 1998).
More recent microarray analyses in plants have approached various biological questions in different
plant species by interrogating an increasing number of genes (Ruan et al. 1998; Aharoni et al. 2000;
Girke et al. 2000; Maleck et al. 2000; Schenk et al. 2000; Wang et al. 2000; Kawasaki et al. 2001;
Schaffer et al. 2001; Seki et al. 2001; Zhu et al. 2001). To date a large number of reports have
demonstrated the usefulness of microarray analysis for addressing biological questions on a global
scale. However, conducting array experiments is not a trivial task as not all technical problems have
been solved yet. This is why data verification is crucial. An important issue in this respect is tissue
sampling. Tissue samples are often composed of different cell types, making the sample a complex
mixture of different transcriptional states. Moreover, the relative content of the different cell types may
vary between samples. making measurements of steady state mRNA levels difficult to interpret.
Another point of concern is the apparent biological variation between samples which have been
harvested under the same conditions. As a consequence the sampling and probe preparation processes
need to be highly standardized.
Table 2. Websites relevant to plant functional genomics
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Plant genomic databases
The Arabidopsis Information
Resource (TAIR)

http://www.arabidopsis.org/agi.html

Rice Genome Project (RGP)

http://rgp.dna.affrc.go.jp/Seqcollab.html

Arabidopsis Transposon Insertion
Database

http://formaggio.cshl.org/~h-liu/attdb/index.html

Arabidopsis Knockout Facility

http://www.biotech.wisc.edu/Arabidopsis

Torrey Mesa Research Institute
T-DNA collection

http://tmri.org/pages/collaborations/garlic_files/

Arabidopsis SNP-site

http://www.arabidopsis.org/cereon/index.html

Project 2010

http://www.arabidopsis.org/workshop1.html
Microarray databases

EBI: The ArrayExpress database

http://www.ebi.ac.uk/arrayexpress/

Affymetrix

http://www.affymetrix.com/products/Arabidopsis_content.html

Monsanto

http://www.monsanto.com/arabidopsis/

AFGC

http://afgc.stanford.edu/

GARNet

http://www.york.ac.uk/res/garnet/may.htm

Rice transcriptional database

http://microarray.rice.dna.affrc.go.jp
Proteomics databases

Proteome Analysis at EBI

http://www.ebi.ac.uk/proteome/

Arabidopsis Membrane Protein
Library

http://www.cbs.umn.edu/arabidopsis/

Database of A. thaliana Annotation

http://luggagefast.Stanford.EDU/group/arabprotein/

ExPASy A. thaliana 2D-proteome
database

http://www.expasy.ch/cgi-bin/map2/def?ARABIDOPSIS

PlantsP: Functional Genomics of
Plant Phosphorylation

http://PlantsP.sdsc.edu/

PPMdb: Plant Plasmamembrane
DataBase

http://sphinx.rug.ac.be:8080/ppmdb/index.html

Generally, transcriptional profiling experiments have to be interpreted with caution because some
biological processes lack a clear correlation between mRNA and protein levels. Instead of analysing
the corresponding protein levels, however, it may help to investigate mRNA subfractions of the total
mRNA pool of the cell to fine-tune microarray expression studies. The specific translational state of
mRNAs can, for example, be identified by preparing specific subpools of well-translated and
under-translated mRNAs and mRNAs may also be fractionated into membrane-bound and cytosolic
polysomes in order to analyse the expression level of secreted and membrane-associated genes (Zong
et al. 1999; Diehn et al. 2000). An essential part of microarray analysis is the way data that are
collected and evaluated with image analysis software. Multiple array read-outs may generate an
enormous amount of multidimensional information which has to be extracted and processed for
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normalization and interpretation. This can only be achieved if large-scale relational databases are
connected with robust and reliable data mining tools and specialized pattern-recognition software.
Although some of these tools for data mining, integration, and clustering analysis have already been
developed (Eisen et al. 1998; Spellman et al. 1998; Hughes et al. 2000; Kim et al. 2000; Kerr et al.
2000) new programs are still needed in order to refine data analysis. Data interpretation problems may
also arise on the basis of the DNA targets that are chosen. EST microarrays, for example, will not give
a complete picture of the transcriptional state of the cell because genes which are expressed at a low
level are most probably underrepresented in EST libraries. Also some degree of unspecific
cross-hybridization between different PCR fragments cannot be excluded (Richmond and Somerville
2000), as in plants many genes belong to a multi-member gene family and a high incidence of gene
duplications is found in Arabidopsis (The Arabidopsis Genome Initiative 2000). One of the biggest
obstacles for comprehensive microarray data analysis is still the quality control and normalization of
gene expression data between two or more experiments. Several methods are currently used to reduce
the noise in array experiments and improve the quantitative evaluation process (Eickhoff et al. 1999;
Beissbarth et al. 2000; Hedge et al. 2000; Schuchhardt et al. 2000). The scientific question under
investigation and the experimental set-up determine the method for normalization which has to be
chosen. The above-mentioned sources of variation necessitate that more than one chip experiment
should be performed in order to be able to reliably interpret the data. After microarray experiments
have been performed and analysed, the next analytical step must involve verification of the data on a
gene-by-gene basis by using conventional methods such as quantitative PCR-based methods or RNA
and protein blot analysis.
Transcriptional profiling experiments are not done fast and need a great deal of data verification to be
done. Moreover, the equipment for microarray production, hybridization and read-out is still
expensive. Transcriptomics, however, is already a frequently used tool for simultaneous analysis of a
large number of genes. New technologies for spotting and various other technical innovations are
being developed, some of which will eventually lead to considerable cost reductions in the near future.
This will make the microarray technology more consumer-friendly and accessible to many more plant
biologists.

Proteomics - analysing the plant proteome
The proteome has been defined as the entire complement of proteins present in a cell, organism, or
tissue under defined conditions. Accordingly, proteomics is the study of this complement expressed at
a given time or under certain environmental conditions (Wilkins et al. 1997). Proteomics can be
divided into three main areas: (1) large-scale identification of proteins by linking structural
information, such as N-terminal protein or internal peptide sequences, amino acid composition,
isoelectric point, molecular mass, peptide mass fingerprints or sequence tags of selected peptides to
DNA or protein databases; (2) comparison of variations in protein patterns due to stimulation by
hormones, environmental changes and/or genetic mutations, followed by identification of proteins
which show changes in concentration or post-translational modifications; (3) studies of protein-protein
interactions using techniques such as mass spectrometry, the yeast two-hybrid system or other
molecular genetic tools (Pandey and Mann 2000).
Large-scale identification of proteins involves three basic steps, beginning with the purification of
small amounts of proteins from complex mixtures, digestion with a specific protease followed by
peptide mass spectrometry analysis and finally computer analysis of the resulting peptide data against
predicted proteolytic peptides from protein-sequence databases (Gevaert and Vandekerckhove 2000).
The most popular approach is the purification of cellular fractions through two-dimensional gel
electrophoresis followed by excision of individual spots, proteolytic in gel digestion of the isolated
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protein and further purification of the resulting peptides. The mass spectrometry analysis begins with
peptide mapping, that is, the accurate mass measurement of the proteolytic products of the individual
protein (Shevchenko et al. 1996). Each protein sequence that is available from a DNA or protein
database can be virtually digested according to the specificity of the used protease and the masses of
the resulting peptides are calculated and compared to the experimental data, i.e. the peptide mass
profile of each protein from an individual gel spot. If the identification is not possible because of poor
recovery of peptides from the gel matrix, the analysis can be completed by mass spectrometry
sequencing of selected peptides (Yates 2000). Depending on the type of mass spectrometer, a few
amino acids can be depicted (sequence tag) or complete sequence can be acquired (de novo
sequencing). N-terminal protein or peptide sequences can also be determined using the automated
Edmann sequencing method after transfer onto a PVDF-blotting membrane (Hewick et al. 1981).
Different software tools are available which allow high selectivity and specificity for the protein
identification process (Fenyö 2000), provided that DNA and protein databases exist.
In plants, although database resources are limited, numerous efforts are being undertaken to explore
the corresponding proteomes by using specific subcellular fractions (Table 2). The completion of the
genome sequence of Arabidopsis allows the systematic protein identification in this organism. The
proteome database issued from the translation of the genomic data can already be downloaded from
the Internet. Proteomic analyses of organelles from different ecotypes are currently being organized.
The Arabidopsis Plant Plasma Membrane Project is a consortium involving several laboratories which
are organized with the help of the European Community. The goal of this network is to map and
identify the transmembrane proteins, which represent a set of proteins particularly difficult both to
extract and to resolve on 2-D gels (Santoni et al. 1998; Seigneurin-Berny et al. 1999). Up to 50% of
the membrane proteins visible on 2 D gels can already be linked to gene sequences, many of which of
unknown function. Another advanced project concerns the proteome of rice. Based on the partial
genome data available, but also on a huge collection of EST sequences, subcellular protein mixtures
are analysed using a two-dimensional liquid-chromatography system ending with on-line digestion
directly coupled to a nanospray mass spectrometer (Yates et al. 1999). This method allows complete
automation of the process, a higher sensitivity than 2-D electrophoresis and thus a high throughput. To
date, more than 1,000 proteins have been identified but the resulting proteome database is proprietary.
Recently, the lumenal and peripheral thylakoid proteomes from pea have been systematically
investigated (Peltier et al. 2000). Both fractions contain about 200 different protein species and
although protein sequence data from pea are limited, a combination of mass spectrometry analysis and
Edmann sequencing has allowed the identification of 61 proteins. Other examples of plant-specific
proteomes are illustrated by the construction of proteome maps of the maritime pine (Costa et al. 1999;
Plomion et al. 2000), maize (Touzet et al. 1996), and the peribacteroid membrane of soybean root
nodules (Panter et al. 2000). Large collections of standardized 2-D gels are available from these
projects; unequivocal identification of protein, however, remains difficult due to the small set of DNA
sequence data available. The same technological tools, i.e. 2-D mapping associated with mass
spectrometry analysis, are used to detect variations in protein patterns between two defined states, for
example between a hormone-stimulated and a control tissue, or between a wild-type and a mutated
sample. The mass spectrometry analysis of in gel-digested proteins is not a quantitative method, and
thus quantitative comparisons of different protein samples have to be done within the 2-D separation
step. Multiple approaches are available: comparison of protein patterns on conventional 2-D gel
electrophoresis followed by staining (Jung et al. 2000; for discussion see Gygi et al. 2000), Western
blotting, or other immunoaffinity (Pandey et al. 2000; Rigaut et al. 1999) and
liquid-chromatography-based methods (Nilsson and Davidsson 2000). Relative quantification of
proteins or peptides using mass spectrometry analyses is possible for samples labelled with a stable
isotope such as deuterium and compared with a non-labelled sample (Gygi et al. 2000).
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In plants, comparative analysis of 2-D gel protein patterns is an important tool for studying the genetic
and physiological differences between variants of cultivated species (Thiellement et al. 1999) and thus
contributes to the definition of quantitative trait loci (QTLs). Comparative proteomic analyses have
been made between green and etiolated rice shoots (Komatsu et al. 1999), and different tissues
stimulated by hormone or environmental factors (Rossignol 2001). Symbiotic interactions have also
been investigated (Natera et al. 2000), as well as the effect of the sink-source shift on the proteins
present in the phloem (Kehr et al. 2001). In principle, variations between protein patterns are either
due to differences in gene expression levels modulating protein concentration, or may result from
post-translational modifications, which change the structural properties of the protein of interest.
Identification and quantification of post-translational modifications can be analysed by mass
spectrometry through the characteristic mass shift of the modified protein after cleavage of the
modifier radicals (Kaufmann et al. 2001). Identification of phosphorylated proteins is particularly
successful in plants, and a database devoted to the plant phosphorylome is already available (Table 2).
Specific antibodies against phosphorylated tyrosine, serine and threonine are available and widely
used to detect phosphorylated proteins (Kameyama et al. 2000; Rokka et al. 2000). The most
promising method allowing us to assess the stoichiometry of in vivo protein phosphorylation in a
complex sample is based on the separation of phosphorylated peptides from proteolytic digest by
affinity chromatography coupled to mass spectrometry (Vener et al. 2001). The specificity of the
immobilized metal affinity chromatography (IMAC) method allows not only the purification of
peptides phosphorylated at tyrosine, serine, threonine, but also at histidine or asparagine residues. This
is particularly important for the investigation of phosphorylation events related to plant signal
transduction pathways as, unlike in mammals, phosphorylation preferentially occurs at histidine or
asparagine residues (Inoue et al. 2001). As exemplified by reversible protein phosphorylation in
photosynthetic membranes, the method is rapid and accurate and thus opens the possibility for precise
investigations of the time-course of protein phosphorylation.
To assess protein function, the most direct tool is to study the interaction partner of the protein of
interest. The proteomic approach has boosted this field and numerous new high-throughput techniques
have been developed. Mass spectrometry analysis of large protein complexes such as nuclear pore
(Rout et al. 2000) or spliceosome (Neubauer et al. 1998) is a powerful approach, which has led to the
functional identification of numerous proteins. To date, in plants only the chloroplast RNA polymerase
complex from mustard has been investigated (Pfannschmidt et al. 2000). The critical point is the
availability of purification methods for the complex under study. Some complexes are stable enough to
be directly purified (e.g. ribosomes), for others it is possible to use specific antibodies. Over recent
years, several different teams have tried to develop so-called protein-chips in analogy with the DNA
chips used in transcriptomics (Pandey and Mann 2000). Different generic methods based on the
production of large libraries of fusion proteins allow for the standardized purification or expression of
unknown proteins which are themselves immobilized or tested against immobilized known ligands
(Rigaut et al. 1999; Rappsilber et al. 2000). The read-out of the chips can be done by MALDI-based
mass spectrometry (Davies et al. 1999) or different ligand specific detection methods. Applications of
the protein-chip approach are large-scale functional assays (Emili and Cagney 2000) as well as the
automated yeast two-hybrid system (Ito et al. 2000) or phage display screening (Zozulya et al. 1999).
In the plant field, the development of protein or peptide-fusion libraries is just beginning and
essentially concerns Arabidopsis. The well-known green-fluorescent protein gene (GFP) was used to
produce a random GFP::cDNA fusion library that has been introduced en masse by
Agrobacterium-mediated transformation in Arabidopsis. The transgenic plants have been screened for
the subcellular localization of the fusion proteins using the fluorescent properties of the GFP (Cutler et
al. 2000). The goal is both the characterization of peptide motifs responsible for the specific targeting
of proteins and the collection of protein-fusion markers allowing the study of the dynamic properties
of subcellular structures. Schauser et al. (2001) have built a library of peptides constituted of peptamer
bound to an inactive staphylococcal nuclease. After generation of a collection of transgenic plants

- 11 -

expressing the peptide library, it is planned to screen for the inhibition potential of the peptides on the
hypersensitive response.
In conclusion, substantial technological progress with respect to proteome analyses has been made by
the plant research community as demonstrated by the numerous reports published during the last
5 years. However, while tackling the plant proteome, researchers have struggled with the same
difficulties as in other biological systems. The possibility of addressing the entire complexity of
protein complements of cells or tissue and of detecting the differences in the protein complements
between different kinds of samples is currently still limited by the separation methods used, in
particular 2-D electrophoresis. Currently high-throughput methods are available for the preparation of
protein digests and mass spectrometric analyses. The next technological challenge will be to speed up
and standardize the separation steps, at first through liquid chromatography processes and, in the near
future, through protein-chip technology.

Metabolomics - profiling the composition of metabolites
The term metabolomics describes recent high-throughput approaches in the field of metabolic
genomics that aim to identify gene function on the basis of analysing the metabolome, the full
complement of metabolites of an organism. By simultaneously profiling the chemical constituents of
the cell it is possible to obtain a full non-biased description of the metabolome status of an organism
under defined conditions, at a given time in a given genetic background. This technology has the
potential to visualize relationships that occur via regulation at the metabolic level. Unlike
transcriptomic and proteomic strategies measuring changes in mRNA and protein levels, metabolic
profiling allows us to get closer to the specific role that a certain gene performs in a biochemical
process. Additionally, novel links within the metabolic network of the cell may become apparent and
novel products of side-reactions could be identified. Changed levels of certain compounds are
recorded which can imply the presence or absence of gene products which are involved in synthesis or
breakdown. The goal of such analyses is to determine the biochemical function of plant genes.
High-throughput metabolic screening approaches involve automated multiparallel analyses of a wide
range of compounds by one single measurement. The development of reliable protocols and the
number of published reports on large-scale metabolite profiling is clearly lagging behind the efforts
already made in the fields of transcriptomics and proteomics. However, the undoubted potential of
metabolomics is clearly recognized and currently being transformed into a new tool for comparative
display of gene function in plants and other systems (Trethewey et al. 1999; Glassbrook et al. 2000;
Glassbrook and Ryals 2001; Trethewey 2001). Metabolome, trancsriptome and proteome analyses are
similar in that they are context-dependent, i.e. the composition of proteins and metabolites varies with
different states of the cell. However, metabolites, like proteins, are functional entities rather than mere
transmitters of gene activity such as messenger RNAs. Estimates as to the maximum number of
metabolites in the plant kingdom range between 90,000 and 200,000 different chemicals. Arabidopsis
alone is believed to have more than 5,000 different low-molecular-weight compounds, with the
majority of these compounds being products of secondary metabolism (Roessner et al. 2001).
Analysing a large subset of defined or undefined metabolites is attractive because a biochemical
phenotype can be detected directly by coupling chemical analysis with genetic analysis. Direct
information about a change in biological function can be linked to a mutation event. Different
chemical analysis techniques can be used to rapidly and economically record the profile of small
molecules and screen for relative changes in certain compounds in a plant mutant collection.
Metabolite profiles are typically recorded by using techniques such as gas chromatography coupled
with mass spectrometry (GC/MS) and high performance liquid chromatography (HPLC). Also the
combination of GC and HPLC with time-of-flight (TOF) mass spectrometers is currently being
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developed for biochemical profiling applications (Glassbrook and Ryals 2001). Apart from GC/MS
and HPLC, nuclear magnetic resonance (NMR) spectroscopy-based techniques have also recently been
applied for the profiling of small compounds (Bligny and Douce 2001; Raamsdonk et al. 2001). The
key to the applicability of these techniques for profiling approaches is the development of rapid and
simple extraction and separation protocols. The fractionation methods need to guarantee that the
catabolic and anabolic activities of the cells are immediately stopped at the beginning of the extraction
to avoid further modification of the metabolite pool. The identification of a wide range of metabolites
is done against a database of profiles of known purified compounds. To be able to find even small
differences in metabolite composition between samples, different pattern recognition methods such as
hierarchical cluster analysis and principal component analysis (Jurs 1986) can be applied to calculate
an individual metabolite profile and compare it to other metabolite profiles. Profiles of samples which
group into a defined cluster can then be used to define a "metabolic phenotype". Furthermore,
correlation analysis allows us to determine linkages and metabolic interactions between all compounds
of a cluster. At this point the exact chemical nature of the analysed compounds need not be known, but
the precise identification of compounds may become necessary in follow-up experiments. This step of
analysis may then be more labour-intensive and needs to employ techniques such as MS or NMR. As
with other functional genomics approaches, the interpretation of results may become problematic
because of the sheer mass of data generated. The fact that biochemical pathways make up highly
regulated networks adds to the complexity of the analysis. The application of new data-mining tools is
therefore necessary in order to reduce the complexity of metabolite profiling read-outs.
Metabolic profiling of biological systems has not been used to a great extent in the past. Applications
have been reported in human systems (Duez et al. 1996; Ning et al. 1996), but only recently has this
technology been employed for studies in plants (Katona et al. 1999; Weichert et al. 1999, 2000; Fraser
et al. 2000; Fiehn et al. 2000a, b; Roessner et al. 2000, 2001). The feasibility of metabolome studies
for plant functional genomics has, for instance, been demonstrated by recording distinct metabolic
profiles from Arabidopsis and potato extracts (Fiehn et al. 2000a; Roessner et al. 2001). In an attempt
to demonstrate the usefulness of new metabolite profiling and extraction protocols, Roessner et al.
(2001) analysed a wide range of hydrophilic compounds in potato tubers. Four independent potato
transgenic genotypes were studied. These transgenic lines, through expression of heterologous
enzymes, showed modifications in sucrose metabolism and were analysed for the presence of around
80 hydrophilic compounds. It was possible to assign defined clusters of compounds to each phenotype
and the most important components of the clusters were identified. Correlation analysis revealed close
linkages between certain metabolites in the clusters. Fiehn et al. (2000a) presented an unbiased
metabolite analysis of more than 300 distinct compounds in Arabidopsis. The profiles allowed for the
reproducible assignment of defined "metabolic phenotypes". A challenge to this technology is the
variability inherent in biological systems rather than the variability inherent in the analytical procedure
itself. Fiehn et al. (2000a) found a high degree of variability between samples even when genetically
identical Arabidopsis plants were grown under identical parameters. These findings mirror the
metabolic flexibility of plants in general - a phenomenon that this technology has to cope with. It is,
however, clearly possible to find significant metabolic differences in different plant genotypes,
enabling us to distinguish defined metabolic mutants from parental wild-type background plants
(Fiehn et al. 2000a).
The reported examples demonstrate the general usefulness of metabolite profiling as a novel tool for
plant biology that has the potential to significantly extend and enhance the power of the already
existing transcriptomic and proteomic approaches. Despite the prevailing problem of high metabolic
variability among genetically identical plants, promising technological advances have been made to
date. Assuming the development of robust protocols and standardization methods, metabolomics will
enable scientists to comprehensively characterize the complement of low-molecular-weight chemicals
in plants. Plant metabolite profiling will allow the comprehensive analysis of the metabolic
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consequences of genetic modifications and as a result will help towards a better understanding of
biochemical networks and their regulation - a prerequisite for improving the metabolic engineering of
crop plants.

Phenomics - phenotypic profiling of mutant collections
The term phenomics stands for the large-scale analysis of plant diversity with respect to plant
morphology. Classical genetics is largely based on the screening of collections of mutant plants
followed by isolation of the mutated gene. Such screens so far have been hypothesis-driven, i.e.
researchers focused primarily on the discovery of a mutant phenotype that was believed to mirror the
lesion in a gene of interest. With novel global-scale technologies currently being developed for the
toolbox of plant functional genomics, conventional mutant screening is now at the edge of the
transition from small-scale to non-biased large-scale phenotype monitoring of mutant collections. Such
phenotypic profiling approaches aim to measure the physical and chemical properties of an organism
at specific time points during its life cycle. Collecting data on a certain set of morphological and
developmental traits allows us to put together a comprehensive picture of a mutant’s phenome (Boyes
et al. 2001). Such a mutant phenotype profile can then be compared to the profile of the wild-type
plant, which is recorded simultaneously. As with all new global-scale analysis tools, such profiling
methodologies will generate vast amounts of data which will serve as the basis for systemically
studying the relationship between a mutant genotype and its respective phenotype. For plants one can
imagine a whole lot of phenotypic characteristics that can be analysed. These may include growth rate,
growth behaviour, timing of flowering and seed set, seed shape, leaf shape, colour changes, root
density, nutrient utilization, and other deviations from wild type. The concept of phenomics is nicely
illustrated by the analysis of the natural variation in light sensitivity among 141 different Arabidopsis
accessions. Monitoring the response patterns to four light conditions, two hormone conditions, and
darkness was used to identify the genes behind changes in different signalling pathways (Maloof et al.
2001). This example exemplifies phenomics on a rather small scale. Large-scale phenomic screens
with thousands of mutant plants are currently being implemented by companies (Boyes et al. 2001).
Once an interesting mutant is identified, the integration of phenomics data with data sets from
transcriptome, proteome and metabolome analyses will help to paint a comprehensive picture of
mutant gene function.

Physcomitrella - a tool for plant functional genomics
Bryophytes, non-vascular multicellular land plants, have been shown to be versatile tools for plant
genetic research since the beginning of the century. It was recognized early on that the haploid moss
protonema has great potential for genetically dissecting plant differentiation processes. Moss research,
therefore, has contributed greatly to understanding plant genetics and the evolution of plant
developmental processes (Reski 1998a, 1999).
While early moss studies mainly employed physiological and cytological approaches, more recent
studies have used molecular genetic tools to answer biological questions. Molecular research has, for
example, yielded evidence for conserved synteny of plastid DNA gene order among Physcomitrella
patens and higher plants (Calie and Hughes 1987). Lately Physcomitrella has convincingly been
demonstrated to be a system amenable to modern molecular and genetic analysis (Schaefer et al. 1991;
Reski et al. 1994, 1998; Kruse et al. 1995; von Schwartzenberg et al. 1998; Cho et al. 1999; Kranz et
al. 2000; Schulz et al. 2000). The use of moss as an appropriate model for plant biology has been
underscored by analysis of a set of moss EST clones which revealed a high degree of sequence
conservation at the nucleotide level between Physcomitrella and all types of seed plants. Furthermore,
no significant difference in codon usage was found between Physcomitrella genes and seed plants
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(Reski 1998b; Machuka et al. 1999). Novel insights into the physiology and molecular genetics of the
moss Physcomitrella have accumulated over recent years (Reski 1998a, 1999). The moss genome has
been estimated to be only three times larger than the Arabidopsis genome (Reski 1999). The already
known favourable characteristics of the moss, such as the small genome size and the dominant haploid
gametophytic stage, have recently been turned into a striking advantage over other plant systems,
when it was demonstrated that Physcomitrella is able to integrate transforming DNA at high frequency
by way of homologous recombination - a feature that is unique among plants (Schaefer and Zryd
1997). The homologous recombination rates in moss are several orders of magnitude higher than in
seed plants (Reski 1998b, 1999). Accordingly, Physcomitrella has emerged as the only land plant that
allows us to perform targeted knockout with high precision Knockout at the DNA level correlates with
a mutant phenotype that reveals the biological function of the disrupted gene (Strepp et al. 1998; Girke
et al. 1998; Girod et al. 1999). The fact that the moss spends most of its life-cycle in the haploid phase
allows us to directly study and find phenotypic alterations as a consequence of gene mutation. Much as
in yeast, this potential can now be exploited for true reverse genetic approaches which have to date not
been feasible in other plants (Reski 1998b; Schaefer 2001).
Currently Physcomitrella is being established as a new model system for studying plant genes of
unknown function. Mosses are known to contain a whole range of secondary metabolites which cannot
be found in higher plants. The moss is, for instance, able to synthesize high proportions of arachidonic
acid, a 20:4 fatty acid unusual in seed plants. This fact facilitates the discovery of novel plant genes
from mosses such as novel desaturases and elongases (Girke et al. 1998; Sperling et al. 2000; Zank et
al. 2000). Girke et al. (1998) demonstrated the use of Physcomitrella to discover and functionally
characterize a new plant desaturase gene by knocking out the wild-type locus. In addition, moss has
the advantage of being an attractive system for studying plant morphogenesis. Morphogenesis in moss
protonemata can be pinpointed to single cell events. This property enables researchers to gain novel
insights into the establishment of cellular polarity in plants (Bhatla et al. 2002). Physcomitrella also
allows us to assign specific functions to genes that play roles in cytological processes. Using transient
protoplast transformation, Kiessling et al. (2000) visualized a cytoskeleton-like network in
chloroplasts by imaging of the FtsZ gene product using a green fluorescent protein (GFP) tag. Using
the same approach, U. Richter et al. (unpublished) demonstrated dual targeting of Physcomitrella
phage-type polymerases into mitochondria and plastids.
In collaboration with our industrial partner, BASF Plant Science, we are using Physcomitrella as a tool
to understand plant gene function on a genomic scale. Our approach is based on large-scale production
of moss protonema tissue in bioreactor cultures (Hohe and Reski 2002) and a proprietary EST library
comprised of 110,000 clones from different tissues. Analysis of the ESTs revealed that the
Physcomitrella genome can be estimated to contain around 25,000 genes, among which are 11,000
novel plant genes (S.A. Rensing et al., unpublished). We take advantage of the system’s high rate of
homologous recombination to follow two routes to analyse all the Physcomitrella genes. First, a
saturated mutant collection (several thousands of individual mutant plants) is generated by using a
large-scale insertional mutagenesis approach. These mutants contain moss cDNA transgenes which are
disrupted by a selection cassette. The moss ESTs are mutagenized using a novel transposon shuttle
mutagenesis system. This highly efficient system allows the disruption of each cDNA of the EST
library by way of inserting a neomycin-phosphotransferase gene conferring kanamycin resistance to
moss mutants. The aim is to transform moss with the entire complement of its genes and thereby
mutate the whole moss genome. This will allow the economical, genome-wide screening for moss
gene disruption phenotypes (T. Egener et al., unpublished). Second, targeted knockout mutations are
generated from certain genes of interest which are derived from the EST database. Both the forward
and reverse genetic approach will serve to rapidly isolate novel plant genes with the potential to
improve crop plant performance. Rather than using cDNA, genomic DNA also offers itself as a basis
for large-scale production of knockout constructs. Nishiyama et al. (2000) used shuttle mutagenesis of
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genomic library material to perform tagged mutagenesis and gene-trapping in Physcomitrella. A
similar approach has been used to mutagenize the yeast genome, leading to the biggest collection of
defined and targeted yeast mutants to date (Ross-MacDonald et al. 1999). Other groups gather new
sequences from expressed moss genes. A publicly available collection of 30,000 Physcomitrella ESTs
is currently being generated by a collaboration between researchers at Washington University and
Leeds University (Table 1). The laboratory of Mitsuyasu Hasebe, Okazaki, Japan, has generated
50,000 Physcomitrella ESTs which are currently released into public databases.
In the future, moss functional genomics will take advantage of the whole spectrum of techniques that
are currently available to study the plant transcriptome, proteome and metabolome. Physcomitrella
will be used as a routine tool to systematically address the function of novel plant genes by reverse
genetics. Studies in Physcomitrella will certainly complement functional analysis in other species and
will add considerable value to plant genomics as a whole.

Conclusions
Plant genomics research has entered the phase of fast functional characterization of all plant genes. For
efficient gene function analysis, researchers can choose from a multitude of different methods from the
toolbox of plant functional genomics. Throughout recent years it has become increasingly clear,
however, that each method has its inherent limitations and none of them alone suffices to
unequivocally assign a function to a gene of interest. The strength of functional genomics is that it
enables us to synergistically bring together complementary approaches. If one wants to take full
benefit of the available genomic information on plant genes, only the multidisciplinary integrated
approach will allow the functional characterization of plant genes. Furthermore the vast amount of
data from various approaches has to be interconnected and organized into central databases in order to
allow easy extraction and comparison of data for meaningful analysis. Such resources need to link
information as to the sequence, genomic context, expression and mutant phenotype of a gene. All this
necessitates novel bioinformatic tools to be developed. Currently the methodological groundwork is
being laid out for the functional analysis of all plant genes. The goal of the ambitious "Project 2010"
(Somerville and Dangl 2000) is to take full advantage of the knowledge generated by the Arabidopsis
genome project and employ state-of-the-art functional genomic techniques to assign a function to each
of the estimated 25,000 Arabidopsis genes. System integration of all data from different levels of
functional analysis will lead to a complete blueprint of the complex network of gene activities of a
plant (Vidal 2001). The vision is that in the near future it will be possible to construct a virtual plant
(see Fig. 1), which will enable researchers to take a look at all gene activities at every stage of plant
development.
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Fig. 1. Scheme showing how the integration of results from different technological levels of functional
genomics leads to construction of a virtual plant
Work on other plant species which are of immediate commercial interest will certainly benefit from
future Arabidopsis studies. Also targeted gene knockouts in Physcomitrella will permit a better
understanding of the resulting downstream changes. Such studies will provide plant biologists with
increased knowledge about the regulation of agronomically interesting traits.
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