
Plants are often exposed to various biotic and abiot�

ic stresses, such as a pathogen, which have adverse effects

on the growth of plants. Once attacked by a pathogen,

plants respond to the pathogen attack by expressing a

large number of genes and synthesizing a large number of

stress proteins that have putative roles in stress adaptation

and plant defense [1, 2]. Transcriptional regulation of

defense genes is thought to be important for the establish�

ment of plant disease resistance [3]. Several plant tran�

scription factors play roles in defense gene regulation,

such as EREBP (ethylene response element binding pro�

tein) transcription factors, which is a crucial part of the

plant response to pathogen stress by regulating the

expression of PR (pathogenesis�related) genes [4�6].

EREBP proteins share a highly conserved

AP2/EREBP domain of about 58�70 amino acids with no

apparent similarity outside this DNA�binding domain

[7]. This DNA�binding domain was first identified in

APETALA2 (AP2) [8], and later found to be conserved in

tobacco EREBPs, which are involved in plant defense [9].

To date, the AP2/EREBP domain has been found in var�

ious plant regulatory genes, which recognize and bind to

some cis�acting elements, such as DRE (dehydration�

responsive element), CRT (C�repeat) element, and

GCC�box. The AP2/EREBP domain of EREBP proteins

specifically bind with GCC�box (TAAGAGCCGCC), an

ethylene�responsive promoter element found in many PR

genes, which has been identified as an important element

in biotic stress�responsive gene expression in an ethylene

dependent manner [5, 10]. The core sequence (AGC�

CGCC) of the GCC�box is the optimal binding position,

especially the 2nd G, 5th G, and 7th C of the GCC�box

are involved in highly specific interactions with EREBP

proteins [11]. The solution structure of the GCC�box

binding domain consists of a three�stranded anti�parallel

β�sheet and an α�helix packed approximately parallel to

the β�sheet, and the β�sheet located in the N�terminal of

AP2/EREBP domain has important roles in the binding

with GCC�box [12]. Additionally, the α�helix and the
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loop at the C�terminal of AP2/EREBP domain could

play a role in protein–protein interactions to facilitate

DNA binding, and then enlarge the target genes of

EREBP proteins [13].

EREBP transcription factors not only play key roles

in plant responses to various stresses and pathogen, but

also are induced by various stresses, by hormones associ�

ated with defense responses, such as ethylene, jasmonic

acid (JA), salicylic acid (SA), and by pathogens [9, 13�

16]. With the isolation of the first EREBP proteins from

tobacco [9], many EREBP transcription factors have

been identified as GCC�box binding proteins in

Arabidopsis, tomato, and other plants. In addition, Tsi1

and NtCEF1, two tobacco EREBP proteins, which could

bind both the GCC�box and DRE element, have also

been identified [14, 17].

In this study, GhEREB2 and GhEREB3 genes were

isolated via yeast one�hybrid system from cotton and both

had one single intron in their coding regions. GhEREB2

was expressed in all of the tissues tested, but GhEREB3

was only expressed in leaves. Furthermore, they both were

induced by ethylene and JA, and GhEREB2 also could be

induced by drought and cold. In addition, their transcrip�

tion activation ability was studied in yeast.

MATERIALS AND METHODS

Plant materials and stress treatments. Seeds of cot�

ton (Gossypium hirsutum L., XH14), which were kindly

provided by the Cotton Research Institute, Chinese

Academy of Agricultural Sciences, were soaked at 24°C

for 12 h, surface�sterilized for 30 sec with 75% ethanol,

washed three times with sterile water, and then subse�

quently grown on Murashige and Skoog culture at 24°C

under 16 h photoperiod. After the cotton plants were

grown for two weeks, the plants were carefully pulled out

and subjected to various stresses under dim light includ�

ing dehydration, low temperature, ethylene, jasmonic

acid (JA), and salicylic acid (SA) treatment. For dehydra�

tion (drought) treatment, the plants were carefully pulled

out and placed on dry filter paper and allowed to dry at

30°C with a gentle air flow. The cold stress treatment was

performed by transferring the plants to an incubator in

which the temperature had been set at 4°C. For other

stress conditions, the plants were transferred to solution

containing 1 mM of ethylene, 100 µM of JA, or 2 mM of

SA for ethylene, JA, and SA treatment, respectively, at

22°C. In each case, the plants were subjected to the stress

treatments for various periods and then quickly immersed

in liquid nitrogen and then stored at –80°C for DNA and

RNA extraction.

DNA and RNA isolation. Total genomic DNA was

extracted from cotton seedlings by a CTAB (cetyltriethyl�

ammonium bromide) extraction procedure as described

previously [18] with modifications. Total RNA was

extracted from cotton seedlings, roots, stems, and leaves

with total RNA isolation system (Promega Corporation,

USA) according to the instructions for product Z5110

and Z5651 at www.promega.com. The yields of genomic

DNA and total RNA were determined by spectropho�

tometry at 260 nm, and the purity of genomic DNA and

total RNA were estimated, also by spectrophotometry.

The integrity of genomic DNA and total RNA were

determined by denaturing agarose gel electrophoresis.

Construction of cDNA library. The poly(A+) mRNA

was purified from total RNA of the cotton seedlings

stressed with 1 mM of ethylene for 3 h with the

PolyATract mRNA Isolation System (Promega

Corporation), and 5 µg polyA mRNA were used for

cDNA library construction with SuperScriptTM Plasmid

System (Invitrogen Corporation, USA) following the

manufacturer’s protocols. The cDNA library contained

approximately 5·106 clones and was amplified.

Recombinant cDNAs were excised and then cloned in

MCS (multiple cloning sites) downstream of the GAL4

activation domain in pADGAL4 phagemid vector con�

taining the LEU2 selective marker (Stratagene, USA).

Yeast one�hybrid screening. The yeast YM4271

strains carry two yeast expression vectors, pHISi�1 and

pLacZi, which were constructed by Dr. Yuxia Hou and

respectively contain reporter genes HIS3 or LacZ fused to

three copies of the GCC�box sequence (TAAGAGC�

CGCC) from the promoter region of PR, and can grow

on SD/His�Ura selecting medium plates. Approximately

106 yeast transformants were screened using cDNA

libraries prepared from ethylene�treated cotton seedlings

according to the manufacturer’s protocol (Clontech

(USA) one�hybrid system). We obtained 15 positive

colonies, which could grow on SD/His�Ura�Leu medi�

um plates in the presence of 3�aminotriazole (3�AT) (a

competitive inhibitor of the HIS gene product) and show

β�galactosidase activity. The cDNAs of positive clones

were excised from the pADGAL4 plasmids and ligated

into the pBluescript II SK+ vector and then sequenced.

DNA sequencing and data analysis. The cDNA frag�

ments were sequenced by GeneCore BioTechnologies

Co. Ltd. (China) using the ABI373A automatic

sequencer. DNA sequence data were analyzed using the

DNASTAR and DNAMAN programs. The nucleotide

and amino acid sequences were compared in the NCBI

(National Center for Biotechnology Information) data�

base using the BLAST analysis sever. Prediction of

AP2/EREBP domain of the proteins was performed at

Conserved Domain Search with the CDART tool

(http://www.ncbi.nlm.nih.gov/Structure/Lexington/

lexington.cgi/). Amino acid sequences and cDNA

sequences were aligned with the DNAMAN program.

Trans�activation experiment with yeast. To analyze

trans�activation activity of isolated cDNA clones using

the yeast one�hybrid system, the entire coding regions of

cDNAs were prepared by PCR and cloned into the
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EcoRI�SalI site of MCS in Yep�GAP expression vector, a

yeast expression vector without GAL4 domain. The

recombinant Yep plasmids were transformed into the

yeast YM4271 strain containing dual reporter genes HIS3

and LacZ under the control of the promoter region of PR

containing the GCC (TAAGAGCCGCC) or mutated

GCC (TAAGAcCCgCg) for trans�activation experi�

ments. The mutant GCC is also called mGCC. The

transformed yeast cells (whether containing wild type

GCC cis�element or mutant GCC cis�element) with two

selective genes HIS and LacZ were streaked on the plates

of SD/–His (without His) in the absence or presence of

3�AT and their growth was examined. The β�galactosi�

dase activities of these colonies were analyzed according

to the manufacturer’s instructions (Clontech).

RT�PCR analysis. To study the expression of specif�

ic genes, 1 µg RNA isolated from cotton seedlings as

described above was analyzed with One Step RNA PCR

Kit (AMV) (TaKaRa Biotechnology Co., Ltd., Japan)

according to the manufacturer’s instruction. The RT�

PCR primers of specific genes were designed according to

the cDNA sequences. The constitutively expressed ubi�

quitin gene was used as the internal standard for RT�

PCR. The primers of specific gene and ubiquitin gene

designed for RT�PCR amplification were following: EF2,

5′�ATGTGTGGAGGTGCAATTA�3′; ER2, 5′�TCT�

GTTGTTGATGATGTGTC�3′; EF3, 5′�ATGTGTG�

GAGGTGCAATTA�3′; ER3, 5′�TAGTCTCATGGT�

TAGTCTCC�3′; UbF, 5′�CAGATCTTCGTCAAAACC�

CT�3′; UbR, 5′�GACTCCTTCTGGATGTTGTA�3′.
The PCR products were separated by 1.2% agarose gel

electrophoresis.

RESULTS

Isolation and structural analysis of two EREBP�like
genes. To isolate cDNAs encoding EREBP transcription

factors, we treated cotton seedlings with 1 mM ethylene

for 3 h and constructed one cDNA library using

SuperScriptTM Plasmid System. Approximately 106 yeast

transformants were screened according to the manufac�

turer’s protocol (Clontech Mathchmaker one�hybrid sys�

tem). Subsequently, 15 positive clones were identified and

sequenced. Sequence analyses of these clones revealed

that two cDNA clones have full open reading frame either

with 1064 and 995 bp, respectively, and designated

GhEREB2 and GhEREB3. The GhEREB2 and GhEREB3

cDNA sequences have been submitted to the GenBank

databases with GenBank accession numbers AY962571

and AY962572, respectively.

GhEREB2 contains a single open reading frame of

256 amino acids and encodes a putative EREBP protein

with a predicted molecular mass of 28.8 kD (Fig. 1).

GhEREB3 contains a single open reading frame of 261

amino acids and encodes a putative EREBP protein with

a predicted molecular mass of 29.6 kD (Fig. 1). The

deduced amino acid sequences GhEREB2 and

GhEREB3 showed 68.7% identities, and surprisingly, the

DNA binding domains are closely related with 94.7%

identities to each other. Database searches revealed that

the amino acid sequence of GhEREB2 and GhEREB3

contained a conserved DNA binding domain of 58 amino

acid residues, which showed obvious similarity to the

AP2/EREBP domain of a large family of plant DNA�

binding proteins (with at least 66.7% identity) (Fig. 2).

Other typical features of transcription factors are present

in the GhEREB2 and GhEREB3 proteins, such as the

basic amino acid sequences in their N�terminal regions

that might function as a nuclear localization signal, and

the acidic regions that might act as an activation domain

for transcription. All the results showed that GhEREB2

and GhEREB3 might carry out their presumed role as

regulators of transcription in cotton.

In addition, the genomic DNA sequences of

GhEREB2 and GhEREB3 were cloned by PCR with the

two pairs of primers—EF2 and ER2, EF3 and ER3 (in

“Materials and Methods”)—which were designed

according to the terminal cDNA sequences of their

encoding regions, respectively. The specific PCR prod�

ucts were generated by using these primers, 1199 and

1296 bp, respectively, and cloned into pGEM�T easy vec�

tor (Promega) for sequencing. By comparing the genom�

ic DNA and cDNA sequences of GhEREB2 and

GhEREB3, we found that the two genes each contain one

single intron with 366 and 505 bp, respectively, in their

coding regions.

Phylogenetic analysis of GhEREB2, GhEREB3, and
Arabidopsis EREBP genes. Database searches with the

putative amino acid sequences of GhEREB2 and

GhEREB3 for homologous EREBP proteins from other

plants were performed using the BLAST program, and we

found they showed obvious similarity to some EREBP

proteins which have known or implied roles in response

to various stresses, such as, with 44�47% identity to ERF

protein (BAC56862) from Solanum tuberosum and

RAP2.3 (NP188299) from Arabidopsis (Fig. 3a).

Furthermore, their DNA�binding domains are highly

similar to each other (87.7�94.7% identity), and the N�

and C�termini of these proteins also share significant

similarity. In contrast, the amino acid sequences of

GhEREB2 and GhEREB3 outside the above regions

showed low significant sequence identity with Arabidopsis

RAP2.3 and S. tuberosum ERF protein, which was also

observed among other EREBP proteins [13, 14].

To further analyze the phylogenic relationships of

GhEREB2, GhEREB3, and other EREBP from

Arabidopsis, a gene tree was constructed based on the

sequence identities of the AP2/EREBP domain. As

shown in Fig. 3b, the EREBP proteins can be divided into

three small subgroups, and GhEREB2 and GhEREB3

cluster with RAP2.3 with high bootstrap values. In addi�
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Fig. 1. Full�length cDNA and putative amino acid sequences of GhEREB2 (a) and GhEREB3 (b) genes. The amino acids that comprise the

putative nuclear localization signal are shown by the dotted underline. The AP2/EREBP domain is indicated by the single underline. The

nucleotide acids shadowed exhibit the position of intron of GhEREB2 and GhEREB3 genes.

a b

GG
GA

Fig. 2. Alignment of AP2/EREBP domains of GhEREB2, GhEREB3, and other EREBP proteins. The AP2/EREBP domains of

GhEREB2, GhEREB3, and other EREBP, such as AtERF1�3, RAP2.1�2.3 in Arabidopsis thaliana, EREBP1�3 in Nicotiana tabacum, and

Pti4�6 in Lycopersicon esculentum, are compared by the DNAMAN software. The identity of amino acid residues is shown dark. The con�

sensus indicates the conserved amino acids in AP2/EREBP domains of these EREBP proteins.
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tion, they also show higher bootstrap values with RAP2.2

and At2g4750, and moderately high bootstrap values with

RAP2.1, RAP2.4, At1g33760, At4g23750, and

At5g53290, but are more distantly related to AtERF 1�13.

Thus, GhEREB2 and GhEREB3 belong to the B3 sub�

group of EREBP proteins basing on Sakuma et al. [19],

and the high degree of homology shared between

GhEREB2, GhEREB3, and RAP2.3 indicates that

RAP2.3 may be the functional similarity of GhEREB2

and GhEREB3.

Expression pattern of GhEREB2 and GhEREB3.
Since Northern blot analysis produced only weak or

undetectable signals (results not shown), we analyzed the

expression of GhEREB2 and GhEREB3 genes in a variety

of organs of cotton and under various stress conditions by

RT�PCR. Expression of GhEREB2 and GhEREB3 genes

are detected in the cotton plants, which were untreated,

and shown tissue organ�specific expression pattern. The

level of GhEREB2 expression is the highest in the stems,

higher in the roots, and lower in the leaves (Fig. 4a).

Surprisingly, the GhEREB3 expression was only detected

in leaves with a higher expression level than GhEREB2.

Ethylene has been shown to play important roles in

a number of plant stress responses and in the expression

of some EREBP genes [10, 20]. GhEREB2 and GhEREB3

were strongly induced by ethylene, their transcript levels

increased markedly within 1 h and reached maximum at

9 h, and then their transcript levels began to fall (Fig. 4b).

Like ethylene, SA and JA are important phytohormones

involved in signaling in response to pathogen infection,

and as shown in Fig. 4b, GhEREB2 and GhEREB3 were

both upregulated by JA treatments, but did not display

observable increase in response to SA (results not

shown). Furthermore, the levels of GhEREB2 and

GhEREB3 expression were higher under ethylene treat�

ment than the JA treatment. Interestingly, GhEREB2 was

also slightly induced by stress conditions, such as drought

and cold treatment, the transcript level of the GhEREB2

treated after 3 h being only slightly higher than those

found in control seedlings and peaking at 7 h. However,

GhEREB3 transcripts did not accumulate in response to

drought and cold treatments (Fig. 4b), indicating that

GhEREB3 was specifically regulated by ethylene and JA.

Taken together, these results indicate that GhEREB2 and

GhEREB3 have important roles in ethylene and JA signal

transduction pathways, and furthermore, GhEREB2 may

be involved in cold� and drought�stress signal transduc�

tion pathways.

Transcriptional regulation of GhEREB2 and
GhEREB3. In order to further confirm the trans�activa�

tion ability of GhEREB2 and GhEREB3 genes, trans�acti�

vation experiments were performed in yeast. We ligated

the positive cDNA fragments to the yeast expression vec�

tor Yep�GAP without GAL4 domain and transformed

into yeast cells carrying HIS3 and LacZ dual reporter

genes fused to three copies of the wild�type or mutant

GCC�box sequence (Fig. 5a). As shown in the table, all of

the transformants can grow well on the selective medium

without histidine and 3�AT, and in wild�type GCC yeast,

transformants carrying the GhEREB2 or GhEREB3 plas�

Fig. 4. RT�PCR analysis of expression pattern of GhEREB2 and GhEREB3 genes. a) Expression of the GhEREB2 and GhEREB3 genes in

the organs of normally grown cotton. The capital letters C, R, S, and L, respectively, designate whole plants, roots, stems, and leaves of cot�

ton plants. b) Expression of the GhEREB2 and GhEREB3 genes in response to ethylene, SA, JA, low temperature, or dehydration. The num�

ber above each lane indicates the number of hours after the initiation of treatment before the isolation of total RNA. In addition, the inter�

nal controls (ubiquitin) are identical in four different experiments.
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Fig. 5. Activation of His and LacZ reporter genes by GhEREB2 and GhEREB3 in yeasts. a) The cDNA fragments of GhEREB2 and

GhEREB3 were cloned into the yeast expression vector YepGAP and transformed into yeast carrying dual reporter genes HIS3 and LacZ

under the control of the promoter region containing GCC or mGCC. PGAP indicates the promoter of glyceraldehyde 3�phosphate dehy�

drogenase gene, and TADH1 indicates the terminator of the ADH1 gene. b) The plasmid containing GhEREB2 or GhEREB3 was transformed

into yeast carrying dual reporter genes containing GCC�box or mGCC�box. The transformants were examined for growth in the presence

of 30 mM 3�AT. 1) YepGAP/GCC; 2) (YepGAP + GhEREB2)/GCC; 3) (YepGAP + GhEREB2)/mGCC; 4) YepGAP/GCC; 5)

(YepGAP + GhEREB3)/GCC; 6) (YepGAP + GhEREB3)/mGCC. c) LacZ expression in yeast cells transformed with GhEREB2 or

GhEREB3. The yeast cells were grown on a selective medium plate of SD/His– for 22 h. The β�galactosidase values are from at least three

independent replicates. Error bars represent standard errors.
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mid can grow well on the selective medium lacking histi�

dine in the presence of 10, 20, 30, 40, 50, and 60 mM 3�

AT (Fig. 5b), whereas the transformants carrying

mGCC�box or the negative control cells did not show 3�

AT resistance. These results indicated that GhEREB2

and GhEREB3 can bind to the GCC�box and activate the

expression of the reporter gene HIS3.

The quantitative assay of β�galactosidase activity

showed that the intensities of LacZ expression increased

when the report plasmid containing wild�type GCC�box

sequence was co�expressed with the GhEREB2 or

GhEREB3 effector plasmid. On the contrary, compared to

the negative control, there was no significant change of

LacZ expression in the yeast cells containing mGCC�box

sequence (Fig. 5c). Furthermore, the β�galactosidase

activity in the yeast containing GhEREB3 was correspon�

ding higher than that in the yeast containing GhEREB2.

Therefore, the results showed that heterogeneous expres�

sion of GhEREB2 and GhEREB3 both promoted the

expression of HIS3 and LacZ genes in yeast with wild�

type�box but not in yeast with mutant GCC�box, indicat�

ing that GhEREB2 and GhEREB3 encoding products

could specifically bind to GCC�box and activate target

gene expression in vivo.

DISCUSSION

EREBP proteins belong to a superfamily of plant

transcription factors and have important regulatory func�

tions in plant development, environment stress responses,

and defense response [4, 6, 14, 16, 21, 22]. In this

research, we isolated two cDNA clones from cotton

cDNA library by yeast one�hybrid system, designated

GhEREB2 and GhEREB3, which each has two exons and

one intron in their coding regions. GhEREB2 and

GhEREB3 proteins belong to new members of the

EREBP transcription factor family and each contains one

AP2/EREBP domain, a nuclear localization signal, and

an activation region. The deduced amino acid sequences

of GhEREB2 and GhEREB3 have higher similarity,

especially with 97.4% similarity in the DNA�binding

domain. Database searches showed that the two proteins

share obvious similarity to ERF protein (BAC56862)

from S. tuberosum and RAP2.3 (NP188299) from

Arabidopsis, but they showed low significant sequence

similarity except for the DNA�binding domain and N�

and C�terminus regions, which was also observed among

other EREBP proteins [13, 14]. Additionally, we analyzed

the phylogenic relationships of GhEREB2, GhEREB3,

and some EREBP proteins from Arabidopsis basing on the

AP2/EREBP domain and found that the two proteins

may belong to the B3 subgroup of EREBP proteins

according to Sakuma et al. [19], and RAP2.3 may be one

functional homolog of GhEREB2 and GhEREB3.

The expression of GhEREB2 and GhEREB3 were

constitutive and affected by some stresses. GhEREB2 was

expressed in roots, stems, and leaves of the cotton, indi�

cating that GhEREB2 may also function in the normal

program of plant growth and development. In contrast,

GhEREB3 was only expressed in the leaves, but the level

of GhEREB3 was higher than the GhEREB2. We also

found interesting differences in the expression of

GhEREB2 and GhEREB3 genes in response to defense

signaling molecules, such as ethylene, SA, and JA, which

are important components of defense response pathways

[2, 23, 24]. GhEREB2 and GhEREB3 were both induced

by ethylene and JA, thus they may be involved in the eth�

ylene/JA�dependent signaling pathway regulating the

expression of vacuole localized basic PR proteins such as

PR3, PR4, PR5, and PDF1.2, as the AtERF1 from

Arabidopsis [25]. In addition, GhEREB2 was slightly

upregulated by drought and cold conditions, indicating

GhEREB2 is also likely to be regulated by signaling path�

ways under cold and drought stress.

EREBP proteins have been shown to function as

either transcriptional activators or repressors [10, 26],

such as AtERF7 binds to the GCC�box and acts as a
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repressor of gene transcription [16]. The GhEREB2 and

GhEREB3 proteins both contain a highly conserved

AP2/EREBP DNA�binding domain and an acid�rich

region that may function as transcriptional activation

domains. In this study, using a yeast one�hybrid system,

we demonstrated the in vivo transcriptional properties of

GhEREB2 and GhEREB3, and found that they all both

promoted expression of the HIS3 and LacZ genes in wild�

type GCC yeast but not in mutant GCC yeast, indicating

that GhEREB2 and GhEREB3, similarly to EREBP pro�

teins, could specifically recognize and bind to GCC�box

motif that is present in the promoter region of a large

number of genes encoding PR proteins and activate target

gene expression in vivo. These data suggested that

GhEREB2 and GhEREB3 proteins might function as a

transcriptional regulator involved in the GCC�dependent

gene expression in cotton.

Taken together, we have identified GhEREB2 and

GhEREB3 genes from cotton, and their encoding proteins

have a highly conserved AP2/EREBP domain and other

typical features of transcription factors. The expression

patterns of GhEREB2 and GhEREB3 are different, which

may reflect on their different function. Given the high

similarity between GhEREB2 and GhEREB3, it is not

clear whether GhEREB2 and GhEREB3 are functional�

ly redundant, and whether GhEREB2 might regulate

gene expression in response to biotic stress in cotton.

Therefore, further studies would reveal the function and

molecular mechanism of GhEREB2 and GhEREB3.
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