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Abstract

Ethylene responsive factors (ERFs) are important in regulating plant pathogen resistance, abiotic stress
tolerance and plant development. Recent studies have greatly enlarged the ERF protein family and revealed
more important roles of ERFs in plants. Here, we report our finding of a tomato ERF protein TSRF1,
which is transcriptionally up-regulated by ethylene, salicylic acid, or Ralstonia solanacearum strain BJ1057
infection. Biochemical analysis indicates that TSRF1 specifically interacts in vitro with the GCC box, an
element present in the promoters of many pathogenesis-related (PR) genes. Further investigation evidences
that TSRF1 activates in vivo the expression of reporter b-glucuronidase gene controlled by GCC box. More
importantly, overexpressing TSRF1 in tobacco and tomato constitutively activates the expression of PR
genes, and subsequently enhancing transgenic plant resistance to the bacterial wilt caused by Ralstonia
solanacearum strain BJ1057. Therefore our investigation not only extends the functions of ERF proteins in
plant resistance to R. solanacearum, but also provides further clues to understanding the mechanism of host
regulatory proteins in response to the infection of pathogens.

Introduction

To survive environmental conditions, such as
drought, high salt, extreme temperatures and
pathogen attack that greatly affect plant devel-
opment and productivity, plants have developed
an elaborate signaling network that perceives
these signals and modulates the expression of
specific resistance genes. In these defense
response pathways, transcription factors play
important roles in controlling the expression of
specific stress-related genes (reviewed in Xiong

and Zhu, 2003; Guo and Ecker, 2004). Recent
studies on defense signaling pathways reveal that
ethylene, jasmonic acid (JA) and salicylic acid
(SA) play a dominant role in regulating the
induced defenses against microbial pathogens
(Dong, 1998). These pathways can either posi-
tively or negatively interact with each other
depending on the type of pathogen (Berrocal-
Lobo et al., 2002; Gu et al., 2002; Lorenzo et al.,
2003; Guo and Ecker, 2004), but how these
defense response pathways communicate with
each other is unclear.
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The ethylene responsive factors (ERFs), which
contain a highly conserved DNA binding domain
known as ERF domain, were first identified in
tobacco as members involved in ethylene-related
pathogen resistance (Ohme-Takagi and Shinshi,
1995). In plants, ethylene signal is perceived by a
family of receptors consisting of five members:
ETR1, ETR2, EIN4, ERS1 and ERS2 (Solano
et al., 1998). Downstream of the ethylene recep-
tors is CTR1. In the absence of ethylene, ethylene
receptors activate CTR1, which negatively regu-
lates the downstream ethylene response pathway
(Kieber et al., 1993). Binding of ethylene inacti-
vates the receptors, resulting in deactivation of
CTR1 (Hua and Meyerowitz, 1998), which allows
EIN2 to function as a positive regulator of the
ethylene pathway. In this cascade, the EIN2 pro-
tein activates EIN3 and EILs, subsequently acti-
vating ERF proteins, such as ERF1 (Solano et al.,
1998) to regulate the expression of genes involved
in the response to ethylene (reviewed in Wang
et al., 2002). Accumulating evidences indicate that
ERF proteins modulate the expression of many
pathogenesis-related (PR) genes through interac-
tion with GCC box present in their promoters
(Ohme-Takagi and Shinshi, 1995; Sessa et al.,
1995; Shinshi et al., 1995; Chakravarthy et al.,
2003; Wang et al., 2004). More importantly, the
recent investigations reveal that ERF proteins are
identified to bind to different cis-acting elements
(Chakravarthy et al., 2003). For example, the
tomato Pti4-6 (Zhou et al., 1997; Gu et al., 2000),
LeERF1-4 (Tournier et al., 2003), Arabidopsis
ERF1 (Solano et al., 1998), AtERFs (Fujimoto
et al., 2000), tobacco ERFs (Ohme-Takagi and
Shinshi, 1995), and periwinkle ORCA1-3 (Menke
et al., 1999; van der Fits and Memelink, 2000,
2001) bind to the GCC box (Eyal et al., 1993;
Ohme-Takagi and Shinshi, 1995; Gu et al., 2002).
Other subfamilies of ERF proteins, such as CBF1
(Stockinger et al., 1997) and DREB1A/2A (Liu
et al., 1998), interact with a dehydration-respon-
sive element (DRE) that is involved in drought,
salt and cold stress. More interestingly, a tobacco
ERF protein Tsi1 (Park et al., 2001) and a tomato
ERF protein JERF3 (Wang et al., 2004) could
bind to both GCC box and DRE sequences and
function in pathogen resistance and salt tolerance.
These results strongly suggest that the ERF pro-
teins modulate multiple aspects of plant develop-
ment and stress responses by interacting with one

or more cis-acting elements or other transcription
factors (Buttner and Singh, 1997). Accumulating
evidences indicate that ERF proteins regulate
pathogen resistance of Pseudomonas syringae pv
tomato (Gu et al., 2000; Park et al., 2001), how-
ever, whether and how ERF proteins regulate
plant response to Ralstonia solanacearum is less
understood.

Bacterial wilt caused by Ralstonia solanacearum
is one of the most devastating soil-borne diseases
of plants worldwide and affects many important
crop species. R. solanacearum has been investi-
gated both biochemically and genetically and rec-
ognized as a model system for the analysis of
pathogenicity (Deslandes et al., 2002, 2003). Since
completion of the genome sequencing of R. so-
lanacearum (Salanoubat et al., 2002), the identifi-
cation of host proteins regulating resistance to
R. solanacearum has become a key point in dis-
secting molecular determinants governing patho-
genicity. Some members have been shown to
regulate plant R. solanacearum response, such as
the Arabidopsis RRS1-R gene (Deslandes et al.,
2002) and Brassica oleracea SRK (Pastuglia et al.,
1997); however, the mechanism of plant resistance
to R. solanacearum is still poorly understood.
Here, we report a novel ERF protein, designated
tomato stress responsive factor 1 (TSRF1), inter-
acts with the GCC box in vitro and activates the
expression of reporter gene in vivo in transient
expression assay and PR genes in transgenic
TSRF1 plants, subsequently enhancing the plant
resistance to R. solanacearum strain BJ1057, a race
1 strain isolated from tomato.

Materials and methods

Plant material and growth conditions

All plants were grown in growth chambers at 25 �C
witha16-h-light/darkcycle (exceptmentioned in the
text). 4-week-old tomato (Lycopersicon esculentum
cv Lichun) and 6-week-old tobacco (Nicotiana ta-
bacum cv Gexin1) were used for Northern blot.
Ethylene treatment was performed with 2 ml 40%
ethephon and 1 g NaHCO3 dissolving in 200 ml
H2O (in such condition ethephon will liberate eth-
ylene gas), the control and treated tomato plants
were placed in a sealed plexiglass chamber before
leaf tissue was harvested. For SA treatment, tomato
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plants were sprayed with 0.5 mM SA in water
(control plants were sprayed with water). For
detecting the expression ofTSRF1 and downstream
genes in transgenic tobacco or tomato plants, leaves
from normally growing 4–5-week-old plants were
used.

Screening with yeast one-hybrid

The construction of reporter plasmids and tomato
cDNA library, and the screening procedure with
yeast one-hybrid are done as described by Wang
et al. (2004).

RNA transcription analysis

Total RNA was extracted from leaves. Twenty
micrograms of total RNAwas separated on a 1.5%
formaldehyde–agarose gel, and transferred onto
nylon membranes. Using [a-32P] dCTP labeled 30

flanking sequence of TSRF1 as probe; the mem-
brane was hybridized as the standard procedure of
Northern blot. The hybridized membrane was
exposed to Imaging Screen-K and visualized with
the Molecular Imager� FX (Bio-Rad). The probes
for downstream genes expression were cloned by
reverse transcriptional polymerase chain reaction
(RT-PCR). The tobacco PR genes prb-1b (PR1)
(Eyal et al., 1992), GLA (PR2) (Sperisen et al.,
1991), and CHN50 (PR3) (Fukuda et al., 1991)
were cloned as described by Wang et al. (2004).
These primers were used to clone tomato PR genes:
50-CGTTAGAGATTTCTGGCCTC -30 and 50-
CTCACTAGTGAGTGAAGAAG-30 for GluB
(PR2) (van Kan et al., 1992); 50-GAGGAGCACT
TTGTGCATC-30 and 50-CAAAAGACCTCTG
ATTGCC–30 forChi9 (PR3) (Danhash et al., 1993).

Binding assay in vitro

The TSRF1 full encoding cDNA was cloned in
frame intoNdeI–HindIII sites of the pET28a vector
(Novagen, Madison, USA), yielding pET28-
TSRF1. The primers used for amplifying this frag-
ment were TSRF1-50 (50-GGATCCATATGGAG
GTTATTGAAGCAATACCG-30) and TSRF1-30

(50-AAAAAAGCTTTTAGAGCAATCATCGTC
TACGTGAC-30). The pET28-TSRF1 construct
was transformed into BL21. Expression and puri-
fication of recombinant TSRF1 were done with a
commercial kit following the manufacturer’s

introduction (Invitrogen, Karlsruhe, USA). The
wild-type GCC box sequence AGTGCCAAAAG
CCGCCACACCCCT and mutant GCC box
sequence AGTGCCAAAATCCACTACACCCC-
T (mutated oligonucleotides are highlighted with
underline) were synthesized and end labeled with
[a-32P] dATP after annealing and purification. The
assay mixtures contained recombinant TSRF1
(1.2 lg of protein), 2 ng of binding probe
(8 · 104 cpm), 2 lg of salmon DNA, 20 mM
Hepes–KOH, pH7.5, 50 mMKCl, 0.1 mMEDTA,
10% glycerol and 0.5 mM DTT in a 10 ll reaction
volume. The binding reaction, gel separation and
signal recording are done as described by
Wang et al. (2004).

b-glucuronidase transient assay in vivo

For constructing the reporter vector, the four
times repeated GCC box or mGCC box sequences
were inserted into the upstream of the minimal
TATA box ()46 to +10) to replace the cauliflower
mosaic virus (CaMV) 35S promoter in pBI121
(Clontech, Palo Alto, CA). For constructing the
effector vector, the b-glucuronidase (GUS) gene in
pBI121 was replaced with the full encoding region
of TSRF1, yielding the construct pTSRF1. Tran-
sient assay was performed on the 10-day-old wild
type tobacco seedlings with bombardment using a
Bio-Rad PDS-1000/He machine. About 500 ng of
tungsten particles (Bio-Rad) were coated with
1.5 lg of reporter plasmid and 1.5 lg of effector
plasmid. After bombardment, the samples were
incubated for 48 h at 25 �C with a 16-h-light/dark
cycle and then harvested for GUS activity quan-
tification.

Generation of transgenic tomato and tobacco

The above vector pTSRF1 was then introduced
into tomato (Lichun) or tobacco (Gexin 1) by
Agrobacterium-mediated transformation as
described by Martin et al. (1993) and Hoekema
et al. (1983).

Plant infection with Ralstonia solanacearum strain
BJ1057

For Northern blot, disease inoculation was done as
by Berrocal-Lobo et al. (2002). Plants were dipped
for 6 min in a bacterial suspension in 10 mM
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MgCl2 containing 0.1% silwett L-77 (Lehle Seeds,
TX, USA), and then placed at 28 �C and covered
to maintain high humidity. Mock inoculations
were performed with 10 mM MgCl2 containing
same amount of silwett L-77. The infected plants
were harvested at the indicated days.

For disease resistance studies, the inoculation
on leaves of tobacco and tomato (infiltration with
syringe) and the determination of the bacterial
number of Ralstonia solanacearum strain BJ1057
was done following the methods for Pseudomonas
syringae pv tomato as described by Thilmony et al.
(1995). The Ralstonia solanacearum strain BJ1057
was cultured as described by He et al. (1983).
Overnight culture of R. solanacearum on nutrient
agar medium was re-suspended at the indicated
concentration in 10 mM MgCl2, and infiltrated
into fully developed leaves with syringe. Approxi-
mately 40 ll of inoculum was infiltrated per panel,
forming an infiltrated area of 15 · 15 mm. The
identical treatments were verified by counting the
bacterial numbers at ‘‘0’’ time point to confirm the
bacteria numbers between wild type and trans-
genic infected leaves are near the same. The inoc-
ulated plants were maintained at 28 �C with a
16-h-light/dark cycle. Four days post inoculation
(DPI), the bacterial growth was measured by
macerating five leaf discs of 1-cm2 from the inoc-
ulated tissue of each sample in 10 mM MgCl2,
plating the serial dilutions on nutrient agar plates,
and counting the colony-forming units (cfu). The
experiments were repeated 3 times for each sample.
Images were taken 4 DPI. For root inoculation,
6-week-old tobacco seedlings with �5 leaves were
inoculated with 108 cfu/ml Ralstonia solanacearum
described as by Deslandes et al. (2002), and the
number of infected leaves was investigated every
5 days and plants with 3/4 leaves infected were
classified to be decayed.

Results

Isolation of TSRF1

In order to clone the regulatory proteins that
interact with cis-acting element GCC box,
1.2 · 106 yeast transformants were screened with
the method of yeast one hybrid from tomato
expression cDNA library with a four time repeated
GCC box present in the promoter ()74–)51 bp) of

tomatoNP24 (Jia andMartin, 1999) as bait, and 14
positive clones were isolated. Of one positive clone
with full length cDNA, designated tomato stress
responsive factor 1 (TSRF1, NCBI access number
AF494201) encodes a putative protein containing
240 amino acids with a predicted molecular mass of
26.9 ku. NCBI blast revealed that the deduced
amino acid sequence contains a conserved ERF
DNA binding domain, suggesting that TSRF1 is a
member of ERF proteins. Database analysis sug-
gested that the deduced amino acid sequence of
TSRF1 contains a basic region that might function
as a nuclear localization signal (NLS) and an acidic
region that might act as transcriptional activation
domain (Figure 1A), and of all the deduced
domains, only the ERF domain was conserved
between TSRF1 and other ERF proteins. Further
analysis indicated that TSRF1 shows a low simi-
larity to ERF1 (52.8%), Pti4 (31.0%), Tsi1 (20.1%)
and DREB2A (20.5%) in whole putative protein
sequences, but a very high similarity with ERF1
(91.5%), Pti4 (72.4%), Tsi1 (61.4%), and DRE-
B2A (60.3%) in their ERF domain regions
(Figure 1B), suggesting that the TSRF1 cDNA
encodes a novel member of ERF proteins.
According to the most recent phylogenetic over-
view, TSRF1 belongs to the B-3 subfamily of ERF
proteins, and some of the B-3 subfamily members
have been evidenced to regulate plant disease
resistance (Gutterson and Reuber, 2004).

Figure 1. Sequence analysis and expression of TSRF1. (A).

Scheme of the predicted TSRF1 (access number AAN32899)

protein. TSRF1 contains an ERF domain (black box), a

putative nuclear localization signal (dashed box), and a putative

activation domain (hatched box). Numbers below show the

position of each domain. (B). Comparison of deduced amino

acid sequence of TSRF1 and those of other ERF proteins in

ERF DNA binding domain. The shaded boxes indicate the

percentage of sequences at that position with the same amino

acid identity (dark gray, 100%; medium gray, 75%; light

gray, 50%).
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Expression pattern of TSRF1

First, we tested the tissue specific expression of
TSRF1 in leaves, stems, flower and roots under
normal growth conditions. Our results indicated
that the expression of TSRF1 was very weak in
these mentioned tissues, which was almost unde-
tectable (data not shown), suggesting that TSRF1
might be an inducible protein. Then, we analyzed
the expression of TSRF1 responsive to ethylene,
and salicylic acid. Comparing to the control
treatments, which could not induce the expression
of TSRF1 (data not shown) the expression of
TSRF1 was up-regulated by ethylene or salicylic
acid treatments. The transcript of TSRF1 would
accumulate at 3 h, and peak at 7 h after treatment
with ethylene. Similar to ethylene, TSRF1 tran-
scripts were observed at 3 h and peak at 5 h after
treatment with SA (Figure 2). The tomato PR2
gene GluB was used as a positive control for eth-
ylene and SA treatments (van Kan et al., 1995; Gu
et al., 2000). In our assays the transcript of GluB
was accumulated as the expression of TSRF1 in
response to ethylene or SA (Figure 2). Also we

checked the expression of TSRF1 in response to
0.1 mM methyl jasmonic acid (MeJA), unfortu-
nately, we did not detect the obvious expression of
TSRF1 (data not shown), indicating that TSRF1
may be a responsive component of the ethylene-
and SA-signaling pathways. Furthermore, TSRF1
transcripts were also observed 1 DPI and increased
until 5 DPI with 105 cfu/ml R. solanacearum, but
did not obviously accumulated within the obser-
vation period with mock inoculation (Figure 2),
suggesting a potential regulatory role of TSRF1 in
plant resistance to R. solanacearum.

Interaction of TSRF1 with the GCC box in vitro
and in vivo

To test the binding affinity of TSRF1 to GCC box
in vitro, TSRF1 fusion protein was expressed in
pET28a and purified with the affinity column. The
binding ability of recombinant TSRF1 to synthe-
sized GCC box and the mutant GCC box was
tested by using an electrophoresis mobility shift
assay. As shown in Figure 3A, the recombinant
TSRF1 protein could bind to GCC box, but not

Figure 2. Expression of the TSRF1 in response to ethylene,

salicylic acid or R. solanacearum infection. Each lane was loa-

ded with 20 lg of total RNA from tomato plants that had been

treated with ethylene, salicylic acid or R. solanacearum infec-

tion. The numbers above each lane indicate the time of treat-

ment. The RNA gel blots were hybridized with 30 flanking

sequence of TSRF1 cDNA as probe. The tomato PR gene GluB

was used as positive control for ethylene and SA treatments.

Ribosomal RNA (ethidium bromide staining) was used as

loading control.

Figure 3. Interaction of TSRF1 with GCC box in vitro and

in vivo. (A). Electrophoretic mobility shift assay showing

sequence-specific binding of TSRF1 to GCC box, or mutant

GCC box (mGCC box). (B). Transient assay of the interaction

between TSRF1 and GCC box in vivo with bombardment.

Strategy for analyzing interaction between TSRF1 and cis-

acting element GCC box (upper panel) or mGCC box and

quantification of the induced GUS activity (lower panel). The

data for GUS activity quantification are average deviated from

triplicate samples and three independent experiments, com-

pared to the control of Min (as 100). Min indicates the minimal

TATA promoter fused with GUS; GCC and mGCC indicate

that the GCC box and mGCC box are inserted upstream of

Min as positive reporters respectively; TSRF1 as a positive

effector indicates the full length of TSRF1 gene was driven by

35S promoter; None as the negative control of effector indicates

no effector plasmid was added. Error bars indicate ±SD.
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mGCC box, suggesting the interaction of TSRF1
with GCC-box in vitro.

Then the transcriptional activity of TSRF1
based on GCC box is further tested in vivo by
transient expression experiment using tobacco
seedlings. As shown in Figure 3B, constitutive
expression of TSRF1 strongly activated the
expression of GCC box-driven reporter. The GUS
activity driven by GCC box was about 17 fold of
the control (Min), while the activity driven by
mutant GCC box (mGCC box) has no obvious
difference with the control, supporting that
TSRF1 positively regulates the expression of GCC
box regulated genes in vivo.

Overexpressing TSRF1 constitutively activates
expression of GCC box-containing genes and
enhances resistance to R. solanacearum strain
BJ1057 in both transgenic tobacco and tomato
plants

Many PR genes, such as PR1, PR2, PR3, and
PR5, have been characterized to have the GCC
box sequence in their promoters, and to enhance
plant resistance to pathogens (Ohme-Takagi, 1995;
Park et al., 2001). To determine whether TSRF1
could induce the expression of GCC box-con-
taining genes in plants, we developed tobacco and
tomato transgenic plants that constitutively
express TSRF1 from 35S promoter and got 8
tomato lines (designated as OTM) and 7 tobacco
lines (designated as OTB) that stably express
TSRF1 with a copy of insertion. By Northern blot
we tested the expression level of GluB (PR2), Chi9
(PR3) in tomato, and prb-1b (PR1), GLA (PR2),
and CHN50 (PR3) in tobacco transgenic plants
respectively. Results showed that constitutive
expression of TSRF1 in tobacco (Figure 4A) and
tomato (Figure 4B) significantly activated the
expression of above PR genes compared to the
transcript level in wild type plants.

Then, using the above transgenic plants, we
investigated the role of TSRF1 in regulating plant
resistance to R. solanacearum strain BJ1057 that
belongs to race 1 from tomato, which is virulent on
both tomato and tobacco. Because of the charac-
terization of soil-borne diseases, we first used
108 cfu/ml R. solanacearum strain BJ1057 to inoc-
ulate the roots (Deslandes et al., 2002) of 6-week-
old OTB (overexpressing TSRF1 in tobacco) and
WTB (wild type tobacco) plants. The WTB plants

showed susceptible phenotype, most of them began
to wilt on most of the leaves 10–12 DPI, and then
the whole plant wilted 18–20 DPI, while the most
of the OTB plants (83.9%) were resistant to the
infection (Figure 5A). At this stage, the number of
wilted leaves was investigated and plants with 3/4
leaves wilted were classified as being decayed. Our
results indicated that the WTB plants had a much
heavier infection (57.1% decayed) than the OTB
plants (less than 16.1% decayed) at 20 DPI
(Figure 5A). Based on this observation, we then
investigated the resistance of TSRF1 to R. solana-
cearum strain BJ1057 in 6-week-old transgenic

Figure 4. Constitutive expression of TSRF1 activates expres-

sion of PR genes in tobacco (A) and tomato (B) plants under

normal growth conditions. 18S rRNA probe was used as

loading control. WTB, wild type of tobacco; OTB, overex-

pressing TSRF1 in tobacco; WTM, wild type of tomato; OTM,

overexpressing TSRF1 in tomato; the numbers following each

transgenic plant indicate the different transgenic lines.

Figure 5. Overexpression of TSRF1 modulates resistance to R.

solanacearum strain BJ1057 in tobacco. (A). Symptoms for

decayed tobacco plants 20 DPI with root inoculation of

108 cfu/ml R. solanacearum strain BJ1057. The showing result is

the representation of the transgenic tobacco lines tested with

similar results. 70–100 plants for each lines were tested. (B).

Symptoms for wild type and OTB tobacco leaves 4 DPI with

R. solanacearum strain BJ1057 at regions between the lateral

veins (at orientation of left to right). The showing result is the

representation of the transgenic lines tested with similar results.

(C) R. solanacearum strain BJ1057 growth in tobacco leaves 4

DPI with 106 cfu/ml R. solanacearum strain BJ1057. The data

are average derived from triplicate samples of 10–20 plants and

three independent experiments. Error bars indicate ±SE.

830



tobacco by inoculating WTB and OTB plants with
infiltration of 104 and 08 cfu/ml R. solanacearum
strain BJ1057 using a syringe between 2 lateral
veins. Results indicated that WTB plants devel-
oped water-soaked lesions and a chlorotic edge
around the infected sites on leaves 4 DPI; this
occurred at inoculation concentrations of 108 and
106 cfu/ml; chlorosis at the inoculated sites
occurred at inoculation concentrations of 105 and
104 cfu/ml. By contrast, OTB plants showed a
resistant response at inoculation concentrations of
108 and 106 cfu/ml and no symptom observed at
inoculation concentrations of 105 and 104 cfu/ml
(Figure 5B). Four DPI with 106 cfu/ml R. sol-
anacearum strain BJ1057, the bacterial number of
R. solanacearum in OTB plant was 70–280 fold less
than that in WTB plant (Figure 5C).

Similarly, the function of TSRF1 against R.
solanacearum strain BJ1057 was further confirmed
by observing the defense response in wild type
tomato (WTM) and transgenic tomato overex-
pressing TSRF1 (OTM). About 103 cfu/ml R. so-
lanacearum strain BJ1057 was infiltrated by
syringe between 2 lateral veins. WTM plants
infected with R. solanacearum strain BJ1057
developed water-soaked lesions on leaves 4 DPI.
By contrast, the OTM plants showed much weaker
symptom (Figure 6A). Compared to the WTM
plants, the bacterial number of R. solanacearum
was reduced 60–200 fold at infected sites in OTM
plant (Figure 6B). Therefore, we conclude that
TSRF1 has a positive regulatory role in conferring
resistance to R. solanacearum strain BJ1057.

Discussion

The isolation of regulatory proteins that interact
with GCC box is crucial for revealing the regu-
latory mechanism of gene expression that
responds to pathogen infection. In this paper we
isolated and identified a transcription factor gene,
TSRF1, using ethylene responsive GCC box as
bait in yeast one-hybrid system. Based on the
analysis of predicted protein sequence, TSRF1
protein belongs to ERF proteins, and contains an
acidic activation domain in C-terminal and a
nuclear localization signal in its N-terminal
region. Analysis with transient expression and
molecular detection indicate that TSRF1 acti-
vates the expression of downstream genes, such as
GUS in vivo and PR genes in transgenic TSRF1
tobacco and tomato. Biochemical analysis
revealed that TSRF1 interacts with GCC box in
vitro, which is very similar to the characterization
of tobacco Tsi1 (Park et al., 2001) and tomato
Pti4 (Gu et al., 2002), but their protein sequence
similarity is less than 31%, indicating that
TSRF1 is a novel ERF protein as a transcrip-
tional activator through the interaction with
GCC box. Because of the sequence difference, it
also might indicate that the TSRF1 will have
distinct regulation in various physiological
responses.

Evidences indicate that ERF proteins are
involved in biotic and abiotic stress responses,
depending on the interaction with different cis-
acting elements. For instance, Arabidopsis CBF1
(Stockinger et al., 1997) and DREB1A/2A (Liu
et al., 1998) interact with a DRE and modulate
plant abiotic stress response. Maize ABI4 is
suggested to interact with an abscisic acid (ABA)
responsive element coupled element 1 and regu-
late the plant sensitivity to ABA and glucose (Niu
et al., 2002). More interestingly, a tobacco ERF
protein Tsi1, which could bind to the GCC box
and DRE, was also found to function in patho-
gen and salt resistance (Park et al., 2001). How-
ever, most of the identified ERF proteins are
reported to interact with the GCC box or GCC
box-like elements, suggesting their close relation-
ship with plant pathogen resistance. In tobacco,
four ERF proteins (ERF1-4) have been identified
as GCC box binding proteins (Ohme-Takagi and
Shinshi, 1995). ERF2 and ERF4 were evidenced
to be transcriptional activators (Ohta et al.,

Figure 6. Overexpression of TSRF1 modulates resistance to

R. solanacearum strain BJ1057 in tomato. (A). Symptoms for

wild type tomato and OTM 4 DPI with 103 cfu/ml of R. solan-

acearum strain BJ1057. The showing result is the representation

of the transgenic lines tested with similar results. (B). R. solana-

cearum strain BJ1057 growth in tomato leaves 4 DPI with

103 cfu/ml R. solanacearum strain BJ1057. The data are average

derived from triplicate samples with 10–20 plants and three

independent experiments. Error bars indicate ±SE.
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2000), while ERF3 functions as a repressor. In
Arabidopsis, ERF1, AtERF1, AtERF2, and
AtERF5 bind the GCC box and act as tran-
scriptional activators. However, AtERF3 and
AtERF4 are transcriptional repressors (Solano
et al., 1998; Fujimoto et al., 2000). In tomato,
Pti4-6 and LeERF1 interact with the GCC box
and regulate the expression of PR genes (Zhou
et al., 1997; He et al., 2001; Gu et al., 2002;
Tournier et al., 2003). Furthermore, an ERF
protein ORCA3 was reported to specifically bind
and activate gene expression via a GCC box like
sequence JA- and elicitor-responsive element in
the promoters of JA-response genes (van der Fits
and Memelink, 2001). Although these ERF pro-
teins have the similar characterizations of binding
activity with the GCC box, they display different
regulation roles in plants. For example, express-
ing Pti4 in Arabidopsis activated the expression of
SA or ethylene/JA mediated PR genes and
enhanced the resistance of transgenic plants to
Pseudomonas syringae tomato and Erysiphe oro-
ntii (Gu et al., 2002), while ERF1 integrates eth-
ylene and JA pathways in plant defense (Lorenzo
et al., 2003). In this paper, we demonstrated that
the expression of TSRF1 was characteristically
expressed responsive to ethylene, SA, but not
MeJA, suggesting that the TSRF1 gene is regu-
lated by certain components of the defense sig-
naling pathways, which is further confirmed by
the inoculation with bacterium pathogen. Based
on the previous facts (Park et al., 2001; Gu et al,
2002; Wang et al., 2004) and the above analysis,
we speculate that synergistic activation of differ-
ent signaling pathways might be converged to the
interaction of GCC box and TSRF1 or other
ERF proteins. Then TSRF1 exerts effect on the
defense responses through regulating relative PR
genes expression and/or enhancing the plant tol-
erance to various pathogens. This hypothesis has
been further evidenced in this report. The regu-
lation of TSRF1 in plant bacterial pathogen
resistance in transgenic tomato and tobacco sug-
gests that TSRF1 might integrate ethylene and
SA signaling pathways in resistance to bacterial
wilt caused by R. solanacearum, which is one of
the most devastating soil-borne diseases of plants.
This pathogen resistance is significantly distinct
from the functional regulation of Tsi1 (Park
et al., 2001), Pti5 (He et al., 2001) and Pti4 (Gu
et al., 2000, 2002; Chakravarthy et al., 2003),

although our novel ERF protein TSRF1 also
functions in the regulating pathogen resistance of
Pseudomonas syringae pv tomato (unpublished
data). Therefore, the regulation of TSRF1 pro-
vides new evidence for understanding the mech-
anism of plant resistance to R. solanacearum
strain BJ1057.

As we discussed in the introduction, GCC box
is an ethylene responsive element (Ohme-Takagi
and Shinshi, 1995), and ethylene signal is per-
ceived by a family of receptors and conducted by
CTR1, EIN2 and EIN3 in tandem to activate
ERF proteins, such as ERF1 (reviewed in Wang
et al., 2002), thereby regulating the expression of
genes involved in the response to ethylene
(Chakravarthy et al., 2003). TSRF1 belongs to the
ERF proteins showing distinct regulation in
resistance to R. solanacearum through activation
of the expression of downstream PR genes that are
responsive to ethylene and SA; this indicates that
our novel identified TSRF1, similar to ERF1
(Solano et al., 1998) might be positioned down-
stream of the ethylene signaling pathway. For the
limited studies on R. solanacearum, it still needs
further investigations to reveal the underlying
mechanism for the ERF protein TSRF1 regulating
plant resistance to the bacterial wilt. The enhanced
resistance to R. solanacearum by expressing
TSRF1 may be caused by global expression of PR
and related genes. It also may be derived from the
other transcription factors or the interactions of
TSRF1 with other unknown plant pathogen
resistance members. Anyway, this study has
extended the functions of ERF proteins and may
provide new clues to understanding the mechan-
ism of plant R. solanacearum resistance.
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