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Abstract

We have developed an inducible gene expression system with potential for field application using the ecdysone
receptor (EcR) from the spruce budworm and the non-steroidal EcR agonist, methoxyfenozide. Chimeric tran-
scription activators were constructed with EcR ligand binding domain, GAL4 and LexA DNA binding domains,
and VP16 activation domain. In the presence of methoxyfenozide, the transcription activators induced expression
of the luciferase reporter gene cloned downstream of a promoter containing GAL4- or LexA-response element
and a minimal 35S promoter. Low basal and high induced luciferase expression was optimized by cloning the
activator and the reporter genes in different tandem orientations. Many transgenic Arabidopsis and tobacco plants
were obtained with little or no basal expression in the absence of methoxyfenozide and inducible expression that
was several fold higher than that observed with the constitutive 35S promoter. Moreover, gene expression was
controlled over a wide range of methoxyfenozide concentration. Our results demonstrate that the inducible gene
expression system based on the spruce budworm EcR ligand binding domain with methoxyfenozide as a ligand
is very effective in regulating transgenes in plants. It is suitable for field applications because methoxyfenozide is
commercially available and has an exceptional health and environmental safety profile.

Introduction 1997; Gatz & Lenk, 1998; Jepson et al., 1998; Zuo
& Chua, 2000) that combine functional domains from

An inducible system to activate or inactivate plant non-plant sources. The chemical-inducible gene ex-

gene expression has many potential applications in the
basic understanding of gene function, in manipulat-
ing complex developmental pathways, and in plant
biotechnology. Earlier attempts to inducibly regulate
transgene expression involved endogenous promoters
that respond to chemicals, hormones, light, patho-
gens, or salt (reviewed by Gatz, 1997; Jepson et al.,
1998; Boetti et al., 1999). High basal (uninduced)
expression and pleiotropic effects from the inducing
agent are known limitations of endogenous promoter-
based systems. Several labs have developed chimeric
transcription activators and promoters (Guyer et al.,
1998; Moore et al., 1998; Schwechheimer et al., 1998)
and chemically regulated systems (reviewed by Gatz,
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pression systems contain two transcription units. The
product of the first transcription unit is a transcription
factor that responds to a chemical. The second tran-
scription unit contains a response element to which
the transcription factor binds, a minimal promoter, and
the gene of interest. Transgenic plants containing the
chemical-inducible system should only express the
gene of interest following chemical treatment.

The chemical-inducible systems developed for
plants so far include: Tet repressor-based, tetra-
cycline de-repressible (Gatz et al., 1992; Love
et al., 2000); tTA-based, tetracycline inactivatable
(Weinmann et al., 1994); glucocorticoid receptor-
based, dexamethasone inducible (Aoyama & Chua,
1997); AlcR-based, ethanol inducible (Caddick et al.,
1998; Roslan et al., 2001); Ecdysone receptor
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(EcR)-based, EcR agonist inducible (Martinez et al.,
1999); estrogen receptor-based, f-estradiol inducible
(Bruce et al., 2000; Zuo et al., 2000); and Tet and
glucocorticoid receptors-based, dual control (Bohner
et al., 1999). An ideal inducible gene expression sys-
tem should have the following desirable properties
(Zuo & Chua, 2000): low basal expression levels, high
inducibility, specificity to inducer, high dynamic range
to inducer concentrations, fast response, switch-off
after removal of inducer, and low toxicity. Each of the
chemical-inducible systems developed thus far satisfy
only some of the criteria in an ideal system. Some sys-
tems have high basal expression, or are non-functional
in some plants. Other systems may cause growth de-
fects, or are not suitable for field application (Moore
et al., 1998; Kang et al. 1999; Zuo et al., 2000).

Here we describe the characterization of a gene
regulation system suitable for large scale field
application using the EcR from spruce budworm
(Choristoneura fumiferana) and the EcR agonist
methoxyfenozide. EcR is a member of the steroid
receptor family that is characterized by signature
DNA binding, ligand binding, and activation domains
(Thummel, 1995; Riddiford et al., 2000). EcR reg-
ulates growth, molting, and development in insects.
Methoxyfenozide, a non-steroidal agonist of EcR,
binds to EcR with nanomolar affinity and is safe to
many organisms (Dhadialla et al., 1998). We op-
timized the system for low basal and high induced
gene expression. Inducible expression in transgenic
Arabidopsis and tobacco plants was responsive to a
wide range of methoxyfenozide concentrations and
was several fold higher than that of the constitutive
35S promoter.

Materials and methods

Plasmid constructs

The plasmid constructs for transient expression in pro-
toplasts and stable expression in transgenic plants used
in this study are shown in Figure 1. The combin-
ation of promoter, poly linker, and terminator se-
quences were first made in plasmid vector pBluescript
SK™ (Stratagene, La Jolla, CA, USA). Promoter
and terminator sequences were amplified from the
source plasmids (see below) by 15 cycles of PCR
amplification using the Pfu polymerase (HF PCR kit
from Clontech, Palo Alto, CA, USA), digested with
the appropriate restriction enzymes, and cloned in
to pBluescript SK™. Subsequently, PCR amplified
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Figure 1. Schematic representation of the gene constructs used
in this study. (A) Domains of spruce budworm ecdysone receptor
(EcR) and chimeric activator and reporter genes. The numbers
below EcR show the amino acid residues. Chimeric activator gene
cassette GVE contains the EcR ligand binding region DEF transcrip-
tionally fused to the DNA binding domain from GAL4 protein and
activation domain from herpes simplex virus VP16 protein cloned
between constitutive cassava mosaic virus promoter (CsV) and no-
paline synthase terminator sequence (NOSt). The GAL4-responsive
luciferase reporter gene (LUC) contains five copies of a 17bp
GALA4 response element (5 x GAL) and a 53 bp minimal promoter
from the cauliflower mosaic virus 35S promoter (M35S) at the
5 position, luciferase gene, and 35S terminator (35St) at the 3/
position. Activator gene cassette LVE is similar to GVE except
that GAL4 domain is replaced with LexA DNA binding domain.
LexA-responsive luciferase gene (6 x L-LUC) contains six copies
of 18 bp LexA-response element and the M35S at the 5’ position
of the luciferase gene. (B) Orientations of GVE and LUC genes
in plasmids used in tobacco protoplasts. (C) T-DNA region of bi-
nary vectors. Activators (GVE or LVE), inducible reporters (LUC or
6 x L-LUC), and constitutive reporters (35S::LUC or 35S::RLUC)
were inserted into polylinker region of pBIN19 as shown. The
constitutive luciferase (35S::LUC) Renilla luciferase (35S::RLUC)
expression cassettes have 35S promoter and 35St at the 5’ and
3’, respectively. The direction of arrow represents the direction of
transcription. LB, left border; RB, right border.



activator or reporter sequences were inserted in the
poly linker region to obtain the plant expression cas-
settes (i.e., combinations of promoter, gene, and ter-
minator). Expression cassettes cloned in pBluescript
SK™ were used for transient expression assays in to-
bacco protoplasts. For plant transformation, the com-
bination of expression cassettes initially assembled
in SK™ were subsequently transferred into Agrobac-
terium binary plasmid pBIN19 (Frisch et al., 1995).
The binary plasmids were transformed into Agrobac-
terium strain LBA4404. The sources of sequences
used in this study were the 423 bp cauliflower mo-
saic virus 35S promoter (35S; —415 to +8; Odell
et al., 1985), 515bp cassava vein mosaic virus pro-
moter (CsV; —443 to +72, Verdaguer et al., 1996),
264bp 35S transcription termination (polyadenyla-
tion) sequence (35St; Odell et al., 1985), 264 bp NOS
termination sequence (NOSt; Frisch et al., 1995),
53 bp minimal 35S promoter containing the TATA box
(M358, —45 to +8), five copies of 17bp GAL4 re-
sponse element (Giniger et al., 1985), 441 bp GAL4
DNA binding domain (amino acids 1-147; Laughon
& Gesteland, 1984), six copies of 18bp LexA-
response element (Estojak et al., 1995); 606 bp LexA
DNA binding domain (amino acids 1-202; Horii
et al., 1981), 264bp VP16 acidic activation domain
(amino acids 413-490; Dalrymple et al., 1985), D
to F regions of spruce budworm EcR (amino acids
206-539; Perera et al., 1999), 1416bp USP (amino
acids 1-472; Perera et al., 1998), 1653 bp firefly luci-
ferase gene (Ow et al., 1986), and 936 bp Renilla luci-
ferase gene (Lorenz et al., 1991). All gene sequences
were confirmed by DNA sequencing.

Transient expression in protoplasts

Cell suspension cultures of Nicotiana tobacum BY?2
were maintained in MS medium in the dark and sub-
cultured weekly (Nagata et al., 1992). Protoplasts
prepared from 3-day-old cultures were resuspended
in 0.4 M mannitol (Watanabe et al., 1987) and dis-
tributed into 35mm petri dishes in 1ml aliquots
(~5x103 cells). Protoplasts were mixed with plas-
mid DNA and electroporated at 0.56kV for 80 s
using a square wave electroporation system with
Petripulser electrode (BTX, San Diego, CA, USA).
The amount of DNA added to protoplasts was 10 ug
for the LUC reporter plasmid and 20ug for the
activator plasmid. Initial experiments with varying
amount of plasmid DNA showed that 10 g activator
and 20 pug reporter was optimum. Fifteen micrograms
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of DNA was added when both the activator and
reporter genes were on the same plasmid. This corres-
ponds to molar equivalent of 10 g reporter plasmid
DNA. Salmon sperm DNA was added to bring the
total amount of DNA to 50pwg. Two micrograms
of 35S::RLUC plasmid DNA was included in each
transformation as an internal control to normalize the
luciferase enzyme activity. Following electroporation,
protoplasts were diluted with 1 ml of 2x protoplast
culture medium (Watanabe et al., 1987), aliquoted as
two 1ml cultures, and incubated at 27°C for 17h.
One aliquot received 10 wM methoxyfenozide (in-
duced) and the other did not (basal). Protoplasts were
lysed by freeze thawing and addition of 250l 5x
passive lysis buffer (Promega, Madison, WI, USA).
Twenty microliters of cell extract was assayed for
luciferase and Renilla luciferase activity using the
Dual Luciferase Assay Kit reagents (Promega) in
a Microtiter Plate Luminometer (Dynex, Chantilly,
VA, USA) equipped with injectors. Initial testing of
different concentrations of methoxyfenozide (0.01-
30 wM) showed that 5-10 M ligand was optimum
for luciferase induction. Methoxyfenozide (Rohm and
Haas, Spring House, PA, USA) stock solutions were
made in DMSO and diluted 100-fold in protoplast
culture medium.

Plant transformation and luciferase assays

Arabidopsis thaliana ecotype Columbia was trans-
formed using the vacuum infiltration method (Bechtold
et al., 1993). Transgenic Arabidopsis plants were se-
lected by germinating the seed collected from the
infiltrated plants on medium containing 250 mg/l
carbenicillin and 100 mg/l kanamycin. Resistant T
seedlings were transferred to soil to set seed. Tobacco
plants of the cultivar Xanthi were transformed by em-
ploying the standard leaf discs transformation method
(Fisher & Guiltinam, 1995). T plants in this study
are defined as kanamycin resistant Arabidopsis plants
derived from the seed collected from the vacuum in-
filtrated plants and tobacco plants derived from the
leaf discs. Both Arabidopsis and tobacco plants in
this generation are expected to be heterozygous at the
transgene locus and are similar to Fj in a sexual cross.

Leaf disks collected from the T; plants were
floated on half strength MS medium with or without
10 uM methoxyfenozide in 24-well microtiter plates
(four discs/plant, one disc/well). Plates were incubated
for 24 h at a day/night cycle of 16h, 25°C/8 h, 23°C.
Leaf discs were ground in 100l of 1 x passive lysis
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buffer (Promega) using Kontes Pellet Pestles (Kontes,
Vineland, NJ, USA). Twenty microliters of supernatant
was assayed for luciferase and Renilla luciferase activ-
ities using Dual Luciferase Assay reagents (Promega)
in a Microtiter Plate Luminometer (Dynex). Protein
was measured using BCA reagent (Pierce, Rockford,
IL, USA). The Renilla luciferase activity in plants did
not interfere with the luciferase assay as the assay uses
different substrates for Renilla and firefly luciferases.

Seed collected from T, and T3 plants was surface
sterilized and plated on half strength MS medium.
Petri dishes were incubated at 4°C for 2 days and
transferred to a growth chamber (16 h, 25°C day and
8h and 23°C night). Selection for the resistant seed-
lings was achieved by including 100 mg/l kanamycin
in the germination medium. Two and half weeks after
plating, seedlings (without roots) from each plate were
ground separately in 100 il of 1x passive lysis buffer.
Twenty microliters of supernatant was then assayed
for luciferase and Renilla luciferase activities.

Application of methoxyfenozide to pots

Eight T, plants derived from a transgenic tobacco
plant were grown in pots until pod set (~ 4-month-old,
1.5-2.0m tall, and with 20-30leaves) in a greenhouse.
Methoxyfenozide at 0.2, 1, 5, or 20 WM concentra-
tions were made by diluting 50 mM stock solution (in
dimethylsulfoxide) in water. One liter of the above
solutions was applied to pots (two plants per con-
centration) on days 0, 3, and 6. Subsequently, plants
were watered normally. Leaf discs were collected
from two middle and two top leaves before the ligand
application (day 0) and on days 1, 3, 7, and 16. Luci-
ferase activities in leaf discs were assayed as described
earlier except that leaf discs were not floated on the
MS medium with methoxyfenozide.

Results

Chimeric transcription activators with spruce
budworm EcR

In insect cells, EcR and ultraspiracle protein (USP)
dimerize in the presence of 20-hydroxyecdysone and
activate many genes (Riddiford et al., 2000). EcR
from spruce budworm contains five functional regions:
A/B and F regions for transactivation, C region for
DNA binding, hinge region D, and E region for li-
gand binding (Figure 1(A); Perera et al., 1999). Initial
experiments in tobacco BY2 protoplasts using full
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Figure 2. Induction of luciferase activity in tobacco protoplasts.
Tobacco BY2 protoplasts were transformed with GAL4-responsive
luciferase gene (LUC) alone or in combination with GVE activator,
LexA-responsive luciferase gene (6 x L-LUC) alone or in combi-
nation with LVE activator, constitutively expressed luciferase gene
(35S::LUC), or plasmids containing both LUC and GVE genes
(GVE — <« LUC, GVE —— LUC, LUC «— GVE). Proto-
plasts were incubated in the absence (—) or presence (+) of 10 uM
methoxyfenozide. Relative luciferase activities represent normal-
ized luciferase activity, shown as ratios of luciferase to Renilla
luciferase enzyme activity. Fold-inductions relative to luciferase
activity in the absence of methoxyfenozide are indicated above each
column. Each data point is the result of 8-16 transformations and
the bars represent standard error. The direction of arrowhead in GVE
and LUC constructs depict the direction of transcription.

length EcR and USP showed that the activation do-
main of EcR is weak in plant cells and USP was
required for ligand binding and activation (data not
shown). Subsequently, we made a chimeric transcrip-
tion activator GVE (Figure 1(A)) comprising cassava
vein mosaic virus (CsV) promoter, GAL4 DNA bind-
ing domain (amino acids 1-147), VP16 activation
domain (amino acids 410-490), and EcR ligand bind-
ing domain (amino acids 206-539). GVE induced
a GALd4-responsive luciferase gene (LUC) 12-fold
(Figure 2). Similarly, chimeric activator LVE
(Figure 1(A)) containing LexA DNA binding do-
main (amino acids 1-202) in place of GAL4 induced
LexA-responsive luciferase gene (6 x L-LUC) 7-fold
(Figure 2). Inclusion of USP in the transfection had
no effect on activation (data not shown). Replacing
the DNA binding domain of EcR with GAL4 or LexA
DNA binding domain, which consist of both the DNA
binding and dimerization regions, obviated the need
for the EcR—USP heterodimer.

In the above experiment, protoplasts were co-
transfected with activator and reporter genes on sep-
arate plasmids. We subsequently made plasmids with
three orientations of the GVE activator and LUC



reporter gene in tandem (Figure 1(B)) and tested them
in protoplasts. The results presented in Figure 2 show
that basal as well as induced levels of luciferase
activity were low when GVE and LUC were in the
tail-to-tail (GVE — <« LUC) or head-to-tail (GVE
—— LUC) orientations and high when they were in
the head-to-head orientation (LUC <—— GVE). These
results indicate that orientations of activator and re-
porter genes can affect the basal and induced levels of
gene expression.

Activation of transgene expression in Arabidopsis
and tobacco

Binary plasmids for plant transformation were made
with GVE and LUC in three orientations and LVE
and 6 x L-LUC in one orientation. The T-DNA re-
gions of the pBIN19-based constructs are shown in
Figure 1(C). A constitutively expressed Renilla lucif-
erase gene (35S::RLUC) was also cloned into the bina-
ry plasmid containing GVE and LUC as an internal
control for luciferase activity determination. Binary
plasmids containing the GAL4-responsive luciferase
gene (LUC) or constitutively expressed luciferase
gene (35S::LUC) were used as controls (Figure 1(C)).
The orientation of NPTII and 35S::RLUC genes were
the same in each binary plasmid containing activator
and reporter genes.

The six binary constructs shown in Figure 1(C)
were transformed into Arabidopsis and tobacco, and
inducer-mediated induction of luciferase was as-
sessed. The luciferase activity was assayed by in-
cubating leaf discs from T; plants in the absence or
presence of 10 wM methoxyfenozide for 24h. The
luciferase activities observed in plants transgenic for
LUC alone were similar to activities observed in wild
type plants (0.1-0.2 relative light units (RLU)/g pro-
tein), suggesting that the 5 x GAL4 response element
and minimal 35S promoter has no or low levels of
detectable activity in Arabidopsis and tobacco plants
(data not shown). The results from 56 Arabidopsis
and 56 tobacco plants transgenic for GVE and LUC
in three orientations and 22 Arabidopsis plants trans-
genic for LVE — <« 6 x L-LUC are summarized in
Table 1. The following general observations can be
made from the data obtained. (1) Plants transgenic
for GVE — <« LUC, GVE —— LUC, and LVE
— < 6 x L-LUC showed lower basal and induced lu-
ciferase expression levels than plants transgenic for
LUC <— GVE. (2) Many transgenic plants had low
basal activities with induced luciferase activities that
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were many times higher than constitutive 35S::LUC
plants. (3) Some plants had little or no luciferase
activity both under induced and uninduced conditions
while some plants showed the same levels of luciferase
activity in both uninduced and induced conditions.
(4) Fold-inductions up to 7649 were observed among
transgenic plants.

We propagated four T; Arabidopsis plants trans-
genic for GVE — « LUC and GVE —— LUC to
Ty and collected seed. T, plants were not assayed
for luciferase induction. These plants were selec-
ted to represent plants with low basal and high in-
duced expression levels. T3 seed from each T; plant
was germinated on two agar plates, one with 10 uM
methoxyfenozide and one without. Seventeen-day-old
seedlings from each plate were assayed for luciferase
activity. Average basal and induced activities of T3
progeny derived from each T, plant is shown in
Figure 3. The average luciferase activity varied from
777 to 3811 RLU/ug protein while fold-inductions
varied from 347 to 32,300. Progeny derived from these
T3 plants were assayed again in the T4 generation. The
average luciferase activities in T4 among the four lines
varied from 877 to 12,629 RLU/pg protein with the
fold induction ranging from 1605 to 4872 (Figure 3).
These results show that induction of luciferase activity
is stable over four generations. The variation observed
between the Ty, T3, and T4 generations may be due
to the assay methodology (leaf disc assays in T and
seedling assays in T3 and T4), heterozygosity, sample
size, and others.

The three binary vectors with GVE activator
and LUC reporter combination also contained the
constitutive Renilla luciferase gene (35S::RLUC;
Figure 1(C)). Renilla luciferase activity, measured
simultaneously with the luciferase enzyme in the
same assay, was used as an internal assay con-
trol as well as to confirm the transgenic nature
of plants. We also computed the relative lucif-
erase activities of transgenic plants as a ratio of
luciferase to Renilla luciferase activities. There
was a general agreement between fold-inductions
based on relative luciferase activity and luciferase
activity (RLU/pg protein). For example, the av-
erage basal and induced LUC/RLUC ratios for 34
Arabidopsis plants transgenic for GVE — <« LUC
were 0.025 (range 0.001-0.19) and 5.13 (range 0.001—
34.2), respectively. The average fold induction based
on LUC/RLUC ratios was 1627 (range 1-7556) com-
pared to 1324 (range 1-7647) based on relative light
units per microgram of protein.
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Table 1. Summary of luciferase gene activation in transgenic Arabidopsis and tobacco plants

Construct Plants tested  Positive events®  Luciferase activity (RLU/M‘g)b Fold-induction®
Basal Induced

Arabidopsis

GVE — <« LUC 34 32 15 (0.2-89) 918 (1-3227) 1324 (1-7649)

GVE —— LUC 10 10 21 (0.5-189) 417 (6-1753) 867 (1-4777)

LUC «<— GVE 12 12 777 (5-2665) 5143 (117-18183) 10 (2-23)

LVE -« 6 xL-LUC 22 19 0.2 (0.1-2.2) 64 (3-413) 643 (1-1583)

358:Lucd 12 11 82 (1-247) 95 (3-429) 1(1-3)

Tobacco

GVE — <« LUC 15 11 1(0.1-5) 42 (0.1-220) 69 (1-267)

GVE —»— LUC 21 16 8 (0.1-51) 43 (0.1-315) 22 (1-341)

LUC <— GVE 20 17 34 (1-299) 160 (1-562) 10 (1-38)

358:Lucd 15 10 52 (0.1-269) 48 (0.1-214) 1(1-2)

4 Positive events are transgenic T plants with induced luciferase activity higher than the non-transgenic plants.
b Luciferase activities (relative light units/pg protein) given are mean (range) for all the plants tested.
¢ Fold-induction is the inducer (10 uM) dependent luciferase activity over the basal (i.e., uninduced) activity. Values given

are mean (range) of all the plants tested.

d355:.LUC plants are expected to have similar basal and induced luciferase activities.
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Figure 3. Induction of luciferase activity in Arabidopsis lines trans-
genic for GVE — «- LUC and GVE —— LUC. T| plants were
assayed by incubating leaf discs in the absence (—) or presence (+)
of 10 uM methoxyfenozide and values shown are average of two
leaf discs. T3 and T4 seedlings were germinated in the presence
or absence of 10 uM methoxyfenozide and 17-day-old plants were
assayed for luciferase activity. Each T3 and T4 column shows the
average luciferase activity in four T3 plants and 27 T4 plants derived
from a single T plant, respectively. Bars represent standard error.
RLU/pg, relative light units per microgram of protein.

Dose-response and systemic induction

In all assays we used 10 WM methoxyfenozide for
gene activation. Initial experiments in protoplasts
showed that 5-10 wM inducer is optimal for activa-
tion. To know the dynamic range of gene activation in
transgenic Arabidopsis and tobacco plants, seed col-
lected from an Arabidopsis T, plant transgenic for
GVE —— LUC and a tobacco T plant transgenic
for GVE — <« LUC was germinated on agar media
containing various concentrations of methoxyfenozide
(0.01-30.M). Seedlings were assayed for luciferase
activity 17 days later. The basal luciferase activ-
ity in transgenic plants was similar to the wild type
plants and the luciferase activity was induced at the
lowest concentration of methoxyfenozide (0.01 wM)
tested (Figure 4). Luciferase activity increased with
the increasing concentrations of methoxyfenozide and
reached a peak at 10 uM and declined at 30 wM. The
luciferase activity at 10 wM was ~21,000 and ~4370-
fold higher than the basal activity for Arabidopsis and
tobacco, respectively.

We also utilized mature tobacco plants grown in
the greenhouse to test the systemic response in plants
that are not actively growing. T, plants derived from a
T; plant transgenic for LUC «<—— GVE were grown
in pots until they developed pods and some of the bot-
tom leaves senesced. Three root drench applications of
methoxyfenozide at 0.2, 1, 5, or 20 M in water were
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Figure 4. Methoxyfenozide dose-dependent induction of luciferase
activity in Arabidopsis and tobacco plants. Seed collected from
an Arabidopsis Ty plant transgenic for GVE —— LUC (A) and
a tobacco T; plant transgenic for GVE — <« LUC (B) were
germinated on agar medium containing various concentrations of
methoxyfenozide and 17-day-old seedlings were assayed for lucif-
erase activity. Values indicated above each column are luciferase
activities (given as relative light units (RLU)/jLg protein) and error
bar represent standard error based on eight plants. WT, wild type
plants.

applied to pots on days 0, 3, and 6. Luciferase activity
was assayed in leaf discs collected from two middle
and two top leaves on days O (before the ligand ap-
plication), 1, 3, 7, and 16. Luciferase induction
was observed within a day for all the concentrations
tested (Figure 5). The activity increased as the ligand
concentration increased.

Discussion

In an effort to regulate gene expression in plants we
developed a system based on EcR and a commercially
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Figure 5. Systemic induction of luciferase activity in tobacco
plants. T; plants transgenic for LUC <—— GVE were grown in pots
until maturity (4-month-old plants with flowers and pods). Meth-
oxyfenozide (0.2, 1, 5, or 20 uM) in water was applied to pots on
days 0, 3, and 6 (11 per application). Leaf discs were collected and
assayed on days 0, 1, 3, 7, and 16. Luciferase activity on day 0 is the
basal activity, assayed just before the first application of the inducer.
Values shown above each column are relative light units (RLU)/jLg
protein. The error bar represents standard error based on four leaf
discs from two plants.

available inducer, methoxyfenozide. The system was
optimized by constructing chimeric transcription ac-
tivators and by cloning activator and reporter genes in
different orientations. Our data show that basal lucif-
erase activity in many transgenic plants was similar
to wild type plants and induced levels reached several
fold higher than the constitutive 35S::LUC levels. Fur-
ther, the transgene induction responded proportionally
to a dynamic range of methoxyfenozide concentra-
tions. The luciferase induction was observed within
30 min of ligand application (data not shown).

Although we obtained T plants with high fold in-
ductions, some transformants had little or no luciferase
activity while others showed high levels of luciferase
in both induced and uninduced conditions. Variable
expression of transgenes in independent transgenic
plants is a common phenomenon (reviewed by Gelvin,
1998). One of the hypotheses proposed to explain the
variation is that the local chromatin domain deter-
mines the gene expression. Some of the variation may
also be explained on the basis of T-DNA integration
patterns and integration of partial T-DNA. Over all,
plants with LUC <—— GVE showed higher basal and
induced activities compared to plants with GVE — «
LUC or GVE —— LUC. These results can be ex-
plained on the basis of enhancer activity of CsV
promoter on the minimal 35S promoter (TATA box)
5 to the luciferase gene (Figure 1(B)). CsV and 35S
promoters are from viruses of Caulimoviridae family
and have similar sequence structure (Verdaguer et al.,
1996).
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Recently it was shown that the GAL4-mediated
expression in tobacco was susceptible to methylation-
induced silencing (Galweiler et al., 2000). The
GALA4 response element was extensively methylated
at cytosine in transgenic tobacco and the methyla-
tion inhibited GAL4 binding to its response element.
Our study was not designed to address the stability of
GAL4-mediated gene expression. We also used LexA
DNA binding domain (Horii et al., 1981) to induce
gene expression. The 17bp GAL4 response element
used in this study has two 5'-CG-3’and one 5'-CNG-
3’ methylatable sequences whereas the LexA operator
we used (Estojak et al., 1995) has one 5-CNG-3
methylatable sequence. It is not know if LexA binding
site is methylated or methylation of the LexA bind-
ing site affects LexA binding. Our results show that
low basal and high induced luciferase activities can be
obtained with LVE activator.

The ability to tightly regulate gene expression
in plant cells is an effective tool for the elucida-
tion of gene function. Chemical-inducible gene ex-
pression systems have advantages over other systems
as heterologous transcription activators are used and
transgene induction can be regulated in a spatial and
temporal fashion using tissue or developmental spe-
cific promoters to express the activator, and by apply-
ing inducer at a desired time (reviewed by Gatz, 1997,
Gatz & Lenk, 1998; Jepson et al., 1998; Zuo & Chua,
2000). Gene expression can also be restricted to a par-
ticular window by constructing transactivators that can
be switched on with one chemical and switched off
with another chemical (Bohner et al., 1999). In addi-
tion, transgenes can be expressed at physiologically
relevant levels by varying the inducer concentration.
The best use of chemical-inducible systems will be
in modulating the endogenous gene expression by
targeting a transactivator or repressor to native pro-
moters. Progress in designing proteins that bind to any
given unique DNA sequence in the genome (Beerli
et al., 2000; Klug, 1999) will aid outgrowth of such
applications.

While no single chemical-inducible system may
have all the desirable properties, the type of system
one can use will depend on the gene being expressed
or repressed and the specific application. For example,
an inducible system that has no basal and very low
induced activity but without a dynamic range to in-
ducer concentrations may still be ideal for expressing
transcription factors where a few molecules can turn
on or off a phenotype. Also, high basal levels can be
tolerated if the application is for expression of large

quantities of protein in transgenic plants. The sys-
tem described here complements the existing systems
and has potential for regulating gene expression under
field conditions. Similar to our study, a system us-
ing non-steroidal ecdysone agonist tebufenozide and
a chimeric activator containing Heliothis virescens
EcR receptor, glucocorticoid receptor DNA binding
domain, and VP16 activation domain was shown
to exhibit high levels of induced gene expression
(Martinez et al., 1999). Our study differs from the
earlier study in that we used the GAL4 and LexA
DNA binding domains, spruce budworm EcR ligand
binding domain, and a new ligand Methoxyfenoz-
ide. Methoxyfenozide is 6—10 times more active than
tebufenozide (unpublished results). Methoxyfenozide
has an excellent safety profile — is safe to humans, an-
imals, and plants (Dhadialla et al., 1998). We did not
observe any unusual phenotypes in the plants express-
ing the activator. Further improvements to EcR-based,
methoxyfenozide-inducible system may be possible
by modifying the ligand binding domain and using dif-
ferent DNA binding and activation domains. Multiple-
inducible systems to independently regulate several
genes can be developed using EcRs from different
classes of insects and synthesizing inducers specific to
each EcR.

Acknowledgements

Special thanks go to S. Reddy Palli, Mariana Kapit-
skaya, and David W. Potter for the discussions during
the course of the study and Diane Talaber and Dusti
Fisher for their contribution in developing and as-
saying some of the transgenic plants. We gratefully
acknowledge Dean E. Cress for the project support and
encouragement. We thank Dean E. Cress, Eric Lifson,
S. Reddy Palli, David W. Potter, and Peter White for
their critical reading of the manuscript.

References

Aoyama T and Chua N-H (1997) A glucocorticoid-mediated tran-
scriptional induction system in transgenic plants. Plant J 11:
605-612.

Bechtold N, Ellis J and Pelletier G (1993) In planta Agrobacterium-
mediated gene transfer by infiltration of adult Arabidopsis
thaliana plants. C R Acad Sci Paris Life Sci 316: 1194-1199.

Beerli RR, Schopfer U, Dreier B and Barbas III CF (2000) Chemic-
ally regulated zinc finger transcription factors. J Biol Chem 275:
32617-32627.



Boetti H, Chevalier L, Denmat LA, Thomas D and Thomasset B
(1999) Efficiency of physical (light) or chemical (ABA, tetra-
cycline, CuSOy4 or 2-CBSU)-stimulus-dependent gus gene ex-
pression in tobacco cell suspensions. Biotechnol Bioeng 64:
1-13.

Bohner S, Lenk I, Rieping M, Herold M and Gatz C (1999) Tran-
scriptional activator TGV mediates dexamethasone-inducible
and tetracycline-inactivatable gene expression. Plant J 19:
87-95.

Bruce W, Folkerts O, Garnaat C, Crasta O, Roth B and Bowen
B (2000) Expression profiling of the maize flavonoid pathway
genes controlled by estradiol-inducible transcription factors CRC
and P. Plant Cell 12: 65-80.

Caddick MX, et al. (1998) An ethanol inducible gene switch for
plants used to manipulate carbon metabolism. Nature Biotech 16:
177-180.

Dalrymple MA, McGeoch DJ, Davison AJ and Preston CM (1985)
DNA sequence of the herpes simplex virus type 1 gene whose
product is responsible for transcriptional activation of immediate
early promoters. Nucl Acids Res 13: 7865-7879.

Dhadialla TS, Carlson GR and Le DP (1998) New insecticides with
ecdysteroidal and juvenile hormone activity. Annu Rev Entomol
43: 545-569.

Estojak J, Brent R and Golemis EA (1995) Correlation of two-
hybrid affinity data with in vitro measurements. Mol Cellular
Biol 15: 5820-5829.

Fisher DK and Guiltinan MJ (1995) Rapid, efficient production
of homozygous transgenic tobacco plants with Agrobacterium
tumefaciens: A seed-to-seed protocol. Plant Mol Biol Rep 13:
278-289.

Frisch DA, Harris-Haller LW, Yokubaitis NT, Thomas TL, Hardin
SH and Hall TC (1995) Complete sequence of the binary vector
pBin 19. Plant Mol Biol 27: 405-409.

Galweiler L, Conlan RS, Mader P, Palme K and Moore I (2000) The
DNA-binding activity of Gal4 is inhibited by methylation of the
Gal4 binding site in plant chromatin. Plant J 23: 143—157.

Gatz C (1997) Chemical control of gene expression. Ann Rev Plant
Physiol Plant Mol Biol 48: 89-108.

Gatz C and Lenk I (1998) Promoters that respond to chemical
inducers. Trend Plant Sci 3: 352-358.

Gatz C, Frohberg C and Wendenburg R (1992) Stringent repression
and homogeneous de-repression by tetracycline of a modified
CaMV35S promoter in intact transgenic tobacco plants. Plant J
2: 397-404.

Gelvin SB (1998) The introduction and expression of transgenes in
plants. Curr Opinion Biotechnol 9: 227-232.

Giniger E, Varnum S and Ptashne M (1985) Specific DNA bind-
ing of GALA4, a positive regulatory protein of yeast. Cell 40:
767-774.

Guyer D, et al. (1998) Activation of latent transgenes in Arabidopsis
using a hybrid transcription factor. Genet 149: 633—639.

Horii T, Ogawa T and Ogawa H (1981) Nucleotide sequence of the
LexA gene of E. coli. Cell 23: 689—-697.

Jepson I, Martinez A and Sweetman JP (1998) Chemical-inducible
gene expression systems for plants — a review. Pestic Sci 54:
360-367.

Kang HG, Fang Y and Singh KB (1999) A glucocorticoid-inducible
transcription system causes severe growth defects in Arabidopsis
and induces defense-related genes. Plant J 20: 127-133.

Klug A (1999) Zinc finger peptides for the regulation of gene
expression. J Mol Biol 293: 215-218.

109

Laughon A and Gesteland R (1984) Primary structure of the
Saccharomyces cerevisiae GAL4 gene. Mol Cell Biol 4:
260-267.

Lorenz WW, McCann RO, Longiaru M and Cormier MJ (1991)
Isolation and expression of a cDNA encoding Renilla reniformis
luciferase. Proc Natl Acad Sci USA 88: 4438-4442.

Love J, Scott AC and Thompson WF (2000) Stringent control of
transgene expression in Arabidopsis thaliana using the Top10
promoter system. Plant J 21: 579-588.

Martinez A, Sparks C, Hart CA, Thompson J and Jepson I (1999)
Ecdysone agonist inducible transcription in transgenic tobacco
plants. Plant J 19: 97-106.

Moore I, Galweiler L, Grosskopf D, Schell J and Palme K (1998) A
transcription activation system for regulated gene expression in
transgenic plants. Proc Natl Acad Sci USA 95: 376-381.

Nagata T, Nemoto Y and Hasezawa S (1992) Tobacco BY-2 cell line
as the Hela cell in the cell biology of higher plants. Intl Rev Cytol
132: 1-30.

Odell JI, Nagy F and Chua N-H (1985) Identification of DNA se-
quences required for activity of the cauliffower mosaic virus 35S
promoter. Nature 313: 810-812.

Ow DW, Wood KV, Deluca M, De Wet JR and Helinsky DR (1986)
Transient and stable expression of the firefly luciferase gene in
plant cells and transgenic plants. Science 234: 856-858.

Perera SC, Palli RS, Ladd TR, Krell PJ and Retnakaran A (1998)
The ultraspiracle gene of the spruce budworm, Choristoneura
Sfumiferana: cloning of cDNA and developmental expression of
mRNA. Develop Genet 22: 169-179.

Perera SC, Sundaram M, Krell PJ, Retnakaran A, Dhadialla TS
and Palli RS (1999) An analysis of ecdysone receptor domains
required for heterodimerization with ultraspiracle. Arch Insect
Biochem Physiol 41: 61-70.

Riddiford LM, Cherbas P and Truman JW (2000) Ecdysone recept-
ors and their biological actions. Vitam Horm 60: 1-73.

Roslan HA, et al. (2001) Characterization of the ethanol-inducible
alc gene-expression system in Arabidopsis thaliana. Plant J 28:
225-235.

Schwechheimer C, Smith C and Bevan MW (1998) The activities of
acidic and glutamine-rich transcriptional activation domains in
plant cells: design of modular transcription factors for high level
expression. Plant Mol Biol 36: 195-204.

Thummel CS (1995) From embryogenesis to metamorphosis: The
regulation and function of Drosophila ecdysone receptor super-
family members. Cell 34: 687-692.

Verdaguer B, de Kochko A, Beachy RN and Fauquet C (1996) Iso-
lation and expression in transgenic tobacco and rice plants, of the
cassava vein mosaic virus (CVMV) promoter. Plant Mol Biol 31:
1129-1139.

Weinmann P, Gossen M, Hillen W, Bujard H and Gatz C (1994)
A chimeric transactivator allows tetracycline-responsive gene
expression in whole plants. Plant J 5: 559-569.

Watanabe Y, Meshi T and Okada Y (1987) Infection of to-
bacco protoplasts with in vitro transcribed tobacco mosaic virus
RNA using an improved electroporation method. Virology 192:
264-272.

Zuo J and Chua N-H (2000) Chemical-inducible systems for
regulated expression of plant genes. Curr Opin Biotechnol 11:
146-151.

Zuo J, Niu Q-W and Chua N-H (2000) An estrogen receptor-based
transactivator XVE mediates highly inducible gene expression in
transgenic plants. Plant J 24: 265-273.



