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Summary

Uptake of sulfate from the environment is critical for sulfur metabolism as it controls the quantity of
sulfur to be distributed through the metabolic pathways. Similar to the uptake systems for other nutrient
ions, transport of sulfate can be resolved into high- and low-affinity phases. Sulfur limitation stimu-
lates the high-affinity sulfate transport system that essentially facilitates the uptake of sulfate in roots.
Apparently, the induction of sulfate uptake by sulfur limitation is driven by demands of sulfur. Recent
molecular biological studies have unveiled some important aspects behind the regulatory cascades of
plant sulfur response and sulfate assimilation. In this review, we describe the regulatory steps controlling
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sulfate uptake and assimilatory metabolism in Arabidopsis thaliana, and further discuss on the networks
of metabolic and hormonal regulation based on recent findings that deal with transcriptome and metabo-

lome data analyses.

I. Sulfate Transport Systems in Plants
A. Sulfate Transporter Gene Family

As described in recent reviews, Arabidopsis
genome encodes 12 distinct sulfate transporter
genes that are classified into 4 functional groups
(Buchner et al., 2004b; Takahashi et al., 2006).
All 12 isoforms of sulfate transporters from Ara-
bidopsis are structurally similar to the one first
identified from Stylosanthes hamata by functional
complementation of a yeast sulfate transporter
mutant (Smith et al., 1995). Two additional homo-
logues representing the group 5 members (Buchner
et al., 2004b) appear to have low sequence simi-
larity to sulfate transporters, though the exact
functions have been remained unverified. Like-
wise the case of other nutrient transporters, mul-
tiplicities of isoforms may reflect complexities
of the whole-plant sulfate transport systems in
vascular plants. In fact, the functionality and
localization of sulfate transporters are diversified
among the isoforms, which lead us to set out for
physiological characterization and dissection of
the functions of individual transport components
using T-DNA insertion mutants of Arabidop-
sis (Takahashi et al., 2006). The following two
sections summarize the roles of individual trans-
porters that correspond to the uptake and internal
transport systems that have been verified from the
analysis of T-DNA insertion mutants. In addition
to this review article, general features of plant
sulfate transport systems have been described by
Hawkesford in Chapter 2.

B. Uptake of Sulfate

The initial uptake of sulfate occurs at the root
surface. Earlier physiological studies suggested
the high-affinity kinetics (phase I) of sulfate
uptake system predominates under sulfur limited
condition (Clarkson et al., 1983; Deane-Drum-

Abbreviations: OAS — O-acetyl-L-serine; SULTR — sulfate
transporter; SURE — sulfur responsive element

mond, 1987). The high-affinity sulfate trans-
porters that correspond to this sulfur-limitation
inducible transport system are represented by
the Group 1 members (Takahashi et al., 2006).
The first isolated cDNAs, SHST! and SHST2,
from Stylosanthes hamata were able to comple-
ment the yeast sulfate transporter mutant, and
exhibited saturable kinetics of sulfate uptake
with micromolar K values (Smith et al., 1995).
In addition, the SHSTI and SHST2? mRNAs
accumulated in root tissues when plants were
starved for sulfate. The Arabidopsis SULTRI, 1
and SULTRI,2 showed similar characteristics
(Takahashi, et al., 2000; Shibagaki et al., 2002;
Yoshimoto et al., 2002). They were localized in
the root hairs, epidermis and cortex of roots, and
their transcripts were significantly accumulated
during sulfur limitation. The uptake of sulfate
and the overall sulfur status was significantly
affected by deletion of SULTRI,2, suggesting
this transporter plays a major role in facilitat-
ing the uptake of sulfate in Arabidopsis roots
(Maruyama-Nakashita et al., 2003). In addition,
induction of SULTRI1;I mRNA in the sultrl;2
mutant indicates compensatory and demand-
driven regulation of this isoform. Presence of
the inducible isoforms of high-affinity sulfate
transporters appears to be common in various
plant species (Howarth et al., 2003; Buchner
et al., 2004a, 2004b), which may allow flexible
adaptation to fluctuating sulfur conditions in
the environment.

C. Internal Transport of Sulfate

Pathways that mediate internal translocation of
sulfate are complicated and are not completely
resolved. However, studies using the knockouts
of Arabidopsis sulfate transporters suggested
several potential components that facilitate dis-
tribution of sulfate through the vasculature. In
Arabidopsis, a low-affinity sulfate transporter,
SULTR2;1, is suggested to play a pivotal role
in controlling transport of sulfate at xylem
parenchyma cells (Takahashi et al., 1997, 2000;
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Awazuhara et al., 2005). SULTR2,1 was strictly
regulated by sulfur status, exhibiting dras-
tic induction of its mRNA in the roots of sul-
fur-starved plants. In addition to regulation of
its transcript levels, the activity of SULTR2;1
was modulated by the presence of a co-localizing
component, SULTR3;5, in the pericycle and
xylem parenchyma cells of roots (Kataoka
et al., 2004a). For sufficient transport of sulfate from
root tissues to shoots, release of sulfate pools
from vacuoles was an additional rate-limit-
ing step under sulfur-limited conditions. The
tonoplast-localizing sulfate transporters that
serve for this essential step were encoded
by SULTR4;1 and SULTR4;2 in Arabidopsis
(Kataoka et al., 2004b). Both were inducible by
sulfur limitation, and T-DNA insertion mutants
showed accumulation of sulfate in the vacuoles,
leading to a significant decrease in distribution
of the incorporated sulfate to shoots. Besides
root-to-shoot transport, source-to-sink trans-
port is suggested to be important for alloca-
tion of sulfur storage from old to young tissues
(Bourgis et al., 1999; Herschbach et al., 2000).
In Arabidopsis, the function of a phloem-local-
izing component of sulfate transport system has
been evidenced from the analysis of knockout
mutant. SULTR1;3, the third member of high-
affinity sulfate transporters, was localized in the
companion cells of transport phloem, and was
essentially required for the movement of sulfate
from cotyledons to shoot meristems and roots in
Arabidopsis (Yoshimoto et al., 2003).

Il. Regulation by Sulfur
A. Demand-Driven Regulation

The external supply of sulfate is primarily impor-
tant for regulation of sulfate uptake and assimila-
tion (Leustek et al., 2000; Saito, 2004; Takahashi
et al., 2006). Particularly, high-affinity sulfate
transporters that facilitate the initial uptake of
sulfate in roots are strictly regulated by sulfate
availabilities (Takahashi et al., 2000; Yoshimoto
et al., 2002; Shibagaki et al., 2002; Maruyama-
Nakashita et al., 2004a, 2004c). In addition to
sulfate, metabolites of sulfur assimilatory path-
ways are known to have major impacts on gene
expression of sulfate transporters. When sulfate is

adequately or excessively supplied from the envi-
ronment, plants may synthesize cysteine, methio-
nine and glutathione, causing feedback regulation
of the uptake of sulfate. On feeding experiments,
excessive application of cysteine and glutath-
ione led to a drastic decrease of sulfate uptake
activity in roots (Smith et al., 1997; Vidmar
et al., 2000). In Arabidopsis, decrease of sulfate
uptake is attributable to repression of SULTRI; 1
and SULTRI,2, both being down-regulated sig-
nificantly in the presence of thiols in the medium
(Maruyama-Nakashita et al., 2004¢c, 2005). In
addition to the high-affinity sulfate transporters
that facilitate the initial sulfate uptake, transcripts
of SULTR2, I low-affinity sulfate transporter was
regulated under a similar scheme (Vidmar et al.,
2000). A split-root experiment suggests repres-
sive signals can be translocated from distant
organs through phloem (Lappartient et al., 1999).
These results suggest that sulfate uptake and vas-
cular transport are both controlled in a demand-
driven manner not only by a local signal but also
by systemic requirement of sulfur (Lappartient
et al., 1999; Herschbach et al., 2000).

B. The Action of a Cysteine Precursor

O-acetyl-L-serine  (OAS), the precursor of
cysteine synthesis, positively affects the expres-
sion of high-affinity sulfate transporters (Smith
et al., 1997; Maruyama-Nakashita et al., 2004c¢).
In barley, induction of HVST! sulfate transporter
by OAS was accompanied with increase in sulfate
uptake activities (Smith et al., 1997). In addition,
transcripts for adenosine 5'-phophosulfate reductase,
the pivotal enzyme that controls the flux of sul-
fur through the sulfate assimilation pathway
(Vauclare et al., 2002), were induced by the addi-
tion of OAS to the medium after nitrogen starva-
tion (Koprivova et al., 2000). From these findings,
one may postulate that OAS could provide signals
of sulfur limitation response. Identification of an
OAS accumulating Arabidopsis mutant, oshl,
which stimulates the activity of sulfur limitation-
responsive promoter of 3-conglycinin B-subunit,
supports this regulatory model (Ohkama-Ohtsu
et al., 2004). Furthermore, microarray studies and
other expression analysis indicate that feeding of
OAS gives a pattern of gene expression profile
that mimics sulfur limitation (Hirai et al., 2003,
2004). However, a time-course measurements of
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tissue OAS contents indicates that induction of
sulfate transporter precedes accumulation of OAS
under sulfur limitation (Hopkins et al., 2005).
This contrasts with the hypothesis placing OAS
as a signal mediator that triggers up-regulation of
sulfur assimilatory pathways, questioning when
and how the accumulation of OAS serves for
regulation of gene expression in sulfur-starved
plants. Excessive accumulation of OAS simply
may imply disturbance of cysteine synthesis by
limited supply of sulfide under prolonged sulfur
starvation (Hopkins et al., 2005). Biochemical
studies indicate that OAS has an ability to con-
trol the activity and structure of cysteine syn-
thase complex (Wirtz et al., 2004). The enzyme
complex is dissociated and associated reversibly
by OAS and sulfide, respectively. The two dif-
ferent states provide production of cysteine by
free OAS(thiol)lyase or synthesis of OAS by the
cysteine synthase complex that is reconstituted
under an excess of sulfide over OAS. Apparently,
a switching mechanism exists for the control
of cysteine synthesis. Verification of these con-
ceptual models hypothesizing the OAS actions
awaits further investigation.

lll. The cis-Acting Element of Sulfur
Response

Cumulative information from the molecular
biological works on plant sulfur response pro-
vided us with a notion that numbers of sulfur-
responsive genes are coordinately regulated for
metabolisms and probably for stress mitigation.
A basic question arose here whether all these
genes are regulated by sulfur under the same
mechanisms? Transcriptional regulation of yeast
MET genes is a well characterized example of
sulfur response (Thomas and Surdin-Kerjan,
1997). MET genes that encode the enzymes
for assimilatory sulfur metabolism have com-
mon cis-acting elements within their 5'-regions
that are capable of binding the components of
transcription factors regulated by availability of
S-adenosylmethionine. Unlike this highly organ-
ized regulatory system in yeast, higher plants
must have developed more complicated mech-
anisms, as has been anticipated from several
modes of metabolic and plant hormone-medi-
ated regulation discussed further in this article.
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For the plant sulfur response, a sulfur-respon-
sive cis-acting element, SURE, is reported from
Arabidopsis. SURE is a 7-bp sulfur-responsive
element identified in the 5'-region of Arabidopsis
SULTRI;1 sulfate transporter gene (Maruyama-
Nakashita et al., 2005). Measurements of reporter
activities of a series of promoter deletion con-
structs in transgenic Arabidopsis plants indicated
that the sulfur-responsive region can be delimited
to a specific GGAGACA sequence between the
-2773 and -2767 region of SULTRI;I. Under
this element, the reporter activity was induced
by sulfur limitation or by OAS treatment, but
was repressed by cysteine and glutathione. The
SURE sequence contained the core sequence of
the auxin response factor (ARF) binding site
(Ulmasov et al., 1999; Hagen and Guilfoyle,
2002). SULTRI;I is slightly induced by auxin
treatment, but SURE itself exhibited no response
to auxin. These observations suggest that tran-
scriptional activation of SULTRI;I in response
to sulfur deficiency could involve a transcription
factor which may structurally resemble to ARF
in DNA-binding mechanisms; however the spe-
cific SURE-binding candidate has not yet been
identified. The data of microarray analysis of a
time course series of sulfate deprivation response
indicated that SUREs are present in numbers of
sulfur-responsive genes that are co-activated with
SULTRI;1 (Maruyama-Nakashita et al., 2005).
Similar sequences were found in the sulfur-
responsive 5'-regions of NIT3 nitrilase (Kutz
etal.,2002) and B-conglycinin B-subunit (Awazu-
hara et al., 2002), suggesting generality of SURE-
mediated regulation in plant sulfur response.
However, interestingly, SULTRI;2 showed no
consensus of SURE sequences within its 5'-
region. Although it is induced by sulfur limitation
and its significance in facilitating sulfate uptake
is remarkable (Shibagaki et al., 2002; Yoshimoto
et al., 2002; Maruyama-Nakashita et al., 2003),
this sulfate transporter is suggested to be regu-
lated in a different manner independent of the
SURE-mediated regulation.

IV. Regulation by Nitrogen and Carbon
Sulfate is metabolized to a sulfur-containing

amino acid, cysteine, using sulfide and OAS.
Reduction of sulfate primarily occurs in the presence
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of ATP and reducing cofactors that can be pro-
vided by photosynthesis or from the pentose phos-
phate cycle (Leustek et al., 2000; Saito, 2004).
OAS, the other substrate for cysteine synthesis,
originates from serine. In chloroplasts, OAS is
synthesized from 3-phosphoglycerate through the
enzymes catalyzing dephosphorylation and trans-
amination reactions (Ho and Saito, 2001). This
indicates supply of carbon skeletons of cysteine
is tightly linked with carbon and nitrogen metab-
olisms. Reminiscent of these metabolic linkages,
transcripts for sulfate transporters and adenosine
5'-phophosulfate reductases, the key steps facili-
tating the sulfate assimilatory pathway, were
both regulated by supply of nitrogen and car-
bon (Kopriva et al., 1999; Vidmar et al., 1999;
Koprivova et al., 2000; Hesse et al., 2003; Wang
et al., 2003; Maruyama-Nakashita et al., 2004b).
In the case of high-affinity sulfate transporters,
the sulfur-deficiency response of SULTRI,I and
SULTRI;2 was strongly attenuated in Arabidopsis
roots by depletion of nitrogen and carbon sources
from the medium (Maruyama-Nakashita et al.,
2004Db). In barley roots, sulfate uptake activities
were transiently induced by replenishment of
nitrate or ammonium to nitrogen-starved plants,
which correlated with the increase of HVST1 tran-
scripts (Vidmar et al., 1999). In addition to sulfate
transporters, various nutrient transporters facili-
tating the uptake of essential elements in Ara-
bidopsis roots were positively and coordinately
regulated during the day time and by supply of
carbon source (Lejay et al., 2003). Metabolites of
glycolytic pathway are suggested to be involved
in this general regulation, although the molecular
mechanisms are unknown.

V. Plant Hormone Signals
A. Cytokinin in Plant Sulfur Response

In addition to metabolic regulation, recent studies
suggested that sulfur assimilation may involve
plant hormone signals for its own regulation. The
most evident case indicating a linkage between
the component of signal perception and down-
stream gene expression is the cytokinin-dependent
signaling cascade that participates in negative
regulation of sulfate uptake in Arabidopsis roots
(Maruyama-Nakashita et al., 2004c). This regulatory

pathway was initially found by screening of plant
hormones that affect the expression of SULTRI,2
promoter-GFP. Among the plant hormones tested,
cytokinin treatment specifically repressed the
accumulation of GFP under sulfur-limited condi-
tions. Commensurate with repression of the sig-
nals of GFP reporter, SULTRI;1 and SULTRI;2
mRNAs were coordinately down-regulated by the
addition of cytokinin. This regulatory pathway
involved a two-component phospho-relay of a
cytokinin receptor histidine kinase, CRE1/WOL/
AHK4 (Inoue et al., 2001; Kakimoto, 2003).
Accordingly, the Arabidopsis crel—1 mutant
was unable to regulate the high-affinity sulfate
transporters in response to cytokinin (Maru-
yama-Nakashita et al., 2004c). Currently, we
consider that cytokinin and sulfur may work
independently for the control of sulfate uptake.
When sulfate is limiting, sulfur-specific signals
activate the expression of high-affinity sulfate
transporters for the acquisition of sulfur source.
By contrast, cytokinin provides a negative signal
attenuating the influx of sulfate, similar to the
case in phosphate uptake that also involves CRE1
cytokinin receptor for its regulation (Martin et al.,
2000; Franco-Zorrilla et al., 2002). It is reported
that a reporter gene fusion construct of a sulfur
limitation-responsive promoter of B-conglycinin
[B-subunit responds positively to cytokinin in par-
allel with the induction of adenosine 5’-phopho-
sulfate reductase (Ohkama et al., 2002), which
is opposite to the response of sulfate transport-
ers (Maruyama-Nakashita et al., 2004c). Under
cytokinin treatment, repression of SULTRI;I
and SULTRI,2 sulfate transporters may lead to a
substantial decline of internal sulfur status, con-
sequently stimulating the expression of sulfur-
responsive genes. Alternatively, the regulatory
mechanisms of cytokinin response may differ
between these two groups that apparently exhibit
similar responses to sulfur limitation.

B. Interaction of Auxin and Glucosinolate
Biosynthesis

Plants alter their root architectures during nutri-
ent deficient conditions. The mechanisms and the
sites of root growth differ among the nutrients
absorbed by plant roots; sulfur deficiency gener-
ally stimulates the growth of lateral roots both in
length and numbers (Hell and Hillebrand, 2001).
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In Arabidopsis, degradation of indole glucosi-
nolates is suggested to be involved in this growth
regulation (Kutz et al., 2002). Under sulfur defi-
ciency, thioglucosidase releases the aglycon from
indole glucosinolates, and indole acetonitrile
formed spontaneously after this reaction will be
catalyzed by nitrilase, generating indole acetic
acid (IAA) as a product that may stimulate the
root growth. The transcript of N/T3 nitrilase was
inducible by sulfur deprivation in Arabidopsis
roots, providing a mechanism for root growth
under sulfur deficiency (Kutz et al., 2002). In
addition to these findings, microarray studies
indicated that some auxin-responsive genes were
positively regulated in sulfate-starved plants
(Hirai et al., 2003; Maruyama-Nakashita et al.,
2003; Nikiforova et al., 2003). However, direct
evidence for increase of [AA content has not been
shown for sulfate-starved plants, suggesting [AA
derived from degradation of glucosinolates might
locally affect the growth of lateral roots.

C. Jasmonic Acid Signaling

Jasmonic acid (JA) is a plant hormone synthe-
sized by oxidation of linolenic acid constituting
the membrane lipids. Several lines of evidence
suggest significance of JA-signaling in mitiga-
tion of oxidative stresses and synthesis of defense
chemicals, both being related with sulfur metabo-
lism. Shortage of sulfur supply leads to a signifi-
cant decrease of cellular glutathione contents, and
therefore may cause oxidative stresses. Corollary
of this, the expression of genes for JA synthesis
was induced by sulfur limitation or by knock-
out of SULTRI;2 sulfate transporter (Hirai et al.,
2003; Maruyama-Nakashita et al., 2003; Nikiforova
et al., 2003). Under sulfur deficiency, synthesis
of glucosinolates can be down-regulated for recy-
cling of sulfur, and induction of JA synthesis may
occur in parallel. When provided with ample sup-
ply of sulfur, JA treatment caused induction of
metabolic genes for glutathione synthesis (Xiang
and Oliver, 1998). Recent microarray studies
additionally indicate that both reduction of sul-
fate to thiols and synthesis of glucosinolates are
induced by JA treatment (Jost et al., 2005; Sasaki-
Sekimoto et al., 2005). These findings suggest that
JA may act positively both for active synthesis of
antioxidants and glucosinolate production, which
appears to be contradictory to the case in sulfur-
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starved plants. Under sulfur deficiency, nutritional
demand of sulfur recycling may presumably over-
ride the JA-derived signals that are required for
the synthesis of glucosinolates acting as defense
chemicals against pathogenic attack. In fact, a
JA-deficient mutant lacking allene oxide synthase
gene showed normal sulfur-limitation responses,
as represented by induction of sulfate transport-
ers and adenosine 5'-phophosulfate reductase,
and repression of genes for glucosinolate synthe-
sis under sulfur-deficient conditions (Yano et al.,
2005). This supports the hypothesis suggesting
divergence of sulfur limitation signals from the
JA-mediated regulatory cascades. Findings of reg-
ulatory complexes of JA with sulfur metabolisms
and antioxidant recycling systems suggest signifi-
cance of sulfur fertilization on stressed environ-
ments that plants may encounter in nature.

VI. Prospects of Transcriptome
and Metabolome Analyses for Novel
Gene Findings

A. Co-Regulated Genes

In the functional genomics era, the use of micro-
arrays has become a powerful tool to characterize
the changes of transcriptomes at given conditions
or genetic varieties. Most recently, the use of
Affymetrix GeneChip arrays provided us a holis-
tic view of transcript profiles that covers more
than 70% of the coding genes in the Arabidopsis
genome. Studies using this pre-manufactured array
or other microarrays with equivalent qualities
provided us unprecedented images of plant sul-
fur response that occurs on transcript regulation
(Hirai etal., 2003, 2004, 2005; Maruyama-Nakas-
hita et al., 2003, 2005; Nikiforova et al., 2003).
The whole dataset of transcriptome appears to
be a promiscuous mass, but with an appropriate
experimental design and proper handling of data
clusters, typical features of sulfur response can
arise extractable.

In general, sulfur-deficiency responsive genes
are co-regulated with high-affinity sulfate trans-
porters in Arabidopsis roots (Maruyama-Nakashita
et al., 2005, 2006). Appearance of their tran-
scripts on a time course of sulfate deprivation
allowed us to identify the presence of cis-acting
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element, SURE, within their promoter regions,
although some exceptions such as SULTRI1;2 and
SULTR2;1 were present in the same category.
More recently, genetic analysis of sulfur limita-
tion response-less Arabidopsis mutants identified
a key transcription factor, SLIM1, which is nec-
essary for the coordinate expression of genes for
sulfur assimilation and secondary sulfur metabo-
lisms (Maruyama-Nakashita et al., 2006). Tran-
scriptome analysis of s/im/ mutant revealed that
many of the sulfur metabolic pathways are regu-
lated by SLIM1, suggesting its hub-like function
within the regulatory cascade (Maruyama-Nakashita
et al., 2006) (Fig. 1).

In addition to direct or specific effects of sulfate
or related sulfur metabolites on transcript regula-
tion of sulfate transport and metabolism, the array
data indicated that supply of nitrogen, carbon and
plant hormones may additionally influence sulfur
metabolism (Wang et al., 2003; Hirai et al., 2004;
Jost et al., 2005; Sasaki-Sekimoto et al., 2005).
The effects of nitrogen and carbon on the array
of sulfur-responsive genes are suggested to be the
global response (Hirai et al., 2004). Under such
conditions, sulfur-responsive genes may fluctuate
with the entire metabolic systems, as represented
by the changes of energy metabolism and/or pho-
tosynthesis, rather than with a specific cue of sulfur

demand that directly controls the uptake of sul-
fate and assimilatory metabolism.

B. Approaches from Metabolomics

As for the metabolome analysis, comprehen-
siveness is rather obscure as compared with the
transcriptome data, and the numbers of annotated
metabolites are still limited (Hirai et al., 2004,
2005; Nikiforova et al., 2005). However, chal-
lenges to the untargeted metabolite analysis have
made substantial progresses in determining the
functions of metabolic enzymes and genetic diver-
sities of glucosinolate synthesis in Arabidopsis. Data
processing thorough a batch-learning self-organ-
ized map analysis, genes and metabolites of glu-
cosinolate synthesis were co-clustered within the
same group or in its vicinities, forming gene-to-
gene or metabolite-to-metabolite networks (Hirai
et al., 2004, 2005). This method has been shown
to be useful for novel gene finding that eventually
assisted functional identification of desulfoglu-
cosinolate sulfotransferase (Hirai et al., 2005).
Genetic diversities of glucosinolate compositions
have been well characterized in Arabidopsis, as
have been exemplified by polymorphisms of key
metabolic enzymes between several different
ecotypes (Halkier and Gerschenzon, 2006). More

Sulfur Limitation
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Fig. 1. SLIM1-mediate regulation of sulfate transport and metabolism.
AKN2, 5'adenylylsulfate kinase; APS4, ATP sulfurylase; BCAT, branched-chain amino acid aminotransferase; CYP, cytochrome
P450; MAM, methyl(thio)alkylmalate synthase; NIT3, nirilase; Serat, serine acetyltransferase; SULTR, sulfate transporter.
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Fig. 2. Omics-based profiling of a large-scale genetic variation for functional identification of regulatory genes in plant

metabolisms.

recently, quantitative trait loci representing these
known differences of glucosinolate compositions
among the Arabidopsis ecotypes were resolved
by liquid chromatography mass spectrometry-
based metabolic profiling of recombinant inbred
line populations, suggesting a potential of this
untargeted approach for gene finding (Keurentjes
et al., 2000).

Approaches from the untargeted metabolomics
were successful for identification of the enzymes
for synthesis of secondary metabolites through
quantitative detection of the accumulating final
products. However, these would not be the case
withnutrientassimilation and primary metabolisms
where the metabolites can easily be distributed
or metabolized in reversible pathway networks.
Redundancies of the enzymes may also hamper
identification of their specific functionalities. In
addition, unlike the metabolic enzymes that may
have direct impacts on modulating the contents of
metabolites, the functions of regulatory genes are
suggested to be rather conditional. In other words,
positive or negative effects of regulatory genes on
fluctuation of tissue metabolite levels might only
be detectable during certain stressed conditions
where these metabolites are necessarily accumu-

lated. The untargeted or -omics-based approaches
are still under way for identification of regula-
tory gene functions (Fig. 2). The use of genetic
variations, comparative analysis of multiple envi-
ronmental setups, throughputness of metabolite
measurements or gene expression analyses, and
statistics for interpretation of holistic data out-
puts, may become the prerequisites for findings
of novel regulatory genes modulating the profiles of
plant metabolic systems.
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