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We describe an efficient inducible system to regulate gene expression in plants based on quorum-sensing components found in
Gram-negative bacteria such as Agrobacterium tumefaciens. These bacteria monitor their own population density by utilizing
members of the N-acyl homoserine lactone family as inducers and a transcriptional activator as its receptor. In our study, we
utilize the components from A. tumefaciens (i.e. 3-oxooctanyl-L-homoserine lactone [OOHL]) synthesized by the TraI protein
and its receptor, TraR. When OOHL binds to TraR, it recognizes its specific cis-element, the tra box. We translationally fused the
eukaryotic VP16 activation domain to the N terminus of TraR. In the presence of OOHL, the chimeric VP16:TraR transcriptional
regulator induces reporter gene expression in moss (Physcomitrella patens), barley (Hordeum vulgare), and carrot (Daucus carota)
cells, as well as in transgenic Arabidopsis (Arabidopsis thaliana) seedlings. The inducible system shows a low level of reporter
gene expression in the absence of the inducer. Foliar application and a floating-leaf assay in the presence of the inducer shows a
30- and 200-fold induction, respectively. Induction by foliar application of the inducer to whole seedlings is achieved within 8 h.
The VP16:TraR activator also shows specificity for binding to its cognate inducer, OOHL. Based on microarray analyses,
endogenous gene expression is not significantly affected due to overexpression of the TraR protein or presence of OOHL in
either wild-type or lactone-inducible transgenic plants.

Chemically inducible gene expression systems are
very useful molecular tools to tightly control temporal
and spatial gene expression in cases where constitu-
tive expression of transgenes or RNAi constructs is not
desirable or is detrimental to cells. It is also useful to
switch on regulator genes in specific tissues to observe
whole-genome expression patterns and to construct
genetic regulatory networks. Most efforts in develop-
ing eukaryotic gene expression systems involve small
molecules and their receptor transcriptional regulator
either by utilizing inducible systems existing in pro-
karyotes and/or by developing new and artificial sys-
tems based on synthetic transcription factors. The
inducer and receptor of these systems that have been
adapted for plants include tetracycline and TetR
(Weinmann et al., 1994; Blau and Rossi, 1999), ethanol
and ALCR (Caddick et al., 1998; Roslan et al., 2001)
and its recent modification (Roberts et al., 2005), cop-
per and ACE1 (Mett et al., 1993; McKenzie et al., 1998),
steroid hormones dexamethasone and estradiol with

glucocorticoid receptor and estrogen receptor, respec-
tively (Bruce et al., 2000; Zuo et al., 2000; Samalova
et al., 2005), and insecticide ecdysone and EcR (Koo
et al., 2004). Each of these systems has its advantages
and disadvantages and successful application de-
pends on a particular experimental system (for review,
see Schauder and Bassler, 2001; Padidam, 2003). We
show in this article that when the component of the
quorum-sensing system found in Agrobacterium tume-
faciens is modified, it can serve as an inducible system
in a variety of plant cells with many desirable charac-
teristics.

Bacteria such as A. tumefaciens regulate sets of gene
expression in response to the density of the population
by utilizing small signaling molecules (N-acyl homo-
serine lactone [HSL]), i.e. quorumsensing.Diverse phys-
iological processes are regulated by quorum-sensing
mechanisms, such as bioluminescence in marine bac-
terium Vibrio fischeri and conjugal transfer of the Ti
plasmid in A. tumefaciens, allowing bacteria to better
adapt to the environment. The most widely known
quorum-sensing system in Gram-negative bacteria is
composed of the inducerN-acyl-hexanoyl-L-homoserine
lactone synthesized by LuxI from V. fischeri and its
receptor/transcriptional regulator LuxR (Fuqua et al.,
1994). In A. tumefaciens, the inducer is 3-oxooctanyl-L-
homoserine lactone (OOHL) synthesized by TraI, and
the receptor/regulator is TraR (Hwang et al., 1994).
Crystal structure studies show that TraR contains a
helix-turn-helix motif (Zhu and Winans, 1999; Zhang
et al., 2002). The C-terminal region of the TraR protein
is for DNA binding and transcriptional activation,
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whereas the N-terminal region is involved in dimer-
ization and proteolysis signaling (Chai and Winans,
2005). A recent study also indicates that a stable
homodimer forms only when TraR binds to a single
molecule of OOHL in a 1:1 ratio (Zhang et al., 2002).
The homodimer TraR-OOHL complex activates an
18-bp cis-acting recognition sequence (i.e. the tra box)
in the promoters of at least three different genes, traA,
traI, and traR. Both traI and traR are located in the Ti
plasmid, and both genes are positively regulated by
the TraR-OOHL complex in A. tumefaciens (Fuqua and
Winans, 1996). Each member of the HSL family shows

specificity to its receptor. The specificity of the inducer
is determined by its lactone ring and the number of
carbon fatty acid chains (Fuqua andWinans, 1996; Zhu
et al., 1998).

TraR has been extensively studied in bacterial sys-
tems as described above, as well as in mammalian cells
(Neddermann et al., 2003). Here we describe a lactone-
inducible systemusing TraR andOOHL that can induce
reporter gene expression in bryophytes (moss [Phys-
comitrella patens]), dicots (carrot [Daucus carota] and
Arabidopsis [Arabidopsis thaliana]), and monocots (bar-
ley [Hordeum vulgare]).

Figure 1. GUS expression in carrot protoplasts in
response to OOHL. Protoplasts cotransfected with
the indicated reporter and effector constructs were in-
cubated with OOHL for 36 h. The minimal (246 bp)
35S driving the GUS reporter (m35STGUS) was used
as a control. Error bar represents SD from the mean of
three samples.

Figure 2. Effect of traA box mutagenesis on GUS
expression in carrot protoplasts. Protoplasts trans-
fected with the mutated traA box joined to
m35STGUS (see ‘‘Materials and Methods’’) were
cotransfected with or without effector in the absence
or presence of 25 mM OOHL for 36 h. The 33 (traI)
indicates three copies of the original traI box reporter
construct used in Figure 1. m35STGUS was used as a
control. Values represent the mean of three samples.
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RESULTS

OOHL Induces Transient b-Glucuronidase Expression

in a Variety of Plant Cells

In mammalian cells, a eukaryotic activation domain
was required for TraR to be functional in stimulating
transcription (Neddermann et al., 2003). In this study,
the effector construct was composed of the TraR acti-
vator C-terminally fused to the eukaryotic activation
domain VP16 AD (VP16:TraR) and linked to the cau-
liflower mosaic virus (CaMV) 35S promoter. The re-
porter construct was composed of three copies of the
OOHL-responsive traI box [33 (traI)] from the pro-
moter of traI, joined to the minimal (246 bp) CaMV
35S (m35S) promoter to drive the b-glucuronidase
(GUS) reporter. Significant expression of GUS over the
basal activity was observed in carrot protoplasts with

as little as 0.5 mM OOHL and reached its maximal
activity (6-fold) at 5 mM OOHL. However, the basal
activity of the 33 (traI)TGUS reporter in the absence
of the inducer OOHL was about 5-fold higher than
that of the minimal promoter alone (Fig. 1).

To further reduce the background activity of the
33 (traI)TGUS reporter, we selected the perfect palin-
dromic binding site from the promoter of traA and
systematically changed every pair of nucleotide bases
in the traA box. Reporter constructs containing three
copies of the correspondingmutant binding site (traA1–
traA9) were tested in transient assay along with the
original traI box and a single base-pair deletion (traA-1)
construct (Fig. 2). Three out of 10 constructs (traA1, 2,
and 8) retained the ability to be strongly activated
(.11-fold) by the effector plus the OOHL inducer and
had significantly reduced background activity when
compared with the unmodified traI (Fig. 2). Based
upon these results, we chose four copies of the traA8
box [43 (traA8)] joined to the m35S (or Amy64 for
barley) linked to either GUS or luciferase (LUC) as the
optimal reporter construct in all further experiments.

We tested the 43 (traA8) reporter using transient
assays in moss protoplasts and barley aleurone cells.
We observed a 7-fold induction of 43 (traA8)TGUS
reporter expression in moss protoplasts treated with
100 mM OOHL for 24 h (Fig. 3A). The reporter and
effector constructs, modified for use in monocot plants,
were cobombarded into barley aleurone cells and
treated with various concentrations of OOHL inducers
for 24 h, resulting in an over 25-fold increase in activity
with 100 mM OOHL (Fig. 3B).

OOHL Induces LUC Expression in Arabidopsis

Transgenic Plants

A binary vector of the lactone-inducible system was
used for Arabidopsis transformation. The vector con-
tained CaMV 35STvp16:traR coupled to the 43 (traA8)
box with the m35S promoter controlling the LUC gene
(Fig. 4). Single-copy, single-insertion lines were selected
on hygromycin and confirmed by Southern analysis
(data not shown). Overexpression of the VP16:TraR
(CaMV 35STvp16:traR) showed normal phenotypes at
all developmental stages and over several generations.

The seedlings of individual T3 homozygous lines
were treated with a single foliar spray of OOHL and
showed variable levels of inducible LUC activity (4- to
11-fold) after 24 h (Fig. 4). The basal LUC expression
of the individual lines without inducer showed 6- to
14-fold higher LUC activity compared to wild-type
untransformed plants. However, we have new lactone-
inducible plants with a slightly different construct
showing only about 2-fold higher basal LUC activity
than wild-type seedlings, which indicates the back-
ground activity is due to the particular construct
(data not shown). The inducer-dependent LUC ex-
pression in line 8F (see Fig. 4) was linear from 0.1 to
10 mM OOHL (P , 0.05), and showed 16- and 30-
fold induction at 1 and 10 mM, respectively (Fig. 5).

Figure 3. GUS expression in moss protoplasts and barley aleurone cells
in response to OOHL. A, Moss protoplasts were cotransfected with
reporter and/or effector constructs and incubated in the absence or
presence of 100 mM OOHL for 24 h. m35STGUS was used as a control.
GUS activity was normalized by LUC activity (ActinTGFP:LUC). Error
bar represents SE from the mean of seven samples. B, Barley aleurone
cells were cotransfected with the reporter and effector constructs and
incubated with different OOHL concentrations. GUS activity was
normalized by LUC activity (Ubi-LUC). Error bar represents SE from the
mean of four samples.

Lactone-Inducible Promoter System
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Significant LUC activity was first detected at 8 h after
seedlings were sprayed once with 1 mM OOHL, with
maximal induction (16-fold) attained after 12 h (Fig. 6).
After removal of the inducer at 24 h by washing, LUC
activity decreased to control levels after an additional
24 h (data not shown).

VP16:TraR Activator Shows Specificity to OOHL

All lactone inducers found in Gram-negative bacte-
ria contain a HSL moiety and a fatty acid acyl group,
the latter showing variation in length, saturation chains,
and oxidation states (Zhu et al., 1998). To investigate
the affinity of TraR to its cognate OOHL, four different
commercially available lactone molecules were tested.
Leaves taken from 3-week-old seedlings were floated
in small volumes of 1 mM of each inducer solution.
After 24 h, the leaves were assayed for LUC activity

(Fig. 7). HSL and C6-HSL were inactive, while C7-HSL
and C8-HSL, which structurally resemble OOHL, in-
duced LUC expression by 30- and 60-fold, respec-
tively, which was statistically significant (P , 0.05).
However, neither was as active as the cognate OOHL
in the response assay that exhibited a 210-fold increase
of LUC activity to the mock treatment.

Endogenous Gene Expression Is Not Affected by
OOHL Treatment

We examined the transcription profile of wild-type
seedlings treated with the inducer as well as trans-
genic seedlings containing the lactone-inducible sys-
tem with and without the inducer. The differential
expression of about 20,000 genes was determined using
Agilent Arabidopsis DNA microarrays and a two-
color (Cy3 and Cy5) labeling and hybridization method.

Figure 4. LUC expression in independent transgenic
Arabidopsis lines in response to OOHL. The induc-
ible LUC construct used in transgenic Arabidopsis
was constructed in a vector as shown in the top.
Homozygous 12-d-old seedlings from three indepen-
dent T3 lines (13B, 10G, and 8F) were assayed for
LUC activity after 24 h following a single foliar spray
with or without 0.1 or 1.0 mM OOHL. For mock
treatment, 0.1% DMSO was used alone. The back-
ground LUC activity of 12-d-old wild-type seedlings
was 24 6 4 (SE) RLU/mg protein. Error bar represents
SE from the mean of three samples. RLU, Relative light
units.

Figure 5. LUC expression in transgenic
Arabidopsis seedlings in response to
OOHL. Two-week-old seedlings were as-
sayed after 24 h following a single foliar
spray with different concentrations of
OOHL. For mock treatment, 1% methanol
was used alone. Error bar represents SE

from mean of six samples for mock and
1 mM OOHL and three samples for 0.1 and
10 mM OOHL treatment. Activity in all
OOHL-treated tissue was significantly dif-
ferent from the mock treatment (P, 0.05).
RLU, Relative light units.
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Under the criteria of a 2-fold-change cutoff and a
P value,0.05, five genes were differentially expressed
when wild-type plants were treated with the inducer.
Transgenic seedlings containing all components of the
inducible system showed only three genes differen-
tially expressed when compared to wild type and five
genes when treated with the inducer. There were no
common genes among the total of 13 genes that were
differentially expressed by the insertion event and the
inducer treatment in both wild-type and transgenic
seedlings (Supplemental Table I). In addition, the lists
of genes with a 1.5-fold cutoff are available in Supple-
mental Tables II to IV (compare with ‘‘Materials and
Methods’’).
To address the issue of multiple testing and deter-

mine whether the small number of genes changed
were simply due to random events, we performed a
false discovery rate (FDR; type-I error rate) analysis
(Benjamini and Hochberg, 1995). None of the 13 genes
met the FDR , 0.05. Therefore, we concluded that the
lactone or any components of the inducible system had
no effect on the expression of endogenous genes.

DISCUSSION

Wedocumented the use of the quorum-sensing com-
ponents from A. tumefaciens as a gene-switch system
for use in a variety of plants, including bryophytes
(moss), dicots (carrot and Arabidopsis), and monocots
(barley). The inducible gene expression system was
composed of the TraR receptor/transcription factor
and the lactone inducer OOHL. Reporter gene expres-
sion was induced by OOHL in transient assays as well
as by foliar application to transgenic Arabidopsis
plants. Induction by OOHL was observed as early as
8 h after spraying Arabidopsis leaves with the inducer.
We also showed strong inducer activity (.200-fold)
between TraR and its cognate inducer OOHL in a
detached-leaf assay using these same transgenic Arabi-
dopsis plants.

Low toxicity and specificity of the inducer to plant cells
are also important in inducible systems to avoid non-
specific induction by environmental stress or other types
of cues. In this study, overexpression of the chimeric
VP16:TraR activator did not cause any developmental

Figure 6. Time course of LUC expression in trans-
genic Arabidopsis seedlings in response to OOHL.
Twelve-day-old seedlings were assayed after 24 h
following a single foliar spray with or without 1 mM

OOHL. For mock treatment, 0.1% methanol was
used. Error bar represents SE from the mean of six and
three samples for the OOHL and mock treatments.
After 8 h, all activity measurements were significantly
different from the control (P , 0.05). RLU, Relative
light units.

Figure 7. Specificity of TraR toward members of the
HSL family. Leaves detached from 3-week-old seed-
lings were floated on 1.0 mM of the indicated HSL
solution for 24 h. A 1% solution of DMSO was used
as the mock treatment. Error bar represents SE from
the mean of three samples. RLU, Relative light units.

Lactone-Inducible Promoter System
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abnormality in stable transgenic Arabidopsis plants.
Some chemically inducible systems have an effect on
endogenous gene expression by the inducer or tran-
scriptional regulator (Padidam, 2003). The lactone-
inducible system described here has no effect on the
endogenous gene expression profile in Arabidopsis.
Microarray analyses confirmed that overexpression of
the TraR protein and the OOHL inducer treatment had
no effect on expression of endogenous genes. Similar
analysis was reported in yeast (Saccharomyces cerevi-
siae) to address the effect of the tet-regulatable pro-
moter system on endogenous gene expression
(Wishart et al., 2005). Furthermore, the OOHL concen-
tration (1 mM) used in this study did not cause any
visible toxicity to plant tissues. We also showed strong
inducer activity (.200-fold) between TraR and its
cognate inducer OOHL in a detached-leaf assay using
these same transgenic Arabidopsis plants. In agree-
ment with bacterial studies (Zhu et al., 1998; Luo et al.,
2003), we showed that HSL alone and the short
carbon-chain representative of the homoserine family
(C6-HSL) were unable to activate this system in the
detached-leaf assay. Also, the noncognate C7-HSL and
C8-HSL inducers showed 3- to 6-fold lower reporter
activity than the cognate OOHL. This could be due to
the overexpression of TraR (35STvp16:traR) in Arabi-
dopsis, resulting in nonspecific binding to these non-
cognate inducers, which was also observed in a
bacterial study (Zhu et al., 1998).

It also appears that one can control the level of
expression using this inducible system because there is
a wide dynamic range of inducer activity with no
detectable toxicity of the inducer. Furthermore, foliar
application resulted in local expression followed by a
rapid decline in reporter gene activity when the in-
ducer was removed. This characteristic could be used
to shorten the switch-off response time by spraying.
Another strategy to control the levels of expression
with this system is to take advantage of the weakly
bound noncognate inducers to TraR. It has been re-
ported that induction by the noncognate inducer ex-
hibited a more rapid loss of activity when removed
(Zhu et al., 1998; Luo et al., 2003). This characteristic
could be used to induce lower expression levels
of specific genes and/or to quicken the switch-off
response in postwashing (i.e. a short burst of activ-
ity followed by a fast switch-off response could be
achieved by applying the noncognate inducer).

Our study of the TraR- and OOHL-based quorum-
sensing system from A. tumefaciens reports its use in
plants. The lactone-inducible system has a quick re-
sponse, adjustable switch-off response, inducer specific-
ity, a rapid foliar uptake of the inducer, and no effect on
endogenous gene expression. An important character-
istic of this system is the tight specificity between the
inducer and receptor. There are many quorum-sensing
systems found in Gram-negative bacteria showing
inducer/receptor specificity in response to induction
and/or repression abilities (e.g. a repression [OFF]
switch by EsaR from Pantoea stewartii [Minogue et al.,

2002]). Our work establishes the background for ap-
plication of lactone-inducible systems from bacteria to
control gene expression in a wide variety of plants.

MATERIALS AND METHODS

TraR Effector Construct for Transient Assays

TraRwas isolated by PCR from Agrobacterium tumefaciens strain A348 geno-

mic DNA using Pwo DNA polymerase and the following primers: traR25#,
5#-CATATGCAGCACTGGCTGG and traR13#, 5#-GTCGACCTCAGATGAGT-

TTCCG. The isolated TraR gene differed slightly from the sequence previously

published (Fuqua et al., 1994). Two GC/CG substitutions affecting codons

173, 174, and 212 resulted in C173W, V174L, and R212A changes in the

predicted amino acid sequence of the TraR protein. It is not clear whether

these differences resulted from sequencing/PCR errors or reflect natural

strain polymorphisms. The open reading frame of traRwas cloned into a plant

expression cassette under the control of the CaMV 35S promoter with a

duplicated enhancer region (e35S) followed by a tobacco mosaic virus coat

protein translation enhancer. The effector construct encoded a fusion protein

containing an HA tag from Influenza hemaglutinin at the N terminus (MGY-

PYDVPDYAH, actual epitope sequence underlined) followed by a VP16

activation domain (amino acids 413–490) from Herpes simplex and the entire

TraR polypeptide. Transcriptional termination and polyadenylation signals

were from the 3# region of the nopaline synthase gene (3#-NOS). Hence the

effector construct was stated as e35STvp16AD:traR. PCR and cloning fidelity

of all constructs were confirmed by DNA sequencing.

TraR Reporter Constructs for Transient Assays

Double-stranded oligonucleotides containing traI and traA elements from

the traI and traA gene promoters were created by annealing the following prim-

ers: traI1-t-5#-AACTTAACGTGCAGATCTGCACATAACA and traI-b-5#-GTT-
TGTTATGTGCAGATCTGCACGTTAA; and traA-t-5#-AACTTAATGTGCAG-

ATCTGCACATAACA and traA-b-5#-GTTTGTTATGTGCAGATCTGCACAT-

TAA (sequences of the tra box underlined). Multimers were created by 5#-end
phosphorylation using T4 DNA polynucleotide kinase and sticky-end ligation

using T4 DNA ligase followed by blunting the ends using Klenow fragment of

DNA polymerase I. Each of the tra box elements was linked by a 10-bp spacer

sequence. After gel purification, the multimer tra boxes were joined to the CaMV

m35S promoter to drive the GUS reporter gene [33 (traA or I):m35STGUS].

Mutagenesis of the traA Box

The perfect palindrome of the traA box sequence is 5#-ATGTGCAGA-

TCTGCACAT-3#. The nucleotides were mutated by oligonucleotide synthesis,

and each of the mutated traA boxes is shown below. The mutated bases are

indicated in lower case: traA1, 5#-gTGTGCAGATCTGCACAc-3#; traA2, 5#-AgG-
TGCAGATCTGCACcT-3#; traA3, 5#-ATtTGCAGATCTGCAaAT-3#; traA4, 5#-ATG-
aGCAGATCTGCtCAT-3#; traA5, 5#-ATGTcCAGATCTGgACAT-3#; traA6,

5#-ATGTGaAGATCTtCACAT-3#; traA7, 5#-ATGTGCgGATCcGCACAT-3#;
traA8, 5#-ATGTGCAaATtTGCACAT-3#; traA9, 5#-ATGTGCAGtaCTGCA-

CAT-3#; and traA-1, 5#-ATGTGCAGA-CTGCACAT-3# (‘‘-’’ indicates deletion

of a nucleotide). The flanking sequences outside of the mutant versions of the

traA element were not changed for consistency.

Transfection into Carrot Protoplasts

Protoplasts were made from mid-log phase carrot (Daucus carota) cells

growing in cell suspension culture as described previously (Ulmasov et al.,

1995). After 4 d of subculturing, cells were harvested, treated with digestive

enzymes (Driselase; Sigma), and transfected using the polyethylene glycol

(PEG)-Ca21 procedure as described previously (Ulmasov et al., 1995). Trans-

fections were performed in triplicate for both with and without OOHL

treatments and at least two independent experiments were performed with

each construct. The effector plasmid (e35STvp16AD:traR) was cotransfected

with appropriate reporter plasmids [33 (traI or traA box):m35STGUS] at a 1:1

ratio. After incubation in Murashige and Skoog medium (PhytoTechnology

Laboratories) for 36 h in the dark, cells were harvested and assayed for GUS

activity.

You et al.
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Transfection into Moss Protoplasts

Moss (Physcomitrella patens) strain Gransden was used as the wild type.

The strain was maintained as described previously (Bezanilla et al., 2003).

Protonemal tissue was homogenized with a homogenizer (PowerGen 125;

Fisher Science) and inoculated onto cellophane overlaid on 0.7% agar plates of

PpNH4 media as described previously (Bezanilla et al., 2003) and incubated in

a 16/8-h photoperiod at 90 mmol m22 s21 at 25�C. DNA delivery into

protoplasts was performed as described previously (Schaefer et al., 1991).

Protoplasts were isolated and resuspended at 1.5 3 106 protoplasts/mL.

Small-scale transient transformations were carried out in 1.5-mL tubes with a

total of 3 mg of DNA from the appropriate constructs, 50 mL of protoplasts,

and 50 mL of 33% (w/v) PEG. The 3 mg of DNA consisted of 1 mg of actin

promoter-driving green fluorescence protein fused to LUC (ActinTGFP:LUC)

as an internal control, 1 mg of each of the reporter [43 (traA8):m35STGUS]

and effector (e35STvp16AD:traR) constructs, or empty pBlueScript vector as

balancer plasmid. The transformation reactions were incubated overnight in

the dark following a heat shock for 3 min at 45�C. The following day, 0.1 mM

OOHL or 0.1% (v/v) dimethyl sulfoxide (DMSO) was added to the transfor-

mations. After 24 h of treatment, the protoplasts were harvested at 600g in a

swinging bucket rotor and the supernatant was removed. Protein was

extracted by a series of freezing in liquid nitrogen and thawing at 37�C with

vigorous agitation by vortexing. GUS and LUC activities were measured as

described (Lanahan et al., 1992). GUS activity was normalized by the LUC

activity and represented as relative GUS activity with SE [(GUS/LUC) 1 SE].

Transfection into Barley Protoplasts

Barley (Hordeum vulgare cv Himalaya) seeds from the 1998 harvest at

Washington State University (Pullman, WA) were used in all experiments.

DNA delivery into barley aleurone cells was performed as described previ-

ously (Shen et al., 1993). The reporter construct used above was modified for

use in monocot plants by replacing the m35S promoter with the barley

a-amylase minimal (264 bp) promoter, pRZ260 [43 (traA8):Amy64TGUS].

In addition, the maize (Zea mays) Ubiqutin1 (Ubi) promoter and intron

sequence (1,986 bp) were replaced with the e35S promoter in the effector

construct, yielding pRZ261 (UbiTvp16AD:traR). Maize Ubi promoter-driving

LUC (UbiTLUC) was used as a bombardment control construct as described

previously (Bruce et al., 1989). A total of 2 mg of each reporter construct,

effector construct, and bombardment control construct were used to prepare

tungsten particles for three bombardments. The bombarded seeds were

treated with OOHL for 24 h at room temperature. Protein was extracted

from four bombarded barley seeds in extraction buffer (Lanahan et al., 1992)

and cell debris was centrifuged down. GUS and LUC activities weremeasured

as described (Lanahan et al., 1992). GUS activity was normalized by the LUC

activity and presented as relative GUS activity (GUS/LUC) 1 SE.

Arabidopsis Constructs

The effector construct (e35STvp16AD:traR) was cloned into the EcoRI

site of pCAMBIA1380 (CAMBIA) plant binary vector, which contained the

e35SThygromycinT35S polyA cassette, yielding the pTR80 vector. In the

reporter construct, the OOHL-responsive promoter (four copies of traA8 box

with m35S promoter) was used to drive the LUC gene and the 3#-NOS polyA

was used as a terminator [43 (traA8):m35STLUC]. The reporter cassette was

cloned into between EcoRI and SpeI sites of the pTR80 vector in cis-orientation

to the effector component, yielding the pTRLuc80 vector. The pTRLuc80 vector

was then transformed into A. tumefaciens strain ABI for plant transformation.

Arabidopsis Plant Transformation and LUC Assays

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was transformed

using the floral-dip method (Clough and Bent, 1998). T1 transgenic Arabidop-

sis plants were selected on Murashige and Skoog media containing 250 mg/L

carbenicillin and 20 mg/L hygromycin. Hygromycin-resistant T1 seedlings

were transferred to soil in the greenhouse and seeds of the individual lines

were collected by self-fertilization. Seeds from T2 lines were germinated on

Murashige and Skoog media with 20 mg/L hygromycin and single-copy

insertion lines were selected based on aMendelian segregation ratio. T3 homo-

zygous seedlings obtained by self-fertilization were grown on Murashige and

Skoog1 3% Suc media with hygromycin in a 16/8-h photoperiod at 100 mmol

m22 s21 at 25�C. About 30 to 50 seeds were sown in a plate and the seeds were

germinated in a 25�C incubator after cold treatment at 4�C for 2 to 3 d. Then 12

of the 10-d-old seedlings were carefully transferred to each fresh newMurashige

and Skoog 1 3% Suc plate and grown for an additional 2 d before being

treated with the OOHL inducer at varying times and concentrations. Whole

plants or leaf material was frozen in liquid nitrogen, homogenized with a plastic

pestle in 200 mL of grinding buffer used in the moss and barley assays, and

centrifuged down at 14,000 rpm at 4�C for 10 min. One hundred microliters of

the supernatant were used in the LUC assay using 1 mM luciferin (catalog no.

L–8220; BIOSYNTH) in a luminescence analyzer (Monolight 2010; Analytical

Luminescence Laboratory). The LUC activity was measured as described

(Lanahan et al., 1992). Protein concentration was determined by Bradford assay

(Bradford, 1976). The statistical analysis of the experiments was performed by

t test using a two-tailed distribution with equal variance (a 5 0.05).

HSLs Used in This Study

The TraR cognate inducer OHHL was custom ordered from IsoSciences,

LLC. The other lactones were purchased from Sigma-Aldrich: HSL, L-HSL

hydrochloride; C6-HSL,N-hexanoyl-DL-HSL; C7-HSL,N-heptanoyl-DL-HSL;

and C8-HSL, N-octanoyl-HSL. The working concentrations of lactone solu-

tions were prepared in 0.53 Murashige and Skoog solution.

Microarray Experiments and Analysis

Twelve-day-old Arabidopsis seedlings of wild-type and pTRLuc80 line 8F

(inducible line) grown in Murashige and Skoog1 3% Suc media, as described

above, were treated with either 3 mL of 1 mM OOHL or 0.1% DMSO by foliar

application for 24 h. Total RNAwas extracted from three individual seedlings

per treatment using the Agilent plant RNA isolation mini kit (Agilent

Technologies) following the manufacturer’s recommendation. The total RNA

from three individual seedlings from each treatment was then pooled to-

gether. We purchased Arabidopsis 2 (V2) microarrays (product no. G4130B)

based on a 60-mer oligonucleotide DNA microarray for two-color gene

expression analysis (Cy3 and Cy5 labeling) from Agilent Technologies. The

22K microarray format contains about 20,000 genes/transcripts per micro-

array. We used an Agilent-certified microarray service lab (MOgene, LC) to

perform the following microarray experiment. The quality of the RNA samples

was determined on an Agilent 2100 bioanalyzer using an RNA 6000 LabChip

kit. The cRNAwas amplified from 0.5 mg of the total RNA using Agilent low

RNA input fluorescent linear amplification kit (product no. 5184–3523), and

2 mg of cRNA from each sample labeled with Cy3 and Cy5 using ULS aRNA

fluorescent labeling kit (product no. EA–006; Kreatech Biotechnology) was

mixed and hybridized for each microarray. A total of 12 microarrays were

analyzed with dye swaps in two biological samples. The sample pairings are

shown below: (1) wild type versus inducible line; (2) wild type 1 mock

treatment versus wild type1OOHL inducer; and (3) lactone-inducible line1

mock treatment versus lactone-inducible line 1 OOHL inducer.

The hybridization, washing, and scanning were conducted according to

the manufacturer’s recommendation at MOgene, LC. The fluorescent inten-

sities of each feature were extracted by Agilent feature extraction software.

The raw intensity data then were log (base e 5 2.718) transformed for

normalization before ANOVA (mixed model) analysis. Data points for genes

(or probes) were discarded if the raw intensities of both Cy3 and Cy5 channels

were below 150 (typical background intensity is 40) and the signal-to-back-

ground ratio below 2. Log ratios among different samples and the P values

were calculated using the mixed model (Wolfinger et al., 2001). FDR was cal-

culated using Benjamini and Hochberg’s procedure (Benjamini and Hochberg,

1995) based on the P values. A gene was identified as a significant change in gene

expression based on the 2-fold cutoff with P values ,0.05 and a FDR , 0.05.

Supplemental Table I contains all the differentially expressed genes from

each of the three sample comparisons. Supplemental Table II contains a list of

differentially expressed genes from sample pairing 1, with a 1.5-fold cutoff

and FDR values. Supplemental Tables III and IV contain a gene list with the

above criteria from sample pairings 2 and 3, respectively.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers L08596 (TraR), L17024 (TraI), and AF242881

(TraA).
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