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gulatory step in secondary metabolism is transcription of the biosynthetic genes. The aim of
this chapter is to discuss results and opportunities concerning modification of secondary
metabolism using transcriptional regulators. The transcriptional regulation of two well-stud-
ied secondary pathways, the phenylpropanoid pathway and its flavonoid branch, and the
terpenoid indole alkaloid biosynthetic pathway, are reviewed. Some examples of successful
engineering of these pathways via transcriptional regulators are discussed.
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Abbreviations

AP2 APETALA2
AP2/ERF APETALAZ2/ethylene-responsive factor
bHLH basic helix-loop-helix

bZIP basic leucine zipper

Ca calcium

CaMV cauliflower mosaic virus

cDNA complementary DNA

JA jasmonic acid

JERE jasmonate-and elicitor-responsive element
MADS MCM1-AGAMOUS-DEFICIENS-SRF
MAPK mitogen-activated protein kinase

MeJA methyl jasmonate

4-mT 4-methyltryptophan

ODA octadecanoid

ORCA octadecanoid-responsive Catharanthus AP2-domain
STR strictosidine synthase

TDC tryptophan decarboxylase

T-DNA  transferred DNA

TIA terpenoid indole alkaloid

uv ultraviolet

VP1 VIVIPAROUS-1
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Introduction

Prospects to modify secondary metabolite production in plants or plant cells
via genetic engineering of a single or a few enzymatic steps have been reviewed
previously [1-3]. The aim of this chapter is to discuss opportunities to modify
secondary metabolism using transcriptional regulators. Transcriptional regula-
tion is largely mediated by sequence-specific DNA-binding proteins that recog-
nize cis-acting DNA elements located in the promoter and enhancer regions of
the corresponding genes. In general, these cis-acting elements are concentrated
in a relatively small region of a few hundred to a few thousand nucleotides up-
stream of the transcriptional start site. In most genes, this start site is determi-
ned by the presence of a TATA box around 30 bp upstream. On the TATA box
the basal transcription machinery is assembled. Together with RNA polymerase
IT and a large number of other proteins, the preinitiation complex is formed.
During initiation of transcription, the preinitiation complex shifts from the
closed to the open configuration. Transcription factors regulate gene transcrip-
tion in response to developmental, tissue-specific or environmental signals by
binding with their so-called ‘DNA-binding domains’ to specific DNA sequences
in the gene promoters. Transcription factors may modify the rate of transcrip-
tion initiation by controlling the rate of recruitment of components of the pre-
inititation complex. Alternatively, they can regulate the rate of transition of the
preinitiation complex from the closed to the open configuration, or via other
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mechanisms (reviewed in [4]). Transcription factors may affect these processes
by direct interactions between their so-called ‘activation-domains’ and com-
ponents of the basal transcription machinery, or by indirect interactions via
adapter or co-activator proteins (reviewed in [5]).

Depending on the epigenetic make-up of the target cell, single transcription
factors can switch on complex pathways involving numerous target genes. A
notable example is muscle differentiation in animals, where either one of a set
of myogenic bHLH transcription factors (MyoD, myogenin, Myf5, MRF4) in
combination with the MADS-domain transcription factor MEF2 induces
muscle cell differentiation and switches on numerous muscle-specific genes in
skin fibroblasts and certain other cell types [6]. Other examples include single
homeodomain transcription factors in the fruit fly, which regulate complex
pathways resulting in the determination of segment identity [7, 8]. In
Arabidopsis thaliana, overexpression of the transcription factor CBF-1 results
in coordinate upregulation of a set of cold-regulated genes, and in increased
freezing tolerance [9]. These examples illustrate that single transcription fac-
tors can act as master regulators of complex gene expression programs, and can
control the expression of a large number of target genes in a coordinate fashion.
A general characteristic of secondary metabolic pathways is that the expression
of the structural genes is coordinately regulated depending on cell type or in
response to environmental stimuli. This coordinate control is most likely due to
master regulators, and one can envisage that secondary metabolism can be
modified by engineering the activity of such master switches. The following
sections will review some aspects of the transcriptional regulation of two
well-studied secondary metabolic pathways, the phenylpropanoid pathway and
its flavonoid branch, and the terpenoid indole alkaloid biosynthetic pathway.
Some examples of successful engineering of these pathways via transcriptional
master regulators will be discussed.

2
Regulation of the Phenylpropanoid and Flavonoid Pathways

The phenylpropanoid pathway is the source of a large number of compounds
that are derived from the amino acid phenylalanine (Fig. 1). The flavonoid
branch is responsible for the production of anthocyanin pigments, UV-absorb-
ing flavones and flavonols, and antimicrobial phytoalexins. Other branches pro-
duce lignin precursors and soluble phenolics such as the signaling compound
salicylic acid. A large number of structural genes have been cloned from many
plant species [10]. The best-studied aspect of transcriptional regulation regards
the formation of the anthocyanin pigments, due to the fact that they provide a
convenient visible marker. Another well-studied aspect is the stress- and pa-
thogen-induced biosynthesis of phytoalexins. Both classes of end products
share a large part of the biosynthetic pathway. The structural flavonoid genes
are subject to different regulatory mechanisms within a single plant depending
on the cell type and environmental conditions.

Tissue-specific expression of the flavonoid structural genes is controlled by
a combination of two distinct transcription factor species, one of which has
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Fig. 1. Simplified diagram of the phenylpropanoid and flavonoid biosynthetic pathways.
Enzymes that catalyze the reactions are placed on the left-hand side, and transcription fac-
tors on the right-hand side of the arrows. Both transcription factors for which their control
over the enzymatic steps has been genetically proven, as well as transcription factors that
have been shown to interact with promoters of the structural genes, are shown. PAL
Phenylalanine ammonia lyase; C4H cinnamate 4-hydroxylase; 4CL 4-coumaroyl-coenzyme A
ligase; CHS chalcone synthase; CHI chalcone-flavanone isomerase; F3H flavanone 3f-hy-
droxylase; DFR dihydroflavonol 4-reductase; AS anthocyanin synthase; UFGT UDP glucose-
flavonol glucosyl transferase; RT anthocyanin rhamnosyl transferase

homology to the protein encoded by the vertebrate proto-oncogene c-Myb,
and the other to the vertebrate basic helix-loop-helix (PHLH) protein encoded
by the proto-oncogene c-Myc. These transcription factors bind to specific se-
quences in the promoters of the target genes [11-13]. The DNA-binding do-
main of plant MYB proteins consists of two, or for some one or three, imperfect
repeats [14, 15]. The DNA-binding specificity of plant MYB proteins varies con-
siderably [14]. The bHLH proteins recognize variants of the sequence
CANNTG. In particular, the G-box (CACGTG) has been reported to interact
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with bHLH factors [16, 17]. The G-box is also a target for basic leucine zipper
(bZIP) transcription factors [18]. Plant MYB and bHLH proteins can physically
interact with each other [19]. In maize, the entire set of genes encoding enzymes
in anthocyanin biosynthesis is thought to be regulated coordinately by the
bHLH protein-encoding gene R and the Myb gene CI in the aleurone (epider-
mal layer of the kernel endosperm), and by homologous genes in other parts of
the plant [10, 20] (Fig. 1). In dicotyledonous plants, anthocyanin control ap-
pears to be more complex. Although all the structural genes in the anthocyanin
branch of the pathway are coordinately regulated during flower development,
the earlier and later parts of the biosynthetic pathway are thought to be con-
trolled independently [20]. Nevertheless, introduction of the maize R and CI re-
gulators in Arabidopsis intensifies pigmentation in normally pigmented tissues
and induces pigmentation in plant tissues that are normally unpigmented [21].
Overexpression of the maize Lc gene, which encodes a bHLH regulatory pro-
tein, in petunia upregulated the whole flavonoid biosynthetic pathway starting
from Chs and including the earlier and later genes, resulting, among others, in
intensely pigmented leaves [22].

The expression of the MYB and bHLH protein-encoding genes coincides
with that of the structural genes that they regulate [20, 23]. The mere presence
of a MYB and a bHLH protein in a cell appears to switch on the expression of
the anthocyanin structural genes. Although the DNA-binding affinity of an
Antirrhinum MYB protein was negatively affected by phosphorylation [12], evi-
dence that the activity of MYB and bHLH proteins is regulated by cell-type-
specific mechanisms involving protein modification in vivo is lacking.
Additional regulators of anthocyanin biosynthesis have been scarcely identi-
fied. Notable examples are the petunia ANI1I gene [24] and the TTG1 gene from
Arabidopsis [25]. The expression of the Dfr anthocyanin structural gene in the
petunia anll mutant can be rescued by expression of the MYB protein AN2, in-
dicating that the AN11 protein acts upstream of MYB. Since the An2 mRNA le-
vel is normal in the anll mutant, it has been suggested that the AN11 protein
regulates MYB protein activity [24]. In contrast to the Myb gene An2, Anll is
ubiquitously expressed. The Arabidopsis ttg]l mutant has many aberrant pheno-
types, including lack of anthocyanin biosynthesis. The tfgl mutant phenotype
can be rescued by expression of the maize R gene [21], indicating that the TTG1
protein regulates the activity of a bHLH-type protein. AN11 and TTG1 proteins
are highly similar, and both contain four WD repeat motifs, which are also
found in the f subunits of heterotrimeric G proteins and a number of other
regulatory proteins. Given their high similarity, it seems unlikely that AN11
and TTG1 have different functions, and they probably regulate the activity of
MYB-bHLH complexes. Another example of an additional regulator of antho-
cyanin biosynthesis is the VP1 protein. The maize viviparousl mutant does
not produce anthocyanin in seeds, while other plant parts are normally pig-
mented. The vpI mutation also affects seed maturation, resulting in shoots and
roots that emerge from the seeds while the kernel is still attached to the ear.
Certain vpI alleles prevent anthocyanin biosynthesis but produce normal, non-
viviparous seed, suggesting that control of the anthocyanin pathway is at least
partially separable from regulation of embryo maturation. The vpI-R mutant
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fails to express the CI gene in developing seed tissues [26], and the VP1 protein
can transactivate a reporter gene driven by the CI promoter [27] by specifically
binding to the Sph sequence [28]. Therefore, VP1 is a transcription factor that
acts upstream of the MYB protein CI by regulating its expression via direct
binding to the promoter.

The fact that so few mutants affected in regulation of MYB and bHLH ac-
tivity have been found in plants is surprising in view of the multitude of protein
modifications and protein-protein interactions reported for their mammalian
counterparts. Mammalian MYC is active only when complexed with the bHLH
protein MAX [29]. The potential of MYC to activate transcription is suppressed
by association with p107, an Rb-related tumor suppressor [30]. Phosphory-
lation stimulates transactivation by MYC [31]. Phosphorylation [31, 32] or re-
versible oxidation [33] of MYB reduces its DNA-binding affinity. The interac-
tion of MYB with the general co-activator CREB binding protein (CBP) is re-
quired for transactivation [34, 35]. It can be expected that similar interactions
and modifications play a role in the regulation of the activity of plant bHLH and
MYC proteins. The fact that no mutants have yet been found in these regulatory
processes may be due to the fact that the genes involved are redundant or ab-
solutely essential.

Many phenylpropanoid compounds that are constitutively present in certain
cell types and/or during development can be produced in other tissues in re-
sponse to various stress-related signals [36]. Bean Pal and Chs genes are rapidly
and coordinately induced by elicitors [36]. UV light induces the transcription of
the parsley Chs gene [37]. In the promoters of phenylpropanoid biosynthetic
genes from various plant species common sequence motifs can be identified.
The H-box [(T/A)CT(C/A)ACCTA(C/A)C(C/A)] and box P [CCA(C/A)C(A/T)
AAC(C/T)CC] are present in the promoters of Chs, Pal and 4-cl genes in differ-
ent plant species, and have been associated with regulation of gene activation
by stress stimuli such as UV light or elicitors [37-40]. In the Chs gene from
parsley [37, 41] and Arabidopsis [42], a light-responsive unit (LRU) has been
identified, which is necessary and sufficient to confer gene expression upon UV-
B and UV-A/blue light illumination. The LRU is composed of a H-box, also cal-
led a MYB recognition element (MRE) and an ACGT element. In the parsley Chs
gene the ACGT element forms part of a G-box (CACGTG), which is a conserved
element in plant promoters [18]. The ACGT element has been found to interact
with the parsley bZIP class proteins CPRF-1, 2 and 3 [41]. CPRF-1 transcripts
are induced by UV light with much faster kinetics than Chs mRNA, suggesting
that CPRF-1 is responsible for UV-responsive expression of the Chs gene. The
Arabidopsis bZIP protein HY5 also interacts with the G-box in the LRU [43].
The H- (or MRE) box has been found to interact with DNA-binding proteins of
the MYB class [44, 45]. The parsley MYB protein PcMYBI transactivates ex-
pression of an MRE-containing reporter construct [45]. In contrast to Chs (and
the CPRF-1 gene), PcMybl expression is not light-regulated. In addition, the H-
(or MRE) and G-boxes in the bean Chs gene were shown to interact with a bZIP
class protein with relaxed DNA-binding specificity called G/HBF-1 [46]. While
G/HBF-1 transcript and protein levels do not increase during the induction of
phenylpropanoid biosynthetic genes, the DNA-binding affinity of the G/HBF-1
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protein is enhanced by elicitor-induced phosphorylation, suggesting that
G/HBF-1 is responsible for elicitor-responsive expression of the bean Chs gene.
However, there are no in vivo expression studies that prove that the H- and G-
boxes are involved in elicitor-responsive expression of the bean Chs gene. The
P-box in the parsley Pal gene was shown to interact with BPF-1, a protein with
some similarity to MYB transcription factors [47]. Expression of the gene en-
coding BPF-1 is induced by fungal elicitor with slightly faster kinetics than
those of Pal expression. More recent studies have shown that box P is a relativ-
ely low-affinity binding site for BPF-1 [48], indicating that the in vivo relevance
of the box P/BPF-1 interaction is questionable.

The functional identification of these transcription factors is based on more
or less specific recognition of stress-responsive elements in the promoters of
the structural genes, and sometimes their stress-induced expression. Definitive
proof of their function awaits (reverse) genetic evidence. Although the conser-
vation of the binding sites in different structural genes suggests that some of
these stress-related transcription factors coordinate the expression of several
genes, experimental evidence is lacking. It is not known how stress-induced ex-
pression of phenylpropanoid biosynthetic genes ties in with their tissue-specif-
ic control by MYB and bHLH proteins. Since a MYB and a bHLH protein can in-
duce pigmentation in otherwise unpigmented tissues without stress signals, it
appears that they overrule stress-signaling pathways. On the other hand, the
structural genes can be induced by stress signals in tissues that appear to lack
the appropriate tissue-specific MYB and/or bHLH proteins. Whether there is
crosstalk between tissue-specific MYB/bHLH regulation and stress-induced
signaling remains an open question.

3
Modification of Flavonoid Metabolism Using Transcription Factors

Myb and bHLH protein-encoding genes have been ectopically expressed in the
plant species from which they originated, as well as in heterologous plant spe-
cies. All studies described here used the cauliflower mosaic virus (CaMV) 35S
RNA promoter, which is highly active in most tissues of most plant species, to
express the transcription factors.

Introduction of the Delila (del) gene from Antirrhinum, encoding a bHLH
transcription factor, in tomato strongly increased pigmentation in vegetative
tissues [49]. In tobacco, del only intensified pigmentation of flowers, whereas in
Arabidopsis, del had no phenotypic effects. This indicates that DELILA is active
in some, but not all, heterologous plant species, and recognizes its orthologous
target genes. Overexpression of the maize Lc gene encoding a bHLH regulatory
protein in petunia upregulated the whole flavonoid biosynthetic pathway start-
ing from Chs and including the earlier and later genes, resulting among others
in intensely pigmented leaves [22]. The expression of the general phenylpro-
panoid genes Pal and C4h was not affected by Lc overexpression, indicating that
Lc only regulates structural genes in the flavonoid branch. Ectopic expression of
the bHLH transcription factors DELILA and Lc led to increased pigmentation
only in tissues that are normally pigmented, or that can become pigmented
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under stress conditions. The ectopically expressed bHLH proteins probably rely
on endogenous MYB proteins to activate their target genes.

Introduction of the maize R and CI regulators in Arabidopsis intensified pig-
mentation in normally pigmented tissues and induced pigmentation in plant
tissues that are normally unpigmented [21]. In maize cell suspension, ectopic
expression of CI and R led to the accumulation of anthocyanins and a number
of other related 3-hydroxyflavonoids [50]. In addition, six anthocyanin struc-
tural genes that are targets for C1/R were expressed at high levels in the trans-
genic cell line.

These experiments demonstrate that the ectopic expression of transcription
factors is a viable method for engineering secondary metabolism in plants and
plant cells.

4
Jasmonates as Stress Signals in Secondary Metabolism

Jasmonic acid (JA) and its volatile derivative methyl jasmonate (MeJA), collec-
tively called jasmonates, play key regulatory roles in stress-induced secondary
metabolism in plants.

Jasmonates are fatty acid derivatives with a 12-carbon backbone, which are
synthesized from 18-carbon intermediates via the so-called octadecanoid
(ODA) pathway (Fig. 2; [51, 52]). Farmer and Ryan [53] have proposed that a li-
pase generates a-linolenic acid, which is the first precursor in the ODA pathway.
a-Linolenic acid is then converted by a lipoxygenase, an allene oxide synthase
and an allene oxide cyclase into the intermediate 12-oxophytodienoic acid (12-
ox0-PDA). This compound is converted into JA through the action of a reduc-
tase and three rounds of f-oxidation. (Me)JA and some of its octadecanoid
precursors play key roles as intermediate signals in elicitor-induced secondary
metabolite accumulation [54-57]. A correlation between elicitor-induced ac-
cumulation of endogenous JA and secondary metabolite accumulation was
shown in Eschscholtzia californica cells [55] and in rice cells [57]. In parsley
cells, phenylpropanoid biosynthetic genes are induced by octadecanoids, and
elicitor-induced gene expression is blocked by a lipoxygenase inhibitor [56]. For
induction of secondary metabolite accumulation, 12-oxo-PDA may also play a
major role. Structural analogues of 12-oxo-PDA that cannot be converted into JA
are effective in the induction of alkaloid accumulation [58]. Furthermore, some
plant species accumulate more 12-oxo-PDA than JA upon elicitor treatment [59],
in support of the hypothesis that 12-oxo-PDA acts as the predominant ODA sig-
nal in certain defense responses. Experiments using the Bryonia dioica tendril-
coiling bioassay for jasmonate also suggest that, in that system, 12-oxo-PDA,
rather than JA, has to be considered as the endogenous signal transducer [60].

How elicitors affect JA biosynthesis and how the JA signal is transduced to af-
fect gene expression is largely unknown. Several reports have implicated the ac-
tivation of a wound-responsive MAPK cascade upstream of JA biosynthesis
[61-63]. Downstream of the ODA pathway there are also one or more protein
kinases involved in transduction of the JA signal [64]. A protein kinase (cas-
cade) ultimately changes the activity of transcription factors, which regulate the
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Fig. 2. Schematic representation of the jasmonate biosynthetic pathway: 12-oxo-PDA 12-
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the names for clarity. The figure is adapted from Mueller [52]

expression of genes via recognition of specific sequences in the promoter
regions. Sequences involved in jasmonate-responsive expression have been
identified in the strictosidine synthase gene promoter as discussed below.

5
Regulation of the Terpenoid Indole Alkaloid Biosynthetic Pathway

Research on the terpenoid indole alkaloids (TIAs) is mainly primed by the
pharmaceutical applications of several of the compounds. The monomeric al-
kaloids serpentine and ajmalicine are used as a tranquilizer and to reduce hy-
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pertension, respectively. The dimeric alkaloids vincristine and vinblastine are
potent antitumor drugs. In plants, TIAs are thought to be involved in defence
responses. Several reports show that physiological concentrations of TIAs can
have antifeeding activity or can delay growth of insect larvae, fungi and micro-
bes [65-67]. Terpenoid indole alkaloids are found in a limited number of plant
species belonging to the plant families Apocynaceae, Loganiaceae, Rubiaceae
and Nyssaceae. The best progress on molecular characterization of the pathway
has been made with Catharanthus roseus (L.) G. Don (Madagascar periwinkle),
a member of the Apocynaceae family. C. roseus cells have the genetic potential
to synthesize over 100 terpenoid indole alkaloids.

The initial step in TIA biosynthesis is the condensation of tryptamine with
the iridoid glucoside secologanin (Fig. 3). This condensation is performed by
the enzyme strictosidine synthase (STR) and results in the synthesis of 3a(S)-
strictosidine. Strictosidine is the universal precursor of a wide range of differ-
ent TIAs in various plant species. Additional species-specific enzymes deter-
mine the types of TIAs that are formed. In C. roseus, strictosidine is degluco-
sylated by strictosidine B-D-glucosidase (SGD). Further enzymatic and spon-
taneous conversions result in the biosynthesis of numerous TIAs. Tryptamine,
providing the indole moiety of TIAs, is formed by decarboxylation of trypto-
phan by the enzyme tryptophan decarboxylase (TDC). The shikimate pathway
provides chorismate, which is the precursor of aromatic amino acids.
Anthranilate synthase (AS) catalyzes the first step in the conversion of choris-
mate into tryptophan (Fig. 3). Secologanin, providing the terpenoid part of the
TIAs, is synthesized via multiple enzymatic conversions from geraniol. The ter-
penoid precursors that constitute the backbone of geraniol are produced via the
MEP (2-C-methyl-D-erythritol 4-phosphate) pathway [68] (formerly called the
deoxyxylulose, GAP/pyruvate or Rohmer pathway; [69]). Most steps involved in
the conversion of geraniol to secologanin are unknown. Geraniol 10-hydroxy-
lase (G10H), an enzyme of the cytochrome P450 family, catalyzes the first com-
mitted step in the formation of secologanin by 10-hydroxylation of geraniol.
The enzyme NADPH:cytochrome P450 reductase (CPR) is essential for the ac-
tivity of G10H and other cytochrome P450 monooxygenases, since it functions
in electron transfer to cytochrome P450 proteins. Dimeric alkaloids are formed
by peroxidase-catalyzed condensation of vindoline and catharanthine (Fig. 3).
Many monomeric TIAs are found in all plant organs, but vindoline and vindo-
line-derived dimeric alkaloids are only found in chloroplast-containing plant
tissues [70]. Vindoline is derived via a number of steps from tabersonine. The
first step is catalyzed by the P450 enzyme tabersonine 16-hydroxylase. The two
final steps are catalyzed by acetyl CoA:deacetylvindoline 4-O-acetyltransferase
(DAT) and the 2-oxoglutarate-dependent dioxygenase desacetoxyvindoline-4-
hydroxylase (D4H) (Fig. 3).

The biosynthesis of TIAs is highly regulated, and depends on tissue-specific
factors as well as environmental signals. Developmental control of TIA biosyn-
thesis and gene expression has recently been reviewed [71]. Here, we will re-
strict ourselves to stress signals that regulate TIA biosynthesis and gene ex-
pression. Inducing effects were observed for fungal elicitors [72], jasmonates
[73, 74], auxin starvation [74] and UV-B light [75].
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Fig. 3. Biosynthesis of TIAs in C. roseus. Solid arrows indicate single enzymatic conversions,
whereas dashed arrows indicate multiple enzymatic conversions. AS Anthranilate synthase,
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Advancement of Science

cDNA clones encoding strictosidine synthase from Rauwolfia serpentina
[76] and from C. roseus [77, 78] and genomic sequences from R.serpentina and
R. mannii [79] and C. roseus [80] have been isolated. A Tdc cDNA [81] and cor-
responding genomic clone [82] have been isolated from C. roseus. Str and Tdc
mRNA accumulate in suspension-cultured cells after auxin starvation [78, 83],
and exposure to fungal elicitors [78, 84] or (methyl) jasmonate [64]. Elicitor-re-
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sponsive expression of Tdc and Str depends on jasmonate as a secondary signal
[64]. Elicitor-induced jasmonate biosynthesis requires protein kinase activity
[64] and an elevation of cytosolic calcium concentration [85] (Fig. 5). Tdc and
Strin leaves are induced by a UV-B light pulse [75]. As TDC and STR are encod-
ed by single-copy genes in C. roseus [78, 82], all these signals act on the same
promoter regions. The Chinese tree Camptotheca acuminata, on the other hand,
contains at least two distinct Tdc genes, which are differentially controlled [86].
Accumulation of Tdcl mRNA is developmentally regulated, whereas Tdc2
mRNA is induced by fungal elicitor and methyl jasmonate.

In addition, cDNA clones for G10H [87], CPR [88], which is essential for the
G10H-catalyzed reaction, and SGD [89] have been isolated. Cpr mRNA accu-
mulation is rapidly induced by fungal elicitor [88] and the Cpr promoter is eli-
citor-responsive in transgenic tobacco [90]. All three genes are induced by MeJA
in C. roseus cell cultures [89, 91].

From the vindoline pathway, cDNA clones for tabersonine 16-hydroxylase
[92], DAT [93], and D4H [94] have been isolated. The expression of the corre-
sponding genes is light-regulated in seedlings. In addition, D4h and Dat have
been shown to be induced by MeJA in cell cultures [91].

The observations that Tdc and Str mRNAs coordinately accumulate in re-
sponse to fungal elicitors, jasmonates, UV light, and auxin starvation, clearly in-
dicate that the Tdc and Str genes are controlled by common regulators. Since all
the TIA biosynthetic genes tested were induced by MeJA [91], this suggests that
a common jasmonate-responsive regulator controls many and possibly all TIA
structural genes. Such regulators could prove to be useful to engineer TIA bio-
synthesis, and the following sections discuss two strategies for their isolation.

6
Isolation of Regulatory Genes via Yeast One-Hybrid Screening

The yeast one-hybrid system is a genetic screening method for the isolation of
proteins binding to characterized cis-acting promoter elements (Fig. 4). In this
approach, a yeast strain is constructed carrying a reporter gene driven by an
artificial promoter, with a bait composed of multimers of the promoter element
of interest fused to a yeast TATA box region. Upon transformation of a cDNA
library, cloned as a translational fusion with the heterologous GAL4 activation
domain, yeast cells are selected for reporter gene activation. Since the resulting
clones encode fusion proteins consisting of the cDNA-encoded protein and the
GAL4 activation domain, cDNAs are solely selected for binding of the corre-
sponding proteins to the promoter element of interest. This system has been
used successfully to clone several transacting factors from mammalian systems
and plants [48, 95].

The Str promoter has been extensively studied to identify elicitor- and jas-
monate-responsive sequences [48, 80, 95]. Two regions were identified that dic-
tated elicitor- and jasmonate-responsive reporter gene activation, the so-called
BA region (Fig. 5; [48]), and a region close to the TATA box called jasmonate-
and elicitor-responsive element (JERE; [95]). An Str promoter derivative with a
deletion of the BA region is still active and responsive to stress signals, but at a
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YEAST REPORTER STRAIN
(Y187,his, leu”)

Catharanthus roseus
cell suspension

+1 *
7

TRANS-
FORMATION

MEDIUM WITHOUT EXPRESSION
HISTIDINE AND LEUCINE LIBRARY

Fig. 4. Schematic representation of yeast one-hybrid transcription factor screening. C. roseus
cDNAs were cloned in a fusion with the GAL4-activation domain (GAL4-AD) in yeast/E.coli
shuttle vector pACTIL. Yeast reporter strains carrying a tetramer of the cis-acting elements
of interest (indicated in the figure with 4xbait) were transformed with the cDNA library and
selected for transformation and reporter gene activation on medium lacking leucine and
histidine, respectively

lower level. Mutation or removal of the JERE results in an inactive and un-
responsive Str promoter derivative [95].

Yeast one-hybrid screening with the JERE as a bait identified two transcrip-
tion factors of the AP2/ERF-domain family that were called ORCA1 and ORCA2
(Octadecanoid-Responsive Catharanthus AP2; [95]). The AP2/ERF transcrip-
tion factors are unique to plants, and are characterized by the AP2/ERF DNA-
binding domain [96, 97]. Orca2 gene expression was induced by MeJA and eli-
citor. Furthermore, the ORCA2 protein showed sequence-specific binding to
and transactivated Str gene expression via the JERE [95]. In contrast to Orca2,
Orcal gene expression was not induced by MeJA and elicitor, indicating that
ORCAL1 is not involved in regulation of JA- and elicitor-induced Str expression.

Use of the BA region in a yeast one-hybrid screen resulted in the isolation of
a periwinkle homologue of the MYB-like factor BPF-1 from parsley [48]. Like its
parsley counterpart [47], transcription of periwinkle CrBPF-1 is induced by
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Fig. 5. Model for elicitor signal transduction leading to Str expression. The model shows the
positions of CrBPF-1 in a JA-independent, and ORCAs in a JA-dependent, elicitor signal
transduction pathway. Protein phosphorylation and calcium influx are required for elicitor-
induced jasmonate biosynthesis, as well as for the induction of CrBPF-1, ORCA2, and ORCA3.
ORCA activation additionally depends on jasmonate biosynthesis. The positions of the TATA
box, the BA region, and the jasmonate- and elicitor-responsive element (JERE) within the Str
promoter are indicated

fungal elicitor. CrBPF1 elicitation depends on protein kinase activity and a rise
in cytosolic calcium concentration, but is independent of jasmonate biosyn-
thesis (Fig. 5).

Figure 5 shows a model that summarizes activation of Str gene expression by
elicitor. Upon perception of the elicitor, a protein phosphorylation step is re-
quired to induce a calcium influx. This transient increase in cytosolic [Ca?*] is
necessary for activation of the ODA pathway [85]. Jasmonate induces Orca2
gene expression [95]. ORCA2 then activates Str expression via interaction with
the JERE. In addition, calcium influx is required for JA-independent induction
of CrBPF-1 mRNA accumulation, putatively involved in regulation of Str via in-
teraction with the jasmonate- and elicitor-responsive BA region. Deletion of the
BA fragment from the Str promoter did not abolish elicitor and jasmonate re-
sponsiveness of this promoter, whereas deletion or mutation of the JERE within
the -339 promoter context resulted in a promoter derivative that is inactive and
lacks elicitor and JA responsiveness [95]. Therefore, CrBPF-1 cannot be suffi-
cient for elicitor-induced expression of Str. It can be speculated that the JERE of
the Str promoter forms a switch for elicitor and jasmonate responsiveness, and
that other cis-elements with their cognate binding factors (such as BA/CrBPF-
1) are important for enhancing the elicitor and/or jasmonate response.
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7
Isolation of Regulatory Genes via T-DNA Activation Tagging

One of the most direct ways to find regulators of metabolism is the generation
and analysis of genetic mutants. Mutations resulting from chemical mutagen-
esis or tagging with transposons or T-DNAs usually cause loss of function, and
are therefore recessive. Consequently, the mutant phenotype can only be visua-
lized following selfing of the mutated plants. This demands a substantial
amount of effort, and is not possible for all plant species. Another drawback of
classical mutagenesis is that mutation of functionally redundant genes does not
result in phenotypically altered plants. In contrast, mutants generated by T-
DNA activation tagging are dominant, allowing direct selection of the desired
phenotype in the primary transformants. Furthermore, a phenotype can result
from T-DNA activation tagging of a functionally redundant gene, allowing its
cloning and functional analysis. The T-DNA activation tagging approach con-
sists of transformation of plants or plant cells with a T-DNA, which carries pro-
moter elements reading towards one of its borders. Upon random integration in
the plant genome, flanking plant sequences can be transcribed, which can result
in a dominant mutation (Fig. 6). T-DNA activation tagging has been used to iso-
late genes involved in the timing of flowering [98,99], or in responses to abscisic
acid [100] or cytokinin [101].

This strategy was successfully applied to isolate a regulator of TIA biosyn-
thesis. C. roseus cells transformed with a T-DNA tag were selected on a toxic le-
vel of 4-methyltryptophan. This amino acid analogue can be converted by the
TDC enzyme into its nontoxic derivative 4-methyltryptamine [102]. This selec-
tion strategy therefore will select T-DNA tagged cells with elevated levels of
TDC enzyme activity (Fig. 6). In addition, cells can survive 4-mT selection by
producing more tryptophan, by reduced 4-mT uptake, and many other possible
mechanisms. To select for regulators of Tdc gene expression, 4-mT resistant cell

C. roseuscells +  Agrobacterium tumefaciens

plant DNA 355 plant DNA
LB T-DNA RB

Random insertion in plant genome

v

Random overexpression of flanking plant sequences

TDC
4-methyl-tryptophan —J» 4-methyl-tryptamine

Fig. 6. Schematic representation of the T-DNA tagging approach to identify regulators of TIA
biosynthetic genes in C. roseus. For explanation, see the text
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lines were screened for high Tdc mRNA levels via Northern blot hybridization.
To select for cell lines in which the T-DNA tag activated a master regulator of
TIA biosynthetic gene expression, cell lines with high Tdc mRNA levels were
subsequently screened for high Str mRNA levels (Fig. 7). In total 400,000 to
500,000 independent cells, stably transformed with a T-DNA construct carrying
CaMV 35S enhancer sequences reading towards the right border sequence, were
selected for 4-mT resistance. The haploid genome size of C. roseus is 8 x 108 bp
according to a recent estimation (Frank van Iren, personal communication).
This is 2.5-fold smaller than a previous estimation [103]. Thus, by generation of
400,000 to 500,000 independent transformants with on average two T-DNA co-
pies per genome [104], the probability of finding a T-DNA insert in a given 2 kb
DNA region is around 90% using the formula P=1- (1-[x/800.000])" (where
P=probability; x =length of DNA region in kb; # = number of T-DNA insertions
in population; and T-DNA integration is assumed to be random). Since T-DNA

C. roseus cells + A. tumefaciens

400.000 - 500.000
T-DNA transformants

4-mT selection

!

4-mT resistant calli

.

180 4-mT resistant suspension cultures

'

|Tdc Northern blot analysis|

T

160 cell lines 20 cell lines
normal Tdc expression high Tdc expression

|Str Northern blot analysis|

14 cell lines 6 cell lines
normal Strexpression  high Strexpression

| Plasmid rescue and sequence analysis

A
Increased tryptophan production ? Specific regulator Master regulator of
4-mT uptake mutants ? of Tde ? TIA biosynthetic genes ?
Increased TDC protein stability ?

Fig. 7. Schematic representation of the selection procedure and the numbers of transfor-
mants and mutants that were generated. Possible mechanisms for passing the specific selec-
tion steps are indicated at the bottom of the figure
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preferentially inserts into transcribed regions of the plant genome, T-DNA den-
sity near or into genes may even be higher. The CaMV 35S promoter has been
shown to activate gene expression over a distance of at least 3.6 kb in an activa-
tion tagging approach [99]. Based on these calculations, it can be concluded that
T-DNA activation tagging of the C. roseus genome by construct Tag-2B4A1 was
close to saturation. After several weeks of selection, 4-mT resistant calli were
obtained. To generate sufficient biomass for subsequent analysis, suspension
cultures were generated from 180 calli. Further screening of 4-mT resistant cell
lines for high Tdc expression by Northern blot analysis identified 20 lines with
increased Tdc mRNA accumulation. Thus, only approximately 10 % of the 4-mT
resistant lines showed the desired phenotype. The other 90% of the lines were
4-mT resistant via a mechanism different from increased Tdc expression; for
example, by increased tryptophan production, by impaired 4-mT uptake, or by
increased TDC protein stability.

The 4-mT resistant cell lines were further checked for increased expression
of Str, a TIA biosynthetic gene that was not used as selectable marker in the in-
itial selection. Only six lines showed, in addition to increased Tdc expression,
enhanced Str mRNA accumulation, suggesting that a component of a shared
signal transduction pathway leading to regulation of several, and possibly all,
TIA biosynthetic genes was tagged in these lines. Thus, the frequency of tagging
central signaling components was low. Production of secondary metabolites
and active cell proliferation appear to be mutually exclusive processes. Since the
T-DNA activation tagging approach selected for actively growing cells, it can be
speculated that there was a negative selection pressure against cells with in-
creased expression of the complete TIA biosynthetic pathway and consequent
production of secondary metabolites. Alternatively, the number of target genes
that act as master regulators for multiple genes operating in the TIA biosyn-
thetic pathway may be limited.

For one of the six lines with increased expression of Tdc and Str (line 46), the
isolation of the T-DNA-flanking plant DNA by plasmid rescue was successful.
Subsequent characterization of the rescued DNA showed that the T-DNA tag ac-
tivated a gene encoding another AP2/ERF-domain transcription factor, which
was called ORCA3 [91]. ORCA3 shows a high similarity to ORCA2 in the
AP2/ERF DNA-binding domain, but no amino acid identity elsewhere was
observed. The expression of the Orca3 gene was induced by MeJA with similar
kinetics as Orca2 expression [105]. The ORCA3 protein bound the Str, Tdc and
Cpr promoters, and increased their transcriptional activity in a transient assay
[91]. The activation of the Str promoter depended on a specific interaction of
ORCA3 with the JERE [105]. The effect of ORCA3 on metabolism is described
in the next section.

8
Modification of TIA Metabolism Using the Transcription Factor ORCA3

In line 46, overexpressing ORCA3 due to the inserted T-DNA activation tag, ex-
pression of TIA biosynthetic genes Tdc, Str, Sgd, Cpr and D4h was increased
(schematically depicted in Fig. 3). TIA biosynthetic genes G10h and Dat were
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not induced, suggesting that these genes are not controlled by ORCA3. Genes
encoding the a subunit of AS (ASa) and DXS, enzymes involved in primary
metabolism leading to TIA precursor synthesis, were induced by Orca3 over-
expression, whereas two other primary metabolic genes not involved in pro-
duction of TIA precursors (Ggpps and Ics) were not regulated by ORCA3. Gene
expression patterns observed in cell lines that were independently transformed
by particle bombardment with the rescued Orca3 gene under control of CaMV
35S promoter elements were identical to that of line 46. These results indicate
that ORCA3 is a regulator of primary as well as secondary metabolite biosyn-
thetic genes involved in TIA biosynthesis. Although previous studies report dif-
ferential regulation of genes involved in early (i.e. Tdc and Str) and late (i.e.
D4h) steps in vindoline biosynthesis in periwinkle plants [71, 106], genes of
both classes are controlled by Orca3 in suspension-cultured cells.

Plant cells must regulate their primary metabolic pathways to accommodate
the biosynthesis of secondary metabolites. Previously, a strong correlation be-
tween induction of tryptophan biosynthetic gene expression and indolic
phytoalexin accumulation was observed in Arabidopsis plants [107], indicating
coordinate regulation of these processes. In C. roseus genes involved in both pri-
mary and secondary metabolic pathways can be regulated by a single AP2/
ERF-domain transcription factor, ORCA3. Thus, ORCA3 acts as a central regula-
tor to direct metabolic fluxes into the TIA biosynthetic pathway by regulation
of expression of genes involved in primary as well as secondary metabolism.

All primary and secondary metabolite biosynthetic genes that were tested,
together with Orca3 itself, were induced by MeJA [91]. However, not all MeJA-
induced genes were regulated by Orca3. For example, expression of G10h was
strongly induced by MeJA, whereas G10h expression was not detected in Orca3
overexpressing cell lines, suggesting that additional jasmonate-responsive
transcription factors are involved in regulation of this gene. A possible candi-
date for this regulation is ORCA2.

Cell cultures overexpressing Orca3 accumulated significantly increased
amounts of tryptamine, providing the indole moiety of TIAs. Since no TIAs were
detected in these cultures, it was concluded that the terpenoid part was limiting
for TIA production, and that this limitation could not be overcome by Orca3 over-
expression. A possible bottleneck was G10h, since GI10h expression was not ob-
served in the Orca3 overexpressing cell cultures. When the terpenoid precursor
loganin was added to the cell cultures, Orca3 overexpression caused an increase
in TIA production [91]. A significant increase in TIA biosynthesis has never been
conclusively shown upon overexpression of Tdc, Str or both genes, even after
feeding with terpenoid precursors [108, 109]. This clearly demonstrates the bene-
fit of using central regulators for metabolic engineering of plant cells.

9
Conclusions

The examples discussed here show that for two secondary metabolite pathways,
metabolic engineering using transcription factors was successful. Modification
of the phenylpropanoid/flavonoid pathway made use of the tissue-specific MYB
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and bHLH transcription factors, whereas for modulation of the TIA biosyn-
thetic pathway, a jasmonate-responsive AP2/ERF-domain transcription factor
was used.

Overexpression experiments with the MYB and bHLH protein-encoding
genes have demonstrated that flavonoid biosynthesis can be engineered using
transcription factors. The MYB and bHLH factors are active over species bord-
ers and faithfully recognize their orthologous target genes in heterologous spe-
cies. In this respect the MYB and bHLH proteins behave as master regulators of
the flavonoid pathway, although maybe not in all plant species to a similar ex-
tent. Ectopic expression of CI and R constitutes a viable strategy for engineer-
ing anthocyanin production in plant cell cultures [50].

Overexpression of the jasmonate-responsive AP2/ERF-domain transcription
factor ORCA3 resulted in elevated levels of tryptophan and tryptamine, and,
upon feeding of a terpenoid precursor, elevated levels of certain TIAs [91].

AP2/ERF-domain transcription factors occupy central positions in regula-
tion of plant stress responses [96]. ERF1, for example, is an ethylene-responsive
AP2/ERF-domain protein (Fig. 8). Its overexpression resulted in induction of
several ethylene-responsive defense genes in Arabidopsis thaliana [110]. In to-
mato, Pto is a receptor kinase that is involved in the recognition of Pseudo-
monas avirulence gene product AvrPto [111]. Yeast two-hybrid screening iden-
tified three Pto-interacting (Pti4, 5 and 6) tomato proteins, each of which con-
tained an AP2/ERF domain [112]. Pti4, 5 and 6 are thought to be involved in eli-
citor-induced activation of defense genes in tomato (Fig. 8). Another family of
AP2/ERF-domain proteins, represented by DREB2A and DREB2B, is involved
in drought-responsive gene expression [113], whereas the CBF/DREBI1 family
includes central regulators of cold-regulated gene expression in Arabidopsis [9,
113] (Fig. 8). Upon overexpression of the AP2/ERF-domain protein CBF1, the

signal AvrPto ethylene cold drought jasmonate
receptor Pto ethylene ? ? ?
(-kinase) l receptor : : :
AP2/ERF- _ \ v v v
domain Pti EREBP/ERF CBF/ DREB1 DREB2 ORCA
transcription
factor
response PR genes PR genes COR genes drought- TIA genes
genes responsive

genes

Fig. 8. Models showing the involvement of AP2/ERF-domain transcription factors in regula-
tion of stress and defense gene expression in plants. The stress signal is perceived by interac-
tion with a receptor (-kinase). Induction of de novo synthesis and/or modulation of the pre-
existing AP2/ERF-domain transcription factor activate gene expression. Unidentified signal
transduction components are indicated with a question mark. Dashed arrows indicate the
possible involvement of multiple signalling steps
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expression of a set of cold-induced genes was enhanced, thereby increasing
freezing tolerance [9]. In C. roseus the expression of TIA biosynthetic genes is
coordinately induced by jasmonates [64,89,91]. A considerable number of these
genes are controlled by ORCA3 [91]. Therefore, the spectrum of defense genes
regulated by AP2/ERF-domain transcription factors includes genes involved in
jasmonate-responsive secondary metabolism (Fig. 8).

Since several plant secondary metabolic pathways are regulated by jasmo-
nate, it is tempting to speculate that these pathways in other plant species are
controlled by ORCA-like AP2/ERF-domain transcription factors. Therefore,
identification and isolation of Orca homologues might offer opportunities for
genetic engineering of JA-responsive metabolism in plants in general. Over-
expression of maize MYB and bHLH regulatory proteins in heterologous plant
species resulted in increased production of secondary metabolites [21], demon-
strating the possibilities for interspecies exchange of regulatory proteins.
Expression of C. roseus ORCA proteins in other plant species might result in
induction of jasmonate-responsive metabolic pathways, and, subsequently, in
increased metabolite production.

Although ORCA3 regulates multiple genes in primary and secondary meta-
bolism, not all genes in TIA metabolism are controlled by ORCA3. Possibly,
other transcription factors are involved in controlling these genes. A good can-
didate is ORCA2, another jasmonate-responsive AP2/ERF-domain transcrip-
tion factor from C. roseus. Preliminary results indicate that ORCA2 and ORCA3
have overlapping, but distinct, sets of target genes. This indicates that these
ORCA proteins have different functions, and that both are required for the full
spectrum of jasmonate-induced metabolic changes. Future experiments using a
combination of ORCA2 and ORCA3 should establish to what extent they regu-
late the TIA biosynthetic pathway, and whether additional transcription factors
may be involved.

In using central regulators to engineer secondary metabolism, the use of in-
ducible promoters deserves attention, because constitutive expression of a
pleiotropic regulator, or a high constitutive level of certain secondary meta-
bolites, may not be compatible with cell viability. In addition, transcriptional
regulators may be engineered to make them dominant and independent of the
normal control of their activity. This may be especially important for central
regulators that are activated by stress signals. The two approaches may be com-
bined by constructing hybrid transcription factors, that consist of the DNA-
binding domain to direct them to their target genes, a strong transactivation
domain, and an inducible domain that silences the activation domain in the un-
induced state. Such an approach was used to produce anthocyanins in the
Arabidopsis ttg mutant that lacks anthocyanins. Expression of a fusion between
the DNA-binding domain of the maize bHLH protein R and the steroid-binding
domain of the rat glucocorticoid receptor restored anthocyanin production in
a steroid hormone-dependent manner [114]. In addition, inducible expression
of transcription factors provides a valuable tool for the identification of their
target genes [115].



Genetic Modification of Plant Secondary Metabolite Pathways Using Transcriptional Regulators 123

References

1.

\O 00 N O\ U

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.

40.
41.

Verpoorte R, van der Heijden R, Memelink J (1998) Plant biotechnology and the pro-
duction of alkaloids: prospects of metabolic engineering. In: Cordell GA (ed) The alka-
loids, vol 50. Academic Press, San Diego, p 453

. Verpoorte R, van der Heijden R, ten Hoopen HJG, Memelink J (1999) Biotechnol Lett

21:467

. Verpoorte R, van der Heijden R, Memelink J (2000) General strategies. In: Verpoorte R,

Alfermann AW (eds) Metabolic engineering of plant secondary metabolism. Kluwer,
Dordrecht, p 31

. Nikolov DB, Burley SK (1997) Proc Natl Acad Sci USA 94:15

. Kaiser K, Meisterernst M (1996) Trends Biochem Sci 21:342

. Molkentin JD, Olson EN (1996) Proc Natl Acad Sci USA 93:9366

. Lawrence PA, Morata G (1994) Cell 78:181

. Graba Y, Aragnol D, Pradel ] (1997) BioEssays 19:379

. Jaglo-Ottosen KR, Gilmour SJ, Zarka DG, Schabenberger O, Thomashow MF (1998)

Science 280:104

Holton TA, Cornish EC (1995) Plant Cell 7:1071

Roth BA, Goff SA, Klein TM, Fromm ME (1991) Plant Cell 3:317

Moyano E, Martinez-Garcia JF, Martin C (1996) Plant Cell 8:1519

Sainz MB, Grotewold E, Chandler VL (1997) Plant Cell 9:611

Martin C, Paz-Ares ] (1997) Trends Genet 13:67-73

Jin H, Martin C (1999) Plant Mol Biol 41:577

de Pater S, Pham K, Memelink J, Kijne ] (1997) Plant Mol Biol 34:169

Martinez-Garcia JF, Huq E, Quail PH (2000) Science 288:859

Menkens AE, Schindler U, Cashmore AR (1995) Trends Biochem Sci 20:506

Goff SA, Cone KC, Chandler VL (1992) Genes Dev 6:864

Mol J, Grotewold E, Koes R (1998) Trends Plant Sci 3:212

Lloyd AM, Walbot V, Davis RW (1992) Science 258:1773

Bradley JM, Davies KM, Deroles SC, Bloor SJ, Lewis DH (1998) Plant ] 13:381

Ludwig SR, Wessler SR (1990) Cell 62:849

de Vetten N, Quattrocchio F, Mol J, Koes R (1997) 11:1422

Walker AR, Davison PA, Bolognesi-Winfield AC, James CM, Srinivasan N, Blundell TL,
Esch JJ, Marks MD, Gray JC (1999) Plant Cell 11:1337

McCarthy DR, Carson CB, Stinard PS, Robertson DS (1989) Plant Cell 1:523

Hattori T, Vasil V, Rosenkrans L, Hannah LC, McCarty DR, Vasil IK (1992) Genes Dev
6:609

Suzuki M, Kao CY, McCarty DR (1997) Plant Cell 9:799

Blackwood EM, Eisenman RN (1991) Science 251:1211

Gu W, Bhatia K, Magrath IT, Dang CV, Dalla-Favera R (1994) Science 264:251

Hunter T, Karin M (1992) Cell 70:375

Liischer B, Cristenson E, Litchfield DW, Krebs EG, Eisenman RN (1990) Nature 344:517
Myrset AH, Bostad A, Jamin N, Lirsac PN, Toma F, Gabrielsen OS (1993) EMBO J 12:4625
Oelgeschldger M, Janknecht R, Krieg J, Schreek S, Luescher B (1996) EMBO J 15:2771
Dai P, Akimaru H, Tanaka Y, Hou DX, Yasukawa T, Kanei-Ishii C, Takahashi T, Ishii S
(1996) Genes Dev 10:528

Dixon RA, Paiva NL (1995) Plant Cell 7:1085

Schulze-Lefert P, Dangl JL, Becker-André M, Hahlbrock K, Schulz W (1989) EMBO ]
8:651

Dron M, Clouse SD, Dixon RA, Lawton MA, Lamb CJ (1988) Proc Natl Acad Sci USA
85:6738

Lois R, Dietrich A, Hahlbrock K, Schulz W (1989) EMBO ] 8:1641

Becker-André M, Schulze-Lefert P, Hahlbrock K (1991) J Biol Chem 266:8551
Weisshaar B, Armstrong GA, Block A, da Costa e Silva O, Hahlbrock K (1991) EMBO ]
10:1777



124 J. Memelink et al.

42. Hartmann U, Valentine W], Christie JM, Hays ], Jenkins GI, Weisshaar B (1998) Plant Mol
Biol 36:741

43. Ang L-H, Chattopadhyay S, Wei N, Oyama K, Batschauer A, Deng XW (1998) Mol Cell
1:213

44. Sablowski RWM, Moyano E, Culianez-Marcia FA, Schuch W, Martin C, Bevan M (1994)
EMBOJ 13:128

45. Feldbriigge M, Sprenger M, Hahlbrock K, Weisshaar B (1997) Plant J 11:1079

46. Droge-Laser W, Kaiser A, Lindsay WP, Halkier BA, Loake GJ, Doerner P, Dixon RA, Lamb
C (1997) EMBO ] 16:726

47. da Costa e Silva O, Klein L, Schmelzer E, Trezzini GE, Hahlbrock K (1993) Plant J 4:125

48. van der Fits L, Zhang H, Menke FLH, Deneka M, Memelink J (2000) Plant Mol Biol
44:675

49. Mooney M, Desnos T, Harrison K, Jones J, Carpenter R, Coen E (1995) Plant J 7:333

50. Grotewold E, Chamberlin M, Snook M, Siame B, Butler L, Swenson J, Maddock S, St. Clair
G, Bowen B (1998) Plant Cell 10:721

51. Vick BA, Zimmerman DC (1984) Plant Physiol 75:458

52. Mueller MJ (1997) Physiol Plant 100:653

53. Farmer EE, Ryan CA (1992) Plant Cell 4:129

54. Gundlach H, Miiller MJ, Kutchan TM, Zenk MH (1992) Proc Natl Acad Sci USA 89:2389

55. Mueller MJ, Brodschelm W, Spannagl E, Zenk MH (1993) Proc Natl Acad Sci USA
90:7490

56. Ellard-Ivey M, Douglas C] (1996) Plant Physiol 112:183

57. Nojiri H, Sugimori M, Yamane H, Nishimura Y, Yamada A, Shibuya N, Kodama O,
Murofushi N, Omori T (1996) Plant Physiol 110:387

58. Blechert S, Brodschelm W, Hélder W, Kammerer L, Kutchan TM, Mueller MJ, Xia Z-Q,
Zenk MH (1995) Proc Natl Acad Sci USA 92:4099

59. Parchmann S, Gundlach H, Mueller MJ (1997) Plant Physiol 115:1057

60. Blechert S, Bockelmann C, Fiifllein M, v Schrader T, Stelmach B, Niesel U, Weiler EW
(1999) Planta 207:470

61. Seo S, Okamoto M, Seto H, Ishizuka K, Sano H, Ohashi Y (1995) Science 270:1988

62. Seo S, Sano H, Ohashi Y (1999) Plant Cell 11:289

63. Stratmann JW, Ryan CA (1997) Proc Natl Acad Sci USA 94:11085

64. Menke FLH, Parchmann S, Mueller MJ, Kijne JW, Memelink ] (1999) Plant Physiol
119:1289

65. Aerts RJ, Snoeijer W, Aerts-Teerlink O, van der Meijden E, Verpoorte R (1991)
Phytochemistry 30:3571

66. Aerts RJ, Stoker A, Beishuizen M, Jaarsma I, van de Heuvel M, van der Meijden E,
Verpoorte R (1992) ] Chem Ecol 18:1955

67. Luijendijk TJC (1995) PhD thesis, Leiden University, The Netherlands

68. Contin A, van der Heijden R, Lefeber AWM, Verpoorte R (1998) FEBS Lett 434:413

69. Rohmer M, Knani M, Simonin P, Sutter B, Sahm H (1993) Biochem J 295:517

70. Meijer AH, Verpoorte R, Hoge JHC (1993) J Plant Res 3:145

71. De Luca V, St-Pierre B (2000) Trends Plant Sci 5:168

72. Moreno PRH, van der Heijden R, Verpoorte R (1995) Plant Cell Tiss Org Cult 42:1

73. Aerts RJ, Gisi D, De Carolis E, De Luca V, Baumann TW (1994) Plant ] 5:635

74. Gantet P, Imbault N, Thiersault M, Doireau P (1998) Plant Cell Physiol 39:220

75. Ouwerkerk PBF, Hallard D, Verpoorte R, Memelink ] (1999) Plant Mol Biol 41:491

76. Kutchan TM, Hampp N, Lottspeich E, Beyreuther K, Zenk MH (1988) FEBS Lett 237:40

77. McKnight TD, Roessner CA, Devagupta R, Scott AI, Nessler CL (1990) Nucl Acids Res
18:4939

78. Pasquali G, Goddijn OJM, de Waal A, Verpoorte R, Schilperoort RA, Hoge JHC,
Memelink J (1992) Plant Mol Biol 18:1121

79. Bracher D, Kutchan TM (1992) Arch Bioch Biophys 294:717

80. Pasquali G, Erven ASW, Ouwerkerk PBF, Menke FLH, Memelink J (1999) Plant Mol Biol
39:1299



Genetic Modification of Plant Secondary Metabolite Pathways Using Transcriptional Regulators 125

81.
82.

83.

84.
85.
86.
87.
88.

89.

90.

91.
92.

93.
94.
95.
96.
97.
98.

99.

100.
101.
102.
103.

104.
105.
106.
107.
108.

109.
110.
111.

112.
113.

114.
115.

De Luca V, Marineau C, Brisson N (1989) Proc Natl Acad Sci USA 86:2582

Goddijn OJM, Lohman FP, de Kam R], Schilperoort RA, Hoge JHC (1994) Mol Gen Genet
242:217

Goddijn OJM, de Kam R], Zanetti A, Schilperoort RA, Hoge JHC (1992) Plant Mol Biol
18:1113

Roewer IA, Cloutier C, Nessler CL, De Luca V (1992) Plant Cell Rep 11:86

Menke FLH (1999) PhD thesis, Leiden University, The Netherlands

Lépez-Meyer M, Nessler CL (1997) Plant ] 11:1167

Collu G (1999) PhD thesis, Leiden University, The Netherlands

Meijer AH, Lopes Cardoso MI, Voskuilen JT, de Waal A, Verpoorte R, Hoge JHC (1993)
Plant ] 4:47

Geerlings A, Martinez-Lozano Ibanez M, Memelink J, van der Heijden R, Verpoorte R
(2000) J Biol Chem 275:3051

Lopes Cardoso MI, Meijer AH, Rueb S, Queiroz Machado J, Memelink J, Hoge JHC (1997)
Mol Gen Genet 256:674

van der Fits L, Memelink ] (2000) Science 289:295

Schréder G, Unterbusch E, Kaltenbach M, Schmidt J, Strack D, De Luca V, Schréder |
(1999) FEBS Lett 458:97

St-Pierre B, Laflamme P, Alarco A-M, De Luca V (1998) Plant J 14:703

Vazquez-Flota F, De Carolis E, Alarco A-M, De Luca V (1997) Plant Mol Biol 34:935
Menke FLH, Champion A, Kijne JW, Memelink J (1999) EMBO ] 18:4455

Riechmann JL, Meyerowitz EM (1998) Biol Chem 379:633

Fujimoto SY, Ohta M, Usui A, Shinshi H, Ohme-Takagi M (2000) Plant Cell 12:393
Kardailsky I, Shukla VK, Ahn JH, Dagenais N, Christensen SK, Nguyen JT, Chory J,
Harrison M]J, Weigel D (1999) Science 286:1962

Weigel D, Ahn JI, Blazquez MA, Borevitz JO, Christensen SK, Fankhauser C, Ferrdndiz C,
Kardailsky I, Malancharuvil EJ, Neff MM, Nguyen JT, Sato S, Wang Z-Y, Xia Y, Dixon RA,
Harrison M]J, Lamb CJ, Yanofsky MF, Chory J (2000) Plant Physiol 122:1003

Furini A, Koncz C, Salamini F, Bartels D (1997) EMBO ] 16:3599

Kakimoto T (1996) Science 274:982

Sasse E, Buchholz M, Berlin J (1983) Z Naturforsch 38¢:910

Galbraith DW, Harkins KR, Maddox JM, Ayres NM, Sharma DP, Firoozabady E (1993)
Science 220:1049

van der Fits L, Deakin EA, Hoge JHC, Memelink J (2000) Plant Mol Biol 43:495

van der Fits L, Memelink J (2001) Plant J 25:43

St-Pierre B, Vazquez-Flota FA, De Luca V (1999) Plant Cell 11:887

Zhao J, Last RL (1996) Plant Cell 8:2235

Canel C, Lopes Cardoso MI, Whitmer S, van der Fits L, Pasquali G, van der Heijden R,
Hoge JHC, Verpoorte R (1998) Planta 205:414

Whitmer S (1999) PhD thesis, Leiden University, The Netherlands

Solano R, Stepanova A, Chao Q, Ecker JR (1998) Genes Dev 12:3703

Martin GB, Brommonschenkel S, Chunwongse J, Frary A, Ganal MW, Spivey R, Wu T,
Earle ED, Tanksley SD (1993) Science 262:1432

Zhou J, Tang X, Martin GB (1997) EMBO ] 16:3207

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-Shinozaki K, Shinozaki K (1998)
Plant Cell 10, 1391

Lloyd AM, Schena M, Walbot V, Davis RW (1994) Science 266:436

Bruce W, Folkerts O, Garnaat C, Crasta O, Roth B, Bowen B (2000) Plant Cell 12:65

Received October 2000



