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olecular  characterization  of  two  ethylene  response  factor  genes  in  sweetpotato
hat  respond  to  stress  and  activate  the  expression  of  defense  genes  in  tobacco
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a  b  s  t  r  a  c  t

Two  ethylene  response  factor  (ERF)  genes,  IbERF1  and  IbERF2,  were  isolated  from  a library  of  expressed
sequence  tags  (EST)  prepared  from  suspension-cultured  cells  and  dehydration-treated  fibrous  roots
of sweetpotato  (Ipomoea  batatas).  The  deduced  IbERFs  contained  a nuclear  localization  signal  and  the
AP2/ERF  DNA-binding  domain.  RT-PCR  analysis  revealed  that  IbERF1  was  expressed  abundantly  during
the growth  of  suspension-cultured  cells,  whereas  the  expression  levels  of IbERF2  transcripts  were  high
nvironmental stress
thylene response factor
weetpotato
obacco
ransient expression assay

in  fibrous,  thick  pigmented  roots.  Two  ERF  genes  also  showed  different  responses  to  various  types  of
abiotic  stress  and  pathogen  infection.  Transient  expression  of  the  two  ERF  genes  in  tobacco  (Nicotiana
tabacum)  leaves  resulted  in  increased  transcript  levels  of  the  pathogenesis-related  5  (PR5)  gene,  the  early
response  to  dehydration  ten  gene  (ERD10),  the  CuZn  superoxide  dismutase  gene  (CuZnSOD)  and  the  cata-
lase gene  (CAT).  It  is  suggested  that  the  two  ERF  genes  play roles  in the stress  defense-signaling  pathway
as  transcriptional  regulators  of  the  PR5,  ERD10,  CuZnSOD  and  CAT  genes.
ntroduction

Abiotic and biotic stresses, such as drought, high salinity and
athogen infection, have adverse effects on plant growth and devel-
pment. To survive, plants have involved defense mechanisms to
erceive signals from their surroundings and to respond to various
tresses by modulating the expression of responsive genes (Fujita
t al., 2006). Transcription factors function in signal transduction
o activate or suppress defense gene expression, as well as in the
egulation of interactions between different signaling pathways
Gutterson and Reuber, 2004; Fujita et al., 2006).
In the model plant Arabidopsis, more than 1500 genes encoding
ranscription factors have been reported (Riechmann et al., 2000).
mong these, apetala2/ethylene-responsive element-binding

Abbreviations: AP2/EREBP, apetala2/ethylene-responsive element binding pro-
ein; CAT, catalase; DREB, dehydration-responsive element binding protein; ERD,
arly responsive to dehydration; ERF, ethylene response factor; EST, expressed
equence tags; GFP, green fluorescent protein; PR, pathogenesis-related; SOD,
uperoxide dismutase.
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protein (AP2/EREBP) transcription factors have important functions
in the transcriptional regulation of biological processes related
to growth and development, as well as in responses to environ-
mental stimuli (Riechmann and Meyerowitz, 1998; Gutterson and
Reuber, 2004). The Arabidopsis genome encodes 145 AP2/EREBP
proteins. Recently Mizoi et al. (2012) classified these proteins into
five families, namely AP2, RAV, DREB (dehydration-responsive
element binding protein), ERF (ethylene response factor) and
AT4G13040 orthologs, according to their similarities and the num-
ber of DNA-binding domains they contain. Plant ERF transcription
factors involved in the ethylene signal cascade and the expression
of various defense-related genes are regulated directly by their
DNA-binding activity to GCC-box (GCCGCC) or the dehydration-
responsive element/C-repeat element (DRE/CRT, CCGAC) located
in the promoters of various pathogenesis-related (PR) and abiotic
stress-responsive genes (Park et al., 2001; Gutterson and Reuber,
2004). For these reasons, it is important to elucidate the mech-
anisms underlying the transmission of stress signals so that ERF
regulation can be manipulated to improve crop stress resistance.

Plant ERF transcription factors are widely involved in abiotic and
biotic stress responses. Particularly, many ERF genes are involved
in disease resistance responses. Overexpression of some ERF genes,

such as Pti4, ERF1, OPBP1 and TSRF1,  confer resistance to fungal and
bacterial pathogens in transgenic plants (Berrocal-Lobo et al., 2002;
Gu et al., 2002; Onate-Sánchez and Singh, 2002; Guo et al., 2004;
Zhang et al., 2004a,b). Interestingly, multiple pathogen resistance

dx.doi.org/10.1016/j.jplph.2012.03.002
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:sskwak@kribb.re.kr
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as also observed following overexpression of tobacco Tsi1 (Shin
t al., 2002), Arabidopsis TDR1 (Gutterson and Reuber, 2004), and
ot pepper CaPF1 (Yi et al., 2004; Tang et al., 2005). Overexpression
f various ERF genes, including Tsi1 and OPBP1 of tobacco (Park
t al., 2001; Guo et al., 2004), CaERFLP1 and CaPF1 of hot pepper
Lee et al., 2004; Yi et al., 2004), and TERF1 and JERF1 of tomato
Huang et al., 2004; Zhang et al., 2004a,b) also improved the tol-
rance of transgenic plants to various abiotic stress, such as high
alinity, drought and low temperature conditions. Overexpression
f AtEBP resulted in resistance to Bax-induced cell death and abi-
tic stresses such as hydrogen peroxide (H2O2) and heat-mediated
xidative stress in tobacco Bright Yellow-2 (BY-2) cultured cells
Ogawa et al., 2005). Therefore, overexpression of plant ERF genes
nhanced tolerance to abiotic and biotic stresses, suggesting that
hey could be used as candidate genes to improve crop resistance.

Sweetpotato (Ipomoea batatas) is known to be a relatively
rought-resistant crop and it represents one of the most impor-
ant root crops grown on marginal lands. Although sweetpotato is
ecognized as a comparatively drought-tolerant plant, the molecu-
ar mechanisms underlying drought tolerance are not well defined.
reviously, expressed sequence tags (ESTs) from a full-length
nriched cDNA library prepared from suspension-cultured cells
nd dehydration-treated fibrous roots of sweetpotato were isolated
nd characterized (Kim et al., 2006, 2009a).  Expression analysis
howed that some sweetpotato genes isolated from the EST library
f suspension-cultured cells and dehydration-treated fibrous roots
ere also induced in response to various environmental stresses.

hus, the investigation of sweetpotato EST pools may  yield valu-
ble genetic information about the regulatory networks involved
n stress-response processes of sweetpotato.

In this study, we isolated and characterized two ERF genes from
n EST library of suspension-cultured cells and dehydration-treated
brous roots of sweetpotato. To better understand the function of
hese two ERF genes, we analyzed their expression under various
tress conditions. The results suggest that the two ERF genes play a
ole in responses to abiotic stress and pathogen infection in sweet-
otato. Finally, we demonstrate that the two ERF genes can act as
ranscriptional regulators of stress-responsive genes by perform-
ng Agrobacterium-mediated transient expression of these genes in
obacco leaves.

aterials and methods

lant materials

Sweetpotato (Ipomoea batatas L. Lam. cv. White Star) plants
ere cultivated in a growth chamber in soil at 25 ◦C under a
hotocycle of 16 h light/8 h dark for 50 d. For gene expression
nalysis during plant growth, sweetpotato plants were grown in

 greenhouse for 3 months and leaves from shoot apical meris-
ems and fibrous roots were used. Cultured cells (1 g fresh weight),
ubcultured at 14 d intervals, were inoculated into 50 mL of MS
Murashige and Skoog, 1962) basal medium supplemented with
,4-dichlorophenoxyacetic acid (1 mg  L−1) and sucrose (30 g L−1).
he cells were then incubated in darkness at 25 ◦C (100 rpm).

nalysis of DNA and protein sequences

Sequence identities were determined using the BLAST pro-
ram available from the NCBI web-server, and multiple sequence
lignment was determined using the Clustal X and Gene-
oc programs. To predict the isoelectric point (pI), molecular

eight and signal peptides of the deduced proteins, the

xPasy (http://www.expasy.org/tools), PSORT (http://psort.ims.u-
okyo.ac.jp) and SoftBerry (http://www.softberry.com) programs
ere used.
iology 169 (2012) 1112– 1120 1113

Subcellular localization of ERFs

The coding regions of two ethylene response factor
(ERF) genes were amplified by PCR using the follow-
ing primers with a BamHI restriction site: for IbERF1,
5′-CGGATCCATGGCTAGACCTCAGCA-3′ and 5′-GGGATCCA-
TTCTTGAAGAACAG-3′, and for IbERF2,  5′-CGGATCCATGTG-
CGGTGGTGCTAT-3′ and 5′-GGGATCCAGAAGACACCCCCCA-3′. The
amplified DNAs were initially cloned into the pCR2.1-TOPO vector
(Invitrogen, Carlsbad, CA, USA). The BamHI fragment was then
ligated into the 35S::GFP vector, in which each ERF gene was  fused
in-frame with GFP at its C-terminus, thereby yielding IbERF1::GFP
and IbERF2::GFP. The resultant constructs were then transiently
introduced into onion epidermal cells using a biolistic particle
delivery system (Bio-Rad, Hercules, CA, USA) described previously
by Shieh et al. (1993).  After 12–48 h of incubation at 25 ◦C, the sub-
cellular localization of each ERF::GFP fusion protein was evaluated
via fluorescence microscopy (Axioskop, Zeiss, Jena, Germany). The
location of a blue precipitate was  compared with the location of
DAPI-stained nuclei using fluorescence optics.

Stress treatments

Sweetpotato plants grown at 25 ◦C for 50 d were subjected to
stress treatments. For dehydration treatments, sweetpotato leaves
and fibrous roots were collected at 0 (untreated control), 1, 2,
4, 8, 16, and 24 h after treatment under light conditions. For
treatments with NaCl, the third leaf from the top was  detached
from each plant, placed into a conical tube containing 30 mL of
sterile water (control) or 100 mM NaCl, and then incubated at
25 ◦C for 24 h under light conditions. For treatments with hydro-
gen peroxide (H2O2, 400 mM),  methyl viologen (MV, 0.05 mM),
cadmium (Cd, 0.5 mM)  and copper (Cu, 0.5 mM),  sweetpotato
leaves were incubated in conical tubes containing 30 mL  of each
chemical solution at 25 ◦C for 24 h under light conditions. Sterile
water was  used as a control for chemical stress treatments. For
bacterial treatment, Pectobacterium chrysanthemi (Erwinia chrysan-
themi, KCTC 2569) was  used following the methods of Jang
et al. (2004).

Agrobacterium-mediated transient expression

To transiently express each ERF gene in tobacco leaves, a plas-
mid was constructed for the expression of the two  ERF genes
by cloning it into the BamHI site of the pCR2.1-TOPO vector
(Invitrogen). The coding region of each ERF gene was introduced
behind the CaMV 35S promoter in the pCAMBIA2300 plant expres-
sion vector. The constructs were verified via sequencing. The
CaMV35S::IbERF1, CaMV35S::IbERF2 and control (pCAMBIA2300
vector only) plasmids were introduced into Agrobacterium tume-
faciens EHA 105, which was transformed into tobacco (Nicotiana
tabacum cv. Xanthi) leaves via Agrobacterium-mediated transient
expression. For the Agrobacterium-mediated transient expression
assay in tobacco leaves, Agrobacterium (strain EHA 105) harboring
two  ERF constructs was grown overnight in Luria Bertani medium
containing 25 �g mL−1 of rifampicin, 50 �g mL−1 of kanamycin
and 150 �M acetosyringone. Cells were collected by centrifuga-
tion (12,000 rpm), resuspended to an OD600 of 1.0 in infiltration
medium (10 mM Mes, pH 5.6 plus 10 mM  MgCl2) with 150 �M ace-

tosyringone, and infiltrated into the leaves of 4-week-old tobacco
plants. Leaf discs were harvested for a 2 d post-inoculation of
Agrobacterium cells, immediately frozen in liquid nitrogen, and
stored at −70 ◦C until use.

http://www.expasy.org/tools
http://psort.ims.u-tokyo.ac.jp/
http://www.softberry.com/
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Fig. 1. Multiple sequence alignment and phylogenetic tree of the deduced amino acid sequences of two ERF proteins and other closely related plant proteins in sweetpotato.
(A)  Multiple sequence alignment of the two ERFs with other ERF proteins. The AP2/EREBP domain is indicated by a box; the basic region of the N-terminal that might act
as  an NLS is underlined. (B) Phylogenetic trees for two ERFs and other ERF proteins. The GenBank accession numbers for the ERF subfamily are as follows: AtESR2 (NP
173864.1), AtERF3 (NP 175479.1) and AtERF4 (NP 188139.1) in group 1; OsEREBP1 (AAF23899.1), AtRAP2.3 (NP 188299.1), IbERF2 (ABP35524.1), NtCEF1 (AAP37417.1),
LeJERF3 (AAQ91334.1), LeJERF1 (AAK95687.1), CaPF1 (AAP72289.1), AtRAP2.12 (NP 175794.1) and AtRAP2.2 (NP 850583.1) in group 2; AtERF1B (NP 188965.1), ORCA3
(ABW77571.1), AtERF1A (NP 567530.4) and AtERF2 (NP 199533.1) in group 3; AtRAP2.6 (NP 175008.1) and AtERF110 (NP 199819.3) in group 4; AtCRF5 (NP 182154.1), NtTSI1
(AAC14323.1) and AtCRF1 (NP 192852.1) in group 5; and AtRAP2.11 (NP 197480.1), IbERF1 (ABY76322.1), LeERF1 (AAL75809.1), AtEREBP (NP 197901.1) and AtERF003 (NP
197901.1) in group 6.
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Total RNA was isolated from sweetpotato and tobacco using
RIzol reagent (Invitrogen) and treated extensively with RNase-
ree DNase I to remove any contaminating genomic DNA. For
uantitative expression analysis, first-strand cDNA was gener-
ted from total RNA (2 �g) using MMLV  reverse transcriptase
Promega, Madison, WI,  USA) in accordance with the manufac-
urer’s instructions. Quantitative RT-PCR was performed in a
uorometric thermal cycler (DNA Engine Opticon 2, MJ  Research,

altham, MA,  USA) using EverGreen fluorescent dye according to

he manufacturer’s instructions. The inter-experimental quality
ontrol comparisons of repeated samples were assessed using CT
alues among the three replications. Linear data were normalized
to the mean CT of a-tubulin as a reference gene, and the relative
expression ratio was  calculated using the 2� − �Ct method. Gene-
specific primers used for PCR reactions were as follows: the IbERF1
primer set (5′-gatcaccaatcgtcttcttc-3′, 5′-tatggtgatcttcaagggac-3′)
was  used to amplify 274 bp, the IbERF2 primer set (5′-
gtgttgactgttgagggttt-3′, 5′-gccaagattagttttggttg-3′) was  used
to amplify 184 bp, the PR5 primer set (5′-atgagaaagacccacgtc-3′,
5′-atgccttctttgcagcag-3′) was used to amplify 200 bp, the ERD10
primer set (5′-aagaagagaaggcgggtgag-3′, 5′-cttgtccaaaaatcccttcttc-
3′) was used to amplify 200 bp, the CuZnSOD primer set

(5′-tggagatgcaccaaccacagtt-3′, 5′-agcgagaatcttcacggcaca-3′)
was  used to amplify 419 bp, and the CAT primer set (5′-
gcaacttcctgctaatgctcca-3′, 5′-ttgacatcacctcctccgaacc-3′) was
used to amplify 435 bp. The total synthesized cDNA was also
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sed to amplify the ˛-tubulin gene as an internal standard
sing tubulin gene-specific primers (5′-caactaccagccaccaactgt-3′,
′-caagatcctcacgagcttcac-3′).

tatistical analysis

Data were analyzed by one way analysis of variance (ANOVA).
he subsequent multiple comparisons were examined based on the
east significant difference (LSD) test. All statistical analysis was
erformed using the Statistical Package for the Social Sciences (SPSS
2) and statistical significance was set at P < 0.05 and P < 0.01.

esults

solation and sequence analysis of two ERF genes

Two ERF cDNA clones (EU190981 and EF192423) were obtained
rom an expressed sequence tags (EST) library of suspension-
ultured cells and dehydration-treated fibrous roots of sweetpotato
Kim et al., 2006, 2009a).  According to a recent classification of
P2/EREBP proteins (Mizoi et al., 2012), the cDNA clones of plant
RF groups 2 and 6 were named I. batatas ethylene response fac-
or1 (IbERF1) and IbERF2, respectively, since they encode novel
RF proteins in sweetpotato. IbERF1 cDNA is 728 bp in length and
ncodes a 181 amino acid residue protein with a predicted molec-
lar mass of 20.34 kDa. IbERF2 is 1278 bp in length and encodes

 353 amino acid residue protein with a predicted molecular
ass of 39.21 kDa. Database searches revealed that the amino

cid sequences of the two ERF proteins contain a conserved DNA-
inding domain of 57 amino acids. This domain is present in a large
amily of plant DNA-binding proteins. An acidic region in the C-
erminal (AP2/EREBP domain) region of the DNA-binding domain
s thought to function as an activation domain for transcription
Fig. 1A). The N-terminal region of IbERF2 contains a basic sequence
f amino acids, KRKRKNQ, which might function as a nuclear local-
zation signal (NLS). Although IbERF1 does not have these basic
esidues, the IbERF1 protein was predicted to exhibit nuclear local-
zation according to the results of PSORT and SoftBerry program
nalyses. Alignment and comparison of the amino acid sequence of
bERF1 with those of other ERF genes isolated from various plants
howed that IbERF1 has 62% similarity with AtEREBP and 55% simi-
arity with LeERF1, whereas IbERF2 has 54% similarity with NtCEF1
nd 52% similarity with LeJERF1. Two ERFs of IbERF1 and IbERF2
xhibited 47% similarity at the amino acid level.

According to the classification of Mizoi et al. (2012),  phylogenic
ree analysis of protein sequences of the plant ERF subfamily indi-
ated that IbERF1 has high homology with EREBP and RAP2.11
f Arabidopsis and ERF1 of tomato in the group 6 ERF subfamily
Fig. 1B). As for IbERF2, it has high sequence homology with RAP2.2,
AP2.3 and RAP2.12 of Arabidopsis; JERF1 and ERF3 of tomato; CEF1
f tobacco; and PF1 of hot pepper in the group 2 ERF subfamily. For
hese reasons, these two ERFs of sweetpotato can be classified as

embers of the plant ERF subfamily and they likely play an impor-
ant role in abiotic stress tolerance and pathogen resistance-related
ene expression.

ubcellular localization of two ERFs

Subcellular localization of the two ERFs was  examined by
xpressing them as fusion proteins with GFP. DNA constructs
ncoding IbERF1::GFP, IbERF2::GFP or GFP under the control of the
aMV35S promoter were introduced into onion epidermal cells by

article bombardment (Fig. 2). The same cell layer was  also stained
ith DAPI to localize nuclei. The expression of the introduced genes
as examined under a fluorescent microscope with different filters

o reveal GFP and DAPI staining. The signals of IbERF1::GFP and
Fig. 2. Localization of the two ERF proteins in the nucleus. IbERFs::GFP fusion con-
structs were introduced into onion epidermal cells via particle bombardment. The
same cell layer was stained briefly with DAPI for visualization of the nuclei.

IbERF2::GFP were detected primarily in the nucleus. However, the
fluorescence signal of the 35S::GFP control was detected predom-
inantly in the cytoplasm. These results suggest that the two  ERF
proteins of sweetpotato are targeted to the nucleus.

Expression patterns of two ERF genes in various intact tissues and
during plant development

RT-PCR analysis showed that two  ERF genes were expressed dif-
ferently in various tissues of whole plants and under various cell
culture conditions of sweetpotato (Fig. 3A). In intact plant tissues,
IbERF1 was not expressed, whereas IbERF2 was highly expressed
in fibrous roots, stems and thick pigmented roots. In suspension-
cell cultures, IbERF1 was  strongly expressed 20 d after subculturing,
whereas IbERF2 was  only slightly expressed at the same stage of
cell culture. To investigate the expression of two ERF genes dur-
ing the growth of suspension-cultured cells, RT-PCR analysis was
conducted during suspension-cell growth. During 30 d in culture,
sweetpotato suspension cells showed a typical sigmoidal growth
curve with an initial lag phase of 10 d after subculture (DAS), fol-
lowed by an exponential phase of up to 20 DAS and then a stationary
phase of up to 30 DAS (Fig. 3B). Cell growth was maximal at 20 DAS.
The overall expression pattern observed for the two  ERF transcripts
in suspension-cultured cells was  similar to the cell growth patterns
of cultured sweetpotato cells (Fig. 3C). The IbERF1 gene exhibited
high expression levels in all stages of suspension-cultured cells,
consistent with the data in Fig. 3A. In addition, the expression pat-
terns of two ERF genes during plant development in leaves and
fibrous roots were analyzed. The expression patterns of two ERF
genes subjected to leaf development in sweetpotato were analyzed
according to the methods of Kim et al. (2009b). As shown in Fig. 3C,
IbERF2 was expressed in leaves at both the mature green stage (in
the 2nd to 8th leaves) and the late senescence stage (in the 14th
and 16th leaves). However, the transcript of the IbERF1 gene was
not detected at any stage of leaf development. Expression levels of
the two  ERF genes were higher in lower fibrous roots than in upper
fibrous roots in sweetpotato plants grown for 6 months (Fig. 3D),
indicating that the regulation of expression of the two ERF genes
varies according to growth stage in leaves and fibrous roots.

Differential expression of two  ERF genes in response to various
stresses
To investigate the expression patterns of two ERF genes under
various stress conditions, quantitative RT-PCR analysis was con-
ducted following the abiotic stress treatment and pathogenic
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Fig. 3. Expression patterns of two ERF genes in various intact tissues of sweetpotato
during plant development and during plant development and cell growth in suspen-
sion cultures. (A) Expression of two  ERF genes in various tissues. Total RNAs were
extracted from the leaf (L), stem (S), fibrous root (FR), thick pigmented root (TPR),
storage root (SR), and suspension-cultured cells (SC). (B) Time course of cell growth
on the basis of cell fresh weight and the expression pattern of two  ERF genes during
30 DAS (days after subculture) of cell growth of sweetpotato suspension-cultured
cells. Expression analysis of two ERF genes during (C) leaf and (D) FR development of
sweetpotato. ˛-tubulin was utilized as a control for equal loading. RT-PCR analyses
were repeated at least three times.
siology 169 (2012) 1112– 1120

infection. Following dehydration, differential regulation of the two
ERF genes was observed in leaves and fibrous roots (Fig. 4A).
Transcripts of the two ERF genes increased strongly 4 h after dehy-
dration in leaves, whereas in fibrous roots, the expression level of
IbERF1 was  transiently up-regulated 16 h after exposure to dehy-
dration and elevated IbERF2 expression was  observed 1 h after
dehydration. In sweetpotato leaves, expression of the two ERF
genes was  induced within 2 h by treatment with 100 mM NaCl
(Fig. 4B). Expression of IbERF2 also increased under untreated con-
trol conditions (0 mM NaCl treatments), which may  have resulted
from a wounding effect. Transcripts of the two  ERF genes were
induced by various chemical stress treatments such as H2O2
(hydrogen peroxide), methyl viologen (MV), cadmium (Cd) and
copper (Cu), in leaves of sweetpotato (Fig. 4C). The transcript of
IbERF1 was significantly induced by Cd and Cu treatments, whereas
the expression of IbERF2 was  strongly increased by H2O2 and MV
treatments. When plants were subjected to various low temper-
atures, such as 15, 10 and 4 ◦C, for 24 h, no differences in the
transcript levels of the two ERF genes were observed throughout
the time course of the treatment (data not shown). Expression pat-
terns of the two ERF genes were also investigated in the leaves after
infection with a bacterial pathogen (P. chrysanthemi)  (Fig. 4D). The
IbERF2 transcript was  strongly induced by bacterial infection at 8 h,
whereas IbERF1 was highly expressed at 44 h. These results sug-
gest that the two  ERF genes respond differently to various kinds of
abiotic stress and pathogen infection.

Activation of defense gene expression by transient expression of
two ERF genes

Plant ERF transcription factors can directly regulate various PR
gene expression during the ethylene signal cascade by binding to
the GCC-box located in the promoters of PR genes, such as PR1,
PR2 (�-1, 3-glucanase), PR3 (chitinase) and PR5 (osmotin) (Ohme-
Takagi and Shinshi, 1995; Buttner and Singh, 1997; Zhou et al.,
1997; Xu et al., 1998). In addition, some ERF transcription factors
bind to abiotic stress-related DRE/CRT elements, such as tobacco Tsi,
CaPF1 and CaERFLP1 of hot pepper, and TERF1 and JERF1 of tomato
(Park et al., 2001; Lee et al., 2004; Yi et al., 2004; Huang et al.,
2004; Zhang et al., 2004a). Therefore, to understand the regulatory
mechanism of the two ERF genes in defense gene expression, we
investigated changes in the expression patterns of various PR genes,
such as PR1, PR2, PR3, PR4 and PR5, and abiotic stress-responsive
genes such as early responsive to dehydration-10 (ERD10), CuZn
superoxide dismutase (CuZnSOD), catalase (CAT) and ascorbate
peroxidase (APX). To determine whether the two ERF transcrip-
tion factors contribute to the expression of defense-related genes,
A. tumefaciens strain EHA105 harboring pCAMBIA2300 binary
vectors containing the coding region of each ERF under the con-
trol of the CaMV 35S promoter, or vector only, was  infiltrated
into tobacco leaves. Transient expression analysis showed that
increased expression of these ERF genes activated a number of
defense-related genes, including PR5, ERD10,  CuZnSOD and CAT
(Fig. 5). However, the levels of PR1, PR2, PR3, PR4 and APX gene
transcripts did not vary in comparison with control plants harbor-
ing the vector alone (data not shown). These results suggest that
the two  ERF genes function in the stress defense-signaling path-
way  as transcriptional regulators of PR5, ERD10,  CuZnSOD and CAT
genes.

Discussion
Evidence indicates that ERF proteins belong to one of the
largest transcription factor families in plants (Riechmann et al.,
2000), suggesting that ERF proteins have crucial roles in regulating
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Fig. 4. Expression patterns of two ERF genes of sweetpotato under different stress conditions. (A) Expression patterns of two ERF genes in leaves and fibrous roots of
sweetpotato plants under dehydrated conditions for 24 h. (B) Expression patterns of two ERF genes in leaves treated with 100 mM NaCl for 24 h. (C) Expression patterns of
two  ERF genes under stress-related chemical treatments, such as 400 mM H2O2, 0.05 mM MV, 0.5 mM Cd and 0.5 mM Cu, for 24 h. (D) Expression patterns of two ERF genes
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ollowing infection of leaves of sweetpotato with a bacterial pathogen (P. chrysan
hree  replicates from each of two  experiments, and error bars indicate SD of the mea
etermined by one way  ANOVA with the LSD post hoc test (*P < 0.05; **P < 0.01).

evelopment and responses to environmental factors. Although
enomic information for sweetpotato is not available, the cloning
nd identification of sweetpotato ERF genes have recently been
eported in the EST library of dehydration-treated fibrous roots
f sweetpotato (Kim et al., 2009a).  However, previous studies of
he responses of the sweetpotato ERF gene (IbERF2) only consid-
red the response to dehydration in sweetpotato leaves and fibrous
oots.

In this study, two ERF genes were isolated from suspension-
ultured cells and dehydration-treated fibrous roots of sweet-
otato, and their responses to abiotic stress and pathogen infection
ere characterized. Proteins related to the two ERF genes have a

onserved AP2/EREBP domain, an acidic region, and are targeted
o the nucleus (Figs. 1 and 2). These findings suggest that the
wo ERF proteins function as transcription factors in sweetpotato
lants. Among the AP2/EREBP proteins of various plant species in
he databases, IbERF1 is most closely related to Arabidopsis EREBP
nd RAP2.11, and tomato ERF1 in the group 6 ERF subfamily, with
hich it shows 55–62% sequence identity (Fig. 2). The expres-

ion patterns of these genes under stress conditions have not been
eported (Hongxing et al., 2005). IbERF2 is most closely related to

tress-responsive ERF genes in the group 2 ERF subfamily, such as
tCEF1, CaPF1, LeJERF1 and LeJERF3, with which it shows 52–54%

equence similarity (Fig. 2). In tobacco plants, expression of NtCEF1
. The mock involves treatment with 10 mM MgCl2. Data represent the average of
atistical significance of differences between the control and treatment groups were

is induced by ethephon, ABA, cold and NaCl treatment (Lee et al.,
2005), whereas CaPF1 in hot pepper is induced by ethephon, methyl
jamonate, cold and NaCl treatment (Yi et al., 2004). The AtRAP2.2
transcript is induced in Arabidopsis under hypoxic conditions (Hinz
et al., 2010). In this study, a comparison of stressed and unstressed
sweetpotato plants revealed that the expression levels of the two
ERF genes increased with dehydration; NaCl, H2O2, MV,  Cd and Cu
treatment; and bacterial pathogen infection (Fig. 4). However, the
expression levels of the two ERF genes were not changed signifi-
cantly by low temperature treatments, such as 15, 10 and 4 ◦C, for
24 h (data not shown). These results suggest that the two  ERF genes
are involved in responses to drought-related abiotic stresses and
pathogen-defense-mediated plant stresses in sweetpotato. They do
not appear to be involved in responses to low temperature stress.

In the present study, two  ERF genes were found to be expressed
differentially in various tissues of whole plants and under various
cell culture conditions of sweetpotato (Fig. 3). Interestingly, they
showed similar expression patterns during growth as cell suspen-
sion cultures. Cell suspension cultures is known to result in the
exposure of cells to higher levels of oxidative stress compared to
that of whole plants, as shown by an evaluation of antioxidant activ-

ity under these conditions (Kwak et al., 1995). The results of this
study showed that the expression of the two  ERF genes increased
following oxidative stress treatment, such as with MV,  H2O2, Cd
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Fig. 5. Up-regulation of various defense genes following transient expression of two ERF genes in tobacco leaves by agro-infiltration. The expression vector construct of 35S
promoter::IbERF1  or 35S promoter::IbERF2,  or the empty vector was infiltrated into leaves of 4-week-old tobacco plants. The expression patterns of various defense genes
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ollowing ERF expression in agro-infiltrated leaves at 48 h. These included defens
ismutase). Data represent the average of three replicates from each of two  expe
etween the control and treatment groups were determined by one way ANOVA w

nd Cu (Fig. 4). These findings indicate that the expression of the
wo ERF genes might be regulated in cell suspension cultures and
nder stress-related chemical treatment-mediated oxidative stress
onditions.

Ectopic expression of ERF genes is known to induce the

xpression of defense genes in several plant species. Plant ERF tran-
cription factors regulate PR gene expression directly by binding
o the GCC-box (GCCGCC) located in the promoters of vari-
us PR genes. Interestingly, Park et al. (2001) reported that the
s such as PR5 (osmotin), ERD 10, CAT (catalase) and CuZnSOD (CuZn superoxide
ts, and error bars indicate SD of the means. Statistical significance of differences

 post hoc test (*P < 0.05; **P < 0.01).

tobacco ERF transcription factor Tsi1 binds to GCC sequence and
the dehydration-responsive element/C-repeat element (DRE/CRT,
CCGAC), which acts as a dehydration-responsive element bind-
ing protein (DREB)/CBF transcription factor binding cis-element
in the promoters of dehydration and cold responsive genes, such

as COR15a, COR6.6, COR47 and RD29A (Sakuma et al., 2002). Thus,
Tsi is an important molecular switch for the expression of vari-
ous dehydration or cold responsive genes. Recent studies provide
evidence that a number of ERF genes play overlapping roles in



t Phys

i
u
t
i
i
e
p
P
p
a
s
e
e
e
r
E
s
t
t
l
H
g
t
i
g
4
a
t
i
c
t
w
d
t
u
t
r
t
s
m
g
o
g
o

A

p
s
C
(
C
K

R

B

B

F

Y.-H. Kim et al. / Journal of Plan

ncreased tolerance to abiotic stress and pathogen infection by reg-
lating GCC and C/DRE-mediated gene expression. For instance,
he overexpression of CaPF1 confers disease and freezing tolerance
n transgenic Arabidopsis plants via the activation of the signal-
ng pathway that involves the expression of PR and COR genes (Yi
t al., 2004). In addition, Lee et al. (2005) showed that the overex-
ression of the NtCEF1 gene induced expression of PR1, PR3, PR5,
DF1.2 and GST2 in transgenic Arabidopsis, leading to enhanced
athogen resistance. Agrobacterium-mediated transient expression
ssays have been widely used for in vivo analysis of gene expres-
ion and functional studies in tobacco leaves (Yang et al., 2000; Kim
t al., 2010). Our agro-infiltration assay showed that the transient
xpression of IbERF1 or IbERF2 under the control of 35S promot-
rs in tobacco leaves results in the up-regulation of the pathogenic
esistance-related gene PR5 and of abiotic stress tolerance genes
RD10, CuZnSOD and CAT (Fig. 5). These results suggest that the
tress-responsive genes PR5, ERD10,  CuZnSOD and CAT are possible
argets of the two ERF transcription factors in sweetpotato because
heir transcript levels increased markedly in comparison with the
evels of the controls (e.g., empty vector infiltrated conditions).
owever, the transient expression patterns of the defense-related
enes regulated by the two ERF genes differed. Our results showed
hat the expression of PR5, ERD10,  CuZnSOD and CAT genes was
nduced rapidly by IbERF2 expression until 24 h, whereas IbERF1
ene expression maintained the expression of its target genes until
8 h, suggesting that the IbERF2 transcription factor gene might be
ctivated directly by the expression of the target genes. In addi-
ion, the possibility that unknown cis-elements and proteins are
nvolved in the regulation of these two ERF genes under stress
onditions cannot be excluded. For further study, it is important
o determine whether IbERF1 and IbERF2 proteins can interact
ith other transcription factors involved in distinct signal trans-
uction pathways. The data presented here suggest that two ERF
ranscription factors of sweetpotato are key genes controlling the
p-regulation of various defense genes involved in abiotic stress
olerance and pathogenic resistance. Further investigation will be
equired to elucidate the exact role sweetpotato ERF genes play in
he regulation of the defense signal pathway in sweetpotato under
tress conditions. For analyses of their roles in the stress tolerance
echanism in plants, transgenic sweetpotato expressing each ERF

ene will be generated. We  expect that these studies involving the
verexpression or suppression of sweetpotato ERF genes in trans-
enic plants will provide valuable information for the development
f crops with enhanced tolerance to a variety of stresses.

cknowledgements

We are grateful to Dr. Gyung-Hye Huh (Inje University) for
roviding the ERF gene from an EST library of sweetpotato suspen-
ion cells. This work was supported by grants from the National
enter for GM Crops, Biogreen21 Project for Next Generation
PJ008097), Rural Development Administration, Korea; Korea-
hina Joint Research Program, National Research Foundation of
orea (NRF), and the KRIBB initiative program.

eferences

errocal-Lobo M,  Molina A, Solano R. Constitutive expression of ETHYLENE-
RESPONSE-FACTOR1 in Arabidopsis confers resistance to several necrotrophic
fungi. Plant J 2002;29:23–32.

uttner M,  Singh KB. Arabidopsis thaliana ethylene-responsive element binding pro-
tein (AtEBP), an ethylene-inducible, GCC-box DNA-binding protein interacts

with an ocs element binding protein. Proc Natl Acad Sci USA 1997;94:5961–6.

ujita M,  Fujita Y, Noutoshi Y, Takahashi F, Narusaka Y, Yamaguchi-Shinozaki K,
et  al. Crosstalk between abiotic and biotic stress responses: a current view from
the  points of convergence in the stress signaling networks. Curr Opin Plant Biol
2006;9:436–42.
iology 169 (2012) 1112– 1120 1119

Gu YQ, Wildermuth MC,  Chakravarthy S, Loh YT, Yang C, He X, et al. Tomato tran-
scription factors pti4, pti5, and pti6 activate defense responses when expressed
in  Arabidopsis. Plant Cell 2002;14:817–31.

Guo ZJ, Chen XJ, Wu XL, Ling JQ, Xu P. Overexpression of the AP2/EREBP transcription
factor OPBP1 enhances disease resistance and salt tolerance in tobacco. Plant
Mol  Biol 2004;55:607–18.

Gutterson N, Reuber TL. Regulation of disease resistance pathways by AP2/ERF tran-
scription factors. Curr Opin Plant Biol 2004;7:465–71.

Hinz M,  Wilson IW,  Yang J, Buerstenbinder K, Llewellyn D, Dennis ES, et al. Ara-
bidopsis RAP2.2: an ethylene response transcription factor that is important for
hypoxia survival. Plant Physiol 2010;153:757–72.

Hongxing Z, Benzhong Z, Bianyun Y, Yanling H, Daqi F, Wentao X, et al. Cloning
and DNA-binding properties of ethylene response factor, LeERF1 and LeERF2, in
tomato. Biotechnol Lett 2005;27:423–8.

Huang Z, Zhang Z, Zhang X, Zhang H, Huang D, Huang R. Tomato TERF1 modu-
lates ethylene response and enhances osmotic stress tolerance by activating
expression of downstream genes. FEBS Lett 2004;573:110–6.

Jang IC, Park SY, Kim KY, Kwon SY, Kim GK, Kwak SS. Differential expression of 10
sweetpotato peroxidase genes in response to bacterial pathogen, Pectobacterium
chrysanthemi. Plant Physiol Biochem 2004;42:451–5.

Kim CY, Ahn YO, Kim SH, Kim YH, Lee HS, Catanach AS, et al. The sweet potato
IbMYB1 gene as a potential visible marker for sweet potato intragenic vector
system. Physiol Plant 2010;139:229–40.

Kim SH, Song WK,  Kim YH, Kwon SY, Lee HS, Lee IC, et al. Characterization of full-
length enriched expressed sequence tags of dehydration-treated white fibrous
roots of sweetpotato. BMB  Rep 2009a;42:271–6.

Kim YH, Hur CG, Shin YH, Bae JM,  Song YS, Huh GH. Identification and characteri-
zation of highly expressed genes in suspension-cultured cells of sweet potato. J
Plant Biol 2006;49:364–70.

Kim YH, Kim CY, Lee HS, Kwak SS. Changes in activities of antioxidant enzymes and
their gene expression during leaf development of sweetpotato. Plant Growth
Regul 2009b;58:235–41.

Kwak SS, Kim SK, Lee MS,  Jung KH, Park IH, Liu JR. Acidic peroxidase from suspension-
cultures of sweet potato. Phytochemistry 1995;39:981–4, 1995.

Lee JH, Hong JP, Oh SK, Lee S, Choi D, Kim WT.  The ethylene-responsive factor like
protein 1 (CaERFLP1) of hot pepper (Capsicum annuum L.) interacts in vitro with
both  GCC and DRE/CRT sequences with different binding affinities: possible bio-
logical roles of CaERFLP1 in response to pathogen infection and high salinity
conditions in transgenic tobacco plants. Plant Mol  Biol 2004;55:61–81.

Lee  JH, Kim DM, Lee JH, Kim J, Bang JW,  Kim WT,  et al. Functional characteriza-
tion of NtCEF1, an AP2/EREBP-type transcriptional activator highly expressed in
tobacco callus. Planta 2005;222:211–24.

Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K. AP2/ERF transcription factors in plant
abiotic stress responses. BBA-Gene Regulatory Mechanism 2012;1819:86–96.

Murashige T, Skoog F. A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 1962;15:
473–97.

Ogawa T, Pan L, Kawai-Yamada M,  Yu LH, Yamamura S, Koyama T, et al. Functional
analysis of Arabidopsis ethylene-responsive element binding protein confer-
ring resistance to Bax and abiotic stress-induced plant cell death. Plant Physiol
2005;138:1436–45.

Ohme-Takagi M,  Shinshi H. Ethylene-inducible DNA binding proteins that interact
with an ethylene-responsive element. Plant Cell 1995;7:173–82.

Onate-Sánchez L, Singh KB. Identification of Arabidopsis ethylene-responsive ele-
ment binding factors with distinct induction kinetics after pathogen infection.
Plant Physiol 2002;128:1313–22.

Park JM,  Park CJ, Lee SB, Ham BK, Shin R, Paek KH. Overexpression of the
tobacco Tsi1 gene encoding an EREBP/AP2-type transcription factor enhances
resistance against pathogen attack and osmotic stress in tobacco. Plant Cell
2001;13:1035–46.

Riechmann JL, Heard J, Martin G, Reuber L, Jiang CZ, Keddie J, et al. Arabidopsis
transcription factors: genome-wide comparative analysis among eukaryotes.
Science 2000;290:2105–10.

Riechmann JL, Meyerowitz EM.  The AP2/EREBP family of plant transcription factors.
Biol Chem 1998;379:633–46.

Sakuma Y, Liu Q, Dubouzet JG, Abe H, Shinozaki K, Yamaguchi-Shinozaki K. DNA-
binding specificity of the ERF/AP2 domain of Arabidopsis DREBs, transcription
factors involved in dehydration- and cold inducible gene expression. Biochem
Biophys Res Commun 2002;290:998–1009.

Shieh MW,  Wessler SR, Raikhel NV. Nuclear targeting of the maize R protein requires
two  nuclear localization sequences. Plant Physiol 1993;101:353–61.

Shin R, Park JM,  An JM,  Paek KH. Ectopic expression of Tsi1 in transgenic hot pepper
plants enhances host resistance to viral, bacterial, and oomycete pathogens. Mol
Plant Microbe Interact 2002;15:983–9.

Tang W,  Charles TM,  Newton RJ. Overexpression of the pepper transcription
factor CaPF1 in transgenic Virginia pine (Pinus virginiana Mill.) confers mul-
tiple stress tolerance and enhances organ growth. Plant Mol  Biol 2005;59:
603–17.

Xu  P, Narasimhan ML,  Samson T, Coca MA,  Huh GH, Zhou J, et al. A nitrilase-like
protein interacts with GCC box DNA binding proteins involved in ethylene and
defense responses. Plant Physiol 1998;118:867–74.
Yang Y, Li R, Qi M.  In vivo analysis of plant promoters and transcription factors by
agro-infiltration of tobacco leaves. Plant J 2000;22:543–51.

Yi  SY, Kim JH, Joung YH, Lee S, Kim WT,  Yu SH, et al. The pepper transcription fac-
tor  CaPF1 confers pathogen and freezing tolerance in Arabidopsis. Plant Physiol
2004;136:2862–74.



1 t Phy

Z

Z

pathogen resistance to Ralstonia solanacearum.  Plant Mol  Biol 2004b;55:
120 Y.-H. Kim et al. / Journal of Plan

hang H, Huang Z, Xie B, Chen Q, Tian X, Zhang X, et al. The ethylene-, jasmonate-,

abscisic acid- and NaCl-responsive tomato transcription factor JERF1 modulates
expression of GCC box containing genes and salt tolerance in tobacco. Planta
2004a;220:262–70.

hang H, Zhang D, Chen J, Yang Y, Huang Z, Huang D, et al. Tomato stress-responsive
factor TSRF1 interacts with ethylene responsive element GCC box and regulates
siology 169 (2012) 1112– 1120
825–34.
Zhou J, Tang X, Martin GB. The Pto kinase conferring resistance to tomato bacterial

speck disease interacts with proteins that bind a cis-element of pathogenesis-
related genes. EMBO J 1997;16:3207–18.


	Molecular characterization of two ethylene response factor genes in sweetpotato that respond to stress and activate the ex...
	Introduction
	Materials and methods
	Plant materials
	Analysis of DNA and protein sequences
	Subcellular localization of ERFs
	Stress treatments
	Agrobacterium-mediated transient expression
	Gene expression analysis
	Statistical analysis

	Results
	Isolation and sequence analysis of two ERF genes
	Subcellular localization of two ERFs
	Expression patterns of two ERF genes in various intact tissues and during plant development
	Differential expression of two ERF genes in response to various stresses
	Activation of defense gene expression by transient expression of two ERF genes

	Discussion
	Acknowledgements
	References


