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Developmental progression and differentiation of distinct cell types depend on the regulation of gene expression in space and
time. Tools that allow spatial and temporal control of gene expression are crucial for the accurate elucidation of gene function.
Most systems to manipulate gene expression allow control of only one factor, space or time, and currently available systems
that control both temporal and spatial expression of genes have their limitations. We have developed a versatile two-
component system that overcomes these limitations, providing reliable, conditional gene activation in restricted tissues or cell
types. This system allows conditional tissue-specific ectopic gene expression and provides a tool for conditional cell type- or
tissue-specific complementation of mutants. The chimeric transcription factor XVE, in conjunction with Gateway recombi-
nation cloning technology, was used to generate a tractable system that can efficiently and faithfully activate target genes in a
variety of cell types. Six promoters/enhancers, each with different tissue specificities (including vascular tissue, trichomes,
root, and reproductive cell types), were used in activation constructs to generate different expression patterns of XVE.
Conditional transactivation of reporter genes was achieved in a predictable, tissue-specific pattern of expression, following the
insertion of the activator or the responder T-DNA in a wide variety of positions in the genome. Expression patterns were
faithfully replicated in independent transgenic plant lines. Results demonstrate that we can also induce mutant phenotypes
using conditional ectopic gene expression. One of these mutant phenotypes could not have been identified using noninducible

ectopic gene expression approaches.

Advances in inducible gene expression technologies
will facilitate more precise functional analyses of en-
dogenous and exogenous genes, revealing new roles
for genes that act at multiple stages in the plant life
cycle. Such analyses will assist the development of
new, improved crop varieties. Conditional and cell
type-specific gene expression systems allow precise
functional complementation of mutants, disclosing the
spatial and temporal significance of a gene’s expression
profile at different stages in development. Eukaryotic
genomes have evolved through numerous rearrange-
ments, producing duplicated genes with functional
redundancy, a characteristic that is particularly evident
in plants. In Arabidopsis (Arabidopsis thaliana; for re-
view, see Curtis and Grossniklaus, 2005), duplications
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comprise more than 60% of the genome (Blanc et al.,
2000). The functional significance of redundantly act-
ing genes can be determined only by combining several
loss-of-function mutations in genes of the same family,
or by expressing one such gene ectopically (Eshed et al.,
2001). Typically, genes are ectopically expressed using a
constitutive and broadly active promoter, such as the
cauliflower mosaic virus (CaMV) 355 promoter (Odell
et al., 1985). This approach has been the basis of many
gene function studies, including investigations of single-
copy genes (Mizukami and Ma, 1992; Jack et al., 1994).
Ubiquitous and constitutive gene expression can, how-
ever, result in lethality if a gene of critical importance to
an early stage in development is misexpressed. Prob-
lems can also occur in complementation studies if a gene
is expressed not only in the tissue type required, but also
in other tissues (Laufs et al., 2003). The combination of
cell type-specific complementation and loss-of-function
mutation provides powerful tools to elucidate the role of
genes, particularly those acting at multiple stages of
development (Gross-Hardt et al., 2002), and can expose
the noncell-autonomous nature of a gene’s activity (An
et al., 2004). Genetic complementation at early stages of
development can be achieved using the promoter of
another gene with a similar early expression profile
(Gross-Hardt et al.,, 2002); however, alternative pro-
moters are not always available. In such cases, a system
that allows cell type-specific conditional complementa-
tion is invaluable. Such a system that could also allow
conditional cell type-specific activation of randomly
tagged genes would provide the versatility required to
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identify classes of mutants with tissue-specific effects or
mutants with early lethal effects. Such mutants could be
rescued in noninduced plants or plant sectors. None of
the currently available systems provides such versatility
(for review, see Curtis and Grossniklaus, 2006). Al-
though inducible activation-tagging systems that allow
temporal control of gene expression have been devel-
oped (Matsuhara et al., 2000; Zuo et al., 2000), none
allows tissue-specific activity, which can be critically
important, as demonstrated by the induced ectopic
expression of expansin in restricted tissue (meristem
fractions) leading to leaf formation (Pien et al., 2001).
Here, gene activity was controlled by the careful, manual
application of a chemical to a subset of meristematic
cells. This would be impractical for experiments in less
accessible cell types, such as reproductive tissues within
the gynoecium.

There are, of course, systems that transactivate genes
using tissue-specific promoters, but these have limita-
tions. The ethanol-inducible system (Deveaux et al.,
2003; Maizel and Weigel, 2004), for example, is limited
by the volatile nature of the inducer, which can cause
unwanted gene activation in neighboring plants
(Roslan et al., 2001), toxic effects on the induced plant
(Roslan et al., 2001), and can be activated by endoge-
nous inducers under low-oxygen conditions (Salter
et al., 1998; Roslan et al., 2001). These features make it
difficult to produce distinct sectors of induced and
uninduced gene expression essential to determine the
cell autonomy of a phenotype and to address hitherto
intractable problems encountered during reproductive
developmental studies (where gene activation can pre-
vent production of viable seeds). Some systems, based
on nonvolatile inducers, have shown leaky activity
(Martinez et al., 1999; De Veylder et al., 2000) or an
inability to reliably activate responder T-DNAs ran-
domly inserted in the genome (Baroux et al., 2005). This
prohibits their use in precise activation-tagging screens.
We have solved these problems by developing a system
that allows localized, conditional gene induction within
sectors of the plant exposed to the inducer. The system
conditionally activates randomly integrated responder
T-DNAs (regardless of their insertion position) at a high
frequency for use in activation-tagging screens and
reliably restricts expression to predicted tissue types.
This allows the isolation of mutant phenotypes affecting
seed development, which could not easily be identified
using conventional misexpression approaches. We en-
hanced our system by incorporating Gateway cloning
sites (Hartley et al., 2000) so that researchers and bio-
technologists can use the growing number of tissue-
specific Gateway-compatible cis-elements (An et al,,
2004) and full-length cDNAs (Gong et al., 2004) that
are now available for a broad range of applications.

RESULTS

Our aim was to generate a reliable and versatile two-
component tissue-specific inducible gene expression
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system to provide a method by which randomly tagged
genes, or candidate genes, could be conditionally acti-
vated in restricted sectors of a plant in restricted tissue
types. These demands have resulted in the production
of a stringent system with broad applications (Fig. 1).

Components of the Inducible Transactivation System

The system comprises an activator unit and a re-
sponder unit. The activator T-DNA (pMDC150) con-
tains the transcriptional activator, XVE (Zuo et al,,
2000), with a minimal CaMV 35S promoter. The re-
sponder T-DNA contains an XVE-responsive promoter
that can be used to misexpress candidate genes or
reporter genes (i.e. pMDC160 and pMDC221) or to
activate randomly tagged genes (i.e. pMDC220). Both
activator and responder T-DNAs contain Gateway re-
combination sites (Fig. 1, A and B). The vector pLB12
contains both an activator unit and a B-glucuronidase
(GUS) reporter (Jeffersonetal., 1987) within aresponder
unit (Fig. 1C).

Vector-Dependent Regulation of Gene Expression

While developing this technology, we identified that
responder T-DNAs containing the 35S promoter (i.e. a
pCAMBIA-derived vector [http:/ /www.cambia.org]),
which regulates the antibiotic resistance marker, can
lead to uninduced transgene expression in responder
constructs (data not shown). This uninduced expres-
sion was observed even when a 3-kb fragment con-
taining the entire pUC vector sequence (Invitrogen)
was introduced between the 35S promoter and the
responder cassette (data not shown). Similar interfer-
ence by the 355 promoter has recently been reported in
the pCAMBIA vector series (Yang et al., 2005) and the
pPZP series (Yoo et al., 2005). No uninduced expres-
sion of reporter genes was observed with vectors
pMDC160, pMDC221, pMDC220, or pLB12, which
were derived from the pMoa vector series containing
a Nos (nopaline synthase) promoter to regulate the
antibiotic resistance marker. As a result, all plant
vectors used to develop the two-component inducible
system were derived from the pMoa vector series with
the Nos promoter (rather than the 35S promoter) to
regulate the expression of the selectable marker.

Conditional Gene Expression

To test the system, an enhancer fragment from the
CaMV 35S promoter was inserted upstream of XVE,
producing the activator T-DNA, pMDC150-35S. This
was used to transactivate the GUS reporter in Arabi-
dopsis plants previously transformed by a pMDC160-
GUS responder construct. Sectors of induced gene
activity were observed when leaf material was treated
with 2 umMm 17-B-estradiol (0.01% Silwet 77) using an
artist’s paint brush and GUS stained 24 h later (Fig. 2).

Varying the 17-B-estradiol exposure time resulted in
altered reporter gene activity, peaking between 24 to
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Figure 1. A schematic illustration of the Gateway-compatible constructs. A, Activator vector. B, Responder vectors. C, Activator/
responder vector. The activator vector pMDC150 (A) contains a Gateway cloning cassette, flanked by unique Ascl and Pacl
restriction recognition sites upstream of a CaMV 35S minimal promoter (min 35S) and chimeric transcription factor XVE. The
inclusion of a minimal promoter allows the insertion of both enhancer sequences and promoters in the constructs (the inclusion
of a minimal promoter does not interfere with the specificity of the promoters used in this study). The vector pMDC150 also
contains a Nos promoter to drive the expression of a kanamycin-resistance gene for plant selection. All responder vectors (B)
contain an XVE-responsive promoter (OlexA-TATA) upstream of a Gateway cloning cassette, also flanked by unique Ascl and
Pacl restriction recognition sites for the easy diagnosis of DNA insertions. Vectors pMDC160, pMDC220, and pMDC221 contain
a Nos promoter to drive the expression of the BAR- or hygromycin-resistance genes, respectively, for plant selection. The vectors
pMDC160, pMDC220, and pMDC221 also contain the pBluescript vector sequence (CLONTECH), which can be used for
plasmid rescue procedures because it encodes an ampicillin-resistance gene for bacterial selection and the ColE1 origin of
replication. The pMDC220 vector also contains a second XVE-responsive promoter adjacent to the right border (RB) sequence, so
that this vector can be used for conditional activation tagging experiments. The activator/responder vector pLB12 (C) contains
both an activator unit and a responder unit, separated by a kanamycin-resistance gene driven by a Nos promoter for plant
selection. The sequences and detailed maps of these vectors can be downloaded from http://www.unizh.ch/botinst/
Devo_Website/curtisvector. LB, Left border; TE9, TE9 terminator; T3A, terminator; attR1 and attR2, att recombination sites;

CMr, bacterial chloramphenicol resistance; ccdB, bacterial toxin gene for negative selection.

48 h. A similar peak in activity was reported using the
PERS vector (Zuo et al., 2000). Although GUS activity
remains largely in the tissue directly beneath the site
of 17-B-estradiol application, there is slow spreading,
which results in a halo of weak GUS activity that
gradually spreads throughout the entire leaf over a
72- to 96-h period (data not shown). Seedlings grown
on 10 uM 17-B-estradiol plates showed strong induced
GUS activity throughout the plant tissue when com-
pared to seedlings grown on mock-inoculated plates
(which show no expression), demonstrating that
17-B-estradiol can permeate the aerial parts of the
plant when only the roots are exposed to the inducer
(Supplemental Fig. 1); however, when inflorescences
are allowed to take up 17-B-estradiol by transpiration
(2 uM 17-B-estradiol in water), the inducer tends to
promote most GUS activity in the vasculature and
adjacent tissue, but will eventually permeate the stem,
cauline leaves, and even the ovules within the gynoe-
cium of the flower after 96 h of exposure (Supplemental
Fig. 2). The chosen method of application will depend
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on the developmental stage of interest to be studied
in the plant (i.e. 17-B-estradiol application in media
would be most appropriate for early seedling develop-
ment studies, whereas inducer application to inflores-
cence tissue by transpiration or topical application
using a paint brush and a spreading agent [Silwet 77
or Break thru 5240] might be more appropriate for floral
or reproductive developmental studies).

INDUYLED
€2PRESSION

Figure 2. Arabidopsis leaves showing sectors of induced GUS expres-
sion 24 h after induction with 2 um 17-B-estradiol (0.01% Silwet 77)
using an artist’s paint brush.
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Efficiency of Transactivation

The value of a two-component inducible transacti-
vation system depends on its ability to deliver reliable
and conditional tissue type-specific gene expression at
a high frequency in independent transgenic plant
lines, particularly when screening for inducible pheno-
types in restricted cell types that result from activation-
tagging approaches. A pMDC150-355 activator plant
line was used to establish the frequency with which
random pMDC160-GUS responder insertions can be
activated (Table I). Leaves were excised from trans-
formants and analyzed histochemically for GUS activ-
ity, with and without induction by 2 um 17-B-estradiol
(Fig. 3A). Plant lines (87%), with responders inserted
at 23 independent loci, gave inducible ubiquitous
expression. The reciprocal experiment was also per-
formed (Table I). Fourth-generation pMDC160-GUS
responder plant lines were supertransformed with
the pMDC150-35S activator. Here, 95.8% of plants
showed predictable induced expression with activa-
tors inserted at 48 independent loci.

Stringency of Gene Expression System

The stringency of the two-component Gateway-
compatible system was tested using pMDC150-355
activator lines supertransformed with the responder
pMDC221, containing the cytotoxic diphtheria A-chain
(DT-A; Maxwell et al., 1986; Harrison et al., 1991;
pMDC221-DT-A). The DT-A gene kills cells by ribosy-
lating elongation factor-2, leading to the inhibition of
protein synthesis (Collier, 1967). Here, 13 independent
transgenic plant lines containing both the pMDC150-
35S activator and a pMDC221-DT-A responder showed
no phenotypic effects in the absence of the 17-8-
estradiol inducer. However, induction with as little
as 2 uM 17-B-estradiol leads to signs of cell death in all
13 plant lines (Fig. 4). This demonstrates the tight
regulation of genes adjacent to the XVE-responsive
promoter. The DT-A toxin has been used as a tool to
ablate specific plant tissues (Weijers et al., 2003; Yang
et al., 2005). By replacing the 35S promoter in pMDC150

Inducible Tissue-Specific Gene Expression in Arabidopsis

with tissue-specific promoters, expression of the DT-A
gene could be restricted to specific tissues allowing
inducible cell type-specific ablation.

Inducible Tissue-Specific Transactivation

To test the system’s ability to deliver inducible
tissue-specific gene expression, five activator con-
structs were generated using promoter or enhancer
elements with different tissue specificities. These in-
cluded elements with vascular-specific (RolC from
Agrobacterium tumefaciens and AtSUC2 companion
cell specific; An et al., 2004), root-specific (NtTobRB7;
An et al., 2004), trichome/atrichoblast-specific (AtGL2;
Szymanski et al., 1998), and egg apparatus-specific
(AtEASE; Yang et al., 2005) activities. These elements
were all tested in the pMDC150 activator T-DNA,
except for AtEASE, which was tested in the vector
pLB12 (Fig. 1). The T-DNA pLB12-AtEASE contains
both the activator and responder units, greatly facili-
tating expression analysis of AtEASE by placing both
units within the same haploid cells of the T1 female
gametophytes. This provides the most stringent of
tests for the system because the egg apparatus is
inaccessible, located at the micropylar end of the
ovule, deep within the gynoecium, surrounded by
the reproductive tissue of the flower. Each activator
construct was tested for inducible cell type-specific
activity. After induction, the pattern of expression was
shown to be identical to those obtained with the same
cis-elements in the GUS reporter construct pMDC163
(Curtis and Grossniklaus, 2003; data not shown) and to
previously published patterns of expression (Szymanski
etal.,, 1998; An et al., 2004; Yang et al., 2005). Inducible
transactivation patterns of GUS expression are shown
in Figure 3.

Activation in Trichomes

Inducible GUS activity observed in Arabidopsis
transformed with pMDC150-GL2 and a pMDC160-
GUS responder T-DNA was consistent with patterns of
expression previously observed (Hung et al.,, 1998;

Table I. Comparative expression analysis of independent activator and responder T-DNAs positioned throughout the genome

Primary Plant Line

Contains T-DNA Supertransformed with T-DNA Expected Aberrant None Total Lines
PMDC150-35S activator pMDC160-GUS responder 20 0 3 23
PMDC150-SUC2 activator pMDC160-GUS responder 28 0 2 30
PMDC150-GL2 activator pMDC160-GUS responder 27 (2 weak) 0 3 30
Subtotal 75 0 8 83
PMDC160-GUS responder pMDC150-35S activator 46 0 2 48
PMDC160-GUS responder pMDC150-SUC2 activator 12 0 1 13
PMDC160-GUS responder pMDC150-TobRB7 activator 21 0 5 26
Subtotal 79 0 8 87
PMDC150-GL2 activator pMDC220-GUS tagging 1,040 (2897 271 154 1,465
Total lines 1,194 271 170 1,635

Plants with expression in trichomes and other tissues. These patterns of expression were also observed in some control transgenic plant lines

containing pMDC163-GL2 promoter-GUS T-DNAs.

Plant Physiol. Vol. 141, 2006
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Figure 3. Cell-specific expression patterns of a GUS reporter gene after induction. Uninduced and induced GUS expression
(uninduced shown on the left of each image, respectively) in Arabidopsis plant lines 24 h after induction (2 um 17-B-estradiol in
0.01% [v/v] ethanol) or mock induction (0.01% [v/v] ethanol). A, Leaves of a plant line containing pMDC150-35S and
pMDC160-GUS (induced ubiquitous expression can be seen across the leaf). B and C, GUS expression in plant lines containing
pMDC150-GL2 and pMDC160-GUS. B, 3-d-old seedlings (induced expression is restricted to the atrichoblast cells). C, Mature
leaves of 15-d-old plants (induced expression restricted to the trichomes). D, Whole plants at 7-to-10-d old (left and middle) and
a flower (right) from plant lines containing pMDC150-RolC and pMDC160-GUS (induced expression is restricted to the vascular
tissue). E, Mature leaves (left and middle) and a flower (right), including petals, from plant lines containing pMDC150-SUC2 and
pMDC160-GUS (induced expression is observed in the vascular tissue [companion cells]). Fand G, Roots in mature plant lines
containing pMDC150-TobRB7 and pMDC160-GUS (induced expression is restricted to the tissue above the root apical meristem
[RAM]). H, Plant line containing pLB12-EASE (induced expression is observed in the egg apparatus). Bars = 0.5 mm (G) and

20 um (H).

Szymanski et al., 1998). The AtGL2 promoter fragment
used in this study contained the 500-bp EcoRV/Xbal
DNA fragment previously identified as necessary
to direct GUS expression in differentiating hairless
epidermal cells in the hypocotyls and roots (atricho-
blasts). After induction, GUS expression was observed
in the differentiating hairless epidermal cells that form
the atrichoblast cells (Fig. 3B). In leaf primordia and

Figure 4. Stringent regulation of gene expression using the system is
demonstrated by induction of DT-A in seedlings. Arabidopsis plant lines
containing both the pMDC150-35S activator T-DNA and a pMDC221-
DT-A responder T-DNA after 13 d of growth under uninduced condi-
tions (A; mock inoculated Murashige and Skoog media) and under
induced conditions (B; 2 um 17-B-estradiol in Murashige and Skoog
medium).
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developing leaves, pMDC150-GL2 was able to induc-
ibly transactivate the GUS responder T-DNA in de-
veloping trichomes and in surrounding epidermal
cells. At later stages in leaf development, this pattern
of expression became more tightly restricted to tri-
chome cells, with GUS activity also observed at the
petiole and base of the leaf. In mature leaves, expres-
sion was restricted entirely to trichomes and was
maintained throughout the lifetime of these cells
(Fig. 3C). Similar patterns of expression (data not
shown) were also observed in Arabidopsis plants
transformed by the same AtGL2 promoter fragment
inserted upstream of a GUS reporter in the vector
pMDC163 (Curtis and Grossniklaus, 2003).

Activation in Vascular Tissue

The previously reported phloem-specific expression
pattern of the RolC promoter (Booker et al., 2003) was
faithfully reproduced using pMDC150-RolC and a
pMDC160-GUS responder T-DNA. Upon induction,
GUS activity was observed in the phloem of the roots,
stem, leaves, and floral organs (such as sepals, petals,
anther filaments, and style; Fig. 3D). The promoter
fragment used (An et al., 2004) is nearly identical to

Plant Physiol. Vol. 141, 2006



that described by Booker and colleagues (2003). Sim-
ilarly, when using the AtSUC2 promoter to drive XVE
expression using pMDC150-SUC2, the GUS gene was
conditionally expressed in companion cells, as de-
scribed by Truernit and Sauer (1995; Fig. 3E). GUS
expression was also detected in the phloem through-
out the plant; but, whereas Truernit and Sauer (1995)
observed no GUS activity in the petals, we observed
induced activity in the vascular tissue of all floral
organs, including petals (Fig. 3E). In contrast to the
promoter fragment of Truernit and Sauer (1995), which
extends 156 bp into the protein coding sequence, the
promoter fragment we used (An et al., 2004) ends at
the start codon of the AtSUC2 gene.

Activation in Roots

Arabidopsis plants, transformed with pMDC150-
TobRB7 and pMDC160-GUS responder T-DNA, showed
induced reporter gene expression in mature plants that
mimicked the expression pattern described for tobacco
(Nicotiana tabacum) plants transformed with TobRB7-
GUS constructs (Yamamoto et al., 1991; Fig. 3F). GUS
activity in mature roots was restricted to a region of the
root above the root apical meristem (Fig. 3G).

Activation in the Egg Apparatus

Reporter gene expression in the egg apparatus was
conditionally activated in Arabidopsis plants trans-
formed with pLB12-AtEASE. The activation unit of
this construct contains five tandem repeats of 77-bp
AtEASE (a modified version of that previously de-
scribed by Yang et al.,, 2005). Upon induction with
17-B-estradiol, GUS activity was observed in the egg
apparatus (Fig. 3H). Induced expression was occa-
sionally observed in the entire embryo sac, which is
consistent with the previous report that AtEASE is
sometimes active prior to cellularization of the female
gametophyte (Yang et al., 2005).

Efficiency of Tissue-Specific Transactivation

To determine whether tissue-specific expression
patterns are maintained in independent plant lines,
regardless of the genomic position of pMDC160-GUS
responder insertions, numerous transformants were
generated. The plants used had activation T-DNAs
in fixed positions in the genome, showing different
patterns of XVE expression (pMDC150-SUC2 and
pMDC150-GL2; Table I). Leaves were excised from
transformants and analyzed histochemically for GUS
activity, with and without induction by 2 um 17-8-
estradiol; 91.7% of plant lines, with responders inserted
at 60 independent loci, gave inducible expression in
the expected tissue type (Table I). This confirms that
our system could be used to create an inducible
activation-tagging system to activate randomly tagged
genes in specific tissues or cell types. The reciprocal
experiment was also performed, using the AtSUC2

Plant Physiol. Vol. 141, 2006
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and NtTobRB7 promoters to investigate the ability of
randomly inserted pMDC150-promoter T-DNAs to
activate a pMDC160-GUS responder plant line (Table
I). Fourth-generation responder plant lines were su-
pertransformed with pMDC150-promoter activator
T-DNAs. Again, leaves were excised from transform-
ants and analyzed histochemically for GUS activity with
and without induction by 17-8-estradiol. Here, 84.6%
of plant lines, with pMDC150-promoter activators
inserted at 39 independent loci, showed inducible
expression in the expected tissue type (Table I).

In a pilot study, we produced a T-DNA activation-
tagging construct, pMDC220-GUS, and analyzed the
GUS expression of 1,465 independent insertions for
induced activity in trichomes of a plant line containing
the pMDC150-GL2 activator T-DNA (Table I). Here,
71% of plant lines with randomly inserted activation-
tagging constructs produced tissue-specific expression
that faithfully mimicked both the previously described
expression patterns (Szymanski et al., 1998) and that
observed in control plant lines: 18.5% showed aberrant
expression and 10.5% showed no expression. If we also
take the results obtained with other specific promoters
into account, our data suggest that 73% of transform-
ants produce an inducible pattern of expression that
faithfully mimics that of the promoter/enhancer se-
lected to transactivate the responder T-DNA. A low
number of insertions (10.4%) show no expression,
suggesting that the activator and the responder are
equally likely to insert into regions of the genome that
affect their activity. Furthermore, a proportion (16.6%)
of transgenic plant lines show aberrant expression, a
percentage similar to that observed in experiments
with promoter-GUS constructs.

Induction of Specific cDNAs Using the 35S XVE Activator

To demonstrate the value of the system for high-
throughput gene analysis, cDNAs were inducibly
expressed in plant tissues corresponding to the ex-
pression pattern of the CaMV 355 promoter during
seedling development. These cDNAs were selected for
their variety of clearly visible phenotypes early in
development. They included KNOTTED-LIKE FROM
ARABIDOPSIS 1 (KNAT1; Lincoln et al., 1994; Fig. 5),
which produces lobed leaves when misexpressed us-
ing the 35S promoter, BABY BOOM (BBM; Boutilier
et al., 2002; Fig. 6), and LEAFY COTYLEDON 2 (LEC2;
Stone et al., 2001; Fig. 7), both triggering a conversion
from vegetative to embryonic growth when misex-
pressed using the 355 promoter. Using this system, we
were able to inducibly reproduce phenotypes previ-
ously described in the literature.

To determine whether this system could identify
the phenotype of a gene that would be overlooked by
conventional ectopic gene expression methods, we
inducibly expressed the FUSCA3 (FUS3) gene. Because
mutations in this gene can cause viviparous seed devel-
opment (Razetal., 2001), our prediction was that ectopic
expression of FUS3 would cause seed dormancy. In
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A

Figure 5. Inducible gain-of-function phenotypes: Overexpression of
KNATT1 leads to lobed leaf formation. A, 27 d of growth under
uninduced conditions. B, 27 d of growth under induced conditions.
A and B, Siblings from a plant line containing both the pMDC150-35S
activator T-DNA and a pMDC221-KNAT1 responder T-DNA.

conventional ectopic gene expression approaches, dor-
mant seeds would be indistinguishable from nontrans-
formants on selection plates after transformation. Plants
containing both pMDC150-355 and pMDC221-FUS3
were selected in the absence of induction and showed
no mutant phenotype (Fig. 8A). The T, generation
double transformants showed delayed germination
when exposed to 2 um 17-B-estradiol (Fig. 8B), with a
stronger seed dormancy phenotype when exposed to
5 um 17-B-estradiol (Fig. 8C). Similar plant lines mis-
expressing the GUS reporter gene, instead of FUS3,
in the presence of 2 and 5 um 17-B-estradiol grow
normally. Seedlings containing both pMDC150-355
and pMDC221-FUS3 T-DNAs that were able to germi-
nate on 2 uM 17-B-estradiol showed abnormal growth,
with extended hypocotyls and a tendency to produce
reduced leaves (data not shown). Seeds that showed
prolonged seed dormancy when incubated in the pres-
ence of the inducer occasionally germinated several
weeks later when left on the same plates. Degradation of
the light-sensitive 17-B-estradiol may account for the
initiation of this low germination rate. When dormant
seeds exposed to 5 uM 17-B-estradiol were transferred to
noninductive media, within a short period of 5 d, 65% of
seeds germinated and looked normal, no longer show-
ing any aberrant growth phenotypes associated with
ectopic FUS3 expression. When these transferred seeds
were examined 9 d later, 92% had germinated; however,
some of the later germinating seeds (17% of the total)
showed the abnormal growth phenotype observed ear-
lier, with extended hypocotyls and a tendency to pro-
duce reduced leaves. In fact, our findings are consistent
with previously published data (Zuo et al., 2006), which
suggest that induced phenotypes, in general, return to
wild type in the absence of the inducer after a period of
5to7 d. The time taken, however, to return to a wild-type
phenotype is gene dependent, perhaps reflecting the
stability of a transcript or the type of downstream effects
that result from its ectopic expression.

DISCUSSION
Local Inducible Expression

Here, we describe a highly versatile, inducible gene
expression system that provides both spatial and
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temporal control of gene expression in plants. The
system allows rapid production of cell type-specific
activation constructs. These activation constructs can
faithfully reproduce expression patterns previously
described for six promoters/enhancers with different
tissue or cell type specificities (Odell et al., 1985;
Truernit and Sauer, 1995; Szymanski et al., 1998;
Booker et al., 2003; An et al., 2004; Yang et al., 2005).
About 90% of plant lines containing the pMDC150-
derived activator and pMDC160-derived responder
showed inducible expression in the expected tissue
type regardless of the position of the T-DNAs in the
genome (Table I). These results demonstrate that the
system can be used to generate a library of tissue-
specific transactivator plant lines for the activation of
LexA responder T-DNAs and that the genomic location
of the activator or responder is equally likely to affect
the reliability of the system. Such efficiency could not
be easily achieved using systems in which gene ex-
pression is more sensitive to the position of the re-
sponder T-DNA (Baroux et al., 2005). In the system
described by Baroux et al. (2005), a similar percentage
of plant lines (to data presented here) showed trans-
activated GUS expression (i.e. 86% of plant lines with
GUS responders inserted at 37 independent loci), but
expression was often weak (e.g. 93.5% of these plant
lines showed weak expression). In reciprocal experi-
ments in which one of their strongly responsive pOp-
GUS responder plant lines was supertransformed or
crossed to a variety of promoter-LhG4 activators,
78.4% of plant lines showed strong GUS expression
in predictable patterns with promoter-LhG4 activators

Figure 6. Inducible expression of BBM leads to the formation of
somatic embryos on cotyledons and leaves. A, 13 d of growth under
uninduced conditions (mock inoculated Murashige and Skoog me-
dium). B, 13 d of growth under induced conditions (5 um 17-B-estradiol
in Murashige and Skoog medium). A and B, Sibling plant lines con-
taining both the pMDC150-35S activator T-DNA and a pMDC221-
BBM responder T-DNA. C and D, Scanning electron micrographs of
induced somatic embryos (C) in plant shown in B. D, Scanning electron
micrographs of cotyledons and leaves with induced somatic embryos
and a leaf-like outgrowth with a trichome on a cotyledon (arrow). E, 13-
d-old plants that constitutively express BBM under the control of the
CaMV 35S promoter (seeds kindly provided by Kim Boutilier).
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Figure 7. Induced ectopic LEC2 expression results in the formation of
somatic embryos on cotelydons. A, 29 d of growth under uninduced
conditions (mock inoculated Murashige and Skoog medium). B, 29 d of
growth under induced conditions (5 um 17-B-estradiol in Murashige
and Skoog medium). A and B, Sibling plant lines containing both the
pMDC150-35S activator T-DNA and a pMDC221-LEC2 responder
T-DNA.

at 74 independent loci. The positional effects observed
for responders in the LhG4 system may be caused by
the relatively weak activity of the Gal4 activation
domain used in the LhG4 chimeric transcription factor.
The more active VP16 activation domain used in XVE,
when tethered to DNA-binding domains, stimulates
transcription by targeting histone-acetylating com-
plexes to nucleosomal templates (Tumbar et al., 1999;
Vignali et al., 2000), resulting in the decondensation of
heterochromatin. Similar decondensation of chroma-
tin structure has been observed around the target sites
of the estrogen receptor (Nye et al., 2002), suggesting
that elements of XVE’s estrogen receptor may also con-
tribute to the higher efficiency of strong gene expres-
sion observed in our system. These results suggest that
our system could be used to create cell type-specific
and inducible activation-tagging technology. Our
activation-tagging pilot study showed that 71% of
plant lines produced tissue-specific expression that
faithfully mimicked both the previously described
expression pattern (Szymanski et al., 1998) and that
observed in control plant lines; 18.5% showed aberrant
expression and 10.5% showed no expression. This
frequency is sufficient for use in activation-tagging
screens.

Tightly Regulated Gene Expression

A good inducible gene expression system must
deliver tightly regulated gene expression. Experiments
using the cytotoxin DT-A gene demonstrated that our
system is stringently regulated: Despite containing a
cytotoxic gene, plants develop normally in the absence
of induction. Such a system that provides stringent
control of a cytotoxic gene, in combination with the
ability to restrict expression to a subset of cells, creates
the opportunity to study plants in which certain cell
types are ablated.

Production of Induced Sectors of Gene Expression

The nonvolatile nature of the 17-B-estradiol inducer
provides a further advantage because it can be applied
to restricted sectors of the plant. This means that
interesting mutants with lethal effects can be rescued
in noninduced sectors. This is of particular importance
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when attempting to deregulate gene expression in
reproductive tissues, where gene induction may pro-
duce sterility or lethal effects in the next generation.

Gateway Compatibility and Induced Gene Expression

Our system also benefits from the inclusion of
Gateway cloning sites, making the system compatible
with the growing collections of full-length cDNA entry
clones that are available in the Arabidopsis Stock
Center (Gong et al., 2004) and promoter/enhancer
cis-elements (An et al., 2004) that allow these genes to
be expressed inducibly in any plant cell-type. We used
one such cDNA from the Stock Center, pYAT5G17430
(BBM; Gong et al., 2004) to induce somatic embryos on
vegetative tissues, faithfully reproducing the previ-
ously described phenotype (Boutilier et al., 2002). We
also generated Gateway-compatible cDNAs and in-
ducibly misexpressed both KNAT1 (replicating the
lobed-leaf phenotype described by Lincoln et al.,
1994) and LEC2 (conditionally reproducing the devel-
opment of somatic embryos in vegetative tissue de-
scribed by Stone et al., 2001).

Plant lines that show inducible FUS3 expression
illustrate the value of our gene expression system. In
the absence of induction, transformants can be selected
on antibiotic plates and their phenotype determined
after induction in subsequent generations. Because
ectopic expression of FUS3 using the constitutive and
near-ubiquitous CaMV 35S promoter would lead to
seed dormancy (as shown with the inducible system),
primary transformants would be overlooked because
they would be indistinguishable from nontransform-
ants on a selection plate. Despite its strong effect on
dormancy when ectopically expressed, FUS3 expres-
sion during seed development shows only marginal
differences between strongly or moderately dormant
Arabidopsis wild-type accessions (Baumbusch et al.,
2004). This may reflect the sensitivity of seeds to the
expression of FUS3. Significantly, FUS3 has been
implicated as a positive regulator of abscisic acid syn-
thesis (Gazzarrini et al., 2004) and abscisic acid is a
hormone known to promote seed dormancy (Koornneef
et al., 2002). The altered expression of such dormancy
genes has the potential to resolve problems of prehar-
vest sprouting in agriculturally important seeds (for
review, see Gubler et al., 2005).
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Figure 8. The ectopic expression of FUSCA3 produces a seed dor-
mancy phenotype. Plant lines containing both the pMDC150-35S
activator T-DNA and a pMDC221-FUS3 responder T-DNA. A, Unin-
duced. B, Induced with 2 um 17-B-estradiol. C, Induced with 5 um
17-B-estradiol after 14 d.
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Modulated Gene Expression

A further advantage of an XVE-dependent system is
that gene expression levels can be modulated using
different concentrations of inducer (Zuo et al., 2002). In
experiments with KNAT1 and FUS3 plant lines, dif-
ferent concentrations of 17-B-estradiol also modulated
the severity of the phenotypes. This allows both weak
and strong phenotypes to be examined in the same
plant line—a real advantage. The method of inducer
application can be adapted to suit requirements. We
have developed a number of inducer application
methods to enhance the flexibility of our system.
Gene expression can be induced in roots, germinating
seed, and juvenile plants by growing plants directly on
Murashige and Skoog medium supplemented with
17-B-estradiol. Young seedlings can be induced after
initial stages of development by transferring them to
inductive media. In older plants, gene expression can
be induced by allowing excised branches (inflores-
cences) to take up 17-B-estradiol by transpiration or,
for reporter analysis, by submerging tissue in 17-8-
estradiol solution. Alternatively 17-B-estradiol can be
applied in 0.01% (v/v) Silwet 77 to plant sectors using
an artist’s paint brush. Less accessible cell types (e.g.
the female gametophyte) can be induced by transpi-
ration, painting, or dipping flowers in 17-B8-estradiol
solution containing 0.02% (v/v) Break thru S240
(Goldschmidt GmbH). This reduces surface tension
and allows 17-B-estradiol to spread quickly over the
hydrophobic cuticle. We do not recommend spraying
17-B-estradiol because, like glucocorticoid steroids,
estrogens play a significant role in human physiology
and should be used with caution.

In summary, we have shown that the two-component,
Gateway-compatible XVE system can be used to gen-
erate faithful patterns of expression at high frequen-
cies. The frequency with which these patterns are
observed is largely independent of the position of both
the activator and the responder in the genome. As the
number of activator plant lines with cell type-specific
activity rapidly grows and more Gateway-compatible,
full-length cDNA libraries become available, this sys-
tem will allow the inducible expression of any gene to
be studied in any plant tissue type. This type of system
will help to determine the cell type in which a gene’s
activity is required (i.e. for complementation studies).
Furthermore, the system can be used to generate con-
ditional mutant alleles to complement the early lethal
effects of a mutation, revealing the effects of the same
mutation at later stages of development. Similarly,
mutations affecting early zygotic development could
be conditionally complemented to generate seeds for
second-site mutagenesis, revealing bypass mutants to
the primary lesion in viable progeny. Conditional cell
type-specific gene expression could further the devel-
opment and analysis of new phenotypic traits, such as
apomixis or dwarfism. Such analysis will be of partic-
ular relevance to the development of novel crop
traits in which widespread transgene expression
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could impair plant viability or fertility (Curtis and
Grossniklaus, 2006).

MATERIALS AND METHODS
Plasmid Construction

Standard gene-cloning methods (Sambrook and Russell, 2001) were used
to make the constructs. An attR1-Cm'-ccdB-attR2 integration region from the
Gateway cloning system (Invitrogen) was placed downstream of a promoter
containing the LexA binding site (OlexA) and basal CaMV 35S promoter (TATA
box; Zuo et al., 2000; Curtis and Grossniklaus, 2003). This responder cassette
was subcloned into derivatives of the pCAMBIA (http://www.cambia.org;
pMDCS8) and derivatives of the pMoa vector series (Barrell et al., 2002;
pMDC160, pMDC220, pMDC221, and pLB12), to produce responder con-
structs with a variety of selectable markers (see Fig. 1).

The AtGL2 promoter was amplified from Arabidopsis (Arabidopsis thaliana)
Columbia genomic DNA using PCR with Gateway adapter-GL2 promoter-
specific primers (5'-AAAAAGCAGGCTAAGCTTTTGAATTGTAGATAAAT-
CATCTGC-3’and 5'-AGAAAGCTGGGTGCTAGCTTCTTTGCTTAATTATG-
ATCTCTTCCC-3'). This PCR fragment could not be further amplified with
attB1l and attB2 adapter primers, as recommended by Invitrogen, and was,
therefore, digested with EcoRI and Nhel to yield a truncated fragment of 1.5 kb.
This AtGL2-promoter fragment was cloned into the EcoRI and Xbal sites of the
pBluescript vector (CLONTECH) and amplified using Gateway-compatible
primers designed to anneal to the T7 and T3 primer sequences of the
pBluescript vector. The forward primer contained the AttB1 tail T7 sequence
(5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTGTAATACGACTCACTA-
TAGGGC-3') and the reverse primer contained the AttB2 tail T3 sequence
(5'-GGGGACCACTTTGTACAAGAAAGCTGGCTAATTAACCCTCACTAAA-
GGG-3').

The 35S promoter/enhancer region was amplified from the pCAMBIA
3300 plasmid (http:/ /www.cambia.org) using PCR with the Gateway adapter-
CaMV 355 promoter-specific primers 355-F (5'-AAAAAGCAGGCTGTTTGCG-
TATTGGCTAGAGCAGCTTG-3') and 355-R (5'-AGAAAGCTGGGTGCGT-
CATCCCTTACGTCAGTGGAG-3') and the AtEASE sequence was amplified
from pWY-093.1 (Yang et al., 2005) using the Gateway adapter-AtEASE
enhancer-specific primers EAFP (5'-GGGGACAAGTTTGTACAAAAAAG-
CAGGCTCCACGATGCAAATATATCG-3') and EARP (5'-GGGGACCACTT-
TGTACAAGAAAGCTGGGTGCCTTAATATCATACGAAAG-3'). The plasmid
PWY-093.1 contains four tandem repeats of AtEASE; however, due to these
repeats, our amplified fragment fortuitously contained five tandem repeats.
H. An and G. Coupland provided the AtSUC2, ROLC, and NtTobRB7 promoters
as entry clones (An et al., 2004).

The Gateway-compatible PCR products AtGL2, CaMV 35S, and AtEASE
were introduced into the Gateway pDONR207 (Invitrogen) vector using BP
reactions to generate promoter entry clones. Different promoter fusions in the
vectors pMDC163 (Curtis and Grossniklaus, 2003), pMDC150, and LB12 were
produced using LR (Invitrogen) reactions.

The DT-A entry clone was generated by amplifying the DT-A chain from
plasmid pIBI30-DT-A (Maxwell et al., 1986; Harrison et al., 1991), flanked by
attB sites using the primers DIP-forward-attBl (5'-AAAAAGCAGGCTATG-
GATCCTGATGATGTTGT-3') and DIP-reverse-attB2 (5'-AGAAAGCTGGGT-
CACAAAGATCGCCTGACACG-3'). The amplified product was integrated
into pDONR207 using BP clonase and subsequently integrated into pMDC221
using LR clonase.

The pYAT5G17430 entry clone (Gong et al., 2004), containing the full-
length cDNA of BBM, was obtained from the Arabidopsis Biological Resource
Center (ABRC) stock center. This was integrated into the vector pMDC221
using LR clonase.

The KNAT1 entry clone was generated by subcloning a Kpnl-NotI fragment
that contained the full-length cDNA from the clone U10690 (Yamada et al.,
2003), obtained from the ABRC, into the Kpnl-NotI sites of pENTR1A vector
(Invitrogen). This fragment, flanked by attL1 and attL2 sites, was integrated by
into the vector pMDC221 using LR clonase.

The FUS3 and LEC2 entry clones were generated by amplifying full-length
c¢DNAs kindly provided by Francois Parcy, flanked by attB sites using the
primers FUS3-forward-attBl (5'-AAAAAGCAGGCTATGGTTGATGAAAA-
TGTGG-3') and FUS3-reverse-attB2 (5'-AGAAAGCTGGGTCTAGTAGAAG-
TCATCGAGAG-3'), and LEC2-forward-attBl (5'-AAAAAGCAGGCTATG-
GATAACTTCTTACCCTTTCC-3') and LEC2-reverse-attB2 (5'-AGAAAGCT-
GGGTTCACCACCACTCAAAGTCG-3'). The amplified product was integrated
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into pDONR221 using BP clonase and subsequently integrated into pMDC221
using LR clonase.

Plant Materials, Growth Conditions,
and Plant Transformation

Arabidopsis Landsberg erecta plants were used for plant transformation
using the floral-dip method (Clough and Bent, 1998). Plants were grown
under 14-h white light/10-h dark at 22°C on Murashige and Skoog agar (1 X
Murashige and Skoog salts, 3% Suc, 0.8% agar) or in the greenhouse for
mature plants.

17-B-Estradiol Induction Methods

A stock of 20 mm 17-B-estradiol (Sigma-Aldrich) in 70% ethanol or 100%
dimethylsulfoxide was made and stored at —20°C in small aliquots
(17-B-estradiol is light sensitive and its activity slowly declines in a light
intensity-dependent manner). The ethanol alone has no effect on transgene
expression and at a concentration of <0.1% (v/v) in sterile culture media has
no inhibitory effect on seed germination. Chemical treatments were carried
out by either germinating seeds directly on Murashige and Skoog medium
supplemented with 10, 5, or 2 uM 17-B-estradiol, or by transferring seedlings
from a noninductive to an inductive medium. Alternative methods include
17-B-estradiol uptake through transpiration or by submerging tissue in
17-B-estradiol solution. Restricted regions of the plant can be induced by
applying 17-B-estradiol solution, supplemented with 0.01% Silwet 77 with an
artist’s paint brush to sectors of the plant. When applying 17-B-estradiol to the
exterior of the flower buds to induce expression in the egg apparatus deep
within the carpels, 17-B-estradiol solution was supplemented with 0.02%
Break thru 5240 (Goldschmidt GmbH), which aids spreading.

GUS Staining

In situ GUS staining was carried out by vacuum infiltrating GUS staining
solution (50 mm sodium phosphate buffer, pH 7.0, 1 mm EDTA, 0.5 mg/mL
5-bromo-4-chloro-3-indolyl B-p GlcUA [X-Gluc; Biosynth AG], 0.4% Triton
X-100, 100 mg/mL chloramphenicol, and 5 mm each of potassium ferri/
ferrocyanide), and incubating at 37°C for 24 h.
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