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Sulfur (S) assimilation by plants plays a key role in the S cycle in nature, and metabolism
of the assimilated S provides various compounds that are useful for animals, including

humans. It is important to understand the mechanisms involved in systemic S

metabolism in order to improve crop agronomy and the production of dietary and
nutraceutical plants. Recent advances in -omic’ studies have provided comprehensive
insights into S metabolism. These studies may be regarded as important case studies
that provide information on the complicated regulatory mechanisms involved in plant

metabolism.

S-containing metabolites
produced in plants

S metabolism is essential for both plants
and animals because it produces various
S-containing organic compounds that play
pivotal roles in many aspects of life.'
Inorganic sulfate in soil is absorbed
into plant cells via sulfate transporters
and is metabolized first into cysteine and
subsequently into methionine, which is an
essential amino acid in animals. Cysteine
residues are indispensable in proteins
due to their presence in the active site of
many enzymes, and due to the extensive
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functions they perform via the formation
of disulfide bonds. Further, cysteine resi-
dues are incorporated into oligopeptides
such as glutathione (GSH), which plays
an important role along with Fe-S clus-
ters in various redox reactions. GSH also
plays a role in the detoxification of xeno-
biotics. S-Adenosylmethionine (SAM) is
essential as a methyl-group donor for
DNA methylation, 5’-capping of mRNA,
and almost all other methylation reac-
tions occurring in cells. It also functions
as a precursor of bioactive polyamines.
Many reactions occurring in living
cells require S-containing cofactors such
as biotin, thiamine pyrophosphate and
coenzyme A.

In plants, sulfolipids are essential for
the formation of thylakoid membranes in
chloroplasts, the photosynthetic orga-
nelles. Plants produce species-specific sec-
ondary metabolites containing S, such as
glucosinolates (GSLs), camalexin (pro-
duced by cruciferous plants) and alliins

(produced by Allium species), which act as
phytoalexins. Glucosinolates and alliins
are broken down by specific degradation
enzymes into volatile compounds such as
isothiocyanates (ITCs) and allicin, respec-
tively, which are defence compounds that
possess antimicrobial activities. Interest-
ingly, these volatile compounds are also
beneficial to humans because they impart
flavour to vegetables such as cabbage,
broccoli, mustard (family, Cruciferae),
garlic and onion (A/lium species). These
compounds have recently been attracting
attention for their health-promoting ef-
fects such as their anticancer activities.

Regulation of S metabolism in
plants

As mentioned above, inorganic sulfate is
processed into various plant metabolites
(Fig. 1). Since each S-containing meta-
bolite is essential to the plant, the
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adequate distribution of S atoms to each
metabolite is important for plant survi-
val. For such distribution, the availabi-
lity of S in the environment is monitored
and S metabolism is regulated at various
levels. Biochemical, molecular biological
and genetic studies conducted over re-
cent years have revealed the following
independent mechanisms for the regula-
tion of S metabolism: induction of
gene expression during S-deficiency; S
availability-dependent formation of an
enzyme complex involving serine acetyl-
transferase and OAS(thiol)-lyase (OAS,
O-acetylserine) leading to modulation of
catalytic activity; and feedback regula-
tion of enzymes involved in S assi-
milation at both the protein and
transcript levels.'™ These studies investi-
gated in detail the individual molecular
mechanisms governing S homeostasis.
However, their findings were generally
restricted to the main pathways involved
in S assimilation. Investigation from a
broader perspective is expected to clarify
the details of the complete regulatory
mechanisms.

Transcriptome analyses in
S-deficiency

In the model plants Arabidopsis thaliana
and rice, genomic sequencing was com-
pleted in early 2000.5 ' Since then, plant
science has progressed beyond genomics.
In Arabidopsis approximately 27000
genes and their translation products have
been targets of -omic studies.
S-deficiency is a serious agricultural
problem that results in a decrease in crop
yield and quality, and the symptoms and
responses of plants to S-deficiency have
been extensively reported in studies on
plant physiology. Therefore, early -omic
studies on S metabolism have focused on
transcriptomic changes occurring in
S-starved Arabidopsis plants to provide
insights into the mechanisms of adapta-
tion to S-deficiency.!" ' In these stu-
dies,!" ' wild-type Arabidopsis plants
were grown under conditions of conti-
nuous S-deficiency or were transferred
from the S-sufficient control condition
to the S-deficiency condition and vice
versa. Leaves, roots or whole seedlings
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were analyzed using DNA arrays in or-
der to determine the transcript profiles of
8000-9000 genes. The status of S in these
plants varied depending on the sulfate
concentration in the culture media, the
growth stage of the plant and the dura-
tion for which the plant was maintained
under the S-deficiency condition (sum-
marized in ref. 15). Therefore, the genes
exhibiting the most notable changes in
their expression levels differed among
experiments. However, by considering
transcriptomic data along with meta-
bolic maps, metabolic pathways, which
generally respond to S-deficiency, could
be elucidated. As expected, the results
confirmed the induction of several genes
involved in the metabolism of sulfate
into cysteine.

The most intriguing discovery is the
involvement of jasmonate, which is a
plant hormone, in metabolic pathways
that are functional under S-deficiency
conditions.""'*!* These studies were the
first to suggest the involvement of jasmo-
nates in S-deficiency responses. The bio-
synthetic pathway of another plant
hormone, namely, auxin, is closely re-
lated to the pathway of indole GSL
biosynthesis from tryptophan. In S-defi-
ciency, the biosynthesis of tryptophan,
indole GSL and auxin is affected.'” '
On the other hand, by performing a
transcriptomic analysis of jasmonate-
regulated metabolic pathways in
Arabidopsis  plants,  Sasaki-Sekimoto
et al. reported that jasmonates activate
the metabolic pathways of ascorbate and
GSH and the biosynthesis of indole
GSL.'® All these studies suggest the in-
volvement of complex metabolic and
signalling networks in S assimilation
and in the biosynthesis of GSH, indole
GSL, auxin and jasmonate.

Integrated transcriptome and
metabolome analysis in
S-deficiency

The analytical technology of transcrip-
tomics has developed considerably in
recent years; for example, the 22-k
Arabidopsis microarray has become com-
mercially available. In contrast, the tech-
nology of metabolomics is still developing
because the targets of this technology are
chemically diverse metabolites, of which
more than 200000 exist in the plant
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kingdom. Hence, no single method is
sufficient for the simultaneous analysis
of all existing metabolites.'” In particular,
the improvement of methods for identify-
ing metabolites is an urgent requirement
to enable the use of metabolomics as a
tool for investigating the biology of sys-
tems. Nevertheless, metabolome analyses
performed using current techniques can
provide useful information on metabolic
systems, particularly if these analyses
are integrated with transcriptomics.'®!"”
Nikiforova er al?® and Hirai er al.'?
analyzed the metabolome in the same
plant samples that were used for the
above-mentioned transcriptome analyses,
and their studies were the first to integrate
metabolomics and transcriptomics.

Hirai et al.'? analyzed the metabo-
lomes of S-starved, nitrogen (N)-starved,
and OAS-treated Arabidopsis plants (see
below) in a non-targeted manner by per-
forming Fourier transform-ion cyclotron
resonance (FT-ICR) mass spectrometry
(MS) to detect approximately 2000 puta-
tive metabolites. The N-starved plants
were expected to exhibit the reverse of
the response exhibited by the S-starved
plants because S-deficiency is considered
to be a shortage of S in relation to N.
OAS is considered to be a positive reg-
ulator of genes responsive to S-defi-
ciency,' and its exogenous application
induces responses that mimic several re-
sponses observed in S-deficiency. There-
fore, the OAS-supplemented plants were
expected to exhibit responses similar to
those observed in S-deficiency. The treat-
ments administered were divided into 2
categories, namely, short- and long-term
treatments (summarized in Fig. 2A). The
data obtained were subjected to a princi-
pal component analysis (PCA) to clarify
the global changes occurring in the me-
tabolome and transcriptome. As shown
in Fig. 2B and C, the experiments (sam-
ples) were clustered according to the
plant organ sampled (leaves or roots),
method of plant culture (hydroponic cul-
ture or culture on an agar-solidified plate)
and period of stress (long- or short-term
stress). The results indicated the follow-
ing features of global regulation: (1) long-
term  S-deficiency, N-deficiency, and
S- and N-deficiency had similar effects
on the metabolome and transcriptome;
(2) the metabolite and transcript profiles
differed considerably between long- and
short-term S-deficiency; and (3) the
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Fig. 2 Plant growth conditions and PCA performed to elucidate the changes induced in the
metabolome and transcriptome by the culture conditions. (A) Plant growth conditions. (B) In
order to classify the samples based on the global changes occurring in the metabolome, the log
ratio of the accumulation level of each metabolite in S-deficiency to that in the corresponding
control sample was calculated and was subjected to PCA. Each small globe represents a sample.
The proportions of the first, second and third components are 27.6%, 18.8% and 15.8%,
respectively. (C) In order to classify the samples based on the global changes occurring in the
transcriptome, the log ratio of the expression level of each gene in S-deficiency to that in
the corresponding control sample was calculated and was subjected to PCA. The proportions of
the first, second and third components are 35.8%, 14.6% and 13.3%, respectively. The figures

have been modified from ref. 12.

effects of OAS treatment were similar to
those of short-term S-deficiency, suggest-
ing that OAS regulates the global
metabolite and transcript profiles in
short-term S-deficiency. The fact that
similar clustering patterns were obtained
by using the transcriptome and meta-
bolome data indicates that the global
transcript and metabolite profiles were
strongly related to each other. Unexpect-
edly, similar changes were observed
during S-deficiency and N-deficiency,
suggesting the existence of general
responses to nutritional deficiency in the
global regulation of the metabolome
and transcriptome. With regard to
individual responses, however, general
responses to both S-deficiency and
N-deficiency as well as specific responses

to either S-deficiency or N-deficiency
were observed, for example, in the case
of GSL metabolism.'?

Nikiforova er al.*® analyzed the meta-
bolome of S-starved Arabidopsis plants
by performing gas chromatography
(GCO)-MS and liquid chromatography
(LC)-MS. These analyses revealed the
response patterns of 6023 peaks of non-
redundant ion traces and the relative
concentration levels of 134 non-redun-
dant compounds with known chemical
structures. In order to understand the
detailed response mechanisms, the meta-
bolomic and transcriptomic data were
considered in relation to known meta-
bolic pathways. This revealed the inter-
play among S assimilation, N imbalance,
lipid breakdown, purine metabolism and

This journal is © The Royal Society of Chemistry 2008
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enhanced photorespiration associated
with S-deficiency stress.

Analysis of time-series data of
the transcriptome and
metabolome

Due to the complexity of the regulatory
mechanisms functional at various levels,
‘snapshot’ analyses of the transcriptome
and metabolome often merely describe
the patterns of gene expression and
metabolite accumulation. Time-series
analyses of the transcriptome and meta-
bolome provide deeper insights into
gene—gene, metabolite—metabolite and
gene—metabolite networks because time-
series data are suitable for calculating the
similarity distance between genes and
metabolites. Time-series transcriptomic
and metabolomic data obtained for
S-starved Arabidopsis plants were com-
bined into a single matrix and were
analyzed using 2 different algorithms
to elucidate the gene—metabolite net-
works.?!??> Another study aimed to iden-
tify the transition time point during plant
adaptation to S-deficiency.?

1 Batch-learning self-organizing
mapping

Hirai et al.*' applied batch-learning self-
organizing mapping (BL-SOM)**** to
calculate the similarity distance between
S-deficiency-responsive genes and meta-
bolites. Based on the time-dependent
changes in their accumulation/expression
patterns in response to S-deficiency,’!
approximately 1000 putative metabolites
and 10000 genes were classified into
clusters within single or adjacent cells
on the ‘feature map’ obtained (Fig. 3A).
For example, GSLs and their degrada-
tion products ITCs were clustered into
their respective clusters on the feature
map (Fig. 3A). The accumulation pat-
terns of ITCs and GSLs were mirror
images of each other (Fig. 3B), suggest-
ing that GSL metabolism is coordinately
regulated. In Arabidopsis, most of the
genes involved in the synthesis of the
GSL core structure have been identified.
These genes known to be involved in
GSL biosynthesis were clustered in the
same region on the map (Fig. 3A), and

this supports the notion that GSL meta-
bolism is  coordinately  regulated
(Fig. 3C). This analysis provides an ef-
fective method for predicting novel genes
that may be involved in GSL biosynth-
esis (see below).

2 Network reconstruction based
on the cause-effect relationship

Nikiforova et al®* used 2 methods

to calculate the correlation distance
(Pearson correlation coefficient and mu-
tual information) for the combined time-
series data of the transcriptome (6454
genes) and metabolome (81 chemical
compounds) of S-starved Arabidopsis
plants.?? Assuming that an altered S level
is the primary cause of systemic stimula-
tion, they centralized S in the graph
depicting the correlation network be-
tween S-deficiency-responsive genes and
metabolites, and reconstructed the gen-
e-metabolite network based on the cau-
se—effect relationship.”?> By using this
reconstructed network, the information
flux from the primary cause (S-defi-
ciency) to the response end-point (for
example, anthocyanin accumulation)
and the pathways involved in this flux
(for example, the ‘S-serine-tryptophan’
pathway and hormone-related pathways)
could be elucidated. Recently, Nikiforova
and co-workers analyzed the topology of
the metabolite—gene network in order to
identify metabolites that regulate gene
expression during adaptive responses to
perturbation of the biological system.?
By comparing 3 independent biological
systems (S-starved Arabidopsis, herbi-
cide-treated Arabidopsis and ripening to-
mato), they suggested that metabolites
are less involved in gene expression in the
S-deficiency stress response than in the
ripening of tomatoes.

3 Detection of the transition time
point

Morioka et al.** established a novel meth-
od based on a linear dynamical system
model to predict the transition time point
of the transcriptome and metabolome
during the process of adaptation. The
transition time point, at which the tran-
scriptome and/or the metabolome change
drastically in response to environmental
changes, is determined based on the time-

series data by using the logarithm of the
‘likelihood value’, which is the generative
probability of current data based on the
condition of previous data sets. If the
likelihood value is low, then the current
data cannot be adequately explained
based on previous data sets; that is,
a transition has occurred. Morioka
et al applied this method to time-series
transcriptomic and metabolomic data.!
The results revealed that both the meta-
bolome and transcriptome transitioned
between 12 and 24 h after the plants were
transferred to S-deficiency conditions.?®
Relevant factors such as genes and/or
metabolites related to the transitions
could then be identified using BL-SOM.
For example, changes in lipid metabolism
were observed around the transition time
points.”?

Functional identification of
novel GSL biosynthesis genes

As mentioned above, known GSL bio-
synthesis genes were clustered on the
feature map in the BL-SOM analysis
(Fig. 3A). This suggested that unknown
genes that clustered along with the
known GSL biosynthesis genes may also
be involved in GSL biosynthesis. Based
on this assumption, Hirai et al?"?7 com-
prehensively predicted the functions of
these genes. The predicted functions of 3
sulfotransferase genes and an Myb tran-
scription factor gene (Myb28) were sub-
sequently confirmed by molecular
biological and genetic
dies.>!?” Further, the predicted functions
of two other Myb genes (Myb29 and
Myb76) were recently confirmed;?>? this
indicates the validity of this strategy for
functional genomics.

reverse stu-

Proteome analysis of
S-starved seeds

Seed storage proteins (SSPs), which ac-
cumulate during seed maturation, are
reservoirs of carbon (C), N and S for
the growth of next-generation progenies
during infancy in the absence of nutrient
supply from the environment. SSPs com-
prise several proteins encoded by various
gene families. The composition of SSPs
varies depending on the availability of S
in the environment; for maintenance of
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Fig. 3 BL-SOM of time-series metabolomic and transcriptomic data. The metabolome data
obtained by performing FT-ICR-MS, high-pressure liquid chromatography and capillary
electrophoresis were merged with the transcriptome data. Approximately 1000 metabolites
and 10000 genes responsive to S-deficiency were classified by BL-SOM based on the time-
dependent changes in their patterns of accumulation and expression. (A) A feature map based on
the data obtained for the leaf samples. Each cell was coloured based on the relative log ratio
values of the metabolites and genes therein as follows: when all the relative log ratio values of the
metabolites and genes in a particular cell were greater or smaller than the average, the cell was
coloured in pink or pale blue, respectively. Red and blue cells indicated that at least one of the
relative log ratio values was greater than the average plus standard deviation or smaller than the
average minus standard deviation, respectively. Yellow circles indicate the clusters for GSLs (a),
ITCs (b) and genes involved in GSL biosynthesis (c). (B) Changes in the content of GSLs and
ITCs in the leaves. (C) Changes in the expressions of genes involved in GSL biosynthesis.
Abbreviations indicate the side-chain groups of the GSLs and ITCs as follows: 3-msp,
3-methylsulfinylpropyl; 4-mtb, 4-methylthiolbutyl; 7-msh, 7-methylsulfinylheptyl; 8-mso,
8-methylsulfinyloctyl; i-3ym, indol-3-ylmethyl; 4-mi-3-ym, 4-methoxyindol-3-ylmethyl; 4-msb,
4-methylsulfinylbutyl; and 5-msp, 5-methysulfinylpentyl. The figures have been modified from
ref. 21.

the total protein content, proteins having
a low S content increase in abundance
during S-deficiency, while those having a
high S content decrease in abundance. In
order to elucidate the changes occurring
in the composition of SSPs during
S-deficiency in detail, Higashi ez al.*® con-
ducted proteome analysis on Arabidopsis
seeds. In addition to the expected pep-
tides that included all the amino acid
residues encoded by the genes, many
truncated versions were observed under
both the S-sufficient control condition
and the S-deficiency condition. The
C- and N-terminal residues of all the
observed SSPs were determined by per-
forming extensive MS analysis, and the
results indicated successive C-terminal
degradation of 12S globulins from parti-
cular residues.®® In addition to the ex-
pected hyperaccumulation of proteins
having a low S content, the accumulation
profiles of these truncated peptides were
altered under the S-deficiency condition.
Integration of this analysis with tran-
scriptome analysis suggested that multi-
level regulation of SSP gene expression,
particularly post-translational modifica-
tions, enables the plant to respond effi-
ciently to S-deficiency.

The content of S-containing amino
acids in SSPs determines the quality of
seeds used for feed and food. In order to
improve the S content in seeds, a trans-
gene encoding an S-rich protein under the
control of a seed-specific promoter was
introduced into legumes, canola and cer-
eal plants (ref. 31-34 and the references
therein). In the case of transgenic lupins
and chickpeas, the methionine content in
seeds increased concomitantly with the
accumulation of foreign protein.*"** On
the other hand, transgenic rice grains ex-
hibited little change in the total S amino
acid content regardless of foreign S-rich
protein accumulation.’>* In all cases, a
change in the composition of endogenous
SSPs, but not in total S content, was
observed. This change was assumed to
be mediated by a signal transduction path-
way that normally modulates SSP compo-
sition in response to environmental
fluctuations in S availability, via both
transcriptional and post-transcriptional
control of gene expression.”> A proteo-
mics approach enabled detailed analysis
of the change in SSP composition in rice.**
These transgenic studies can be considered
as good model cases of integrated -omics

This journal is © The Royal Society of Chemistry 2008
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designed to reveal the complicated me-
chanism of S homeostasis, involving
sink/source relationships, in seeds.

Future perspectives and
conclusion

In plant science, pioneering studies in-
volving the integration of metabolomics
and transcriptomics have been con-
ducted in an attempt to understand the
mechanisms of systemic S metabolism
and regulation. Future improvements in
metabolomics technology and metabolite
databases will enable us to identify more
metabolites detected using techniques
such as mass spectroscopy and nuclear
magnetic resonance, and hence to under-
stand metabolism more clearly by con-
sidering metabolomic data along with
metabolic maps. In addition, enhance-
ment of public metabolome databases
will contribute to a systematic and com-
prehensive understanding of metabolism
as public transcriptome databases have
already done (ref. 19 and the references
therein).

The strategies introduced in this report
may be applicable to other studies not
only on sulfur metabolism in plants but
also on other pathways in various organ-
isms.'? Since metabolism is a basic pro-
cess occurring in life, plants have evolved
a robust metabolic system to protect
themselves against environmental and
internal perturbations. Obtaining a glo-
bal understanding of systemic metabo-
lism is essential for  effective
manipulation of plant production.'® In-
tegrative studies on S metabolism will
make it possible to elucidate the regula-
tory mechanisms involved in the conver-
sion of sulfate to primary and secondary
S-containing metabolites in response to
environmental changes; this will enable
the production of plants having valuable
functions, such as cancer-preventing ve-
getables possessing a high GSL content
and highly nutritious grains with higher
S amino acid contents.
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