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Abstract

To identify low-temperature-responsive genes in rice, we scregosttapped T-DNA tagging lines that had been subjected to cold
stress at 5C. Out of 15,586 lines, 81 (0.52%) showed cold-responsive GUS activity. Among the 62 lines we selected for further study, 53
showed increased GUS activity while 9 showed less. In addition, 16 of those 62 lines were influenced by abscisic acid (ABA), suggesting an
ABA-dependent cold response. We used inverse PCR or thermal asymmetric interlaced (TAIL) PCR to identify 37 tagged genes from those
lines, and further characterized two of them at the molecular levelOBRt_K1gene, which encodes a putative leucine rich repeat (LRR)-type
receptor-like protein kinase, was inducible by cold and salt stresse©3DBIKT1gene, encoding a putative demethylmenaquinone methyl-
transferase (DMKT), was also inducible by low temperatures, but not by high salt or drought. The T-DNA-@gjgbtKT1gene also
co-segregated with the cold-inducilgjasgene. Our results indicate that the T-DNA tagging lines are useful in obtaining the stress-responsive
genes in rice.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction ing in a failure to ripen during grain-filling4,5]. In the re-
productive stage, low temperatures can dramatically reduce
Temperature is a major factor that limits the geographical grain yield by inducing spikelet sterility. This phenomenon
locations suitable for growing particular plant species. For is either due to the lack of microspore developméhtor a
example, plants raised in temperate or subtropical climatesreduction in the number of pollen grains per antf#r In
may often be exposed to cold stress. Rice, for example, fact, exposure to 18C/10°C (day/night) can decrease both
is adversely affected by chilling (i.e. 10-20) compared spikelet number and fertility by up to 90% for cold-sensitive
to the response of cold-tolerant crops, such as wheat andgenotypeq8]. This can, consequently, affect overall grain
barley[1]. All modern cultivars of rice are believed to have and eating quality9].
been derived from a tropical ancestor and, therefore, are Cold-regulated gene expression is important in plants
adapted to development at warmer temperatures. A numberto provide chilling tolerancg10,11] and cold acclima-
of injuries can result from exposure to low temperatures, tion [12—-14] These cold-responsive genes encode diverse
depending on the growth phase in which it occurs. For this proteins, such as enzymes related to the metabolism of car-
crop species, the most cold sensitive periods are the seedlindohydrates, lipids, antioxidants, compatible solutes; chap-
stage and the early microspore stage of pollen developmenterones, antifreezing proteins, and others related to water
[2,3]. During the seedling phase, cold-stress symptoms maystress[13,15,16] Various approaches for identifying these
include delayed germination, poor growth, necrosis, slow genes have been taken, For exampléiiabidopsis large-
chlorophyll synthesis in the plumule, and chlorosis, result- scale gene identification has been pursued via SAGE, mi-
croarray, and DNA chip analys¢$7-19] In rice, several
* + Corresponding author. Tel+82-27058456; fax:+82-27043601. cold-responsive genes have been isolated by differential
E-mail addresssungkim@mail.sogang.ac.kr (S.-R. Kim). screening, coupled with expressed sequence tag (EST) anal-
L Co-corresponding author. ysis [20]. Low-temperature-induced gendmb, lip9, and
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lip19, were first identified from rice by screening more than genes[48,49] In some research, T-DNA insertional mu-
1500 subtracted cDNA§1]. The lip19 gene encodes a tagenesis employs thgus reporter gene under alternative
bZIP-type proteirf22] whose expression is induced specif- donor/acceptor sites for splicifgd9-52] When T-DNA is
ically at 4°C, but not at 12C [23]. A LEA-like protein inserted in a suitable orientation, transcriptggoband the
genewsil8as well as genes for alternative oxidase (AOX1la endogenous plant gene can be fused, generating a fusion
and AOX1b) and glutathione reductase (RGRC2) are alsotranscript. The advantage of the reporter gene trap is that ex-
induced by cold stres24-26] Moreover, expression of  pression of the reporter gene may reflect the time and loca-
the omega-3 fatty acid desaturase geDsi-AD3 is highly tion of endogenous gene expression and the gene trap itself
induced by low temperatures in the roots but not in the may cause a mutant phenotype that reflects the function of
leaves[27]. The OsP5CSgene involved in the biosynthe- the corresponding gene. T-DNA-tagged genes can be identi-
sis of proline is induced by cold as well as other abiotic fied via PCR amplification of genomic DNA at the insertion
stresses, such as high levels of $28]. site. In Arabidopsis the Ac/Ds transposon-tagging system
The cellular mechanisms that perceive changes in tem-has been successfully used to find the genes involved in plant
perature and the signal transduction processes are poorlydevelopment (reviewed [3,54)) as well as those regulated
understood. Expression of stress-responsive genes is beby abiotic stresg55]. T-DNA tagging rice lines are also
lieved to be regulated by complex signaling through ei- used to study genes that encode Mg-chelaia8k poly(A)
ther an ABA-dependent or -independent pathv29,30] binding proteing57], and other proteings0]. In this study,
Those pathways responsible for the activation of such geneswe identified cold-inducible genes by screening the T-DNA
are becoming more clear through the use of genetic andtagging rice population for cold-responsive GUS expres-
biochemical approaches. A group of transcription factors sion. To our knowledge, this is the first report on the identi-
belonging to the AP2/EREBP family has been extensively fication of stress-responsive genes using such an approach.
studied [31-33] For example, whenCBF1/DREB1Bis
overexpressed, th€OR gene can be induced, resulting
in greater tolerance to freezing, salt, and drought stresse2. Materials and methods
[34,35] The hoslmutant also shows enhanced expression
of cold-responsive genes (includingBF/DREB) under 2.1. Plant materials, growth conditions, and stress
normal growing conditions, which indicates thdOS1is treatments
a negative regulator of cold-stress signalif3$]. More-
over, Chinnusamy et aJ37] have shown that expression of Rice seeds@ryza sativassp.japonicacv. Dongjin and
CBF and theCBF-regulated genes is decreased in itel Hwayoung) were surface sterilized, rinsed with tap water,
mutant, wherdCE1 encodes a MYC-like bHLH transcrip- and germinated in Petri dishes at°@Din the dark. After 2
tional activator. In rice, several signaling-related protein days, the seedlings were transplanted to soil and raised in
genes have also been investigated. A calcium-dependentither a greenhouse or a growth chamber (typicallyG0
protein kinase gend)sCDPK?7 is activated by cold stress;  60% RH, 16 h daylength, 50mol m—2s1). To produce our
its overexpression enhances cold tolerance in transgenicmutants, sterilized, dehusked seeds were germinated in an
plants [38]. Moreover, overexpression of the rice calreti- MS [58] agar medium containing 0.2% phytagel (Sigma,
culinl gene CROJ, which encodes a CDPK-interacting USA) at 30°C under continuous light. After 1 week, the re-
protein, improves activity of the cold-responsive 47 kDa sultant seedlings were transplanted to soil in the greenhouse.
CDPK [39]. Mitogen-activated protein kinase gené3s- For our wounding- and cold-stress treatments, the shoot or
MEK1 and OsMAP1 have been isolated by subtractive root were damaged by cutting them into pieces and float-
screening of 12C-treated rice anthers, and also show ing them on MS media for various intervals at either 26 or
cold-specific inductiori23]. Likewise, other MAPKs genes  5°C. The treatments for salt or ABA stress involved floating
(OsMAPK4 OsWJUMK1 and OsMAPKSY are influenced  the leaf fragments on MS media containing 300 mM NacCl
by treatment with low temperaturg40—42] For example, or 100nM ABA for various lengths of time. For drought
the cold-responsive AP2/EREBP-type transcription factor stress, the leaf fragments were dried in the air until 30%
genes,OsDREB1Aand OsDREB1B have been isolated; loss of fresh weight. After the treatments, the tissues were
transgenic expression of the formerAmabidopsishas re- immediately frozen in liquid M and stored at-80°C.
sulted in higher tolerance to cold stress. Nonetheless, some,
but not all, of the target genes &rabidopsis DREB1A  2.2. Screening of T-DNA tagging rice for abiotic-stress
are also induced in the transgenic plants, suggesting thatresponse
the cold-responsive DREB pathway is at least partially
conserved in these model plani3]. The nearly com- We screened T-DNA-tagged lines that had been trans-
pleted rice genome sequence is currently available, as wellformed byAgrobacteriumharboring either the pGA2144 or
as comprehensive full-length cDNA and EST databasesthe pGA2707 vectof49]. Shoots from the youngest tiller
[44-47] T-DNA and transposon-tagging populations have on TO plants were cut into 2-3 cm-long stem segments, and
been generated for large-scale functional analysis of thosefloated overnight in an MS liquid medium at°6. The



S.-C. Lee et al./Plant Science 166 (2004) 69-79 71

cold-treated segments were then incubated in an X-gluc so-(TubR4 primer) 5ACAAGCCGTAAGTGCAAGTG-3;
lution according to the method of Jeon et [@9], and the (RT-gus-650-re) 5STAGTCTGCCAGTTCAG-3; (GUSH5)
chlorophyll was removed with 70% ethanol. Unstressed con- 5-ATCCAGACTGAATGCCCACAGG-3; (GUSH7) B5-
trol samples were immersed into the X-gluc solution directly, TCTGCATCGGCGAACTGATCG-3 (GUSH9) 3-CATC-
and the shoot-wounding experiment was performed a€26 ~ ACTTCCTGATTATTGACC-3; (AD1) 5-GTNCGA(G/C)
GUS staining was examined under a dissecting microscope.(A/T)CANA(A/T)GTT-3’; (AD2) 5-NGTCGA(G/C)(A/T)
The GUS-positive lines were selected and further screenedGANA(A/T)GAA-3'; (AD3) 5'-(A/T)GTGNAG(A/T)ANC-
with wounding (26°C) for 12 h, cold (5C) for 12h, salt ANAGA-3'.

(300mM NacCl) for 6 h, or ABA (10QuM) for 12 h. Genomic sequences containing the tagged sequence were
retrieved from the RiceGDh{tp://www.btn.genomics.org.
2.3. Identification of T-DNA-tagged genes cn/ricel [46]) and the Monsanto rice blast database, and

were annotated using the Rice Genome Automated Anno-

Genomic DNA was extracted from the mature leaves of tation System (RiceGAAShttp://www.ricegaas.dna.affrc.
selected lines according to the method of Chen and Rolandgo.jp), the Softberry programhgtp://www.softberry.com/
[59] after the samples were ground with an MM300 Mixer berry.phtm), and the BLASTP programhitp://www.ncbi.
Mill (Retsch, Hann, Germany). To isolate the T-DNA nlm.nih.gov/BLAST).
flanking sequence, inverse PCR (IPCR) was performed as
described previously50,56,57] For EcaRlI cutting in our 2.4. Quantitative RT-PCR analysis
pGA2144-tagged lines, the primers for the first PCR in-
cluded GUS2 and IP-GUS. Primers for the second PCR  The gene-specific primers of tt@sRLK1gene in Line
were GUS1 and IP-Tnos. Fétindlll cutting, the first-PCR 0-162-67 and th©sDMKT1gene in Line 1C-051-22 were
primers were GUS2 and H3IPCR1; the second-PCR designed and used for RT-PCR analysis. Specific primers
primers were GUS1 and H3IPCR2. Fé&st cutting in for the coding region of each gene included the following:
the pGA2707-tagged lines, the first-PCR primers were (OsRLK1forward) 3-TCTGTACCACGCGAGAAACC-3;
Hph-3F and TubR3; second-PCR primers were 2707LP2 (OsRLK1reverse) 5CCAGTGCCATGGATGAGG-3
and TubR4. Samples were amplified for 35 cycles of@4 (OsDMKT tforward) 3- GCGACGCAAACTCAAATCC-3;
for 1 min, 58°C for 1 min, and 72C for S5min. The PCR  (OsDMKTz%reverse) 5TCACACGGTCAATTCAGTCC-3.
product was directly sequenced with the proper primers. As a control, we used the primers specific to rice actin
For TAIL-PCR, cDNA templates were synthesized using geneRAc1[61], 5- CATGCTATCCCTCGTCTCGACCT-3
total RNA and reverse transcriptase with the RT-gus-650-re (forward) and 5CGCACTTCATGATGGAGTTGTAT-3
primer. Primary, secondary, and tertiary PCR were con- (reverse). For the control of cold- and salt-response expres-
ducted as described by Liu et 0], with minor modifica-  sions, the following specific primers were usedG614-c
tions. The primary PCR was performed in pl0containing (U65957), B5-AGTAATCCCTTAATTGGTC-3 (forward)
a 2ul aliquot of cDNA, 0.2uM GUSHS9 primer, three ar-  and 3-TTAAATATTGCTCAATAAAAC-3 ’ (reverse); and to
bitrary degenerate primers (Qud/ for AD1, 0.6uM for SalT (S45168;[62]), 5-TAAGCGACCACGAAGAGTAT-
AD2, and 0.75uM for AD3), 0.2mM dNTPs, and 1.5 units ~ GA-3' (forward) and 5AGTGATACCAATATGAGAAAC-
of Ex-Taqg polymerase (Takara, Japan). Aliquotgl2from ACATAA-3’ (reverse). Ten microgram of total RNA was
40-fold dilutions of the primary PCR products were used ysed for the RT-PCR analysis, according to the method
for the secondary PCR reaction (g0), containing 0.2.M of Takakura et al[63]. The PCR cycles numbered 30 for
GUSH7-specific primer, the same AD primers used in the OsRLK1 26 (leaves) or 22 (stems) f@sDMKT1, 22 for
primary reaction, 0.2mM dNTPs, and 1.5 units Ex-Taq RAc] 28 for GF14-¢ and 25 forSalT.
polymerase. Tertiary PCR was performed in aubGo-
lution containing a 2.l aliquot from 40-fold dilutions of 2.5. Northern blot analysis
the secondary PCR products, . of GUSH5-specific
primer, the same AD primers in the primary reaction,  Total RNA was isolated using Tri reagent (Molecular Re-
0.2mM dNTPs, and 1.5 units Ex-Taqg polymerase. The PCR search Center, USA). Thirty micrograms of total RNA was
products were directly sequenced using the GUSHS5 primer.resolved on a 1.3% formaldehyde agarose gel, and blotted
Primers for IPCR and TAIL-PCR are as follows: (GUS1) onto a Hybond-N membrane. To prepare the prabe;
5-GGATACAAGTCTGTACCTTG-3; (GUS2) B-CTGCA- DMKT1was labeled withg—32P] dCTP (3000 Ci mmoil),
TATAACCTGCACATTAGC-3; (IP-GUS) 3-CAGCAGG- using the random priming method of Feinberg and Vo-
GAGGCAAACAAT-3'; (IP-Tnos) 3-GCGCGGTGTCAT- gelstein[64]. After hybridization[65], the membrane was
CTATGTTACT-3; (H3IPCR1) 5CGAGACAACGCAGA- washed with % SSC, 0.1% SDS at RT for 15min;x1
GAAAG-3'; (H3IPCR2) 3TTCGTACTCGCCTCTCTCC-  SSC, 0.1% SDS at RT for 15min; and &.1SSC, 0.1%
3; (Hph-3F) B-GATCGTTATGTTTATCGGCACTT-3; SDS at RT for 15 min. Hybridization signals were detected
(TubR3 primer) 5GGTGAATGGCATCGTTTGAA-3; with a BAS-1500 image analyzer (Fuji, Japan) and exposed
(2707LP2) 5AGTGCTTGACATTGGGGAATTCAG-3; on Hyperfilm™ MP (Amersham, UK).
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2.6. Genotyping for OsDMKT1 lines studied, 81 (0.52%) displayed differential GUS activ-
ity. Due to growth defects or sterility, 19 lines were lost at
To distinguish the genotypes of the progeny from our the next generation; the remaining 62 generated seeds and
T-DNA-tagged lines, we used genomic DNAs of the T1 were used for further analysis. Of these, 53 lines showed
progeny from 1C-051-22 for PCR-based genotyping. This increased GUS activity after cold stress, whereas 9 showed
PCR reaction was carried out with 250 ng of genomic DNA decreased activity. Among the cold-responsive lines, treat-
as template and 0.5 unit of Ex-Taq polymerase, and involved ment with ABA caused GUS activity to rise in 12 lines but
35cycles of 94C for 1 min, 59°C for 1 min, and 72C for lessen in 4 others. We categorized the tagging lines into three
1.5min. The forward (P1) and reverse primers (P2) were classes, according to their inducibility by low-temperature
5-ACACGTCCGGTAGAATACCC-3 (1.6kb downstream  or ABA treatment Fig. 1): Class I, containing 41 lines with
of the ATG start codon) and AAACCGTGTCAAAAG- cold-induced GUS activity; Class II, with 12 lines, showed
GAACC-3 (0.1 kb downstream of the TGA stop codon); the GUS activity induced by both cold stress and ABA treat-
forward primer (P3) of T-DNA was’'SGGTGAATGGCAT- ment; while the remaining 9 lines which comprised had sup-

CGTTTGAA-3 on the left-border. pressed GUS activity brought on by chilling.
3.2. Isolation of flanking sequence and identification of
3. Results tagged genes
3.1. Screening cold-responsive T-DNA tagging lines To identify the trapped genes, we extracted genomic

DNAs from the cold-responsive lines and isolated the
To identify T-DNA-tagging lines that were cold-respon- T-DNA flanking regions by either IPCR or TAIL-PCR
sive, we assayed young tillers and leaf sheaths for GUS ex-amplification. Sequencing of the amplified DNA plus the
pression after stress treatment &iCs Among the 15,586  BLAST search of the rice genomic sequences resulted in

Class Control 26°C 5°C ABA

Fig. 1. GUS activity in shoots of gene-trap rice plants. T-DNA tagging lines were examined for inducibility by cold and ABA. After stress treatments,
shoot segments were stained in X-gluc solution and chlorophyll was removed. Class | shows lines where GUS activity was induced® GniZlagss
Il indicates GUS induction by both & and ABA; and Class Ill shows constitutive GUS expression, which is down-regulated ®y 5
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Characteristics of the gene-trap lines with the GUS expression pattern in response to low temperature

Line GUS staining Chromosome Putative tagged gene T-DNA locatior{(s)
(accession no)
First Second screening (12 h)
5°C (24h) C w 5C ABA
0-138-33 ++ - — + — 1 (AP003215) Hypothetical protein ATG0.4kb
0-143-03 + + + - + 4 (AL606682) Hypothetical protein Stopl.1kb
0-144-49 + - — + — 1 (AP003240) Hypothetical protein Stop0.3 kb
0-149-58 +++ - - ++ — 8 (AP004015) Ubiquitin-specific proteinase homologue Stdp3 kb
1 (AP003350) Putative carboxymethylenebutenolidase 6th intron
0-151-21 + - - ++ — 7 (AP005195) Hypothetical protein 3rd intron
0-152-28 ++ - - + - 10 (AE017082) PS Il chlorophyll a-binding 1st exon
0-158-25 + — — ++ - 7 (AP004349) Putative chitinase ATGO0.6 kb
1 (AP003735) Putative glutathior@transferase ATG-0.3kb
0-162-67 + - - + - 3 (AC099732) Receptor-like protein kinase AT.2kb
0-165-52  + - - + - 593% Hypothetical protein ATG-83bp
0-168-38 + - - + - 8 (AP004459) Phosphate/phosphoenolpyruvate translocator -ATG kb
0-175-70 +++ - + ++ ++ 3 (AC084282) Gibberellin-stimulated transcript ATE50 bp
0-180-71 + - - ++ — 8431 Chloroplastic triosephosphate isomerase Stap7 kb
0-192-05 + + - ++ — 3 (AC134236) Hypothetical protein ATG-1.1kb
1 (AP004767) Unknown protein 2nd intron
0-205-39 + - + ++ ++ 1 (AP004331) Hypothetical protein Stop0.5 kb
0-205-60  + + - ++ - 13328 Protein kinase ATG-2bp
0-227-35 + - - ++ ++ 8 (AP004761) Unknown protein 1st intron
0-230-29 + - - ++ ++ 18744 Hypothetical protein ATG-1.1kb
0-230-51 + - - ++ ++ 13328 Protein kinase ATG-2bp
0-230-55  + — = ++ ++ 13358 Ser/thr protein kinase ATG-0.3kb
1C-051-22 + ++ + ++ + 10 (AE017096)  Tubulin beta-1 2nd exon
1254F S-adenosylmethionine:2-demethyl Ist intron
menaquinonemethyltransferase
1C-051-44 ++ + + ++ ++ 513 Hypothetical protein 11th intron
1C-052-38 + ++ ++ + - 1 (AP003794) Unknown protein 1st exon
1C-053-24 + ++ + +++  + 4 (AL662985) Hypothetical protein ATG-0.3kb
1C-054-05 + + + ++ + 8 (AP003877) Unknown protein 4th intron
1C-061-57 + ++ ++ + + 4 (AL606632) Hypothetical protein ATG-1.0kb
3 (AC137930) Putative peptide transport protein 3rd exon
1 (AP001383) Hypothetical protein ATGO0.4kb
1C-070-04 + ++  ++ - ++ 10 AC087547) Putative diphenol oxidase ATFD.4kb
1C-076-54 ++ + + ++ ++ 10 AE017066) Hypothetical protein 1st exon
1C-108-23 + + + ++ + 7 (AP005719) Hypothetical protein 1st intron
1C-118-30 + ++ + ++ ++ 4 (AL606632) Hypothetical protein ATG-1.0kb
3 (AC137930) Putative peptide transport protein 3rd exon
1C-146-13 + + + ++ + 8 (AP004137) Hypothetical protein 3rd exon

a8 +++: strong; ++: moderate+: weak; —: no staining.
b ATG: start codon; stop: stop codos;: down stream;—: upstream.
¢ China contig number.

the identification of 37 tagged genes. These genes, their3.3. Characterization of the cold-responsive

putative functions, and the location of the T-DNA insertion genes trapped by the gus reporter gene

in each gene are presentedTiable 1 Genes that encoded

for putative signaling-related proteins were the most abun- Line 0-162-67 showed GUS activity that was induced by
dant, and metabolism-related genes were next in number.cold stress but not by wound or ABA. This line possesses
However, more than half of the tagged genes could not bea T-DNA insertion 222 bp upstream from the start codon
classified. of OsRLK1 where thegus gene is inserted in the same
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OsRLK1 of 0-162-67

1kb
© =] [=}
N © @ ]
N Yo} =] <
N — N [\ ™
ATG TAG
— <«
(A) FP RP

OsDMKT1 of 1C-051-22

6
2908
2479
3001

ATG TGA
_> 4_
(B) FP RP

Fig. 2. Schematic diagram for T-DNA insertion site @sRLK1(A) and OsDMKT1(B). Gray bars represent exons with Roman numeral; lines between
bars are introns. Large black arrow indicates T-DNA insertion and orientation, and small arrows indicate gene-specific forward (FP) and reverse (RP)
primer for QPCR analysis of the tagged gene. Scale bar = 1 kb.

* * * * * * * *
(0731, I A I MW PCKKI SLMKSTI RKLI SI EAN @ 24
LD Y G I A R i : -
Ubi E R e MVDKSQETTHFGFQTVAKECKADVWWAHVFHSVASKYDV : 38
MenG R e e MQDSKEQRVHGVFEKI YKNYDQ : 22
MenH e MCYNKSMTKVNEERVQEI FNSI SSDYDK : 28
COb : M.I SSRI VRSSLVNVPLRLSRCFTQAHRACKEEEVNSPL SSAAEQPEQKYTHFGSKTVLKSTKQKLVGDVFSSVANRYDL : 80

* * * * * * * *
OsDWKT1 : LP- - e e LATAEVCDANSNPI | - - - - --------- €ELRALPP---1FKIYGRR : 61
At DMKT2 Y e TTAEVCDANQELI R------------- E€QLRALQP---1FQ YGRR : 35
Ubi E : IYNDLNVSFA HRLVKRFTI D- - CSGVRRGQT- - - - VLDLACGTGDLTA- - - - - KFSRLVGET[EKVVLADI NESNLKMGREK : 107
MenG : INSVI SFQCGHKKMRDKTMR- - - - - - | MNVKEGAKALDVCCGTADWI| - - - - - ALAKAAGKSEEI KCLDFSENVLSVGEQK : 91
MenH : IYNAI | SFKCHDLMRAKTMK- - - - - - RMGDLTGLSI LDLCCGTGDWIF- - - - - DLSESVGPSEKVI CLDFSENNVLEI AKAK 97
(6003} ;. WNDVNSLG HRLWKDHFI NKLDAGKRPNSTTPLNFI DVACGSCGDI AFGLLDHAESKFGDTESTMDI VDI NPDVLKEGEKR : 160

Motif |

* * * * * * * *
OsDWKT1 : LVFAE- - - PVATVKVFEDNVLVRELLQE- - - - - - - KGHERVL SCALL[EENLACLAQ NGWA VWNGC : 127
At DNKT2 : Q FS€- - - PWTVKVFEDNGLI RGFI EE- - - - - - - KGNERVL 2CAI L[EENPVVOQAONNGWAG VWNGC : 101
Ubi E : LRNI [€VI GN- - - VEYVI AEALPFPDN- TFDCI Tl SFeLR VL KPEERLLVLEFSKPI | EPLSKAY : 183
MenG . VKDCE- - - - FSQ ELLHGNAMELPFDDD- TFDYVTI GFELRNVI 2\V/VKPEeOQVVCLETSQPEMFGFRQAY : 166
MenH . LKEEA- - - - KKNI EFL AMAL PFEKG- SFDVVTI GY[ELRNT VLKPEEeRVVCI ETSHPTLPI YKQAF : 172
(6003 : AMEQEKYFKDPRVRFLVSNGEKLEEI DSDSKDI YTVSHEl RNF VLKPEel FYCLEFSK- | ENPLMDFA : 239

Motif Il

* * * * * * * *
OsDWKT1 : | RDVDEI N- - - [€CDVGVRALNSHPMKSGKKGAGEKRVPVTI EGTRI CDGEWL.YADADE! LI SRTELTV------------ . 192
At DMKT2 : | RDVDEI N- - - [€CDI GVRALASHPI SKKGLGEQRVPVNI AGTRI CDGEW.YADTDEI LVSQ ELSV------------ . 166
Ubi E . DAYSFHVLPRI [€SLVANDADSYRYLAES| RMHPDQDTL KAMMQDAGFESVDYYNLTACVVALHRGYKF- - - - - - - - - - - - . 251
MenG . FMYFKYI VPFFEKL FAKSYKEYSW. QEEARDFPGVKEL AGL FEEAGL KNVKYHSFTGEVAATHI GWK- - - - - - - - - - - - - . 233
MenH : ELYFKNVNPFL{EKVFAKSLKEY QML QKEAEDFPDAKTL EEL FRKAGFVAVEY QKHGEEAI ASHFATKSQKPKSNI RI GKK @ 252
(0003 : YOQQWAKVLPVMESM ANDYDSYQYLVES| ERFPDQETFKSM EKAGFKSAGYESLTFE€l CAl HWGl KV- - - - - - - - - - - - . 307

Fig. 3. Comparison of OsDMKT1 with other SAM-dependent methyltransferaseabidopsisAtDMKT2 (Q9FFEO),Escherichia coliUbiE (P27851)B.

subtilis MenG (P31113)L. lactis MenH (P49016), and yeast COQ5 (P49017). The motifs important for activation of SAM-dependent methyltransferase
are underlined. Arrow indicates an important amino acid, Gly, for UbiE function. Alignment was performed using ClustalX program with stanuard setti
White letters in black box indicate 6 out of 6 matches; white letters in gray box indicate 5 out of 6 matches.
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Fig. 4. GUS histochemical assay of 1C-051-22 under wounding@2®r cold stress (5C). (A) Shoot segment of the youngest tiller from mature T1
heterozygote plant. (B) Young flower before heading stage. (C) Flower in (B) with palea and lemma removed to show internal floral organs. Ls, leaf
sheath; S, stem, P, palea; L, lemma; O, ovary; R, rachilla.

orientation as th®sRLK1transcript Fig. 2A). We predicted lated with the tagged gene in wild-type plants. Identity of
that OSRLK1 encodes a leucine-rich repeat (LRR)-type the PCR bands was confirmed by DNA sequence analysis.
receptor-like protein kinase. This gene is 3006 bp long, and Expression of the rice actin genRAc], served as an in-
consists of two exons. A corresponding EST clone (C98920) ternal control for PCR. Here, expression @6RLK1was
with exon 2, including 3UTR, is present in DDBJ. Our induced by cold after 3h, and continuously increased until
BLASTN search indicated that the gene is located on chro- 24 h (Fig. 5). Salt stress also induced its expression. In the
mosome 3 (AC099732). Th@OsRLK1 consists of 1001  stems, the transcript level @sDMKTlincreased after 3h
amino acids that comprise 3 transmembrane regions, 20of low-temperature exposure, reaching a maximum at 12 h.
extracellular LRRs, and a cytoplasmic kinase domain. This However, its responsive expression was not detected in the
protein shares 63, 32, and 31% homology with the rice leaves Fig. 6A) or in the roots. Cold inducibility was con-
LRR-type protein kinases, OsLRK1 (AF193835), OsBRI1 firmed by northern blot analysisig 6B).
(P048C01), and Xa21 (A57676), respectively.

Line 1C-051-22 showed GUS induction by wounding 3.5. Co-segregation analysis of GUS expression with the
and further induction by cold stress. This line possesses aOsDMKTL1 gene
T-DNA insertion into the 1st intron 0©OsDMKT1 which
is predicted to encode a SAM-dependent demethylme- More than one copy of T-DNA is often integrated into
naquinone methyltransferase (DMKTFi¢. 2B). The Os- rice chromosomes (data not shown). Therefore, we examined
DMKT1 protein shares 77 and 72% similarity with a rice  whether cold-inducible GUS expression was due to T-DNA
DMKT-like protein (BAB84438.1) and arArabidopsis tagging in OsDMKT1 Fifteen plants of Line 1C-051-22
DMKT, AtDMKT2 (Q9FFEO), respectively. Two motifs  were grown, and the genotypes of their progeny were de-
common to a variety of SAM-dependent methyltransferases termined usingDsDMKT tspecific primers and the T-DNA
[66] are conserved in OsDMKT1F{g. 3). An EST clone primer gene Fig. 7). We found that plant numbers 6, 14,
(BM419407) matching the'8JTR of OsDMKT 1was found and 15 were T-DNA homozygotes, while 5, 7, 8, 10, 11,
in DDBJ, confirming thalDsDMKT1is an expressed gene. and 12 were heterozygotes. All of these were GUS positive
However, the homology of OsDMKT1, as shared with
DMKTs that are characterized in other organisms, Egy.
cherichia coli(UbIE; [67]), Bacillus subtilis(MenG: [68]), Cold Salt
Lactococcus lactigMenH; [69]), and yeast (COQ570]), 0 3 12 24 3 12 24 (h)

is only ca. 10%. Therefore, we must still determine whether « OsRLK1
OsDMKTL1 indeed has DMKT activity. We examined the
GUS expression pattern of the tagged line after cold stress, . R

and found that it was barely detectable in untreated leaves, 1 GF14-c
and was also unchanged by cold treatment in that tissue
type. In the inner layer of the stems, however, GUS activity
was increased by cold treatmemitid. 4). Young spikelets
exhibited cold-inducible GUS activity in the ovaries.

4+

«SalT
<+

3.4. Induced expression of tagged genes by cold stress
Fig. 5. Expression pattern @sRLK1linduced by cold and salt stress. Total

. L RNAs from stress-treated samples served as templates for quantitative
We used semi-quantitative RT-PCR (QPCR) and north- RT-PCR with gene-specific primer&F14-C and SalTwere used for the

ern blot analyses to examine whether the cold-responsivecoid- and salt-response controls, respectively. Arrow indicates rice actin
GUS expression patterns of the tagged lines were corre-geneRAclfor PCR control.
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Leaf Stem
0 3 12 24 0 3 12 24 (h)
— - et | 4OsDMKT1
(A) ' . el e — =g <4+
Shoot Root

1224 3

3 1224 W3 W12 (h)

Fig. 6. Expression pattern obsDMKT1 induced by abiotic stresses.
(A) Quantitative RT-PCR analysis @sDMKT1 RNAs were isolated at
specified intervals from cold-treated leaves and stems. Transcript of the
rice actin geneRAc1(indicated by arrow), shows an internal control for
PCR analyses. (B) Northern blot analysis @§DMKT1 for cold stress.
Each lane was loaded with 3@ of total RNA isolated from shoots
and roots that had been wounded (W) and treated with cold stress for
the indicated time. (C) Northern blot analysis @6DMKT1 for other
stresses. Each lane was loaded withu80of total RNA isolated from
shoots that had been periodically treated with salt (S), drought (D), or
ABA (A). Membranes were hybridized witt*{P]-labeledOsDMKT1as
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4, Discussion

In this study, we employed T-DNA-tagged lines to iden-
tify cold-inducible genes. Here, the promoterless GUS
reporter gene was inserted into rice chromosomes so that,
when the T-DNA was placed in the proper orientation, the
gusgene and the endogenous plant gene produced a fusion
transcript[49,50] Of the 15,586 lines that were screened,
we observed 81 (0.52%) of them to show alteration (both
positively or negatively) in GUS activity by cold stress.
Seki et al.[71] have revealed, through microarray analysis
of 7000 independent cDNA clones, that 0.3% of thea-
bidopsisgenes are inducible by low temperature, high-salt,
and drought stresses. In a similar analysis, Fowler and
Thomashow[19] have shown that 306 genes (3.8%) out
of a total of 8000 are cold-responsive. Because 48.6% of
the rice T-DNA is integrated into the genic regi¢r2],
0.14-1.8% of the T-DNA tagging population should be
cold-responsive, if the response frequency is similar be-
tween rice andArabidopsis Our screening of rice T-DNA
tagging lines has led to the identification of cold-responsive
genes at a frequency within the estimated range of values.

We have identified 37 genes trapped by thesreporter
gene, and have confirmed that some of these are truly

probes. Ethidium bromide-stained gels shown at the bottom demonstratecold-responsive. Th@sRLK1gene tagged in Line 0-162-67

equal RNA loading.

and inducible by cold. In contrast, the wild-type segregants,

has high homology with other LRR-type receptor-like pro-
tein kinases, such as OsLRK1 and OsBRI1, both of which
are involved in the diverse processes of meristem devel-

numbers 1, 2, 3, 4, 9, and 13 were GUS-negative. These re-opment, brassinosteroid signaling, and disease resistance

sults indicate that GUS expression was due to that T-DNA
insertion.

1 2 3 4

5 6 7 8 9

10 11

[73]. At present, we do not know whether OsRLK1 protein
is indeed involved in stress signaling, althou@isRLK1

12 13 14 15 primers
1.4kb P1+P2
1.2kb  P2+P3

Progeny 1

Genotype W/W  W/W W/W WWwW T/W TT T/W

GUS
by cold

(B)

W WW T/W TIW T/W WW TIT T

1.2kb
P1 p2
> T-DNA e 7.7kb
P P2
1.4kb
<+

(©)

Fig. 7. Comparison 0DsDMKT1genotype and GUS expression. (A) Fifteen plants at T2 generation were genotyped with primers P1 and P2 (upper
panel) or primers P2 and P3 (lower panel). Lanes 1, 2, 3, 4, 9, and 13 are wild-type (W/W); lanes 5, 7, 8, 10, 11, and 12 are heterozygous (T/W); lanes

6, 14, and 15 are homozygous (T/T). (B) Comparison of genotypes with

GUS activjtyGUS-positive; ), GUS-negative. (C) Schematic diagrams

of genotyping; P1, forward primer i®sDMKTZ P2, reverse primer i©@sDMKTZ P3, forward primer in T-DNA.
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expression is induced by cold as well as salt stress. Indirectly assayed by monitoring chlorophyll fluorescence or
Arabidopsis Hong et al.[74] have reported that this type ion leakage after exposure. These in-planta assays would
of kinase gene is responsive to several environmental give pivotal information on the cold-stress response in this
stresses, including low temperatures. We could not find model species that is so prone to chilling damage. Further-
any morphological change in the knockout progeny of the more, characterization of the tagged genes would provide
OsRLKZtagged line, perhaps because of the large number ofinsights into the general cold-response mechanism in plants.
genes present in the genome. To illustrétebidopsispos-
sesses 417 genes of this ty[F®&] while rice has more than
500. Because Line 0-162-67 carries two copies of T-DNA Acknowledgements
(data not shown), we could not exclude the possibility that
the other tagged gene is responsible for cold-induced GUS This work was supported in part by the Crop Functional
expression. Moreover, it is possible that the coincidence of Genomic Center of the 21st Century Frontier Program
induced GUS activity an@sRLK1expression by both cold (CG1111 and CG1113). We thank Yong-Souck Kang, Hong-
and salt stress indicates that GUS activity in that line is due Seouk Choi, Jae-Hun Jung, Min-Kyung Kim, and Kyung-
to theOsRLKZXtagged GUS expression. sook An for technical assistance.

From the cold-responsive Line 1C-051-22, two tagged
genes were identified. One is a putative tublgirl gene
where T-DNA was inserted in the 2nd intron with the same References
orientation. We could not detect any responsiveness of the

gene to cold stress, whereas the other tagged ¢@se,
DMKT1, evidenced cold-responsive expression. In addition,
genotyping of the T1 progeny coupled with an examina-
tion of GUS activity confirmed thaDsDMKT1is the gene
responsible for cold induction. Thus, we concluded that

GUS expression, induced by low temperatures, was a re-

flection of the T-DNA insertion in theODsDMKT1 gene.
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