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Since the completion of genome sequences of model
organisms, functional identification of unknown genes
has become a principal challenge in biology. Post-
genomics sciences such as transcriptomics, proteomics,
and metabolomics are expected to discover gene func-
tions. This report outlines the elucidation of gene-to-
gene and metabolite-to-gene networks via integration of
metabolomics with transcriptomics and presents a
strategy for the identification of novel gene functions.
Metabolomics and transcriptomics data of Arabidopsis
grown under sulfur deficiency were combined and ana-
lyzed by batch-learning self-organizing mapping. A
group of metabolites/genes regulated by the same mech-
anism clustered together. The metabolism of glucosino-
lates was shown to be coordinately regulated. Three
uncharacterized putative sulfotransferase genes clus-
tering together with known glucosinolate biosynthesis
genes were candidates for involvement in biosynthesis.
In vitro enzymatic assays of the recombinant gene prod-
ucts confirmed their functions as desulfoglucosinolate
sulfotransferases. Several genes involved in sulfur as-
similation clustered with O-acetylserine, which is con-
sidered a positive regulator of these genes. The genes
involved in anthocyanin biosynthesis clustered with the
gene encoding a transcriptional factor that up-regulates
specifically anthocyanin biosynthesis genes. These re-
sults suggested that regulatory metabolites and tran-
scriptional factor genes can be identified by this ap-
proach, based on the assumption that they cluster with
the downstream genes they regulate. This strategy is

applicable not only to plant but also to other organisms
for functional elucidation of unknown genes.

In the era of post-genomics, a systematic and comprehensive
understanding of the complex events of life is a great concern in
biology. The first step in this process is to identify all gene
functions and gene-to-gene networks as the components of the
system, the whole events of life. The metabolome is the final
product of a series of gene actions. Hence, metabolomics has a
potential to elucidate gene functions and networks, especially
when integrated with transcriptomics. A promising approach is
pair-wise transcript-metabolite correlation analysis, which can
reveal unexpected correlations and bring to light candidate
genes for modifying the metabolite content (1). Gene functions
involved in the specific pathway of interest have been identified
by the integration of transcript and targeted metabolic profil-
ing in experimental systems where the pathway was activated
(2–6). However, up to now, no gene function has been identified
by non-targeted analyses of the transcriptome and metabo-
lome. In this report, we analyzed the non-targeted metabolome
and transcriptome of a model plant Arabidopsis under sulfur
(S)1 deficiency whose genome sequencing has been completed.
Our strategy for integrated analyses using batch-learning-self-
organizing mapping (BL-SOM) (7–9) enabled the identification
of gene-to-gene and metabolite-to-gene networks and new gene
functions.

EXPERIMENTAL PROCEDURES

Plant Materials—Arabidopsis thaliana ecotype Columbia was grown
for 21 days on agar-solidified S-sufficient medium following the meth-
odology of Ref. 10. Plants were transferred to S-sufficient or S-deprived
medium and grown for up to 1 week (168 h). Rosette leaves and roots
were harvested at 3, 6, 12, 24, 48, and 168 h after transfer, immediately
frozen with liquid nitrogen, and stored at �80 °C until use.

Metabolome Analyses—Fourier-transform ion cyclotron resonance
mass spectrometry analysis was used to conduct non-targeted metabo-
lomic profiling (6). Targeted metabolic profiling of amino acids, O-
acetyl-L-serine (OAS), anions, organic acids, and sugars was performed
by high performance liquid chromatography and capillary electrophore-
sis as described (9). Extraction of metabolites was conducted in tripli-
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cate from each sample. Among 2,123 metabolites detected by targeted
and non-targeted analyses, 84 metabolites whose coefficient of variation
was greater than 0.9 were eliminated. For each metabolite the loga-
rithm of the ratio of the average signal intensity of S-starved samples to
that of the control samples was calculated.

Transcriptome Analyses—The transcriptomes were analyzed using
the Agilent Arabidopsis 2 microarray (Agilent Technologies, Palo Alto,
CA), which carries 21,500 Arabidopsis genes, according to the manu-
facturer’s specifications. Data were acquired using Agilent Feature
Extraction software. Normalization of log ratio of expression intensity
between S-starved and control samples was carried out based on MA
plot (11, 12). Initially, log ratio Mi [�log(Ri/Gi)] and average of loga-
rithmic intensity Ai [�(logRi � log Gi)/2] were calculated for ith gene.
Here, Ri and Gi are differences between mean signal and mean back-
ground intensities for Cy5 dye (S-starved sample) and for Cy3 dye
(control sample), respectively, obtained by Agilent Feature Extraction
software. Normalized log ratio Mi� was estimated as the difference
between Mi and baseline Mi�. Here, using a relation between Mi and Ai,
(Mi � f(Ai) � �I, �i was the difference between Mi and f(Ai) for gene i) by
MA plot; the baseline for ith gene was estimated by MI� � f(Ai). The
genes whose signal intensity was regarded as zero were eliminated in
the present analysis.

BL-SOM Analyses—BL-SOM analyses were conducted according to
Ref. 9. The metabolites and transcripts whose maximum log ratio
through time course was �0.1 and minimum log ratio was ��0.1 were
eliminated. For �1,000 metabolites and �10,000 transcripts left after
the elimination, the sum of the square of the 6 log ratio values at 6 time
points was set equal to 1 to give relative log ratio values, and all data
were combined into a single matrix to be subjected to BL-SOM. �1,000
metabolites and �10,000 genes were classified into 40 	 29 cells in the
lattice formed by BL-SOM based on the time-dependent pattern of
accumulation/expression in leaves in response to �S (Fig. 1A). In the
same way, �1,000 metabolites and �10,000 genes were classified into
40 	 24 cells in the lattice based on the time-dependent pattern of
accumulation/expression in roots in response to �S (Fig. 1B). Each cell
contained �10 metabolites and/or genes on the average. Each cell was
colored according to the relative log ratio values of metabolites/genes in
it. When all of the relative log ratio values of metabolites/genes in the
cell were greater or smaller than the average, the cell was colored in
pink or pale blue, respectively. Red and blue indicated that at least one
of the relative log ratio values was greater than the average � S.D. or
smaller than the average � S.D., respectively.

DNA Cloning Techniques—The gene encoding sulfotransferase 18
(At1g74090) from A. thaliana (AtSOT18) (for nomenclature, see Ref. 13)
does not contain any introns. A 1053-bp cDNA encoding AtSOT18 was
amplified from the �EMBL3 genomic library of A. thaliana ecotype
Columbia (Clontech) with primer 5�-GGA TCC GAA TCA GAA ACC
CTA-3� extended by a BamHI restriction site and primer 5�-AAG CTT
TTT ACC ATG TTC AAG C-3� extended by a HindIII restriction site.
The PCR contained 0.2 mM dNTPs (Roth, Karlsruhe, Germany), 0.4 �M

each primer (MWG, Ebersberg, Germany), 1 mM MgCl2, 0.75 �l of Red
Taq DNA polymerase (Sigma), and 1 �g of template DNA in a final
volume of 50 �l. Before starting the first PCR cycle, the DNA was
denatured for 180 s at 94 °C followed by 28 PCR cycles conducted for
60 s at 94 °C, 60 s at 48 °C, and 60 s at 72 °C. The process was finished
with an elongation phase of 420 s at 72 °C. The amplified PCR fragment
was ligated into the expression vector pQE-30 (Qiagen, Hilden, Ger-
many), and the vector was introduced into the Escherichia coli strain
XL1-blue.

Expression and Purification of the AtSOT18 Protein in E. coli—The
recombinant protein was expressed according to the following protocol.
After growth of the E. coli culture at 37 °C to an A600 of 0.6 in Luria
Bertani medium containing ampicillin (100 �g ml�1) (AppliChem,
Darmstadt, Germany), induction was carried out for 2 h at 30 °C with
1 mM (final concentration) isopropyl-�-D-1-thiogalactopyranoside (Ap-
pliChem). Cell lysis was carried out by adding lysozyme (final concen-
tration 1 mg ml�1) (Roth) and vigorously homogenizing using a glass
homogenizer and a pestle. The recombinant AtSOT18 protein was pu-
rified under non-denaturing conditions by affinity chromatography
with the nickel affinity resin according to the manufacturer’s instruc-
tions (Qiagen), dialyzed overnight, and used for enzyme activity meas-
urements. The purity of the protein preparation was checked by SDS-
polyacrylamide gel electrophoresis and subsequent Coomassie brilliant
blue and silver staining.

Substrate Preparation and Enzyme Activity Measurement—The des-
ulfo form of the intact allyl GLS, sinigrin (Sigma), was prepared accord-
ing to Graser et al. (14, 15). The enzyme assay with recombinant
AtSOT18 protein was set up in the manner of Glendening and Poulton

(16). 15 �g of purified recombinant protein was used in each reaction.
The 300-�l assays contained: 83 mM Tris/HCl, pH 9.0, 9.2 mM MgCl2,
and 58 �M 3�-phosphoadenosine-5�-phosphosulfate (PAPS; Calbio-
chem), and 6.2 mM desulfo-allyl GLS. The reaction was started by the
addition of PAPS, incubated for 30 min at 30 °C, and stopped by incu-
bation for 20 min at 95 °C. The formation of intact allyl GLS was
analyzed by high performance liquid chromatography according to Mel-
lon et al. (17). Separation was achieved with a gradient of 0.1% triflu-
oroacetic acid and acetonitrile with 0.1% trifluoroacetic acid on an
RP-C18 column (Supelcosil LC18-DB, 250 	 4.6 mm, 5 �m). The prod-
uct was identified by its retention time, absorption spectrum, and mass
spectrum as described by Mellon et al. (17). Quantification of the prod-
uct formation was done with a calibration curve prepared using authen-
tic sinigrin.

RESULTS AND DISCUSSION

Time-dependent changes in the metabolome and the tran-
scriptome were analyzed in a non-targeted way after Arabidop-
sis plants were subjected to S deprivation for up to 168 h.
�2,000 metabolites detected by targeted and non-targeted
analyses and 21,500 transcripts by DNA microarray were used
for calculation, and each was expressed as a vector in six-
dimensional space, where six components of the vector were six
log ratio values of signal intensities under S deficiency com-
pared with those under control condition at six time points.

For integrated analysis of metabolome and transcriptome,
we used BL-SOM, which classified the metabolites and the
transcripts according to their time-dependent pattern of
changes in accumulation and expression. BL-SOM is a sophis-
ticated form of multivariate analyses that can classify metab-
olites and transcripts into cells on a two-dimensional lattice;
those showing similar patterns are clustered into the same or
the neighboring cells. After elimination of the metabolites and
the transcripts exhibiting almost no change (see “Experimental
Procedures”), the sum of the square of 6 log ratio values was set
to 1. This procedure made it possible to classify the metabolites
and the transcripts by the shape of the time-dependent chang-
ing pattern alone and not by the absolute value of the degree of
change. All vectors (corresponding to the metabolites and the
transcripts) left after elimination were combined into a single
matrix to be subjected to BL-SOM. The results are shown in
Fig. 1, A (the changes in leaf) and B (in root). By this analysis,
sets of metabolites and transcripts with strong correlations
were elucidated.

Genes Involved in the Same Metabolic Pathway—Six glucosi-
nolates (GLSs) and four isothiocyanates, which are the degra-
dation products of GLSs, clustered into the cells in the specific
regions, suggesting that GLS metabolism is coordinately regu-
lated (Fig. 2, A and B). GLSs are sulfur- and nitrogen-contain-
ing secondary metabolites found mainly in the Capparales

FIG. 1. BL-SOM analysis of the leaf (A) and root (B) samples.
The map is a lattice comprised of 40 	 29 (A) and 40 	 24 (B) cells. The
metabolites and genes were classified into each cell according to their
time-dependent pattern of changes in accumulation and expression.
The color of each cell indicates the level of induction/repression of the
metabolites and genes under S deficiency at the given time points.
When all of the relative log ratio values of metabolites/genes in the cell
were greater or smaller than the average, the cell was colored in pink or
pale blue, respectively. Red and blue indicated that at least one of the
relative log ratio values was greater than the average � S.D. or smaller
than the average � S.D., respectively.
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order and are important as defense compounds to pathogens
and herbivores and as S storage sources (18, 19). They are
synthesized from amino acids such as tryptophan, tyrosine,
and methionine homologs with elongated side chains. The core
biosynthetic pathway of GLS has been elucidated, and the
Arabidopsis genes encoding most of the enzymes have been
identified or at least assumed, except for those encoding the
sulfotransferases (20–22) (Fig. 3).

The genes encoding the GLS biosynthesis enzymes, includ-
ing those encoding the MAM, CYP79, and CYP83 families and
SUR1 were clustered into the cells in the same region (Fig. 2,
B and C). It is notable that three putative sulfotransferase
genes (At1g74100, At1g18590, and At1g74100 named At-
SOT16, AtSOT17, and AtSOT18, respectively, by Klein and
Papenbrock (13) were classified into the same region where the
known GLS biosynthetic genes were clustered (Fig. 2, B and C).
This result strongly suggested that these putative sulfotrans-
ferase genes are also involved in GLS biosynthesis. To confirm
the function of these putative sulfotransferase gene products,
in vitro sulfotransferase assays were conducted using the re-
spective recombinant proteins. The recombinant AtSOT18 pro-
tein could convert desulfo-allyl GLS to intact, sulfonated allyl
GLS in the presence of PAPS (Fig. 2E). The identity of the
product was confirmed by mass spectrometry (data not shown).
The activity of the gene products of the two other putative
sulfotransferase genes (AtSOT16 and AtSOT17) has been an-
alyzed in the same way, giving comparable results with de-
sulfo-allyl GLS (data not shown). These results confirmed that
the three sulfotransferase-like genes, which clustered with
known GLS biosynthesis genes after BL-SOM analysis, actu-
ally encode the proteins catalyzing PAPS-dependent sulfation
of desulfo-GLSs to GLSs. During the reviewing process of this
publication, Piotrowski et al. (23) reached the same conclusion
by quite different strategy to ours and reported that these three

genes encode desulfo-GLS sulfotransferase. It was also the case
with At1g24100, which was assumed to encode S-glucosyl-
transferase involved in GLS biosynthesis (24). This gene (Figs.
2 and 3, S-GT) was clustered with known GLS biosynthesis
genes, supporting the assumption by Petersen et al. (24). Re-
cently, the function of this gene was confirmed by Douglas
Grubb et al. (25). These facts proved that our strategy is effec-
tive to elucidate gene functions in the same metabolic pathway
at once.

In a similar way, based on the results of BL-SOM the func-
tions of other candidate genes for GLS biosynthesis enzymes
(C-S lyase and glutathione S-transferase) were also putatively
identified. A putative tyrosine aminotransferase gene
(At5g36160) and two putative glutathione S-transferase (GST)
genes (At3g03190 and At1g78370) were also clustered together
with the known GLS biosynthesis genes. The putative tyrosine
aminotransferase gene At5g36160 may represent a C-S lyase
gene involved in GLS biosynthesis. The SUR1 gene (Fig. 3),
whose gene product is the C-S lyase of the core GLS biosyn-
thetic pathway (21), had also been originally misannotated as a
tyrosine aminotransferase (26). The sur1 mutant does not ac-
cumulate GLS, at least under normal conditions, suggesting no
apparent functional redundancy of C-S lyase of GLS biosynthe-
sis (21). However, this mutant occasionally accumulated a
trace level of indol-3-ylmethyl GLS (21), and so the product of
At5g36160 might also function as C-S lyase in GLS biosynthe-
sis under different environmental or developmental conditions.

As for the putative GST genes clustering with the other GLS
biosynthesis genes, it has been suggested that GST-type en-
zymes may be involved in an enzyme complex formed by
CYP83s and C-S lyase. The S-alkylthiohydroximate formed
after CYP83-catalyzed aldoxime oxidation and spontaneous
conjugation to cysteine (Fig. 3) is cyclized in vitro to form a
dead-end product. Hence, metabolic channeling aided by GST-

FIG. 2. A, time-dependent changes in accumulation of GLSs (green) and isothiocyanates (blue) in leaves under S deficiency. The ordinate scale
indicates the relative log ratio values after the sum of squares of 6 log ratio values were set to 1. 3-msp, 3-methylsulfinylpropyl; 4-mtb,
4-methylthiolbutyl; 7-msh, 7-methylsulfinylheptyl; 8-mso, 8-methylsulfinyloctyl; 3ym, indol-3-ylmethyl; 4mi-3ym, 4-methoxyindol-3-ylmethyl;
4-msb, 4-methylsulfinylbutyl; 5-msp, 5-(methysulfinyl)pentyl. B, unified map of the leaf samples (the same as Fig. 1A) showing the clustering of
GLSs (green), isothiocyanates (blue), GLS biosynthesis genes (red), and the degrading enzyme myrosinase genes (yellow) into regions. C and D,
time-dependent changes in expression of GLSs biosynthesis genes (C) and myrosinase genes TGG 1–3 (D) under S deficiency. The ordinate scale
indicates the relative log ratio values. DIOX1 is the gene involved in side chain modification of GLS. E, high performance liquid chromatography
trace of product of in vitro enzymatic assay of AtSOT18 recombinant protein. Standard, standards of desulfo-allyl GLS (substrate) and intact allyl
GLS (product); complete reaction, product formation in the complete reaction mixture; heat-denatured, reaction mixture with heat-denatured
AtSOT18 protein; �PAPS, reaction mixture with AtSOT18 protein but without PAPS.
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type enzymes is postulated in vivo to avoid this consequence
(21). The two putative GST genes (At3g03190 and At1g78370)
could be candidates coding for such an activity. We are now
examining the genes clustered with GLSs and isothiocyanates
for identification of new factors regulating GLS metabolism.

Regulatory Metabolite O-Acetylserine and Genes under Its
Regulation—Primary S metabolism is regulated by modulation
of gene expression (see below) and of enzymatic activity (27).
For example, the activities of serine acetyltransferases (Fig.
4A, Serat) are regulated by two mechanisms in an isoform-
specific manner: by allosteric feedback inhibition by cysteine
and by reversible formation of a protein complex with OAS-
(thiol)-lyase (Fig. 4A, Bsas). The enzymes involved in primary
S metabolism are encoded by gene families in Arabidopsis (Fig.
4A). These genes were scattered on the map (Fig. 4B), which
was consistent with the fact that primary S metabolism is
regulated not only by mRNA accumulation but also by enzy-
matic activity (27). Among them, however, several genes were
clustered together with OAS (Fig. 4, B and C). Sulfate trans-

porter (Sultr) and adenosine phosphosulfate reductase (APR)
genes are known to be induced by S deficiency. OAS, whose
content increases under �S, is considered a positive regulator
of this induction mechanism (Fig. 4A) (27). The induction of
Sultr and APR genes enables more sulfate ions to be assimi-
lated into cysteine. By BL-SOM, these genes and OAS were
clustered into the same region (Fig. 4, B and C), confirming the
previous findings. Among the isoforms of ATP sulfurylase
(APS) and Serat genes, APS3, Serat 3;1 and Serat3;2 were
clustered with OAS (Fig. 4, B and C and supplemental Fig. 1),
suggesting their specific functions under S deficiency (see
below).

Besides S assimilation genes, the 12-oxophytodienoate re-
ductase 1 gene and the nitrilase 3 gene are known to be induced
under S deficiency and by OAS (10, 28, 29). They were also in
the same region where OAS clustered (data not shown). Two
putative thioglucosidase genes, which are known to be induced
by S deficiency (30), were also in the same region, suggesting
that they are coordinately regulated with OAS.

FIG. 3. Outline of GLS biosynthesis and degradation. MAM, methylthioalkylmalate synthase; CYP, cytochrome P450; SUR1, a C-S lyase
encoded by SUPERROOT1 gene; S-GT, S-glucosyltransferase; PAPS, 3�-phosphoadenosine 5�-phosphosulfate. In Arabidopsis, methionine and
tryptophan are the major precursors of GLSs, but the side chain of methionine is first elongated by a cycle involving MAM-1 and MAM-L. Isoforms
of CYP79s and CYP83s catalyze the initial reactions of the core biosynthetic pathway, followed by SUR1, S-GT, and sulfotransferase.

FIG. 4. A, outline of primary S metabolism. Sultr, sulfate transporter; APS, ATP sulfurylase; APR, APS reductase; APK, APS kinase; SIR, sulfite
reductase; Serat, serine acetyltransferase; Bsas, O-acetylserine(thiol)-lyase (a member of the �-substituted alanine synthase family); CGS,
cystathionine � synthase; CBL, cystathionine � lyase; MetS, methionine synthase; GSH1, � glutamylcysteine synthetase; GSH2, glutathione
synthetase. The numbers in parentheses indicates the numbers of isoform genes. B, unified map of the root samples (the same as Fig. 1B) showing
clustering of genes encoding enzymes of primary S metabolism. Gene names are shown except for Sultr*, At1g80310; APK*, At5g67520; MetS*,
At5g17920; MetS**, At5g20980; and, MetS***, At3g03780. Blue rectangle indicates the region where known GLS biosynthesis genes are clustered.
C, time-dependent changes in OAS accumulation and gene expression. The ordinate scale indicates the relative log ratio values.
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Moreover, the specific function of each member of a gene
family could be estimated by this analysis. The ATP sulfurylase
isoforms APS2 and APS4 among four members of this gene
family were clustered with GLS biosynthesis genes (Fig. 4B
and supplemental Fig. 1), suggesting that these isoforms may
be specialized for the biosynthesis of PAPS required for GLS
biosynthesis. On the other hand, as mentioned above, APS3,
which clustered with OAS, may be involved in the enhance-
ment of cysteine biosynthesis under �S.

Transcription Factor and Downstream Genes—PAP1 is a
Myb transcription factor that activates phenylpropanoid/fla-
vonoid biosynthesis (31). In an activation-tagged mutant of the
PAP1 gene that overaccumulates red-purple pigment antho-
cyanins, the biosynthesis genes of flavonoids such as pheny-
lalanine ammonia lyase, chalcone synthase, and dehydroflavo-
nol 4-reductase were induced (31). We clarified that in this
mutant line anthocyanin biosynthesis genes were specifically
induced among flavonoid biosynthesis genes, suggesting that
PAP1 is a transcription factor of anthocyanin biosynthesis
genes (6). In this study PAP1 and the anthocyanin biosynthesis
genes were clustered together (Fig. 5, B and C), indicating that
transcription factors and the downstream genes regulated by
them can be elucidated by these analyses. Our plant materials
subjected to S deficiency did not turn red, indicating anthocy-
anin biosynthesis was not apparently induced. Nevertheless,
PAP1 and the anthocyanin biosynthesis genes were clustered
together. This fact implies that a new regulatory network can
be clarified by our strategy even when we do not focus on a
specific pathway.

For GLS biosynthesis, several putative transcription factor
genes were clustered with GLS biosynthesis genes (data not
shown). These genes are the candidate genes controlling GLS
biosynthesis.

In the present study, we could find gene-to-gene and metab-
olite-to-gene networks and could identify a new gene function
through integrated analysis of metabolomics and transcriptom-
ics. Our strategy may be useful especially in cases where the
gene of interest is functionally redundant and thus no visible
changes are observed in knocked-out lines of the gene (32, 33).

This approach is generally applicable not only to plants but
also to other organisms, including bacteria and animals, for the
identification of novel gene functions.
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