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Abstract

The ethylene, jasmonic acid and osmotic signaling pathways respond to environmental stimuli and in order
to understand how plants adapt to biotic and abiotic stresses it is important to understand how these
pathways interact each other. In this paper, we report a novel ERF protein — jasmonate and ethylene-
responsive factor 3 (JERF3) — that unites these pathways. JERF3, which functions as an in vivo tran-
scription activator in yeast, binds to the GCC box, an element responsive to ethylene/JA signaling, as well
as to DRE, a dehydration-responsive element that responds to dehydration, high salt and low-temperature.
Expression of JERF3 in tomato is mainly induced by ethylene, JA, cold, salt or ABA. Constitutive
expression of JERF3 in transgenic tobacco significantly activated expression of pathogenesis-related genes
that contained the GCC box, resulting in enhanced tolerance to salt. These results indicate that JERF3
functions as a linker in ethylene- and osmotic stress-signaling pathways.

Introduction

Adverse environmental conditions such as
drought, high salt, extreme temperatures and
pathogen attack greatly impair crop productivity.
Since plants cannot move to avoid stressful con-
ditions, they must employ alternative ways to
withstand stress by activating multiple defense
mechanisms through expressing specific genes and
synthesizing a large number of stress proteins that
play distinct and important role in stress response
and plant defense (Skriver and Mundy, 1990;
Reymond and Farmer, 1998; Demekamp and
Smeekens, 2003). Accumulating evidences dem-
onstrated that stress responses of plants are regu-
lated by multiple signaling pathways, for example,
salicylic acid (SA), ethylene, jasmonic acid (JA)
and abscisic acid (ABA) have been shown to be
important components of defense response path-

ways (Dong, 1998; Reymond and Farmer, 1998;
Dempsey et al., 1999; Pieterse and van Loon, 1999;
Xiong et al., 2002), but the communication among
these plant hormone signaling pathways is not well
understood. Ethylene is an important endogenous
plant hormone that affects virtually many aspects
of plant growth and development and also par-
ticipates in kinds of stress responses, such as seed
germination, cell fate, fruit ripening, senescence
and infection by pathogens. In response to stres-
ses, ethylene induces the expression of certain de-
fence genes. Exogenous application of ethylene
induces accumulation of class I basic chitinases,
class I basic f-glucanase and other basic-type
pathogenesis-related (PR) proteins (Boller et al.,
1983; Felix and Meins, 1987). Through analysis of
PR gene promoter, an 11 bp ethylene-responsive
element TAAGAGCCGCC which has been re-
ferred to as the GCC box (Ohme-Takagi and
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Shinshi, 1995) was confirmed to be necessary and
sufficient for ethylene regulation in plants, and
more recent research demonstrated that GCC box
in PDF1.2 of Arabidopsis also is responsive to JA
signaling (Brown et al., 2003). The ethylene-
responsive factor (ERF) proteins which contain a
highly conserved DNA binding domain (ERF
domain) consisting of 58 or 59 amino acids (Hao
et al., 1998) were first isolated through the inter-
action with GCC box from tobacco (Ohme-Takagi
and Shinshi, 1995). Current research evidenced
that ERF protein also binds to dehydration-
responsive element (DRE), which is responsive to
dehydration, high salt and low-temperature (Park
et al., 2001; Hao et al., 2002; Singh et al., 2002).
The ERF proteins Pti4/5/6 in tomato have been
shown to bind to GCC box (Gu et al., 2000, 2002)
and activate PR gene expression (Zhou et al.,
1997; Gu et al., 2000), while the Tsil protein can
bind to both the GCC box and the DRE motifs,
and overexpression of Tsi/ enhances resistance
against pathogen attack and osmotic stress in to-
bacco, demonstrating that these two different
stress pathways can be linked by a single ERF
protein (Park er al., 2001). This cross-talk among
different pathways provides a great regulatory
potential for activating multiple resistance mech-
anisms in varying combinations and may help the
plant to prioritize the activation of particular de-
fense pathway over another, thereby providing an
optimal defence against the abiotic and biotic
stress. In this paper we report a novel member of
ERF proteins in tomato, jasmonate and ethylene-
responsive factor 3 (JERF3), which binds to eth-
ylene/JA responsive GCC box and osmotic stress
responsive DRE and mainly responds to jasmo-
nate, ethylene, salt, cold, or ABA treatment. The
function of the JERF3 protein as a trans-acting
factor also was analyzed in yeast and in transgenic
tobacco plants which activates expression of
downstream genes thereby enhancing salt toler-
ance.

Materials and methods
Plant materials
All plants were grown in growth chambers at

25 °C with a 16-h-light/dark cycle (except men-
tioned in the text). Four-week-old tomato

(Lycopersicon esculentum cv. Lichun) and 6-week-
old tobacco (Nicotiana tabacum cv. NC89) were
used for Northern blot. For ABA, NaCl treat-
ment, the tomato plants were removed from soil,
washed with water and put into a beaker con-
taining 40 ml 0.1 mM ABA or 300 mM NaCl.
0.1 mM methyl jasmonic acid treatment was per-
formed by spraying the plants. ABA and MeJA
were dissolved in 0.01% ethanol, same concentra-
tion ethanol only was also used as control
respectively in above treatments. Ethylene treat-
ments were performed with 2 ml 40% ethephon;
and 1 g NaHCOj; dissolving in 200 ml H,O, the
control and treated tomato plants were placed in a
sealed plexiglass chamber before leaf tissue was
harvested. For low temperature treatment, tomato
plants were put in 4 °C refrigerator. For detecting
the expression of JERF3 and downstream genes in
transgenic tobacco plants, leaves from normally
growing 4—5-week-old plants were used.

Screening with yeast one-hybrid

The reporter plasmids were constructed as de-
scribed by Liu et al. (1998). The GCC box (AG-
TGCCAAAAGCCGCCACACCCCT) present in
the promoter (—74 to —51) of tomato NP24 was
synthesized into four tandemly repeated copies
and then inserted into EcoRI-Xbal sites of the
MCS upstream of HIS3 minimal promoter in
pHISi-1 vector (Clontech, Palo Alto, CA). The
same fragment was cloned into EcoRI-Smal sites
of the MCS upstream of the LacZ minimal pro-
moter in plLacZi vector (Clontech). These two
plasmids were transformed simultaneously into
yeast YM4271. Yeast transformants containing
HIS3 and LacZ reporter genes that could not
grow in selective medium under 10 mM 3-amino-
triazole (3-AT, a competitive inhibitor of the HIS3
gene product) were used for further analysis.

The tomato cDNAs from tomato leaves treated
with methyl jasmonic acid and ethylene were fused
into downstream of transcriptional activation do-
main of the yeast expression vector pB42AD
(Clontech), and introduced into yeast strains car-
rying the above dual reporters. Transformants
were first selected using the selective medium
containing 30 mM 3-AT. After f[-galactosidase
activity assay, plasmids from yeast positive clones
were transformed into E. coli, and subsequently
sequenced.



Binding assay in vitro

JERFS3 full encoding area was cloned in frame into
Ndel-HindlIII sites of the pET28a vector (Nova-
gen). The resulting construct was transformed into
E. coli strain BL21. Expression and purification of
recombinant JERF3 were conducted with a com-
mercial kit following the manufacturer’s intro-
duction (Invitrogen). The oligonucleotides of the
wild-type GCC box sequence AGTGCCAAAA
GCCGCCACACCCCT and mutant GCC box
sequence AGTGCCAAAATCCACTACACCCCT,
or wild-type DRE (ATTTCATGGCCGACCT
GCTTTT) and mutant DRE (ATTTCATA
ATCAACCTGCTTTT) were end labeled with
32P.dATP as probe. The assay mixtures contained
1.2 pg recombinant JERF3, 2 ng binding probe
(8 x 10* cpm), 2 ug of Salmon DNA, 20 mM
Hepes-KOH, pH 7.5, 50 mM KCI, 0.1 mM
EDTA, 10% glycerol, and 0.5 mM DTT in a 10 ul
reaction volume. The mixtures were incubated at
room temperature for 15 min and separated on
a 4% polyacrylamide gel in 0.5 x TBE buffer.
Subsequently, the gel was exposed to Imaging
Screening-K and visualized with the Molecular
imager® FX (Bio-Rad).

Transactivation assays in yeast

Coding region of JERF3 was fused in frame
downstream of DNA binding domain in pLexA.
The plasmids were transformed into EGY48 con-
taining p8op-lacZ as described by the manufac-
turer (Clontech). The transformants were selected
by growth on selective medium plates at 30 °C for
3 days. The colony lift filter assay using o-nitro-
phenyl p-p-galactopyranoside as a substrate was
performed subsequently to determine the ability of
transcription activation.

Subcecullar localization of JERF3

The coding region of JERF3 and DNLS which
deleted the sequence containing the predicted nu-
clear localization signal (NLS) were amplified by
polymerase chain reaction (PCR) to introduce
Xbal at the 5 end and Smal at the 3’ end. The
resulting fragments were digested with Xbal and
Smal and cloned into the expression vector
pROK?2 (derived from pBI121), yielding the plas-
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mids pJERF3, pDNLS, respectively. Then the
coding region of green fluorescent protein (GFP)
was amplified from pBIN 35S mGFP4 by PCR to
introduce a Smal site at 5" end and a Sacl site at
3’ end. The PCR products were digested with Smal
and Sacl, and fused in frame into pJERF3 or
pDNLS, resulting in JERF3-GFP or, DNLS-
GFP. Then, the above constructs were introduced
into Agrobacterium LBA4404 for further analysis.
Agrobacterium culture for transient expression
in onion epidermal cells was prepared as described
by Yang et al. (2000). The onion epidermal cells
were dipped in the prepared Agrobacterium solu-
tion for 40 min, transferred to Murashige and
Skoog (MS) plates, and incubated at 25 °C under
light for 24-48 h. The localization of the fusion
protein was observed by confocal microscope
(Bio-Rad).

RNA gel analyses

Total RNA was extracted from leaves. Twenty
micrograms of total RNA was separated on a 1.5%
formaldehyde-agarose gel, and transferred onto
nylon membranes. Using **P-dCTP labeled DNA
as probe, the membrane was hybridized as the
standard procedure of Northern blot. The
hybridized membrane was exposed to Imaging
Screening-K and visualized with the Molecular
imager® FX (Bio-Rad).

The probe for JERF3 expression was chose the
JERF3 3’ flanking sequence. And the probes of
downstream gene expression were cloned by re-
verse transcription-PCR using the following spe-
cific primers: 5-CTATTCCTTGTTTCTCACC-3’
and 5-CCTTAACACATGACAAAGC-3 for prb-
1b (PRI); 5Y-GGGAATGAAATCAGCCCTG-¥
and 5-GTCCCAAACTCCACCAGAG-3" for
GLA (PR2); 5-CTCTCCTACTCCTCTCTGC-3’
and 5-CACCAGGACTAACACCAAG-3" for
CHNS50 (PR3); and 5-CTTCCTCCTTGCCTTT
GTG-3" and 5-GCCACTTCATCACTTCCAG-3’
for osmotin (PRY).

Generation of transgenic JERF3 tobacco

Two plant expression vectors pJERF3 and
pDNLS were transformed into tobacco (NC89)
separately via Agrobacterium-mediated transfor-
mation.
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Analysis of salt tolerance in transgenic JERF3
plants

Leaf discs of 1 cm diameter were cut from healthy
and fully expanded leaves of wild-type and trans-
genic JERF3 plants, and floated in MS medium
containing 300 mM NacCl for 48 or 72 h (Veena
et al., 1999) under white light at 25 °C. The con-
tents of chlorophyll were determined as Aono
et al. (1993), and the data were shown as per-
centage relative to controls.

Results

Isolation and sequence analysis of JERF3 full length
¢DNA

In order to clone the regulatory proteins that
interact with ethylene/JA responsive element GCC
box (Ohme-Takagi and Shinshi, 1995; Brown
et al., 2003), 1.2 x 10° 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
to —51 bp) of tomato NP24 as bait, and 14 posi-
tive clones were isolated. Of one positive clone
with full length ¢cDNA, designed jasmonate and
ethylene-responsive factor 3 (JERF3), encodes a
putative protein containing 327 amino acids with a
predicted molecular mass of 36.45 ku. NCBI blast
revealed that the deduced amino acid sequence
contains a conserved ERF DNA binding domain,
suggesting that JERF3 is a member of ERF pro-
teins. Data analysis indicated that JERF3 contains
a basic region in its N-terminal region that might
function as a nuclear localization signal (NLS) and
an acidic C-terminal region that might act as an
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activation domain for transcription (Figure 1).
More interesting is that JERF3 shows a very high
similarity with ERF proteins of tobacco Tsil
(63.2%), tomato Ptid4 (73.7%) and Arabidopsis
ERF1 (63.2%) in ERF DNA binding domain
(Figure 2A), but very low similarity for the whole
sequences among JERF3 and ERF1 (24.6%), Pti5
(28.8%), Pti4 (23.4%), and Tsil (23.2%). Phyloge-
netic analysis based on the sequence alignment
shows that the JERF3 protein is a novel member
of ERF proteins (Figure 2B).

1 GACAATTATACATTTTCCGTCAAAACATAAATCATGTQTGQTGQTTQTATAATCTQCGAT
61 TACAIAGALLL]AGLLGGALITLT(GLLGGL[LA?LG&CGXGT?IL?A[&GG&[LETT?L
121 GATLILGGTAAGAAGLAAAAAAAILLLAALAAFFA]LACILlAAAG(TAAG(ATTTGLG
181 TLTGAACTTGTTCACC2LTTTGAAGCCCATTTT(ACFA(TTCAAAGAGTTATCCGATCAT
241 GAGGATCTTCAAGTCGATFTCAACCCATTTGCCT?CTCTGCTTCCAAACACTFTACTCGT
ggl TCCAXATXTT?CAXAACTF¥FC§IT(ACALAACFATFCTGCTCCTCATAAATCCTCTAAG

361 ACAAAFACGAACAATCAATATACACFCAICACACACACACCTTCGCCTAAFTC(GCACCT
w

121 GAAATALGTGALLLAAQGAAAQGGGTTLGGGTLTGGLTGGGAALLTTLAATALTGCAGAA

130 D K 6 V R V W I FE N T A

181 GAAGCTGCCAAAGLTTATGATATTGAGGLGAGGAGGATLAGAGGLAAGAAGGLTAAGGTA
A R K

541 AALTTTLLTGATGAAGLTLLLG(LLLTGLATCAAGACACACTGTTAAGGTGAATLCTLAG
601 AAGGTLLTTLCTGAGGAGAGLCTGTATTLALTTLAOTLLGACTLAGCAATCATGAALAGL
D S
661 OT(CACGATLALLATTATCATTLTTTT(LATTTTTTGAACAGAAACCLATGALAAAALAC
q
721 TATGGATATGAGAATCCGAGCAGTGLTTLTCCAGATALGGGATTTGGTTCCTTCGTCCCT
230 Y G Y ENGS S A S ADTGCTF G S F VP
781 TLAGLTGOLGCTGATATLTACTTLAACTLTGATOTACGAAGCAALTCTTTTCAATG(TLT
S G G D G S S S
841 CATTTTGGTTGGGGAGAGCCATGCTCCACGACTLLAGACATATLATCTGTTCTGTCAQCT
G W G E

901 GLTAFTGAATGTAAIGAAGLICAA
E C A

F vV E N S
961 lLAlGLALLAALAALLLLGlAGLlGAIGAlGGAAACCCCCGTTALIAFGGIALLIGAAGA
310 S C A D G N P R Y G T

1021 GLTTLLAG(TTTTGAALLTLAGAIGAATTTLTTTLAILTLLLAFATAFGGAGGGAAAFIG
1081  GGATGCATCAGGTGGTAACTTCCTCAACACAAGTGCAACTCAAAATCGTGGTGAAAATGC
1141 TATGGACCTGTGGTCCTTTGATGATGTTCCTTCTTTAATGGGAGGTATCTTTTAAGTCAA
1201  CATGCCTTGAGTTTTGTAAATAAGGCTTCATGTGAGTGATTTTTTGCTGTTGTATAATGT
1261 ACTTAGTGCAAATATTTGATATGTTAATTTGATCTCCGTTAACTTGTTCTTTTAGGTGTG
1321  TCTGGTGGTGGAAGAAGAATGATCCACAGAGAACCATGATTAAGCCATGGATAATGCACT
1381  AAGTAGAGCAGTGCATAGGTAATTAGGTTTAATTAACTACTAGTAGAGATGTTAAATTCG
1441  AGTTTTACTTAAAAACAATTGGGCTGTATGGATTATGAGAATTGATGAGACCTCGATGCT
1501  TGCTATAACGTTACCTTTTTAGTGTTGCTTTCACAAAAAAAAAAAAAAAAAA

Figure 1. Nucleotide and deduced amino acid sequence of
JERF3. The ERF domain is underlined and a basic region
acted as a nuclear localization signal is shown in italics with
underlined, and an acidic C-terminal region acted as a tran-
scriptional activator is shown in italics. The JERF3 is accessible
in GenBank databases under accession number AAQ91334.
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Figure 2. Amino acid alignment of ERF domain region and dendrogram of ERF proteins. (A) Comparison of the deduced amino acid
sequences of JERF3 and ERF proteins from tobacco, tomato and Arabidopsis. Boxes in black represent 100% similarity, gray for 75%
conserved amino acids. Protein names are indicated at the left. (B) Phylogenetic tree produced after ERF protein sequences were

aligned using DNAMAN software.



Characterizations of JERF3 as transcription factor

To test whether tomato JERF3 can interact with
ethylene GCC box, we tested the binding affinity
of JERF3 to GCC box in vitro. Firstly, JERF3
fusion protein was expressed in pET28a and
purified with the His-affinity column. The binding
ability of recombinant JERF3 to synthesized GCC
box and the mutant GCC box was tested by using
an electrophoresis mobility shift assay. As shown
in Figure 3A, the recombinant JERF3 protein
could bind to GCC box, but not to mGCC-box
suggesting specific interaction of JERF3 with
GCC box in vitro.

Evidences have shown that ERF proteins, such
as CBF1, Tsil and DREB proteins, can bind to

B B T
-galactosidase
Growth activity
2
P —
C Visible light UV light

Figure 3. Characterizations of JERF3. (A) Electrophoretic
mobility shift assay showing sequence-specific binding of
JERF3 protein to GCC box, DRE, mutant GCC box (mGCC
box), or mutant DRE (mDRE), respectively. Lane 1 and lane 4
contained only the free probes of GCC box and DRE, respec-
tively, while lane 2 and lane 5 contained 1.2 ug of purified re-
combinant JERF3 plus labeled mGCC box or mDRE,
respectively. The lane 3 and lane 6 contained 1.2 pg of purified
recombinant JERF3 plus labeled GCC box and DRE, respec-
tively. (B) Transcriptional activation of LexA DNA binding
domain fusion protein with deletion of JERF3 activation do-
main (JERF3DAD) (panel 1 and 2) or full length JERF3 (panel
3 and 4). Left panels show the growth of yeast cells on selective
medium, right panels for the assay of reporter activity. (C)
Subcellular localization of the JERF3 protein.
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DRE (Stockinger et al., 1997; Park et al., 2001,
Sakuma et al., 2002). In order to test whether
JERF3 interacts with DRE, we tested the bind-
ing affinity of JERF3 with DRE by using an
electrophoresis mobility shift assay. Our result
indicated that the recombinant JERF3 protein
interacted with DRE, but not with the mutant
DRE (Figure 3A), further demonstrating that the
JERF3 protein not only takes part in GCC box-
mediated signaling pathway, but also DRE-medi-
ated signaling.

To investigate the transcriptional activation
activity of JERF3, we fused the coding regions for
JERF3 or deletion of the predicted activation do-
main with the LexA DNA binding domain in pLex
A vector. The expression vectors were introduced
into yeast strain EGY48 separately, which trans-
formed with the autonomously replicating reporter
plasmid p8op-lacZ. By colony-lift filter assay of f3-
galactosidase, it was found that JERF3 proteins
fused to LexA DNA binding domain activated
transcription of the LacZ reporter, while the fu-
sion of deleted putative activation domain with
LexA DNA binding domain did not activate
transcription of the LacZ reporter (Figure 3B),
indicating that JERF3 protein functions as tran-
scription activator in yeast.

Inspection of the amino acid sequence of
JERF3 revealed that it has a typical NLS, a stretch
of basic amino acids, KKRR, in N-terminal re-
gion. To confirm the above analysis, subcellular
localization of JERF3-GFP, DNLS-GFP, or GFP
was investigated by Agrobacterium-mediated
transient expression in onion epidermis cell. Using
a fluorescence microscope, the localization of
JERF3-GFP fusion protein was localized to the
nucleus of the onion epidermal cell. Because of
JERF3 NLS deletion, the DNLS-GFP distributed
throughout the cell, except for the nucleus,
whereas the control GFP was uniformly distrib-
uted throughout the cell (Figure 3C), suggesting
that JERF3 has the characterization of nuclear
localization of transcription factor.

Expression of JERF3 responsive to various stresses
and hormones

Plant responses to stresses are regulated by mul-
tiple signaling pathways and show significant
overlap between the patterns of gene expression in
response to different stresses (Singh ez al., 2002).
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Figure 4. Inducible expression of JERF3 gene in tomato. Equal
loading was verified by visualizing rRNA on a gel stained with
ethidium bromide.

To investigate time-dependent induction patterns,
the expression of JERF3 in response to these was
further analyzed (Figure 4). JERF3 transcript was
obviously observed after 2 h exposure to ethylene,
and accumulated to peak after 4 h treatment.
While JERF3 gene was induced by MeJA treat-
ment within 10 min, and was strongly expressed
after 2 h induction. Under low temperature treat-
ment, the JERF3 mRNA was accumulated within
10 min and peaked within 1 h. Under high-salt
treatment JERF3 mRNA was accumulated within
10 min and strongly expressed after 4 h. Also
the expression of JERF3 was obviously observed
after 30 min, and dramatically decreased after
12 h treatment of abscisic acid (Figure 4),
suggesting that JERF3 is involved in multiple
signaling pathways responsive to biotic and abiotic
stresses.

Constitutive expression of JERF3 and GCC box-
containing genes in transgenic JERF3 tobacco

Many PR genes, such as PRI, PR2, PR3, and
PRS5, have been characterized to have the GCC
box sequence in their promoters, and to increase
plant resistance to pathogen attack (Ohme-Takagi
and Shinshi, 1995; Gu et al., 2000; Park et al.,
2001). To determine whether JERF3 activates
expression of downstream PR genes, tobacco
transgenic plants were developed that constitu-
tively express JERF3 from the 35S promoter.
After antibiotic selection and Northern blot anal-
ysis, nine individual overexpressing JERF3 to-
bacco lines (designated OE) and five individual

expressing JERF3-DNLS tobacco lines were
obtained. Of four lines overexpressing JERF3 in
tobacco (OE) and three lines expressing JERF3-
DNLS were confirmed to show 3:1 segregation in
T1 seed germination for kanamycin selection. And
these one copy insertion transgenic plants were
further used in the following experiments. We first
tested the expression of downstream genes in
transgenic plants. Our result showed that some
GCC box-containing PR genes such as osmotin,
Prb-1b, GLAI, CHN50 were expressed in un-
stressed transgenic tobacco plants that constitu-
tively expressed JERF3 gene, but did not be detect
in unstressed wild-type tobacco (WT) and trans-
genic tobacco plants expressing JERF3-DNLS
(NLS was deleted) (Figure 5), suggesting that
JERF3 could activate the expression of down-
stream genes.

Ectopic expression of JERF3 enhances salt
tolerance

When ERF gene, Tsil, was overexpressed, the
tobacco plants showed enhanced resistance to
pathogen attack and osmotic stress (Park ef al.,
2001). This finding correlates with the ability of the
Tsil protein binding to both GCC box and DRE
motifs, demonstrating that these two different
stress pathways can be linked by a single ERF
protein (Singh et al., 2002). The expression of
JERF3 gene in tobacco led to the constitutive
expression of several PR genes. The PR genes,
for example, the osmotin, are normally upstream

WT OE-1 OE-9 D-NSL-2

JERF3 . . -
osmotin . .
T
CHN50 ’ . .
ol
prb-b . i
- N

Figure 5. OE plants overexpressing JERF3 activates constitu-
tively expression of PR genes, but DNSL did not. RNA gel
blots were hybridized with the probes indicated beside of the
panel. Equal loading was verified by 18S rRNA as probe.
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Figure 6. OE plants overexpressing JERF3 in tobacco enhances
salt resistance. Phenotypic differences were observed after 72 h
treatment with 300 mM NaCl and chlorophyll contents were
measured after 48 h NaCl-treatment. Data are shown as
percentage relative to controls from three independent experi-
ments £SE.

regulated in response to not only pathogen but
also osmotic stress. To investigate whether the
accumulation of these PR genes in plants enhances
salt tolerance, we incubated the leaf discs of
transgenic tobacco and wilt type plants in NaCl
solution. The phenotypic difference between wild-
type and transgenic plants is significantly different
after 72 h treatment with 300 mM NaCl. The leaf
discs from wild type were bleached, while leaf discs
from transgenic JERF3 kept green (upper panel of
Figure 6). And the chlorophyll content in these
plants after 48 h salt treatment further confirmed
the above observed phenotypic differences in the
treated leaf discs (lower panel of Figure 6), indi-
cating that ectopic expression of JERF3 in tobacco
confers salt tolerance.

Discussion

Genomic research indicated that there are 124
ERF proteins in Arabidopsis, one of the largest
transcriptional factor family constituting of up to
~9% of the estimated total transcription factors
(Riechmann et al., 2000), suggesting that ERF
family proteins are important plant specific tran-
scriptional factors. In tomato, though it is not
available for the genomic information now, the
cloning and identification of ERF proteins has
made great progresses (Zhou et al., 1997; Tournier
et al., 2003). Based on the strategy of protein—
DNA interaction, we successfully isolated ERF
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regulatory proteins from tomato that interact with
ethylene responsive element GCC box. Data
analysis indicated that one of the isolated ERF
proteins, JERF3, shows high homologue to the
reported ERF proteins only in ERF binding do-
main, but very low similarity outside the ERF
domain, suggesting JERF3 is a novel member of
ERF proteins. In tobacco, at least four different
ERF proteins, ERFI1~4, have been identified
(Ohme-Takagi and Shishi, 1995). ERF2 and ERF4
enhance the GCC box-mediated transcription of
reporter gene in tobacco protoplasts, suggesting
that they act as transcriptional activators (Ohta
et al., 2000). In contrast to ERF2 and ERF4,
ERF3 reduces the transcription of the reporter
gene, indicating that ERF3 functions as a repres-
sor. Based on the analysis of predicted protein
sequence, JERF3 protein contains an acidic acti-
vation domain in C-terminal that act as tran-
scription activation. Actually, JERF3 activates the
expression of downstream genes, such as LacZ in
yeast and PR genes in transgenic JERF3 tobacco,
possibly mediating the interaction with GCC box
which is very similar to the characterization of
tobacco Tsil (Park et al., 2001). As transcription
factor, another important characterization is its
nuclear localization. Sequence analysis indicates
that JERF3 protein contains a nuclear localization
signal in its N-terminal region. And transient
expression using JERF3-GFP demonstrated that
JERF3 specifically targeted to nucleus of onion
epidermal cells. Biochemical analysis further
demonstrated that JERF3 not only interacts with
ethylene responsive GCC box, but also dehydrate
responsive DRE motif, which is similar to the
characterization of Tsil in tobacco (Park et al.,
2001), but their protein sequences have only 23.2%
similarity. Therefore the isolation and character-
ization of JERF3 in this paper will provide more
clues to understand the regulation of ERF proteins
in various physiological responses.

Many studies showed that ERF overexpression
enhanced resistance to specific stress and growth
defects through downstream regulation of GCC
box or DRE-motif-containing genes (He et al.,
2001; Park et al., 2001; Berrocal-Lobo et al., 2002;
Wu et al., 2002). For example, expression of Pti4
enhances resistance to bacterial growth through
activating expression of GCC box-containing
genes (Gu, et al., 2002). Ectopic expression of rice
OsDREBIA in Arabidopsis results tolerance to
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drought, high-salt, and freezing, via the interaction
with DRE (Dubouzet et al., 2003).The JERF3
protein contains a highly conserved ERF domain,
which could bind to both the GCC box and DRE,
indicating that the JERF3 could induce the
expression of both GCC box and DRE-containing
genes. In fact, constitutive expression of JERF3 in
transgenic tobacco positively activates GCC box-
containing gene expression. And this activation
greatly enhances tolerance to high-salt stress,
strongly suggesting that the JERF3 protein acti-
vates expression of osmotic stress responsive
genes. This enhancement of salt tolerance may be
resulted by the contribution of osmotin and other
osmotic stress-inducible DRE-containing genes.
Also we are checking the resistance to diseases.
Preliminary research indicated that JERF3 is in-
volved in response to fungi disease attack (RF
Huang et al., not published data).

Accumulated evidence has revealed that ERF
proteins are an important component in ethylene
signaling (Solano et al., 1998; Alonso et al., 2003;
Guo and Ecker, 2003; Potuschak et al., 2003),
which is up-regulated by EIN3 and EILs (Guo and
Ecker, 2004). Binding of ethylene inactivates 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 protein acti-
vates EIN3 and, subsequently activating ERF
proteins, such as ERF1 (Solano et al., 1998),
thereby regulating the expression of genes involved
in the response to ethylene (Chakravarthy et al.,
2003). JERF3 belongs to the ERF proteins show-
ing distinct regulation in salt resistance through
activation of the downstream expression of ethyl-
ene responsive GCC box-containing genes, indi-
cating that our novel identified JERF3 might also
position downstream of EIN3 in ethylene signaling
pathway.

Ethylene, MeJA and ABA play key roles in
regulating plant response to various stresses
(Dong, 1998; Reymond and Farmer, 1998;
Dempsey et al., 1999; Pieterse and van Loon, 1999;
Xiong et al., 2002). Multiple signal-transduction
pathways seem to converge on ERF proteins and
GCC box or DRE through a variety of protein-
protein and protein-DNA interactions, suggesting
important roles of ERF proteins in control of
transcription of genes via targeting cis-element for
acclimation to environmental changes (Ohme-

Takagi et al., 2000). For instance, the transcription
factor ERF1 is a downstream component of
ethylene and integrates ethylene and jasmonate
pathways. ERFI expression requires both sig-
naling pathways simultanecously and ERFI1
is responsible for the transcription activation
of ethylene/jasmonate-dependent defense-related
genes. So the ERF1 is a key integrator of ethylene
and jasmonate signals in the regulation of ethyl-
ene/jasmonate-dependent defenses (Lorenzo et al.,
2003), while NPR1 can modulate cross-talk be-
tween salicylate- and jasmonate-dependent defense
pathways (Splel et al., 2003). Moreover, Tsil gene
expression was rapidly induced after salt, wound-
ing, SA, cthylene or methyl jasmonate treatment,
suggesting that the Tsil protein have a role in the
activating expression of GCC box-containing
genes in salt and pathogen signal pathways (Park
et al., 2001). In this study the expression of JERF3
was induced by NaCl, ethylene, or JA, which is
similar to the expression of 7si/, but it also can be
induced by cold and ABA, which is distinct from
Tsil (Park et al., 2001). Although these different
pathways are usually considered to function
independently from each other, it is certainly
possible that some cross-talk exists among these
pathways. Cross-talk between different pathways
provides a great regulatory potential for activating
multiple defense and stress responses, and different
stress pathways can be linked by certain tran-
scription factors, such as Tsil in ethylene- and
osmotic stress-signaling (Park et al., 2001). Based
on the above discussion we speculate that JERF3
likely plays an important common component in
multiple signaling pathways responsive to biotic
and abiotic stresses.

Accession numbers

The gene bank accession numbers for the se-
quences mentioned in this article are AY383630
(JERF3), X66942 (prb-1b), M60402 (GLA),
X51599 (CHNS50), X95308 (osmotin).
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