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As a crucial transcription factor family, heat-shock factors

were mainly analyzed and characterized in tomato and

Arabidopsis. In this study, we isolated two putative heat-

shock factors OsHSF6 and OsHSF12 that interact

specifically with heat-shock element (HSE) from Oryza

sativa L by yeast one-hybrid method. The full-length

cDNA of OsHSF6 and OsHSF12 have 1074bp and 920bp

open reading frame (ORF), respectively. Analysis of the

deduced amino acid sequences revealed that OsHSF6 was

a class A heat shock factor (HSF) with all the conserved

sequence elements characteristic of heat stress transcription

factor, while OsHSF12 was a class B HSF with C-terminal

domain (CTD) lacking of AHA motif. Bioinformatic

analysis showed that the sequences and structures of two

HSFs’ DNA binding domain (DBD) had a high similarity

with LpHSF24. The results of RT-PCR indicated OsHSF6

gene was expressed immediately after rice plants exposure

to heat stress, and the transcription of OsHSF6 gene

accumulated primarily in immature seeds, roots and

leaves. However, we did not find the transcription of

OsHSF12 gene in different organs and growth periods.

Our results implied that OsHSF6 might be function as a

HSF regulating early expression of stress genes in response

to heat shock, and OsHSF12 might be act as a synergistic

factor to regulate the expression of down-stream genes. 
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Introduction

The terrestrial plants gradually formed special adaptation to

extreme environment conditions, such as water stress, extreme

temperatures and chemical toxicity during evolution. In

eukaryotes, the heat shock response was a universal and

conserved reaction, which characterized by increased

expression of heat shock proteins (HSPs). The synthesis of

HSP was primarily at the level of transcription, and most

HSPs functioned as molecular chaperones by recognizing and

binding substrate proteins that are in an unstable, inactive state

(Schöffl et al., 1998). The inducible expression of many heat

shock genes were regulated by heat shock factors (HSFs),

which can bind specifically to heat shock element (HSE) in

the promoter of heat shock genes, which result in

accumulation of HSPs (Morimoto, 1998; Nover et al., 2001).

As originally investigated for HSFs, HSF was firstly isolated

from Saccharomyces cerevisiae (Sorger et al., 1988; Wiederrecht

et al., 1988) and Drosophila melanogaster (Clos et al., 1990),

and in following researches four HSF (HSF1~4) were also

identified in vertebrates. It has been described the unique

complexity of the plant HSF family with 20 to 30 representatives,

as mostly derived from tomato, Arabidopsis and rice. HSF

displayed a highly conserved N-terminal DNA-binding

domain (DBD) in all eukaryotes, while the hydrophobic

heptad repeats (HR-C) was well conserved among the

vertebrate HSFs but poorly conserved in plant and S.

cerevisiae HSFs. The oligometization domain (HR-A/B

region) composed of hydrophobic heptad repeats was

connected with the N-terminus highly conserved DBD by a

flexible linker of variable length (15 to 80 amino acid

residues) (Nover et al., 1996; 2001). As HSF functional

domains, nuclear localization signal (NLS) and nuclear export

signal (NES) were required for keeping the balance of nuclear

import and export (Heerklotz et al., 2001).

So far, many plant HSFs have been isolated and characterized

from various species by screening cDNA libraries and
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genomic databases (Nover et al., 2001), yeast one-hybrid

(Almoguera et al., 2002), map-based cloning (Yamanouchi et

al., 2002), and so on. Based on sequence homology and

domain structure, plant HSFs were assigned to three classes:

A, B and C. The class B HSFs was generally recognized that

it was more similar to non-plant HSF for its compact structure

of the HR-A/B region. In contrast to class B, all class A and

class C HSFs had an extended HR-A/B region owing to

insertions of 21 (class A) and 7(class C) amino acids between

HR-A and HR-B. In addition, the striking features for

discrimination of three classes located in their C-terminal

domains (CTDs) characterized by aromatic (W, F, Y), large

hydrophobic (L, I, V) and acidic (E, D) amino acid residues.

Most class A HSFs could function as transcription activators

because of presence of one or two short activator peptide

motifs (AHA motifs) in the CTDs, while the class B HSFs

was lack of AHA motifs in their CTDs, which result in having

no activator function of their own (Treuter et al., 1993; Döring

et al., 2000; Kotak, et al., 2004). Furthermore, it is in rice that

there was a HSFA2 group containing five different HSFs,

which is more than that HSFA2 in Arabidopsis and tomato.

The potential higher complexity of rice HSFs, compared with

Arabidopsis and tomato heat shock regulated systems, was

thus mostly unexplored.

In plant, although the details about the whole HS response

network were far from clear, the previous experimental data

indicated that regulation of the HSF was diversiform and the

expression pattern of HSF genes also was various (Nover et

al., 2001). Furthermore, the functions of some HSFs have

been revealed and the interaction between HSF and HSP

(Kim and Schoffl, 2002), HSF and other transcription factors

also have been elucidated (Bharti et al., 2004). There was

evidence that the constitutively expressed tomato HSFA1a

played a central role for heat stress and couldn’t be replaced

by any other HSFs in this function (Mishra et al., 2002). The

latest studies indicated HSFA1a/1b could regulate the

expression of not only several heat shock protein genes, but

also some functional genes relating to protein biosynthesis and

processing, signaling, metabolism, transport in Arabidopsis

thaliana (Busch et al., 2005). In addition, the roles of HSFA2

and HSFA3 as transcription activator in response to heat stress

condition have been defined in tomato HSF network (Scharf

et al., 1998; Bharti, et al., 2000). In contrast to class A HSF,

class B had no evident that function as transcription activators

on their own, however, tomato HSFB1 acting as a novel type

coactivator could cooperate with HSFA1a or other activators

to control housekeeping gene expression (Bharti et al., 2004).

In resent study, plant abiotic stress focused by researches

have been widely developed, however, the previous results

showed molecular mechanism of rice in response to stress

stimuli, such as elevated temperatures, oxidants and heavy

metal were not completely revealed. We thought it was

essential to isolate and characterize some new heat shock

transcription factors to describe the whole network of plant

heat stress responses. Here, by yeast one-hybrid method, we

isolated two novel cDNA clones encoding heat shock factor

from rice cDNA library, OsHSF6 and OsHSF12. Bioinfromatic

analysis and RT-PCR assay revealed that OsHSF6 and

OsHSF12 genes strongly resemble class A and B HSF from

other plant species, respectively, and OsHSF6 was relevant to

HS response.

Materials and Methods

Plants materials, growth condition and treatments Seeds of

rice (Oryza sativa IR36) were surface sterilized with 1% (v/v)

NaOCl, washed twice with sterile water for 10 min, and germinated

at 37oC overnight and grown at 25oC with cool-white fluorescent

lamps (150~200 mol · m−2 · s−1) and a photoperiod of 12 h. Two-

week-old seedlings were irrigated for 4 hours with ddH2O, 200 mM

SA (salicylic acid), 200 mM NaCl, 100 mM ABA (abscisic acid),

100 mM BA (6-benzyladenine), 100 mM IAA (indoleacetic acid),

100 mM GA (gibberellic acid), 100 mM MeJA (Methyl jasmonate),

5 mM CaCl2, respectively. Heat shock treatment of rice was

performed by placing the pots of two-week-old seedlings in a room

at 40oC ± 1 under an constant illumination with cool-white

fluorescent lamps (25~30 mol · m−2 · s−1) for 5 minutes to 3 hours.

The organ of rice including roots, shoots, leaves, growing points at

mature plants were obtained from field; immature seeds at booting

stage, spike at late booting stage, mature seeds at grain filling stage.

All plants and organs were quickly immersed in liquid nitrogen and

stored at −70oC for RNA extraction after being harvested.

Strains and media Saccharomyces cerevisiae Strain EGY48 (MATα,

his3 trp1 ura3-52leu::Pleu2-LexAop6) (Invitrogen, Carlsbad, USA)

was used for transformation and screening. Escherichia coli strains

MC8 (thi−, trp−, ura−, leu-, his−) were used for rescuing cDNA library

plasmids and electroporation experiments. All yeast media, such as

rich medium YPD, synthetic minimal medium SC, and the X-Gal

yeast medium supplemented with 2%glucose or 2%lactate were

prepared as previously described (Sherman, 1991).

Plasmid constructions Oligonucleotides containing two tandem

copies wild-type HSE were synthesized by PCR using two primers

of (hseZ5'-CAAGGACTTTCTCGAAAGTACTATACAAGGACTT

TCTCGAAAGTACTATACACTGACTGTCGTGATGGATCCTG-

3'; hseF5'-CAGGATCCATCACGACAGTCAGTG-3'). After PCR

reaction, a 74-bp fragment isolated from PAGE was digested with

EcoRVI and BamHI restriction enzymes, and inserted into pLG∆-

265UP1 (Guarente, 1983) at the corresponding site, and were

named pLG∆-265UP1 HSE. The E. coil-yeast shuttle plasmid

pLG∆-265UP1 contains URA-marked, lacZ report gene under the

control of the iso-1-cytochrome C (CYC1) minimal promoter and

acts as a bait in the yeast one-hybrid system. Rice cDNA library

constructed in pPC86 vector was donated by Dr. Zhu Qun. The E.

coil-yeast shuttle plasmid pPC86 is a TRP-marked yeast expression

plasmid containing a galactose-inducible (GAL4) activating domain

under the control of the yeast alcohol dehydrogenase (ADC1)

promoter.

DNA sequencing and data analysis The DNA sequence
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analysis of double-stranded recombinant plasmids was performed

with the model 373 ABI automatic sequencer. The nucleotide and

amino-acid sequences were analyzed using the BLAST program,

clustal W program and BioEdit version 7.0. The alignment report

was produced using Vector NTI Suit 8.0. Three-dimensional structure

of analysis and molecular modeling were performed using TOPITS

(http://www.embl-heidelberg.de/predictprotein/predictprotein.html).

Reverse transcription-PCR (RT-PCR) analysis Total RNA was

treated with DNAase I (Promega, Madison, Wis., USA) to remove

the genomic DNA contamination. The first strand of cDNA was

synthesized by using 5 µg of total RNA as template with Reverse

Transcription System (Promega, Madison, USA) in a 20 µl reaction

volume. To reduce the error of RT-PCR, the specific primers were

designed according to sequence of OsHSF6 and OsHSF12 genes to

amplify the part of the two genes. The OsHSF6 gene forward primer

(5'-GAGCAGAAACAGGTCCAGATGATG-3') and antisense primer

(5'-ATCTACTTTACCCTTCCCCAGATC-3'); OsHSF12 gene forward

primer (5'-AACTCGCTGCTGCTGCTGGAGCT-3') and antisense

primer (5'-TCACACCTCGCTTCCCTGGTCATG-3') were used to

amplify 300 bp and 334 bp fragment, respectively. The PCR reaction

was denatured at 94oC for 5 min, and then subjected to 38 cycles

94oC 40s , 58oC 30s; 72oC, 20 s, plus a final extension at 72oC for 5

min. A rice actin gene (RAc1 accession number X16280) was used

as a positive internal control with primers 5'-AAGATCCTGACGG

AGCGTGGTTAC-3'; and 5'-CTTCCTAATATCCACGTCGCACT

TC-3'. PCR reaction was carried out 28 cycles by 94oC, 40 s; 58oC

30 s; 72oC, 20 s, plus a final extension at 72oC for 5 min. The PCR

products were separated on 2% agarose gel and quantified using

Model Gel Doc 1000 (Bio-Rad, Richmond, USA). DNA intensity

ration of the OsHSF6 and OsHSF12 genes to RAc1was analyzed

with ShineTech.Gel Analyse (Shanghai Shine Science of Technology

Co., Ltd, China) to evaluate the expression pattern of OsHSF6 and

OsHSF12 genes. The experiments were repeated three times with

the same results and one of them was presented.

Results

Screen for rice cDNA encoding heat shock transcription

factors To isolate the genes encoding DNA binding proteins

that specifically interacted with HSE in the promoter of HSP

from rice cDNA library, we employed the yeast one-hybrid

cloning approach. In this system, two plasmids were

constructed: pPC86 containing rice cDNA expression library

that is used to express the GAL4-cDNA fusion proteins; a

reporter plasmid harboring a dimeric HSE derived from the

soybean (Glycine max) Hsp17.3B-Cl gene. Yeast stains

carrying these reporter constructs produced low level of β-

galactosidase and formed weak blue and white clones on

filters containing X-gal. After the two plasmids were

transformed into the same strain EGY48 separately, fifteen

positive colonies that caused yeast to form deep-blue were

obtained by screening 4 × 106 transformants. The vectors of 15

positive clones were transformed back into the yeast strain

EGY48 containing reporter plasmid, 10 clones still turn into

deep-blue on X-Gal plates. The cDNA inserts of the positive

clones were amplified by PCR method, and were sequenced

by the dideoxy chain termination method. We assembled two

complete cDNAs based on the nucleotide sequences of 10

positive clones. Two genes were named OsHSF6 (the accession

number in GeneBank database is AY344488), OsHSF12 (the

accession number in GeneBank database is AY344494) and

further analyzed, respectively.

Nucleotide sequence and predicted amino acid sequence

analysis of rice OsHSF6 and OsHSF12 cDNAs The

results of nucleotide sequence analysis revealed that OsHSF6

and OsHSF12 were involved in two different classes HSF

(Fig. 1). OsHSF6 and OsHSF12 contained an open reading

frame of 358 and 310 amino acids encoded a putative protein

with a predicted molecular mass of 40.8 and 34.5 kDa,

respectively. Analysis of deduced amino acid sequence

showed that the two proteins contained a highly conserved

DNA binding domain (DBD) close to the N-terminus, and

also had a putative nuclear localization signal located adjacent

to the HR-A/B region. The oligomerization domain with the

hydrophobic heptad repeat (HR-A/B) were also detected in

two proteins, OsHSF6 had an plant-specific insertion of 21

amino acid residues between HR-A and HR-B, while as most

of nonplant HSFs, HR-A/B region of OsHSF12 was very

compact. Furthermore, the C-terminal domain of OsHSF6

contained a short activator peptide motif (AHA motif), which

revealed OsHSF6 might function as transcription activator.

However, we did not found the AHAs in the C-terminal

domain of OsHSF12. The results of BLAST search with

OsHSF6 and OsHSF12 genes as a query in GeneBank

databases suggested OsHSF6 existed in two copies within the

rice genome which both located on chromosome X of rice,

while single copy OsHSF12 gene lied in the chromosome VII

of rice genome, moreover, as most of HSF, OsHSF6 and

OsHSF12 contained an intron of 1669 and 1665 nucleotides

insertion in the DNA-binding domain, respectively. A homology

search of the TIGR Arabidopsis thaliana databases showed

that OsHSF6 had the highest 48% similarity with AtHsfA2c

(At2g26150) and OsHSF12 had 46% similarity with AtHsfB4b

(At1g46264) in amino-acid sequence. The deduced amino acid

sequences comparisons between OsHSF6, OsHSF12 and other

plant HSFs were performed using Clustal W/X and bio-

software Vector NTI suite 8.0. The results showed that OsHSF6

shared higher homology with Arabidopsis HsfA2c in DBD,

HR-A/B, NLS and NES, however, OsHSF12 was lack of

AHA motif and NES and more like Arabidopsis HsfB4 than

other HSF proteins. All results suggested the OsHSF6 and

OsHSF12 belonged to plant class A and B HSF, and they

might have similar function with corresponding Arabidopsis

or tomato HSFs, respectively (Baniwal et al., 2004).

Secondary and three-dimensional structural analyses of

OsHSF6 and OsHSF12 The DNA-binding domain of

OsHSF6 and OsHSF12 were alignment with tomato HSF24

whose solution structure of the DBD that contain a three-helix
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bundle and a small four-stranded antiparallel β-sheet had been

illuminated, the result show that the three proteins have highly

conserved DBD, especially the amino acids that form helix 3,

four strands (Fig. 2). SWISS-MODEL showed the embedded

within the HSF DBD is three helixes, and four-stranded β-

sheet, the sheet 2, turn and sheet 3 formed a conserved helix-

turn-helix motif, a typical feature of HSF DBD. Furthermore,

the DBD structure and sequence of OsHSF6 and OsHSF12

are most similar to Kluyveromyces lactis’s in protein data

bank (Fig. 3). Comparing to sequence data of HSF from yeast,

insets, vertebrates and tomato, helix-turn-helix motif (helix 2-

turn-helix3) of OsHSF6 and OsHSF12 have strongly conserved

even identical amino acid residues, which were generally

considered to represent the DNA-recognition region. In addition,

similar to tomato HSF24, there is considerable number of

hydrophobic side chains in the internal core of the DBD of

OsHSF6 and OsHSF12, which is essential for stability of the

structural core of the proteins.

Expression patterns of OsHSF6 and OsHSF12 The RT-

PCR method was used to investigate the expression patterns

of the OsHSF6 and OsHSF12 genes in response to various

plant hormones and heat stress compared to the control. We

treated the two-week-old seedlings with 5 mM CaCl2, 100 mM

Fig. 1. Full-length sequences of OsHSF6 and OsHSF12 cDNA and their deduced amino acid sequences (GenBank accession no.

AY344488 and AY344494).The expected position for the conserved intron present in the genomic sequences were indicated by arrow. The

putative domains are identified and indicated by comparing sequences with other HSFs. The oligomerization domain, with overlapping

heptad repeats (HR-A/B) is indicated by small stars and small circles. The putative bipartite nuclear location sequences (NLS) and the

nuclear export signals (NES) are underlined with broad-line. The putative AHA motif containing tryptophan is also indicated.

Fig. 2. Comparision of the conserved DNA binding domain sequences and structures of OsHSF6, OsHSF12 and LpHSF24. the

deduced amino acid sequences of OsHSF6 and OsHSF12 are compared with LpHSF24. Identical amino acid residues and conservative

amino acid residues in the aligned sequences are indicated in yellow and light-blue, respectively. The four â-sheets and the three α-

hilexs are marked above the corresponding sequences as a reference (Schultheiss J et al. 1996). Filled circles above indicated the

residues with conserved and important functions as discussed.
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MeJA, 100 mM GA, 100 mM IAA, 100 mM BA, 100 mM

ABA, 200 MM SA, 200 mM NaCl for 4 hours, respectively.

The results show that the OsHSF6 gene is constitutively

expressed and OsHSF12 not be expressed in control plants,

and the expression of the two HSFs can not be evidently

induced by these plant hormones and high salt stress (data not

show). To determine whether the accumulation of the two

HSFs genes transcripts is response to the heat stress, the

seedlings of rice were treated with 40oC for 5, 15, 45 minutes,

1.5, 3 hours. OsHSF6 gene expression was induced within 5

min and reached to considerable high level. However, the

accumulation of OsHSF6 mRNA significantly reduced within

10 min after exposure to heat stress (Fig. 4A). By contrast, the

expression of OsHSF12 gene was not induced by heat stress

(data not show). These results indicate that the transcription of

the OsHSF6 gene is enhanced by heat stress and that of

OsHSF12 gene is not activated by heat stress.

To further examine the pattern of the accumulation of the

two HSFs transcript in different parts and different growth

period, the RNA of the roots, shoots, leaves and growing

point at mature rice, immature seeds at booting stage, spike at

late booting stage, mature seeds at grain filling stage were

extracted for RT-PCR analysis, respectively. The results

showed that the accumulation of OsHSF6 mRNA is more

abundant in roots, leaves and developing seeds of mature

plants than in shoots, and in other organs of rice (Fig. 4B). In

contrast, we discovered that there is not the accumulation of

OsHSF12 mRNA in all organs of rice. Therefore, we

speculated that OsHSF6 may be function as a HSF regulating

early expression of stress genes in response to heat shock.

Furthermore, the expression of OsHSF12 gene is controlled

strictly in different organs and different growth period, and

OsHSF12 may be act as a synergistic factor by interacting

with other regulating proteins to regulate the expression of

down-stream genes.

Discussion

The results presented indicated that OsHSF6 and OsHSF12

could specifically bind to the HSE in vivo. Thus, it was

probably that two HSFs band to HSE in rice and had a role in

regulating transcription in response to heat shock. However,

the deduced amino acid sequence indicated that OsHSF12

belonged to class B HSF lacking of AHAs in its CTAD

characterized by aromatic (W, F, Y), large hydrophobic (L, I,

Fig. 3. Molecular modeling of HSF proteins using SWISS-MODEL (http://swissmodel.expasy.org/). (A) Molecular modeling of conserved DBD

of HSF derived from Kluyveromyces lactis. (B) Molecular modeling of OsHSF6 DBD that we simulated in a model of yeast (PDB ID.

3HTS). (C) Molecular modeling of OsHSF12 DBD. The β-sheets are displayed cyan and the α-hilexs are display red, the hydrophobic

amino acid residues in core of protein are displayed green linear molecule.

Fig. 4 RT-PCR Analysis of OsHSF6 Transcripts. (A) Expression of OsHSF6 gene in response to heat stress. Two-week-old seedlings

were used for heat treatment. The number above each lane indicates the number of minutes or hours after the initiation of treatment

before isolation of RNA. Each lane was loaded with 6 µl RT-PCR product. RT-PCR assay were performed as described in Materials

and methods. (B) Expression of OsHSF6 gene in different organs and different growth period. The rice was cultured under normal

growth conditions. Total RNA was extracted from rice different organs and the rice different growth period, respectively. Each lane was

loaded with 6 µl RT-PCR product of total RNA prepared from mature seeds at grain filling stage (1), spike at late booting stage (2),

immature seeds at booting stage (3), growing point (4), leaves (5), shoots (6) and the roots (7) in mature rice.
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V) and acidic (E, D) amino acid residues. Some studies

indicated that class A HSFs could function as an activator, but

class B HSFs acted as weak activators or even as attenuators

(Czarnecka-Verner et al., 2000). Consequently, in rice, OsHSF6

and OsHSF12 might function as different transcription factors

in response to heat stress. Furthermore, in yeast one-hybrid

system, OsHSF12-GAL-ACT fusion protein could bind to

HSE and activate the promoter of CYC1 to lead to expression

of lacZ gene. In recent reporter assay, Bharti, K (Bharti et al.,

2004) considered that tomato (Lycopersicon peruvianum) HsfB1

could function as a novel type of coactivator cooperating with

class A HSF, HsfA1, and the two HSFs could activate

synergistically the reporter gene expression by assembling

into an enhanceosome-like complex and binding to appropriate

promoter. Thus, the more studies needed to elucidate the

mechanism of OsHSF12 and OsHSF6 regulating down-genes

and interactions between the two HSFs and HSPs or other

HSFs in rice.

Both OsHSF6 and OsHSF12 proteins contained a conserved

core heat shock factor DNA binding domain and an

oligomerization domain, HR-A/B. However, there were

distinct differences between the two HSFs in constitution of

functional domains. We summarized the following three main

criteria: (i) OsHSF6 contained a class A-specific insertion of

21 amino acid residues between HR-A and HR-B, and its

amino acid sequence was most similar to the AtHSFA2 in

evolution reviewed previously (Baniwal et al., 2004), in

contrast, the OsHSF12 was more similar to the AtHSFB4

whose insertion between HR-A and HR-B had class B-

specific 7 amino acid residues. (ii) Both the OsHSF6 and

OsHSF12 contained putative NLS, however, the NLS region

of OsHSF6 was located adjacent to the HR-A/B, while the

region of OsHSF12 was far from the HR-A/B, and close to

the C terminus. (iii) OsHSF6 contained a NES and an AHA

motif, which were absent from OsHSF12. Moreover, in

contrast to AtHSFA2 and LpHSFA2 containing two AHA

motifs, OsHSF6 had only an AHA motif. Parsimony analysis

of plant HSFs (Baniwal et al., 2004) indicated that there were

more HSFA2 in rice than in Arabidopsis and tomato, and the

rice HSFA2 group was relative independent divarication in

phylogenetic tree of plant HSFs. Thus, regulating pattern and

network of the rice HSFA2 group might be different from that

of AtHSFA2 and LpHSFA2.

So far, secondary and three-dimensional structures of

recombinant protein fragments of HSF in yeast, Drosophila

and tomato have been investigated (Harrison 1994; Vuister et

al., 1994; Schultheiss et al., 1994). These results widely

considered that the DBD contained a central helix-turn-helix

motif which was essential for specific DNA recognition, and

in the central part of the HSFs DBD, the existence of

conserved hydrophobic core could stabilize the structural core

of proteins and orientation of the DNA recognition helix. The

structure comparison of HSF DBD derived from Kluyveromyces

lactis, Drosophila, and tomato showed that the three helices,

four β-sheets and turn motif especially the helix 3 were very

similar or identical, and five amino acid residues in helix were

very crucial and could not be replaced by others (Schultheiss

et al., 1996). Furthermore, the connecting region between

sheets β-3 and β-4 of plant HSF was a tight turn containing

four amino acid residues, while that region of other species

HSF was an extended loop.

Expression of OsHSF6 gene was strongly induced by heat

stress within 5 minutes after HS treatment, whereas OsHSF12

was not sensitive to heat shock. As a high activator potential

HSF in tomato, HSFA2 became the dominant HSF after

exposure to heat stress and accumulated fairly at high level

when prolonged HS (Scharf et al., 1998; Port et al., 2004).

However, in our study, we found that the transcript of

OsHSF6 began to decline gradually after HS treatment 5

minutes and maintained at a lower correspondingly level after

HS treatment 45 minutes. Scharf K.D. (Scharf et al., 1998)

identified three forms of HSFA2 depending on heat stress. In

addition, it was in rice that there was a HSFA2 group, which

composed of five different HSFA2s, while a HSFA2 in

Arabidopsis and two in tomato. Therefore, there might be a

more complicated heat shock regulation system in rice than

that in tomato. We presumed that the OsHSF6 might function

as an initiative factor to regulate early expression of HSP or/

and other HSFA2 in rice network involved in the control of

HSFA2 group.

Acknowledgments This work was supported by the National

Special Program for Research and Industrialization of Transgenic

plants (J00-A-007), the Shanghai Key Basic Research Project

(03DJ14016) and the grant from the Youth Fund of Shanghai

Academy of Agricultural Sciences (2003-13).

References

Almoguera, C., Rojas, A., Diaz-Martin, J., Prieto-Dapena, P.,

Carranco, R. and Jordano, J. (2002) A seed-specific heat-shock

transcription factor involved in developmental regulation during

embryogenesis in sunflower. J. Biol. Chem. 277, 43866-43872.

Baniwal, S. K., Bharti, K., Chan, K. Y., Fauth, M., Ganguli, A.,

Kotak, S., Mishra, S. K., Nover, L., Port, M., Scharf, K-D.,

Tripp, J., Zielinski, D. and von Koskull-Döring, P. (2004) Heat

stress response in plants: a complex game with chaperones and

more than 20 heat stress transcription factors. J. Biosci. 29,

471-487.

Bharti, K., Schmidt, E., Lyck, R., Bublak, D. and Scharf, K. D.

(2000) Isolation and characterization of HsfA3, a new heat

stress transcription factor of Lycopersicon peruvianum. Plant J.

22, 355-365.

Bharti, K., von Koskull-Döring, P., Bharti, S., Kumar, P., Tintschl-

Körbitzer, A., Treuter, E. and Nover, L. (2004) Tomato heat

stress transcription factor HsfB1 represents a novel type of

general transcription coactivator with a histone-like motif

interacting with HAC1/CBP. Plant Cell 16, 1521-1535.

Busch, W., Wunderlich, M. and Schöffl, F. (2005) Identification of

novel heat shock factor-dependent genes and biochemical

pathways in Arabidopsis thaliana. Plant J. 41, 1-14.



608 Jin-Ge Liu et al.

Clos, J., Westwood, J. T., Becker, P. B., Wilson, S., Lambert, K.

and Wu, C. (1990) Molecular cloning and expression of a

hexameric Drosophila heat shock factor subject to negative

regulation. Cell. 63, 1085-1097.

Czarnecka-Verner, E., Yuan, C. X., Scharf, K. D., Englich, G. and

Gurley, W. B. (2000) Plants contain a novel multi-member

family of heat shock transcription factors without the

transcriptional activation potential. Plant Mol. Biol. 43, 459-

471.

Döring, P., Treuter, E., Kistner, C., Lyck, R., Chen, A. and Nover,

L. (2000) The role of AHA motifs in the activator function of

tomato heat stress transcription factors HsfA1 and HsfA2.

Plant Cell. 12, 265-278.

Guarente, L. (1983) Yeast promoters and lacZ fusions designed to

study expression of cloned genes in yeast. Method Enzymol.

101, 181-191.

Harrison, C. J., Bohm, A. A. and Nelson, H. C. M. (1994) Crystal

structure of the DNA binding domain of the heat shock

transcription factor. Science 263, 224-227.

Heerklotz, D., Döring, P., Bonzelius, F., Winkelhaus, S. and

Nover, L. (2001) The balance of nuclear import and export

determines the intracellular distribution of tomato heat stress

transcription factor HsfA2. Mol. Cell. Biol. 21, 1759-1768.

Kim, B.-H. and Schoffl, F. (2002). Interaction between

Arabidopsis heat shock transcription factor 1 and 70 kDa heat

shock proteins. J. Exp. Bot. 53, 371-375.

Kotak, S., Port, M., Ganguli, A., Bicker, F. and von Koskull-

Döring, P. (2004) Characterization of C-terminal domains of

Arabidopsis heat stress transcription factors (Hsf) and

identification of a new signature combination of plant class A

Hsfs with AHA and NES motifs essential for activator function

and intracellular localization. Plant J. 39, 98-112.

Mishra, S. K., Tripp, J., Winkelhaus, S., Tschiersch, B., Theres,

K., Nover, L. and Scharf, K. D. (2002) In the complex family

of heat stress transcription factors, HsfA1 has a unique role as

master regulator of thermotolerance in tomato. Genes Dev. 16,

1555-1567.

Morimoto, R. I. (1998) Regulation of the heat shock

transcriptional response: cross talk between family of heat

shock factors, molecular chaperones, and negative regulators.

Genes Dev. 12, 3788-3796.

Nover, L., Bharti, K., Döring, P., Mishra, S. K., Ganguli, A. and

Scharf, K. D. (2001) Arabidopsis and the heat stress

transcription factor world: how many heat stress transcription

factors do we need? Cell Stress Chaperones. 6, 177-189.

Nover, L., Scharf, K. D., Gagliardi, D., Vergne, P., Czarnecka-

Verner, E. and Gurley, W. B. (1996) The Hsf world:

classification and properties of plant heat stress transcription

factors. Cell Stress Chaperones. 1, 215-223.

Port, M., Tripp, J., Zielinski, D., Weber, C., Heerklotz, D.,

Winkelhaus, S., Bubla, K-D. and Scharf, K-D. (2004) Role of

Hsp17.4-CII as coregulator and cytoplasmic retention factor of

tomato heat stress transcription factor HsfA2; Plant Physiol.

135, 1457-1470.

Scharf, K. D., Heider, H., Höhfeld, I., Lyck, R., Schmidt, E. and

Nover, L. (1998) The tomato Hsf system: HsfA2 needs

interaction with HsfA1 for efficient nuclear import and may be

localized in cytoplasmic heat stress granules. Mol. Cell. Biol.

18, 2240-2251.

Schöffl, F, Prändl, R. and Reindl, A. (1998) Regulation of the

heat-shock response. Plant Physiol. 117, 1135-1141.

Schultheiss, J., Kunert, O., Gase, U., Scharf, K. D., Nover, L. and

Ruterjans, H. (1996) Solution structure of the DNA-binding

domain of the tomato heat-stress transcription factor HSF24.

Eur. J. Biochem. 236, 911-921.

Sorger, P. K. and Pelham, H. R. (1988) Yeast heat shock factor is

an essential DNA-binding protein that exhibits temperature-

dependent phosphorylation. Cell. 54, 855-864.

Treuter, E., Nover, L., Ohme, K. and Scharf, K. D. (1993)

Promoter specificity and deletion analysis of three heat stress

transcription factors of tomato. Mol. Gen. Genet. 240, 113-125.

Vuister, G. W., Kim, S.-J., Orosz, A., Marquard, J., Wu, C. and

Bax, A. (1994) Solution structure of the DNA-binding domain

of Drosophila heat shock transcription factor. Nature Struct.

Biol. 1, 605-613.

Wiederrecht, G., Seto, D. and Parker, C. S. (1988) Isolation of the

gene encoding the S. cerevisiae heat shock transcription factor.

Cell. 54, 841-853.

Yamanouchi, U., Yano, M., Lin, H., Ashikari, M. and Yamada, K.

(2002) A rice spotted leaf gene, Spl7, encodes a heat stress

transcription factor protein. Proc. Natl. Acad. Sci. USA 99,

7530-7535.


