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Abstract

Geraniol 10-hydroxylase (G10H) is an important enzyme in the biosynthetic pathway of monoterpenoid alkaloids found in diverse plant species.
The Catharanthus roseus G10H controls the first committed step in biosynthesis of terpenoid indole alkaloids (TTA). The C. roseus G10H promoter
sequence was isolated by a PCR-based genome walking method. Sequence analysis revealed that the G/0H promoter contains several potential
eukaryotic regulatory elements involved in regulation of gene expression. The major transcription start site of the promoter was mapped to an adenine
31 bp downstream of the TATA-box. For functional characterization, transcriptional fusions between the G10H promoter fragments with 5’ or 3’
deletions and the GUS reporter gene were generated and their expressions were analyzed in a tobacco protoplast transient expression assay. Deletion
of the promoter down to —318 bp had little effect on GUS activity. However, further deletion of the promoter to position —103 resulted in
approximately 5-fold reduction of GUS activity. Gain-of-function experiments revealed the presence of three potential transcriptional enhancers
located in regions between —191 and — 147, =266 and — 188, and —318 and —266, respectively. The G10H promoter was capable of conferring stable
GUS expression in transgenic tobacco plants and C. roseus hairy roots. In transgenic tobacco seedlings GUS expression was tissue-specific, restricted
to leaf and actively growing cells around the root tip, and not detected in the hypocotyls, root cap and older developing areas of the root. The GUS
expression in both transgenic C. roseus hairy roots and tobacco seedlings were responsive to fungal elicitor and methyljasmonate. Compared to other
known promoters of TIA pathway genes, the G10H promoter contains unique binding sites for several transcription factors, suggesting that the G/0H
promoter may be regulated by a different transcriptional cascade.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction kin’s disease (lymph node and spleen cancer). Many TIA are

also true lead compounds for drug development. TIA are

Catharanthus roseus (Madagascar periwinkle) is the natural
source for about 130 terpenoid indole alkaloids (TIA) in-
cluding the well-known anticancer agents vinblastine and
vincristine. These alkaloids are spindle toxins that have proven
effective in chemotherapy treatments for leukemia and Hodg-
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synthesized from the condensation of tryptamine and secologa-
nin. Tryptamine is derived from tryptophan by the tryptophan
decarboxylase (Tdc), whereas secologanin is derived from
geranyl pyrophosphate. The condensation of tryptamine and
secologanin is catalyzed by strictosidine synthase (Str), and the
product strictosidine can be modified by strictosidine glucosi-
dase (Sgd) to produce cathenamine, a precursor to various
biologically active alkaloids [1]. Geraniol 10-hydroxylase
(G10H) hydroxylates geraniol to form 10-hydroxy-geraniol
and thus controls the first committed step in biosynthesis of
secologanin and TIA. The C. roseus G10H is a cytochrome
P450 monooxygenase belonging to the CYP76B superfamily
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[1]. The gene encoding a cytochrome P450 reductase (Cpr),
presumably acting as the electron donor for G10H, has been
identified and characterized [2]. The gene expression profiles of
the Cpr and G10H of C. roseus are similar and they respond to
jasmonic acid (JA) induction with similar kinetics [1].

Responsiveness to hormonal or pathogenic signals, such as
JA and fungal elicitors, is a hallmark of TIA pathway enzymes.
In C. roseus the mRNA levels of several key TIA pathway
genes, including 7Tdc, Str, Sgd and Cpr, increase dramatically
upon exposure to JA (or its methyl-ester, MeJA) and fungal
elicitors [3,4]. A similar response to JA induction by G/0H has
also been reported [1]. The expression of C. roseus GI10H in
response to fungal elicitors has not been reported. A number of
JA-responsive transcription factors, including transcriptional
activators ORCA2 and ORCA3 [3] as well as repressors ZCT1,
ZCT2 and ZCT3 [5], are capable of interacting with the
promoters of 7Tdc, Str and Sgd. These findings present a complex
regulatory mechanism of the TIA pathway that involves multiple
transcription factors responding to various developmental and
environmental signals. The observation that G/0H is not
regulated by the ORCA transcription factors [3] implicates
control of a subset of the TIA pathway genes by other JA- or
elicitor-responsive transcription factors [6]. The availability and
characterization of the GI/0H promoter will facilitate the
identification of additional regulators capable of interacting
with the promoter and lead to further understanding of the
mechanisms underlying TIA biosynthesis.

Here we report the isolation and characterization of the
C. roseus G10H promoter. Our results suggest that the pro-
moter contains a number of cis-elements and transcriptional

-493

enhancers. The isolated promoter can control gene expression
in transgenic C. roseus and tobacco cells and are responsive
to induction by JA and fungal elicitors. The presence of
several unique transcription factor binding sites in the
promoter infers the possible roles of these regulators in TIA
biosynthesis.

2. Materials and methods
2.1. Genome walking and isolation of G10H promoter

The C. roseus G1OH promoter sequence was isolated by a PCR based
genome walking procedure using the GenomeWalker Universal Kit (BD
Biosciences, USA). Genomic DNA was isolated from C. roseus seedlings
using DNeasy plant mini kit (Qiagen). Two non-overlapping gene specific
primers (G10H1: 5'-gtgtggttggtcgectaataaatggag-3’ and G10H3: 5'-ggtaagg-
taatccatggaatggaagtg-3’) were designed based on the GIOH cDNA sequence
information available in the GenBank database. An approximately 0.5 kb
fragment was isolated from EcoRV digested genomic DNA ligated to the
GenomeWalker adapter sequence. The primary PCR was carried out using an
adapter-specific primer and a gene-specific primer and followed by a second PCR
amplification reaction using nested adapter-specific and gene-specific primers.
All PCR reactions were amplified using Advantage 2 Polymerase mix (BD
Biosciences, USA) as per manufacturer’s instruction. The major product from the
second PCR was gel purified and cloned into the pPGEM-T Easy vector (Promega,
USA). A plasmid containing the appropriate size insert was completely
sequenced (Fig. 1). Based on this sequence information a forward primer with
an EcoRlI restriction site (G10H-FW: 5’-gcggaattctcgttatagaatttctcgettca-3') and
a reverse primer with a HindllI restriction site (G10H-RV: 5’-atgaagcttggaatg-
gaagtgtacaatttg-3") were designed. To verify the specificity of the sequence
obtained by genome walking, the promoter fragment was re-amplified from the
genomic DNA using these primers. The fragment was cloned and sequenced to
check the integrity. The plasmid containing the G10H promoter was designated
as pGEM-G10H.
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Fig. 1. The DNA sequence of Catharanthus roseus G10H promoter. A 533-bp fragment (—493 to +47) with respect to the transcription start site (TSS) is presented.
The two possible TSS are indicated with reversed triangles. The major TSS is indicated by the solid triangle and designated as +1. An arrow above or below the
sequence indicates the end point of 5" or 3’ deletion fragments, respectively. The TATA and CAT boxes are shown in bold. Important cis-elements are indicated in bold.
Potential GT-1 binding sites are indicated by number 1 to 6. Putative Dof transcription factor binding core sequences are underlined and labeled as a through f.
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Table 1
Sequence of the oligonucleotides used in this study

Primer no Primer sequence

G10 (—493)F 5" GCGAATTC TCGTTATAGAATTTCTCGCTTCA 3’

G10 (-436)F 5/ GCGAATTC CTATCCAAATAAAAATTCAAATAATT 3’
G10 (-318)F 5/ GCGAATTC GTCAAATTATAATTATCTATTCGTA 3’
G10 (=266)F 5" GCGAATTC CTAAAAACTTTTAATTATGAAAATAT 3’
G10 (-191)F 5" GCGAATTC TGACCTCACGTGGGTTGATTG 3’

G10 (=177)F 5" GCGAATTC TTGATTGGTTAGTAATATAAAAAGT 3’
G10 (—103)F 5" GCGAATTC GTAACTCGAGCTTCTCGAGTT 3’

G10 (+40)R 5" ATGAAGCTT GGAATGGAAGTGTACAATTTG 3’

G10 (-38)R 5" GCTAAGCTT ACTACTGGAGAATGGA3'GATTGA 3’
G10 (-147) R 5/ GCGGTCGAC TTATTTACTTTTTATATTACTAACC 3/
G10 (—188)R 5" GCTAAGCTT GTCATTAAATAGATGAATATTATTAT 3’
G10 RACE1 5" GAATTCAAAACTTTTCGAAGACT 3’

G10 RACE2 5" TCCTGTTTTTGAAGAACTTCTTTC 3/

G10 RACE3 5" CGTGTTTTTTGGAAAGTTTTGC 3’

GUS-FW 5" ATGGGTTTACGTCCTGTAGAAACC 3’

GUS-RV 5" TCATTGTTTGCCTCCCTGCTG 3’

2.2. Determination of the G10H promoter transcription start site by
5'-RACE

The transcription start site (TSS) of the G10H promoter was determined by
5’-rapid amplification of cDNA ends (5'-RACE). Total RNA was isolated from
C. roseus seedlings using the RNeasy Plant mini kit (Qiagen, USA). RACE was
carried out using the 5’-RACE System 2 (Invitrogen, California, USA) following
protocols supplied by the manufacturer. A gene specific primer (GIORACE 1;
Table 1) was used for the synthesis of first-strand cDNA. For amplification of the
dC-tailed first-strand cDNA, the adapter primer from the kit and two nested gene-
specific antisense primers (GIORACE 2 and 3; Table 1) were used in subsequent
PCR reactions. The 5’-RACE PCR products were cloned into pGEM-T Easy
(Promega, USA) and 10 positive clones were sequenced to determine the
transcription start site.

2.3. Construction of plasmids for protoplast transient expression assay

A series of GIOH promoter fragments of various lengths (Fig. 2) were
PCR-amplified from pGEM-G10H with appropriately designed primers (Table
1). PCR amplification was carried out in a 25 pl volume for 30 cycles under the
following standard conditions: denaturation (94 °C for 30 s), annealing (55 °C
for 30 s), extension (72 °C for 30 s) using Easy-A-high fidelity PCR cloning
enzyme (Stratagene, USA). Each PCR-amplified fragment was gel-purified,
digested with EcoRI and HindIII and cloned into the corresponding sites of the
protoplast expression vector pUCPMAGUS [7]. A total of eight plasmids were
constructed, corresponding to coordinates —493 to +40 (pG10H1), —436 to
+40 (pG10H2), —318 to +40 (pG10H3), —191 to +40 (pG10H4), —177 to
+40 (pG10HS5), — 103 to +40 (pG10H6), —436 to —38 (pG10H7), and —436 to
—188 (pG10HS).

2.4. Construction of plasmids for gain-of-function experiments

For gain-of-function experiments, five cis-regions (corresponding to
positions —191 to —147, —266 to —188, —266 to —147, =318 to —188 and
—318 to — 147 relative to the TSS; Fig. 3) were individually inserted upstream of
the minimal promoter, pG10H6 (—103 to +40 relative to TSS). The cis-regions
were individually PCR-amplified from the plasmid pGEMGI0H to generate
fragments of the following general structure: 5'-EcoRI-cis-region—Hincll-3’. The
G10H minimal promoter was PCR-amplified as a Hincll-HindIIl fragment.
The minimal promoter with the respective cis-region was then cloned into the
corresponding site of the pUCPMAGUS protoplast expression vector. The
resulting constructs were designated pG6a, pG6b, pGéc, pGoéd and pGoée
(Fig. 3). Each promoter fragment was verified by DNA-sequencing.

2.5. Protoplast isolation and electroporation

Isolation of protoplasts from tobacco cell suspension cultures (Nicotiana
tabacum L. cv. Xanthi ‘Brad”) and electroporation of tobacco protoplasts with
plasmid DNA containing the promoter fragment fused to a {3-glucuronidase
(GUS) gene were performed as described previously [8]. A Gene Pulser II
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Fig. 2. Deletion analysis of the G/0H promoter-GUS constructs. The left panel shows a schematic map of the promoter deletion constructs. The 5’- and 3’-end
coordinates of the deletion fragments are given in parentheses. At the top, the relative position of the TATA box, transcription start site (TSS, +1) and the G10H
promoter coordinates are indicated. The right panel shows the corresponding GUS activities of each construct. The GUS activities were determined in the protoplast
transient expression assay. Each construct was assayed at least three times in three independent experiments. The relative GUS activity (nm MU/min/mg protein) with

standard deviation is presented.
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Fig. 3. Gain-of-function analysis of the G/0H promoter. The left panel shows a schematic map of the constructs. Construct 1 represents the full-length promoter and
construct 6 represents the minimal promoter (equivalent to construct 6 in Fig. 2). In constructs 6a to 6e, 5'-fragments of selected length are fused to the minimal
promoter. The right panel indicates the corresponding GUS activities of each construct. The GUS activities were determined using the protoplast transient expression
assay. Each construct was assayed at least three times in three independent experiments. The relative GUS activity (nm MU/min/mg protein) with standard deviation is

presented.

apparatus (BioRad, USA) with the Capacitance Extender II (Model 165-2107)
was used for electroporation. An aliquot of 750 il containing 2 x 10° protoplasts
in a 0.4 cm electroporation cuvette was electroporated with 10 pg of plasmid
DNA (200 V and 950 puF capacitance for 50—60 ms). A plasmid containing the
fire-fly luciferase coding sequence under the control of CaM V35S promoter and
rbeS terminator was co-electroporated with each promoter construct as an
internal control. After 20-22 h, protoplasts were harvested for GUS and
luciferase activity assays. All constructs were tested in at least three independent
experiments. The GUS activity was normalized against luciferase activity. A
promoter-less GUS plasmid was used as a negative control in this transient
expression assay.

2.6. p-Glucuronidase and Luciferase assays

Fluorometric assays to measure GUS activity in transfected protoplasts or
plant tissue and histochemical staining to localize the distribution of GUS activity
in plants were performed according to protocols described in Jefferson et al. [9].
Total protein concentration in plant extracts was determined using the Bio-Rad
protein assay (Bio-Rad, CA, USA) with bovine serum albumins as standard.
Luciferase activity in transfected protoplasts was measured using a Luciferase
assay system (Promega, CA, USA) and a luminometer (Model No. TD2020;
Turner Designs, CA, USA).

2.7. Construction of plant expression vectors for transformation of
tobacco and C. roseus

The G10H promoter fragment isolated from pG10H1GUS (—493 to +40
relative to the TSS) was cloned into the plant expression vector pKYLX71-GUS
[10] at EcoRI and HindlIII sites. The resulting plant expression vector was
designated pPKG10HGUS. The construct was introduced into Agrobacterium
tumefaciens strain C58C1:pGV3850 by freeze—thaw. Tobacco plants (Nicotiana
tabacum cv Samsun NN) were transformed with the Agrobacterium containing
pKG10HGUS as described previously [11]. Twelve independent plant lines were
generated for this construct. Regenerated, kanamycin-resistant tobacco plants
were grown under greenhouse conditions.

Transformation of C. roseus with Agrobacterium rhizogenes for production
of transgenic hairy root cultures was conducted as previously described [12]. The

plasmid pKG10HGUS was mobilized into Agrobacterium rhizogenes R1000 by
freeze—thaw method. After removal of the roots, 1-week-old in vitro germinated
C. roseus seedlings were immersed in the bacterial suspension for 30 min and
then transferred onto solid MS basal medium [13] for co-cultivation. Seedlings
infected with A. rhizogenes R1000 without the binary vector were used as
control. After 48 h the explants were transferred to half-strength MS basal
medium containing cefotaxime (400 mg/L). Hairy roots developed at the cut
surface of explants in 3—4 weeks.

2.8. Analysis of transgenic tobacco plants: isolation of RNA and
RT-PCR analysis

Total cellular RNA from leaves and roots of transgenic tobacco seedlings
expressing the pPKG10GUS construct was isolated using the RNeasy plant mini
kit (Qiagen, Chatsworth, USA). Total RNA (4 pg) was treated with RNase-free
DNase (Sigma, USA) and used for synthesis of first-strand cDNA in a total
volume of 20 pl using Superscript IT Reverse Transcriptase (Invitrogen, USA).
For the no-reverse-transcriptase control, an individual reaction was performed in
parallel without addition of reverse transcriptase. One pul of the RT products was
used in the subsequent PCR reaction with appropriately designed forward and
reverse primers (Table 1) to detect the full-length GUS transcript. The PCR
reaction was performed in a total volume of 25 pul using GoTaq green master mix
(Promega, USA) for 30 cycles (94 °C for 30s, 55 °C for 30 s, 72 °C for 2 min).
As a negative control, the primer pair was tested against DNase-treated RNA to
confirm cDNA dependence of amplification. PCR products were analyzed on an
ethidium bromide-stained agarose gel.

2.9. Jasmonate induction, fungal elicitor treatment and GUS assay

The transgenic tobacco seedlings and hairy roots induced from hypocotyl
segments of C. roseus were used for elicitor treatments. Methyl jasmonate (MeJA;
Bedoukian Research, USA) was diluted with DMSO and added to liquid MS
medium at a final concentration of 100 pM. Only DMSO was added to the control
treatment. The seedlings or hairy roots were incubated for 8-20 h in the medium
and then either stained using GUS histochemical staining buffer containing 1 mg/
ml X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-glucuronide; Gold Biotech, USA)
or assayed for GUS activity using MUG (4-methylumbelliferyl-p-p-glucuronide;
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Sigma, USA). For fungal elicitor treatments, transgenic seedlings or transformed
hairy roots were incubated for 12-24 h in 0.5-1.5% yeast extract in water (Difco).
Control (water only) and treatment samples were then stained with X-Gluc or used
for GUS activity assay. The pictures of the GUS-stained roots were captured using
an Olympus BX51 microscope with Olympus DP12 digital camera. The color
intensities of the roots were quantified using the ImageJ software.

3. Results and discussion
3.1. Structure and sequence analysis of the GI10H promoter

An approximately 0.5 kb G/0H promoter fragment was
isolated by PCR-based genome walking (Fig. 1). Sequence
analysis using PLACE (www.dna.affrc.go.jp/PLACE) [14] and
the NSITE-PL program (www.softberry.com) reveals that the
G10H promoter contains several consensus eukaryotic regulatory
domains. The TATA-box is present 31-bp upstream of the major
transcription start site (TSS). The TATA proximal sequences up
to —103 of the G10H promoter are relatively GC-rich while the
distal regions are AT-rich (Fig. 1). A CAT-box-like sequence
(CAAT) is present 19-bp upstream of the TATA-box sequence. In
addition to the TATA-box and CAT-box, several other potential
regulatory elements with roles in regulation of gene expression
are present in G10H promoter. These include a prolamin box
(P-box) like sequence (CTTTTACA) at position —331 to —324,
a G-box (CACGTG) at position —185 to —180, a Myb-type
transcription factor recognition sequence (TGGTTAG) at
position —172 to —166, an AT-box (AATATTTTTAAA) at
position —147 to —136 and a W-box (TGACCT) at position
—191 to —186 relative to the TSS (Fig. 1). In addition, the
G10H promoter contains six GT-1 transcription factor
recognition sequences and six Dof (DNA binding with one
finger) transcription factor recognition core sequences
(AAAG and CTTT).

The P-box, or ‘=300 elements’, is found in the promoters
of many cereal seed storage protein genes. This cis-element is
identified on the basis of both its highly conserved nucleotide
sequence (TGTAAAG) and position (—300 region) relative to
translation start codon of the prolamin genes. The P-box has
been shown to interact with endosperm-specific Dof transcrip-
tion factors and may be involved in activation of storage
protein gene expression during endosperm development [15].
The G-box (CACGTG) is a highly conserved DNA sequence
that has been identified in the promoter regions of many plant
genes regulated by a variety of environmental and physiolo-
gical factors. G-box or G-box-like sequences are reported to
be present in the promoters of other TIA biosynthetic pathway
genes. G-boxes have also been shown to effect gene
expression in response to light, abscisic acid and methyl
jasmonate [16]. The W-boxes are present in the promoters of
many plant defense-related genes. The WRKY transcription
factors, which are involved in the regulation of various plant
physiological processes including pathogen defense and
trichome development, bind specifically to the W-box
elements [17]. The AT-box has been found in the 5’ upstream
region of many plant genes regulated by light, and the nuclear
factor AT-1 binds specifically to this AT rich sequence [18].
GT elements were first identified in the promoter region of the

photo-regulated pea ribulose bisphosphate carboxylase/oxyge-
nase (Rubisco) small sub-unit as box II. The GT-elements
have since been identified in the promoter regions of many
plant genes including some that are not regulated by light [19].
The GT-1 transcription factors recognize the consensus
sequence (G/A)NNN(G/A)GT(A/T)AA(A/T)(A/T) [20]. The
promoter regions of several genes involved in TIA biosynth-
esis in C. roseus contain the consensus GT-elements that bind
the nuclear factor GT-1 [21,22]. Mutagenesis of the GT-
elements in the C. roseus Tdc promoter significantly lowers its
response to UV light [20].

Dof proteins are plant specific transcription factors which
bind to DNA with an AAAG core sequence or its reverse
complement sequence CTTT. These transcription factors have
been isolated from many monocot and dicot plants and play
critical roles as transcriptional activators or repressors in plant
growth and development [23]. The abundance of Dof binding
sites in the G/0OH promoter is interesting. Several genes
involved in C. roseus TIA biosynthesis are regulated by
multiple zinc finger proteins. Three two-fingered transcription
factors have been demonstrated to bind both 7dc and Str
promoters and act as transcriptional repressors [5]. These zinc
finger repressors function in junctions with multiple activators
to provide combinatorial control of environmental responses
and timing of gene expression. To date no Dof protein has been
directly implicated in C. roseus TIA biosynthesis. While G/0H
differs from Tdc, Str and Sgd in the response to ORCA tran-
scription factors, it is not clear whether the two-fingered factors
affect the G/0H expression. Because G10H is likely to be
regulated by different elicitor-responsive transcription factors
than those controlling 7dc, Str and Sgd, it will be worthwhile to
explore the possibility that Dof proteins play a significant role in
regulation of G/0H expression.

Comparison of the known promoter sequences of C. roseus
TIA biosynthetic pathway genes, such as Tdc and Str, reveals
that some of the cis-elements described above are unique to the
GI10H promoter. These elements include W-box, MYB-tran-
scription factor recognition sequence, AT-box and P-box-like
sequence (TGTAAAG/CTTTTACA). The presence of such
novel cis-elements suggests that the G/0H promoter may be
regulated by a different transcriptional cascade.

3.2. Transcription start site of the G10H promoter

The TSS of the G/0H promoter was determined by 5’-RACE
using total RNA isolated from C. roseus seedlings followed by
cloning and sequencing of amplified PCR products. More than
ten 5’-RACE products were sequenced and the mRNA 5’ end
points suggested two possible TSS (Fig. 1). One starts at an
adenine (A) base located 3 1-nucleotides downstream of the TATA
box and the other one starts at an adenine 4 bp upstream. Joshi
[24] has analyzed over 75 published genomic DNA sequences
from several higher plant species and found that an adenine
flanked by pyrimidine bases is present at the TSS in the majority
of cases. The adenine 31 nucleotides downstream of the TATA
box conforms with this consensus and is therefore considered to
be the major TSS and designated as position +1 (Fig. 1).
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3.3. 5'and 3'-end deletion analysis

For functional characterization of the G/0H promoter, the
533 bp promoter fragment was subjected to progressive 5’- and
3’-end deletion analysis. Eight promoter fragments were
generated by PCR amplification and cloned upstream of the
GUS reporter gene to create transcriptional fusions. A schematic
map of deletion constructs and the corresponding GUS activities
of each construct are shown in Fig. 2. Constructs containing the
promoter fragments fused to the GUS gene were introduced into
tobacco protoplasts for transient expression assays. The expres-
sion level of the full-length promoter (construct 1; Fig. 2) was
1.32 nmol MU/min/mg protein, and this value was considered to
represent full (100%) promoter activity for comparison with the
deletion constructs. Deletion of the G/0 promoter from the 5’-
end down to —318 had small effects on the promoter activity
(constructs 2 and 3). However, further deletion down to —191
(construct 4) markedly reduced the promoter strength; less than
40% of the GUS activity remained in comparison to the full-
length promoter. Further deletion of 14 bp (construct 5) resulted
in an additional 10% loss in activity. Deletion to position —103
(construct 6) decreased the promoter activity to approximately
20% of that of the full-length promoter. This promoter region
(— 103 to +40) with minimal activity contains the TATA-box but
not other known regulatory elements and is thus considered as
the minimal promoter. Sequence analysis, discussed above,
indicates that the promoter region between —318 bp and — 147 bp
contain a number of potential cis-elements. These cis-regulatory
elements are well-characterized and have been shown to be
involved in the regulation of promoter activities in many plants.
Our deletion analysis indicates that these cis-elements are critical
for maximal activity of the G/0H promoter; deletions of these
elements lead to significant reductions in promoter strength. The
deletion analysis also indicates that the TATA box is important
for maximal promoter activity; the 3’-end deletion constructs 7
and 8 that lack the TATA box exhibit considerably lower GUS
activities compared to that of the full-length promoter (Fig. 2).

3.4. Gain-of-function experiments

While loss-of-function analyses such as deletion studies can
be informative especially in determining the minimum require-
ment for promoter functions, gain-of-function experiments often
further define the regulatory functions of promoter sub-regions.
In order to further characterize the cis-elements that influence
G10H promoter activity, the region containing the majority of
cis-elements (—318 to —147) was divided into four sub-regions
(=191 to —147, =266 to —188, —266 to —147, =318 to — 188,
and —318 to — 147, respectively). These sub-regions were fused
with the minimal promoter (construct 6; Fig. 2) to generate
constructs 6a—6e (Fig. 3). These constructs were analyzed using
a tobacco protoplast transient expression assay. As shown in
Fig. 3, GUS activity of construct 6a was 2.5-fold higher than
the minimal promoter. Construct 6b (—266 to —188) has a
comparable level of GUS activity as the full-length G/0H
promoter. Constructs 6¢, 6d and 6e showed higher activities than
the full-length G/0H promoter. The highest GUS activity from

these constructs (construct 6¢) is approximately 20% above that
of the full-length promoter. Taken together these data implicate
the presence of three potential transcription-enhancing cis-
regulatory sequences. The first enhancing sequence is present in
the 45-bp region between —191 and —147 as it significantly
enhances transactivation of the minimal promoter (6a; Fig. 3).
The second, and perhaps even stronger enhancing sequence is
present in the 78-bp region between —266 and — 188 (6b; Fig.
3). Combining these two enhancing sequences increases GUS
activity higher than that observed for the full-length promoter
(6¢; Fig. 3). The third enhancing sequence is present in the 52-
bp region between —318 and —266. Construct 6d, which
contains the second and third enhancing sequences, has a
similar enhancing effect to construct 6¢ which contains the first
and second enhancing sequences (6d; Fig. 3). The combination
of all three enhancing sequences results in the highest im-
provement in transactivation (6e; Fig. 3). Transcriptional
activity of many plant and animal promoters is often the result
of combinatorial or synergistic interactions of different cis-
elements with cognate transacting nuclear factors [25]. Because
isolated enhancing sequences lead to higher transcriptional
activity than that of the full-length promoter, our results also
implicate the presence of negative regulatory elements within
the G10H promoter. The region between —318 to —188 is AT-
rich and contains several putative GT-1 binding sites. The
presence of potential GT-1 binding sites in the enhancer region
of the promoter suggests that this nuclear factor may play a role
in the G/0H promoter function.

3.5. GI0H promoter-controlled GUS expression in transgenic
tobacco plants and C. roseus hairy roots

Twelve independent tobacco transgenic lines were devel-
oped for the construct pKG10HGUS. Seedlings of transgenic
lines (R1 progeny) showing a segregation ratio (Kan®:Kan®) of
3:1 for the kanamycin (Kan) marker gene were selected for
further analysis. RT-PCR analysis was conducted using total
RNA isolated from leaves and roots of 4-week-old seedlings to
amplify the full-length GUS transcript. In all selected transgenic
lines the expected 1.8 kb GUS product was detected in both
leaves and roots (data not shown). Histochemical staining of
whole seedlings indicated GUS expression was localized to
leaves and roots (Fig. 4A—E). No GUS staining was observed in
hypocotyls. In roots, GUS expression was restricted to actively
growing cells around the apical meristem and appeared to
decrease at older developmental stages (Fig. 4C—E). No GUS
accumulation was observed in the root cap, root hair and older
developing regions of the roots (Fig. 4D). These results show
that in addition to controlling transient gene expression in
tobacco protoplasts, the GI/OH promoter is capable of
conferring stable gene expression in transgenic tobacco plants.

The biosynthetic pathway of monoterpenoid indole alkaloids
(MIA) in C. roseus has been studied extensively in the past two
decades. Experiments with germinating seedlings have demon-
strated that alkaloid biosynthesis and accumulation are devel-
opmentally regulated and the genes involved in the MIA
biosynthesis are preferentially expressed in actively growing
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Fig. 4. Histochemical localization of GUS activity in transgenic tobacco seedlings: 2 weeks old, control (A) and transgenic (B) seedlings were stained for GUS activity.
(C-D) Close-up view of developing roots showing GUS localization in root tip. (E) A 4-week-old seedling showing GUS staining in leaves and root tips.

tissues such as young leaves and root tips [26]. RNA blot
analysis, in situ RNA hybridization and immunocytochemistry
have been used to locate the tissue/cell-type involved in MIA
biosynthesis [26,27]. Northern blot analysis showed that the
transcriptional expression of G/0H is higher in roots and actively
growing aerial organs (young leaf, internode) as compared to
mature organs (mature/old leaf, fruit) [27]. In situ RNA
hybridization and immunocytochemistry experiments have
revealed that mRNAs of genes, including G/0H, known to be
involved in biosynthesis of the terpenoid part of MIA accumulate
in plant vascular cells. In contrast, genes involved in the earlier
steps of the MIA pathway, such as Tdc and Str, are expressed
exclusively in epidermal cells of young leaves. In roots
expression of 7Tdc and Str is restricted to protoderm and cortical
cells around the apical meristem. These mRNA do not appear to
accumulate in root caps and steles [26,27]. Recently more
sophisticated techniques including laser-capture microdissection
and carborundum abrasion have been applied to localize MIA
metabolites and expression of the biosynthetic pathway genes at
the cellular level [28]. These experiments indicate that G/0H
transcripts are expressed in epidermal and laticifer cells as well as
in vascular cells of leaves. Our results of G/0H controlled GUS
expression in transgenic tobacco corroborate with the organ/
tissue specific localization G/0H transcripts in Catharanthus
tissue described above. In transgenic tobacco roots, the GUS
expression pattern is identical to the gene expression patterns
observed for Tdc and Str in C. roseus roots [26].

In this study C. roseus hairy roots were also developed from
hypocotyls of young seedlings by A. rhizogenes-mediated
transformation of the pKG10HGUS vector. Histochemical
staining of C. roseus seedlings showed intense GUS staining
only in hairy roots (Fig. SA-B). GUS expression was not
observed in hairy roots developed from C. roseus seedlings
inoculated with the wild-type A. rhizogenes control (data not
shown).

3.6. Responses of G10H promoter to methyljasmonate and
fungal elicitor induction in transgenic tobacco seedlings and
C. roseus hairy roots

Expression of several C. roseus TIA pathway genes are
responsive to induction by JA or its volatile derivative
methyljasmonate (MeJA) [1]. GI0H mRNA is undetectable in
Northern blot analysis of C. roseus suspension cells without JA
treatment but accumulates to high levels following JA induction.
A similar JA induction profile has been observed for a
cytochrome P450 reductase (Cpr) in the same cells. Other
genes involved in the C. roseus TIA pathway, including Tdc, Str
and Sgd, also respond to JA induction however with different
kinetics [1]. To investigate the effect of JA on G10H promoter
activity, transgenic tobacco seedlings and C. roseus hairy roots
expressing pKGIOHGUS were treated with 100 uM MeJA for
8—20 h. While untreated control roots (in the presence of 0.1%
DMSO) showed basal GUS activity, JA treatment resulted in
greater than 8-fold increase of GUS activity (Fig. 6). GUS
activity of MeJA treated tobacco seedlings was also higher than
the untreated ones (Fig. 7). These data agree well with the JA-
responsive expression of C. roseus GI10H and suggests that the
GI10H promoter contains elements that are recognized by JA-
responsive factors. G-boxes and CAT-boxes in plant gene
promoters have been implicated as JA responsive elements
[29,30]. The GCC-box (AGCCGCC) may play a role in JA-
mediated gene activation [31]. However, a GCC-box has not
been identified in the C. roseus G10H promoter. It has also been
suggested that palindrome-forming inverted repeats in the
promoter are recognized by JA-responsive factors [29]; how-
ever, no significant inverted repeat has been detected in the
G10H promoter.

Fungal elicitors induce responses from the C. roseus TIA
pathway genes. In addition to 7dc and Str, the cytochrome P450
reductase gene, Cpr, also responds to fungal elicitor induction
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Fig. 5. Histochemical localization of GUS activity in transgenic C. roseus hairy
roots. (A) A 4-week-old A. rhizogenes-inoculated seedling showing GUS
activity in transgenic hairy roots. (B) A close-up view of young developing roots
showing GUS localization in root tip.

[2]. GI10H is a cytochrome P450 enzyme and requires Cpr for
its function; therefore, we tested the effect of fungal elicitors
on the G10H promoter activity to investigate the possibility of
coordinated regulation of G/0OH and Cpr by the same
induction signals. After incubation with yeast extract, a
significant increase in GUS activity was observed in both
transformed C. roseus hairy roots (Fig. 6) and transgenic
tobacco seedlings (Fig. 7) compared to the controls. Under our
experimental conditions the increase of GUS activity corre-
lated with increasing concentrations of yeast extract; GUS
activities increased approximately 0.5-, 2- and 3-fold when
0.5%, 1% and 1.5% of yeast extract, respectively, were used to
induce the C. roseus hairy root cultures (Fig. 6). Presently it is
difficult to pinpoint the promoter elements that are responsive
to the induction. Although it has been hypothesized that the G-
box is associated with the elicitor-responsive element, there is
no evidence to suggest it is involved in the response of the St
promoter [22]. Fungal elicitor activates the tobacco chitinase

GUS activity
852288

{,__-,i,',l,rﬁ.

Control YE 0.5% YE 1% YE 1.5% YE Control JA JA

Fig. 6. Fungal elicitor and methyljasmonate (MeJA) induction of the G10H
promoter activity in C. roseus hairy roots. For fungal elicitor induction, 0.5-1.5%
of yeast extract (YE) was added to transgenic C. roseus hairy roots in water and
incubated for 12 h at room temperature. Roots incubated in water served as
control (Control YE). Following incubation, roots were stained for GUS activity.
For JA induction, the transgenic C. roseus roots, with or without 100 pM JA
treatment for 8 h, were stained for GUS activity. GUS activity is presented as the
average color densities of the stained root as quantified by the ImageJ software in
an Olympus BX51 microscope with Olympus DP12 digital camera.

gene CHN48 via a cis-element containing W-boxes [32]. In
the C. roseus G10H promoter the W-box is present adjacent to
the G-box element (Fig. 1).

In this paper we report the isolation and characterization of
the C. roseus GI10H promoter. The major TSS maps to an
adenine 40 bp upstream of the G/0H start codon and 31 bp
downstream of the TATA box. Many cis-elements are found
between the -300 position and the TATA box. In other C.
roseus TIA pathway promoters, the majority of cis-elements
are located within the ~300-bp regions upstream of the TATA-
box [22]. The GI0H promoter responds to induction by both
JA and fungal elicitors. A model to explain the effects of these
elicitors on the 7dc and Str promoters suggests that a putative
membrane receptor responding to fungal elicitors signals the
increase of JA levels which, in turn, activates the ORCA
transcription factors that bind to and regulate the promoters
[5,33]. The fungal elicitor also induces the production of

repressors such as ZCT proteins which repress the promoter
%
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Fig. 7. Effects of fungal elicitor (yeast extract) and methyljasmonate (MeJA) on
GUS expression in transgenic tobacco seedlings. For fungal elicitor induction,
transgenic tobacco seedlings were incubated in 1.5% yeast extract in water for
24 h at room temperature. Seedlings incubated in water served as control
(Control YE). Following incubation, seedlings were assayed for GUS activity.
For JA induction, transgenic tobacco seedlings, were treated for 20 h with or
without 100 uM JA and assayed for GUS activity.
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activities. The simultaneous induction of both activators and
repressors by JA and fungal elicitors provide a refined,
combinatorial mechanism regulating the TIA pathway. How-
ever, ORCA proteins do not activate the expression of G10H,
therefore it is unlikely that the same transcriptional cascade
regulates the G/0H promoter [3]. The G/0H promoter contains
single WRKY and MYB binding site as well as multiple Dof
and GT-1 binding sites (Fig. 1). A number of JA-responsive
transcription factors, including those from the AP2-, bHLH-
and two-fingered families, have been shown to be involved in
regulation of the C. roseus TIA pathway [3,5,34]. The Cpr
promoter is also responsive to the GT-1 transcription factor
[21]. At this time, however, the participation of WRKY, MYB,
Dof regulatory proteins is not well documented. The possible
involvement of these transcription factors supports the notion
that the G/0H regulation utilizes a different transcriptional
cascade than those of 7Tdc and Str. This prospect hints at
additional levels of complexity in the regulation of the TIA
pathway and may serve as a guide in our continuing efforts to
identify regulatory factors involved biosynthesis of valuable C.
roseus secondary metabolites.
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