Available online at www.sciencedirect.com

SCIENCE (dDIRECT®
PHYTOCHEMISTRY

ELSEVIER Phytochemistry 66 (2005) 413-451

www.elsevier.com/locate/phytochem

Review

Comprehensive post-genomic data analysis approaches integrating
biochemical pathway maps

B. Markus Lange *, Majid Ghassemian '

Institute of Biological Chemistry and Center for Integrated Biotechnology, Washington State University,
PO Box 646340, Pullman, WA 99164-6340, USA

Received 6 August 2004; received in revised form 29 October 2004
Available online 30 January 2005

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.

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 MAPMAN, A. thaliana genes
are grouped into over 200 hierarchical categories (BINs)
by a module called TRANSCRIPTSCAVENGER, and hun-
dreds of metabolites are linked to pathways using the
METABOLITESCAVENGER module. The IMAGEANNOTA-
ToR module allows the user to import the contents of
the SCAVENGER modules, experimental data and dia-
grams/maps onto which experimental data can be dis-
played. The uploading of experimental data into
MAPMAN is straightforward and, in our trial runs, the

BioPathAt

Fig. 1. Flowchart illustrating post-genomic data integration and analysis using BioPathAt. It is highly desirable to filter all data sets to remove
unreliable data points and then to normalize the data either to specific control experiments or to the median expression level for each gene. To upload
data sets into Genespring®, each measured element must have a unique identification code. The total of all identification codes for element must be
typed into a text tab-delimited file, the “Genome Definition File” (for details regarding the format for this file see the GeneSpring® application
tutorial section). The normalized and filtered data should be merged into one table and imported into GeneSpring™ as a “Custom File”. The
pathway maps are saved as image files and imported into GeneSpring® using the “New Pathway” function. Follow the GeneSpring® tutorial for

addition of expression boxes to the maps.


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, MAPMAN has several disadvantages for users
interested in the regulation of biochemical pathways.
Pathways are treated as separate entities in BINs and
MAPMAN 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 MAPMAN 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
MAPMAN. Despite these current shortcomings, the MAP-
MAN software package works very well to obtain a quick
overview as to which pathways are affected in an exper-

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-
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Fig. 2. Example of the BioPathAt concept using an extract of pigment biosynthetic pathways in Arabidopsis thaliana chloroplasts. For details see

text in Section 3.3.


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

Column_#1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Encoded Annotation mRNA abund. and locali Native enzyme activity and localization
enzyme EC Number AGI Subcell. ¢DNAor  Annotation NCBI Roots  Stems  Rosette  Flowers  Siliques Devel. Mature PubMed Substrate(s) Roots  Stems  Rosette  Flowers  Siliques Devel.  Mature PubMed
or identifier  Number Local. gDNA Quality Link Leaves Seeds  Seeds Link Leaves Seeds Seeds  Link
cinnamyl alcohol dehydrogenase (gene family with 9 members) Unit: ESTs per 10* Unit: pkat/ug protein; measured in crude extracts
AMCADI LLL195  Allg72680 Cyt AAP40269  functional  hitp/Awww 0 NA NA 0 08 1.5 NA con.alc /sin.ale. 241/ 46/91 NA 40/12 28722 NA NA  hitp:/iwwn
AICAD2 111195 A2g21730 Cyt AAPSM30  functional  hup/Awww 0 NA NA 0 0 0 NA con.alc /sin alc. 24M9 46191 NA 4012 28122 NA NA  hup//iww
AICAD3 1.1.1.195 A12g218%0 vt AAP5SM3] functional  hutp //www 0 NA NA 0 0 0 NA  http://wwy 240 46/91 NA 40012 2822 NA NA  hitp://wws
MCAD4 LLLI95  A3pI50 vt P48523 functional  hitp //www. 59 NA NA 0 1.1 o NA  hip/iww 249~ 46/91 NA 40/12 2822 NA NA  hup/Awwy
AICADY 111195 Al4g39330 Cyt CAB80596  functional  hiip/Awww 22 NA NA 0 39 o NA  hup/iwwn 244 46/91 NA 40/12 2822 NA NA  hup/iwawy
MCADS 111195 Al4g34230 Cyt 049482 functional  hitp/iwww, 0 NA NA 0 0 0 NA  http/iwwy P20 4681 - NA 40012 2822 NA NA  htp/iwsy
AICADG LL1195  Adg3?970 Oyt AAPS%428  functional  hiip/Awww 0 NA NA 13 0 0 NA  hip/wwy  conale/sinale. 240 46m1 NA 40/12 w22 NA NA  hup/wwy
MCADT 111195 Atdg37980 Cyvt AAP539432  functional  hitp/Awww 0 NA NA 1] 0 o NA  hip/wws  con.ale/sin.ale 249 46191 NA 40/12 28/22 NA NA  htip/iwwy
AICADS L1195 Adgi79%0 Cyt AAP59433  functional  hitp/Awww: o NA NA 0 64 08 NA  hip/wws  con.ale/sin.alc. P20 46/91 NA 40/12 2822 NA NA  htip/fwwy
Table 1. Continued.
Column_#1 25 26 27 28 29 30 31 32 33 34
Encoded Recombinant enzvme kinetics
enzyme Substrate(s) Km Vmax PubMed nse| ublVe = nse ubvies
Link line(s) site(s) Link line(s) site(s) Link
Expression host: Escherichia coli Unit: [uM] Unit: [pkat/pg prot.]
AICADI  p-coum. ald. / caff ald / conif ald / SOH-conif ald / sinap. ald NA 0.031-0.224 hittp://www NA NA hitp:/fws NA NA NA
AICAD2 p-coum. ald. / caff. ald. / conif. ald / SOH-conif ald. / sinap. ald 114/161/452/336/72,161 3322.280/16.4/48.1 hitp/Aww NA NA hutp /iy NA NA NA
AICAD3 p-coum. ald /caff ald /conif ald / 50H-comif ald. / sinap. ald 292/581/362/534/629 20.1/9.7/4.8/17.9/9.1 http:/iwww NA NA hup/hwy NA NA NA
AICADY p-coum. ald. / caff. ald / conif ald / 50H-conif. ald. / sinap. ald 44.0/17.1726 8/32.2/9.2 hitp/Awww SALK 040062 Intron hup /iy NA NA NA
AICADY p-coum. ald. / cafl. ald. / conif. ald. / 50H-comf. ald. / sinap. ald NA hittp/) SALK_037853 Intron Ittp:tiws NA NA NA
AICADS p-coum. ald / caff ald. / conif. ald / SOH-comif. ald / smap. ald 187.3/94.1/157.4/106.9/177.0 SALK 019355 S'end htp:/wy NA NA NA
ACADG p-coum. ald. /cafi ald /conif ald / 50H-conif ald. / sinap. ald NA 0.037-0.078 hitp/Avww SALK 030496 Exon htp /s NA NA NA
AICADT p-coum. ald. / cafl’ ald / conif ald / 50H-conif. ald. / sinap. ald 320/3,685/675/156/313 28.6/79.913.027/0.7 hitp/iwww NA NA htip:/iwy NA NA NA
AICADS p-coum. ald. /caff ald /conif ald / SOH-conif. ald. / sinap. ald 302/683/141/457/898 20.4/71.0/5.6/10.4/289 http/Awww NA NA hup/iwy NA NA NA

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 Bi oPathAtMAPS and corresponding gene annotation tables featured in BioPathAtDB.
For legends to pathway maps and annotation tables see Fig. 2 and Table 1, respectively.

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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Encoded enzyme EC Hlumber  AGI Subcellular cDHA/ Annotation  HCBIMedline
or ldentifier Humber Localization gDHA Quality Links
{pred. & actual) record

A: Leaf Glycerolipid Biosynthesis

PLASTIDIAL PATHWAY
acetyl-Cos carboxylase (heteromeric ACCase, multienzyme complex)
biotin carboxylase subunit 6412 At5g35360 Chl AAN13058 by homology  http: ey nchinim.nibg
carboxyltransferase alpha (CAC 3) 6412 At2g35040 Chl AAF29414 functional (7)  hitp: dhwwwwy nchinim.nih.g
carboxyltransferase beta (plastidial genome) 6412 AtCgD0S00 Chi AAF35256 functional (7)  hitp:fhwwwy nchi.nim nib.g
biotin carboxyl carrier protein - (BCCP 2) 6412 (att. spl)  AtSg15530 Chl AAFE0592 biochemical bittp: Ay nchinim nib.g
biotin carboxyl carrier protein 6412 At5g16390 Chl 242533 biochemical hitt: Sy nchi nlm nib.g
acetyl-CoA carboxylase (homomeric ACCase) (ACC2) ACC2 At1g36180 Chi(?) AAGA0564 functional (7)  http:fhwwewy nchi nlm.nib.g
acyl carrier protein; tissue-specific isoform 2; ACP At1g34580 Ch P25701 by homologry  hitp: i nichi nim.nib.g
acyl carrier protein ACP At1g56430 Chl P25702 by homology kit Sy ncbi nlm nikvg
acyl carrier protein; ACP 1, ACP At3g05020 Chi P11829 functional (7)  hitp:fhwwwwy nchinim.nib.g
acyl carrier protein ACP At4g25050 Chl AAKI1454 by homology  hitp: iy nchinim.ning
acyl carrier protein ACP AtSy27200 Chl NP_188072 by homology  hitp: /Ay nchinim.nih.g
holo-[acyl carrier protein] synthase (annotated as 4'-phosphopantetheinyl transterase tamily protei 2787 At3011470 Chl AAMID295 by homology  hittp: iy ncbi.nim ik
fatty acid synthase (mutienzyme complex)
malonyl-Cod: ACP transacylase 23139 At2g30200 Chl ABMET452 by homology  hitp: ey nebinim nih.g
beta-ketoacyl-ACP synthase 23141
beta-ketoacyl-ACP synthase; KAS1 KAS1 At5g46290 Chl P52410 by homology  hittp: v nchi nim.nib.g
beta-ketoacyl-ACP syrthase; KAS2 KAS2 (alt. spl)  At1g74960 Chl AAKB9ED3  functional (7)  hittp:dhwwwy nchi nim nih.g
beta-ketoacyl-ACP syrthase; KAS3 KASS (alt. spl.)  At1g62640 Chl P49243 functional bitt: Ay nichi nlm nib.g
S-oxoacyl-ACP reductase 1.1.1.100 (at. spl.) At1924360 Chl P33207 functional (7)  hito: Sy nchi nlm nibug
3-oxoacyl-ACP reductase (annotated as short-chain dehydrogenase) 114100 AtgB2610 Chl NP_974072 by homology  hitp: fAwswwy nchi.nlm.nibv.g
3-oxoacyl-ACP reductase (annotated as short-chain dehydrogenase) 111100 At3g46170 Chl NP_190203 by homology  hittp: fhwser nchi.nlm nib.g
S-oxoacyl-ACP reductase (annotated as putative oxidoreductase) 111100 At3955290 Chi AALES07S by homology  hitp: fAwswwy ncbi.nim.nib.g
3-oxoacyl-ACP reductase (annotated as beta-ketoacyl-ACP reductase-like protein ) 1.1.1.100 At3955310 Chi BAD44022 by homology  hittp: My nchi.nim nib.o
beta-ketoacyl-ACP dehydratase 42160 At2g22230 Chi AANT2302 by homology  hittp: Sy ncbi nlm nikv.g
heta-ketoacyl-ACP dehydratase 421.60 Atag10160 Chi AL024548 by homology  hitp: i nchi nim.nib.g
enoyl-ACP reductase (ENR 1) 1318 At2g05990 Chi AAF3T208 EMS mutant http: Sy nchinim.nib.g
stearoyl-ACP desaturase 114192 At1g43800 Chl AAD42871 by homology  http: fwwwwy nchi.nim.nib.g
stearoyl-ACP desaturase (defense pathway?), SSI 2, 1.1419.2 At2g43710 Chi AAKBS232 biochemical hittp: Sy nchi.nim.nik.g
stearoyl-ACP desaturase 114192 At3g02610 Chl ALGQB2BET by homologry  hittp: iwwwww nchi nim nib.g
stearoyl-ACP desaturase 114192 At3g02620 Chl NP_186911 by homology  httpc sy nchi nlm.nibug
stearoyl-ACP desaturase 114192 At3g02630 Chl AAMI1283 by homology  hittp: fhwwwy nchi.nim.nib.g
stearoyl-ACP desaturase 114192 At5g16230 Chl NP_197127 by homology  hittp: ffwserw nchi.nim.nih.g
stearoyl-ACP desaturase 114192 AtSo16240 Chi AAL90985 by homology  hittp: vy nchbi.nim.nib.g
|acyl-ACP thioesterase; chain termination; FatB 31214 At1g08510 Chl AAPITEE4 biochemical hittp: Sy nchi.nim nikb.g
acyl-ACP thioesterase; chain termination; FatA 31214 At3925110 Chi CAAB5359 biochemical bitt: Sy nchi.nlm nib g
acyl-ACP thioesterase; chain termination; Fats 31214 Atdg13050 Chl CABTE347 by homology  hiftp:dhwwww mchi nim.nib.g
glycerol 3-phosphate acyltransferase; GPAT 23115 (at. spl.) At1g32200 Chi Q43307 biochemical http: Sy nchi.nim.nib.g
1-acyl-sn-glycerol-3-phosphate acyltransferase ; AGPAT 2315 Atdg30580 Chl AAP13361 by homology  http: fwwwwy nchi.nim.nib.g
phosphatidate phosphatase (AtPAPT) 3134 At2g01180 Chi BAB4TSTS biochemical hittp: Sy nichi.nim.nib.g
phosphatidate phosphatase 3134 At3g02600 Chi(?) QBLFD1 functional (7)  hitp: hwwwwe nchi.nim.nih.g
COP-diacylglycerol syrthase (phosphatidate cytidylransferase) 27741 At2g45150 Chl AAD32622 by homology  hittp: i mchi nim.nib.g
COP-diacylglycerol syrthase (phosphatidate cytidylransferase) 27741 At3g60620 Chl AAL15190 by homology  hittp: sy nebinim nib.g
CDP-diacylglycerol syrthase (phosphatidste cytidylransferase) 27741 At4g26770 Chi CABTA532 by homologry bt dhwwww nchi nim.nib.g
phosphatidylglycerophosphate synthase (CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyl 2785 At2g39290 Chi AB048535 EMS mutant http: fhwrawy nchi.nim.nib.g
phosphatidylglycerophosphate synthase (CDP-diacylglycerol--glyceral-3-phosphate 3-phosphatidyl 2785 Atag04870 Chimit (7) AL 24147 by homology  http: Swwwwy nchi.nim.nib.g
MGDG syrthase-like; isoenzyme A, MGDG3 24146 At2g11810 Chi(?) BAB12042 biochemical hittp: Ay nchi.nim . nik.of
MGDG syrthase-like (MGD 1) 24146 Atdg31780 Chi AAFES066  T-DNA mutant  hitp:ihwwwwy nohinim nibg
MGDG synthase-like (izoenzyme C); 24146 At5920410 Chl(7?) AAKE0066 biochemical hittp: Ay nchi.nim . niby.of
DGDG synthase; DGD 1 241184 At3g11670 Chi AAD42379 EMS mutant hittp: My nchi.nim.nib.g
DGDG syrthase (DGD 2) 241184 (alt. spl.) At4g00550 Chi(?) ALC22613 by homology  hittp: iy nchi nim nibvg
sulfolipid syrthase (UDP-sulfoquinovose:DAG sulfoquinovosylransferase) (SQD 1) j=lein] At4g33030 ChifEn AABI4073 biochemical bitt: Sy nchi nim . nik.g
sulfolipid syrthase (UDP-sulfoquinovose:DAG sulfoquinovosyltransferase) (SQD 2) SQD (aft. spl)  At5g01220 ChlEn AF454354 T-DNA mutant  hitp: A nichi nlm nih.g
PG desaturase (palmitate-specific) (FAD4) FAD4 not cloned yet NA MA
MGDG desaturase (1.14.99.-) (paimitate-specific) (characterized by Kunst, Browse, Somerville (19 FADS At3g15850 Chl BAD23903 functional htp: Ay nchi.nlm.nih.g
defta-12 (omega-6) acyl-lipid desaturase (EC 1.14.19.-); FADE FADE Atdg30950 Chi P46312 EMS mutant hittp: Ay nichi.nim.niby.of
omega-3 acyl-lipid desat. (1.14.19.-; linoleste dessturase), FADT FAD? At3g11170 Chl P46310 EMS mutant hittp: Ihwwwwy nichi nim nib.g
omega-3 acyl-lipid desat. (1.14.19.-; linoleste desaturase; temperature-sensitive), FADS FADE At5g05580 Chi P4g622 EMS mutant  bttp:wewwy ncbinlm nih.g
long-chain acyl-CoA synthetase (involved in fatty acid export from the chioroplast) 6213 AHg7T590 ChifEn ALM2EETE biochemdoc.  bitp: My nchi nlm nik.g
long-chain acyl-CoA syrthetase 6213 At3g23790 Chi(?) AAM28629 biochemical htp: vy ncki.nlm.nih.g
long-chain acyl-Cod, syrthetase 6213 Atdg14070 Chi(?) AAM2EBE28 hiochemical  hitp:ffwvwwy nchinim nih.g
permease involved in ER to thylakoid lipid transfer (TGD1) TGD1 At1919800 ChiEn AAST5319 EMS mutant hittp: Ay nchinim nib.g
CYTOSOLIC /ER PATHWAY
choline/ethanolamine kinase 27182 At2g26830 Cyt AAC32242 by homology  hitp: s nchi.nim.nib.g
choline kinase 27132 At1g34100 Cyt NP_174672 by homology  hittp: fAwwwy nchi.nlm.nib.o
choline kinase 27132 Atg7T1697 Cyt AAPSTETO by homologyy  hittp: S nichi nlm nibg .
choline kinase 27132 At1g74320 Cyt ABMI5234 by homology  hitp: ey nchinim.nih.g
choline kinase 27132 Atag0a760 Cyt CABTE099 by homology bt Ay nchi.nim.nib.g
ethanolamine-phosphate sytidyliransferase 27714 At2g38670 Cyt AACET3IH by homology  hittp: fhwsarwy nchi nim.nib.g
choline-phosphate cytidylylransferase 27715 At232260 Cyt AACB950 by homology  hittp: vy nchi.nim.nih.g
choline-phosphate cytidylyltransferase 273718 Atdg15130 Cyt CABTa555 by homology  hittp: sy nchi nlm nibyv.o
phosphatidylsering synthase 2738 At1g15110 Cyt AALS1226 by homology  hittp: Sy ncbi nlm nikv.g
phosphatidylserine decarboxylase 4.1.1.65 (alt. spl.) At4g25970 Cyt CABTA452 by homology  hittp:dhwwwwy nchi nim.nib.g
phosphatidylserine decarboxylase 41185 At5g57190 Cyt NP_200529 by homology  hitp:ffwwwwy ncbinim.ning
phosphoethanolamine N-methyltransferase 211103 At1g48600 Cyt Q944HO by homology  http: ey ncbinim.nibg
phosphoethanolamine N-methyltransferase 21.1.103 (at. spl.) AH1g73600 Cyt Q9CEEI by homologry  hittp: dhwwww nchi nim.nibi.g
phosphoethanolamine N-methyltransferase 211103 At3g16000 Cyt ABMID282 by homology  hittp:fhwsewy nchi.nlm.nih.g
glycerol 3-phosphate acyltranerase 23115 At3g11430 CytiER ABOS0BET by homology  hittp: e nchi.nim.nih.g

Fig. 3 (continued)
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Encoded enzyme EC Humber  AGI Subcellular <DHA/ Annotation  NCBIMedline
or Identifier  Humber Localization gDHA Quality Links
{pred. & actual) record
A: Leaf Glycerolipid Biosynthesis {Continued)
glycerol 3-phosphate acyltranerase 23115 At5g06090 CytER NP_196227 by homology  hitp: fhaewewy nebinim.nih.g
1-acyl-sn-glycerol-3-phosphate acyltransterase (lysophosphatidic acid acyfransferase) 2.3.1.51 At1g51260 CytER NP_175537 by homology  http: iy nebinim.nin.g
1-acyl-sn-glycerol-3-phosphate acyltransterase (lysophosphatidic acid acyfransferase) 2.31.51 (alt. spl.) At1g75020 CytER AANBS12 by homology  hitp: Shvwwwww nchinim niko
1-acyl-sn-glycerol-3-phosphate acylfransterase (lysophosphatidic acid acytransterase) 2315 At3g18850 CylER AAP3TE21 by homology  hittps Shwwwwy ncbinlm nib g
1-acyl-sn-glycerol-3-phosphate acyltransferase (lysophosphatidic acid acyltransferase) 2315 At3g57650 CytER NP_S567052 by homology  http: Shvewwwe nchinlm nih.g.
phosphatidate phosphatase 3134 At1g15080 Cyt (7) BAB47574 functional http: oy nebinim.nib.g.
| phosphatidate phosphatase 3134 At3g18220 CytER NP_566602 by homology  hitpc e nebinim.nib.g
diacylglycerol kinase 271407 At5gB3770 Cyt AAR28755 biochemical  http:dhwww.nohinim.nih.g
diacylglycerol kinase (DGK1) 271407 At5g07920 Cyt Q39017 functional (?7) kit S ncbinim.nib. g
diacylglycerol: choline phosphatransferase 2782 At1g13560 Cyt AACE1768 functional Y i.nlm nik.
diacylglycerol choling phosphatransferase 2782 At3g25585 Cyt AACE1TES functional bt iy neblolm kg
delta-12 (omega-6) acyl-lipid desaturase; FAD2 FAD2 At3g12120 CyLER AABITE2  EMS mut.foomp.  http e nobinimnih.g
omega-3 acyl-lipid desaturase; FADS; FAD3 At2g29980 CytER P48623 EMS mut.fcomp.  hitpeifanaew nchi.nlm.nih.g
CDP-diacylglycerol synthase (phosphatidate cytidytransterase); CDS1 2774 At1962430 cyt 004928 tunctional (7). hittp: v nebinlm nib.g
CDP-diacylglycerol synthase (phosphatidate cytidytransferase) 2774 At2g45150 Cyt ALD32822 by homology  http: Sy ncbinlm nib o
| COP-diacylglyceral syrthase (phosphatidate cylidytransferase) 2774 At4g22340 Cyt AAM14254 by homology bt Sy ncbinlm nib g
phosphatidylalycerophosphate synthase (PGP1) 2785 At2g39290 () BAD43832 functional bt vy ncbialm nib g
phosphatidylalycerophosphate synthase 2785 At3955030 Cyt (D) AaL15250 by homology c ey nchinim.nin
phosphatidylglycerophosphate synthase 2785 24904870 Cyt () ALL24147 by homology  http: Shwwww nobi.nlm nih.g.
B. CHLOROPLAST (protein import, folding, maturation; transcription/translation)
Chloroplasts: transport Chloroplast: transcription and translation
Toc apparatus: Tic apparatus:
{outer (inner i
:oc::: Tiea0 Trancription: Trancription factors:  mRNA processing: Translation: Protein turnover:
oc’
Toc120 Tic22 RNA polymerase (sigma)  GLK1 cp29 IF-4 Erdi
GLK2
TocT5 cp31 IF-2 ClpP
Ticto cp33 IF3
Tocdd
i Tiath 2.7.7.6 (RpoZ) EF-TU
Toc4 Tie62 P67 cipR
Tiet10 HCF109
RRPA41
DEF1 e
HEF107
Secp : A DEF2 e
{thylakoid proteins) DAL1
Sech Tie Sec
HCF162
Ao
SecE ol T cmp1
SecY Chigamnss PGR3
ApH pathway:
(thylakoid proteins)
Tatc i
- - .- m |
Iron transporter Thad e
(" tossonttl forpastis | Thylakoid Ps1 Pl Cytbsr
development) - -
IRT1 : SRP pathway: bmgenems PS5l assembly: PSli stability:  Cyt. b6f assembly:
vtk i Chaperones and photo- hetor he13s hef164
Cpné0 alpha system
SRP43 Cpnéo beta assembly Thylakoid biogenesis
ADL1
Oxat cpn21
Vipp1
FisY Cpn10 it
HS5P40 numerous
homologs
GrpE-ike
ClIpC (HSP93)

Fig. 3 (continued)
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Encoded enzyme EC lumber  AGI Subcellular cDNA/ Annotation  HCBIMedline
or Identifier  Humber Localization agDlA Quality Links
{pred. & actual) record
B: Chloroplast (protein import, folding, maturation; transcriptionftranslation)
Protein import via envelope membrane
Toc apparatus
Toct59 (outer envelope membrane protein OEPSE) Toc159 At4g02510 ChiEn ALMI1483 by homology  hitpcfwwewy ncbinim.nih.g
Toc159 homolog Toc132 (unknown function) Toc132 At2g16640 ChlEn AAM20511 by homology  hittp: fiwswwy nebi nlm.nih.g
Toc159 homolog Toc120 Toc120 At3916620 ChiEn AASITIET by homology  hitpc i nebi nim nik.g
TocTs (outer envelope membrane protein OEPTS) Toc7s At4g03080 ChifEn CAB7E032 by homology  bitp: My nebi nim nikb.g
(= 75 % homology, import-associsted channel homolog) Toc7s At3g46740 ChlEn AAP21166 by homology  hitpc vy nchi nim.nih.g
(= B0 % homology) Toc75 At1935860 ChiEn NP_174521 by homology  hitp:iwwwwy ncbi nim.nib.g
Toc34 (GTP-binding protein) Toc34 At5y05000 ChlEn Q38906 functional ittty ncki.nim.nib.g
Toc34 (GTP-binding protein) Toc34 At1g02280 ChlEn ALLO8304 by homology  hitp: iy nebi nim nibeg
TocB4 (homology to pea protein) TocG4 At1g08380 ChiEn AAO42800 by homology  hitp: ey nebi nim nikbg
TocB4 (homology to pea protein) Toct4 At3g17970 ChIEn NP_188424 by homology  htto idwwvwy nchiolm nih.g
TocE4 (homology to pea protein) TocE4 At5g09420 ChiEn NP_196504 by homology  hitp. iy nebinim.nib.g
Tic apparatus
Tic20 Tic20 At1g04940 ChlEn NP_171986 by homology  http:fAwwewy nebi nim.nih.g
Tic20 Tic20 Atdg03320 ChlEn AAK328M by homology  hitp: i nekbi.nim.nib.g
Tic22 Tic22 At3923710 ChiEn MNP_183013 by homology  hittp: i nebi nim nik.g
Tic22 Tic22 Atdn33350 ChiEn AAOB3E3T by homology  Hte: vy ncbi nlm nikbg
Tic40 Tic40 AtSg16620 ChiEn AAN13009 by homology  hitpc sy ncbinim.nib.g
Tic5S (Rieske iron sulfur pratein) Ticss A12g24820 ChlEn AAD23030 by homology  hitp: fhwarwy nchinim.nih g
TicE2 Tic62 At3y18890 ChlEn ABP37762 by homology  hitp: fiwswwy nebi.nim.nib.g
Tic110 (EP110) Tic110 At1g06950 ChiEn AAM20701 by homology  http iwwwwy nebi nim nikv.g
Pathway for nuclear ded, thylakoid-localized proteins
Sec (secretory) pathway
Secd-type chloroplast protein transport factor Secd At g21650 Chl AAM207TH by homology  bitp: vy ncbi nlm.nih.g
SecA-type chloroplast protein transport factor Secd Atdg01800 Chi CAB77750 by homology  hitpoiwwwwy ncbi nim.nib.g
SecE-like protein translocase precursor (Secé1) SecE Atdg14870 Chi AAM20124 by homolagy  http: vy nebi nim nih.g
SecY preprotein translocase SecY At2g18710 Chi Q38885 functional http: fwewy nebi nlm.nikvg
Delta-pH pathway
TatC (twin arginine transiocation) TatC At2g01110 Chl BABE2074 functional hittp: fhwaey ncki.nim nibv.g
Hecf108 Hcf108 AtSg52440 Chl AAD32652 functional hittp: iy nchi.nim nih.g
Thad Tha4 AtSy28750 Chi AAG40358 by homology  hitp: iy nchbi nim.nib.g
SRP (signal recognition particle)-dependent pathway for integral membrane proteins
SRP54 (54 kDa) SRP54 At1g15310 Chi P43367 functional Hittpy: i nchi nlm nib g
SRP54 (54 kDa) SRP54 At1945300 Chl ABKIE524 by homology  hitp:fwwwwy ncbinim.nih.g
SRP54 (54 kDa) SRP54 At5g49500 Chl P49966 functional http: i nchi.nim.nih.g
SRP43 (CAQ) SRP43 At2g47450 Chi AADO1509 functional http: MMarvwwy nebi.nim.nib.g
Oxal (albino3; alb3; pshiX) Oxal At2928800 ChiiTh AABB1458 functional hittp: iy ncki nim nib.g
FtsY FtsY At2045770 ChiEn CAB40382 functional hittp: Sy ncki oln nikv.g-
Transporters required for plastid devel
IRT1 (Fe transport protein) IRT1 Atdg19690 ChlEn Q38856 functional http: iaywy nchi nim.nib g
Protein folding / chaperonins
CpnB0 (HSPED) (two subunits)
alpha subunit (Rubisco subunit-binding) Cpni0 At2g26000 Chl P21238 functional hittp: ey nebinim.nib.g
alpha subunit Cpn&l At5g18820 Chl NP_197383 by homology  http: dwvwy nchinlm nih.g
beta subunit (Rubisco subunit-binding) Cpni0 AtSg56500 Chl NP_200461 by homology  hitpciwywwwy nchinim.nih.g
beta subunit Cpn&0 At1g55490 Chi P21240 functional hittp: fhavvvy nchi.nim.nih.g
Hspa3 (ClpC) CipC At3y48870 Chi AAL10478 by homology  hitp: i nebi.nlm.nib.g
ClpC At5y50920 Chl AAM26692 by homology it iwewewy nebi nlm nib g
Cpn21 (Cpn10, 20kDa protein) Cpn2t At5020720 Chl 065282 functional  http: iy nckinim nihug
10 kDa chaperonin (Cpn10) Cpni0 At1914980 Chitit (7) P34893 functional it dharvewy ncki.nim.nibv.g
10 kDa chaperonin (Cpn10) Cpn10 At1g23100 ChliCyt (?) AADS0554 by homology  hitp:ffwewy ncbi nim.nib.g
10 kDa chaperonin (Cpn10) Cpni0 At3g60210 Chi(?) ALOBATTT by homology  hitp: fiwwwwy nebi.nlm.nib.g
10 kDa chaperonin (Cpn10) Cpni0 At2044650 Chi AAC2TABT by homology  hitp: iy nebi nim nikb.g
HSP40 (Dnad-like) = 40 seq. in Arabidopsis; subcellular local. in several cases ambiguous MNA
GrpEdike chaperone GrpE At1g36390 Chi AAMS1251 by homology  hitp: ey nebi nim nikv.g
GrpEdike chaperone GrpE At426780 Chl AAPD4032 by homology bt ey nebi nlm nib.g
GrpEdike chaperone GrpE AtSa17710 Chl ABL34228 by homology  hitpc iy nebi nim.nib.g
GrpEdike chaperone GrpE At5g55200 Chi AAMID113 by homology  hitp: fhwwewy nchi nim.nih.g
Transcription
RNA polymerase (Sigma factor)
(SIG1; Isono et al., 1997, sigma factor 2, Allison, 2000, sigd, Hakimi et al., 2000, sigB; Tan RNAPolySigma  At1g08540 Chi AABBI385 functional http: Mharvesy nekinim.nib.g
(SIG2; lsono et al., 1997, sigma factor 1; Alison, 2000) RNAPolySigma  At1gE64860 Chl AAGAD3EE functional http: fharnewy nehi nim.nib.g
(Sigma factor 70; SIGE) RNAPolySigma  At2g36990 Chi ASM14121 by homology  http:dwwwy nekinim.nihg
(Sigma factor C; genome project; SIG3; Isono et al,, 1997 and Alison, 2000) RNAPolySigma  At3g53920 Chi AAMIT534 functional hittp: iy mcbinim nib.g
(3IG4) RMNAPolySigma  At5g13730 Chl AF101075 functional (7)) bttp fhwvewy ncki nlm nik g
(SIGS5; Hakimi et al., 2000) RNAPolySigma  At5g24120 Chi CAATT2AS by homology  hitp: Ay nchi.nim.nib.g
RpoZ (RPOPT) 2778 At224120 Chi 024800 functional hittp: iy nchi nim nibv.o
Transcriptional regulators
GLK (AtGLKZ; golden 2-ike; GARP superfam. of TFs (required for plastid developm.) GLK At5g44190 Chi ALKIET44 functional http: iwseewy nchi nim.nib.g
AGLK1 (golden 2-like) GLK At2g20570 Chi ALKIETI functional http: Mwewy nchi.nlm.nib.g

Fig. 3 (continued)
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Encoded enzyme

EC Humber  AGI
or ldentifier  Humber

Subcellular cDHA/ Annotation  NCBIMedline
Localization gDHA Quality Links
{pred. & actual) record

B: Chloroplast (Continued)

mRNA processing

cp29

cp31

cp33 (all putatives)

cp33 (all putatives)

cp33 (all putatives)

cp33 (all putatives)

pE7 (endoribonuclease)

RRP41 (exonuclease)

het107 thomologous to Mbb1 of Chlamy)
Crp1 (chloroplast RNA processing, huge gene family)

Translation

IF-1 (translation initistion factor)

IF-2 (translation initistion factor)

IF-3 (translation initiation factor)
EF-TU (translation elongation factor)
peptide chain release factor (hef109)
peptide deformylase (DEF1)

peptide deformylase (DEF2)

Protein turnover
ERD1 protease (ClpC-like)
ClpP protease complex (annotation according to Pelier et al., 2001)
ClgP1
ClpP2 (used to be nClpPT)
ClpP3
ClpP4
ClpP5 (used to be nClpP1)
ClpPE
ClpR1 (used to be nClpP5)
ClpR2 (used to be nCipP2)
CIpR3 (used to be nCIpPS)
ClpS1
DegP protease (12 adedtional homologs with no identified function; not listed here)
FisH protease (many homologues (subcellular localization ambiguous)

Thylakoid biog
hcf101

het101

het101

het136 (required for photosystem Il stability)

het164 (involved in biogenesis of cyt. kBT complex; thioredoxin-like)
ADL1 (dynamin-like protein)

HCF155 (vipp1)

and pl y 1 ly

Cp28 At2g37220 Chl AAL15235 by homology  hitpc iy ncki nim.nib.g
Cp Atdg24770 Chi Q04836 functional hittp: e ncki.nlm nib.g
Cp33 At1g01080 Chi AAMI1045 by homology  hitp:ifwwwy nebi.nim.nih.g
Cp33 At2g35410 Chl AAN15684 by homology  hittp:iwwwwy nckinim.nih.g
Cp33 At3g52150 Chl AANZEE95 by homology  hitp: /A nebi nim nib .o
Cp33 At3g52380 Chi AALTTT23 by homology  hitp: iy nchinim.nih.g
PE7 Atdg16390 Chi CABTE681 by homology  hitp: fiwwwwy nchi.nim.nib.g
RRP41 At361620 Chl AAOB3905 by homology bt iy nebi nim nikv g
Hef107 At3g17040 Chi AAP3TTE by homology  hittociAwwwww nchi nim.nib.g
Crpl At5g42310 Chi AAMS3311 by homology  hitp: fhwarw nchi.nim.nih.g
DAL1 At2033430 Chl AAN19941 by homology  hitp:fwwwyy nebi.nim.nih.g
PGR3 At4g31850 Chi CABT9903 functional hittp: iy nebi.nim.nib.o
IF-1 Atdg11175 Chl 082499 by homology  hitp: iy nchinim.nih g
IF-2 At1g17220 Chl QISHI1 by homology  hitp:fwwwwy ncbi.nim.nih.g
IF-3 At4g30690 Chi NP_567851 by homology  hitp: iy nebinim nib.g
EF-TU At4g20360 Chl CABTI036 functional hittp: wsnesne nchi nlm nib.g
Hcf109 AtSg36170 Chi AAMS1328 by homology  hitc/erwww nchi nim.nibug
DEF1 At1g15390 Chl QOFVS3 functional hittp: iy nickhi nim.nib.g
DEF2 At5g14660 Chl QYFUZ2 functional hittp: ey nchi nim.nih.g
ERD AtSg51070 Chi P42762 functional http: iy nchi.nim.nib.g

plastid-encoded

ClpP At5g23140 Chi ABOB3325 by homology  hitp: i nchi nlm.nib.g
ClpP At1gBEET0 Chl NP_564880 by homology  hitp: fiwsww nchinim.nih.g
ClpP AtS5g45390 Chi AAP13429 by homology  hitp:/fwswww nebi.nim.nib.g
ClpP At1g02560 Chi BAAB2065 by homology  hitp: iy nebi nim nib.o
ClpP At1g11750 Chl AABI9906 by homology bt ey nchi nlm nib.g
ClpR At1g49970 Chi ALNTET4 by homology  hitp: iy nchi nlm.nih.g
ClpR At1g12410 Chi AAM10203 by homology  hitp: iy nchinim.nih.g
ClpR 211909130 Chl AANT2143 by homology  hittp: iy nchinim.nih.g
ClpsS Atdg17040 Chi NP_567521 by homology  hitp: iy nchi.nim.nibe.o
DegP At2g47340 Chl AAK14061 by homology bt My nebi nlm kg
FtsH At1g50250 Chi Q39102 functional hitp i ncbi.nim nib.g
het101 At3g24430 Chl CADI0253 functional it iy nchbinim nikb.g
hef101 Atdg19540 Chi CABT8956 functional ittp: iy nichi nim nib.o
hef101 At5g50960 Chi AANT3093 functional ttp: iy ncbi.nlm.nib.o
hctl136 At5y23120 Chl 082680 functional Fittp: ey nchi nikm nibvg
hct164 At4g37200 Ch CAC19858 functional ittt nicki nim.nibg
ADL1 At5g42080 Chl P42697 functional hittp: iy ncki nim.nib.g
Vipp1 At1g65260 Chi 080796 functional (?)  hitp: iy nebi nim.nih.g

Fig. 3 (continued)

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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C. PHOTOSYSTEMS

Additional photo-
system Il ts:

Photosystem Il |

Protein

Encoded in plastid genome:
-psbA

-psbB

«pshC

-psbD

2K
psbP family of thylakold
proteins:

+25.6 kDa protein

'Stroma

423

NADP NADPH H

ADP > ATP

s ATP synthase (CF,)

Protein subunits
Encoded in plastid genome:
- atpA (alpha chain)

- atpB (beta chain)

- atpE (opsilon chain)
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Fig. 3 (continued)

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 genelenzyme 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 mRINA 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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Encoded enzyme EC Humber  AGI Subcellular cDHA/ Annotation  NCBIMedline
or ldentifier HNumber Localization gDHA Quality Links
(pred. & actual) record
C: Photosystems
Photosystem |
CHLOROPLAST GENOME-ENCODED
psa (Photosystem | P700 chiorophyll A apoprotein A1) (psas1) psad AtCg00350  ChlThy(memb)  PSETE6 functional  hittp: /iy ncki nim nih.g
psab (Photosystem | PT00 chiorophyll & apoprotein A2) (psad2 fpsaB) psab AtCg00340  ChliThy(membk)  PSE7ET7 by homology  http: Sy ncbi.nim nih.g
psaC (Photosystem | iron-sulfur center (Photosystem | subunit Vi) (3 kDa polypeptice) pzaC AtCg01060  ChlThy(memb)  PE20S0 by homology  hitp: iy nebi nim nih.g
psal (Photosystem | reaction center subunit V) psal AtCgDD510  ChliThy(memb)  PSETES by homology  hitp: iy nebi.nim . nib.o
psad (Photosystem | reaction center subunit [X) psad AWCgO0B30  ChiThy(memb)  PSETES by homology bt dhwenee nchil.nlm nikv.g
HUCLEAR GENOME-ENCODED
psaD-1 (photosystem | reaction center subunit Il precursor) pzaD A1g03130  ChiiThy(memb)  Q9SAS56 by homology  hitp: iewwy nchi.nim nih.g
psaD-2 (photosystem | reaction center subunit Il precursor) psaD A4g02770  ChiThy(memb)  Q9S7H1 by homology  hitp: iy nebi.nim.nib.g
psaE-1 (Photosystem | reaction center subunit IV) psaE At2g20260  ChiThy(memb) Q95714 by homology bt fvwewwy nebl nim nik.g
psaE-2 (Photosystem | reaction center subunit 1Y) psaE At4g28750  ChiThy(memk) Q93831 by homology  hitpcddwwyww ncki.nim.nib.g
psaF (photosystem | subunit Il precursor) psaF At1g31330  ChlThy(memb) AANT2110 by homology  hitp: fherwwy nichi.nim nih.g
psaG (photosystem | subunit V' precursor) pzaG At1g5S670  ChlThy(memb) AAG40061 by homology  hitpeiwewy nebi.nim nih.g
psaH-1 (Photosystem | reaction center subunit Vi) psaH At1g52230  ChiThy(memb)  QISUIE by homology  hitp: iy nebi.nim .nib.g
psaH-2 (Photosystem | reaction center subunit V1) psaH At3g16140  ChiThy(memb) QasUIT by homology bt ifweswwy nebi nim nikeog
pzaak (photosystem | subunit X precursor) pzakl At1g30380  ChiiThy(memb)  QISUIS by homology it /vy nebi.nim.nib.g
psal (photosystem | chain X1 precursor) psal At4g12800  ChiThy(memb) — QISUI4 by homology  hittp: fvwwwsy nebl nim nik g
psal (Photosystem | reaction certer subunit M) psa AtSuB4040  ChiThy(memb)  P49107 functional (?)  httg ey bl nim nikbug
psa (photosystem | subunit ©) psad Atg08380  ChliThy(membk) CAD37939 functional it S nchinlm nib.g
Chlorophyll a/b binding proteins
Lhcat (LHCI-730) Lhca At3n54890 Chl AAGADD43 by homology  httpc iy neblnim.nik o
Lhca2 (LHCI-680) Lhca At3p61470 Chi AAD2BTET  functional (7) bt vy nebi nim nibv.g
Lhea3 (LHCI-680) Lhca At1gE1520 Chi ABA1IB206  functional (7)  hitp vy nchi.nim.nib.g
Lhcad (LHCI-730) Lhca At3g47470 Chi AAA3Z2760  functional (7)  hitpiifwwewy nebinim nih.g
LhcaS Lhca Atga5474 Chi AF134121 functional (?)  http: /i nebi.nim.nib.g
Lhcab Lhca At1g19150 Chi u0338s functional hittp: Sy nebi.nim .nikb.g
Ferredoxin
FDX At1g10960 Chl 004030 by homology - Ivvrve ncbi nim nib.
FDX At1g32550 Chl AAMAS127 by homology bt iy nebi.nlm.nib.g
petF FDX At1gB0950 Chl ALGA00ST by homology  http: fherwwy nchi.nim.nih.g
FDX At2g27510 Chl AAD15602 by homology  http: /Ay ncbi.nim .nih.g
FDX Atdoy14890 Chi ABM2BEST by homology  hitpffwwww nebi nlm nib.g
FDX At5g10000 Chi NP_196562 by homology  hitpc/wvwwy ncbi.nim.nib.g
Ferredoxin-HADP reductase
11812 At1g20020 Chi AAMATIE2 by homology  hitp: /iy nebi.nim.nib.g
11812 At1g30510 Chl AAP3TE27 by homology  hittp fvwsewy nebl nim ik
11812 At4g05390 Chi AAMIBITE by homology  httoc iy nebinlm.nib.g
petH 11812 At5gEE190 Chl AAL59934 by homology  hitp: vy ncki.nim.nib.g
Cytochrome b6f complex
CHLOROPLAST GENOME-ENCODED
petd (Apocytochrome f) pets AtCg00DS40  ChliThy(memb)  PSBETT1 by homology  hitp: ihwwwwy nebi.nim nib.o
petB (Cytachrome bE) petB AtCgOD720  ChiThy(memb)  PSB773 by homology  hitpe My nebi nim nib.g
petD (Cytochrome bB-f complex subunit 4) (17 kDa polypeptide) petDd ACgO0730  ChliThy(memk)  PS6774 by homology bt ihewwy ncki.nim nib.g
petG (Cytochrome bE-f complex subunit V) petG AtCgO0B00  ChiThy(memk)  PSETTS by homology bt iy nebi.nim nib.g
petl (Cytochrome b6-f complex subunit Vi) petl AtCg00S90  ChliThy(memb)  PSB776 by homology  hitp: fwwewy ncbi.nim.nih.g
peth (Cytochrome bB-f complex subunit Vil petid AtCgD0210  ChliThy(memb)  PE1039 by homology  hitp: iy nebi.nim.nib.o
HUCLEAR GENOME-ENCODED
petC (Rieske iron sulfur protein) petC At4g03280  ChiThy(membk) AJ292972 functional hittp: fhvewwy ncbi.nim nikh.g
petd (Cytochrome cB) (Soluble cytochrome f) (Cytochrome c553) petd At5945040  ChlThy(memb)  Q93VA3 functional hittp: A sy ncbi.nim.nib g
peth (cytochrome bBt complex subunit) peth (att. spl)  At2g26500  Chihy(memb) CAADSE67 functional  ittp: iy nbi.nim nik.g
Photosystem
CHLOROPLAST GENOME-ENCODED
psba (Photosystem Q(B) protein (32 kDa thylakoid membrane protein) (Photosystem Il protein D1) psha AtCg00020  ChliThy(membk)  P83735 functional it S nicki.nlm nih.g
pshC (Photosystem |l 44 kDa reaction center protein precursor (P6 protein) (CP43) pshC AtCg00230  ChlThy(membk)  PSE77S functional http: Sy ncbinim nih.g
psbB (Photosystem Il PEB0 chiorophyll A apoprotein) (CP-47 protein) psbB AtCgO0680  ChlThy(memb)  PSB777 by homology  hitp: iy nebi.nlm nibv.g
psbD (Photosystem Il D2 protein) (Photosystem G(A) pratein) (PSI D2 protein) psbD AtCgD0270  ChiThy(memb)  PSE761 functional hitte: iy nebinim .nik.g
pshE (Cytochrome bS53 alpha subunit) (PSI reaction center subunit V) pshE AtCgOD580  ChiThy(memb)  PSETTS by homology  hitto iy nebi nlm nik.g
pshF (Cytochrome b559 beta subunit) (PSIl reaction center subunit VI) pshF ACgO0S70  ChliThy(memk)  PB2095 by homology  hittp: ihewwww ncki.nim nib.g
pshG (NAD(P)H-gquinone oxidoreductase chain k) pshG AtCg00430  ChlThy(memb)  PSB756 by homology  hittp:fiwwwwy nebi.nim.nih.g
psbH (Photosystem Il reaction center H protein) (Photosystem Il 10 kDa phosphoprotein) psbH AtCg00710  ChlThy(memb)  PS6780 functional hitt: sy ncbl.nlm.nib.g
psbl (Photosystem |l reaction certer | protein (PSI 4.8 kDa protein) pshl AtCgo00s0  ChiThy(memb)  PE2100 by homology  httociiwwwwy nebinim nikv.g
pshd (Photosystem Il reaction certer J protein) pshd AtCgOD550  ChiThy(memb)  PS67381 by homology  hittp: dhweee nchi nlm nibv.o
psbK (Photosystem Il reaction center protein K precursor (PSI-K) pshi ACgO0070  ChliThy(memk)  PS6782 by homology bt dhwweww nicki.nlm nib.g
psbL (Photosystem Il reaction center L protein (PSIl 5 kDa protein) pshL AtCgO0560  ChlThy(memb)  PEO129 by homology  hitp:fwewy nebi nim nih.g
psbM (Photosystem Il reaction certer M protein) (PSI-M) psbi AtCg0020 ChiiThy(memk)  PE2109 by homology  htba iy ikl nlm .nikb.g
psbN (Photosystem Il reaction center N protein) pshi AtCg0O700  ChlThy(membk)  PBE2113 by homology  hitp:fhswwe nchi.nim nih.g
psbZ (Photosystem Il reaction center Z protein) psbZ AtCg00300  ChlThy(memb) — PS6790 by homology  hitp: iy ncbi.nim.nih.g

Fig. 3 (continued)
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Encoded enzyme EC Humber  AGI Subcellular <DNA/ Annotation  NCBI'Mediine
or ldentifier Humber Localization gDHA Quality Links
(pred. & actual) record

C: Photosystems (Continued)

HUCLEAR GENOME-ENCODED

pshO (33 kDa protein) psbO At3gS0820  ChiThy(memb) Q95841 by homology  hitp: dvewsy nebi.nim nib.g
pshO (33 kDa protein) pshO At4g37230  ChiThy(memb) QSSWES by homology  hittp: v w nebi.nim nih.g
pshO (33 kDa protein) psbO ASgEBS70 ChiThy(memb)  P23321 functional ity nebinlm nib.g
psbP (23 kDa protein) Oxygen-evolving enhancer protein (OEC23) psbP At1g0B630  ChiThy(memb) (42029 functional hittp: Shnewes ncbi.nlm nib.o
pshP (23 kDa protein) Oxygen-evolving enhancer protein (OEC23) pshP At2g30790  ChiThy(memb) 049344 by homology  hito: v nebi.nim nih.g
psh@ (16 kDa protein) Oxygen-evolving enhancer protein (OEC16) psh@ At3g01440  ChiThy(memb) AAM10361 by homology  hittofhnewew nebinim nih.g
psb@ (16 kDa protein) Oxygen-evolving enhancer protein (OEC16) psh@ At4g05180  ChiThy(memb) Q41932 by homology  hitp:/fewwww nebinim nih.g
psh@ (16 kDa protein) Oxygen-evolving enhancer protein (OEC16) psb@ At4921280  ChiThy(memb) — QSXFT3 functional bty nebinlm nib.g
psbR (10 kDa protein) psbR At1g79040  ChiThy(memb)  P27202 functional hittp: Svvvvwy nebinim nib.o
pshS (22 kDa protein) (CP22; chiorophyll &b kinding protein-like) pshs A1g44575  ChilThy(memb)  QIXFH functional (?)  http:iAewwy nebinim.nih.g
pshT (Photosystem Il 5 kDa protein) pshT A3921055  ChifThy(memb) Q39195 by homology  httpdhneweww nebi.nim nih.g
psbY ((L-arginine metabolising enzyme) (L-AME) psbY (alt.spl) A1g67740  ChiThy(memb) 049347 functional http: Shnewevy .nebinim nih.g

ADDITIONAL PHOTOSYSTEM Il COMPONENTS
psbP family of thylakoid proteins

oxygen-evolving complex 256 kD protein pshP At2g39470  ChifThy(memb) AAC27838 by homology  hitp: fAwewww nebinim nih.o
oxygen-evolving complex 25 6 kD protein psbP At3g55330  ChiThy(memb)  P82538 by homology  hittp: dhwewewy neblnlm nib.g
oxygen-evolving complex 25 6 kD protein pshP At4g15510  ChifThy(memb) 023403 by homology  hitp Sy nebinim nih.g
thylakaid lumenal 20 kDa protein TL20 At3g56650  ChlThy(memb) NP_191224 by homology  hitp:dwww ncbinim nih.g
23 kDa polypeptide of water-oxidizing complex of photosystem Il 23 AtSg11450  ChiThy(memb) AALB2404 by homology  hitp: fwewww nebinim nih.g
thylakoid lumenal 29.8 kDa protein TL298 AMg77090  ChiThy(memb) 049292 by homology  hitp: fhewww nebinim nih.o
Chlorophyll ab binding proteins

photosystem i type | chlorophyll a /b binding protein LHC2T1 At1g29910  ChiThy(memb)  P04778 functional hittp: Sy nebi.nim nih.g
photosystem Il type | chlorophyll a & binding protein LHC2T1 At1929920  ChifThy(memb)  PO4777 functional hitp: ifvevwyw nebi.nim.nih.g
photosystem I type | chlorophyll a /b binding protein LHC2T1 Ab1g29930  ChiThy(memb)  PO4778 by homology  hitp: Ay nebinim nih.g
photosystem lltype | chlorophyll & /b binding protein LHC2T1 At2g34420  ChiThy(memb) AAK49602 by homology bt hevwsy nebi nim nib.g
photosystem lltype | chlorophyll & & binding protein LHC2T1 At2g34430  ChifThy(membk)  S25677 functional it Ay nebi.nlm nib.o
photosystem ll type I chiorophyll a & binding protein LHC2T2 At2g0S070  ChiThy(memb) AAD28770 functional (7)  http: sy neblnim nib g
photosystem Il type I chiorophyll & & binding protein LHC2T2 At2g05100  ChiThy(memb) AAD28769 functional () htto: e nebinlm nik.g
photosystem lltype || chiorophyll & A binding protein LHC2T2 At3g27690  ChiThy(memb) AAD28772  functional (?)  hitpiwwww nebinim nih.g
photosystem ll type || chlorophyll & /b binding protein LHC2T2 At5gS4270  ChifThy(memb) AAD28773 functional (?)  hitp: i ncbinim nih.g
CP29 (Lhcbd 1) (photosystem lltype Il chlorophyll & b binding protein) LHC2T3 At5g01530  ChiThy(memb) Q07473 functional (?)  http: M .nebinim nih.g
CP29 (Lhch4 2) (photosystem lltype Il chlorophyll & i binding protein) LHC2T3 At3g08340  ChiThy(memb)  Q9XFS8 functional (?)  http:dhwewewy nebinim nih g
CP29 (Lhchd 3) (photosystem litype Il chiorophyll a M binding protein) LHC2T3 At2g40100  ChiThy(memb) QST functional (7)  http: A nebinim nih.g
CP26 (LchbS) (photosystem Il type l chlorophyll a b binding protein) LHC2T3 Atdg10340  ChlThy(memb)  QOXFEI functional (?)  hitp:dAevww ncbinlm nih.g
CP24 (LchbB) (photosystem lltype Il chlorophyll & & binding protein) LHC2T3 At1g15820  ChifThy(memb) AAG48788 by homology  http:/hwwwww .nebinim nih.g

Early light-inducible proteins

Lil1 1 Lil At3g22840  ChiThy(memb)  USS014 functional (?) it S nebinim nih.g
Li1.2 Lil At4g14690  ChiThy(memb) AAD2B779 functional (7)  http:dhnewew nebinim nih.g
Lil2 (one helix protein) Lil At5g02120  ChiThy(memb) AAC25108  functional (7) it nebinim nih.g
Lil3.1 Lil Atdg17600  ChlThy(memb) AAD28780  functional (?)  hitpiiwww ncbinim.nih.g
Lil3.2 Lil At5gd7110  ChiThy(memb) AATOG433 by homology  hitp:fAneww .ncbinim.nih.g
Lil4 (SEP1) Lil At4934190  ChiThy(memb) AAFB1625  functional (?)  htto:wwwww nebinim.nih.g
Lil5 (SEP2) Lil At2g21970  ChiThy(memb) AAFB1626  functional (7)  hitpi e nebinimnih.g
Other:

PGRS (proton gradient regulation) PGRS At2905620  ChiThy(memb) AALI17T by homology  hitp: /vy nebinim nih.g
Plastocyanin

major isofarm PC At1g20340  ChiThy(memb)  P42699 functional hitte: Sy ncbi.nim nih.g
minar isoform (petE) PC At1g76100  ChiThy(memb)  P11480 functional http: Shnewvw nebinlm nih.g
ATP synthase

CF0 complex {proton pump)

CHLOROPLAST GENOME-ENCODED

atpF (ATP synthase B chain; subunit 1) atpF ACg00130  ChiThy(memb)  P36759 by homology  hitic v nebinim nih.g
atpH (ATP synthase C chain( (Lipid-hinding protein) (Subunit ) atpH AtCg00140  ChiThy(memb)  PSE7E0 by homology  hitp:#hwwy ncbinim nih.g
atpl (ATP synthase A chain) (ATPase subunit V) atpl AtCg00150  ChiThy(memb)  P56758 by homology  hitp: /v nebinim nih.g
HUCLEAR GENOME-ENCODED

atpG (ATP synthase beta chain; subunit Iy ATPG At4g32260  ChiThy(memb) CABS2473 by homology  hito: S nebinim nih.g

CF1 complex {catalytic)
CHLOROPLAST GENOME-ENCODED

atpa (ATP synthase alpha chain) atpA ACO0120  ChiThy(memb) — PS6757 by homology  hittp: i nebi.nim nih.g
atpB (ATP syrthase beta chain) atpB AtCy00480  ChiThy(memb)  P19368 functional ittp: Shaewwy nebinim nik.g
atpE (ATP syrthase epsilon chain) atpE AtCg00470  ChiThy(memb)  P09468 functional (7)) http: dhwewewy nebi nim nib. o
NUCLEAR GENOME-ENCODED

atpC1 (ATP syrthase gamma chain 1) atpC1 At4g04640  ChiThy(memb) Q01908 functional hittp: Mvewwvy nebinim nih.g
atpC2 (ATP synthase gamma chain 2) atpC2 At1g15700  ChiThy(memb) Q01909 functional hittp: S ncbinlm nib.g
atpD (ATP syrthase delta chain) atpD At4g09650  ChifThy(memb) AAMETS35 by homology  hitte: S nebinlm nib.g

Fig. 3 (continued)
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Fig. 3 (continued)

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 wusing 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
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http://www.cbs.dtu.dk/services/TargetP/
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Encoded enzyme EC lumber  AGI Subeellular cDHA/ Annotation  NHCBlIMedline

or ldentifier  Number Localization gDlA Quality Links

{pred. & actual) record

D: Plastidial Isoprenoids (Chlorophylls, Carotenoids, Tocopherols, Plastoquinone, Phylloquinone)
BIOSYNTHESIS OF PRENYL DIPHOSPHATES
1-deoxy-D-xylulose S-phosphate synthase (DXPS) 2217 At3g21500 Chl BAD43921 by homology  http: Shawewy nebinim.nih.g
1-deoxy-D-xylulose 5-phosphate syrthase (DXPS) 2247 Atdg15560 chi AAC49368 functional  http: vy nebinim.nin.g.
1-deoxy-D-xylulose S-phosphate syrthase (DXPS) 2217 At5g11380 Chi NP_196699 by homology  hitp: S ncbi nim nib o
1-deoxy-D-xylulose S-phosphate reductoisomerase (DXR) 11.1.267 At5g62790 Chl QIXFS9 functional http ity neblnlm kg
2-C-methyl-D-erythritol 4-phosphate cytidyltransferase (MCT) 27760 At2g02500 Chl ABFE1714 functional hittgo: S nichi nlm nib.g
4-(cytidine §'-diphospho)-2-C-methyl-D-erythritol kinase (CMK) 271148 £12g26930 Chl AAG01340 by homology Sy i.nlm.nih
2-C-methyl-D-erythritol 2, 4-cyclodiphosphate synthase (MECPS) 46112 At1g63970 Chi QICAKS by homology bt Shwwwww ncbinim nih.g.
1-hydroxy-2-methyl-2-(E)-butenyl 4-phosphate synthase (GopE) 11743 At5g60600 Chl AAM19840 by homology  hittpc dhwwevy nebi.nim nib.g
1-hydroxy-2-methyl-2-(E)-butenyl 4-phosphate reductase (LytB) 14742 Atdg34350 Chl AANMI0016 by homology bt dhwwwy nchinlm nib
isopertenyl diphosphate: dimethylallyl diphosphate isomerase (IPPI) 5.3.3.2(at.spl) At3g02780 Cyt & Chi AA8C49920 functional hittio: v nchi nim .nih.g
isopentenyl diphosphate: dimethylallyl diphosphate isomerase (IPPI) 5.3.32(alt.spl) At5g16440 Cyt & Chi AAC49932 functional http: ity nebinim nih.g
geranyl diphosphate synthase (GPPS) 25141 At2g34630 Chl CAC16849 functional (?)  http: S nebinlm nib.g
geranylgeranyl diphosphate syrthase (GGPPS 2) 251.29 At2g18640 Chi AAD12206 functional http: itaewewy bl nim nibg.
geranylgeranyl diphosphate syrthase (GGPPS 3) 25129 At3g14510 Chi MP_138069 by homology  hitpcihwewewe nebinim.nih.g
geranylgeranyl diphosphate syrthase (GGPPS) 25129 At3g14530 Chl BABO2385 functional http: My nebinim nih.g
geranylgeranyl diphosphate syrthase (GGPPS) 25129 At3g14550 Chl NP_183073 by homology  http: dhwwww.nobinim.nih.g.
geranylgeranyl diphosphate syrthase (GGPPS B) 25129 At3y20160 Chi NP_188651 by homology  httpc vy nebinim.nibe.g
geranylgeranyl diphosphate syrthase (GGPPS 1) 25129 At3929430 Chl MP_189589 by homology  hitpedhvwsy ncbinim nik
geranylgeranyl diphosphate syrthase (GGPPS) 25129 At3932040 Chi ALT71982 by homology bt vy ncbinlm nib g
geranylgeranyl diphosphate synthase (GGPPS) 25129 Atdg36810 Chl P34802 functional http: iy nebinlm nib.g
geranylgeranyl diphosphate syrthase (GGPPS) 25129 Atdg38460 Chl AAKO0407 by homology  httpchwwevy nebi.nim.nih.g
geranylgeranyl reductase (GGR) GGR At1g74470 Chl CAATA372 functional hittp: ey ncbi nlm.nih.g
polyprenyl diphosphate synthase (PPDS; annotated as geranyl diphosphate syrthase in GenBank) PPDS At1g17050 (memiy) AAO42250 by homology  hitpc S nchi.nim nib g
solanesyl diphosphate synthase (PPDS) PPDS At1g78510 Chl BABBE941 functional http ity neblnlm ik
CHLOROPHYLL BIOSYNTHESIS AND BREAKDOWH
glutamyl tRNA syrthetase 61147 At5g26707 Chl ALC36469 functional hitto: Moy nebinlm.nih.og
glutamyl-tRNA reductase GtRR At1g09940 Chl P49294 functional hittp: vy nebi.nlm.nib.g
glutamylRNA reductase GiRR At1g58280 Chi P42804 functional http: vy nebi nim nih o
glutamylRNA reductase GiRR At2g31250 Chi AAD20670 by homology  hitpcihwwewy nehinim nih.g
glutamate 1-semialdehyde aminotransferase 5438 At3g48730 Chi Q42522 by homology  hitp: S ncbinlm nib.g
glutamate 1-semialdehyde aminatransferase 5438 Bt5g63570 Chl P427393 functional (7)  hitpcfaevew . nebinim nih.g
aminolevulinate dehydratase 42124 Atlg44318 Chl A by homology  hittpc Sy nebi.nim.nib.g
aminolevulinate dehydratase 42124 At1g69740 Chi AAG42018 by homology bt Shwwewy nchi nlm nib o
porphobilinogen deaminase 4318 At5g08280 Chi Q43316 functional http: ity nebl.olm nibg.
uroporphyrinogen synthase 42175 At2026540 Chl AsL38830 by homology  hitpc S nebinlm nib.g
uroporphyrinogen decarboxylase 411.37 At2g40490 Chl 0220886 by homology  http: Shwwwwy nebinim.nih.og
uroporphyrinogen decarboxylase 41137 At3g14930 chl AAPBB265 by homology  hittp: iy ncbi.nim.nin.g
coproporphyrinogen Il oxidase 1333 At1g03475 Chl CAD12661 functional hittp: vy ncbinim nibe.g
pratoporphyrinogen IX oxidase 1334 Atdg01690 Chi P55826 functional http: ity nebi nlm nikg.
protoporphyrinogen [X oxidase 1334 At5g14220 Chl AAM26644 by homology  httpc ey nebinim nih.g
Mug-protoporphyrin X chelatase ChiD At1g08520 Chl AADS2031 functional (?)  http: haewewe nebinim nih.g
Ma-protoporphyrin [X chelatase Chil Atdg18480 Chi P16127 functional http: iy nebinim nib.g
Mug-protoporphyrin X chelatase Chil At5045930 Chil AAMIBIE3 by homology  hitpc Sy ncbinim nikb g
Mig-protoporphyrin X methyltransferase 21411 Atdg25080 Chi ALL34E5 by homology it Shwwwwy nchi nlm nib g
Mg-protoporphyrin X monomethylester cyclase PIXMC not cloned yet NA NA
protochlorophyllide reductase (POR C) 1.31.33 At1g03630 Chl Q48741 functional hitp: v nebinim nib.g
protochlorophyliide reductase (POR B) 1.31.33 Atdg27440 Chi P21218 functional hittp: vy ncbinim nih.g
protochlorophyllide reductase (POR A) 13133 AtS5g54190 Chi Q42536 functional htp: S nebi nim nik.o
chlorophyll syrthetase Chis At3g51820 ChIEn ALKBSTET by homology ity nehi nim nib
chiorophyll 2 oxygenase ChiQ At1g44446 Chl ABD54323 functional hittio: S ncbi nim.nih.g
chiorophyll b reductase ChiR not cloned yet MNA NA
chlorophyliase 31114 At1g19670 CytER AAC13947 functional (?)  http:dhwww nchinim.nih.g
chlorophyllase 31114 At5g43860 ChiEn AAF27046 functional http: ey nebinim nib.o
Mg-dechelatase DECHEL niot cloned yet N, NA&,
pheophorbide & oxygenase PHO not cloned yet MNA Na&,
red chiorophyll catabolte reductase RCCR At4g37000 Cyt AAGE3980 functional bt itaenewy nebinim nib g
ferrochelatase 498811 A£t2g30390 Chl 004921 functional http: iheveve nebinim nib.g
ferrochelatase 49911 At5g26030 Chi P42043 functional http: ihveweve .nebinim nib.g
heme oxygenase (HO) 114993 At1958300 Chi AAKB3007 functional it i nebi nlm nib. o
heme oxygenase (HO) 114893 At1gBI720 Chi NP_177130 by homology  hitpc Sy nebinlm nib g
heme oxygenase (HO) 114993 At2g26550 Chl ALKE3006 functional http: vy nebinlm nih.g
heme oxygenase (HO) 114993 At2g26670 Chl AAD22107 functional hittp: iy nobinlm nih.g
phytochromobilin synthase (HY2) HY2 At3g09150 Chl BAB33374 tunctional hittp: vy ncbi nlm nih.g
CAROTENOID BIOSYNTHESIS
phytoene synthase 25132 Bt5g17230 Chi AAAZ2836  functional (7)  hittpcihwewese nebinim nib.g
phytoene desaturase PDS Atdg14210 Chl Q07356 functional (?)  hitpcitaewewe nchinlm.nib g
{-carotene desaturase 1.14.9930 At3g043870 Chl Q38393 functional (7)  hitpc e nobinim.nih.g
carotenoid isomerase Cril At1g06820 Chl AAFE3149 functional hittp: vy ncbi.nlm.nik.g
carotenoid isomerase Cril B1gS7IT0 Chl AAMITTES by homology  hitpc i nebi nlm nibg
lycopene &cyclase LYCE At5g57030 Chi AAFB2389  functional (?)  hitpcdhwwewy ncbinim nib g
lycopene f-cyclase LycB At3g10230 Chil Q38933 functional bt ity nebinim.nib.g.
£-ing hydroxylase HYD3 not cloned yet MaA, [RES
Bcarctene hydroxylase CARHY Atdg25700 Chl AAFBSTIT functional (?)  hitp: e nebinlm nib.g
Bcarotene hydroxylase CARHY At5g52570 Chl AAMS1300 by homology  hitpr Sy nchinim nib g
zeaxarthin epoxidase IE At5gB7030 Chl AAGITT03  functional (7)  hitipcidwwew . nebinim nib.g
violaxanthin de-epoxidase “DE At1g08550 Chl AACS0032 functional hittp: Shvevene nebinlm nih.g
neoxanthin syrthase NS existence in Arabidopsis questionahle NA NA&

Fig. 3 (continued)
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Encoded enzyme EC Humber  AGI Subcellular cDHA/ Annotation  HCBI'Medline
or ldentifier  lHumber Localization gDHA Quality Links
(pred. & actual} record
D: Plastidial Isoprenoids (Chlorophvlls. Carotenoids, Tocopherols, Plastoquinone, Phylloquinone)
TOCOPHEROL BIOSYHTHESIS
p-hydroxyphenylpyruvate syrthase (tyrosine-utilizing) HPPS not cloned yet Na
p-hydroxyphenylpyruvate dioxygenase 1131127 At1g0B570 Chi Pa3836 functional it iewrve nicki.oim.nibv.g
homogentisate phytyltransferase HPT At2g18950 Chl AAL35412 functional hittp: fhwrare ncbinlm nih.g
C-methyttransferase (2 3-dimethyl S-phytylguinol-forming) (YTE3) CMT3 At3g63410 Chl CABBTT94 functional http: i ncbi.nim.nih.g
tocopherol cyclase TOCC Atd4g32770 Chi Q94FYT functional http: fwrwve.ncbinim.nib.g
C-methyltransferase (beta-tocopherol-forming) CMT4 not cloned yet NA NA
C-methyltransferase (alpha-tocopherol-forming) CMTS not cloned yet ha NA
y-tocopherol C-methyltransferase 21195 At1g64970 Chi AADD2882 functional hittp: i nchinim nib.g
PLASTOQUINONE BIOSYNTHESIS
homogentisate polyprenyltransferase HPPT At3g11950 ChlEn (7) BABO3104 by homology  hitp: iy nebi nin.nib .o
C-methytransferase (plastoquinol-forming) (same as VTE3 or CMT3) CMTE Af3g63410 Chl CABBTTI4 functional ittt ncbi nim nik.g
PHYLLOQUINONE BIOSYNTHESIS
isochorismate synthase ICS At1g13370 Chl (7) NP_173321 by homology  hitp: sy nebi.nim.nih.g
isochorismate synthase  (involved in salicylic acid biosynthesis) ICS At1g74710 Chl Q9STHE functional hittp: S ncbi.nlm.nib.g
SHCHC synthase MenD At1g63590 Chl NP_177055 by homology  hitp: My nebi nim nikv.g
0SB syrthase MenC At gB3900 Ct (M NP_177056 by homology  hitp: iy nchi nim.nih.g
O5B-CoA ligase (annotated as 4-coumarate-CoA ligase in GenBank) MenE At3g48990 Chl AAO30039 by homology  httpciwwwwy nebi.nim.nih g
DHNA, synthase DHNAS At1gB0550 Cyt (7) NP_176255 by homology  hitp: iy ncbi.nim.nih.g
DHNA phytyltransferase Ment At1gB0600 ChlEn (7) AASTEES3 by homology  hitp: /Ay nebi.nim.nib.g
C-methyltransferase (phylloguinol-forming) PNGMT not cloned yet NA, NA,
REGULATORY ENZYMES
FLU FLU At3gi4110 Chl AX536178 functional Ittp: iy nebi.nim.nih.g
GLUN4 GUN4 At3g59400 Chi () AAPEB43S functional http: iy ncbi.nim.nih.g
plastid terminal oxidase PTO Atdg22260 Cchl CALDB19D functional hitte: S ncbinim.nik.g
Fig. 3 (continued)
website  (http://www.ibc.wsu.edu/research/lange/index. biochemical reaction arrow, whereas boxes indicating

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

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-
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E. Intermediary Carbon Metabolism
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Fig. 3 (continued)

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
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Encoded enzyme EC Humber  AGI Subcellular cDHA/ Annotation  NCBIMedline
or ldentifier Humber Localization gDHA Quality Links
{pred. & actual) record
E: Intermediary Carbon Metabolism
ALPHABETICAL LISTING
acetyl-Cod, synthetase 62141 At5g23050 Cyt AAPOZ027 by homology kit dvewewy nebi nlm nib.g
acetyl-Cod synthetase 62141 AtSg36E850 Chl AANSE204 by homology bt dhwwwy nebi.nim nih.g
acontase 4213 At2g05710 Cyt AAMIT0S0 by homology  hitp: /vy nchi.nim.nih.g
aconitase 4213 At4g26970 Cyt AANTB0E1 by homology  hitp: i nebi.nim nib.g
aconitase 4213 Atdg35830 Cyt Q42580 functional hitty: i nebl nim nik g
aldedyde dehydrogenase 1243 At1G23800 it AAMA4360 by homology bt iy ki nim.nib.g
aldedyde dehydrogenase 12153 (alt. spl)  At1gd44170 Cyt AALS9944 by homology  httpc iy nebi.nim.nih.g
aldedyde dehydrogenase 1213 At3g24503 Cyt AAM27004  functional (?)  httpoiwewy nchi nlm.nih.g
aldedyde dehydrogenase 1213 At3g48000 it AALL99612 functional (?)  hitp: /Ay nebi.nim.nib.g
aldedyde dehydrogenase 1213 (alt. spl) At4g34240 Cyt AAMI D094 by homology  hitpciwww ncbi nim nikvg
aldedyde dehydrogenase 1213 At4g36250 Cyt CAE48163 by homology bt iy ncbi.nlm nib.g
ATP-citrate lyase 4138 At3g0EE50 it ALO22565 by homology  hittpc vy nebi.nim.nibg
ATP-citrate lyase 4138 At5g49460 it AAL33788 by homology bt iy nebi nim nih.g
citrate synthase 4137 At2g44350 Mit P20115 functional it iy nebi.nim .nib.g
citrate syrthase 4137 At3g58740 Gly? AANT2180 by homology  hitp: iy nebi.nim.nih.g
citrate synthase 4137 At3g58750 Gly? AALS5420 by homology  hitp: iwwvwy nebi.nim.nih.g
citrate syrthase 4137 At3g60100 Mit () NP_191569 by homology  hitp: iy nebi.nim.nib.o
enolase 4221 Atlg74030 Chl AAL33E14 by homology  http ey nebi nlm nikv.g
enolase 42141 At2g29560 Cyt AAMA49EE by homology  httecfwewy nebi nim nib g
enolase 4211 At2g36530 Cyt P25696 functional (7)  httputhwwwy nebi.nim.nih.g
fructose 1 B-bisphosphatase 3131 At1g43670 Cyt AAP42745 by homology  hitp:iiwvww nebi.nim.nih.g
fructose 1 6-bisphosphatase 3131 At3g54050 Chi P25851 functional hitt: i e ncbol.nlm nikv.g
fructose 1, 6-bisphosphatase 3131 At5uB4350 Chi(?) ALMTOSSE by homology  http ey nebi nim nik.g
fructose 1 B-bisphosphate aldolase 41213 At2al1140 Chi AADT 4543 by homology bt iy nebi.nim .nib.g
fructose 1 B-bisphosphate aldolase 41243 At2g921330 Cyt AANT 3091 by homology  httpc iy nebinim.nih.g
fructose 1 B-bisphosphste aldolase 41213 At2g36460 Cyt AALI4218 by homology bt iy ki nim nib.g
fructose 1, 6-hisphosphate aldolase 41213 At3g52930 Cyt AALIEO6S by homology  httpc iy nebi.nim.nih g
fructose 1 6-bisphosphate aldolase 41213 At4g26520 Cyt P22197 functional hittp: ey nchi.nim nih.g
fructose 1 B-bisphosphate aldolase 41213 At4g26530 Cyt AAPEB283 by homology it ihwvwwy.ncbi.nim nik.g
fructose 1,6-bisphosphate aldolase 41213 At4g38370 Cyt AALIB224 by homology it iy nebi nim nikv g
fructose 1, 6-bisphosphate aldolase 41213 At5g03690 Chl NP_563127 by homology bt iy nebinim nib.g
fumarase 4242 At2g47510 it P93033 by homology  hitp: /Ay ncbi.nim nih.g
fumarase 4242 AtSg50950 Cyt AAMATITE by homology  hitpc iy nebi.nim nib.g
glucose B-phosphate dehydrogenase 11149 A109420 Chl Q3TN0 by homology  hittp: iy nckinim nih.g
glucose 6-phosphate dehydrogenase 11149 At1g24280 Chi Q8L743 by homology  hitp: fewww nchi nim nibv.g
glucose B-phosphate dehydrogenase 11149 At3g27300 Cyt QOLK23 functional it iy Dbl nlm nikb.g
glucose B-phosphate dehydrogenase 11149 AtSg13110 Chi QIFYa9 by homology  hitp: iy nebi.nim.nih.g
glucose 6-phosphate dehydrogenase 11149 AtSg35790 Chl Q43727 functional http: Shvewwvie ncki.nim.nib.g
glucose G-phosphate dehydrogenase 11149 AtSgd0760 Cyt QAFJS functional ittp: fherwry ncbinim nih.g
glucose 6-phosphate isomerase 5318 Atdg24620 Chi AANS1353 by homology  hitp: /vy nebi.nim nih.g
glucose B-phosphate isomerase 5318 AtSg42740 Cyt P34795 functional hitt: i nbol.nlim niby.of
glyceraldehyde 3-phosphate deydrogenase (several subunits)
Gapa (annotated by TIGR as calreticulin good homology to GAPDHS) 12112 At1g12900 Chl ALP4D454 by homology  hitp sy ncki nlim nit o
Gaph, 12142 At1g42970 Chl P25857 functional hittp: fhwewre ncbi nim nih.g
GapA, 12492 At3g26650 Chi P25856 functional hittio: v nebi.nim.nih.g
12112 Atg16300 Chi AAQ22664 by homology  http ey nebi nim.nik g
12112 At1a79530 Chl AAKI5554 by homology  htte iy ki nlm nik.g
GapC 12142 At3g04120 Cyt P25858 functional it fhaeewy nebi.nim .nikb g
GapC 12142 At1o13440 Cyt AALI0936 by homalogy : iy nchinim nih.
glycolate oxidase 14345 At3g14130 Per? AAQ22568 by homology kit fivwwewy nebinim nib.g
glycolate oxidase 11315 At3g14150 Per? NP_183031 by homology bt iy ncbi.nim nih.g
glycolate oxidase 11315 At3g14415 Per? QILRS0 by homology  hitp:ffwwy nebi.nim.nih.g
glycolate oxidase 11315 At3o14420 Per? QSLRRI by homology  hitp: i nebi.nim nib.g
glycolate oxidase 11315 At4g18360 Per? ALNT1944 by homology it iwwewy nebi nim nikvg
hexckinase 2711 At1g47540 Chl NP_175220 by homology  httoc iy ki nim.nib.g
hexokinase 2741 At1gS0460 CytiER AAM20056 by homology  hitp /Ay nchi.nim.nih g
hexokinase 2714 At2g19860 CytER P93334 functional hitt: fwyses nbi.nlm.nih g
hexokinase 2734 At3g20040 Chi NP_188639 by homology  hitp: iy nebi.nim.nib.g
hexokinase 2744 Atdg28130 CytER Q42525 functional hittp: ieesaese Dol nlm nikv g
hexokinase 2711 At4g37640 Chl QaTo7 by homology  httac iy nebi nim nikb.g
isocitrate dehydrogenase (NAD-dependent) 11141 At1g32480 Cy(7) NP_174526 by homology  kttpcdivwwy nebi.nim.nib.g
isocitrate dehydrogenase (NAD-dependent) 11141 At2g17130 it AABB1ETS by homology  hitpc iy nehi.nim nih.g
isocitrate dehydrogenase (NAD-dependent) 11241 At4g35260 Mit AAMI1080 by homology  hittp: Sy nchinlm nih.g
isocitrate dehydrogenase (NAD-dependert) 1114 At5g03290 Mit AAP3TE1S by homology  hittpc iy nebi.nim.nih.g
isocitrate dehydrogenase (NADP-dependent) 11142 At1g54340 Cyt MP_175836 by homology  hitp: vy nebi.nim.nih.g
isocitrate dehydrogenase (NADP-dependent) 11142 At1g65930 Cyt AAODDTEO by homology  hitp: iy nebi.nim.nib.o
isocitrate dehydrogenase (NADP-dependent) 11142 At5y14590 Chl AANIS595 by homology  http ey nebi nim nikb g
isocitrate lyase (1 sequence) 4131 321720 Gly (?) p26297 by homology it iwwwy nchi nim nih.g
a-ketoglutarate dehydrogenase (multienzyme complex)
E1 subunit ( 1242 At3955410 it AL042889 by homology  hitp: /vy nebi.nim.nih.g
1242 At5gB5750 Mit AAM20281 by homology  http iy nebinim nik.g
E2 subunit (dihydrolipoamide succinyltransferase) 23181 At4g26910 it ALN1326 by homology  httg ey nebi nim nik.g
23181 AtSg55070 it AAMI1126 by homology bt iwswwwy nebi.nim.nib.g
ES3 subunit (ipoamide dehydrogenase, same as pyruv. DH E3 subunit) 1814 At1gd6030 Mit AF228639 functional ttp: Sy ncbi.nim nih.g
1814 At3g16950 Chi ALMS2238 by homology  http: /vy nchi.nim.nih.g
1814 At3g17240 Mt AAF34796 functional http: Shaewee ncbi.nim nih.g
lactate dehydrogenase 11427 Atdg17260 Chi MP_193459 by homology  hitp: iy nebi.nim.nih.g
malate dehydrogenase 14437 At1g04410 cyt P93819 by homology bty nchinim nih g
MOH NAD-dependent (not redox-regulated) 11137 Atg53240 Chi Q97P0OB functional hitte: iy nebinlim nikb.g

Fig. 3 (continued)
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Encoded enzyme EC Hlumber  AGI Subcellular cDNA/ Annotation  HCBIMedline
or Identifier  Humber Localization gDlA Quality Links
{pred. & actual) record
E: Intermediary Carbon Metabolism (Continued)
malste dehydrogenase 14437 A315020 Mit AAMI0404 by homology it iy nchinlm nib g
MDH NAD-dependent (not redox-regulsted) 11137 At3947520 Chl AAMI1090 by homology  hitp: vy nebi nim .nib.g
malate dehydrogenase 11437 At5g09660 Gly (?) Q9IP0S by homology  hittp:ffwwwwy nebi.nim.nih.g
malate dehydrogenase 14437 At5y43330 Cyt P57106 by homology  hitp: iy neki.nim.nib.g
malate dehydrogenase 14437 At5y56720 Cyt NP_200483 by homology  hitp: ifwwewy nebi nim nikv.g
MDH NADP-dependent (redox-regulated) 14137 At5y58330 p AANI3004 by homology  http:ddwwiewy nckinim nih.g
malate dehydrogenase (NADP-depedent; malic enzyme) 11140 At1g79750 Chl AAMIB328 by homology  hitp: iy nebi nim nikb.g
malate dehydrogenase (NADP-depedent; malic enzyme) 11140 At2013560 it AAN4T 396 by homology  bitp: vy nebi nim nikbug
malste dehydrogenase (NADP-depedent; malic enzyme) 11.1.40 At4g00570 Wit AAP3T734 by homology  hitn iwwwy nchi obn nihg
malate dehydrogenase (NADP-depedent; malic enzyme) 1.1.1.40 AtSg11670 Cyt AAL1E17S by homology  hitp: fiwwwww nchi nim.nih.g
malate dehydrogenase (NADP-depedent; malic enzyme) 11.1.40 At525680 Cyt NP_197960 by homology  hitp: ihwywwy nebi nim nikh.g
malate synthase 4132 At5903860 Gly AAKI3T04 functional hittp: Sy mcbinlm kg
oxalate oxidase (many annotated (germins), however, most of these genes will likely not be oxalste 1234 7 ? 7 MNA NA
oxalyl-Co decarboxylase (annotated as 2-hydroxyphytanoyl-Coa lyase-relsted) 4118 5317380 Cyt AANISE03 by homology  hitn i ncki ol nih.g
phosphoenolpyruvate carboxylase 41131 At1g53310 Cyt ALNTIB213 by homology  hitp: iy ncki.nim.nih g
phosphoenolpyruvate carboxylase 4113 At1g68750 Cyt NP_177043 by homology  hitp: iy ncbi.nim.nib.g
phosphoenolpyruvate carboxylase 41131 At2g42600 Cyt AAD22994 by homology  hittp: fiwwrwy nebi nim nibe.g
phosphoenolpyruvate carboxylase 4113 At3u14940 Cyt AAQ42888 by homology  hitp: iy nebi nim.nib.g
phosphoenalpyruvate carboxykinase 41149 AtdgaTETO0 Cyt QaTOT4 by homology bt fhwwsy ki nbn.nih.g
phosphofructokinase (PPi-dependent) (twao subunits)
a subunit 27190 At1¢20950 Cyt ALP3ITI33 by homology  hitp: ffwsaww ncbi.nim.nib.g
o subunit 27190 At1g7TES50 Cyt NP_177781 by homology  hitp: iy nebi nlm . niby.of
B subunit 27180 At1g12000 Chi AAMI3259 by homology  hitpciwsww nichi nim nib.g
B subunt 27.1.90 Atdg04040 Cyt CAB77872  byhomology  hittp:iiwwwww nebi nbm.nih.g
phosphoglucomutase 5422 At1g23190 Cyt 049239 by homology  http: iy nebi nim nikv.g
phosphoglucomutase 5422 At1g70730 Cyt QasGC by homology  bitp: ey ncbi nlm nib.g
phosphoglucomutase 5422 At5g51820 Chi QISCY0 functional (7)  hitp /v ncbinlm nib.g
B-phosphogluconate dehydrogenase 11.1.44 211964190 CytiER ALO42814 by homology  hitp:ffwwwwy nebi.nim.nih.g
E-phosphogluconate dehydrogenase 1.1.1.44 At3g02360 CytER AANT3296 by homology  hitp: iy ncbi.nim.nib.g
B-phosphogluconate dehydrogenase 1.1.1.44 AtSg41670 CytER AANT2272 by homology  bitp: vy nebl nim nik.g
3-phosphoglycerste kinase 2723 At1g56190 Chl P50318 by homology  Http: ey ncbi nim nib.g
3-phosphoglycerate kinase 2723 At1g79550 Cyt ALP3TE45 by homology  hitp: ey nchi nlm.nib g
3-phosphoglycerate kinase 2723 At3g12780 Chi AAL33785 by homology  hitp: fhwwewy nchi nim.nih g
phosphoglycerate mutase (2,3-bisphosphoglycerate-independent) 5.4.21 At1909780 Cyt 004489 by homology  http: i nckinim nik .o
phosphoglycerate mutase (2,3-hisphosphoglycerate-independent) 5421 At1g78050 ? AAO39956 by homology  hittp: iy neki nlm . niby .o
phosphoglycerate mutase (2,3-bisphosphoglycerate-independent) 5421 At3u08590 Cyt QAMIK1 by homology  Htp: My ncbi nim nikb.g
phosphoglycerate mutase 5421 At3g50520 Cyt ALL34236 by homology  hitp: iy nchi nim.nibh.g
phosphoglycerate mutase 5421 At5g04120 Per (?) NP_196032 by homology  Hitp:fwwwwy ncbi nim.nih.g
2-phosphoglycolate phosphatase (several genes with weak homology to microbial genes (7)) ? ? Iz MNA Ma,
phosphoribulokinase 27119 At1932060 Chl P25697 functional hittp: dwesve nchi nlm nikgg
pyruvate decarboxylase 4111 Atdg33070 Cyt AAMBT459 by homology  bitp: Mwwwwy nebi nim nibug
pyruvate decarboxylase 41141 AtSy01320 Cyt AAO42252 by homology  http:iwwwwy nckinim nih.g
pyruvate decarboxylase 4111 At5g01330 Chl AAP21263 by homology  hittp: ey nebi nim nikv g
pyruvate decarboxylase 4114 At5g54960 Cyt AAM14096 by homology  bittp: ihwwwwy nchi nlm nib.g
pyruvate dehydrogenase (multienzyme complex)
E1 alpha subunit 1241 At1g01090 Chi AALIE074 by homology  hitp: dwsewy nchi nlm nih.g
1241 At1g24180 Mit AAKI3ES by homology  hitp: iy ncki.nlm.nib.g
1241 At1g59900 Wit P52301 functional hittp: i nchi nim nibv.o
E1 beta subunit 1244 At1630120 Chl AAM16249 by homology  bitp: vy ncbi nlm nib.g
12441 At2034550 Chl AAC2EEES by homology bt fwwwwy ncbinim.nibg
1241 At5g50850 Wit Q38799 functional hittp: fharvew ncki.nim.nih.g
E2 subunit (dihydrolipoamide S-acetyltransterase) 23142 At1334430 Chl AANSE7IE by homology  http:fwwwy nckinim nih.g
23142 At1g54220 Cyt AAMITOTE by homology bt MAwswwy nchi nim nib g
23112 At3925860 Chl AANSE17E by homology  bite: vy bl nlm nib.g
E3 subunit (lipoamide dehydrogenase; same as ketoglut. DH E3 subunit) 1814 At1g48030 Mit NP_175237 by homology  hitp:fhwewy nchi.nim.nih.g
1814 At3g16950 Chi AAMS2238 by homology  hittp: iy nebi nim nih.g
1814 At3g17240 Mit NP_B51005 by homology  http: iy nckinim nih.g
pyruvate kinase 27140 At1g32440 Chl AANB453E by homology  hitp: iwewy nebi nlm nikv.g
pyruvate kinase 27140 At2936580 Cyt AAN1B045 by homology  Hitp: vy nebinim.nibug
pyruvate kinase 27140 At3g904050 Cyt WNP_187055 by homology  hitp: iy nebi nim nikb.g
pyruvate kinase 27140 At3y22960 Chl AANSE162 by homology  hitp: iy nebi nlm nikv.g
pytuvate kinase 27140 A3g25960 Cyt NP_189225 by homology  hittp iy nchinim nib g
pyruvate kinase 27140 At3g49160 it (7 ALM20177 by homology  hitp: iy ncbi nim.nib.g
pyruvate kinase 27140 At3y52980 Chl ALNIETT3 by homology  hittp: vy nebi nim.nib.g
pyruvate kinase 27140 At3g55650 Cyt NP_191124 by homology  hitp: iy nebi nlm.nibvo
pyruvate kinase 27140 At3y55510 it NP_191140 by homology  hitp iy nebi nlm nib.g
pytuvate kinase 27140 Atdg26390 Cyt 065595 by homology bt iy ncki olm nih.g
pyruvate kinase 27140 At5g08570 CytER ALP40363 by homology  hitpc iy ncbi nim.nib.g
pyruvate kinase 27140 At5g56350 CytiER MNP_200446 by homology  hitp: iy nebi.nim.nih.g
pyruvate kinase 27140 AtSgB3680 Cyt NP_201173 by homology  hittp: iy nchi nim.nib.o
pyruvate orthophosphate dikinase 2794 At4g15530 Cyt CABT8595 by homology  hitp: iy nebi nim nib.g
ribulose 1,5-bisphosphate carboxylaseloxygenase (RUBISCO) multienzyme complex
small subunit (1a) 41139 At gET0S0 Chl P10795 functional http: dhaewy nchi.nlm nibv.g
small subunit (3b) 41139 At5y38410 Chl P10798 functional hittp: iy nichinim.nih.g
small subunit (2b) 41139 At5y38420 Chi P10797 functional http: MMwwy ncbi.nim.nikv.g
small subunit (1h) 41139 At5038430 Chl P10796 functional hittpy: ity mehi nim niby o
large subunit (plastid-encoded)
RUBISCO activase Ruact At1g73110 Chl AALTTT4S by homology  http: ifwvewy nebi nim nikv.g
RUBISCO small subunit N-methyltransferase 21143 At3g07670 Chl AALB5066 by homology  hite: wwewy nebi nlm nibug
RUBISCO large subunit N-methyltransferase 214427 At1g14030 Chl AAOB4193 by homology it iwwwwy ncbi nim.nib.g
ribulose 5-phosphate 3-epimerase 51.341 At1963280 CytER AAN2ETES by homology  hitp:ffwwewy nebi nim nib.g

Fig. 3 (continued)
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Encoded enzyme EC Humber  AGI Subcellular <DHA/ Annotation  NICBIMedline
or ldentifier Humber Localization gDHA Quality Links
(pred. & actual) record
E: Intermediary Carbon Metabolism (Continued)
ribulose 5-phosphate 3-epimerase 5134 At3g1 850 CytER AANT2185 by homology  http:fwwewy nebinim.nib.g
ribulose S-phosphate 3-epimerase 81341 AtSg61410 Chi AAM14320 by homology  hitp:fwwyy ncbi.nim.nib.g
sedoheptulose 1,7-bisphosphatase 31337 At3g55880 chi AANIS7T22  byhomology  hittp:ihwwwy ncbinim.nih.g
succinate dehydrogenase (two subunits)
flavoprotein subunit 1351 At2e1 8450 it AMOB4BTS by homology  httpc iy nebi nim nib.g
flavoprotein subunt 13541 AtSgBETED it QB2663 by homology  httpciwwewy ncbi.nim.nib.g
iron protein subunit 1354 At3927380 Mit (?) AAL34227 by homology ; i i
iron pratein subunit 1351 At5g40650 Mt ABAMETSE9 by homology  hittp: ffwwwyy nebi.nim.nib.g
succinyl-Co& synthetase (two subunits)
asubunit 6214 AtSg03300 Mit (7) P53586 by homology bt My nebi nlm nikvg
asubunit 6214 AtSg23250 it AAMATIZE by homology bt wwwwy nchi nim nib.g
B subunit 6214 At2920420 Wit 082662 by homology  hitp: fAwwewy ncbinim.nih.g
transaldolase 2212 AtSg13420 Chl AAMAS123 by homology  hitp: iy ncbi.nim.nih.g
transketolase 2244 At2g45290 Chl AABB2634 by homology  hitp:ihwwwvw nichi nim.nib.g
transketolase 2214 At3gB07TS0 Chi AANIBITS by homology  httpc iy nchi nim nib.g
triosephosphate isomerase 5311 A2g21170 Chi QASKPE by homology it fhwww nchi b nih o
triosephosphate isomerase 5314 At3g55440 Cyt P48491 by homology [y m
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Encoded enzyme EC Humber  AGI Subcellular cDNA/ Annotation  NCBIMedline
or Identifier  Humber Localization gDHA Quality Links
{pred. & actual) record
F: Cell Wall Carbohydrates
UDP-carbohydrates
hexokinase 2714 At1g47840 Chl NP_175220 by homology  bitpc iy nebi.nim nib.g
hexokinase 2744 At1g50460 CytER ALM20056 by homology  hittpc /vy nebi.nim.nih.g
hexokinase 2 2711 At2g19860 CytiER ALB49911 functional http:ifasaen nehi.nim.nib.g
hexokinase 2711 At3920040 Chl NP_188639 by homology  hitp:/ifwwy nebi nim nih.g
hexokinase 1 2714 Atdg29130 CytiER AAABO333 functional (7)  hitpe/Awwwwy ncbinim nih.g
hexokinase 27141 At4y37840 Chl QaTo™ by homology  bittp: fvwwsy nebi nim kg
glucuronokinase not cloned yet NA MNA
UDP-Glucose pyrophosphorylase (UTP-hexose-1-phosphate uridylyltransferase ) 2778 At3g03250 Cyt AAKI2TTI by homalogy  hitp: fhewwy nebi.nlm.nibv.g
UDP-Galactose pyrophosphorylase 27710 AtS16200 Cyt AACB4194 by homology  bttpc iy nebi.nim.nih.g
UDP-Glucoze 4-epimerase 5132 At1g12780 Cyt Q42605 functional http: idaaewy nebi.nim.nib.g
UDP-Glucose 4-epimerase 5132 At1gB3160 Cyt NP_564811 by homology  hitp: iy nebi nim nib o
UDP-Glucose 4-epimerase 5132 Atdg10960 Cyt QESMNSE by homology  bitpc iy nebi nlim nik.g
UDP-Glucose 4-epimerase 5132 Atdg23920 Cyt QITOAT by homalogy  hitp: fherwewy nchi.nim.nib.g
LUDP-Glucose 4-epimerase 5132 At1gB4440 Cyt AASTE249 by homology  hitpe ity nchi.nlm.nih.g
UDP-Glucose 6-dehydrogenase 14423 At1g26570 Cyt ALN28E861 by homology  http: iy nebi.nlm nibv.g
UDP-Glucose B-dehydrogenase 114.22 At5y15490 Cyt AALOT049 by homology  bitp iy nebi nim nik g
UDP-Glucose B-dehydrogenase 111.22 At5y39320 Cyt AAP21188 by homology  bittp vy nebi nlm nik.g
UDP-Glucose B-dehydrogenase 114.22 At3y29360 Cyt AAL1T1570 by homology  hitp: /Ay nebi.nim nib.g
UDP-Glucuronic acid decarboxylase (annotated in A t. database as C4 6 dehydratase) (AtUXS3) 41135 At5y59290 Cyt AAMIB219 functional hittpy: dtvew mehi nim niby o
UDP-Glucuronic acid decarboxylase (annotsted in A L. database as C4.6 dehydratase) 41135 At20926760 Cyt AAMI1299 by homology bt sy ki nlm.nib.g
UDP-Glucuronic acid decarboxylase (annotated in .1, database as C4 6 dehydratase) 41135 At3g46440 Cyt AAM20236 by homology  bitpc iy nebi.nim.nib g
UDP-Glucuronic acid decarboxylase (annotated in A t. database as C4 6 dehydratase) 41135 At2g47650 Cyt ALNM14546 by homology  hitp: iy ncbi.nim nih.g
UDP-Glucuronic acid decarboxylase (annotated in A L. database as C4 6 dehydratase) 41135 At3g62830 Cyt(memb) AAN2BE36 functional http: ity nebi.nim.nibe.g
UDP-Glucuronic acid decarboxylase (annotated in A t. database as C4 6 dehydratase) 41135 At3y53520 Cyt(memb)  AAOD29973 functional bittp: vy nichinim niby.g
GDP-carbohydrates
phosphomannomutase (PMM) 5428 At2g45790 Cyt 080840 by homology  hitp: /Ay ncbi nim nih.g
phosphomannose isomerase f mannose-B-phosphate isomerase (ding) (PMI) 5318 At1g67070 Cyt AAG23720  functional (7)  http:/hwwwy nebinim.nih.g
phosphomannose isomerase f mannose-6-phosphate isomerase (PMI) 5318 At3g02570 Cyt ALM20214 by homology  bittp: fesvy nicki.nim nitv.g
GDP-Mannose pyrophosphorylase (mannose-1-phosphate guanylyltransferase) 27722 At2939770 Cyt ABP21173 by homalogy  bitpc ey nebi nim nib.g
GDP-Mannose pyrophosphorylase (mannose-1-phosphate guanylyltransferase) 27722 At3g55590 Cyt NP_191118 by homalogy  hitp: fhewey nchi.nlm.nib.g
GDP-Mannose pyrophosphorylase (mannose-1-phosphate guanylyltransferase) 27722 Atdg30570 Cyt AAN13073 by homology  hitp: fheevewy nchi.nim nih.g
GDP-D-Mannose-4 B-dehydratase (MUR1; GMD2) GMD At3g51160 Cyt ALME1140 functional hittp: S nchi.nim.nibh.g
GDP-D-Mannose-4 B-dehydratase (GMD1) GMD AtSgEE250 Cyt AAFO7199 functional http: iy nebi.nim.nih.g
GDP-L-fucose synthetase (GDP-4-keto-6-deoxy-D-mannose-3 5-epimerase-4-reductase) 11121 At1g17890 Cyt AAM20005 by homology  kittp: iy nebi.nim nih.g
GDP-L-fucose synthetase (GDP-4-keto-6-deoxy-D-mannose-3 5-epimerase-4-reductase) (GER1) 11121 At1g73250 Cyt AACO2703 functional bt idasnewy nehi.nim.nikv.g
CELLULOSE / HEMICELLULOSE / PECTIN
Hemicelluloses
core alphal--=3-Fucosyltransferase al-=3FT A1g49710 Sec CACT8980 functional it ifwewy nebi.nim.nikv.g
core alphal--=3-Fucosyltransferase al-=3FT At3g19280 Sec CACTB979 functional hittp: vy nebinim.nib.g
alpha 1--=3 Fucosylfransferase al-=3FT At1g71990 Sec AMKIT2E functional it S nchi.nlm nibv.g-
xyloglucan alpha-1,2-fucosyltransferase  AtFUT1 al-=2FT At2g03220 Sec QESWHS functional hittp: Sy nchi.nim nibv.g
AFUTT al-=2FT At1g14070 Sec Q9XIZ1 functional (7)  hitp:dhw v nchi.nim.nih.g
AFUT2 al-=2FT At2g03210 Sec 081053 functional (7)  hitpwwwwy ncbi.nim nik.g
AFUTS al-=2FT At1y14100 Sec QaXI7s functional (?)  hitp iy nebinim nih.g
AFUTS al-=2FT Atgi4110 Sec QIXIT7 functional (7)  hitpe/dw sy nebi.nlm nib.g
AFUTE al-=2FT At1g14080 Sec QIS0 functional (7)  hitp Sy ncki nim nikby.g
AtFUT4 al-=2FT A12015390 Sec Q9sJP2 functional (7)  http My nchil nlm nibv.g
AFUTS al-=2FT At2915370 Sec Q9sJP4 functional (7)  hittp MAasas nchinim nih.g
AFUT10 al-=2FT At2g15350 Sec Q9SIPE functional (?) : iy nebinim nih.
AFUT3 al-=2FT At1g74420 Sec Qacar functional (7)  http:dhwwwwy nchi.nim.nih.g
xyloglucan B-xylosyltransferase (AtXT1). a-GalT At3g62720 Sec QaLZJ3 functional (7)  hitp: v ncbinlm nik.g
alpha Galactosylransferase a-GalT At4g02500 Sec Q22775 by homalogy  bittp sy nebi nlm nikb g
alpha Galactosyltransferase a-GalT A1g74380 Sec QaCATS by homology  hitpc sy nebi.nim.nib g
alpha Galactosyltransferase a-GalT AtSg07720 Sec QILFB0 by homology  hitpo iy nebi.nim.nih g
alpha Galactosyltransferase a-Gall At1g18690 Sec QanMsU0 by homology  hittp: /vy nebi.nim.nih.g
Cellulose
cellulose synthase (catalytic subunit) (RSWH) 24112 Atdg32410 Sec CAB79958 by homology  hittp iy nchi niim.nity.g
cellulose synthase 24112 A£t2925540 Sec AAD20713 by homology  hitp: iy nebi.nim nih.g
Cellulose syrthase 24112 At5g05170 Sec AANSE168 by homology  bttpc iy ekl nim nib.g
(IRX3) 24112 At5g17420 Sec ALOA2TEI by homology  hitp: /Ay nchi.nim.nih.g
(Ath-A) 24112 At4g39350 Sec AAM13307 by homology  hittp: fwwy nchi.nim.nih
cellulose syrthase 24112 At5y09870 Sec AAPES2T1 by homology  hitp: iy ncbi.nim.nib.g
cellulose syrthase 24112 At5gB4740 Sec ALN2B596 by homology  bttp: ity nebi.nim nib.g
cellulose synthase 24112 At2021770 Sec AAD20396 by homology  bitpc ey nebi nim.nikb.g
cellulose synthase 24112 AtSg44030 Sec AAPD4096 by homology bty nebi.nim.nib g
cellulose synthase 24112 Atag16780 Sec ABM20487 by homology  hitp: /Ay ncbi.nim nih.g
CsID3 f KOJAK 24112 At3g03050 Sec ARGBEDS43 functional it iy nebi.nim.nib.g
(Ath-B) 24112 At5g16910 Sec AF027174 functional (7)  hittp: dhwwwwe ncki nim niky.g
(= 70 % homology) 24112 At1g02730 Sec NP_171773 by homology  bttpc i nchinlm nib.g.
(= 70 % homology) 24112 Atdg38190 Sec ALOB4152 by homology  bitpc vy nebi.nim.nib.g
(= 70 % homology) 24112 At2g33100 Sec AAC04910 by homology  hitp: fheewrwy ncbi.nim nih.g
(< 60 % homology) 24112 At1532180 Sec NP_174497 by homology  hitpoiiwwe nebinim nik.g
(= 60 % homology) 24112 At2g932620 Sec AAC25944 by homology  hittp: fwsww nichi.nim nibv.g
(= 60 % homology) 24112 £12032540 Sec AAC25936 by homology  hitpe/fwwww nchi.nim.nib.g
(= 60 % homology) 24112 At2g32610 Sec ARKC25943 by homology  bttp iy nebi.nim.nih.g
(=60 % homology) 24112 Atdg15320 Sec CABTEST4 by homology  bittpc iy ncki.nim nib.g
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F: Cell Wall Carbohydrates (Continued)
cellulose syrthase (= 60 % homology) 24112 At4g15290 Sec CABTE571 by homology kit vy nebi nlm nib.g

(= 60 % homology) 24112 At 55850 Sec ABLIEI96 by homology it iy nckinim.nihg

(= 60 % homology) 24112 Atdg23990 Sec CABBI3Y by homology  hitp: i nchi nim.nih.g

(= 60 % homology) 24112 At2932530 Sec AANT1948 by homology  hitto My nebi nlm nikv.g

(= 60 % homology) 24112 Atdg24000 Sec AAM20086 by homology  httpc iy nchi.nim.nib.g

(= 60 % homology) 24112 Atdg24010 Sec CABB131S by homology  hitp: iy ncbi.nim.nih.g
cellulase 3214 At343860 Cyt AALSI9N by homology  hitp:fiwwyy nebinim.nib.g
cellulase 3214 At4g38990 Cyt CABB0562 by homology bt ihwwywy nebinlm nib.g
cellulase 3214 At4g39000 Cyt CABB0563 by homology bt vy bl nim.nibug
cellulase 3214 Atdg39010 Cyt CABB0564 by homology  hitp: vy nchinim.nih.g
Pectins
glycosyltransierase (membrane-bound, QUASIMODO1; qual-1) GleT At3g25140 CytiGolai (7) QaLSG3 functional Fittp: sy Nl nim nib.o
pectinesterase (putative) 31amn At1g02810 Sec NP_563662 by homology bt wwwwy ncbi nim nib.g
pectinesterase (putative) 31411 At1g05310 Sec NP_172023 by homology  hitp: i nchi nim nih g
pectinesterase (putative) AN At1g11370 Sec MP_172604 by homology  http: iy ncbinim.nih.g
pectinesterase (putative) 31111 Atg11580 Sec AAKS9760 by homology  httoiifwwwwy ncki nim nib.g
pectinesterase (putative) 31411 At1g11580 Sec AAOSD520 by homology  http: iy ncbinim.nih.g
pectinesterase (putative) 35an At1923200 Sec AAM14264 by homology  hitp:fwwwwy nebi.nim.nih.g
pectinesterase (putative) 31111 At1g44980 Sec NP_175118 by homology  hitto:ffwwwwy nbi nim.nik g
pectin methylesterase PE2 31am At1g53830 Sec 242534 functional (7)  hito: iy nebi nim nibv.g

PE1 31am At1g53540 Sec Q43867 functional it iy nebinim.nib.g
pectinesterase (putative) 31am At1gE3940 Sec AA02280 by homology kit iy ncbinim.nib.g
pectinesterase (putative) 34aNn At2e19150 Sec AAD12032 by homology  hitp: ffwwwwy ncbi.nim.nih.g
pectinesterase (putative) 314mM At2g21610 Sec AAD23644 by homology  hitp: i nebi.nim.nib.g
pectinesterase (putative) 31am At2g26440 Sec AAC14493 by homology bt iAwswwy nchi nim nib g
pectinesterase (putative) 34441 At2026450 Sec AAC14434 by homology  hittp: ddwwiewy nchinim nih.g
pectinesterase (putative) 31am At2936700 Sec NP_181208 by homology kit Mwwwwy ncbinim.nih.g
pectinesterase (putative) 31 At2g36710 Sec AAD22722 by homology  hitp:ffwwwwy ncbi.nim.nih.g
pectinesterase (putative) 31411 £12043050 Sec NP_181833 by homology  hittp:iwwywy nchinim nih.g
pectinesterase (putative) 31111 At2g45220 Sec AAK32841 by homology  hitp:/fwwwwy nchinim.nih.g
pectinesterase (putative) 3141 At2g47030 Sec AAN15509 by homology  hitp: ffwwwwy nebi nim.nib.g
pectinesterase (putative) 31aM At2g47040 Sec AANG4511 by homology  http: iy nebi nim . nikb.g
pectinesterase (putative) 31amn At2a47280 Sec NP_850471 by homology bt ey nebi nim nikbg
pectinesterase (putative) 31411 A2047550 Sec AAL24207 by homology  hite: iy nchi nbn nib g
pectinesterase (putative) 314m At3g05610 Sec AAOB48E3 by homology  http: ihwwwwy nchi nim.nih.g
pectinesterase (putative) 31an At3g05620 Sec NP_187213 by homology  hitp: iy ncbi.nim.nih.g
pectinesterase (putative) 31am At3g06830 Sec MP_187339 by homology  http: i nebi nim nikb.g
pectinesterase (putative) JiaMn At3g10710 Sec NP_187682 by homology  hitp /Ay nchi nlm.nih.g
pectinesterase (putative) 38111 At3g10720 Sec ALKS3501 by homology  hitp: i nchinim.nih.g
pectinesterase (putative) 31411 At3014300 Sec NP_188047 by homology  http:fhwwwwy nebinim nih.g
pectinesterase (putative) 31am At3g14310 Sec ALN28889 by homology bt iy nebi nim nikv.g
pectinesterase (putative) 31am At3917060 Sec AAOB4105 by homology bt ey ncbi nim nib.g
pectinesterase (putative) 31411 A13024130 Sec NP_189055 by homology  hito: fhawwwy nchi nbn nib g
pectinesterase (putative) 31am At3g27980 Sec NP_138437 by homology bt My nebi nim nikv.g
pectinesterase (putative) 31am At329080 Sec AAM20211 by homology bt iy nchi ol nib.g
pectinesterase (putative) 31am At3g43270 Sec AAM20354 by homology  hitp: i nchinim.nih.g
pectinesterase (putative) 34aN At3g43270 Sec ALM20354 by homology  hitp: fhwwww ncbinim.nih.g
pectinesterase (putative) 31411 At3g47400 Sec NP_190324 by homology  hitto:fwwwww.ncbi nbm.nikh.g
pectinesterase (putative) 31an At3g49220 Sec AAP3TT14 by homology  hito My nebi nlm nikv.g
pectinesterase (putative) 31411 3559010 Sec AAN4EBSS by homology  hittp: iy nckinlm nih.g
pectinesterase (putative) 31am At3gE0730 Sec ALPO4164 by homology bt vy nebi nim.nib.g
pectinesterase (putative) SHAMN At3g62170 Sec AAMI3236 by homology  hitp:fwwwwy ncbi.nim.nib.g
pectinesterase (putative) 31amM At4g00190 Sec NP_181830 by homology  hitp: i nchinim.nib.g
pectinesterase (putative) 31am At4g02300 Sec NP_192139 by homology bt ey nebi nim nikv.g
pectinesterase (putative) 31am At4g02320 Sec NP_192141 by homology bt sy ncbi nlm nib.g
pectinesterase (putative) 31am At4g02330 Sec ABN12975 by homology bt fwwwwy ncbinim.nih.g
pectinesterase (putative) 314 At4g03930 Sec NP_182302 by homology  hitp: iy ncki nim nib.g
pectinesterase (putative) 3141 At4015980 Sec NP_193333 by homology  htto iy nchinlm nih.g
pectinesterase (putative) 31am At4g33220 Sec AAKESE95 by homology  httpciwwwwy nebinim.nib.g
pectinesterase (putative) 3141 Atdg33230 Sec NP_195049 by homology  hitp: Mawvvwy nebi.nim.nib.g
pectinesterase (putative) 31am At5g04960 Sec AA042295 by homology  http:ifwwwsy nebi nim nikb.g
pectinesterase (putative) 31an AtSg04370 Sec NP_196116 by homology  hittpcierwewy nchi nim nib.g
pectinesterase (putative) 31411 A5007410 Sec NP_568181 by homology  hito: iy ncki nbn nib g
pectinesterase (putative) Jtan At5g07420 Sec AAOS0592 by homology  hitp: fhwwwy ncki.nim.nih.g
pectinesterase (putative) 3141 AtSg07430 Sec NP_196360 by homology  hitp: iy ncbi.nim.nih.g
pectinesterase (putative) 31411 At509760 Sec AAPO4044 by homology  hitto:fhwwwwy ncbi nim nikb.g
pectinesterase (putative) 3ian At5e15990 Sec NP_197400 by homology bt My nebi nim nikv.g
pectinesterase (putative) 3141 AtS5e19730 Sec AAM20209 by homology  hittp: dhwwvwy nchinlm nih.g
pectinesterase (putative) J1an At5g20860 Sec NP_197586 by homology  hitp: fhwww nchi.nim nih.g
pectinesterase (putative) 31am At5026810 Sec NP_198033 by homology  http: ifwwwwy ncbi nim.nih.g
pectinesterase (putative) 31411 At5027870 Sec NP_198139 by homology  hittp: iwswy nchinlim nih.g
pectinesterase (putative) 31aM AtSg47500 Sec AAN1E134 by homology  http: iy ncbinim.nih.g
pectinesterase (putative) 31411 At5049180 Sec ABN72223 by homology  hittp:fwwwy nchinim nih.g
pectinesterase (putative) 31 At5y51490 Sec NP_199962 by homology  hitp: iy nebi nim nib .o
pectinesterase (putative) 3191 At5y51500 Sec MNP_199363 by homology bt iy nebi nim nikv.g
pectinesterase (putative) 31411 5053370 Sec ABKIITS4 by homology  hittp: iwwvewy nckinlm nih.g
pectinesterase (putative) 31411 At5g55580 Sec NP_200370 by homology  http: iy ncbi.nim.nih.g
pectinesterase (putative) 3141 At5gE1680 Sec NP_200976 by homology  hittp: iy nebi.nim.nib.g
pectinesterase (putative) 31am AtSgB4640 Sec AAMINS23 by homology  hitp: ey nebinim.nib.o
(an addtional 24 genes contain lowy homology to known pectinesterases, annotated as invertasesdpectin methylesterase inhibitor; not listed here) N MA
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F: Cell Wall Carbohydrates (Continued)

glucuronyttransferase (NpGUT1 homolog) uGleT AtSg61840 Sec AB0B0BI3 functional  http: fwwy nchinim.nik.g
polygalacturonase / pectinase (putative) (glycosyl hydrolase family 28) 321867 At1g02460 Sec NP_563654 by homology  hitp: iy ncki.nlm.nib.o
exo-polygalacturonase 32187 At1g02730 Sec P43062 functional Fittp: dhwsey ncki nlm nikv.g-
polygalacturonase [ pectinase (putative) 32187 At1g05650 Sec NP_172056 by homology  hitp:fhwwew nchi nim.nibh.g
polygalacturonase [ pectinase (putative) 32187 At1g10640 Sec AAN28898 by homology  hitp: fhwaewy nchi nim.nih g
polygalacturonase / pectinase (putative) 32167 Atg17150 Sec MP_173158 by homology  http: /v ncki.nim nibug
polygalacturonase [ pectinase (putative) 32187 Atg1970 Sec AAN1S350 by homology  hitp:iwwwww ncbinim.nih.g
polygalacturonase f pectinase (putative) 321867 At1g23460 Sec MNP_173760 by homology  hitp:ifwwwy ncbi.nim.nih.g
polygalacturonase / pectinase (putative) 32187 At1g43080 Sec NP_175003 by homology  hitp: /Ay ncki.nim.nib.o
polygalacturonase f pectinase (putative) 32187 At1g43090 Sec NP_175004 by homology  hitp: vy nebi nim nib.g
polygalacturonase / pectinase (putative) 32167 At1343100 Sec NP_175005 by homology  hittp.fhwwww nchi nbn nih g
polygalacturonase / pectinase (putative) 32187 At1g48100 Sec AAM20001 by homology  hitpc iy ncbi nim.nibg
polygalacturonase / pectinase (putative) 321867 At1gS6710 Sec NP_176064 by homology  hitp: ihwarwy ncbi nim.nih.g
polygalacturonase / pectinase (putative) 32467 At1960590 Sec ABN18178 by homology  hittp:iwwywy nckinim nih.g
polygalacturonase / pectinase (putative) 32167 ANgBS570 Sec NP_176735 by homology — hittp: idwww ncki nim nibvg
polygalacturonase [ pectinase (putative) 32187 AH1g70500 Sec NP_177207 by homology  bite vy ncbi nlm nib.g
polygalacturonase / pectinase (putative) 32187 At1g78400 Sec MP_177961 by homology  hitpc vy ncbinim.nibg
polygalacturonase / pectinase (putative) 321867 At1g80140 Sec NP_178131 by homology  hitp:ffw ey nchi.nim.nih.g
polygalacturonase / pectinase (putative) 32167 At1g80170 Sec AAN13206 by homology  http:fwwiwy nckinim nih.g
polygalacturonase / pectinase (putative) 321867 At2g15450 Sec NP_179147 by homology  hitpc i nchi nim nibv.g
polygalacturonase [ pectinase (putative) 32187 At2015460 Sec NP_179148 by homology  bitp: My nchi nim.nib.g
polygalacturonase / pectinase (putative) 321867 At2g15470 Sec NP_179149 by homology  hitp:fhwwewy ncki.nim.nih.g
polygalacturonase / pectinase (putative) 321867 At2g23900 Sec NP_179968 by homology  hitp:ffwwwy ncbi.nim.nih.g
polygalacturonase J pectinase (putative) 321867 At2926620 Sec NP_180230 by homology  hitp: ifwswwwy nebinim. nibe.g
polygalacturonase [ pectinase (putative) 32187 At2933160 Sec MP_180874 by homology  itp: v ncbinim.nih.g
polygalacturonase / pectinase (putative) 321867 At2940310 Sec NP_181560 by homology  hitp: vy nebi.nim.nib.g
polygalacturonase / pectinase (putative) 32187 At2g41850 Sec AALB4942 by homology  hitp: iy nebi.nlm.nib.o
polygalacturonase / pectinase (putative) 32167 At2g43860 Sec MNP_181914 by homology  http: iy nebi nlm nikv.g
polygalacturonase / pectinase (putative) 32167 At2043870 Sec NP_181915 by homology bty fhwwwwy nchi nlm nib.g
polygalacturonase / pectinase (putative) 321867 At2g43880 Sec NP_131916 by homology  hitp: fhevwwe nchi nim nih g
polygalacturonase / pectinase (putative) 32187 At2943890 Sec NP_181917 by homology  hittp: ey nebi.nim.nih.g
polygalacturonase / pectinase (putative) 32187 At3906770 Sec AAMI1335 by homology  hittp: iy nebi nim .nik.g
polygalacturonase / pectinase (putative) 321867 At3y07520 Sec ALM20154 by homology  http: sy nebi nlm nikv.g
polygalacturonase / pectinase (putative) 32167 At3g07830 Sec ABOB3308 by homology  http iwvewy nchinlm nih.g
polygalacturonase [ pectinase (putative) 32167 At3907840 Sec NP_187441 by homology  hitpc iy ncbinim.nib.g
exo-polygalacturonase 321867 At3g07850 Sec P43063 functional http: Mhawewy nchi.nim . nib.g
polygalacturonase [ pectinase (putative) 32187 At3g07970 Sec NP_187454 by homology  hittp: iy nekbi.nim.nib.o
polygalacturonase / pectinase (putative) 32167 At3g14040 Sec NP_188020 by homology  hittp: ddwsewy nchi nim nibv.o
polygalacturonase / pectinase (putative) 32167 At3g15720 Sec MNP_566524 by homology  hittp.fhwwwwy ncki nbn nib.g
polygalacturonase [ pectinase (putative) 32187 At3916850 Sec AAM44924 by homology it fwwwwy ncbi nim.nib.g
polygalacturonase / pectinase (putative) 321867 At3y26610 Sec NP_189293 by homology  hittp:ffwywwy nebi.nim.nih.g
polygalacturonase / pectinase (putative) 321867 At3g42950 Sec AAN28906 by homology  hitp:ifwwwwy nehinim.nih.g
polygalacturonase [ pectinase (putative) 32187 At3g48950 Sec NP_190464 by homology  hitp:fhwarwy nchi nim.nih.g
polygalacturonase / pectinase (putative) 32167 At3g57510 Sec ABOB3440 by homology  http:wsiwy nckinim nih.g
polygalacturonase [ pectinase (putative) 32187 At3957790 Sec AA029954 by homology  hittp: iy nebi nim.nib.g
exo-polygalacturonase 321867 At3yg59850 Sec AALG0056 by homology bty nebi nim nibug
polygalacturonase / pectinase (putative) 32167 At3061490 Sec NP_974473 by homology  hittp:fhwwwwy ncbinbn nihg
polygalacturonase / pectinase (putative) 321867 At3g62110 Sec AANI1BEE by homology  hitp:fiwwrw nchinim.nih.g
polygalacturonase / pectinase (putative) 32167 At4g01890 Sec NP_192098 by homology  hitp: iy nebi.nim.nib.g
polygalacturonase [ pectinase (putative) 321867 Atdg13760 Sec MP_193112 by homology  hittpc i nebi nim .nikv.g
polygalacturonase [ pectinase (putative) 32187 At418180 Sec MNP_193552 by homology  bitte: ey nebi nlm nikb.g
polygalacturonase [ pectinase (putative) 321867 Atdg23500 Sec AANT3048 by homology  hitp: fhwwwwy nchi.nlm.nib g
polygalacturonase / pectinase (putative) 321867 At4g23820 Sec AAMI193 by homology  hitp: thwwwy nchi.nim.nih g
polygalacturonase / pectinase (putative) 32167 Atdg32370 Sec NP_194963 by homology  hitp: ifwywwy ncbi.nim.nib.g
polygatacturonase f pectinase (putative) 32187 Atdg32375 Sec NP_BB0757 by homology  ttp: i nebi nim nikb.g
polygalacturonase /f pectinase (putative) 32187 Atdg32380 Sec NP_194964 by homology  hittp: iwswww nchi nim nib.g
polygalacturonase / pectinase (putative) 32167 Atdy33440 Sec ABO4234 by homology  hittp:fhwwwwy ncki nbn. nib.g
polygalacturonase [ pectinase (putative) 32187 At4g35670 Sec NP_195292 by homology  bttp:iwwwwy nchinim.nih.g
polygalacturonase f pectinase (putative) 32167 AtSg14650 Sec MP_196969 by homology  hitp.(fwywwy.nebinkn.nih.g
polygalacturonase [ pectinase (putative) 32187 AtSg17200 Sec NP_197222 by homology  hitp: vy nebi nim.nib.g
polygalacturonase / pectinase (putative) 321867 At5g27530 Sec NP_198105 by homology  hitp: fhwaw ncbi nim.nih.g
polygalacturonase / pectinase (putative) 32187 At5y39910 Sec NP_188807 by homology  hitp: ifwsww nchi.nim.nib.g
polygalacturonase f pectinase (putative) 32167 At5g41870 Sec AATE5725 by homology  hittp: vy nebi nim nikv.g
polygalacturonase [ pectinase (putative) 321867 At5344830 Sec NP_199296 by homology  bitp: ey ncbi nlm.nib.g
polygalacturonase [ pectinase (putative) 32187 At5g44840 Sec MP_199297 by homology  hitp: fhwwww nchi nim.nib.g
polygalacturonase [ pectinase (putative) 32167 At5g48140 Sec AAPE1805 by homology  hitp: fhwarww nchi.nim.nih.g
polygalacturonase / pectinase (putative) 32167 At5049215 Sec ABM3I1751 by homology  http:iwwiwy nckinim.nih.g
pectate lyase (polysaccharide lyase family 1) PEL1 4222 At1g04680 Sec @940 by homology  hittp: i nichi nim nibv.g

PEL2 4222 At1g11920 Sec 065388 by homology  bttp: ey nchi nlm nib.g

PEL3 4222 At1g14420 Sec Q9MI52 by homology  hitp: Ay nchi nlm.nih.g

PEL4 4222 At1g30350 Sec QOCeG4 by homology  hitp: fhwwewy nchi nim.nih.g

PELS 4222 At1g67750 Sec QSFXD8 by homology  hittp: wywwy nebi.nim.nibv.g

PELE 4222 At2g02720 Sec 064510 by homology  hitp: iy ncki.nlm.nibv.o

PEL7 4222 At3001270 Sec Q9SRH4 by homology  Hitp: vy nchi nim.nikb.g

PELS 4222 At3g07010 Sec QaMBZE by homology  hitpc iy ncbinim.nib.g
pectate lyase 4222 At3g09540 Sec MP_187565 by homology  hitp: fhwarwy nchi nim.nih g

PELS 4222 At3y24230 Sec QOLRMS by homology  hitp: /iy nebinim.nih.g

PEL10 4222 At3024670 Sec QaLJ42 by homology  hitp: iy ncbi nim.nibg

PEL11 4222 At3y27400 Sec QILTIO by homology  hitp:ifwwwyy nebi.nim.nih.g

PEL12 4222 At3y53190 Sec Q9SCP2 by homology  hitp:fhwwwwy nebi.nlm.nib.o

PEL13 4222 At3u54920 Sec Q93704 functional Fittp: Sy nchi nlm niky .o

Fig. 3 (continued)



436 B.M. Lange, M. Ghassemian | Phytochemistry 66 (2005) 413451

Encoded enzyme EC Humber  AGI Subcellular cDNA/ Annotation  HCBIMedline
or ldentifier  Number Localization gblA Quality Links
{pred. & actual) record
F: Cell Wall Carbohvdrates (Continued)
pectate lyase 4222 At3955140 Sec NP_974439 by homology  httpc iy nebi nim nik.g
PEL14 4222 Atde1 3210 Sec QISVaEE by homology  hitpc i ncki nim.nib.g
PEL15 4222 At4a13710 Sec Q944R1 by homology kit fwwwww ncbinim.nih.g
PEL16 4222 Atdg22080 Sec 065456 by homology  hitp:ffwwyw nchinim.nih.g
PEL17 4222 Atdg22090 Sec 065457 by homology  hittp: iy nebi.nim.nib.g
PEL18 4222 Atdg24780 Sec Q9CSM3 functional (?)  hitp:fewwwwy nchi.nim.nih.g
pectate lyase 4222 At504310 Sec MNP_196051 by homology  hitp: ey nebi.nim nib.g
pectate lyase 4222 At5009280 Sec NP_196490 by homology  htto:ifwwwwy nebi nin nib.g
PEL19 4222 At5g15110 Sec QILFPS by homology bty nebi nim nik.g
PELZ0 4222 AtSg48300 Sec QEINF1 by homology bt ihwwwwy nebi nim.nib.g
PEL21 4222 AtSgS5720 Sec QOFMEE by homology  hitp: fhwww ncki.nim.nih g
STARCH / SUCROSE / TREHALOSE
Starch
ADP-Glucose pyrophosphorylase 27727 105610 Cyt NP_172052 by homology  hito:fhwwwy nebi nbn nib.g
large subunit 2 21127 At1g27680 Chl P55230 functional Itto: iwwy ncki nim.nib.g
large subunit 27127 At2g21590 Chi QESIK1 by homology  hitp: iy ncbi.nim.nih.g
large subunit 3 27727 At4g39210 Chi P55231 functional ttp: iy nebi.nlm.nib.o
large subuni 1 2772r At5u19220 Chl P55229 functional it iy nebi nim .nib.g
small subunt 27727 AtSg48300 Chi PS5228 functional http: iy nehinim.nih.g
starch synthase 24121 At1g32900 Chl QaMAQD by homology  httpc iy ncbi nim.nib.g
starch synthase 24121 At3g01180 Chl AAOODNS by homology  hitp: ey ncbi nim nih.g
starch synthase 24121 At4g18240 Chl CAB7E626 by homology  http:ifwwwwy nebinim.nih.g
starch synthase 24121 At5g24300 Chl AAMIN062 by homology  hitp: fiwwww nchinim.nih.g
branching enzyme 24118 At2g36390 Chl AAD24644 by homology  hittp: sy nebi.nim.nib.g
branching enzyme 24118 AtSg03650 Chl WNP_195385 by homology  hitp: e nebi nim nibe.g
starch phosphorylase L isozyme 2411 At3929320 Cyt AAO23580 by homology kit vy ki nim nibu.g
starch phosphorylase Hisozyme 2411 3046970 Cyt Q9SD76 by homology  htto: dAwsvwy nchinlim nih.g
alpha-amylase (1 4-alpha-D-glucan glucanchydrolase) 3214 At1g69830 Cyt AAN1E209 by homology  hitp: i nchi nim.nih g
alpha-amylase (1 4-alpha-D-glucan glucanchydrolase) 3214 At1g76130 Cyt NP_177740 by homology  hittp: iwiwy nckinim nik.g
alpha-amylase (1 4-alpha-D-glucan glucanohydrolase) 3211 Atdg25000 Cyt AAMS1369 by homology  hitp: iy nebi nim nibvg
beta-amylase (1 4-alpha-D-glucan makohydrolase) 3212 At2032250 Cyt AAMIT128 by homology  http: sy ncbi nim nikug
beta-amylase (1 4-alpha-D-glucan mattohydrolase) 3212 A2045880 Cyt AAC2B536 by homology  hite:fhwwww nchi nkn nib.g
beta-amylase (1 4-alpha-D-glucan mattohydrolase) 3212 At3923920 Cyt AAM201E67 by homology  http:fwwwww ncbinim.nih.g
beta-amylase (1 4-alpha-D-glucan mattohydrolase) 3212 At400490 Cyt CABB0858 by homology  http:/fwywww.ncbinbm.nih.g
beta-amylase (1 4-alpha-D-glucan maktohydrolase) 3212 At4g15210 Cyt P25853 functional Ittp: tharse nichbi nlm nibe.of
beta-amylase (1 4-alpha-D-glucan makohydrolase) 3212 Atd4g170390 Cyt AALIN225 by homology  htte: ey nebi nim nib.g
beta-amylase (1 4-alpha-D-glucan matohydrolase) 3212 AtSe18670 Cyt ABMIB2T1 by homology  hittp: iwvvwy nchinlm nih.g
beta-amylase (1 4-alpha-D-glucan mattohydrolase) 3212 At5g45300 Cyt AAP21280 by homology  hittp: iwwwww nebinim.nih.g
beta-amylase (1,4-alpha-D-glucan mattohydrolase) 3212 At5g55700 Cyt AAN71908 by homology  http:ffwwwy ncki nim nibug
beta-glucosidase b-Glcase At3945940 CytER NP_190180 by homology  btto: iy ncbi nim.nih.g
beta-glucosidase b-Glcase AtSg11720 CytER AANT2233 by homology  hitp: ey ncbi nim nih.g
starch debranching enzyme SDE At5004360 Cyt ABOD0771 by homology  hittp:dwwwy ncki nim nih.g
disproportionating enzyme (DPE1; metabolism of matotriose at night) 24124524125 AtSgE4860 Chi AALBTIT functional hittp: s nchi i nib.g
Suciose
invertase / beta-fructofuranosidase / sucrose-6-phosphate hydrolase (alycosyl hydrolase family 3. 32126 At1g12240 Vac CAATZIN biochemical  http: /v nchinim.nih.g
invertase f beta-fructofuranosidase / sucrose-6-phosphate hydrolase (AtFructs) 32126 AH1g55120 Sec BAD44438 by homology  http:ffwwwwy ncbi nbm.nib.g
invertase / beta-fructofuranosidase / sucrose-6-phosphate hydrolase (BFRUCTS) 32126 At 62660 Vac CAABTSED biochemical it iwweww nchi nim nibv.o
invertase f beta-fructofuranosidase / sucrose-6-phosphate hydrolase 32126 At2g36180 Sec NP_565837 by homology bty nehi nim.nib.g
invertase / heta-fructofuranosidase / sucrose-G-phosphate hydrolase 32126 At3g13784 Sec NP_187994 by homology  hitp: fhwwewy nchi.nim.nih.g
invertase [ beta-fructofuranosidase / sucrose-6-phosphate hydrolase (BFRUCT1) 32126 At3013790 Cw CABRS2619 biochemical  http:dhwwwww nchinim.nih.g
invertase f beta-fructofuranosidase f sucrose-6-phosphate hydrolase 32126 At3952600 o 21114284 biochemical  hitp Ay ncbi nim nih.g
invertase [ beta-fructofuranosidase / sucrose-6-phosphate hydrolase 32126 At5g11920 Cyt(7) AAMIB255 by homology  hittp: Mwwwwy nebi nim nib.g
sucrose synthase 24113 At G73370 Cyt NP_177480 by homology  hittp: fwswwy nchinim nih.g
sucrose synthase 24113 At3043190 Cyt ALKS9464 by homology  hitp: fhewwy nchi nim nih.g
sucrose synthase 24113 At4g02280 Cyt AANTI3112 by homology  http:ifwwwwy nchi nim nib.g
sucrose synthase 24113 AtSg20830 Cyt P49040 functional it iiwwvwy nehi nim.nib.g
sucrose synthase 24113 AtSg37180 Cyt NP_198534 by homology  http: e ncbinim.nih.g
sucrose synthase 24113 At549190 Cyt QoS T functional ttp: iy ncbi.nim.nib.g
sucrose phosphate syrthase 24114 At5y20280 Cyt AALBS06S by homology kit iy nebl nim . nik.g
sucrose phosphate phosphatase 31324 At1g51420 Cyt NP_175553 by homology bt iy nebi nlm nikv.g
sucrose phosphate phosphatase 31324 22035840 Ccyt ABMATISS by homology  hittp: dhvvewy nchinlm nih.g
sucrose phosphate phosphatase 31324 At3g52340 Cyt AAK40235 functional Ittp: fhwrre nchi.nim nih.g
sucrose phosphate phosphatase 31324 At3g54270 Cyt NP_190995 by homology  hitp: iy nebi.nim.nih.g
Trehalose
phosphoglucose isomerase (PGI) / glucose-B-phosphate isomerase 5319 At424620 Cyt AAN41353 by homology  hitocfhwwwwy nchi nbn nibg
phosphoglucose isomerase (PGI) / glucose-6B-phosphate isomerase 5319 AtSgd2740 Cyt P34735 functional Ittp: fharwwy nchi nim nib g
trehalose phosphate synthase 24115 At1906410 Cyt NP_172129 by homology  http:ifwwwwy nebinkn.nib.g
trehalose phosphate synthase 24115 At1g16980 Cyt NP_173142 by homology  hitp: iy nebi.nim nibe.g
trehalose phosphate synthase 24115 At1g17000 Cyt MNP_173143 by homology  http: My nebi nim nikbug
trehalose phosphate synthase 24115 AHg23870 cyt AAM20007 by homology bt iwviewy nchinlm nih.g
trehalose phosphate syrthase 24115 At1g60140 Cyt NP_176221 by homology  hitp: MMarvewy nebi nlm nib.g
trehalose phosphate synthase 24115 At1gES020 Cyt ALKTETO2 by homology  http: ey nebi nim nibug
trehaloze phosphate synthase 24115 Atg70290 Cyt NP_177186 by homology  hitp: iy nchi nim.nih.g
trehalose phosphate syrthase (TPS1) 24145 At1g78580 Cyt AAKA4102 functional hittp: ey ncki.nim.nih.g
trehalose phosphate synthase 24115 At218700 Cyt AADOBI39 by homology  http:fhwwwwy ncbi nim.nih.g
trehalose phosphate syrthase 24115 A1 7770 Cyt ALOB4902 by homology bt My nebi nim nikv.g
trehalose phosphste synthase 24115 At4g27550 Cyt CABE1405 by homology bt wwwwy nchi nlm nib.g
trehalase 32128 At4g24040 Cyt AAR23702 by homology  http: vy ncbi nim.nibg

Fig. 3 (continued)
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Encoded enzyme EC lumber  AGI Subcellular cDHA/ Annotation  NCBIMedline
or Identifier Humber Localization gDHA Quality Links
{pred. & actual) record

F: Cell Wall Carbohvdrates (Continued)
Other cell wall metabolism related enzymes
disproportionating enzyme (DPE2; metabolism of maftose entering cell) 2412424125 At2g40840 Cyt AABSE444 functional hittp: ffwsnewy nchi.nim.nibv.g
maltose transporter (MEX1; essential for conversion of starch to sucrose) MEX1 At5g17520 ChlfEn QILF50 functional Fittp: Sy nchi.nlm nib.g
ASCORBIC ACID BIOSYNTHESIS
GDP-mannose 3 5-epimerase GME At5926540 Cyt ABMS1587 hiochemical  hitp M nebi.nim.nibg
GDP-L-galactose pyrophosphorylase GLGPP not cloned yet A NA
L-galactose 1-phosphate phosphatase LG1PPh not cloned yet A NA
L-galactose dehydrogenase LGalDH At4g33670 Cyt CAD10386 antisense supp. hitpc A ncbi.nlm.nih.g
L-galactono-1 4-lactone dehydrogenase 1323 L3047930 Cyt AAOB4860 by homology  hittpo iy nebi nim nib.g
D-galacturonate reductase GalaRed not cloned yet NA NA
L-galactono-lactonase GalLac nat cloned yet N& MA
myo-inositol oxygenase 1.13.991 Atdg26260 Cyt AAP53548  plant overexpr. Hitp v ncbinim.nih.g
D-glucuronate reductase GlcARed not cloned yet A NA
L-gulono-lactonase GulLac not cloned yet MNA Ma
L-gulono-1 4-lactone oxidase (one homolog to mouse 1.1.3.8 in Arabidopsis genome, same as 1.3.2 1138 At3g47930 Cyt AL0G4860 by homology  hittp i wwye nebinim.nib.g
L-ascorbate peroxidase (APX1) 1.11.1.11 (ak. spl.) At1a07890 Cyt Q05431 functional () hitpdfwswwy nchinim nih.g
L-ascorbate peroxidase 11141 AH1933660 it NP_174627 by homology  bittpc iy nebinlm nikb.g
L-ascorbate peroxidase (LAPX) 11111 At1g77490 ChiiThy CAABT426 functional it iy nebi.nim.nih.g
L-ascorbate peroxidase (APX1b) 1411411 At3g09640 Cyt CAASE340 functional (7)  http: Shwvewy nchi.nim nib.g
L-ascorbate peroxidase (SAPX) 1.11.1.11 (alt. spl.) Atd4g0E330 Chisstr CAABT425 functional hittp: Sy nchi.nim.nih.g
L-ascorbate peroxidaze (APX4) 11111 At4g09010 Chi PB2281 by homology  hitp: iy ncbi.nim.nib.o
L-ascorbate peroxidase 11111 At4y32320 Chl AAPITTOS by homology  bitp ey nebi nlm nikv.g
L-ascorbate peroxidase (APX3) 11111 Bt4g35000 Per (?) ALBT1493 functional it fharvwy nebi.nim.nib.g
L-ascorbate peroxidase (APX5) 141411 At4g35970 Cyt AAPT2144 functional (7)  httpdhwewy nichi.nim nib.g
monodehydroascorbate reductase (MDAR) 1654 At1963940 Chi P92947 by homology  hittp: iy nebi.nim.nib.g
monodehydroascorbate reductase (MDAR1) 1654 At3y09940 Cyt Q9SRS9 by homology  hitp: iy ncki.nim nib.g
monadehydroascorbate reductase (MDARZ) 1654 At3g27820 Cyt QOLKS4 by homology  bittp desrwwe nckl.nim nib.g
monadehydroascorbate reductase (MDARS) 1654 Bt3952880 Cyt QOLFAS by homology bt dwwewy nchi.nim nib.g
monodehydroascorbate reductase (MDAR4) 1654 At5g03630 Cyt QIINVIG by homology  http: iy nehi.nim.nih.g
L-ascorbate oxidase 11033 At4g39830 Sec AAII5421 by homology  bitp: iy nchinim nibeg
L-ascorbate oxidase 11033 At5g21100 Sec AL030070 by homology  hitp: /Ay ncbi.nim nih.g
L-ascorbate oxidase 11033 At5g21105 Sec NP_E80176 by homology  hitp: /Ay nebi.nim.nib.g
PHYTIC ACID BIOSYNTHESIS
myo-inositol-1-phosphate synthase f inosital-3-phosphate syrthase (MI-1-P synthase 2) (IPS 2) 5514 At2022240 Cyt Q38862 by homology  Httpc sy nebi.nim.nih.g
myo-inostol-1-phosphate synthase / inositol-3-phosphate synthase (MI-1-P synthase 1) (PS 1) 5514 Atag39600 Cyt P4280 by homology  hitp. /iy ncbi.nim.nih.g
myo-inositol-1-phosphate synthase / inositol-3-phosphate syrthase (M-1-P synthase 3) (IPS 3) 5514 At5g10170 Cyt QaLX12 by homology  httpe iy ncbi.nim nin.g
inositol 1-monophosphatase (IMPase) 31325 At1g31190 Cyt AAP3TS17 by homology  hittp: Aeeweewy nicki.nim nibv.g
inositol 1-monophosphatase (IMPase) 31325 At3g02670 Cyt AAL34195 by homalogy  bittpc iy nebi nim nib.g
inositol 1-monophosphatase (IMPase) 31325 Atdg39120 Cyt BAD44393 by homology  hitp: /Ay ncki.nim.nih.g
phosphatidylinositol syrthase / COP-diacylglyceral--inositol 3-phosphatidylransferase 2781 At1g66000 Cyt CAAD41T2 hiochemical http: ftaeaewy nchi.nim.nib.g
phosphatidylinositol syrthase f COP-diacylglycerol--nositol 3-phosphatidyttransferase 27811 Atdg38570 Cyt ABO0D792 by homology  hittp:iwwywy ncbi.nim nih.g
phosphatidylinositol 4-kinase (PI4K) 271867 At5g09350 Cyt NP_196437 by homology  bittpc iy nobi nim nikv.g
phosphatidylinositol 4-kinase (PI4K) 27187 At5y64070 Cyt CAB37I28 hiochemical gz i nebinim.nib.g
phosphatidylinositol-4-phosphate S-kinase (PIPSK) 27168 At1g34260 Cyt NP_174686 by homology  hitp: Sy nebi.nim.nib.g
phosphatidylinositol-4-phosphate S-kinase (PIPSK) 27168 At1g71010 Cyt AMQSE792 by homology  hittp: iy nicki.nim nib.g
phosphatidylinositol-4-phosphate S-kinase (PIPSK) 27168 At3g14270 Cyt MP_188044 by homology  hittp fervewy ncki.nim.nib.g
phosphatidylinositol-4-phosphate S-kinase (PIPSK) 271868 At4933240 Cyt NP_185050 by homology  hitp fwwewy nebi.nim.nib g

(Arabidopsis genome contains 8 additional genes with low homology to PIPSK's (<30% ID); not listed here) A NA
phosphatidylinositol-4 5-bisphosphate S-phosphatase Jinositol polyphosphate S-phosphatase (IPSP 31336 NA A A A NA
phosphoinositide-specific phospholipase C 3141 At2g40116 Cyt NP_850327 by homology  hittp: iwsesy nebi nim nikv.g
phosphoinositide-specific phospholipase C (AIPLC2) 3141 At3g08510 Cyt BAADS432  functional (7)  hitpeihwewey nebi nlm.nib.g
phosphoinositide-specific phospholipase C 3141 At347220 Cyt AAS49118 by homology  bttpu iy nebi.nim.nih.g
phosphoinostide-specific phospholipase C 31411 At3947290 Cyt AR0B3890 by homology  hitp: dhw e nchi.nim.nih.g
phosphoinositide-specific phospholipase C 3141 At3g55940 Cyt NP_191153 by homology  hitp: iy neki.nim.nib.g
phosphoinostide-specific phospholipase C 314M At4u36530 Cyt AAC459T functional (7)  hittp iy nchil.nim nibv.g
phosphoinositide-specific phosphalipase C (PLC1) 3141 Bt5g38670 Cyt BAAQTS47  functional (7)  hitpc/Awwwy nebi.nim.nib.g
phospheinositide-specific phospholipase C 3141 At5g58690 Cyt ALQSE342 by homology  hittp iy nebi.nim nib g
phosphoinosttide-specific phospholipase C 3141 At5456700 Cyt AAPITTT by homology bt iy nebi nim nikb.g
inasitol polyphosphate multikinase /inositol 1,3 4 B4etrakisphosphate S-kinase (multifunctional) (IPK: 2.7.1.151 (alt. spl.) At5g07370 Cyt AALNTISS15 by homology  hitp: /Ay nchi.nim.nib.g
inositol polyphosphate multikinase /inositol 1,3,4 B-tetrakisphosphate 5-kinase (multifunctional) (IPKZ 27145 AtSgB1760 Cyt AALE2012 by homology  bttpcihvwwewy nebi.nim.nih.g
inositol 1,3,4,5 6-pentakisphosphate 2-kinase InsP52K not cloned yet NA NA
inositol-1,4 5-trisphosphate S-phosphatase (large gene family of endonucl nUCh phosphatases in Arabidopsis; not listed here; see also 3.1.3.36) MNA A
inositol hexakisphosphate kinase 27421 not cloned yet A, M

Fig. 3 (continued)

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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Fig. 3 (continued)

K., 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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Encoded enzyme EC Humber  AGI Subcellular cDHA/ Annotation  NHCBIMedline
or ldentifier Humber Localization gDlA Quality Links
{pred. & actual) record

G: Phenylpropanoid Metabolism

AROMATIC AMINO ACIDS (Phe, Tyr, Trp)

phospho-2-keto-3-deoxyheptonate aldolase (3-deoxy-D-arabino-heptulosonate 7-P synthase) 41215 At1g22410 Chl NP_173857 by homology  hitp: iwswwy nebi nim nih.g
DAHP synthetase 2 41215 At4g33510 Chi Q00218 functional http: Marey nebi.nim.nib.g
DAHP synthetase 1 41215 A144939980 Chl P29976 functional hittp: Sy mchi.nlm nibv.g
3-dehydroguinete syrthase 4613 AtSuEE120 Chl AAMIB2E4 by homology  bitp: vy nebi nlm nibg
3-dehydroguinate dehydratase (dehydrogquinase) / shikimate 5-dehydrogenase (bifunctional) 42110111125 23006350 Chl AASTEESE4 by homology  hittp:fhwwwy nebi nbm nibg
shikimate kinase 274M At2921940 Chl QISJ05 by homology  hitp:iwwwww ncbinim.nih.g
shikimate kinase 2741 At3y26900 Chi AASTE227 by homology  hitp: ffwwwwy nebi.nlm.nib.g
shikimate kinase 274 At4039540 Chl AAOB3355 by homology  Http: sy nebi nim nib.g
S-enoylpyruvylshikimate 3-phosphate syrthase 25119 At148860 Chl ABKB4123 by homology  bitp: ey nebi nim nib.g
5-enoylpyruvylshikimate 3-phosphate synthase 25119 At2045300 Chl POS466 functional bt iy nekinlm nikug
chorismate synthase (5-enolpyruvylshikimate-3-phosphate phospholyase) 4614 A41g48850 Chl P57720 by homology  hitp: fhwwwy nchi.nim nih.g
isochorismate synthase (involved in salicylic acid biosynthesis) 54936 At1g74710 Chi QISTHE functional http: Mwevvwy nehi.nim.nib.g
choristmate mutase 549385 At1gB9370 Chi AAOB3370 by homology  hittp: fiwsarwe nebi nim nibe.g
Chi-1 54995 At3y29200 Chl P42738 functional ittp: diwesese nchi nlm nikyv.g
Ch-2 548985 AtSg10870 Cyt AAMITTT4 by homology  hitp: ey ncbi nim.nibug
arogenate aminotransterase not cloned yet  NA& A, M N,
arogenate dehydratase not cloned yet  NA MA M M
arogenate dehydrogenase isoform 2 13143 A1g15710 Chi ALL30406 functional http: iavewy nehinim.nib.g
arogenate dehydrogenase 13143 At5y34930 Chi AAL30405 functional hittp: iy nchi.nim.nib.g
arthranilate synthase (two subunits)
subunit A (ASA 2) 41327 At2029690 Chl P32089 functional ittp: Sy ncbi nln.nik .o
subunit A 41327 At3955870 Chl AAN1E182 by homology  bitp: iy nebil nlm nib.g
subunit & (ASA1) 41327 At5g05730 Chi P32068 functional ittp: fharewy nichi.nlm niby.g
subunit B 41327 At1924807 Chl NP_173875 by homology  hitp: fiwswwy nchi.nim.nih.g
subunit B 41327 At1924909 Chi WP_S64224 by homology  hitp: /Ay nehbi.nim.nib.o
subunit B 41327 At1g25083 Chi MNP_173885 by homology  hitp:iwswww nchi nim nibv.g
subuntt B 41327 At1g25155 Chi NP_564225 by homology  ttp: My nebi nlm nikv.g
subunit B 41327 At1g25220 Chi ALP13411 by homology  hitp: Ay nchi nlm.nib.g
ribose phosphate pyrophosphokinase (phosphoribosyl pyrophosphate syrthetase) 2761 At1g10700 Chi AALI0971 by homology  hitp: iwwwww ncbi nim nih.g
PRS2 27841 At1932380 Chl Q42583 by homology  http: vy nebi nim.nib.g
PRS1 278641 At2935380 Chl Q42581 by homology  bttp:ifwwwwy ki nim.nib.g
ribose phosphate pyrophosphokinase 278641 At2g42910 Chl ABN15402 by homology  hitp:ifwswwy ncbi.nim.nih.g
ribose phosphate pyrophosphokinase 27641 At244530 Chi 064888 by homology  hitp: iy nebi nim nib.g
arthranilate phosphoribosyliransferase (relatively low homology to characterized anthranilate phos 24218 At1g70570 Chl AAK25996 by homology Iy Nl nim nil
anthranilate phosphoribosyltransferase 24218 AtSg17990 Chi Q02166 functional hittp: iy nchi.nim.nih.g
phospharibosylanthranilate isomerase Pal1 53124 At1g07780 Chl ALD29969 by homology  hittp: sy nebi nim nih.g
PAIS 531.24 At1g29410 Chi AANTSE12 by homology  hitp: iy nebi nim nib.o
PAI2 53124 At5g05590 Chl AAO23635 by homology bty nebinlm nib.g
indole 3-glycerolphosphate syrthase (IGPS) 41148 At2004400 Chl P49572 functional  htt: iy nebinlm nikug
indole 3-glycerolphosphate synthase (IGPS) 41148 At5g48220 Chl AALIMMNM by homology  hitp: fhrwwy nchi.nim.nih g
L-tryptophan syrthase
alpha chain 42120 At3g54640 Chi NP_S67004 by homology  hittp: iy nebi nim nib.g
alpha chain 42120 Atd4g02610 Chl AAPO4082 by homology  Hitp:Mwwwy nebinim.nih.g
beta chain 42120 Atdg27070 Chi P25269 functional http: Mavewy nebi.nim.nib.g
beta chain 42120 At5y38530 Chl ABN15574 by homology  http:iwwwwy nebi nim nikv.g
heta chain 42120 At5y54810 Chl P14671 functional ittp: Sy ncki nlm. nik g
chorismate mutase/prephenste dehydratase (P-protein) P-protein At1g08250 Chi AAM14120 by homology  hitp: fhewsy nchi nlm.nib g
chorismate mutase/prephenste dehydratase (P-protein) P-protein At1g11790 Chl AANMI10090 by homology  hitp: fhevwe ncbi nim.nih g
chorismate mutase/fprephenate dehydratase (P-protein) P-protein At2g27820 Chl AACTI0M8 by homology  hitp: ffwwwwy nebi.nim.nih.g
chorismate mutase/prephenate dehydratase (P-protein) P-protein At3g07630 Chi ALKI2T4E by homology  hitpc iy nebi nim nikb.g
chorismate mutaseprephenste dehydratase (P-protein) P-protein At3544720 Chl AAPES301 by homology  bitp ey nebi nim nikb.g
chorismate mutase/prephenste dehydratase (P-protein) P-protein At5g22630 Chi AAN31112 by homology  hitp: fhwswwye nchi nlm nib g
T-protein (chorismate --= p-hydroxcyphenylpyruvate) no homologs in Arabidopsis (7) NA NA&
L-phenylalanyl tRNA synthetase (two cytosolic subunits)
cytosolic alpha chain 61.1.20 Atdg39280 Cyt Q97034 by homology  hittp: iy nebi nim nik.g
cytosolic beta chain 6.11.20 At1g72550 Cyt QISGES by homology  bittp ey ki nlm nibg
plastidial isoform 61120 At3y58140 Chi AARL34237 by homology  hitp: iy nekbi nlm.nib.g
L-tryptophanyl tRNA, synthetase 6112 At2g25840 Chl AANES108 by homology bt ihwwwy nchi nim nibv.o
L-tryptophanyl tRNA synthetase 6112 At2933540 Cyt AAMS2241 by homology  bitp: vy nchi nim nib.g
L-tryptophanyl tRNA synthetase 6112 At3g04600 Cyt AAMS1350 by homology  hitp: fhewewy nchi.nim.nih g
L-tyrosyl tRNA syrthetase 6111 At1928350 Cyt NP_174157 by homology  hittp:fwwwwy nebi.nim.nib.g
L-tyrosyltRNA syrthetase 61141 At2933840 Cyt AAMS2241 by homology  http: iy nckinim nik.g
L-tyrosyl tRNA syrthetase 81141 At3g02660 Chl MNP_186815 by homology  hitpc/wswww nchi nim.nib.g
triose-phosphate translocator TPT L5g46110 ChiEn Ann14353 by homology  Hitp: My nebi nim nibug
triose-phosphate translocator TPT £43g01550 ChlEn BAP3TE26 by homology  hitp: iy nchi nim.nih g
phosphoenolpyruvate/phosphate translocator PEPT A5933320 ChlEn ABMIN 743 by homology  hitp:fAwwwwy nebi.nim.nih.g
SALICYLIC ACID
isochorismete syrthase IS At1g18870 Chi(?) NP_173321 by homology  bitg: vy nebi nlm nib.g
isochorismate synthase  (involved in salicylic acid biosynthesis) Ics At1g74710 Chl QOS7HE functional http: ey nehi nlm nikvg
isochorismate pyruvate lyase (pchB) no homologs in Arabidopsis (7) NA N
cinnamic acid Cod ligase not cloned yet M MNA
cinnamic acid --» henzoic acid not cloned yet NA MNA
benzoic acid 2-hydroxylase not cloned yet NA MA
salicylic acid 2-O-glucosyltransferase SA2GT At2g43820 Cyt ALQS5278 functional it ffaevvwy nebi nim. nikv.g
salicylic acid carboxy-glucosyltransferase SA1GT At2043840 Cyt AABB4022 functional hittp: dhasaesne nchi nln niko

Fig. 3 (continued)
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G: Phenylpropanocid Metabolism (Continued)
PHENYLPROPANOIDS
phenylalanine ammonia lyase  PAL 2 4315 AF3963260 Cyt P45724 functional it iy nebi.nim nib.g
PAL1 4315 At2937040 Cyt P35510 functional http: fivwwwe ncbi.nim nib.g
phenylalanine ammonia lyase 4315 Ak3g10340 Cyt Q95545 functional http: fhwrne nchinlm nib.g
PAL3 4315 Ateg04230 Cyt P45725 functional hittg: v wvewy nebi.nim.nih.g
cinnamic acid 4-hydroxylase (CYP73) 1.1443.11 Ak2g30480 CytiER P92394 functional http: fwwwwy ncki.nim nih.g
S-hydroxylase (originally named ferulic acid 5-hydroxylase (CYP8441), however, ferulic acidis a g S-Hydrox At4g36220 CylER Q42600 functional it i Nl nlim niky.o
S-hydroxylase (originally named ferulic acid 5-hydroxylase (CYP84A1), however, ferulic acidis a g S-Hydrox At5u04330 CytER NP_186053 by homology  http iwwewy nebi nim nikb g
p-comaroyl-Cod ligase (clade IV of acyl activating enzymes according to Shockey et al., 2003, Plan 62112 At 51680 Cyt AMABIESE functionsl bt ey nchi nim nitvg
p-comaroyl-Coh ligase 62112 At1gB2940 Cyt AAPO30MS by homology bt vy nebi.nim nih.g
p-comaroyl-CoA ligase 62112 At1gB5060 Cyt AAD4T195 functional http: Sy nebi.nim nib.g
p-comaroyl-CoA ligase 62112 At3n21230 Cyt AAPO3020 functional it S ncbi nim nib o
p-comaroyl-Cob ligase 62112 At3g21240 Cyt AAD4TI93 functional it i nebi nlm nik.g
(8 additional genes with lower homology to the characterized p-coumaroyl-CoA ligase are detectable; they belong to clade V' of acyl activating enzymes according to
Shockey et al., 2003, Plant Physiol. 132 1065-1076; not included here)
p-coumaroyl-shikimate/guinate 3'-hydroxylase (CYPI8A3) CSQH At2g408390 CytER 022203 functional hittp: i nebi.nim nibv.g
hydroxycinnamoyl-Cod shikimateiquinate hydroxycinnamoyliransferase HCCsar At5n57840 Cyt AAN3TIOTS functional it iy el nim nik.g
O-methyltransterase (OMT11) (gene family with 17 members in Arabidopsis; only genes with = 45 ¢ 211104 At1g21100 Cyt AAKDESET by homology  hittp vy nebi nlm nik.g
O-methyltransterase (OMT13) 211104 At121110 Cyt AAOB3966 by homology  hittp:iwwiwy nchinim nih.g
O-methyltransterase (OMT12) 211104 At1g21120 Cyt NP_173536 by homology  hitp:fwwvww nchi.nim nib.g
O-methyltransferase (OMTS) 211104 At1g21130 Cyt NP_849693 by homology  htboc iy nchi. nlm .nib g
O-methyltransferase (OMT10) 211104 At1g33030 Cyt ABLSE927 by homology  hitpi/hewey nehi.nlm.nibv.g
O-methyltransferase (OMT2) 211104 At1g51990 Cyt WP_874004 by homology  hitp: /v ncbi.nim nih.g
O-methyltransterase (OMT14) 211104 At162900 Cyt NP_176478 by homology  hittp:diwwwy ncbi.nim.nih.g
O-methyltransterase (OMT7) 211104 At1gB3140 Cyt NP_974076 by homology  hitp: iy nobi nim nibv.g
O-methyltransterase (OMT15) 211104 At17E790 Cyt AAC42352 by homology bt iy ncki nlm nik.g
O-methylransferase (OMTE) 211104 AMgT7520 Cyt ABO24573 by homology  hitp: /Ay nchi.nim.nih.g
O-methyltransferase (OMT3) 211104 Atg77530 Cyt NP_177877 by homology  hitp: /Ay ncbinim.nih.g
O-methylftransferase (OMT4) 2.1.1.104 At3g53140 Cyt AAMI1448 by homology  hitp: iy nebi.nim.nib.g
O-methyltransferase (OMTS) 211104 At5937170 Cyt NP_198533 by homology  httpfwwwy ncki.nim nitbv.g
O-methyltransferase (OMT3) 211104 At5G53810 Cyt NP_200192 by homology  httac iy ncbi nim nib.g
O-methyltransferase (OMT1); biochemical assays show that gene product is multifunctional 2111404 AtSg54160 Cyt AN 2T functional hittp: S nchinlm nih.g
cinnamoyl-CoA reductase (CCR1) (gene family with 12 members in Arabidopsis; only genes with = 12144 At1g15950 Cyt ALGABE22 biochemical http: fheewewy ncki.nim nih.g
cinnamoyl-Co& reductase (CCR4) 12144 At 68540 cyt NP_177021 by homology  hittg: dwirwe nckinlm nih.g
cinnamoyl-Co& reductase (CCRSA0) 12144 At1g76470 Cyt NP_177773 by homology  httpu iy nebi.nim.nih.g
cinnamoyl-CoA reductase (CCR2) 12144 At1930820 Cyt AAOB4TET biochemical hittp: iy nebi.nim.nih.g
cinnamoyl-Cos reductase (CCR3) 12444 At2402400 Cyt AAPO4064 by homology it ihwwwwy. nbi.nim.nik.g
cinnamoyl-Cos reductase (CCRS) 12144 At2033590 cyt AANTS374 by homology bt My nki nin nib.g
cinnamoyl-CoA reductase (CCR11) 12144 At2g33600 Cyt AAP42TH by homology bt iy nebi.nim.nih.g
cinnamoyl-CoA, reductase (CCR12) 12144 At5y58490 Cyt AR0225T1 by homology  hitp: ihwsay nebi.nim.nib.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADT; very low activity) (numbe  1.1.1.195 AHy72680 Cyt AAP40269 functional it My ncbi.nim nik.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADZ; activel) 11195 At2021730 Cyt AAP59430 functional ity iy nebl i nik.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADS; activel) 111195 At2021890 Cyt AAP59431 functional  httpc My ncki nin.nibg
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADS; activel) 111495 At3n19450 Cyt P48523 functional it iy nchi.nim.nih.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADS, very low activity) 111495 At4g39330 Cyt CABB0596 functional hitt: i nchl.nim.nih.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADS, active!) 1.1.1.195 At4g34230 Cyt 049482 functional http: S ncbi.nim nik.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADE; very low activity) 111195 At4g37970 Cyt AAPS9428 functional ity fvsvsy nebinlim nik.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADT; activel) 111195 Atdg37950 Cyt AAPS9432 functional it iy nicbi.nlm nib.g
cinnamyl alcohol dehydrogenase (gene family with 9 members) (AtCADS; activel) 111195 At4937990 Cyt AAPS9433 functional it i Rl nim ik
Glucosyltransferases for henzoic acids
carboxy-glucosyliransferase
8441 BACGT Atdg15480 Cyt ABANT2025 functional hittp: v nebi.nim.nih.g
7582 BACGT At1g05530 Cyt WNP_172044 functional it Siwewwsne ncbi.nlm nik.g
7581 (high specific activity) BACGT At1g0S560 Cyt ABLTTTS2 functional ity i nehi nlm nik.g
3-O-glucosyltransferase Cyt
paled BA30GT At2929750 Cyt AAC3I5226 functional http: i nchi.nim.nih.g
T1C4 BA3OGT ? Cyt A NA A
7281 BA3OGT At4g01070 Cyt QOM156 functional it S nebi nim nib.o
8942 BA3OGT At5u03490 Cyt MNP_185963 functional hittgy Sy Dkl nlm nik.g
4-O-glucosylransferase Cyt
7802 BA4OGT 7 Cyt N& NA NA&
hal=1l BA4OGT At3g21750 Cyt AAKI2TE4 functional http: Sy ncki.nim nih.g
7383 BA4OGT Atdg34131 Cyt NP_567953 functional it iy nebi.nim.nib g
7384 BA4OGT At2015480 Cyt AAMIT525 functional hittp: #hwnrwy nchi.nim.nih
8981 BA4OGT At1g73880 Cyt AAP31940 functional http: S ncbi.nim.nih.g
Glucosyltransferases for cinnamic acids
carboxy-glucosyltransferase
8441 CACGT Atdo15480 Cyt AANT2025 functional http: iy nchi.nim.nih.g
8442 CACGT At3g21560 Cyt AANT3000 functional it Sy ncbi.nlm.nib.g
8443 CACGT Atdg15490 Cyt AANI3214 functional hitt i Nl nlim nibv.g
4-O-glucosyltransferase
r T2E2 CA40GT AtSgBEEI0 Cyt NP_201470 functional it fve vy nebi.nim.nib.g
r T2E3 CA4OGT At526310 Cyt NP_198003 functional hittp: iw vy nchi.nim.nih.g
FLAVONOIDS AND ANTHOCYANINS
chalcone synthase 23174 At1g02050 Cyt NP_171707 by homology  hitp: /hwsewy nchi.nim.nih.g
chalcone synthase 23174 At4g00040 Cyt AAP3TE22 by homology  http: /Ay nebi.nim.nib.g
chalcone syrthase 23174 Atd4y34850 Cyt NP_567971 by homology ity nebi nim nikv.g

Fig. 3 (continued)
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G: Phenvlpropanoid Metabolism (Continued)
chalcone syrthase 23174 At5y13930 Cyt P13114 functional http: ifaewy nchi nim nikvg
chalcone isomerase 55186 At1g53520 Cyt MP_175757 by homology  hitp iy nebi nim nikg
chalcone isomerase 5516 At3g55120 Cyt P41085 functional it iy nchi.olm.nibv.g
chalcone isomerase 5518 At5g05270 Cyt AAM200G8 by homology  hitpc iy ncbi nim nib.g
chalcone isomerase 5516 At5066220 Cyt NP_201423 by homology  hitp: ifwwwwy ncbi nim nih.g
flavanone 3beta-hydroxylase 114118 At3g51240 CytER Q95818 functional http: ffavewy nebi.nim.nib.g
flavanone 3beta-hydroxylase 114119 Atdg10490 CytER AAOS0563 by homology  hitp: fhavaewy ncbi nim.nih.g
flavanone 3beta-hydroxylase 1141139 At5424530 CytER ASMI0017 by homology  hittp:fwwiwy nckinim nih.g
flavonol syrthase  FLS1 FLS At5408640 Cyt Q86330 functional ittp: dwne nchi nlm niky .o
flavonol syrthase FLS At5gE3580 Cyt AAO22T11 by homology  bitp: vy nebi nim nikb.g
flavonol synthase FLS At5g63590 Cyt ALO24566 by homology  hitp: fhwaew nchi.nim.nih.g
flavonol syrthase FLS AtSgE3600 Cyt AAMAS0E3 by homology  hitp: fwwwwy nebi.nim.nih.g
flavonol 3-O-glucosyltransterase 24191 At130530 Cyt AALO7161  byhomology  hittp:ifwywwy ncbi nbm nik.g
flavonol 3-O-glucosyltransferase 2419 At5917030 Cyt WNP_187205 by homology  hittp: vy nebi nim nikb.g
flavonol 3-O-glucosyltransferase 2419 At5g17040 Cyt NP_197206 by homology  http: My nebi nlm nikvg
flavonol 3-O-glucosyltransferase 2419 At5g17050 Cyt AAMI1139 by homology  hitp: iy nchi nlm.nih g
dihydrofiavonol 4-reductase (leucoanthocyanidin reductase; BANYULS) 111.219 At1g61720 Cyt Q9SEVO functional http: ey nchinim.nib.g
dihydroflavonol 4-reductase (leucoanthocyanidin reductase) 111219 At2045400 Cyt AABE2624 by homology  hitp: /iy ncki.nlm.nib.g
dihydroflavonol 4-reductase (leucoanthocyanidin reductase) 114.218 At5u42800 Cyt P51102 functional Hittp: dhaes nchinim nib.g
arthocyanidin syrthase ANS At2036240 Cyt AAM13301 by homology  bitp: ihwewewy ncbi nlm.nib.g
anthocyanidin synthase ANS At3911180 Cyt NP_187728 by homology  hitp: iy ncbi nim.nibg
anthocyanidin synthase ANS At3y55970 Cyt NP_181156 by homology  hitp: iy ncbi nlm.nib.g
anthocyanidin synthase ANS At5005600 Cyt ABMI1495 by homology  http dwwvewy nckinlm nih.g
anthocyanidin 3-O-glucosyltransferase An3GT not cloned yet NA NA
anthocyanidin 3-0-glucoside rhamnosyltransferase (large gene family, Arabidopsis ortholog not yet A30GRT At1g50580 Cyt NP_175473 by homology  hitp: iy nebi.nim.nib.g
anthocyanidin 3-O-glucoside rhamnosyltransferase (large gene family, Arabidopsis ortholog not yel A3ZOGRT At1g64910 Cyt NP_176671 by homology  hittp: iy nebi.nim.niby.o
arthocyanicin 3-O-glucoside rhamnosyliransferase (large gene family, Arabidopsis ortholog not yel A30GRT At1g64920 Cyt MP_176672 by homology  hitpc /ey nchi nim nib.g
anthocyanicin 3-0-glucoside rhamnosylransferase (large gene family, Arabidopsis otholog not yel — A30GRT At2022930 Cyt ABOB4TES by homology  http iy nchinlm nih.g
anthocyanidin 3-O-glucoside rhamnosyltransferase (large gene family, Arabidopsis ortholog not yel A3OGRT At3929630 Cyt MNP_189604 by homology  hitpciwwewy nchi nim.nib.g
anthocyanidin 3-O-glucoside rhamnosyltransferase (large gene family, Arabidopsis ortholog not yet A3OGRT At4g09500 Cyt ALO42032 by homology  http: ffwwwwy nebi nim.nih.g
anthocyanidin 3-O-glucoside rhamnosyltransferase (large gene family;, Arabidopsis ortholog not yel A3ZOGRT Atdg27560 Cyt AANT3158 by homology  hitp: iy ncbi.nlm nib.o
arthocyanidin 3-O-glucoside rhamnosyltransferase (large gene family, Arabidopsis ortholog not yel A3OGRT At4u27570 Cyt ALOB3434 by homology  hitp: ey nebi nim nikbug
anthocyanidin 3-O-glucoside rhamnosylransferase (large gene family, Arabidopsis ontholog not yel  A30GRT At5353990 Ccyt AAM20183 by homology  http ihvwiewy nchinim nih.g
anthocyanidin 3-O-glucoside rhamnosyltransferase (large gene family, Arabidopsis ortholog not yel A3OGRT At5g54010 Cyt NP_200212 by homology  hitp: vy ncbi nim.nih.g
anthocyanidin 3-O-glucoside rhamnosyltransferase (large gene family, Arabidopsis ortholog not yel A3OGRT At5g54060 Cyt NP_200217 by homology  hitp:iwwwwy nebinim.nih.g
arthocyanin S-aromatic acyliransferase (large gene family, Arabidopsis ortholog not yet characteri: ASAAT At1g03940 Cyt NP_171890 by homology  hitp: iy nehi nlm nib .o
arthocyanin S-aromatic acyltransferase (large gene family, Arabidopsis ortholog not yet characteri: ASAAT At3y295380 Cyt MNP_183600 by homology  bitp: sy nebi nim nikbg
anthocyarnin 5-aromatic acyltransterase (large gene family; Arabidopsis ortholog not yet characteri ASAAT At3y29635 Cyt NP_189605 by homology  hittp:iAwswwy nchinlm nih.gq
anthocyanin 5-aromatic acytransferase (large gene family, Arabidopsis ortholog not vet characteri: ASAAT At3y29670 Cyt AAPD4017 by homology  hitp: iMwewy nebi nim nikv g
arthocyanin 5-aromatic acyltransferase (large gene family, Arabidopsis ortholog nat yet characteri: ASALT At3929680 Cyt NP_189610 by homology  bitp: vy ncbi nim .nib.g
arthocyanin 5-aromatic acyltransferase (large gene family; Arabidopsis ortholog not yet characteri: ASAAT At5g39050 Cyt ALNT2280 by homology  hitp: iy nchi.nim nih g
anthocyanin 5-aromatic acytransferase (large gene family, Arabidopsis ortholog not yet characteri: ASAAT At5y39080 Cyt AAP49522 by homology  hitp: il ncbi nim.nih.g
anthocyanin 5-aromatic acyltransferase (large gene family; Arabidopsis ortholog not vet characteri ASAAT At5y39090 Cyt AAP49516 by homology  hitp:ihwwwwy ncki nim nik.g
arthocyanin S-aromatic acyltransferase (large gene family, Arabidopsis ortholog not vet characteri: ASAAT At5g61160 Cyt ALMINETI by homology  bitp: iy nebi nim nikv.g
flavonol sulfotransterase (large gene family, Arabidopsis ortholog not yet characterized) FST At1918590 Cyt AAOB3E18 by homology  Htp: ey ncbi nlm nib.g
flavonol sulfotransferase (large gene family, Arabidopsis ortholog not yet characterized) FST At1g74090 Cyt AROS051T by homology  hitp:fhwrvweww nchi nim.nib g
flavonol sulfotransferase (large gene family; Arabidopsis ortholog not yet characterized) FST At1g74100 Cyt AAMID02 by homology  http:ffwwwy nebi.nim.nih.g
flavonol sulfotransterase (large gene family; Arabidopsis ortholog not yet characterized) FST At2027570 Cyt AAMIS179 by homology  http:fwwiwy nckinim nih.g
flavonol sulfotransferase (large gene family, Arabidopsis ortholog not yet characterized) FST At3y945070 Cyt AAS49096 by homology  hittp: iy nebi nim nikb.g
flavonol sulfotransferase (large gene family; Arabidopsis ortholog not yet characterized) FST At3945080 Cyt Ab45228 by homology  Hitp: vy neki nim nib.g
Genetic regulators of phenylpropanoid metabolism
ICX1 ICK1 not cloned yet mutant http: ey ncbi nim.nib.g
production of anthocyanin pigment 1 protein (MYB7S) (PAP1) PAP1 At1gSE650  Cyt & Nuc(?)  AAG4200M act.tagging  hitpcfwsewe nchi nim nib.g
TRANSPARENT TESTA GLABRA 1 protein (TTG1) TTG1 AtSg24520 Cyt & Nuc (?) QEHGNT mutant http: Mawvewy .nehi.nim.nih.g
TRANSPARENT TESTA 2 protein (AtMTYB123) (TT2) T2 At5935550 huc (7) QEFJAZ T-DNA mutant bt /Ay nichi nlm kg
TRANSPARENT TESTA & protein (AtbHLHD42) (TT8) T8 Atdg0as20 Nuc (7) QSFTS1 T-DNA mutant  http Ay nbinlm nib.g
TRANSPARENT TESTA 16 protein (MADS) TT16 At5y23260 Muc (7) QBRYDI T-DNA mutant bt Ay ncbi nim nikb.g
Sequestration of phenylpropanoids (cytosol --> vacuole)
TRANSPARENT TESTA 12 protein (transport cytosol --= vacuole) T2 At3g59030 VaciTon (7) GQALYT3 T-DNA mutant  hitp fAaswy nchi nlm nibg
TRANSPARENT TESTA 19 protein (glutathione S-transferase-like) T8 AtSa17220 CytWac (7)  NP_187224 mutant http: dhwesy nchi.olm.nikv.g

Fig. 3 (continued)

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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Fig. 3 (continued)

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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Encoded enzyme EC Humber  AGI Subcellular cDNA/ Annotation  NCBIMedline
or Identifier Humber Localization gDHA Quality Links
(pred. & actual) record

H: Biosynthesis of Amino Acids and Derivatives
GLUTAMATE / GLUTAMINE FROM HITROGEN FIXATION
nitrate reductase (NR) 1714 A1G3T130 Chl AAKSE261 functional () httpcSfwsawy nchi nlm nibug
nitrate reductase (NR) 1743 ANgTTTED Chi AALIME1T7 functional (7)  hittpe e nchinim nih.g
ferredoxin - nitrite recuctase (Nir1) 1774 At2g15620 Chl AAN31831 functional () http:ifwewewe nebinim.nih.g
glutamate dehydrogenase (GDH) 1413 AtSg18170 Chl AAKE3ISES functional htte S nchinim nib.g
glutamate dehydrogenase (GDH) 1413 At5g07440 Chi AAKE2421 functional http: ftwsnewy nehi.nim nih g

putative GDH (GDH 3) 1413 At3g03910 Chi Q9s7A0 by homology  http: ey ncbi.nim.nih.g

MADP-specific GDH 1413 Atgs1720 Chl ARO29943 by homology  bittpcifwsaewy nebi.nim.nibvg
glutamine syrthetasefulutamate ammonia ligase (GLN1:5) 6312 At1g48470 Cyt AAP12694 functional hittp: Savvsne nchi nim niky.g
glutamine synthetase/glutamate ammonia ligase (GLN1:2) 6312 At1966200 cyt AAMET495 functional bt Ay nekinim nih.g
glutamine synthetasefglutamate ammonia ligase (GLN1,3) 6.31.2 At3g17820 Cyt GALVIB functional it S nchinim nib.g
glutamine syrthetaselglutamate ammania ligase (GLM1;4) 6312 At5g16570 Cyt ABM3I1149 functional bt iy nebi.nim.nih.g
giutamine synthetaselglutamate ammonia ligase (GS2) 6312 At5435630 Chi Q43127 functional hittp: ity nebi.nim.nibeg
glutamine syrthetasefglutamate ammonia ligase (GLN1,1) 6312 L5y37600 Cyt AAN31893 functional hittp: S nichi.nim nike.g
ASPARTATE / ORNITHINE CYCLE / HITRIC OXIDE FROM GLUTAMATE
amino acid N-acetyltransferase (GNAT) 2133 At2¢22910 Cyt AAPO4134 by homology  httpediwwes nehi nim.nib.g
amino acid N-acetyltransferase (GNAT) 2133 Atdg3TETO Chl CABE0432 by homology  hittpc it nchi.nim.nib.g
acetylgiutamate kinase 2728 Bt3g57560 Chi ALM44949 by homology  hitpe iy nebi.nlm.nibug
N-acetyl-gamma-glutamyl phosphate reductase 1.21.38 At2¢19940 Mit AACE2122 by homology  http:ifwsaewy nebi.nim.nib.g
acetylornithine transaminase 268111 At1g80600 Chi AACDDS44 by homology  hittpeifwsaew ncbi nim nib.g
acetylornithine deacetylase 35116 At4g17830 Cyt AALAT492 by homology  httpc /s nchi nlm nib.g
ornithine carbamoyltransferase (OTCase) 2311 At gTa330 Chi 050039 by homology  hittpc /e nchi.nlm.nib.g
argininosuccinate synthase 6345 At4924830 Chi QOSIH3 by homology  hittpc ity nchinlm.nih.g
argininosuccinate lyase (ArgH) 4324 At5g10920 Chi AANS1291 by homology  hittp: iy ncbi.nim.nib.g
arginase (Argl) 3531 At4g08900 it P4EE3T functional hittp: itwnewy nchi.nim.nibvg
arginase (Arg2) 3531 At4gDEET0 it Q9ZPFS by homology bt s nchi nlm.nib.g
nitric oxide synthase (NOS) 1141339 At3g47450 it CABS1217 functional it Sy nchi.nim.nib.g
asparagine synthetase (glutamate-dependent) (ASN1) 6354 At3g47340 Cyt P49078 functional http: itwnaee nehi.nim.nib.g
asparagine syrthetase (ghtamate-dependent) (ASN3) 6354 At5e10240 cyt AACT2836 functional bt iy nebinim nihg
asparagine synthetase (glutamate-dependent) (ASN2) 6354 At5gR5010 Cyt AAC2783T7 functional it ifaraew nehi.nim.nih.g
BRAHCHED-CHAIN AMINO ACIDS FROM ASPARTATE
aspartate kinase 2724 At5g13280 Chi AAN1B062 by homology  hitp: S nichi nim niky.o
aspartate kinase 2724 At3g02020 Chi NP_186851 by homology  hittpc /s nchi.nim.nih.g
aspartate kinase 2724 At5g14060 Chl AABB3104 functional it ity nehi.nim.nib.g
aspartate semisldehyde dehydrogenase 121411 At1g14810 Chl ABM26E654 functional hittp: Shwwwy nchi.nlm.nih.g
homoserine dehydrogenase 1113 At5421060 Chl AROB40TS by homology  httpcifwswy nebi.nim.nib.g
homoserine kinase 27138 At2g17265 Chl QIXEED functional bt S nichinim nib.g
threonine syrthase 4231 At1g72810 Chi AANT2162 by homology  hittpe /s nchi.nlm.nibv.g
threonine synthase 4231 Atdy295840 Chi Q9SYBS functional hittp: itanaewy nehi.nim nib.g
threonine dehydratase/deaminase 42118 At3g10050 Chi Q8ZISSE functional (7)  hitpc/Awwwww ncbinim nib.g
threonine dehydratase/deaminase 42118 Atdg11640 Chl CABTS8207 by homology  httpcitwrweww ncbi.nim nih.g
acetolactate synthase 41318 At2g31810 Chi AAMBS359 by homology  httpcifwwwy nebi.nim.nib.g
acetolactate synthase 41318 At5g16290 Chi NP_850823 by homology  hittp: fevsww nchi.nim nibv.g
acetolactate synthase 41318 At3g48560 Chl P17597 functional it S nchi nlm niby g
ketol-acid reductoisomerase 111886 At3g58610 Chl ARLGA0022 functional it ffannewy nehi.nim.nib.g
dihydroxyacid dehydratase 4218 At3g23940 Chi AAN413T2 by homology i Sy nchi.nim.nih
aminotransferase (e al-forming) not cloned yet A A
2-isopropylmalate syrthase 41312 At1g18500 Chi NP_173285 by homology  hitpcfesvewy nchi.nim nib.g
2-isopropylmalate synthase (IMS 1) 41312 At1a74040 Chl ALGS52352 functional it Sy nichi nlm nib.g
2-isopropylmalate synthase (IMS 2) 41312 AtSg23010 Chi AXGS2853 functional it Sy nchinlm nib.g
2-isopropylmalate syrthase 41312 At5g23020 Chl AAPESI3 by homology  httpcifwseewy nehi.nim.nih.g
2-isopropylmalate dehydratase (small subunit) 42133 At2g43100 Chi AAMS1283 by homology  hittp:hwswy ncbinim nin.g
2-isopropylmalate dehydratase (small subunit) 42133 At2g43090 Chl AAKSIE62 by homology  hitpeitw vy nebi.nim nib.g
2-isopropylmalate dehydratase (small subunit) 42133 At3g56990 Chi AAPO4045 by homology  http: Sy nchi.nim.nib.g
2-isopropylmalate dehydratase (more distant homolog) 42133 Atdg13430 Chi AAMS1226 by homology  httpcitwwwy nebi.nim.nibvg
2-isopropyimalate dehydrogenase (IMDH 2) 11185 At1g80560 Chl P33832 by homologry it dhwws nchi nim ik
2-isopropylmalate dehydrogenase (IMDH 1) 11185 At1g31180 Chl Q9SA14 by homology it iy nebinlm nihug
2-isopropylmalate dehydrogenase (IMDH 3) 11185 At5g14200 Chi QIFMT1 by homology  hitpc /sy nchi.nlm.nib.g
aminotransferase (Leu-forming) net cloned yet A A
LYSINE FROM ASPARTATE
dihydrodipicolinate syrthase (DHDPS2) 42152 At2g45440 Chi QIFV1E functional ittp: S nchi.nlm.nih.g
dihydrodipicolinate synthase (DHDPS1) 42152 At3gR0850 Chi QILIXE functional it Sy nichinim nib.g
dihydrodipicolinate reductase 131.26 At3g59890 Chl WP_974464 by homology  http: Swwewy ncbi.nim.nih.g
dihydrodipicolinate reductase 131.26 At5g52100 Chl NP_200023 by homology  httpcifwsawy nebi.nim.nib.g
succinyliransferase (N-succinyl-2-amino-6-ketopimelate-forming) not cloned yet N2 NA
acetylornthine/succinyldiaminopimelate aminatransferase 26111726117 At1g30600 Chi AL0D0344 by homology  hitp: Swwewy nchi.nim.nib.g
succinyl-diaminopimelate desuccinylase 35118 no homologs in Arabidopsis (7) A M
diaminopimelate epimerase 5117 At3g53580 Chi AANZE310 by homology  httpc i nichi nim nih.g
diaminopimelate decarboxylase 41120 At3g14390 Chi AAMBTSZ1 by homology  hitpe /A nchinlm.nih.g
PROLINE / HYDROXYPROLINE FROM GLUTAMATE
defta-1-pyrroline S-carboxylase synthetase (PSCS A) 2721112141 At2g39800 Chi P54887 functional it ifwnewy ncbi.nim.nibvg
detta-1-pyrroline S-carboxylase synthetase (PSCS B) 2721112141 At3gSS610 Chl P54338 functional http: ey nebinim.nib.g
delta-1-pyrroline S-carboxylase reductase (PSCR) 1512 At5g14800 Chl P54304 functional it S nchi.nim.nib.g
proline 4-hydroxylase 1141412 At1g20270 Chi NP_564109 by homology  hittpe i nchinlm.nih.g
proline 4-hydroxylase 114112 At2g17720 Chi NP_179363 by homology  hittpo/iwowwy ncbi.nim.nih.g
proline 4-hydroxylase 114112 At2g43080 Chl AACE4297 functional ittp: S nchi.nim nib.g
proling 4-hydroxylase 114112 At3g06300 Sec NP_566279 by homology  hitpoiiwswww nchinim.nih.g

Fig. 3 (continued)
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Encoded enzyme EC Humber  AGI Subcellular cDNA/ Annotation  NCBIMedline
or ldentifier  Humber Localization gDHA OQuality Links
(pred. & actual) record

H: Biosynthesis of Amino Acids and Derivatives (Continued)
proline 4-hydroxylase 114112 At3526480 Sec AANB4505 by homology  http: fhwwwwe nebi.nim nib.g
proline 4-hydroxylase 114112 At3928490  Chleroxisomal AAQ42145 by homology  hitp iy nebi nim nik.g
proline 4-hydroxylase 114112 AMG35810 Sec CABS1490 by homology  hite: My nchi nim nik.g
proline 4-hydroxylase 114112 AtSgBE060 Chl ALN4ES09 by homology  hittp: fhweewe nichi.nim.nibvg
GLUTATHIONE METABOLISM
glycine hydroxymethyltransferase 2124 At1g22020 Chl AROA27TE by homology  hitpe fhwewwy ncbi.nim nih.g
glycine hydroxymethytransterase 2121 AHG36370 Chl ABO22567 by homology  hittp iy nchi.nim nin.g
glycine hydroxymethyltransferase 2121 Atdi13890 Chl CAB7E431 by homology  hittp: fhaasae nchi.nlm nibv.of
glycine hydroxymethyltransferase 2121 Atdy13930 Chi ALM1B248 by homology bt dhweiee nchil.nlm nikv.g
glycine hydroxymethyltransferase 2121 Atdg32520 Chi AAN1E207 by homology  hitre Shwwwy nichi.nim .nib.g
glycine hydroxymethyltransferase 2124 Atdg37930 Chi AAP21161 by homology  http fhwww ncbi.nim nih.g
glycine hydroxymethytransferase 2121 At5426780 Chl AANB41T77 by homology  http: hwwwwy ncbi.nim.nik.g
threonine aldolase (relatively low homology to known threonine aldolases; annotated as unknown g 4125 At1g08630 Chl AAMS1302 by homology  hittp: fhwsnese ncbi.nlm nikeg
threonine aldolase 4125 At3u04520 Chl ALMBTSER by homology bt dwenewe nchi.nlm nib .o
serine O-acetyltransferase 23130 At2g17640 Chi ALN15485 by homology  hittp: fhwsaee nichi.nlm.nibv.g
serine O-acetyfransferase 23130 Atd4y35640 Chi S71207 by homology  hitp: Shwsnewe nchi.nim.nib.g

Sat-52 23130 AtSgS6760 Chi ALMI1504 by homology  http: fhwwwwy nebi.nim nib.g

Sat-1 23130 At3g13110 Chi AABOTTTS functional it S ncblnim nik.g
serine O-acetyltransferase 23130 At1y55920 Chi AAC3TATS functional it S nchl nlm kg
ATP sulfurylase 2774 At1g19920 Chl AANISTIE by homology  hitp: dhwnaswy nichi.nim nibv.g
ATP sulfurylase 2774 At3g22890 Chl AlNM14146 by homology  hitp: fhwewy nichi.nim.nibg
ATP sulfurylase 2774 Atdig1 4680 Chl AAAT2350 functional it Ay ncki nlm .nikv.g
ATP sulfurylase 2774 AtSgd3780 Chl AAD2EE34 functional it Sharvse nichinlm nib.g
adenosine 5'-phosphosulfate kinase 27425 At2g14750 Chi Q432395 functional http: Sharnene ncbinim nih.g
adenosine 5-phosphosulfate kinase 27125 At303900 Chi(?) NP_187040 by homology bt dhwwy ncbi.nim nih.g
adenosine 5'-phosphosulfate kinase 271325 At4339940 Chl 0491986 functional it Sy nchlnim nik o
adenosine 5'-phosphosulfate kinase 27125 AtSuBT520 Chi(?) ALOSOT26 by homology bt dhwsewe nchi.nlm nibv.g
3'-Phosphoadenosine 5'-phosphosulfate reductase (PAPS 2) 155994 Atgb2180 Chl P92931 functional it Shwewew nchinlm nib.g
3'-Phosphoadenosine §'-phosphosulfate reductase (PAPS 1) 18994 At4g04610 Chl P92979 functional hitp: S ncbinim nih.g
3'-Phosphoadenosine §'-phosphosulfate reductase 18994 At4y21990 Chi P925980 functional it Shwww ncbinlm.nih.g
sulfite reductase (ferredoxin) 1871 AtSg04590 Chi AANIB1E2 functional hittg: ivvsese nebi.nim . nik g
O-acetylserine (thiol) lyase / cysteine synthase 42998 At3959760 it Q43725 functional it Sy ncki nlm ik

cpACS1 42998 At2g43750 Chl P47399 functional it dhvewywy nebi.nim.nib g
O-acetylserine (thiol) lyase / cysteine synthase 42998 Atdg14880 Cyt P47933 functional http: Shvewene ncbinim nih.g
O-acetylserine (thiol) lyase f cysteine synthase 42998 At3g04940 Chi AAP42734 by homalogy  hitpc iy ncbi.nim.nib.g
O-acetylserine (thiol) lyase [ cysteine syrthase 42998 At5428020 Cyt ALMTOS40 by homology  hitpc iy nebi.nim nih.g
O-acetylserine (thiol) lyase / cysteine synthase 42998 At5g28030 Cyt NP_198155 by homology it dhasnewy nchi.nlm nibv.g
O-acetylserine (thiol) lyase / cysteine synthase 42898 Al3gE1440 Chl ABMI1182 by homology  hittg Sy nchinlm nih.g
O-acetylserine (thiol) lyase / cysteine synthase 42998 At3g03630 Chi BAA21628  functional (7)  hitpcihwwwwy nchi nim.nib.g
O-acetylserine (thiol) lyase / cysteine synthase 42998 At3g22460 Cyt NP_188885 by homology  hittp dhweewy nchi.nlm nibvg
gamma-glutamylcysteine synthase 6322 Atdg23100 Chl P4E309 functional it Sarwee ncbinlm nib.g
glutathione synthase 6323 At5g27380 Chl P4E416 functional http: Sherwene ncbi.nim.nih.g
glutathione reductaze 1817 At3g24170 Cyt P48641 functional (?)  http: Ay nebi.nim.nib.g
glutathione reductase 1817 At3u54660 Chi P42770 functional hittg itwesesne nebi nim . nikvg
glutathione peroxidase 11118 At gE3460 Cyt AAC23624 by homology it daeewy nchi.nlm.nib g
glutathione peroxidase 11118 At2g25080 Chl P52032 functional hittp: Sharwv nchinlm nih.g
glutathione peroxidase 11118 At2g931570 Cyt 004922 by homaology  hitpuiiwewww nchi.nim.nih.g
glutathione peroxidase 11148 At2043350 CytiER AAM20119 by homology  http: vy nchi.nlm.nik.g
glutathione peroxidase 11119 At2g48150 CytiPer (7)  ARAO39963 by homology  hitp: Ay nebinim nib.g
glutathione peroxidase 111289 At3u63080 Chi QILYB4 by homaology  hitpcievwyy ncbi nim nib.g
glutathione peroxidase 11118 Atdg11600 Cyt 048646 by homology  htti: fhwwy ncbinim.nih.g
glutathione peroxidase 11149 Atdg31870 Chl CAB79905 by homology  hitp: iy nchi.nim nih.g
glutathione S-transferase 25118 At2002930 MitiPer (?) QISLME by homology bt fiwwwwy. ncbi.nim.nik.g
glutathione S-transferase 25118 At4g02520 Cyt (memb?) P46422 functional bt fivwsese neblnlm nik o
glutathione S-transferase 25118 At1g02920 Per GASRYS by homology bt dhasnese nchi nlm nikyvg
glutathione S-transferase 25148 At1g02930 Cyt P42760 functional it Swwvve ncbinim.nik.g
glutathione S-transferase 25118 At1g02950 CytiPer (7) AL/OB4132 by homology  hitp: fhasiese nchi.nim nikvg
glutathione Stransferase 25118 At2g47730 Cyt Q96266 functional it iy nebi.nlm.nik.g
glutathione S-transferase 25118 At1g02940 Per NP_171793 by homology  hitp: dhwrnee nichi.nim.nibv.g
glutathione S-transferase 25118 At1949860 Cyt (7) ALQB2409 by homology  hitp: iy ncbi.nim nih.g
glutathione S-transterase 25118 At362760 CytiER NP_191835 by homology  hitt: fwsiewy ncki nim nih g
glutathione S-transferase 25118 At3g03190 Cyt Q96324 by homology  hitpc sy nebi nim ik g
glutathione S-transferase 25118 At517220 CytMit (?)  NP_197224 by homology  hittp iy nebi nim nihug
glutathione S-transferase 25118 At2g30860 Per ARO11585 by homology  hitp: fheewy nichi nim nib.g
glutathione S-transferase 25118 At2g30870 Cyt P42761 functional hittp: ey nebi.nim.nih.g
giutathione S-transferase (putatively involved in tyrosine catabolism; maleylacetone isomerase actiy 25118 At2g02390 Cyt Q9IVE3 functional it Swrws ncbinim.nib.g
glutathione S-transferase 25118 At2g02380 Cyt Q9IVQa4 by homology  hitpc iy nobi nim nikv.g
glutathione S-transferase 25118 At1g77290 CytPer (7) AALIE390 by homology bt fasiewy nchi.nlm nikv.g
glutathione S-transferase 25118 AtSgd1210 CytiER MNP_198937 by homology  hiti: Sy ncbi.nim .nih.g
glutathione S-transferase 25118 AtSgd1240 CytiER AAP3TT20 by homology  hitpcivewwww nobi.nim nih.g
glutathione S-transferase 25118 AtSg41220 CytiER NP_198938 by homology  http: /v ncbi.nim.nib.g

(17 additional sequences with low homology to the sequences above are annotated as GSTs by TAIR)
gamma-glutamyltransterase /ranspeptidase (light-chain 2) 2322 At1gBaG20 CytiPer (7)  NP_177140 by homology  hitpc iy ncbi.nim.nih.g
gamma-glutamyltiransferase /transpeptidase 2322 At4529210 Chimit (7) AAOB4159 by homology  hiti: S nebi.nim nib.o
gamma-gitamyltransferase /transpeptidase 2322 At4g39640 CytER AAN1S064 by homology it Shwsnesy nichi.nlm nib g
gamma-ghutamyltransferase /transpeptidase 2322 At4g39650 SeciHfac(?)  CABB0G28 by homology  hitpc iy nebinim.nib.g
S-oxoprolinase 3528 At5g376830 CytiPer (7) ALO42756 by homology bt dharewy nichi.nim nib.g

Fig. 3 (continued)
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Encoded enzyme EC Humber  AGI Subcellular cDNA/ Annotation  NCBIMedline
or ldentifier  Number Localization gDlA Quality Links
(pred. & actual) record

H: Biosynthesis of Amino Acids and Derivatives (Continued)

METHIOHIHE / SAM / ETHYLEHE METABOLISM FROM CYSTEINE AHD ASPARTATE

cystathionine gamma-synthase 42989 AHy33320 Cyt MNP_174600 by homology  bittpe iweiesy nebi nim nikvg
cystathionine gamma-synthase 42999 At3g01120 Chi PS5217 functional it ifwwwwy nebinim.nib.g
cystathionine beta-lyase 4418 At gE4E60 CytiPer (7) AAP31932 by homology bt i nchi.nlm.nib.g
cBL 4418 At3g57050 Chi ALASTTE functional it Moo nchi nim niky.g
S-adenosylhomocysteinase 33141 At3923810 CyiPer (?7)  AAN1I2996 by homology  hittp feesyww ncbi.nim nib.g
S-adenosylhomocysteinase 3311 Atdg13940 Cyt 023255 functional hittpe Sy nchi.nim nib.g
homocysteine methytransferase MetH At3y22740 Cyt ABOB3382 by homology  httpwwww ncbi.nim.nin.g
homocysteine methytransferase MetH At3925900 Cyt AAF23821 functional hittp: it nebi.nim . nibv.g
homocysteine methyltransferase MetH At3g63250 Cyt AAL1B1T0 by homology bt e nebi nlm nib g
S-adenosylmethionine synthase (SAM 2) 25186 Atdg1850 Cyt P17562 functional http: vy nebinim.nih.g
S-adenosylmethionine syrthase (SAM 1) 25186 At1g02500 Cyt P23686 functional it S nchi.nim nik g
S-adenosyimethionine syrthase 25186 At3g17390 Cyt ALO11581 by homology  hitp: Shwwwwy nchi.nim nih.g
S-adenosylmethionine synthase 2518 At2¢36880 Cyt AAMI1431 by homology  hittpcifwsnewy nebi.nim nibvg
MTA nucleosidase (At genome contains genes with only weak homalogy to known 3.2.2.16) 322186 NA NA
MTR kinase MTRK not cloned yet A A
ACC synthase (ACS 2) 44114 At1g01480 Cyt Q06402 functional bt e nchi nim nib.g
ACC synthase 44114 At3gB1510 Cyt AAMI1649 by homology  hitp: Swwewy ncbi.nim.nib.g
ACC syrthase (ACS B) 44114 Atdg11280 Per (7) AAK27237 by homology  hitpiiwwyy nchinim nih.g
ACC synthase (ACS 9) 44114 At3g49700 MNuc (?) AMGARTES by homology " chi.nim .nil
ACC synthase (ACS 8) 44114 At4g37770 Nuc (?) AAGS0090 by homology bt Sy ncbi.nim nib.g
ACC syrthase (ACS 5) 44114 At5g65800 MNuc (7) AAGSD09S by homology  httpe ity nebi.nim.nibvg
ACC syrthase (ACS T) 44114 At4u26200 Cyt AAGABTS4 by homology bt s nchi nlm.nib.g.
ACC syrthase (ACS 11) 44114 At4g08040 Cyt ABG4BTEE by homology  hitp vy ncki.nim.nibg
ACC synthase 44114 At2g22810 Muc(?) AMGABTET by homology :J) aid i.nim.nih.
ACC synthase 44114 At5g51690 Cyt(memb?)  AANT2122 by homology  hittp: Sy ncbi.nim.nih.g
ACC syrthase 44114 At1gb2960 Cyt(memb?)  AAPES345 by homology bt i nchi.nlm.nib.g.
ACC syrthase 44114 At5y28360 Cyt NP_188183 by homology  httpciMwwew ncbi.nlm.nib.g.
ACC oxidase (ethylene-forming enzyme) 114174 At1g05010 Cyt Q06588 functional hitp: ity nebinim.nib.g
ACC oxidase (ethylene-forming enzyme) 114174 At1gB2360 Cyt ALMINTES by homology bt iy ncbinim nibug
ACC oxidase (ethylene-forming enzyme) 114174 At1g12010 Cyt AAL3BE07 by homology  http: Sy ncbi.nim.nib.g
ACC oxidase (ethylene-forming enzyme) 114174 AMg77330 Cyt MNP_565154 by homology  hitpcifwsnewy nebi.nim.nibvg
ACC oxidase (ethylene-forming enzyme) 11417 4 At2¢19530 Cyt AAL33TE3 by homology  hittpe i nchi.nim nikbeg

|. Isoprenoid Biosynthesis in the Cytosol and in Mitochondria
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Encoded enzyme

EC Humber
or ldentifier

AGI
Humber

Subcellular
Localization
(pred. & actual)

cDNA/
gDNA
record

Annotation
OQuality

NCBIMedline
Links

I: Isoprenoid Biosynthesis in the Cytosol and in Mitochondria (Sterols, Brassinosteroids, Polyterpenes, Ubiquinone)

BIOSYNTHESIS OF PREHYL DIPHOSPHATES

acetoacetyl-CoA thiclase (AACT) 2318
acetoacetyl-Coa thiolase (AACT) 2318
3-hydroxy-3-methylglutaryl-Cod syrthase (HMGS) (Montamat et al (1995) paper is linked to incorres 23310
3-hydraxy-3-methylglutaryl-Cod reductase (HWMGR) 11134
3-hydroxy-3-methylghdaryl-Cos reductase (HMGR) 11134
mevalonate kinase (MK) 27136
phosphomevalonate kinase (PMi) 2742
mevalonate diphosphate decarboxylase (MPDC) 27136
mevalonste diphosphate decarboxylase (MPDC) 27436
isopentenyl diphosphate: dimethylallyl diphosphate isomerase (PP 5332 (alt. spl)
isopentenyl diphosphate: dimethylallyl diphosphate isomerase (IPPI) 5332(alt. spl)
farnesyl diphosphate synthase (FPPS) 25110
farnesyl diphosphate synthase (FPPS) 25110 (alt. spl)
geranylgeranyl diphosphate syrthase (GGPPS) 25129
geranylgeranyl diphosphate synthase (GGPPS 2) 25129
geranylgeranyl diphosphate syrthase (GGPPS 4) 25129
polyprenyl diphosphate synthase (PPDS; annctated as geranyl diphosphate synthase in GenBank) PPDS
dehydrodolichal diphosphate synthase (DDPPS) DDPPS
dehydrodolichol diphosphate syrthase (DDPPS) DDPPS
dehydrodolichol diphosphate synthase (DDPPS) DDPPS
cis-polyprenyl diphosphate synthase (undecaprenyl diphosphate synthase; UPPS) UPPS
cis-polyprenyl diphosphate syrthase (undecaprenyl diphosphate syrthase; UPPS) UPPS
cis-polyprenyl diphosphate syrthase (undecaprenyl diphosphate synthase; UPPS) UPPS
STEROL BIOSYNTHESIS

squalene synthase 25121
squalene synthase 25121
sgualene monooxygenase 114997
squalene monooxygenase 114897
squalene monooxygenase 114997
squalene monooxygenase 114997
squalene monooxygenase 1148997
squalene monooxygenase 114997
cycloartenol syrthase 548998
cycloartenol synthase 54998
cycloartenol C24 methytransferase CC24MT
24-methylenecycloartenol C-4 methyl oxidase (AtSMO1-1) 24MCMO
24-methylenecycloartenol C-4 methyl oxidase (AtSMO1-3) 24MCMO
24-methylenecycloartenol C-4 methyl oxidase (A1SMO1-2) 24MCMO
cyclosucalenol cycloisomerase CECI
steral C14 reductase (fackel) FACKEL
obtusifoliol C14 methyl oxidase (CYP51) OC14MO
obtusifoliol C14 methyl oxidase (CYP31) QC14MO
C-8,7 sterol isomerase c87sl
sterol C-methyltransferase 2 SCMT2
steral C-methyltransferase 2 SCMT2
sterol C-4 methyl oxidase (AtSMO2-2) S4MO
sterol C-4 methyl oxidase (AtSMO2-1) S4AMO
sterol CS-desaturase (DWF 7) DWFT
sterol C5-desaturase (DWF 7) DWFT
sterol defta?-desaturase (DWFS) 37DS
sterol C24-reductase (DWF1, diminuto) DvyF1
sterol C 22-desaturase SC2208
BRASSINOSTEROID BIOSYNTHESIS

sterol reductase (DET2) DET2
steroid C22-hydroxylase (CYPS0B1; DWWF4) DWyF4
steroid C23-hydroxylase (CYP30AT) CYPO0AT
UBIOQUIHOHE BIOSYNTHESIS

p-hydroxybenzoate polyprenyltransterase (Ubid; CoQ2) Ubi&/CoG2
O-methyliransierase (muttifunctional) (CoG3) CoQ3
monooxygenase (UbiF ubiH-like) UhiF UbiH
C-methyltransferase (CoQSubiE) CoGSAhiE
PROTEIN PRENYLATION

farnesyltransferase/geranylgeranyltransferase |, alpha subunit FTase/iGGTaselA
farnesyltransferase, beta subunit (ERA1T) FTaseB
geranylgeranyltransferase |, beta subunit GGTaze1B
(Rah) geranylgeranyltransierase I, alpha subunit GGTase2A
(Rah) geranylgeranyltransferase I, alpha subunit GGTase2A
(Rab) geranylgeranyliransferase I, beta subunit GGTase2B
(Rab) geranylgeranyltransferase Il, beta subunit GGTase2B

Fig. 3 (continued)
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J. Gluconeogenesis from Lipids
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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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Encoded enzyme EC Humber  AGI Subcellular cDHA/ Annotation  NCBIMedline
or ldentifier Humber Localization gDHA Quality Links
{pred. & actual) record
J: Gluconeogenesis from Lipids in Seeds
1IN ALPHABETICAL ORDER
long-chain acyl-Cos, synthetase (LACS2) (numbering of LACSs according to Shockey et al. (2002) 6213 At 49430 Cyt AANT1969 biochem Aiss local. http: Ay nebinim nib.g
acyl-Co& synthetase (LACS9) 6213 AMg77590 Cyt AL022689 biochem.fizs local. hitp: iy nebi.nim.nib.g
acyl-Cod, synthetase (LACSS) 6213 At2g04350 Cyt AANT2299 biochem.ftiss local, http i nichi nim nik.g
acyl-Cod, synthetase (LACS1) 6213 At2g47240 Cyt AAMI1478 biochem Aiss local. hittp: Ay nchi.nlm nikv.g
acyl-Cod synthetase (LACSE) 6213 At3g05970 Per AANB4S0E  biochem fiss local. http /Ay ncki.nlm.nib.g
acyl-CoA synthetase (LACS4) 6243 Atdg23850 Cyt AAKS3581 biochem ftiss local. http: iiwwwww nebi.nim nih.g
acyl-CoA synthetase (LACST) 6213 AtSy27600 Per NP_198112 biochem.fiss local. http: iiwwwy nebi.nim nib.g
aconitase 4213 At2g05710 Cyt AAMITOS0 by homology  httpc iy nebi nim . nik o
acontase 4213 Atdg26970 Cyt AANTS061 by homology bt vy nebi nim nib g
aconitase 4213 At4g35830 Cyt Q42560 functional it iy nebi.nim.nib.g
aspartate aminotransferase 2814 AtSg11520 Gly (7) P4EE44 functional itz thvwwvwy nebi.nim.nih.g
aspartate aminotransferase 2611 At2g30970 Mit P4B643 functional hittg: ey ncbl.nim.nih.g
citrate syrthase 4137 At3gSET740 Gly (7) AANT2180 by homology  hitp: i nebi.nlm nib.o
citrate syrthase 4137 At3u56750 Gly (7) AAUIS420 by homology  http iy ncbi nim nik g
enolase 4211 At2g29560 Cyt ALMA4966 by homology  http: /e nebi.nlm.nib.g
enolase 4211 At2936530 Cyt P25696 functional (?)  hitp: My nebi nim nib.g
fatty acid beta oxidation complex
acyl-Cod oxidase 1336 At1g0E290 PeriGly (7) AAFTEST7 functional it iy nebi.nim .nikb g
acyl-Cod oxidase 1336 At1g0&310 PeriGly (?)  NP_172120 by homology  hitp: iy nchinim.nih.g
acyl-CoA oxidase 1336 At2035690 Per/Gly (7)  AAM20325 by homology  hittoiiwwwwy nebi nlm nih.g
acyl-CoA, oxidase 1336 Atdg16760 PeriGly (7)  AAN4B324 by homology  hitp: iwsivwy nebi nim nikv g
acyl-Cod oxidase 13386 At5u65110 PeriGly (7) NP_201316 by homology bt iy ki nim nikb.g
enoyl-Cod hydrolase /isomerase; SKL>, monofunct. delta3, delta2-enoyl-Co isomerase (PECIHil PECI AtgBss20 PeriGly (7) AAR20752 by homology bt iy nebi.nim nib.g
enoyl-Co& hydrolase /isomerase; PKL=; monofunct. delta3, detta2-enoyl-CoA isomerase (PECI-lit PECI Atdg14430 PeriGly (?)  AALOBI79 by homology  hitp: /vy nchi.nim nih.g
enoyl-CoA hydrolase fisomerase; monofunct. detta3, deta2-enoyl-CoA isomerase (PECI-like); cle PECI Atdg14440 Per/Gly (7)  AAP13383 by homalogy  hittp:ifwwwwy nebi.nim.nih.g
enoyl-Co& hydrolase [isomerase, AKL=, defta3 5-defta2 4-dienoyl-CoA isomerase (DCI), clade 2 DCl AtSg43280 PeriGly (?)  AANT2209 by homology  hittpc iy nebi.nim nibv.g
2 A-dienoyl-Cod reductase (DECR) DECR At3g12800 PeriGly (7) NP_187886 by homology bt ivewewy ki nlm nib.g
3-hydroxyacyl-Cos dehydrogenase (AtMFP2), SLR=; bi- or multifunctional protein (BFP, MFP); cle 11135 At3g06860 PerfGly (?)  NP_187342 by homology  hitpe/iwwwwy nebinim.nih.g
3-hydroxyacyl-Cos dehydrogenase (AlM1), SKL=; bi- or multifunctional protein (BFP, MFP); clade 11135 Atdg29010 PeriGly (7)  AAM20293 by homology  hitpc iy nebi.nim nih.g
acyl-CoA dehydrogenase 13933 At3n51840 PeriGly (7) AAMTB046 by homology  http fhwwy neblnim nik.g
beta-ketoacyl-CoA thiolase 23116 At1g04710 PeriGly (7) AAM20592 by homology  http iy nebi nim nik.g
beta-ketoacyl-CoA thiolase 23116 At2g33150 PeriGly (7)  BAA25243 functional it iy nebi.nim.nib.g
beta-ketoacyl-CoA thiolase 23116 AtSg4B8850 PeriGly (7)  AAC23571 functional hitte: Sy ncbi.nim .nib.g
thioesterase; At_put_sT4 PerT At1g04290 PeriGly (7)  AAK32936 by homology  hitp: /vy nebi.nim.nih.g
thioesterase; At_put_sT2 PerT Atg48320 PeriGly (7)  AAG22654 by homology  hitp: iy nebi.nlm niby.o
thioesterase; At_put_sT5 PerT At2g29590 PeriGly (?)  AAQ39306 by homology bt iy nebi nlm nik.g
thioesterase; At_put_sT6 PerT At3g16175 PeriGly (7) NP_566535 by homology  hitp: /iy nehi nim.nih.g
thioesterase; At_put_sT3 PerT At3g61200 PeriGly (7)  AAM70531 by homology  hitpcifwwwy nebi.nim nih.g
thioesterase; At_put_sT1 PerT At5p48350 PeriGly (7) NP_974911 by homology  http: iy nebi nim nik g
fructose 1 6-bisphosphatase 3131 At1g43670 Cyt AAP42745 by homology kit iwwewy nebi nim.nikb g
fructose 1 B-bisphosphate aldolase 41213 At2g21330 Cyt AANT 3091 by homology  httpcdhwewwwy nebi.nim.nib g
fructose 1,6-bisphosphate aldolase 41213 At2g36460 Cyt AAL34218 by homology  hitp: i ncbi nim nih.g
fructose 1 6-bisphosphate aldolase 41213 At3p52930 Cyt AAL3G068 by homology  http iy ncki nin nibv g
fructose 1 B-bisphosphate aldolase 41213 Atd4g26520 Cyt P22197 functional it i vy nebi.nim .nib g
fructose 1,6-bisphosphate aldolase 41213 Atdg26530 Cyt AAPEB263 by homology  hitp: iy nchi.nim.nih.g
fructose 1,6-bisphosphate aldolase 41213 At4g38970 Cyt AAL1E224 by homology  hitp: iy nebi.nim.nib.g
fructose 8-phosphate phosphatase FEPPh not cloned yet NA&, NA
fumarase 4212 At2g47510 it P93033 by homology bt ihewewy ki nim.nib.g
glucose B-phosphate isomerase 5318 At5gd2740 Cyt P34795 functional it iy nebi.nim.nib.g
glutamate/aspartate carrier (large gene family in Arabidopsis; = 50 members; biochemically not characterized) NA NA
glyceraldehyde 3-phosphate dehydrogenase  (GapC) 12112 At3g04120 Cyt P25858 functional http: Mwrves ncbi.nim.nih.g
glyceraldehyde 3-phosphate dehydrogenase  (GapC) 12142 At1g13440 Cyt AALI0IZE by homology  hitpciiwevy nebi.nlm nib.g
glycerol kinase 27130 At1g30460 Cyt AAOB141E8  functional (7)  hittp /ey nchi.olm nibv.g
glycerol phosphate dehydrogenase GlycPDH not cloned yet N2& NA
isocitrate lyase 4131 At3g21720 Gly (7) pP28297 by homology  hitp: vy ncbinim nih.g
malate dehydrogenase 14437 At104410 Cyt P93819 by homology it iy nchinlm nih.g
malate dehydrogenase 14137 AtSg43330 Cyt PS7T106 by homology  hittp: fhwewy nichi.nim.nib.g
malste dehydrogenase 11137 AtSy56720 Cyt NP_200483 by homology  hitpciwewy nchi.nim nih.g
malate dehydrogenase 11437 At2g22780 Gly (?) 082399 by homology  hitp: /Ay nebi.nim.nib.o
malate dehydrogenase 11137 At5g09660 Gly (?) QBZPOS by homology  hitpcfwsvwy nchi.nim nib.g
malate dehydrogenase 111357 At3g15020 it AAN10404 by homology  httoc /sy nebi.nim.nib.g
malste syrthase 4132 AtSg03860 Gly ABKI3T04 functional hitte: fhwewvwy necbi.nim .nih.g
2-oxoglutarateimalte carrier (large gene family in Arabidopsis; = 50 members; biochemically not characterized) A, A
phosphoenolpyruvate carboxykinase 41149 At45y37870 Cyt QaT074 by homology  hitt: iy nebinim nih .o
phosphoglucomutase 5422 At1923190 Cyt 049299 by homology  hittp: iy nebi nim nib.g
phosphoglucomutase 5422 A 70730 Cyt Q45GC1 by homology  hito: iy ncki nin nib.g
3-phosphoglycerate kinase 2723 At1g79550 Cyt AALP3TE45 by homology  hitp: iy ncki.nim.nih g
phosphoglycerate mutase (2,3-bisphosphoglycerate-independent) 5421 Atg09780 Cyt 004439 by homology  hitp: iy nebi.nim.nih.g
phosphoglycerate mutase (2,3-bisphosphoglycerate-independent) 5421 At1g78050 Cyt AAO39956 by homology  hittp:ifwwiwy ncbinim nih.g
phosphoglycerate mutase (2,3-bisphosphoglycerate-indepencent) 5421 At3g08590 Cyt QAMBK1 by homology  hitp: fherwwy ncbi.nim nih.g
phosphoglycerate mutase 5421 At3g50520 Cyt AAL34236 by homology  http: /iy nebi.nim.nib.g
phospholipase A1 (isozymes putatively localized to chioroplasts are not listed) 31132 At1g06250 Cyt NP_172115 by homology bt i nebl.nim nik.g
phospholipase A1 31132 At2g31100 Cyt AACE3E40 by homology  httoc iy nebi.nim.nih.g
phospholipase A1 31132 At2g42690 Cyt AALBS087 by homology  http: iy nebi nim nik.g
phospholipase A1 31132 Atd4y18550 Cyt MNP_183590 by homology bt iy ncbi nlm.nikb.g
phospholipase A2-like 3114 At2g06925 CytiER AANT2211 by homology  hitp: fherawey nchi.nlm.nib.g
phospholipase A2-lke (sPLAZ) 3114 At2g19690 CytER AANTT229 functional http i nchi.nim.nih.g
phospholipase A2-like (SPLA2 gamma) 3114 At4g29460 CytiER AANB3044 functional kb ihwwwewy nebi.nim.nikug
phospholipase A2-like (sPLAZ detta) 3114 At4g29470 CytER ALNE3045  functional (7)  hitpc iy ncki nim nib.g

Fig. 3 (continued)
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Encoded enzyme EC Humber AGI Subcellular cDHA/ Annotation  NCBIMedline
or ldentifier Number Localization gDHA Quality Links
(pred. & actual) record

J: Gluconeogenesis from Lipids in Seeds (Continued)
succinate dehydrogenase (two subunits)

flavoprotein subunit 1351 At2g18450 it AROB4BT3 by homology  hittp v nebi.nim.nib.g

flavoprotein subunit 1351 AtSgEBTED it 082663 by homology  http: Shweweww nebinim nin.g

iron protein subunit 1354 At3g27380 it (7) AAL34227 by homology  hitpcffawwwy ncbinim.nib.g

iron protein subunit 1351 AtSg40650 Mit ALMBTSE9 by homology  hitp:dvwww ncbinim.nih.g
sucrose synthase 24113 At1g73370 Cyt NP_177480 by homology  hitpcdiwww nchi.nim.nih.g
sucrose synthase 24113 At3g43190 Cyt AAKS53464 by homology  hittpcdwwwy nebi.nim.nib.g
sucrose synthase 24113 At4g02230 Cyt AAN13112 by homology  http: Svewewy nebinim nih.g
sucrose synthase 24113 At5g20830 Cyt P49040 functional bt S nebinlm nih.g
sucrose synthase 24113 At5g37180 Cyt MNP_198534 by homology  hitpcdfwewew ncbinim.nih.g
sucrose synthase 24113 At5049190 Cyt Q00917 functional hittp: ddneweww ncbi.nlm nih.g
triosephosphate isomerase 5314 At3g55440 Cyt P48491 by homology  hittpc iy nebi.nim.nib.g
UDP-Glucose pyrophosphorylase (UTP-hexose-1-phosphate uridylyltransferase ) 2779 At3g03250 Cyt AAK32TT3 by homology  hitpc sy nebi.nim.nib.o

Fig. 3 (continued)

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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