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Abstract

Post-genomic era research is focusing on studies to attribute functions to genes and their encoded proteins, and to describe the

regulatory networks controlling metabolic, protein synthesis and signal transduction pathways. To facilitate the analysis of exper-

iments using post-genomic technologies, new concepts for linking the vast amount of raw data to a biological context have to be

developed. Visual representations of pathways help biologists to understand the complex relationships between components of

metabolic networks, and provide an invaluable resource for the integration of transcriptomics, proteomics and metabolomics data

sets. Besides providing an overview of currently available bioinformatic tools for plant scientists, we introduce BioPathAt, a

newly developed visual interface that allows the knowledge-based analysis of genome-scale data by integrating biochemical path-

way maps (BioPathAtMAPS module) with a manually scrutinized gene-function database (BioPathAtDB) for the model plant

Arabidopsis thaliana. In addition, we discuss approaches for generating a biochemical pathway knowledge database for A. thaliana

that includes, in addition to accurate annotation, condensed experimental information regarding in vitro and in vivo gene/protein

function.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to their obligate phototrophic and sessile life-

style, plants have evolved numerous unique adapta-

tions to help cope with unavoidable stresses that are

imposed upon them. Developmental, abiotic and biotic

signals can directly or indirectly influence changes in

biochemical pathways leading to the production of bio-

active primary and secondary metabolites (Croteau et

al., 2000). Post-genomic technologies provide an
unprecedented opportunity to acquire measurements

that can accurately describe the complex networks reg-

ulating such biochemical pathways in plants. The re-

sults from post-genomic experiments investigating

biochemical processes should provide researchers with

quantitative information regarding global transcript,

protein and metabolite patterns, transcriptional and

translational modifications, protein–DNA and pro-
tein–protein interactions, and enzymatic activities

(Burbulis and Winkel-Shirley, 1999; Koller et al.,

2002; MacCoss et al., 2002; Conrads et al., 2003; Hen-

dricks et al., 2003; Aebersold and Mann, 2003; Tao

and Aebersold, 2003; Cutler, 2003; Weckwerth, 2003).

Combined with experimental information regarding

plant phenotype, the subcellular localization and tissue

specific-accumulation of transcripts, proteins and
metabolites, a high-resolution network of biochemical

processes would emerge. However, the toolbox for

the knowledge-based analysis of post-genomic experi-

ments is still in its infancy. Thus, strategies need to

be developed that allow visualizing and processing

the complexity of post-genomic data sets that are ob-

tained today and also leave room for future expansion.

Biochemical pathway maps are a powerful tool to pro-
vide a biological context for the display of post-geno-

mic data sets.
2. Approaches and tools for the integrative analysis of

biochemical pathways

2.1. Kyoto Encyclopedia of Genes and Genomes (KEGG)

The most prominent examples of generic maps are

the Roche Applied Science Wall Charts (‘‘Biochemical

Pathways’’ and ‘‘Cellular and Molecular Processes’’ at

http://www.expasy.org/cgi-bin/search-biochem-index)

and the Kyoto Encyclopedia of Genes and Genomes
maps (KEGG; available at http://www.genome.ad.jp/

kegg/; Kanehisa et al., 2002). With the advent of the

post-genomic era the KEGG maps have been integrated

into a software that allows the visualization of mRNA

expression data in a biochemical map environment

(http://www.genome.ad.jp/kegg/expression/). The user

can choose from a selection of organisms for each met-

abolic map and known genes of the selected organism
are indicated by green color in a box that also shows

the EC number of the encoded enzyme. Microarray data

can then be overlaid in the same box. For Arabidopsis

thaliana researchers this tool has a critical disadvantage:

KEGG was initially developed to represent various

microbial (and animal) pathways and only a few

plant-specific pathways have been integrated thus far.

In addition, gene annotations for A. thaliana in KEGG
are often homology-based and rarely scrutinized manu-

ally for accuracy, which can cause misannotations of

individual members of gene families.

2.2. AraCyc

A very useful tool has been developed based on the

AraCyc biochemical pathway database, which now fea-
tures more than 170 pathways, of which more than 20

have been assessed manually for accuracy (http://

http://www.expasy.org/cgi-bin/search-biochem-index
http://www.genome.ad.jp/kegg/
http://www.genome.ad.jp/kegg/
http://www.genome.ad.jp/kegg/expression/
http://www.arabidopsis.org:1555/expression.html
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www.arabidopsis.org:1555/expression.html; Mueller

et al., 2003). This database was built upon the Pathway

Tools software suite which itself provides comprehen-

sive information regarding biochemical pathways in

the form of Pathway Genome Databases (Karp et al.,

2002a). The reference for the development of AraCyc
was MetaCyc (http://metacyc.org; Karp et al., 2002b),

a database that describes metabolic pathways occurring

in more than 150 organisms. Since its automatic build,

AraCyc has been manually edited and now contains

over 180 pathways with more than 1100 reactions. Its

key advantages are the use of controlled vocabulary

for describing enzymes, compounds, and subcellular

compartments, and the convenient PERL module for
formulating queries and batch-loading of data. How-

ever, there are still gaps in many of the AraCyc path-

ways, which will have to be filled using manual

annotation efforts based on reports published in the last

couple of years. An additional module, the AraCyc

Expression Viewer, allows the user to overlay mRNA

expression data on the AraCyc pathway diagrams.
Fig. 1. Flowchart illustrating post-genomic data integration and analysis us

unreliable data points and then to normalize the data either to specific control

data sets into Genespring�, each measured element must have a unique ident

typed into a text tab-delimited file, the ‘‘Genome Definition File’’ (for deta

tutorial section). The normalized and filtered data should be merged into

pathway maps are saved as image files and imported into GeneSpring� usin

addition of expression boxes to the maps.
Although this tool is quite useful to provide a bird�s
eye view of experimentally observed changes in expres-

sion levels, the versatility of its visualization interface

is quite limited, especially at the level of presenting the

dynamics of isogene patterns.

2.3. MAPMAN

One of the comprehensive open-source software

packages with relevance for A. thaliana researchers

is MAPMAN (http://gabi.rzpd.de/projects/MapMan/;

Thimm et al., 2004). Within MAPMANMAPMAN, A. thaliana genes

are grouped into over 200 hierarchical categories (BINs)

by a module called TRANSCRIPTSCAVENGERTRANSCRIPTSCAVENGER, and hun-
dreds of metabolites are linked to pathways using the

METABOLITESCAVENGERMETABOLITESCAVENGER module. The IMAGEANNOTA-IMAGEANNOTA-

TORTOR module allows the user to import the contents of

the SCAVENGERSCAVENGER modules, experimental data and dia-

grams/maps onto which experimental data can be dis-

played. The uploading of experimental data into

MAPMANMAPMAN is straightforward and, in our trial runs, the
ing BioPathAt. It is highly desirable to filter all data sets to remove

experiments or to the median expression level for each gene. To upload

ification code. The total of all identification codes for element must be

ils regarding the format for this file see the GeneSpring� application

one table and imported into GeneSpring� as a ‘‘Custom File’’. The

g the ‘‘New Pathway’’ function. Follow the GeneSpring� tutorial for

http://www.arabidopsis.org:1555/expression.html
http://metacyc.org
http://gabi.rzpd.de/projects/MapMan/
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software has been operating without major problems.

However, MAPMANMAPMAN has several disadvantages for users

interested in the regulation of biochemical pathways.

Pathways are treated as separate entities in BINs and

MAPMANMAPMAN does not feature an adequate tool for the visu-

alization of their interactions in networks (e.g., the effect
of transcriptional regulators on the expression of their

target genes). Because MAPMANMAPMAN is a user-driven tool,

pathway details would have to be added by the user,

which can be both an advantage (the user determines

the level of detail) and a disadvantage (assembling infor-

mation about pathway networks and drawing network

interactions is very time-consuming). Analyses of hun-

dreds of experiments in parallel, which are essential for
screening mutant populations or for analyzing the ef-

fects of single nucleotide polymorphisms (Henikoff and

Comai, 2003), cannot be visualized satisfactorily using

MAPMANMAPMAN. Despite these current shortcomings, the MAP-MAP-

MANMAN software package works very well to obtain a quick

overview as to which pathways are affected in an exper-
Fig. 2. Example of the BioPathAt concept using an extract of pigment bio

text in Section 3.3.
iment for which mRNA expression and/or metabolite

profiling data have been acquired.

2.4. MetNet

An impressive tool in development, which features
advanced visualization and statistical analysis tools for

the analysis of post-genomic data sets obtained with

A. thaliana, is the MetNet package (http://www.pub-

lic.iastate.edu/~mash/MetNet/exchange.html; Wurtele

et al., 2003). It integrates statistical and clustering pack-

ages and will eventually include capabilities to model

metabolic and regulatory networks. MetNet has a

JAVA-based interface to a database (MetNetDB) that
contains information on known interactions in meta-

bolic and regulatory networks. The FCModeler mod-

ule captures input for MetNetDB and converts it into

a graphical format. Interaction network modeling is per-

formed in the Matlab� analysis program, which uses

fuzzy logic functions. GGobi is a module for multivari-
synthetic pathways in Arabidopsis thaliana chloroplasts. For details see

http://www.public.iastate.edu/~mash/MetNet/exchange.html
http://www.public.iastate.edu/~mash/MetNet/exchange.html


Table 1

Gene-function annotation table for genes involved in biochemical pathways in Arabidopsis thaliana using the cinnamyl alcohol dehydrogenase (CAD) gene family as an example

For details see text. Abbreviations: alt. spl., alternative splicing variants exist; Chl, chloroplast; Cyt, cytosolic; Cyt/ER, cytoplasm/endoplasmic reticulum; En, chloroplast envelope membrane; Gly,

glyoxisomal; Lum, lumenal; Memb, membrane-bound or membrane-associated; Mil, mitochondrial; NA, not available; Nuc, nuclear; Per, peroxisomal; Sec, secreted, Str, stroma; Ton, tonoplast;

Thy, thylakoid; Vac, vacuolar.
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Fig. 3. Selection of biochemical pathway maps featured in BioPathAtMAPS and corresponding gene annotation tables featured in BioPathAtDB.

For legends to pathway maps and annotation tables see Fig. 2 and Table 1, respectively.
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ate analysis, which is linked to R, a language and envi-
ronment for statistical computing and graphics. Cur-

rently, only a limited number of metabolic and

regulatory pathways have been integrated into MetNet

but the first full production version promises to be an

invaluable tool for A. thaliana researchers.
3. BioPathAt, a novel tool for post-genomic data
integration

Although several bioinformatic tools for the analysis

of genome-scale data sets in a biochemical pathway con-

text have been developed over the last couple of years,

we felt that the currently available tools have critical

limitations in providing details about the role of specific

isogenes/isozymes in the regulation of biochemical net-
works. Ideally, bioinformatic tools and gene function

databases are integrated into one common software

package, thus allowing a holistic analysis of data gener-

ated using different technologies. Thus, several options
were explored to evaluate which software package
would be most suitable to integrate biochemical map

visualization capabilities. GeneSpring�, a commercial

software package, is among the most widely used soft-

ware packages in the core facilities of academic and

industrial institutions (Dresen et al., 2003). It provides

a host of statistical tools (e.g., t-tests, 2-way ANOVA

tests, 1-way post-hoc tests, class prediction tools, R-

based scripts) and data can be clustered to uncover
expression patterns using various algorithms (e.g., hier-

archical clustering, self-organizing maps, k-means, prin-

cipal components analysis (PCA), QT clustering). With

the pathway viewer module genes and their expression

patterns can be visually characterized based on their

location within a biochemical pathway. Users can im-

port custom annotation and design their own pathway

diagrams or directly import publicly available pathway
maps. MIAME is a community-accepted standard that

describes the minimal information that is needed to fully

describe a gene expression experiment (Brazma et al.,

2001) and the user can customize MIAME-compliant
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attributes from a window in GeneSpring�. Similar stan-

dards have been proposed for the documentation of pro-

teomics (Taylor et al., 2003) and metabolomics (Bino

et al., 2004) experiments, and both formats can poten-
tially be uploaded into GeneSpring�. Other commercial

software packages feature similar capabilities (and are

just as expensive) but we did not find comparable capa-

bilities in any of the currently available open-source

software packages. Thus, an integration of A. thaliana-

specific biochemical pathway maps into GeneSpring�

appeared to be the most sensible short-term approach

to provide the A. thaliana research community with a
tool for the analysis of complex post-genomic data sets

in the context of well-annotated biochemical pathways.
3.1. Biochemical pathway maps (BioPathAtMAPS)

The experimental evidence regarding the presence of

pathways in A. thaliana was evaluated and matched
with the occurrence predicted based on the apparent

coding capacity of the entirely sequenced genome

(The Arabidopsis Genome Initiative, 2000). Maps were

generated to represent current knowledge regarding

numerous pathways involved in light perception,

metabolism, protein trafficking, and signal transduc-

tion (BioPathAtMAPS module). In BioPathAt bio-

chemical pathways are treated as modules that can
be reassembled in various ways so that separate maps

can be used to visualize the connections between path-
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ways in different biological contexts. For example, one

map shows glycerolipid biosynthesis in the leaf cytosol

and chloroplasts, whereas another map summarizes

reactions converting storage triacylglycerols into su-

crose in seeds. Overview maps (e.g., intermediary car-
bon metabolism) show full details for certain featured

pathways (e.g., glycolysis/gluconeogenesis, pentose

phosphate pathway, Calvin cycle, TCA cycle) and pro-

vide links to other pathways derived from intermedi-

ates of the featured pathways (e.g., amino acids,

isoprenoids, nucleotides). Images of the currently

available biochemical pathway maps are shown in

the Fig. 3. BioPathAtMAPS files (and future updates)
can be downloaded at http://www.ibc.wsu.edu/

research/lange/index.html.

3.2. A. thaliana gene/enzyme function database

(BioPathAtDB)

It is noteworthy that experimental evidence is avail-

able for only about 10% of all genes in A. thaliana and
only another 40% of A. thaliana genes display sufficient

homology to those of other organisms so that a se-

quence-based annotation might be feasible (Wortman
et al., 2003). However, recent publications have under-

scored that the annotation of gene sequences in the pub-

lic databases as having a particular or putative function

in a specific biochemical pathway must be viewed with

considerable caution (Mekhedov et al., 2000; Aubourg
et al., 2002; Lange and Ghassemian, 2003; Raes et al.,

2003; Costa et al., 2003; Dunn et al., 2004; Kim et al.,

2004). Integrative genome annotation involves keyword

and sequence-based searches against public databases,

the use of algorithms that predict the subcellular locali-

zation of enzymes, and a manual evaluation of available

annotation based on published literature and knowledge

about the tissue-specific mRNA expression. Our labora-
tory has performed a comprehensive in silico analysis

for genes involved in pathways that lead to the produc-

tion of various isoprenoids in A. thaliana (Lange and

Ghassemian, 2003) and we have used the same thorough

approach to generate gene annotation tables for addi-

tional pathways (photosynthesis, uptake of pre-proteins

into chloroplasts; plastidial gene expression machinery;

intermediary carbon metabolism [incl. glycolysis, pen-
tose phosphate pathway, citric acid cycle, glyoxylate

cycle]; biosynthesis of amino acids; carbohydrate

metabolism [monosaccharides, phytic acid, ascorbic

http://www.ibc.wsu.edu/research/lange/index.html
http://www.ibc.wsu.edu/research/lange/index.html
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acid, cell wall polymers], phenylpropanoids [incl. flavo-

noids and anthocyanins], leaf glycerolipids, and conver-

sion of seed storage lipids into sucrose). A gene list for
genes encoding the proteins represented in the BioPa-

thAtMAPS module was compiled using literature key-

word and sequence-based searches in the TAIR A.

thaliana database (http://www.arabidopsis.org/Blast/).

If no A. thaliana gene for a protein of interest was anno-

tated based on biochemical data, the gene from the near-

est relative (putative ortholog) was used as the reference

protein sequence to identify the A. thaliana gene. For
this purpose, a protein sequence database covering bio-

chemical pathways in all plants was generated with data

from NCBI (http://www.ncbi.nlm.nih.gov/entrez/

query.fcgi?db=Protein). These protein sequences were

then compared (BLASTp; Altschul et al., 1990) with

the predicted A. thaliana proteins. The BLASTp align-

ments were processed with PERL scripts to extract the
top 10 hits. A separate BLASTp search was run against

full-length cDNA databases (http://rarge.gsc.riken.

go.jp/blast/blast.pl; http://signal.salk.edu/dblast.html).
Genes encoding members of enzyme families in A. thali-

ana were aligned, using the CLUSTALW algorithm

(Thompson et al., 1994), with those homologs from

other plants for which a biochemical function had al-

ready been established. BLASTp results and sequence

alignments where manually scrutinized for the quality

of hits. The subcellular localization of proteins was pre-

dicted using the PSORT (http://psort.nibb.ac.jp/
form.html) and TargetP (http://www.cbs.dtu.dk/ser-

vices/TargetP/) programs, and was manually updated

when experimental data were in disagreement with the

computational prediction. For roughly 1500 genes the

annotation table underlying BioPathAtDB is shown

in the Fig. 3. BioPathAtDB (and future updates) can

be downloaded from the Lange laboratory

http://www.arabidopsis.org/Blast/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Protein
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Protein
http://rarge.gsc.riken.go.jp/blast/blast.pl
http://rarge.gsc.riken.go.jp/blast/blast.pl
http://signal.salk.edu/dblast.html
http://psort.nibb.ac.jp/form.html
http://psort.nibb.ac.jp/form.html
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
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website (http://www.ibc.wsu.edu/research/lange/index.

html).

3.3. Displaying post-genomic data sets using BioPathAt

To integrate microarray, proteomics and metabolite

profiling data as one data set, the gene identifiers for

the A. thaliana genome (AGI numbers), the enzyme

identifiers (EC numbers) and metabolite identifiers

(compound names) were loaded into GeneSpring� using

the ‘‘Genome Definition File’’ (Fig. 1). Biochemical

pathway maps from the BioPathAtMAPS module
and an artificial data set (containing normalized and fil-

tered microarray, protein expression and metabolite

profiling data) were also imported into GeneSpring�.

Our custom A. thaliana gene annotation database

(BioPathAtDB) was linked to the Affymetrix Gene-

Chip� ID table (ftp://ftp.arabidopsis.org/home/tair/

Microarrays/Affymetrix/) via the AGI numbers and

was also uploaded into GeneSpring�. Dynamic boxes,
which are used to visualize patterns of mRNA abun-

dances, protein expression and metabolite pools, were

placed on the biochemical pathway maps according to

the GeneSpring� tutorial on ‘‘Pathways’’. The dynamic

rectangular boxes representing genes (blue frames) and

encoded enzymes (pink frames) are positioned next the
biochemical reaction arrow, whereas boxes indicating

metabolite pools (orange frames) are next to the com-

pound name. Gene and protein expression patterns are

displayed in dynamic rectangular boxes (blue and pink
frames, respectively) using colors to represent changes

of expression from a mean or control value (red for

up-regulation and green for down-regulation) and color

intensity to represent the level of the change (inset A).

Information is shown regarding the identity of the se-

lected gene and the expression values (relative to an

experimental control) at different time points (numeri-

cally as well as graphically in the horizontal orientation).
It should be noted that on some maps only the EC num-

bers of enzymes are displayed (as opposed to the full en-

zyme name as shown in Fig. 2). Genes representing

different isozymes are stacked on top of each other (inset

B) in the same order as they are listed in the gene anno-

tation table. Actual gene expression or protein abun-

dance values can also be uploaded and the intensity of

expression can be indicated numerically as well as by
the intensity of blue color. As an example, the transcript

levels of the three genes encoding glutamyl tRNA reduc-

tase in A. thaliana are shown for a variety of different tis-

sues (inset C). Dynamic metabolite boxes contain

information regarding the commonly used name of the

compound, its accurate mass and elemental composi-

http://www.ibc.wsu.edu/research/lange/index.html
http://www.ibc.wsu.edu/research/lange/index.html


Fig. 3 (continued)

B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451 429
tion, its structure, the method of analysis used, and the

measured pool size (relative to an experimental control)
at different time points (numerically as well as graphi-

cally) (inset D). Enzyme activators are connected to a

biochemical reaction arrow by green lines and an aster-

isk (e.g., GUN4; Larkin et al., 2003) and enzyme repres-

sors are indicated by red lines with an orthogonal bar

(e.g., FLU; Meskauskiene et al., 2001). This approach

to a graphic representation of genomic data is highly

flexible and allows the user to define the level of com-
plexity to be visualized. For example, if only mRNA

expression data are acquired in a specific experiment,

the boxes representing enzymes and metabolites can be

omitted. However, if flux control analysis experiments

have been performed in addition to acquiring micro-

array and metabolite profiling data, extra boxes display-
ing flux values can be placed on top of reaction arrows.

A selection of biochemical pathway maps and the corre-
sponding annotation tables in given in Fig. 3.

3.4. Further developments

BioPathAtDB currently contains annotation infor-

mation for genes/enzymes involved in various bio-

chemical pathways in A. thaliana. However, a gene/

enzyme function database should also integrate exper-
imental knowledge regarding the role of specific isog-

enes/isozymes in regulating biochemical networks. To

provide all essential functional information in one

database, ongoing efforts are focused on expanding

BioPathAtDB to include experimental data on

expression patterns (organ- and tissue-specificity of



Fig. 3 (continued)

430 B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451



Fig. 3 (continued)

B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451 431



Fig. 3 (continued)

432 B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451



Fig. 3 (continued)

B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451 433



Fig. 3 (continued)

434 B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451



Fig. 3 (continued)

B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451 435



Fig. 3 (continued)

436 B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451



Fig. 3 (continued)

B.M. Lange, M. Ghassemian / Phytochemistry 66 (2005) 413–451 437
transcript abundance [based on Northern Blots, ESTs,

RT-PCR and microarrays], enzyme presence [based on

proteomics data] and enzyme activity [based on bio-
chemical assays with purified, native protein or crude

protein extracts]), biochemical characteristics of rec-

ombinantly expressed isozymes (substrate specificity,
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Km, Vmax), phenotypic characterization of knock-out

or knock-in mutants, and links to the relevant litera-

ture (Table 1). Information is given about the enzyme

name (column 1), the EC number (column 2), the

AGI number of the gene(s) encoding the enzyme (col-

umn 3), the predicted or demonstrated subcellular

localization (column 4; question marks are added

when prediction algorithms do not yield ambiguous
scores), the accession number of the peptide record

for a full-length cDNA sequence (if available) or a

genomic DNA sequence (column 5), a comment if

the annotation was derived solely based on homology

to enzymes of known function, or if the function was

identified by biochemical assays or characterization of

mutants (column 6), and a link to relevant GenBank

records (column 7). Columns 8–15 provide experimen-
tal information on the tissue-specific expression pat-

terns of the CAD genes and a link to the PubMed

record of the relevant literature (Costa et al., 2003).

Columns 16–24 summarize data regarding the tissue-
specific expression and substrate specificity of native

CAD (note that the individual isozymes could not

be distinguished; the activity values shown are thus

the same for all isozymes), with a link to the PubMed

record of the publication from which the data were

extracted (Sibout et al., 2003). By contrast, columns

25–28 show the substrate specificity for the recombi-

nant isozymes expressed in Escherichia coli (literature
link: Kim et al., 2004). Columns 29 to 34 display data

and links regarding the phenotypic characterization of

knock-out and knock-in mutants in specific CAD

genes (literature link: Kim et al., 2004). A complemen-

tary database containing experimental information

regarding the organ- and tissue-specific pool sizes of

metabolites involved in A. thaliana biochemical path-

ways (BioPathAtMETDB) is also in development. Be-
cause gene–protein and protein–protein interaction

data are sparse for A. thaliana, attempts will be made

to integrate putatively relevant data sets from other

model organisms (yeast, animals) into BioPathAtDB.
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4. Future directions

Transcriptome analyses, which use microarray tech-

nology to assess transcriptional activity across a large

number of genes, can yield important insights into the
regulation of metabolic pathways at the transcriptional
level. However, in plant cells, numerous posttranscrip-

tional modifications take place that can not be studied

with microarrays. Among these, mRNA stability and

translatability, posttranslational protein modifications

and the impact of modulators on enzyme activities
play important roles in regulating flux through
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metabolic pathways (Burbulis and Winkel-Shirley,

1999; Chiba et al., 2003; Hendricks et al., 2003). Thus,

only the integration of several genomic technologies

can provide an accurate assessment of the functional

relevance of experiment-induced changes in transcript

patterns.

Proteomics aims at profiling the enzyme comple-

ment of cells or tissues and provides essential informa-
tion beyond the transcriptional level. Proteomics with

A. thaliana has focused mainly on efforts to catalogue

the enzyme complement of different ecotypes (Cheva-

lier et al., 2004), organs (Gallardo et al., 2002), subcel-

lular compartments (Froehlich et al., 2003) or protein

complexes (Zolla et al., 2002). These studies are con-

sistent with the literature using other organisms in

that they confirm that only the more abundant pro-
teins are detected and information on the enzymes in-

volved in less abundant biochemical pathways remains

incomplete (Koller et al., 2002). Another caveat is that

comparative proteomics, which leads to the identifica-

tion of proteins that change in abundance in develop-
mental or physiological contexts, is still in its infancy

(Lonosky et al., 2004). However, continued advance-

ments in technologies (Aebersold and Mann, 2003),

sample fractionation (Wienkoop et al., 2004), algo-

rithms for the detection of posttranslational modifica-

tions (MacCoss et al., 2002) and quantification (Tao

and Aebersold, 2003; Cutler, 2003) are expected to in-

crease the utility of proteomics as a global profiling
tool dramatically.

Metabolomics sets out to determine how (all)

metabolite levels respond to genetic or environmental

changes and, from the data, to generate new hypoth-

eses. However, there are three major complications:

(1) there is no direct relationship between metabolites

and genes in the way there is between genes and

mRNAs and proteins. Metabolite levels are deter-
mined by the activities of all the enzymes of a path-

way and by effectors that act on these enzymes; (2)

the plant metabolome is much larger than that of

yeast, where there are far fewer metabolites than genes

or proteins (<600 metabolites vs. 6000 genes; Oliver
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et al., 1998). The size of the plant metabolome reflects

the vast array of secondary compounds that plants

produce, but estimates vary widely (2000–7000 in A.

thaliana); (3) unlike nucleic acids and proteins, metab-
olites have a vast range of chemical structures and

properties. Therefore, there is no single extraction or

analysis technique that is suitable for all low molecu-

lar weight metabolites. Chromatographic metabolite

separations combined with detection by nuclear mag-

netic resonance and/or mass spectrometry are power-

ful means of generating multivariate metabolic data,

but further development is required before high-
throughput metabolic studies at a global scale can

be attempted (Weckwerth, 2003). In a scaled-back

strategy, stable pools of key metabolites (which define

branch points in pathways or are metabolic end-

products) from several different metabolic pathways

are measured, thus providing a snapshot of the meta-

bolic state of a cell, tissue or organ (Golan et al.,

2003).
The aim of �omics� technologies is to extract latent

biochemical information that is of diagnostic or prog-

nostic value, thus reflecting �actual� biological events

rather than the �potential� for the occurrence of such
events. Metabolic changes are �actual� end points,

whereas gene and protein expression changes are gen-

erally only indicators of the potential for an end-point

change, which can sometimes be misleading (Laule

et al., 2003). Therefore, metabolomics bridges the

gap between the �omics� platform technologies and

experimental phenotype. Measurements of metabolite

pools and the integration of transcriptome and prote-
ome data will bring a new level of understanding to

the cellular biology of model organisms. As the size

of the experimental databases increases, repeated pat-

terns of gene, protein and metabolite abundance will

emerge and will provide insight into the networks that

regulate metabolic pathways. Ultimately, models will

be developed that allow the rational design of

bioengineering strategies to achieve the desired flux
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through specific biochemical pathways of interest.

Tools utilizing biochemical pathway maps for data

integration can provide the biological context for such

models.
5. Note added in proof

During the final stages of the revision of this article, a

new analysis tool for microarray data was published

(Zimmermann et al., 2004). The GENEVESTIGATOR

toolbox is available at http://www.genevestigator.
ethz.ch.
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Rodney Croteau at Washington State

University. Subsequently, he led

research groups in the biotechnology

industry (Novartis Agricultural Research Institute Inc., Torrey Mesa

B.M. Lange, M. Ghassemian /
Research Institute of Syngenta and Diversa Inc.). His research interests

center on using post-genomic technologies to characterize the regulation

of biochemical pathways with particular emphasis on the crosstalk of

pathways involved in isoprenoid biosynthesis.
Majid Ghassemian is a Staff Scientist

at Diversa Corporation (San Diego,
CA). He received his honors Bachelor

of Science, Master�s (cyanobacterial

molecular biology and physiology)

and Ph.D. (genetics and molecular

biology) from the Department of

Botany, University of Toronto, Can-

ada. Upon graduation he has held an

NSERC postdoctoral fellowship at the

University of California, San Diego

and the Torrey Mesa Research Insti-

tute. His research interests revolve

around systems biology and functional

genomic approaches to enhance the understanding of biochemical

chemistry 66 (2005) 413–451 451
processes.


	Comprehensive post-genomic data analysis approaches integrating biochemical pathway maps
	Introduction
	Approaches and tools for the integrative analysis of biochemical pathways
	Kyoto Encyclopedia of Genes and Genomes (KEGG)
	AraCyc
	MAPMAN
	MetNet

	BioPathAt, a novel tool for post-genomic data integration
	Biochemical pathway maps (BioPathAtMAPS)
	A. thaliana gene/enzyme function database (BioPathAtDB)
	Displaying post-genomic data sets using BioPathAt
	Further developments

	Future directions
	Note added in proof
	Acknowledgement
	References


