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Abstract

We isolated and sequenced both genomic DNA and cDNA clones, which encoded a putative GT1-like protein with 385 amino acids, from

cultivated rice (Oryza sativa ssp. indica). This protein shows significant amino acid sequence similarities with trihelix DNA-binding GT-1a/

B2F and GT-1 factors that were identified in dicot plants. Northern blotting analysis indicated that the transcript of the rice GT-1 factor in

seedling was up-regulated by the rice blast fungusMagnaporthe grisea, down-regulated by various continuous light conditions and expressed

rhythmically in light/dark cycles. This GT1-like factor gene was therefore designated as rml1 (rice gene regulated by M. grisea and light).

The putative RML1 protein, encoded by this single copy gene, is thus identified as a new member of the plant-specific GT family of

transcription factors in rice.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

To ensure optimal and healthy growth, plants adopt a

variety of means to respond to environment cues such as

light, abiotic agents, microbes, etc. Such responses are

involved in regulating transcriptional processes. Several

classes of cis-acting sequences and their cognate proteins

have been identified in higher plants under various condi-

tions. One class of cis-elements is the highly degenerate GT-

element (Zhou, 1999). GT-elements have both a positive and

a negative function in modulating cell-type-specific tran-

scription (Villain et al., 1996). Synthetic promoters contain-

ing GT-elements were also found to be regulated by light

(Lam and Chua, 1990), although these elements have been
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found in the promoters of some light-independent genes. The

pathogen defense-related tobacco PR-1a gene contains GT-

elements in the promoter region (Buchel et al., 1999).

Nuclear proteins binding to GT-elements were initially

cloned from rice and tobacco (GT-2 and GT1a/B2F, respec-

tively) (Dehesh et al., 1990; Gilmartin et al., 1992). Rice

GT-2 contains two separate trihelix (helix–loop–helix–

loop–helix) structures, which can bind to the GT-2 and

GT-3 boxes in the rice phyA promoter. Tobacco GT1a/B2F

has only a single trihelix domain that is responsible for

specific binding to the BoxII core sequence in the ribulose

1,5-bisphosphate carboxylase/oxygenase small subunit

(rbcS) gene promoter. GT-factors corresponding to rice

GT-2 or tobacco GT-1a have been characterized from

Arabidopsis and seem to have the same DNA-binding

preferences (Kuhn et al., 1993; Hiratsuka et al., 1994). Rice

GT-2 and Arabidopsis GT-1 have been shown to activate

transcription in vivo (Ni et al., 1996; Le Gourrierec et al.,

1999).

Though GT-elements can modulate both light activation

and light repression, depending on the promoter context,
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transcriptional regulation of the cloned trihelix factors

appeared to be independent of light, with the exception of

soybean GmGT-2, which was down-regulated by light

(O’Grady et al., 2001).

Here, we cloned a new gene (rml1) encoding a putative

GT1-like protein from rice through the genomic DNA

sequencing analysis and cDNA cloning. Putative cis-ele-

ments were predicted in the proximal promoter sequence.

Particular attention is given to the expression pattern of the

rml1 gene with respect to tissue specificity, to rice blast

Magnaporthe grisea, to light and to rhythmical expression,

which is poorly investigated until now.
2. Material and methods

2.1. BAC DNA sequencing and analyzing

A rice bacterial artificial clone (BAC) H0302E05 from

the rice BAC library of Oryza sativa indica Guangluai 4 was

anchored on the long-arm of chromosome 4 as determined

using probe R896 provided by the rice genome program

(RGP) in Japan. Shotgun and pairwise-end sequencing were

used for BAC sequencing. The sequences were assembled

with PHRED/PHRAP software and edited by GAP4 soft-

ware. Sequence annotation was carried out for the BAC

DNA sequence using a combination of software predication

and database searches. The sequence of BAC H0302E05

was submitted to the EMBL database, with accession

number AL627350.

2.2. Rice material and treatment

Rice seeds (O. sativa indica Guangluai 4) were sterilized

and imbibed then germinated at 37 jC. Green plants grew at

30 jC under white light with a day length of 12 h. For

etiolated plants, germinated seeds grew in black containers

placed in a dark environmental chamber at 30 jC. Calli
induced from the scutellia were kept in the dark and

subcultured every 2 weeks on solid N6 media supplemented

with 3% sucrose, and 2 mg/l 2,4-dichlorophenoryacetic

acid.

Conidia of M. grisea were washed from filter paper with

Tween-20 (0.02%) and adjusted to a concentration of 105

conidia/ml; 4-week-old rice plants were inoculated by
Fig. 1. Analysis of genomic sequence and identification of the two transcripts of r

Line numbers represent the positions of nucleotide acids sequences on the BAC clo

letter code and in triplets, respectively. The amino acids sequences of four clo

sequences of rml1_a transcript are not shown except for short areas around the splic

RML1 protein, the exon– intron junctions of two transcripts are also underlined. Th

The 5Vexon sequences of rml1_b transcript are shown in red letter. The start and

analysis, are indicated with two arrows separately. For full genomic sequence, see

RNA from calli (Lane C) or etiolated seedling leaves (Lane EL) was hybridized w

sequences of the DNA binding domains of rice RML1, Arabidopsis GT1 (GT1-A

number AAA34085) by the GCG Pileup program. RML1 displays identity of 65%

predicted four-helix region is indicated in red.
spraying the conidial suspension or 0.02% Tween-20 onto

the leaves. Treated rice plants remained in the light.

For light regulation experiments, calli and 7-day-old

etiolated seedlings were exposed to different irradiation

levels for various lengths of time before harvesting. The

light sources were white fluorescent tubes with filters for

red, far-red or blue light. The fluence rates used were 6.36

Amol m� 2 s� 1 for red light, 10 Amol m� 2 s� 1 for far-red

light and 4.24 Amol m� 2 s� 1 for blue light.

2.3. Molecular cloning of cDNA fragments

Bioinformatics approaches were used to predict the pres-

ence of new gene and the overlapping PCR strategy was used

for amplification of cDNA instead of construction and

screening a cDNA library. Based on the exon prediction

results, we designed sets of primers for RACE and RT-PCR.

The design primers allowed for the generation of overlapping

cDNA fragments, thus enabling determination of the entire

mRNA sequences. cDNA amplification was carried out using

a series of Clontech system. Briefly, the first strand extension

was preceded with PowerScriptk amplification system.

Then, the 3V- and the 5VGC-rich cDNA were amplified in

PCR with ‘Advantage cDNA polymerase Mix’ and ‘Advan-

tage-GC cDNA polymerase Mix’, respectively. CDSIII/3V
PCR primer (modified Oligo dT), Smart IV and 5V PCR
primer come from the SMARTk cDNA construct Kit.

Primers complimentary to positions of the BAC sequence

and their annealing temperature are indicated before each

primer sequence. The PCR conditions were selected accord-

ing to the manufacturer’s instruction and the primers anneal-

ing temperature. Some PCR products were sequenced

directly with gene specific primer and some were cloned in

the pGEM-T Easy vector (Promega) then sequenced.

We performed nested 5V-RACE to verify the 5V-ends of

the rml1 mRNA. The 5Vend anchor primer Smart IV and a

reverse primer R1 (3118–3152, 66.3 jC, 5V-ACCGGCA-
TATCCCTGTCTAAGGAACGGACAACCTC-3V) were

used in the original cDNA extension. Two rounds of RACE

reactions were performed with the original cDNA. The

initial round of PCR was conducted with the reverse primer

R1 and the 5VPCR primer (The sequence of 5VPCR primer

is same as the 5V-end sequence of SmartIV). With two pairs

of primers, two different fragments were synthesized in the

second round of amplification. The PCR products named
ml1 gene. (A) Genomic organization and partial sequence of the rml1 gene.

ne. The protein sequences and the coding nucleotides are presented in single

sely spaced helices in the DNA-binding domain are underlined. Intronic

e junctions, which are shown with italic letters. The start and stop codons of

e polyadenylation signal element (AATAAA) and site (CA) are in boldface.

stop sites of two probe (Prml1 and Prml2), which are used in Northern blot

our submission #AL627350. (B) RNA gel analysis of the two transcripts.

ith both Prml1 and Prml2 probes mixtures. (C) Alignment of the amino acid

, accession number AAA66473) and tobacco GT1a/B2F (GT1-T, accession

and 62% to GT1 and GT1a/B2F over the triplex DNA binding domain. The
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RML1-5Vwas amplified with a reverse primer R2 (2409–

2425, 52.2 jC, 5V-AGTGGATGACTATCAGG-3V) and a

forward primer F1 (23–40, 51.1 jC, 5V-CTGACCCAC-
TAGTCCATG-3V). The products called RML2-5V were

with a reverse primer R3 (3082–3113, 65 jC, 5V-
TCCTCATCTTCAAGCCAAAAGGCCCGTCTTTGTTC-

3V) and the forward primer 5VPCR primer. For 3VRACE,
the first-strand cDNA was synthesized using the CDSIII

primer and separate RNA pools prepared from root, leaf

and callus at different times. To obtain specific 3VRACE
product, named as RML3V, two gene-specific forward

primers (F2: 640–656, 54.6 jC, 5V-AGATGGCGTGCTA-
CAAG-3V; F3: 2406–2422, 52.2 jC, 5V-GAACCTGA-
TAGTCATCC-3V) were used with the CDSIII primer in

two rounds of reaction.

A fragment RML1m, which overlaps both RML1-5Vand
RML3Vfragments, was synthesized with a reverse primer R4

(4129–4145, 54.6 jC, 5V-GTAGCCTGAATACTCCC-3V)
and a forward primer F2. We constructed rml1_a and

rml1_b cDNA as shown in Fig. 2A. These sequences were

submitted to EMBL database, with accession numbers

AJ535489 and AJ535490, respectively.

2.4. Cloning of promoter region by genomic PCR

BAC (AL627350) does not contain the entire promoter

region of the rml1 gene. Based on the colinearity between

the cultivated rice subspecies japonica and indica genomes

(Zhao et al., 2002), we designed primers ProPst, with an

incorporated PstI site (3 – 28, 70 jC, 5V-ctcctgcag
GGTCAGGCCCATCAAAATGTACAAGC-3V) and ProE-

coR, with an incorporated EcoRI site (65.5 jC, 5V-ggaattc
TCTTACTGCTTTATTTCTCCCTACTGTCG-3V) according
to the japonica BAC clone (AL606998) to amplify the

promoter sequence. A 1 Ag PstI-digested genomic DNA

was used as template. After verifying that the promoter

sequence generated by PCR was homologous with the

corresponding Japonica sequence, we inserted this EcoRI/

PstI fragment into pGEM-T Easy vector.

2.5. Southern and Northern blot hybridization

Total genomic DNA was isolated in 20 ml buffer

containing 7 M urea, 0.35 M NaCl, 50 mM Tris–HCl
Fig. 2. Characterization of the rml1 gene. (A) Schematic presentation of the rml1 g

indicated by rml1_a and rml1_b. Middle panel is the genomic structure of rml1 gen

exons, introns and the elongated promoter region. The exon– intron structure w

sequence surrounding the splice junction between exons 1 and 2 of rml1_b is indic

bold lower case. The positions of two probes (Prml1 and Prml2) used in Northern

two-rml1 cDNAs and restriction sites SacII, or NcoI used in overlapping are in

complimentary to positions of the BAC sequence. (B) Promoter region and pote

translation, shown with an angled arrow. Bold type letters showed the putative TA

REbeta are outlined in italic letter. Putative binding sites for transcription factors ar

1. Arrows near the cis-element names indicate the orientation of the binding site. (C

HindIII (H), XbaI (X) or PstI (P) was electrophoresed in lanes H, X, and P, respecti

site.
(pH 8.0), 20 mM EDTA (pH 8.0) and 6.25% redistilled

phenol. 10 Ag genomic DNA digested with PstI, XbaI or

HindIII was electrophoresed on a 0.8% agarose gel,

transferred to nylon-N+ membrane and probed with 1.18

kb RML3V fragment. Hybridization conditions were

according to the protocol of the ECL kit (Amersham

Pharmacia).

Total RNA was isolated from seedlings or calli with the

RNeasy Plant Mini Kit (Qiagen) and treated with RNase-

free DNase (Qiagen) to avoid genomic DNA contamination.

For RNA gel blot analysis, 15 Ag total RNA was separated

on 0.6 M formaldehyde agarose gels, and cross-linked with

a UV cross-linker (Bio-Rad). To determine the level of the

two-rml1 gene transcripts, we used two probes in Northern

blot analyses. The positions of the two probes are shown in

Figs. 1A and 2A. Probe Prml1, used for detecting rml1_a

transcripts, is the PCR product obtained using a reverse

primer (622–654, 68.4 jC, 5V-TCCTTGTAGCACGC-
CATCTTGGCGGGGCAATTC-3V) and a forward primer

(223–237, 62.3 jC, 5V-CGGCCATGCTCCTCTCC-3V).
Probe Prml2, used to detect rml1_b transcripts, is the PCR

fragment generated using a reverse primer R2 and a forward

primer (1822–1841, 51.7 jC, 5V-GCAATAATTTCAGA-
TATGCC-3V). Gene-specific probes were labelled with

a-32P according to the manufacturer’s instructions (Amer-

sham rediprimerk II labeling system). Membranes were

hybridized according to the protocol of expressHyb hybrid-

ization solution (Clontech). Loading of the samples was

monitored by rehybridization of the nylon membrane with a

rice 18S ribosomal DNA probe.
3. Results

3.1. Molecular cloning and identification of the cDNA

clones of rml1

Through the DNA sequencing analysis of the BAC clone

H0302E05, we identified a putative new gene encoding a

GT1-like protein with a single trihelix DNA binding domain

(Fig. 1A). This gene was designated as rml1 in this study.

Genomic DNA sequence analysis revealed that the rml1

gene had five exons and encoded a putative GT1-like

protein with 385 amino acids (Fig. 1A). To clone the
ene structure. Upper and lower panels are two transcripts of the rml1 gene,

e; in which, solid bars, connecting lines and dot lines respectively represent

as established by comparison of the cDNA with genomic sequence. The

ated under the arrow and the non-canonical intron designation is indicated in

blot analyses are indicated by gray box. The fragments used to construct the

dicated. Numbers after each restriction enzyme show the restriction sites

ntial regulatory cis-elements. Numbering is from the putative start site of

TA-like and CAAT-like boxes. The 8 bp repeat sequences close to REalpha,

e boxed according to their position and consensus sequences found in Table

) Southern blot analysis of the rml1 gene. Rice genomic DNA digested with

vely. The positions of E/HindIII size markers are indicated on the right-hand



Table 1

The potential cis-elements of the rml1 gene

DNA-binding factor Matrix (#1000 bp) Consensus rml sequence Relative fit Position

HomeoBox protein, DOF2 Dof2(2.78) NNWAAAGCNNN AATAAAGCAGT 0.996 � 1022(� )

HomeoBox protein, DOF3 Dof3(3.32) NNNAAAGCNNN CAGAAAGGATG 0.967 � 939(+)

AAAAAAGATTA 0.970 � 807(� )

TGTAAAGTATC 0.983 � 780(� )

GGAAAAGGGAA 0.982 � 686(+)

GAAAAAGAAGA 0.978 � 548(� )

ATAAAAGTTTT 0.973 � 427(� )

CTAAAAGCAAA 0.994 � 409(� )

AGCAAAGGCTG 0.969 � 404(� )

CGAAAAGATGA 0.972 � 306(+)

TCAAAAGACAA 0.980 � 274(+)

Dof 1/MNB1a Dof1(1.96) NNWAAAGNNNN ATTAAAGTTTA 0.987 � 378(� )

GTTAAAGCTTG 0.984 � 230(+)

bZIP, G-/C-box protein TGA1A(2.21) NNSACGTSNNN AATACGTGATG 0.944 � 857(+)

CGAACGTCCAC 0.920 � 152(+)

CPRF(2.12) NNCACGTGNNN TATACGTGTTC 0.935 � 428(+)

Opaque-2 Opaque-2(1.90) NNNNNCCACGTNNNNNN GTGCATCACGTATTGGT 0.970 � 843(� )

TAAGAACACGTATATAA 0.950 � 415(� )

Opaque(0.03) NNNNNCCATRTCATCNN GAGGTACACTTCATCAA 0.978 � 526(� )

WRKY W-box(0.25) NNNSTTTGACYNNNN AATGATTGACAAGAT 0.972 � 717(+)

RAV1 RAV3(5.36) NGCAACAKAWN TCCAACAGCGT 0.910 � 684(� )

AHBP ATHB(0.20) NCAATTATTNNNN CTCATTATTGAAC 0.894 � 887(� )

TAAATTATTTTTC 0.949 � 445(� )

SBF-1 SBF1(0.43) KWRTNGTTAAWWWNN TTGGAGTTAATTTTA 0.901 � 354(� )

TTAAGGTTAAAAATT 0.950 � 349(+)

TATCAGTTAAAATTT 0.916 � 321(� )

Myb-like protein MYBPH(0.15) NNAAAACSGTTAN ATCTTGCGGTTAT 0.805 � 804(+)

ACTTATCAGTTAA 0.810 � 318(� )

Unknown I-box(0.03) NWWRMGATAAGRTTATN CCTCCGATAAGCCAAAT 0.843 � 485(� )

TAACTGATAAGTATAAG 0.890 � 329(+)

Unknown REbeta(0.24) CGGATA CGGATA – � 620(+)

CGGATA – � 519(� )

Unknown REalpha AACCAA AACCAA – � 598(+)

The matrixes and consensus motifs are from the Transfac database except that REbeta and REalpha elements are from PLACE database. The cores of the

consensus matrixes are underlined. The number in brackets after each matrix (except REalpha) is the frequency that is possible to be detected in a random

sequence of 1000 nucleotides. The plus or minus in brackets after each position number indicated the same or reversal orientation of the binding site with that

of the translation of rml1, respectively.

Fig. 3. Analysis of rml1_a RNA accumulation in different tissues of rice

plants. GL, leaves of green rice plants; GR, roots of green rice plants; ER,

roots of etiolated rice plants; C, calli; EL, leaves of etiolated rice plants.
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expressed rml1 gene, RT-PCR and RACE reaction were

performed using primers located in different predicted

exons. We initially cloned the cDNA corresponding to this

protein by RACE. DNA sequence analysis revealed that the

transcript of RML1-5Vwith 718 bp in length ended before a

putative ATG initiation codon and was found to be identical

to the 5Vend of the predicted coding sequence of rml1. We

carried out 3V-RACE to identify 3V-end of the transcript and

detected the single cDNA using separate RNA pools pre-

pared from different tissues. Sequencing of the 1.18-kb

fragment of 3V RACE product RML3V revealed a polyA

signal element (AAUAAA) at position � 17 from the

polyadenylation site (CA) (Fig. 1A). We finally finished

rml1_a cDNA sequence of 1766 bp through assembling the

sequences of the overlapped PCR products (Fig. 2A). The

sequence was submitted to the EMBL database with acces-

sion number AJ535489.

The ORF of rml1_a extends 1158 bp and the weight of

the predicted RML1 protein is about 42 kDa. Homology

search revealed that the RML1 had 57% and 55% identity
with the GT1a/B2F from tobacco and GT-1 from Arabi-

dopsis, respectively. The HLHLH DNA binding domains of

these three proteins are compared in Fig. 1C. Four closely

spaced helices in this region are required for DNA binding

(Lam, 1995). In RML1, a glycine-rich region lies between

helix3 and helix4.



Fig. 4. rml1_a transcription is induced by M. grisea. (A) Northern blot analysis was performed on RNA extracted from seedlings incubated with the conidia of

M. grisea at six time points (0 h, 4 h, 8 h, 12 h, 24 h, 7 days). (B) Quantitative analyses of ordinate values: Prml1 probe signal as a proportion of 18S ribosomal

probe signal.
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Sequence comparison between the genomic BAC clone

and the corresponded cDNA clones demonstrated the exact

exon–intron splicing sites (Figs. 1A and 2A). The structure

of rml1_a is as same as that predicted by FGENESH

software. The 3V UTR of rml1_a is confirmed with the

length of 596 bp.

In addition, we also detected another alternative transcript

of rml1 gene, named as rml1_b, which is 1.9 kb in length

(Fig. 1B). rml1_b has various exon–intron structures from

rml1_a in the 5V end sequences and contains a complete

intron 2 of rml1_a insert (Figs. 1A and 2A). The intron1

border of rml1_b is AU/AG (Figs. 1A and 2A). The 5Vend
site of rml1_b on the BAC sequence is different from that of

rml1_a (Fig. 1A). Translation of all possible open reading
Fig. 5. Decline of rml1 RNA levels in response to white light irradiation. The prob

were irradiated with white light for 30 min, 1 h, 2 h (lanes 1–3); Control etiolated

min, 1 h, 2 h) (lanes 4–7). (B) Seven-day-old etiolated seedlings were irradiated

represents seedlings treated with 12 h white light then placed in the dark for 12 h be

and harvested at the same point time (0, 30 min, 3 h, 8 h, 12 h, 24 h, 28 h, 32 h, 36

probe Prml2. Seven-day-old etiolated seedling was illuminated with white light fo

before harvesting.
frames (ORF) of rml1_b did not yield any conceptual protein

with sequence similarity to proteins in databases. The longest

putative ORF from rml1_b is only 243 bp. So only the

transcript rml1_a encodes a GT1-like protein.

3.2. Characterization of the promoter and the copy number

of rml1 gene

To identify the regulation of rml1 gene expression, we

cloned and sequenced a single 840-bp fragment (our sub-

mission #AJ544589) upstream of the 5V end of the se-

quenced BAC. Eventually, we determined 1038 bp of the

nucleotide sequence upstream of the translational starting

site of the rml1 to search for cis-regulatory elements using
e used for blots A and B was Prml1. (A) Seven-day-old etiolated seedlings

seedlings were kept in the dark and harvested at the same point time (0, 30

with white light for 30 min, 3 h, 8 h, 12 h, 24 h, 28 h, 32 h, 36 h; L/D

fore harvesting (right blot). Control etiolated seedlings were kept in the dark

h) (left blot). (C) Northern blot analysis of rml1_b transcription with specific

r 0 min (lane 2), 30 min (lane 3), 1 h (lane 4), 3 h (lane 5), or 8 h (lane 6)



Fig. 6. The rml1_a expression pattern under light with Prml1 as probe. (A)

Northern blot analysis of 7-day etiolated seedlings subjected to treatments

of various illumination at 27 jC. Seedlings were treated with 2 h far-red

light (lane 2), 2 h white light (lane 3), 2 h red light (lane 4), 2 h blue light

(lane 5), 5 min pulse of red light immediately followed by 5 min far-red

light then placed in the dark for 2 h (lane 6), 5 min pulse of red light then

incubated in the dark for 2 h (lane 7). Lane 1 and lane 8 are control

seedlings, which were kept continually in darkness. Five seedlings in each

group were harvested after being illuminated. (B) Quantification of

transcript levels normalized to the 18S rRNA signal. Data are expressed

as mean + S.E.M. (nz 3). (C) Expression of rml1_a in calli. D, dark; R-F-

D, 5 min red light then 5 min far-red light followed by 2 h dark; R5m, 5 min

red light followed by 2 h dark.
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the MatInspector program against the Transfac or PLACE

database (Quandt et al., 1995; Higo et al., 1999) (Fig. 2B).

Regulatory elements were selected with stringent search

criteria requiring 100% core factor identity and a matrix

identity of more than 80% (Table 1). A TATA-like box was

found between � 431 and � 428 in close vicinity of the

putative translation start site, numbered as + 1 (Fig. 2B).

Thirteen Dof sequences may serve as binding sites for the

single zinc finger transcription factors (Yanagisawa and

Schmidt, 1999). A cluster of three potential elements for

Opaque-2 (O2, transcriptional activator of Zea Mays), G-/C-

box bZip and SBF-1 proteins were found (Izawa et al.,

1993; Lawton et al., 1991). Other clusters of potential cis-

element for Myb-like protein, AHBP (Arabidopsis Homeo-

Box protein), RAV1 and WRKY were also observed (Sol-

ano et al., 1995; Sessa et al., 1993; Kagaya et al., 1999;

Eulgem et al., 1999). In addition, the analyzed sequence

contained some light related cis-elements such as I-box,

Rebeta and Realpha elements.

Southern hybridization performed on digests of the total

DNA indicated that rml1 might be a single copy gene in the

rice genome (Fig. 2C). Digestion with three different

enzymes resulted in a single hybridizing fragment, with

the exception of PstI, where the two bands obtained reflect a

PstI site within the probe and total digestion at this site. In

addition to RML1 and GT-2, another protein (AAK39576)

with a putative trihelix motif has been predicted on chro-

mosome10 in rice. We identified the chromosomal locations

of rml1 and GT-2 in rice genome through searching the rice

Oryza sativa japonica database. The results showed that

these two genes are cloned in two separate BAC clones

AL606587 and AL606998, respectively. Both BACs are

located on chromosome 4 long arm. The BAC sequence of

AL606587 containing GT-2 is located at 83 centimorgan

(cM) and the BAC sequence of AL606998 containing rml1

is positioned at 74.2 cM. Results from database searching

and Southern blot analysis confirmed that the rml1 is a

single copy gene in rice genome.

3.3. Tissue-specific expression

To identify if the rml1_a has tissue-specific expression,

we prepared total RNA from five different tissues. The RNA

gel blot revealed that the highest rml1_a mRNA level was

detected in calli among the tested tissues. Whereas it is

expressed in etiolated seedling leaves, roots of both green-

grown and dark-grown seedling at lower levels. Transcrip-

tion of the rml1_a (1.4 kb) in different tissues of rice plants

is shown in Fig. 3.

3.4. Expression of rml1 in green leaves is induced by

infections with M. grisea

When the rml1 gene sequence was used as a BLAST

query against the EST database, most of identified ESTs

were from rice leaf cDNA library infected with M. grisea.
Abundance of the corresponded ESTs indicated that rice

blast fungus M. grisea might induce the expression of rml1.

To confirm this, 4-week-old rice was inoculated with M.

grisea and transcription of rml1 was analyzed by Northern

blot (Fig. 4A). The rml1_a transcript appeared 4 h after

inoculation with M. grisea. Diseased spots appeared on

leaves after spraying with M. grisea conidia for 7 days,

but the rml1_a transcript was not detected in the infected

leaves. Detergent alone does not increase the transcript level

at the same time course (data not shown). Transcription of

rml1_a induced by M. grisea is threefold higher than that of

the control group (Fig. 4B). Using the Prml2 probe, we

failed to detect rml1_b transcripts (data not shown).

3.5. rml1 is down-regulated by light and expressed

rhythmically

Sequence comparison between RML1, GT-1 and GT1a/

B2F revealed striking homology. The latter two factors are
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DNA binding proteins and their cognate DNA sequences are

cis-acting elements in light-controlled genes. This raised the

interesting question of whether the rice rml1 gene is

controlled by light. After 7 days in the dark, etiolated

seedlings were transferred to illumination under white light;

the accumulation of rml1_a RNA in etiolated seedlings and

irradiated seedlings were determined (Fig. 5A). The hybrid-

ization signals revealed a significant reduction in rml1_a

RNA level in the period from 1 to 2 h following the transfer

from darkness to light. We next examined the accumulation

of rml1_a RNA in etiolated seedlings and irradiated seed-

lings at time-course for 36 h. The rml1_a level in illumi-

nated seedlings dampens to a low, steady-level compared

side-by-side with that of non-irradiated etiolated seedlings

and longer periods of illumination (up to 36 h) induced a

small further decrease (Fig. 5B). The rml1_a RNA level in

seedlings first irradiated with 12 h white light then kept in

darkness for 12 h, was not restored by dark (Fig. 5B). The

weak expression of rml1_b (1.9 kb) can be detected in calli,

7-day etiolated leaves and those treated with 30 min white

light (Fig. 5C).

Transcription of rice GT-2 has also been shown to be

down-regulated under white light but is unaffected by red

light. To identify the phytochrome system potentially in-

volved, we measured rml1_a transcription levels in etiolated

seedlings and seedlings irradiated with red, far-red or blue

light. Although the transcription level did not change visibly

during 30 min illumination (data not shown), all light

treatments elicited a reduction in rml1_a RNA levels after
Fig. 7. The daily rhythms of rml1_a RNA abundance. (A) Rice germinated seeds

weeks before being harvested RNA from leaves at the indicated hours (o’clock). (B

in LD cycle were transferred to continuous light (LL) or continuous dark (DD) for

The bottom panels show 28S and 18S rRNA bands in the ethidium bromide-stai
2 h irradiation (Fig. 6A,B). Transcription of rml1_a in

etiolated seedling dropped to 60% of the dark level under

white light and to about 72% of the dark level under red

light (Fig. 6B). A significant difference in the regulation of

rml1_a levels by red light was apparent between calli and

etiolated seedlings. In calli, a 5-min pulse of red light

dramatically repressed the rml1_a expression (Fig. 6C).

In the untreated control in M. grisea infection experi-

ment, we noticed the weak expression in rml1_a mRNA at

16 o’clock and 20 o’clock (data not shown), suggesting that

rml1 may be under circadian regulation. The rhythmic

pattern of rml1_a RNA was not detected in 7-day-old

etiolated seedling (Fig. 5B). When its temporal expression

pattern was analyzed with 17-day-old green seedling, we

observed a rhythm of rml1_a abundance over 2.5 days in

LD cycles. Fig. 7A,B shows that in LD 13:11 (lights on

from 6 o’clock in morning to 19 o’clock in evening), the

rml1_a is expressed rhythmically with highest expression at

approximately 20 o’clock (evening) and the lowest expres-

sion occurred at 8 o’clock (morning) in a time-course

experiment. To investigate if the rhythmic cycling of rml1_a

RNA levels was under the circadian clock control, these

seedlings grown in L/D were transferred to continuous light

(LL) or continuous dark (DD) for 24 h and then assayed for

rml1_a expression over a 48-h period. rml1_a transcript has

no detectable rhythms in LL or DD conditions (Fig. 7C).

The expression level of rml1_a in DD increased compared

with the rml1_a RNA level in LL over the first 24-h period

(Fig. 7C).
were first grown in the dark for 3 days and then entrained to LD cycle for 2

) Quantification of the data shown in (A). (C) The 17-day seedlings grown

24 h before being extracted RNA at the indicated hours (o’clock) over 48 h.

ned gel.
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4. Discussion

We have cloned a new gene, rml1, which is a single copy

gene based on the results of the Southern blot analysis and

rice genome database search. Chromosomal locations of the

rml1 and GT-2 genes were identified at 74.2 and 83 cM on

the long arm of chromosome 4, respectively. The transcrip-

tion of rml1 was identified by RNA gel analysis. In our

studies, we found that the constructed rml1_a cDNA is

longer (1766 bp) than RNA analyzed by Northern blot

analysis (about 1.4 kb). Our experiments and other evidence

supposed that the length discrepancy between constructed

cDNA and RNA detected on the formaldehyde gel may be

resulted from the secondary structure of rml1_a in gel

(Dawson et al., 1996).

The rml1 expression in green leaves was up-regulated by

the rice blast fungus M. grisea and this induction is in the

early stages of M. grisea infection (Fig. 4). A W-box

(TTGACT/A) has been found to be important in the plant

defense response to pathogens (Rushton et al., 2002). The

W-box binding protein WRKY is suggested to regulate the

early defence-response genes (Eulgem et al., 1999). The

presence of W-box in rml1 promoter may play a role in

the M. grisea regulation of rml1 expression. The conidia of

M. grisea are germinated after 1f 2 h and form hook after

6–12 h (by communications with Dr. Eckhard Thines). So it

is interesting to understand the interaction between rice and

conidia and the mechanism of rml1_a expression induced

by conidia.

Expression of rml1_a in 17-day green seedling grown in

L/D then transferred to continuous light or continuous dark

shows no circadian expression (Fig. 7C). These data suggest

that LD cycling is essential in maintaining rhythm control of

rml1. The importance of LD cycles in entraining the rhythm

expression of rml1_a was confirmed when rml1_a mRNA

did not show rhythm regulation in 7-day-old etiolated

seedling that germinated and grown in continuous dark

(Fig. 5B). Like rml1_a, the rhythm regulation of cysteine

proteinase gene SmCP is dependent on LD cycle (Xu et al.,

2003). The circadian expression of some genes are inde-

pendent on LD cycle because seedling grown in LD and

transferred in continuous light showed circadian regulation,

suggesting that clock may act to rhythmic regulation of

these gene expression (Fowler et al., 1999). Two G-box

cores like elements, in which the first position changes from

C to T, were found at � 857 and � 428 positions (as shown

in Table 1) in rml1 gene promoter. G-box core sequences

(CACGTG) functions as clock-regulated motifs in tobacco

circadian clock gene promoter (Xu and Johnson, 2001).

Dissection of interactive cis-elements and transcription

factors may uncover the mechanisms of variations in circa-

dian regulation of genes expression.

In etiolated seedlings, a significant reduction in tran-

script levels was detected after continuous irradiation with

red light. The results suggest that at least one light-stable

phytochrome may mediate light regulation of rml1_a in
etiolated seedlings. In contrast, rml1_a expression in calli

shows obvious red pulse treatment phenomena, in which

the RNA level declines dramatically under a 5 min pulse

of red light (Fig. 6C). Since rml1_a transcript levels

changed differently in response to various irradiation

conditions, we propose that the repression of rml1_a

mRNA accumulation in calli or etiolated seedlings is

regulated via phytochromes in different ways. Phototrans-

duction pathways are possibly controlled by interacting

photoreceptors (Más et al., 2000). The expression level of

rml1_a RNA in etiolated seedling was regulated by light

of various wavelengths with different effectiveness (Fig.

6A,B). These results indicated that other photoreceptors in

addition to the red light receptor phyB are also involved

in the regulation of rml1_a RNA levels in etiolated

seedlings.

In summary, we characterized the expression pattern of a

novel GT1-like factor gene rml1 in rice. RML1 is unique

among single trihelix factors in that its RNA level is down-

regulated by light in a phytochrome-related manner. Be-

sides, the expression of rml1 is induced by M. grisea

infection and it was expressed rhythmically.
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