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Manipulation of plant metabolic pathways by transcription factors
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Abstract Plant metabolites are produced through complex processes that include multiple enzymatic steps, branched
pathways and regulation by a number of functionally redundant transcription factors. In addition, plants synthesize and
accumulate each metabolite, especially secondary metabolites, in specific tissues and cells during development. Therefore,
manipulation of both transcription factors that regulate enzymatic steps of a metabolic pathway (metabolic regulators)
and/or that regulate cellular differentiation (developmental regulators) would be an effective strategy for controlling plant
metabolites, quantitatively and qualitatively. In this review, we describe the advantages of using transcription factors for
metabolic engineering in plants. Transcriptional activators and repressors, including the chimeric repressors generated by
CRES-T, are useful tools for the genetic engineering of metabolic pathways. In addition, we propose that the use of both
developmental regulators and plant tissue culture technology, in combination with metabolic regulators, would be an
effective strategy to increase the productivity of metabolites. We summarize the strategies that have been applied for the

detection of regulators and enzyme genes involved in metabolic pathways.
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Using inexhaustible light energy, plants produce large
numbers of metabolites, which include not only primary
metabolites but also secondary metabolites, through
various metabolic pathways. Secondary metabolites play
integral roles in growth, development, symbiosis,
reproduction and tolerance to biotic and abiotic stresses
in plants (Kutchan 2001). More than 200,000 different
metabolites are estimated to be produced in the plant
kingdom (Dixon and Strack 2003; Trethewey 2004). On
the other hand, the number of metabolites that
prokaryotes and animals produce is estimated to be 5000
to 25000, which is much less than that of plants
(Trethewey 2004). For more than thousands years,
mankind has been utilizing plant metabolites as foods,
pharmaceutical compounds and raw materials for
industry (Oksman-Caldentey and Saito 2005). In
addition, mankind uses plant metabolites for relaxation,
e.g. flower color and fragrance. Therefore, plant
biosynthetic pathways have been intensively studied, and
genetic engineering to control the biosynthetic pathways
has been applied for the effective production of useful
metabolites (Capell and Christou 2004; Dixon 2005).

As well as metabolites, it is likely that plants have
many, and various, families of transcription factors
compared with other organisms (Riechmann et al. 2000).
Transcription factors are defined as proteins that

CRES-T system, metabolic engineering, metabolome, transcription factor, transcriptome.

recognize a specific DNA sequence on the promoter
region of genes and regulate the expression of the genes
positively (activator) or negatively (repressor). Each
plant metabolic pathway consists of multiple enzymatic
steps, and each enzyme gene is under the regulation of
transcription factors (Figure 1A). Therefore, the diversity
of plant transcription factors seems to be tightly linked to
the diversity of plant metabolites. This linkage might be
a consequence of evolution, which is responsible for
their sessile lifestyle and interactions with various
environmental stresses (Grotewold 2005).

It has become evident that a number of transcription
factors act as master regulators of various plant
functions, and several of them have been identified to be
key regulators for metabolic pathways (Broun 2004;
Grotewold 2008). These transcription factors (referred
to as metabolic regulators) activate or repress the
expression of enzyme genes in specific metabolic
pathways. Manipulations of such transcription factors
appear to be more effective for the control of metabolic
pathways than that of single enzyme genes in plants
(Braun et al. 2001; Capell and Christou 2004), because
plant metabolic pathways are composed of multiple and
complicated steps, and various enzymes are involved at
each step. A transcription factor often regulates the
expression of multiple genes involved in a biosynthetic

Abbreviations: CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; EAR, ERF-associated amphiphilic repression; GC, gas chromatography;
HPLC, high performance liquid chromatography; TF, transcription factor; RNAi, RNA interference
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pathway, simultaneously. It has been estimated that the
Arabidopsis genome contains around 2000 genes for
transcription factors (Guo et al. 2005). However, those
that are involved in the regulation of metabolic pathway
have not been well characterized. Identification of
transcription factors that affect metabolite syntheses is
necessary not only for understanding plant biosynthetic
pathways in more detail, but also for applying them to
the control of metabolites, both quantitatively and
qualitatively.

In this review, we discuss how to utilize transcriptional
activators and repressors for plant metabolic engineering,
and how to discover transcription factors that affect plant
metabolic pathways, using a novel method of artificial
transcription repressor designated Chimeric REpressor
gene-Silencing Technology (CRES-T; Hiratsu et al.
2003). We also emphasize that transcription factors that
regulate plant development (referred to as developmental
regulators) are also attractive for the manipulation
of metabolites production from a biotechnological
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perspective as well as the metabolic regulators. Finally,
methods of screening and identification of regulators for
the metabolic pathways and enzyme genes involved in
plant metabolism are summarized from recent studies in
order to assist in the discovery of new regulators
involved in plant metabolism.

Manipulation of transcription factors for the
quantitative control of metabolites

Transcription factors are roughly classified into
transcriptional activators and repressors by their positive
or negative effect on the expression of their target genes.
Recent studies have revealed that, in some metabolic
pathways, both transcriptional activators and repressors
were involved in the same pathway, for example, the
phenylalanine-derived pathway in Arabidopsis (Borevitz
2000; Jin et al. 2000; Gonzalez et al. 2008; Matsui et al
2008; Dubos et al. 2008). For the quantitative control of
a target metabolite by manipulation of transcription

@ [

TF3

(TF3: Redundant
factor of TF2)

ONM

JTF2

Figure 1. Strategies for plant metabolic engineering by manipulation of transcription factors that regulate enzymatic steps of a metabolic pathway

(metabolic regulators). Arrows with solid line indicate enzymatic steps in a metabolic pathway. Arrows and T-bars with dashed line indicate
activation and repression activity of a transcription factor on expression of a target enzyme gene, respectively. (A) Hypothetical branched
biosynthetic pathway with several metabolites (a to f) and metabolic regulators (TF1 to TF3). Each transcription factor regulates expression of
enzyme gene. TF3 is functionary redundant transcription factor of TF2. (B) Gain-of-function of TF2. The amount of metabolite f increases by
activation of expression of genes for enzyme of steps from ¢ to e, and e to f, while the amount of metabolite d decreases due to shortage of the
precursor at the branching point. Thus, gain-of-function strategy of TF can be applied for the increase of metabolite f and decrease of d. (C) Gain-of-
function of TF1 and loss-of-function of TF2 by applying TF2 chimeric repressor (CRES-T; Hiratsu et al. 2003). TF2RD is the chimeric repressor in
which TF2 was fused to the EAR-repression domain (RD) and suppressed target genes dominantly over endogenous transcription factor (TF2) and
functionally redundant transcription factor (TF3), resulting in suppression of the metabolic pathway from e to f. Similar effects are expected in the
defective line (knockdown or knockout) of the genes for TF2 and TF3. In combination with gain-of-function of TF1, accumulation of metabolite d
and reduction of metabolite f'is to be expected.



factors, it is necessary to identify the transcription
factors that are involved in the metabolic pathway and to
characterize them, e.g. whether they are transcriptional
activators or repressors. Enhancement of an activation
activity of a transcription factor (gain-of-function), for
example, by the ectopic expression or fusion of an
external activation domain (such as the VP16 activation
domain) can be used as a strategy for the quantitative
control of a metabolite of interest. It would be expected
that the enhancement (gain-of-function) of a
transcriptional activator would promote the production of
a metabolite in the pathway (Figure 1B, metabolite f).
However, at the same time, the amount of the end
product or its precursors on the branching pathway may
decrease by a shortage of a precursor at the branching
point (Figure 1B, metabolite d). Such reductions are
often observed when an enzyme gene is ectopically
expressed (Okinaka et al. 2003; Lanot et al. 2006, 2008).
In case of transcriptional repressors, adverse effects
would be expected to occur in a metabolic pathway when
the transcriptional repressor is ectopically expressed.
This has prompted the application of both a
transcriptional activator and repressor included in a
chimeric repressor (described below), which would
increase the amount of the end products by the
combination of activating and suppressing each
branching pathway (Figure 1C, metabolites d). Such
strategy, namely combination both activation and
repression of enzyme gene expression, was applied to
alter flower pigmentation in Petunia hybrida and several
species (Tsuda et al. 2004; Tanaka and Ohmiya 2008). It
should be pointed out that manipulation of a sole
transcription factor is sometimes insufficient for the
alteration of an amount of a metabolite of interest (van
der Fits and Memelink 2000). Manipulation of a gene for
a metabolic enzyme in combination with that of a
transcription factor would be more efficient in increasing
the amount of target products (Capell and Christou 2004;
Xie et al. 2006; Grotewold 2008), as feeding the
precursor(s) of the metabolic pathway (van der Fits and
Memelink 2000).

Inhibition of branching pathways would be also
effective for enhancing the metabolic pathway to the
product of interest (Devic et al. 1999). For this purpose,
a loss-of-function strategy using gene-silencing
technology, such as gene-knockout lines, antisense
technology and RNA interference, have been applied.
However, attempts at suppressing gene expression by
these methods were often less effective when compared
with that of a gain-of-function strategy, mainly because
of the genetic redundancy caused by genome duplication
and/or polyploidy (Blanc et al. 2000; Simillion et al.
2002, Moor and Purugganan 2005; Handa et al. 2008).
For example, Arabidopsis MYB transcription factors,
PRODUCTION OF ANTHOCYANIN PIGMENTI
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(PAP1), PAP2, MYBI113 and MYBI114, are positive
regulators of the anthocyanin metabolic pathway and are
functionally redundant factors (Borevitz et al. 2000;
Gonzalez et al. 2008). In order to obtain a loss-of-
function phenotype in such a case, multiple genes for
transcription factors have to be knocked out or knocked
down simultaneously (Gonzalez et al. 2008). Thus
simpler and more effective silencing methods that
function on redundant genes are necessary for the
manipulation of plant metabolic pathways.

In this respect, CRES-T (Hiratsu et al. 2003), a novel
method for gene silencing, would be a powerful tool for
altering metabolic pathways by suppressing expression
of target enzyme genes in the pathway through
modification of a metabolic regulator. The CRES-T
system can convert a transcriptional activator into a
dominant repressor simply by fusion of the EAR-
repression domain with the activator, referring as
chimeric repressor (Schematic diagram of the CRES-T
system, see Shikata and Ohme-Takagi 2008). An
outstanding advantage of the CRES-T system to other
gene-silencing technologies, namely antisense, RNA,
and T-DNA insertion, is that the repressive activity of
the chimeric repressor can overcome those of the
endogenous and functionally redundant transcription
factors, resulting in the induction of a dominant negative
phenotype (Hiratsu et al. 2003; Matsui et al. 2004;
Mitsuda et al. 2007; Koyama et al. 2007; Shikata and
Ohme-Takagi 2008). With this system, we can simply
induce phenotype similar to its loss-of-function alleles,
which was hard to be obtained by the other gene-
silencing technologies. Concretely, when this system was
applied to PAPI, in the resultant plant that expressed
PAP1 chimeric repressor, accumulation of anthocyanin
and condensed tannin were reduced by suppression of
the expression of the enzyme genes that regulate
flavonoid biosynthesis, namely CHS and DFR, even
though the endogenous PAPI and PAP2 were expressed
(Hiratsu et al. 2003; Matsui et al. 2004).

The effectiveness of the CRES-T system has been
demonstrated in various families of transcription factors,
not only for altering accumulation of metabolites (such
as anthocyanin, proanthocyanidin and lignin), but also
for altering morphology, development, and response to
plant hormones (Hiratsu et al. 2003; Matsui et al. 2004;
Matsui et al. 2005; Mitsuda et al. 2005; Mitsuda et al.
2006; Koyama et al. 2007; Mitsuda et al. 2007; Heyl
et al. 2008; Mitsuda and Ohme-Takagi 2008).
Moreover, CRES-T system has been applied to other
plant species including monocot and polyploid dicots
such as Oryza sativa (Mitsuda et al. 20006), Torenia
fournieri and Chrysanthemum morifolium (Narumi et al.
2008, Shikata and Ohme-Takagi 2008). Phenotypic
information induced by CRES-T system in Arabidopsis
and floricultural plants is available in the web-site

31



32

Manipulation of plant metabolism by transcription factors

database (Mitsuda et al. 2008; http://www.cres-t.org/
fiore/public_db/index.shtml).

It should be mentioned that, if a transcription factor
has repressive activity, loss-of-function phenotype would
not be induced by the CRES-T system but would exhibit
similar phenotype to its ectopic expression lines. For
example, in the case of the transcriptional repressor
AtMYBL2, which acts as a negative regulator in the
biosynthesis of anthocyanin, phenotype of AtMYBL2
chimera repressor lines obtained by CRES-T system
resembled to that of its overexpressor, and showed
opposite phenotype with its T-DNA tagged line (Matsui
et al. 2008). The results indicate that other gene-
silencing technologies such as RNAi should be required
to induce loss-of-function phenotypes in which the
transcription factor is a repressor. These indicate that
CRES-T system could be used to identify novel
repressors by comparison with phenotypes between
lines of overexpression and chimeric repressor of a
transcription factor.
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Manipulation of developmental regulators
for the control of metabolite production

It is well known that biosynthesis and accumulation
of plant metabolites (especially secondary metabolites)
take place in differentiated tissues and at different
developmental stages. If the number of cells and/or
tissues where a metabolite is produced could be
increased, the productivity of target metabolites would be
increased. Thus manipulation of developmental
regulators that control cells and/or tissue identity would
be a fascinating strategy for the promotion of metabolites
production as well as that of regulators of metabolic
pathways (Figure 2A, B, C). An example of the
association of tissue specificity and production of
metabolites was shown in the biosynthesis of

pigmentations, namely anthocyanins, carotenoids and
betalains, in flower petals (Grotewold 2006; Tanaka and
Ohmiya 2008). In addition, recent studies using a
molecular approach in combination with new dissection
such as in situ RNA hybridization,
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Strategies for plant metabolic engineering by manipulation of transcription factors that regulate cellular differentiation (developmental

ceII / tissue C

regulators). Arrows with solid line indicate developmental step. Arrows and T-bars with dashed line indicate activation and repression activity of a
transcription factor to expression of a target gene for development, respectively. (A) Hypothetical developmental stage from cell/tissue A to
cell/tissue C. Different metabolites (g), (h and i) and (j to 1) are synthesized in cell/tissue A, cell/tissue B and cell/tissue C, respectively, during each
of developmental stages. TF4 is a developmental regulator involved in determination of cell/tissue C identity. (B) Gain-of-function of TF4 increases
number or mass of cell/tissue C and results in the promotion of the accumulation of metabolites j to 1. (C) Loss-of-function of TF4. The TF4 chimeric
repressor suppresses development cell/tissue B to cell/tissue C, resulting in the accumulation of metabolites h and i and reduction of metabolites j to

1. Solid circle with a letter n represents a nucleus of the cell.



immunolocalization and microdissection, clarified that
specific secondary metabolites were synthesized in
specialized cells within a tissue, namely the vindoline (a
terpenoid indole alkaloid) biosynthetic pathway in
epidermal, laticifer and idioblast cells of Catharanthus
roseus leaves (St-Pierre et al. 1999; Murata et al. 2005,
2008). A well-characterized example of relationships
among cell differentiation, secondary metabolism and
their regulation by transcription factors is the production
and accumulation of proanthocyanidin (condensed
tannin) in the seed coat of Arabidopsis, which occurs
after fertilization within the innermost layer of the ovule
integuments (Haughn and Chaudhury 2005; Broun
2005). Analyses of mutants with altered seed coat color,
namely transparent testa (tf) mutants, revealed several
transcription factors involved in the accumulation of
proanthocyanidin (Haughn and Chaudhury 2005).
Although both #8 and #/6 mutants have a
proanthocyanidin  deficient phenotype, TT8 was
identified as a metabolic regulator, while TT16 was
found to be a global regulator of endothelial
differentiation (Nesi et al. 2002; Haughn and Chaudhury
2005). This suggests that a developmental regulator that
controls cell and/or tissue identities can also alter
accumulation of metabolites as with metabolic
regulators. Thus increase of cell number and tissues,
where specific metabolites are synthesized and
accumulated, would contribute to high yields of useful
metabolites. A number of transcription factors that
specify floral organ identities have been well
characterized in several plant species and floral organs,
namely sepals, petals, stamens and carpels, can be
controlled by manipulation of transcription factors
(reviewed in Shikata and Ohme-Takagi 2008). Increasing
the number of carpels of the saffron plant (Crocus
sativus) would be one of the targets for the production of
useful metabolites.

In addition to the strategy of the manipulation of the
developmental regulators for the spatial expansion of
metabolite-producing areas, tissue culture techniques,
such as cultures of multiple shoots (Miura et al. 1988),
adventitious roots (Kusakari et al. 2000; Aoyagi et al.
2001; Yokoyama et al. 2003), hairy roots (Shanks and
Morgan 1999; Seki et al. 2005; Guillon et al. 2006) and
intact tissues (Iwase et al. 2005; Dornenburg et al. 2008),
would be an effective strategy, in combination with the
manipulation of regulators that control metabolic
pathways, to obtain higher productivity of useful
metabolites. Moreover, both the availability of chemicals
for promotion of biosynthesis, such as elicitors, and the
utility of gene-inducible systems are also advantages of
tissue culture technology for the efficient production of
useful metabolites.

A. Iwase et al.

Identification of transcription factors that
affect plant metabolism

It will be necessary to identify transcription factors that
regulate and control metabolic pathways in order to use
them for the effective production of useful metabolites.
However, identifications of phenotypes associated with
metabolic changes are more difficult than those of
morphological changes. This would be why fewer factors
that regulate metabolic pathway have been characterized
(Grotewold 2008). Among plant metabolic pathways, the
pathway that leads to anthocyanin and condensed tannin
biosynthesis has been extensively studied and the
enzyme genes and regulators involved in the pathway
have been identified. This was mainly due to the
visibility of anthocyanin and condensed tannin, which
allows detection of the alternation of accumulation of
the metabolite (Table 1). Thus such visible clues for
identifying metabolic alterations assist in the discovery
of enzyme genes and transcription factors involved in a
pathway. When a metabolic enzyme of a pathway of
interest is characterized genetically, simplified transient
expression assay for the analysis of interaction between a
transcription factor and the promoter of the enzyme
gene, such as co-transformation assay (Berger et al.
2007), should be efficient for identifying a transcription
factor that regulates expression of the enzyme gene. This
strategy can be applied to any factors and visible clues
are activities of the reporter proteins, e.g. GUS, LUC and
GFP. The HIGH ALIPHATIC GLUCOSINOLATE 1
(HAG1) was recently identified as an activator of
aliphatic methionine-derived glucosinolate pathway by
the co-transformation assay (Table 1; Gigolashvili et al.
2007). To date, many approaches to visualize metabolic
alterations have been reported, as well as other plant
traits (phenotypic changes) caused by alteration of
metabolites accumulation (Table 1). Applying these
methods and phenotypic changes to detect metabolic

alternations would help to discover unidentified
transcription factors that are involved in metabolic
pathways.

Recently, the demand for bioenergy produced from
plant materials has increased. Transcription factors that
control biosynthesis of lignocellulose and lipids should
be particularly investigated. Increase of the lipids content
and modification of fatty acids in oil seeds have been
required by the oleo-chemical industry. The wrinkled!
mutant was isolated as a metabolically defect mutant
with a phenotype of low seed-oil content, through the
analysis of relative density of seeds using 1-bromohexan
and 1, 6-dibromohexan (Table 1; Focks and Benning,
1998). Such a method, focusing on the difference in
relative density, is efficient for identifying seeds with
high oil content. Moreover, an interesting attempt was
made to identify genes of castor (Ricinus communis) that
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Table 1. Effective approaches to visualize metabolic alterations, and plant phenotypic changes caused by alteration of metabolites accumulation,
mainly in Arabidopsis thaliana.
Approaches to visualize Relate TF gene/
Metabolite Metabolic alteration metabolic alteration/ enzyme gene Reference
Phenotypic change or others*
Phenylalanine- Anthocyanin accumulation/ Change of plant color PAPI, PAP2, Borevitz et al. (2000), Hiratsu et al.
derived metabolites  reduction MYBI113, (2003), Gonzalez et al. (2008),
MYBI114, Matsui et al. (2008),
MybL2 Dubos et al. (2008)
High light (800 umolm?sec™") MybL2 Gonzalez et al. (2008),
PAPI, PAP2, Hiratsu et al. (2003),

High sucrose concentration
(3 t0 6%)

MYBI113, MYB114,
MybL2

Gonzalez et al. (2008),
Matsui et al. (2008)

Proanthocyanidin Seed color TT1, TT2, TTS, Haughn and Chaudhury
accumulation/reduction TT16, TTG1, TTG2, (2005; review), Matsui et al.
PAP1, MybL2 (2004, 2008), Dubos et al. (2008)
DMACA (dimethylamino ANR Xie et al. (2003, 2006)
cinnamaldehyde) staining
Leucoanthocyanidins Acidic vanillin staining TT2, PAP1 Aastrup et al. (1984),
(flavan-3,4-diols, Catechins Nesi et al. (2001),
(flavan-3-ol), Proanthocyanidin Matsui et al. (2004)
accumulation/reduction
Sinapoyl malate reduction UV irradation (fluorescence) UGT72EI, Lanot et al. (2008)
UGT72E2,
UGT72E3
Sinapoyl malate accumulation ~ UV-B irradation (survived plant) MYB4 Jin et al. (2000)

Lignin accumulation/reduction
(Secondary wall)

Lignin (Secondary wall)
reduction

Phloroglucinol staining

UV irradation(fluorescence)

Infloresence stem trait
(easily bent)

Reduced fertility at elevated
temperature (31°C)

Anther indehiscence, siliques
indehiscence

IRX4, NST1, NST2,
NST3

IRX4, NST1, NST2,
NST3

IRX4, NST1, NST3

IRX4
NSTI, NST2, NST3

Jones et al. (2001),
Mitsuda et al. (2005),
Mitsuda and Ohme-Takagi (2008)

Jones et al. (2001),

Mitsuda et al. (2005, 2007),
Mitsuda and Ohme-Takagi (2008)
Jones et al. (2001),

Mitsuda et al.(2007)

Jones et al. (2001)

Mitsuda et al. (2005),
Mitsuda and Ohme-Takagi (2008)

Methionine-derived

Methionine-derived

Co-transformation assay

metabolites glucosinolate (Target enzyme gene promoter:
GUS gene and 35S: TF gene,  HAGI Gigolashvili et al. (2007)
simultaneously expressed in
cultured cells.)
Tryptophan- Anthranilate accumulation UV irradation(fluorescence) TRPI Rose et al. (1992),
related/derived Bender and Fink (1998)
metabolites Indole glucosinolate pathway ~ 5-methyl-tryptophan resisant ATRI Bender and Fink (1998),
activation Celenza et al. (2005)
Indole alkaloid pathway ORCA3 van der Fits and Memelink (2000)
activation 4-methyl-tryptophan resisant (Catharanthus
roseus)
Wax** Wax accumulation Glossier leaves WINI Broun et al. (2004)
Lipid related Sudan Red 7B, Sudan Black B HSI2, HSL1, Nud Tsukagoshi et al. (2007),

Neutral lipid accumulation

Seed oil accumulation

staining

Seed trait (wrinkled). Density
test by centrifugation of seeds
in a mixture of 1-bromohexan
and 1,6-dibromohexan

(Hordeum vulugare)
WRII

Taketa et al. (2008)

Focks and Benning (1998),
Cernac and Benning (2004)




Table 1. (Continued).
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Approaches to visualize

Relate TF gene/

Metabolite Metabolic alteration metabolic alteration/ enzyme gene Reference
Phenotypic change or others*
Lipid related Fatty acid B-oxidation defection 2.,4-Dichlorophenoxybutyric PEDI, PED2, Hayashi et al. (1998)
acid-resistant root elongation PED3
and required sucrose for
germination
Hydroxy fatty acid ~ DsRed marker and high-throughput GC anaysis Oleosin*** etc. Lu et al. (2006)
accumulation in seed oils
Oil reduction Seed shape and color LEC2 Santos Mendoza et al. (2005)
(through Oleosin***
protein reduction)
Vitamin E Tocopherol composition change HPLC anaysis VTE3, VTE4 Van Eenannaam et al. (2003)
Starch Retain a high starch content Iodine solution staining SEX] Yu et al. (2001)

*Underline shows enzyme gene or others. ** containing fatty acids, alcohols, aldehydes and ketones. *** A protein found in oil bodies,

involved in seed lipid accumulation.

Function-known enzyme

gene (EG)
N

Function-unknown gene for
transcription factor (TF)

'4

Co-expression analysis

(Microarray databases)
Select TF(EG) whose expression patterns correlate to the EG (TF)
Positive correlation (Candidate of activator)

Negative correlation (Candidate of repressor)

Creation of transgenic plants
Gain-of-function of the TF (35S:TF)
Loss-of-function of the TF (35S:TF-RD; CRES-T)

‘ etc.

Functional analyses
Validation of the relation between the TF and the EG

using the transgenic plants
Bioassay Transcript analysis Metabolite analysis

etce.

Figure 3. Schematic diagram of a strategy to discover transcription factors that affect metabolites accumulation. This strategy contains several
screening methods, namely detection of co-expressed genes by the analysis of the transcriptome, loss-of function analysis by CRES-T, and methods
for visualizing of metabolites alteration (e.g. metabolome analysis). The transcriptome analyses have enabled the prediction of transcription factors
related to a metabolic pathway through the analysis of the co-expressed genes with the enzyme genes. CRES-T enables the induction of a dominant

negative phenotype of a transcription activator in a simple and easy manner.

boosted hydroxy fatty acid accumulation (Table 1; Lu et
al. 2006). In that report, castor cDNA was cloned into a
binary vector that included a DsRed marker gene, which
allowed the easy sorting of transgenic lines in seeds, and
the fatty acids composition was analyzed by high-
throughput gas-chromatography. Combined with these
techniques, we may be able to find a new transcription

factor and its target genes. By manipulation of them, it
would be possible to obtain oilseeds with high-oil
content and unique fatty acid compositions.
Genome-wide gene expression analysis and advanced
bioinformatics allow the prediction of putative target
genes of a transcription factor whose function is
unknown, through analyses of its transcriptome and
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genes co-regulated with the gene for the transcription
factor (Obayashi et al. 2007). In combination with
metabolic profiling analysis, MYB transcription factors,
which regulate aliphatic glucosinolate biosynthesis,
designated PRODUCTION OF METHIONINE-
DERIVED GLUCOSINOLATE 1 (PMG1) and PMG2,
were recently identified with ingenuity (Hirai et al.
2007). Such genetic screening has attracted attention
because it would be possible to predict relationships
among transcription factors and putative target enzyme
genes bi-directionally, namely from enzyme genes to
transcription factors that might regulate the expression of
the genes, and from transcription factors to enzyme
genes and a metabolic pathway that might be regulated
by the transcription factors (Figure 3). When possible
correlations between transcription factors and enzyme
genes have been predicted by co-expression analyses, we
could be evaluate and confirm them experimentally by
gain- and loss-of-functional analysis, such as ectopic
expression and CRES-T system. Combination of the
analyses of transcriptome and metabolome with
bioassays will allow the discovery of novel transcription
factors that are possibly involved in the metabolic
pathways (Figure 3).

Concluding remarks

It has been reported that 25% of the chemical materials,
which are contained in pharmaceutical preparations used
in western countries, are either of natural plant origin or
their derivatives (Payne et al. 1991). This is partly
because plants easily synthesize a vast number of
chemicals with complicated structures by the activity of
enzymes, even under normal temperature and pressure
using inexhaustible light energy. These aspects
emphasize the importance of genetic engineering, which
has been a fascinating strategy for the alteration of
productivity and quality of characterized metabolites in
intact plants. Manipulation of plant metabolic pathway
by transcription factors is eagerly anticipated because it
can regulate several enzyme genes in a metabolic
pathway simultaneously, or can induce drastic changes,
such as altering identity or fate, in cells or tissues where
the corresponding metabolites are produced. Applying
either or both gain- or loss-of-function methods would be
good strategies for metabolic engineering, although the
loss-of-function method is difficult to apply due to the
presence of genetically and functionally redundant
factors. CRES-T is a novel method for gene silencing
that can suppress the expression of target genes
dominantly over the activation activity of the endogenous
and functionally redundant transcription factors.
Therefore, CRES-T is a powerful tool for altering
metabolic  pathways, tissue identity or spatial
development. As well as the strategies of modifying of

both metabolic regulators and developmental regulators,
tissue culture technology also holds promise for
enhancing productivity. The combination of genetic
analysis, such as co-expression analysis, loss-of-function
analysis by CRES-T, and methods for visualizing
metabolic alterations will provide an avenue for the
discovery of new transcription factors that affect plant
metabolites accumulation.

Acknowledgements

This work was supported by the New Energy and Industrial
Technology Development (NEDO) program, which is part of the
“Development of Fundamental Technologies for Controlling the
Material Production Process of Plants” project.

References

Aastrup S, Outtrup H, Erdal K (1984) Location of the
proanthocyanidins in the barley grain. Carlsberg Res Commun
49: 105-109

Aoyagi H, Kobayashi Y, Yamada K, Yokoyama M, Kusakari K,
Tanaka H (2001) Efficient production of saikosaponins in
Bupleurum falcatum root fragments combined with signal
transducers.  Appl Microbiol Biotechnol 57: 482488

Bender J, Fink GR (1998) A Myb homologue, ATRI1, activates
tryptophan gene expression in Arabidopsis. Proc Natl Acad Sci
USA 95: 5655-5660

Berger B, Stracke R, Yatusevich R, Weisshaar B, Fligge Ul,
Gigolashvili T (2007) A simplified method for the analysis of
transcription factor—promoter interactions that allows high-
throughput data generation. Plant J 50: 911-916

Blanc G, Barakat A, Guyot R, Cooke R, Delseny M (2000)
Extensive duplication and reshuffling in the Arabidopsis
genome. Plant Cell 12: 1093-1101

Borevitz, JO, Xia Y, Blount J, Dixon RA, Lamb C (2000)
Activation tagging identifies a conserved MYB regulator of
phenylpropanoid biosynthesis. Plant Cell 12: 2383-2394

Braun EL, Dias AP, Matulnik TJ, Grotewold E (2001)
Transcription factors and metabolic engineering: Novel
applications for ancient tools. Rec Adv Phytochem 35: 79-109

Broun P, Poindexter P, Osborne E, Jiang CZ, Riechmann JL (2004)
WINI1, a transcriptional activator of epidermal wax
accumulation in Arabidopsis. Proc Natl Acad Sci USA 101:
47064711

Broun P (2004) Transcription factors as tools for metabolic
engineering in plants.  Curr Opin Plant Biol 7: 202-209

Broun P (2005) Transcriptional control of flavonoid biosynthesis: a
complex network of conserved regulators involved in multiple
aspects of differentiation in Arabidopsis. Curr Opin Plant Biol
8:272-279

Capell T, Christou P (2004) Progress in plant metabolic
engineering. Curr Opin Biotechnol 15: 148154

Celenza JL, Quiel JA, Smolen GA, Merrikh H, Silvestro AR,
Normanly J, Bender J (2005) The Arabidopsis ATR1 Myb
transcription factor controls indolic glucosinolate homeostasis.
Plant Physiol 137: 253-262

Cernac A, Benning C (2004) WRINKLEDI1 encodes an
AP2/EREB domain protein involved in the control of storage
compound biosynthesis in Arabidopsis. Plant J 40: 575-585

Devic M, Guilleminot J, Debeaujon I, Bechtold N, Bensaude E,
Koornneef M, Pelletier G and Delseny M (1999) The BANYULS



gene encodes a DFR-like protein and is a marker of early seed
coat development. Plant J 19: 387-398

Dixon RA, Strack D (2003) Phytochemistry meets genome
analysis, and beyond. Phytfochem 62: 815-816

Dixon RA (2005) Engineering of plant natural product pathways.
Curr Opin Plant Biol 8: 329-336

Dornenburg H, Frickinger P, Seydel P (2008) Plant cell-based
processes for cyclotides production. J Biotechnol 135: 123—
126

Dubos C, Gourrierec JL, Baudry A, Huep G, Lanet E, Debeaujon I,
Routaboul JM, Alboresi A, Weisshaar B, Lepiniec L (2008)
MYBL2 is a new regulator of flavonoid biosynthesis in
Arabidopsis thaliana.  Plant J 55: 940-953

Focks N, Benning C (1998) wrinkledl: A novel, low-seed-oil
mutant of Arabidopsis with a deficiency in the seed-specific
regulation of carbohydrate metabolism. Plant Physiol 118:
91-101

Gigolashvili T, Yatusevich R, Berger B, Miiller C, Fliigge Ul
(2007) The R2R3-MYB transcription factor HAG1/MYB28 is a
regulator of methionine-derived glucosinolate biosynthesis in
Arabidopsis thaliana. Plant J 51: 247-261

Gonzalez A, Zhao M, Leavitt JM, Lloyd AM (2008) Regulation of
the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb
transcriptional complex in Arabidopsis seedlings. Plant J 53:
814-827

Grotewold E (2005) Plant metabolic diversity: a regulatory
perspective.  Tren Plant Sci 10: 57-62

Grotewold E (2006) The genetics and biochemistry of floral
pigments. Annu Rev Plant Biol 57: 761-780

Grotewold E (2008) Transcription factors for predictive plant
metabolic engineering: are we there yet?  Curr Opin Biotechnol
19: 138-144

Guillon S, Trémouillaux-Guiller J, Kumar Pati P, Rideau M, Gantet
P (2006) Harnessing the potential of hairy roots: dawn of a new
era. Trends Biotechnol 24: 403—409

Guo A, He K, Liu D, Bai S, Gu X, Wei L, Luo J (2005) DATF: a
database of Arabidopsis transcription factors. Bioinformatics
21:2568-2569

Hanada K, Zou C, Lehti-Shiu MD, Shinozaki K and Shiu SH
(2008) Importance of lineage-specific expansion of plant tandem
duplicates in the adaptive response to environmental stimuli.
Plant Physiol 148: 993-1003

Haughn G, Chaudhury A (2005) Genetic analysis of seed coat
development in Arabidopsis. Tren Plant Sci 10: 472-477

Hayashi M, Toriyama K, Kondo M, Nishimura M (1998) 2,4-
Dichlorophenoxybutyric acid-resistant mutant of Arabidopsis
have defects in glyoxysomal fatty acid [-oxidation. Plant
Cell10: 183-195

Heyl A, Ramireddy E, Brenner WG, Riefler M, Allemeersch J,
Schmiilling T (2008) The transcriptional repressor ARR1-SRDX
suppresses pleiotropic cytokinin activities in Arabidopsis.
Plant Physiol 147: 1380-1395

Hirai MY, Sugiyama K, Sawada Y, Tohge T, Obayashi T, Suzuki A,
Araki R, Sakurai N, Suzuki H, Aoki K, Goda H, Nishizawa OI,
Shibata D, Saito K (2007) Omics-based identification of
Arabidopsis Myb transcription factors regulating aliphatic
glucosinolate biosynthesis. Proc Natl Acad Sci USA 104:
6478-6483

Hiratsu K, Matsui K, Koyama T, Ohme-Takagi M (2003) Dominant
repression of target genes by chimeric repressors that include the
EAR motif, a repression domain, in Arabidopsis. Plant J 34:
733-739

Iwase A, Aoyagi H, Ohme-Takagi M, Tanaka H (2005)
Development of a novel system for producing ajmalicine and

A. Iwase et al.

serpentine using direct culture of leaves in Catharanthus roseus
intact plant. J Biosci Bioeng 99: 208-215

Jin H, Cominelli E, Bailey P, Parr A, Mehrtens F, Jones J, Tonelli
C, Weisshaar B, Martin C (2000) Transcriptional repression by
AtMYB4 controls production of UV-protecting sunscreens in
Arabidopsis. EMBO J 19: 6150-6161

Jones L, Ennos AR, Turner SR (2001) Cloning and
characterization of irregular xylem4 (irx4): a severely lignin-
deficient mutant of Arabidopsis. Plant J 26: 205-216

Koyama T, Furutani M, Tasaka M, Ohme-Takagi M (2007) TCP
transcription factors control the morphology of shoot lateral
organs via negative regulation of the expression of boundary-
specific genes in Arabidopsis. Plant Cell 19: 473-484

Kusakari K, Yokoyama M, Inomata S (2000) Enhanced production
of saikosaponins by root culture of Bupleurum falcatum L. using
two-step control of sugar concentration. Plant Cell Rep 19:
1115-1120

Kutchan TM (2001) Ecological arsenal and developmental
dispatcher: the paradigm of secondary metabolism. Plant
Physiol 125: 58-60

Lanot A, Hodge D, Jackson RG, George GL, Elias L, Lim EK,
Vaistij FE, Bowles DJ (2006) The glucosyltransferase UGT72E2
is responsible for monolignol 4-O-glucoside production in
Arabidopsis thaliana. Plant J 48: 286295

Lanot A, Hodge D, Lim EK, Vaistij FE, Bowles DJ (2008)
Redirection of flux through the phenylpropanoid pathway by
increased glucosylation of soluble intermediates. Planta 228:
609-616

Lu C, Fulda M, James G, Wallis JG, Browse J (2006) A high-
throughput screen for genes from castor that boost hydroxy fatty
acid accumulation in seed oils of transgenic Arabidopsis. Plant
J45: 847-856

Matsui K, Tanaka H, Ohme-Takagi M (2004) Suppression of the
biosynthesis of proanthocyanidin in Arabidopsis by a chimeric
PAPI1 repressor. Plant Biotechnol J 2: 487-493

Matsui K, Hiratsu K, Koyama T, Tanaka H, Ohme-Takagi M
(2005) A chimeric AtMYB23 repressor induces hairy roots,
elongation of leaves and stems, and inhibition of the deposition
of mucilage on seed coats in Arabidopsis. Plant Cell Physiol
46: 147-155

Matsui K, Umemura Y, Ohme-Takagi M (2008) AtMYBL2, a
protein with a single MYB domain, acts as a negative regulator
of anthocyanin biosynthesis in Arabidopsis. Plant J 55: 954—
967

Mitsuda N, Seki M, Shinozaki K, Ohme-Takagi M (2005) The
NAC transcription factors NST1 and NST2 of Arabidopsis
regulate secondary wall thickenings and are required for anther
dehiscence. Plant Cell 17: 2993-3006

Mitsuda N, Hiratsu K, Todaka D, Nakashima K, Yamaguchi-
Shinozaki K and Ohme-Takagi M (2006) Efficient production of
male and female sterile plants by expression of a chimeric
repressor in Arabidopsis and rice. Plant Biotechnol J 4: 325—
332

Mitsuda N, Iwase A, Yamamoto H, Yoshida M, Seki M, Shinozaki
K, Ohme-Takagi M (2007) NAC transcription factors, NST1 and
NST3, are key regulators of the formation of secondary walls in
woody tissues of Arabidopsis. Plant Cell 19: 270-280

Mitsuda N, Umemura Y, Ikeda M, Shikata M, Koyama T, Matsui
K, Narumi T, Aida R, Sasaki K, Hiyama T, Higuchi Y, Ono M,
Isuzugawa K, Saito K, Endo R, Ikeda K, Nakatsuka T, Nishihara
M, Yamamura S, Yamamura T, Terakawa T, Ohtsubo N and
Ohme-Takagi M (2008) FioreDB: a database of phenotypic
information induced by the chimeric repressor silencing
technology (CRES-T) in Arabidopsis and floricultural plants.

37



38

Manipulation of plant metabolism by transcription factors

Plant Biotechnol 25: 3743

Mitsuda N, Ohme-Takagi M (2008) NAC transcription factors
NST1 and NST3 regulate pod shattering in a partially redundant
manner by promoting secondary wall formation after the
establishment of tissue identity. Plant J 56: 768—778

Miura Y, Hirata K, Kurano N, Miyamoto K, Uchida K (1988)
Formation of vinblastine in multiple shoot culture of
Catharanthus roseus. Planta Med 54: 18-20

Moore RC, Purugganan MD (2005) The evolutionary dynamics of
plant duplicate genes. Curr Opin Plant Biol 8: 122—128

Murata J, De Luca V (2005) Localization of tabersonine 16-
hydroxylase and 16-OH tabersonine-16-O-methyltransferase to
leaf epidermal cells defines them as a major site of precursor
biosynthesis in the vindoline pathway in Catharanthus roseus.
Plant J 44: 581-594

Murata J, Roepke J, Gordon H, De Luca V (2008) The leaf
epidermome of Catharanthus roseus reveals its Biochemical
specialization.  Plant Cell 20: 524-542

Narumi T, Aida R, Niki T, Nishijima T, Mitsuda N, Hiratsu K,
Ohme-Takagi M, Ohtsubo N (2008) Chimeric AGAMOUS
repressor induces serrated petal phenotype in Torenia fournieri
similar to that induced by cytokinin application. Plant
Biotechnol 25: 45-53

Nesi N, Jond C, Debeaujon I, Caboche M, Lepiniec L (2001) The
Arabidopsis 772 gene encodes an R2R3 MYB domain protein
that acts as a key determinant for proanthocyanidin
accumulation in developing seed. Plant Cell 13: 2099-2114

Nesi N, Debeaujon I, Jond C, Stewart AJ, Jenkins GI, Caboche M,
Lepiniec L (2002) The TRANSPARENT TESTA16 locus encodes
the ARABIDOPSIS BSISTER MADS domain protein and is
required for proper development and pigmentation of the seed
coat. Plant Cell 14: 2463-2479

Obayashi T, Kinoshita K, Nakai K, Shibaoka M, Hayashi S, Saeki
M, Shibata D, Saito K, Ohta H (2007) ATTED-II: a database of
co-expressed genes and cis elements for identifying co-regulated
gene groups in Arabidopsis. Nucl Acids Res 35: D863-D869

Okinaka Y, Shimada Y, Nakano-Shimada R, Ohbayashi M,
Kiyokawa S, Kikuchi Y (2003) Selective accumulation of
delphinidin derivatives in tobacco using a putative flavonoid
3',5'-hydroxylase ¢DNA from Campanula medium. Biosci
Biotechnol Biochem 67: 161-165

Oksman-Caldentey KM, Saito K (2005) Integrating genomics and
metabolomics for engineering plant metabolic pathways. Curr
Opin Biotechnol 16: 174-179

Payne GF, Bringi V, Prince C, Shuler ML (1991) The quest for
commercial production of chemicals from plant cell culture. In:
Payne GF, Bringi V, Prince C, Shuler ML (eds) Plant cell and
tissue culture in liquid systems. Hanser, Munich, pp 1-10

Riechmann JL, Heard J, Martin G, Reuber L, Jiang CZ, Keddie J,
Adam L, Pineda O, Ratcliffe OJ, Samaha RR, Creelman R,
Pilgrim M, Broun P, Zhang JZ, Ghandehari D, Sherman BK, Yu
GL (2000) Arabidopsis transcription factors: Genome-wide
comparative analysis among eukaryotes. Science 290: 2105—
2110

Rose AB, Casselman AL, Last RL (1992) A
phosphoribosylanthranilate transferase gene is defective in blue
fluorescent Arabidopsis thaliana tryptophan mutants. Plant
Physiol 100: 582-592

Santos Mendoza M, Dubreucq B, Miquel M, Caboche M, Lepiniec
L (2005) LEAFY COTYLEDON 2 activation is sufficient to
trigger the accumulation of oil and seed specific mRNAs in

Arabidopsis leaves. FEBS Lett 579: 4666—4670

Seki H, Nishizawa T, Tanaka N, Niwa Y, Yoshida S, Muranaka T
(2005) Hairy root-activation tagging: a high-throughput system
for activation tagging in transformed hairy roots. Plant Mol
Biol 59: 793-807

Shanks JV, Morgan J (1999) Plant ‘hairy root’ culture. Curr Opin
Biotechnol 10: 151-155

Shikata M, Ohme-Takagi M (2008) The utility of transcription
factors for manipulation of floral traits. Plant Biotechnol 25:
31-36

Simillion C, Vandepoele K, Van Montagu MCE, Zabeau M, Van de
Peer Y (2002) The hidden duplication past of Arabidopsis
thaliana. Proc Natl Acad Sci USA 99: 13627-13632

St-Pierre B, Vazquez-Flota FA, De Luca V (1999). Multicellular
compartmentation of Catharanthus roseus alkaloid biosynthesis
predicts intercellular translocation of a pathway intermediate.
Plant Cell 11: 887-900

Tanaka Y, Ohmiya A (2008) Seeing is believing: engineering
anthocyanin and carotenoid biosynthetic pathways. Curr Opin
Biotechnol 19: 190-197

Taketa S, Amano S, Tsujino Y, Sato T, Saisho D, Kakeda K,
Nomura M, Suzuki T, Matsumoto T, Sato K, Kanamori H,
Kawasaki S, Takeda K (2008) Barley grain with adhering hulls
is controlled by an ERF family transcription factor gene
regulating a lipid biosynthesis pathway. Proc Natl Acad Sci
US4 105: 40624067

Trethewey RN (2004) Metabolite profiling as an aid to metabolic
engineering in plants.  Curr Opin Plant Biol 7: 196-201

Tsuda S, Fukui Y, Nakamura N, Katsumoto Y, Yonekura-
Sakakibara K, Fukuchi-Mizutani M, Ohira K, Ueyama Y,
Ohkawa H, Holton TA, Kusumi T, Tanaka Y (2004) Flower color
modification of Petunia hybrida commercial varieties by
metabolic engineering. Plant Biotechnol 21: 377-386

Tsukagoshi H, Morikami A, Nakamura K (2007) Two B3 domain
transcription repressors prevent sugar-inducible expression of
seed maturation genes in Arabidopsis seedlings. Proc Natl
Acad Sci US4 104: 2543-2547

van der Fits L, Memelink J (2000) ORCA3, a jasmonate-
responsive transcriptional regulator of plant primary and
secondary metabolism. Science 289: 295-297

Van Eenennaam AL, Lincoln K, Durrett TP, Valentin HE,
Shewmaker CK, Thorne GM, Jiang J, Baszis SR, Levering CK,
Aasen ED, Hao M, Stein JC, Norris SR, Last RL (2003)
Engineering vitamin E content: from Arabidopsis mutant to soy
oil. Plant Cell 15: 3007-3019

Xie DY, Sharma SB, Paiva NL, Ferreira D, Dixon RA (2003) Role
of anthocyanidin reductase, encoded by BANYULS, in plant
flavonoid biosynthesis. Science 299: 396-399

Xie DY, Sharma SB, Wright E, Wang ZY, Dixon RA (2006)
Metabolic engineering of proanthocyanidins through co-
expression of anthocyanidin reductase and the PAP1 MYB
transcription factor.  Plant J 45: 895-907

Yokoyama M, Yamaguchi S, Kusakari K (2003) Stress Enhances
Indole-3-butyric Acid-induced Rooting in Bupleurum falcatum
L. (Saiko) Root Culture.  Plant Biotechnol 20: 331-334

Yu TS, Kofler H, Hausler RE, Hille D, Fliigge Ul, Zeeman SC,
Smith AM, Kossmann J, Lloyd J, Ritte G, Steup M, Lue WL,
Chen J, Weber A (2001) The Arabidopsis sex/ mutant is
defective in the RI1 protein, a general regulator of starch
degradation in plants, and not in the chloroplast hexose
transporter. Plant Cell 13: 1907-1918



