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Mutation in OsLMS, a gene encoding a protein with two 
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phenotype and early senescence in rice (Oryza sativa L.)

Jerwin R. Undan1,2,3, Muluneh Tamiru1, Akira Abe2,4, Kentaro Yoshida1, Shunichi Kosugi1,
Hiroki Takagi1,2, Kakoto Yoshida1, Hiroyuki Kanzaki1, Hiromasa Saitoh1, Rym Fekih1,

Shailendra Sharma1, Jesusa Undan1, Masahiro Yano5 and Ryohei Terauchi1*
1Iwate Biotechnology Research Center, Kitakami, Narita 22-174-4, Iwate 024-0003, Japan

2United Graduate School of Agricultural Sciences, Iwate University, Morioka, Iwate 020-8550, Japan
3Central Luzon State University, Science City of Muñoz, Nueva Ecija, 3120, Philippines

4Iwate Agricultural Research Center, Narita 20-1, Kitakami, Iwate 024-0003, Japan
5National Institute of Agrobiological Resources, Tsukuba, Ibaraki 305-8602, Japan

(Received 17 April 2012, accepted 14 June 2012)

The rice (Oryza sativa L.) lesion mimic and senescence (lms) EMS-mutant, iden-
tified in a japonica cultivar Hitomebore, is characterized by a spontaneous lesion 
mimic phenotype during its vegetative growth, an accelerated senescence after 
flowering, and enhanced resistance to rice blast (Magnaporthe oryzae). To isolate 
the OsLMS gene, we crossed the lms mutant to Kasalath (indica), and used 
mutant F2 plants to initially map the candidate region to about 322-kb on the long 
arm of chromosome 2. Illumina whole-genome re-sequencing of the mutant and 
aligning the reads to Hitomebore reference sequence within the candidate region 
delineated by linkage analysis identified a G to A nucleotide substitution. The 
mutation corresponded to the exon-intron splicing junction of a novel gene that 
encodes a carboxyl-terminal domain (CTD) phosphatase domain and two double 
stranded RNA binding motifs (dsRBM) containing protein. By PCR amplification, 
we confirmed that the mutation causes splicing error that is predicted to introduce 
a premature stop codon. RNA interference (RNAi) transgenic lines with sup-
pressed expression of LMS gene exhibited the lesion mimic phenotype, confirming 
that the mutation identified in LMS is responsible for the mutant phenotype.
OsLMS shares a moderate amino-acid similarity to the Arabidopsis FIERY2/CPL1
gene, which is known to control many plant processes such as stress response and 
development. Consistence with this similarity, the lms mutant shows sensitivity 
to cold stress at the early growth stage, suggesting that LMS is a negative regu-
lator of stress response in rice.
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INTRODUCTION

Mutants that show spontaneous cell death or necrotic 
lesions, which resemble the hypersensitive response (HR) 
caused by pathogen infection, in the absence of pathogens 
and abiotic stresses are called lesion mimic mutants 
(LMMs) (Moeder and Yoshioka, 2008). Although a sub-
stantial number of LMMs were identified in multiple plant 
species, including around 40 mutants in rice (Oryza sativa
L.) (www.shigen.nig.ac.jp/rice/oryzabase/top/top.jsp), only 

few of the genes associated with the mutant phenotypes 
have been characterized so far (Moeder and Yoshioka, 
2008; Qiao et al., 2010). LMMs show variation with 
respect to lesion size and color, as well as timing and con-
ditions of lesion formation (Johal et al., 1995). Accord-
ingly, LMMs are referred to either as initiation mutants, 
which show localized lesions of variable sizes that are con-
stitutively formed, or as propagation mutants because 
they lack control over the rate and extent of cell death 
once it starts (for a review Lorrain et al., 2003). In rice, 
the lesions are usually reddish brown and dotted spot-like 
that mostly appear on the leaf surface, but are also occa-
sionally formed on other plant parts.
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The first lesion mimic mutant identified in rice is the
spotted leaf 1 (spl1), also called the Sekiguchi lesion (sl), 
that displays spontaneous disease-like lesions in the 
absence of any pathogen, and confers resistance to multi-
ple isolates of rice blast (Sekiguchi and Furuta, 
1965). Other LMMs of rice such as spl11 (Yin et al., 
2000) and spl28 (Qiao et al., 2010) also show either non-
race-specific or race-specific resistance to rice blast and 
bacterial blight. Although there has been no report 
showing a clear association between proteins encoded by 
LMM genes and the execution of programmed cell death 
(PCD) (Moeder and Yoshioka, 2008), LMMs have pro-
vided important tools for studying cell death resembling 
HR and unraveling PCD pathways in plants (Dangl et al., 
1996). To this effect, many LMMs have been employed 
in the study of various aspect of PCD such as ROS forma-
tion (Jabs et al., 1996), the Ca2+ ion influx (Jurkowski et 
al., 2004), sphingolipid metabolism (Brodersen et al., 
2002) and chlorophyll biosynthesis and catabolism 
(Ishikawa et al., 2001). However, most lesion mimic phe-
notypes are caused by physiological alterations regulated 
by environmental factors such as light (Arase et al., 2000) 
temperature (Noutoshi et al., 2005) and day-length 
(Ishikawa et al., 2001), and are not directly associated 
with defense responses (Liu et al., 2003).

Previous studies have shown that LMM genes encode 
proteins that belong to various functional groups, and 
examples include a membrane associated protein, an ion 
channel protein, a zinc-finger protein, a heat stress tran-
scription, a U-box/Armadillo repeat protein as well as 
components involved in the biosynthesis/metabolic path-
ways of fatty acids/lipids, porphyrin and phenolic com-
pounds (Qiao et al., 2010). Based on the identities of 
these genes, it has been suggested that the LMMs pheno-
type is the result of not only alternations in HR- response 
to pathogens but also due changes in various physiologi-
cal pathways that are essential in plants response to both 
biotic and abiotic stimuli (Ishikawa et al., 2001; Qiao et 
al., 2010). Plants are exposed to both abiotic and biotic 
stresses that cause various physiological damage or dis-
turbances in plants overall growth. The plant mecha-
nisms coping these stresses include metabolic and 
structural adjustments, which involve genes that reside 
in different organelles and control the induction or sup-
pression of specific proteins regulating stress responses 
(Suzuki and Mitler, 2006).

Senescence in plants, including leaf senescence, is a 
type of programmed cell death that is affected not only by 
endogenous development factors such as aging and hor-
mones, but also by various environmental variables such 
as stress and nutrient supply (Nam, 1997). Accordingly, 
many stress related genes that are induced during senes-
cence provide important clues regarding the molecular 
mechanism of initiation and development of leaf 
senescence. In this regard, detailed characterization of 

early senescence mutants is invaluable. In the present 
work, we identified and characterized a lesion mimic and 
early senescence (lms) mutant identified in a japonica cul-
tivar Hitomebore and isolated the LMS gene, which 
encodes a protein that contains a carboxyl-terminal 
domaim (CTD) phosphatase domain and two double-
stranded RNA binding motifs (RBM). LMS shares mod-
erate amino-acid identity to the Arabidopsis FIERY2/
CPL1 gene, which is known to control many plant pro-
cesses such as stress response and development (Koiwa et 
al., 2002; Xiong et al., 2002). To our knowledge, this is 
the first map-based cloning of a gene implicated in the 
formation of lesions and development of early senescence 
from the same protein family in rice. lms is sensitive to 
cold stress at the early growth stage, but shows enhanced 
resistance to rice blast, suggesting the possible involve-
ment of LMS is the regulation of stress responses in rice.

MATERIALS AND METHODS

Plant materials The lesion mimic and senescence (lms)
mutant used in this study was identified in a mutant pop-
ulation of an elite japonica rice cultivar Hitomebore gen-
erated by ethyl-methanesulfonate (EMS) treatment. The 
mutagenesis protocol was provided elsewhere (Rakshit et 
al., 2010).

Generation of mapping population, linkage analy-
sis and sequencing For linkage analysis, the mutant 
was crossed to the indica rice cultivar Kasalath and the 
resulting F1 plants were self-fertilized to generate F2

seeds. The segregation in F2 progeny was scored in the 
paddy field in the summer. A total of 60 polymorphic 
simple sequence repeat (SSR) markers, 5 markers ran-
domly distributed on each rice chromosome, and F2 plants 
showing the mutant phenotype were used for rough 
mapping. Indel markers, containing 7–10 bp deletion 
either in Hitomebore or Kasalath genome, developed in 
this study were employed to further narrow-down the 
candidate region. To identify the causative mutation, 
the lms mutant was subjected to whole genome sequenc-
ing using an Illumina GAIIx sequencer (Illumina, San 
Diego, USA) and the reads within the candidate region 
delineated by linkage analysis were aligned to a reference 
sequence of Hitomebore, which was developed from the 
same population used for the mutagenesis, using the 
MAQ software (Li et al., 2008).

Construction of pANDA-LMS binary vector for 
RNAi analysis Total RNA was extracted from Hitome-
bore wild-type (WT) leaves using the Qiagen RNeasy mini 
kit according to the manufacturer’s instructions 
(www.qiagen.com; Qiagen, Hilden, Germany) and treated 
with DNase to remove contaminating DNA. Two μg of 
total RNA were converted to complementary DNA (cDNA) 
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with TOYOBO RTase (TOYOBO, Osaka, Japan). A 328-
bp sequence spanning the last exon and 3′ UTR (untrans-
lated region) of the LMS gene was amplified with forward 
(5′-CACCAAGCCAGATTTTCCACGGGCA-3′) and reverse 
(5′-TGGGTATCCACAAGGATGGGCA-3′) primers using 
KOD-Plus DNA polymerase (www.toyobo.co.jp). The 
amplified fragment was sub-cloned into a Gateway 
pENTR/D-TOPO cloning vector (Invitrogen, Carlsbad, 
USA), transformed into competent Escherichia coli (DH5) 
cells, and was finally cloned into pANDA vector using LR 
recombination reaction. Nucleotide sequence of the con-
struct was confirmed using the BigDye Terminator v3.1 
Cycle sequencing Kit (Applied Biosciences, Foster City, 
USA). The binary vector, pANDA-LMS, was introduced 
into Hitomebore WT by Agrobacterium-mediated transfor-
mation.

Histochemical staining Fresh leaves were stained 
with 3,3’-diaminobenzidine (DAB) overnight. After stain-
ing, the chlorophyll was extracted by soaking the samples 
in 100% ethanol for 3 h or until the green pigment was 
totally removed. The samples were then examined using 
light microscope.

LMS gene expression analysis Total RNA was extra-
cted from leaf tissue of RNAi transformants, including 
control plants, using the Qiagen RNeasy mini kit accord-
ing to the manufacturer’s instructions (www.qiagen.com) 
and contaminating DNA was removed by DNase 
treatment. Two μg of total RNA were converted to cDNA 
with RTase (TOYOBO). To quantify the mRNA expres-
sion levels, real-time PCR analysis was performed using 
SYBR green (QIAGEN) on StepOnePlusTM (Applied 
Biosystems) and the relative expression levels of each 
transcript were normalized using the OsActin1
gene. The primers used for RT-PCR were as follows: 
LMS-F (5′-GGGGGCTTCTTTAAGGACTTT-3′), LMS-R 
(5′-CGCAACATTCTCATCCTCTG-3′), Actin-F (5′-
CCCCCATGCTATCCTTCGT-3′) and Actin-R (5′-GGC-
CGTTGTGGTGAATGAGT-3′).

Phylogenetic analysis LMS and related amino acid 
sequences were identified using BLAST search for non-
redundant proteins (http://blast.ncbi.nlm.nih.gov/). The 
deduced amino acid sequences were aligned using the 
ClustalW program version 2.0.3 provided in the Phylog-
eny.fr software (Dereeper et al., 2008) using the default 
parameters. Phylogeny.fr was also employed for phylo-
genetic analysis and tree rendering using the programs 
BioNJ (neighbor-joining) and TreeDyn 198.3, respec-
tively. Bootstrap values were calculated based on 500 
permutations.

Cold stress tolerance assay To determine the response 
of lms mutant to cold stress, WT and lms plants were ini-

tially grown in soil under 16 h light and 8 h dark- photo-
periods at 28 ± 2°C for 30 days, and then incubated at 
15°C for 5 days under the same photoperiod. After the 
cold treatment, plants were put back under the initial 
growing condition for an additional 5 days before data 
was collected.

Blast infection assay Four-weeks old lms and WT 
plants were inoculated with both compatible and incom-
patible strains of rice blast (Magnaporthe oryzae) using 
rice leaf blade spot inoculation test (for details refer to 
Kanzaki et al., 2002). For compatible (susceptible) inter-
action, the rice blast race Sasa2 (037) was used. Sasa2 
transformed with AvrPii was used for the incompatible 
(resistance) interaction. The conidia concentration was 
adjusted to 5 × 105 ml–1 and Tween 20 was added to a con-
centration of 0.5% before inoculation. Inoculated plants 
were incubated in 27°C growth chamber, and disease 
lesions were evaluated ten days after inoculation. Two 
independent experiments were carried to assess the 
response of lms to rice blast.

RESULTS

Phenotypic characterization of the lms mutant 
The lms mutant was identified in M2 lines of the cultivar 
Hitomebore mutagenized by EMS treatment. Mutant 
plants grown under normal summer field conditions are 
characterized by reddish-brown necrotic lesions that are 
distributed over the entire leaf surface. The lesions were 
visible from about 30–40 days after sowing (DAS) but 
became severe around flowering time (Fig. 1A) mainly on 
the older lower leaves. Moreover, compared to the WT 
plants, the lms mutant exhibited rapid senescence after 
flowering (Fig. 1, B and C). This observation was similar 
to the finding reported for the rice spotted leaf mutant 
spl28 (Qiao et al., 2010). However, unlike the spl28 and 
blast lesion mimic (blm) (Jung et al., 2005) mutants that 
produced smaller seeds, the lms seeds were in general 
comparable to the WT seeds (Fig. 1D).

The reddish-brown lesions of the mutant were clearly 
visible from about 50 DAS, while no such lesions were 
observed on the WT plants (Fig. 2A). It has been known 
that H2O2 generated by various environmental and devel-
opmental stimuli act as a signaling molecule that regu-
late plant development, stress adaptation and PCD (Apel 
and Hirt, 2004). To check if the lesion development in 
lms involves H2O2 accumulation, we employed DAB stain-
ing that detects areas of brown precipitate upon its 
polymerization. In lms, we observed extensive DAB 
stain on leaf blade, indicating generation of excess of 
hydrogen peroxide in this mutant (Fig. 2B).

Map-based cloning of the OsLMS gene Of the 164 F2

plants obtained from the cross between lms and Kasalath, 
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39 showed the lesion mimic phenotype in the paddy 
field. The segregation ratio conformed to 3:1 (Chi square 
test: χ2 = 0.13, ns) indicating that a single recessive gene 
controls the lms phenotype. The LMS locus was identi-
fied by a combination of linkage analysis (using SSR and 
Indel markers for the 39 mutant-type F2 plants) and 
whole-genome re-sequencing of the mutant. The locus 
was initially mapped to about 770-kb region on the long 
arm of chromosome 2 between two SSR markers 

RM13637 and RM13670 (Fig. 3A). We then developed 
indel markers within the candidate region using Hitome-
bore and Kasalath reference sequences to further narrow 
down the locus to about 332-kb between the indel mark-
ers Indel-26351146 and Indel-26683091. Within this 
region, Indel-26443890 was closely linked to the LMS
locus (Fig. 3A). Sequences of the Indel markers used for 
the linkage analysis are provided in Table 1.

The 332-kb candidate region identified by linkage anal-

Fig. 1. The Oslms mutant shows lesion mimic phenotypes and rapid senescence following maturity. The gross morphology of WT 
and lms plants was compared at 95 (A), 105 (B) and 115 days after sowing (DAS) (C). (D) Seed and grain morphology of Hitomebore 
(WT) and lms mutant.

Fig. 2. DAB staining of leaves. (A) Leaves of WT and lms plants were collected at 50 DAS and (B) chloro-
phyll was removed by boiling the leaves in ethanol, and H2O2 was visualized as brown coloration by DAB (3,3’ 
Diamino-benzedine) staining.



173Mutation in the rice LMS gene causes lesion mimic

Fig. 3. Map-based cloning of the OsLMS gene. (A) The candidate locus was initially mapped to about 722-kb 
region between simple sequence repeat (SSR) markers RM13637 and RM13670 on the long arm of chromosome 2, 
which was further narrowed to about 322-kb between indel markers Indel-26351146 and Indel-266839091 using 
additional mapping population. Arrows represent the 47 predicted genes located within the 322-kb candidate 
region, and gene orientation is given by the direction of each arrow. (B) Whole genome sequencing of lms and 
comparison of the sequence to Hitomebore reference sequence revealed a single base substitution (G to A) in the 
intron-splicing site of Os02g0639000 (OsLMS). The structure of LMS gene with 17 exons and 16 introns is rep-
resented with black boxes and lines, respectively. Open boxes indicate untraslated regions (UTRs). The location 
of the mutation at the splicing junction of the second exon and the second intron is indicated. The underlined 
sequences belong to exon 2. (C) Splicing error in the lms gene transcript. PCR amplification of genomic DNA 
(gDNA) and complementary DNA (cDNA) was performed for WT and lms mutant plants using primes designed in 
the 2nd and 3rd exons and spanning the site of the point mutation, showing that 2nd intron is not spliced in 
lms. PCR amplification of OsActin1 gene served as a control for removal of gDNA from cDNA preparation.

Table 1. Sequences of Indel markers used for linkage analysis

Primer name Forward Reverse

Indel-26351146 TACGTGGTGTCCTCGCTACA TCCCTATAACGCGCTCACAT

Iddel-26683091 GTACCGAATTGGGGTGTGAC GCCATCCGATTATTGTGTCG

Indel-26443890 CATGAAAGGCACAAGAACGA AGGTGCCACACTGTCTCAGTT
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ysis is predicted to contain about 47 open reading frames 
(ORFs). To identify the causative mutation, we 
sequenced the lms mutant using a single lane of Illumina 
GAIIx sequencer to a depth of 16× that gave about 94.5% 
coverage of the rice genome. The reads within the can-
didate region delineated by linkage analysis were aligned 
to a reference sequence of Hitomebore using the MAQ 
software. We earlier developed the Hitomebore draft ref-
erence sequence from the same population used for the 
mutagenesis (Abe et al., 2012). The sequence compari-
son identified only a single homozygous SNP resulting in 
nucleotide substitution from G to A that corresponded to 
the splicing junction at the end of second intron of the 
Os02g0639000 locus (Fig. 3B).

Splicing junction mutations are know to cause splicing 
error during transcription, which may cause either 
mRNA or protein degradation leading to loss of function 

of genes. To verify whether the mutation detected in 
Os02t0639000 leads to splicing error, we prepared 
genomic DNA (gDNA) and cDNA both from WT and 
mutant plants and performed PCR amplification using 
gene specific primers designed within the 2nd and 3rd

exons covering the site of mutation and including the 
378 bp 2nd intron. In both the mutant and WT, the 
expected 614 bp fragment was amplified from the 
gDNA. While PCR amplification from WT cDNA gave 
the expected 236 bp product, it produced the full length 
614 bp fragment that included the 378 bp intronic 
sequence in the mutant, suggesting splicing error (Fig. 
3C). The splicing error is predicted to introduce a pre-
mature stop codon with in the intronic sequence. Using 
OsActin gene as a control, we verified that the cDNA used 
for the amplification is free from gDNA contamination.

Fig. 4. RNAi mediated silencing of the OsLMS. (A) The 328 bp sequence spanning the last exon and 3′ UTR region OsLMS used for 
RNAi analysis. The region corresponding to the 3′ UTR region is underlined. (B) Schematic diagram of the RNA interference vector 
pANDA-LMS showing the 328 bp lms cDNA fragment inserted in an inverted orientation. (C) Comparsion of the control plant with 
empty vector and the RNAi plant harboring pANDA-LMS. RNAi plants showed lesion mimic phenotype similar to lms plants. (D) 
Leaves of the RNAi transformant before and after chlorophyll extraction and DAB staining. (E) Real time PCR analysis of the OsLMS
gene expression levels. OsLMS transcripts were normalized to the levels of OsActin, and the expression level in the RNAi plant 
(pAND-LMS) was determined by setting the expression in the control plant to 1. Values are the mean ± SD of three 
replicates. Asterisks indicate significant differences (Student’s t test, **P < 0.01). The same RNAi line shown in Fig. 4C was used 
both for DAB staining and qRT-PCR analysis.
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RNAi analysis To check if the mutation detected in 
Os02t0639000 is responsible for the abnormal phenotypes 
of lms, a 328 bp Os02t0639000-specific fragment was 
amplified from cDNA of Hitomebore (Fig. 4A) to construct 
an RNAi vector, pANDA-LMS that was used to transform 
calluses obtained from Hitomebore WT (Fig. 4B). Twenty-
four independent (T0) transgenic plants were obtained.
Of these, 14 showed lesion mimic phenotype similar to the 
lms mutant (Fig. 4C). However, there was variation 
among the transgenic lines with respect to the extent of 
the lesion mimic phenotype (data not shown). DAB 
staining revealed browning of leaves of RNAi plants, indi-
cating hydrogen peroxide accumulation (Fig. 4D). Quan-

titative RT-PCR analysis confirmed that the LMS 
transcript in T0 plants was significantly reduced (P< 0.05) 
compared to the transformants harboring the empty vec-
tor (Fig. 4E). Taken together, our findings suggest that 
Os02t0639000 is the LMS gene.

OsLMS encodes a double stranded RNA binding 
domain (dsRBD) containing protein The LMS gene 
is composed of 17 exons and 16 introns (Fig. 4B), and con-
tains a catalytic carboxyl terminal phosphatase domain 
(CPD) and two double stranded RNA binding motifs (Fig. 
5). The gene encodes a protein that belongs to a double 
stranded RNA binding domain (dsRBD) containing pro-

Fig. 5. OsLMS encodes a double stranded RNA binding domain (dsRBD) containing protein that shares a 
moderate amino acid sequence similarity to the Arabidopsis FIERY2/AtCPL1 gene. The carboxyl-terminal 
phosphatase domain and the two double stranded RNA binding motifs are indicated.
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tein family. The LMS protein shares moderate amino 
acid similarity with the Arabidopsis FIERY2/CPL1 and 
its putative homolog in rice OsCPL1 (Xiong et al., 2002; 
Koiwa et al., 2002) (Fig. 5). The Arabidopsis CPL1 is
known to negatively regulate the expression of stress-
responsive genes and to modulate ABA response in 
Arabidopsis.

BLAST search indicated that LMS like proteins are 
plant specific. Phylogenetic analysis of LMS like pro-
teins from higher plants based on the neighbor joining 
method revealed a clear separation between CPL1 and 
CPL2 like proteins (Fig. 6). The CPL1 like proteins from 
monocots further form a separate clade from their 
orthologs in dicots, while LMS and its homologs are 
clearly separated from the Arabidopsis CPL1 clade as 
well as rice OsCPL1 clade.

lms is sensitive to cold stress Based on cold toler-
ance assay, we confirmed that lms is sensitive to 
cold. When plants were moved back to normal growing 
conditions after the cold treatment, about 78% of WT 
plants showed full recovery from the stress, while only 
21% of lms plants recovered (Fig. 7). This result sug-
gests that the mutant is susceptible to low temperature 
injury, similar to an observation made in fiery2 mutant 
during cold stress assay (Xiong et al., 2002). The lms
mutant shows poor root growth compared to the WT 
plants (Fig. 7). It is possible that this poor root growth 

of the mutant contributed to its sensitivity to cold 
stress. Water absorption by roots is significantly 
reduced by exposure of seedlings to low temperature lead-
ing to water deficiency in the plant, and this effect would 

Fig. 6. Phylogenetic relationships of LMS homologs in plants as 
shown by a neighbour-joining (NJ) unrooted tree. GenBank 
accession numbers: Oryza sativa [Os02g063900_LMS (NP_ 
001047536), Os04g0529500_CPL1 (CAD41201), Os01g085700 
_CPL2 (BAB63701)], Sorghum bicolor [Sb06g023330 (XP_ 
002446830), Sb04g027200 (XP_002452510)], Hordeum vulgare
(BAJ93585), Brachypodium distachyon [Bd03g49830 (XP_ 
003569958), Bd05g16460 (XP_003580187)], Glycine max (XP_ 
003529311), Vitis vinifera (CAN72816), Populus trichocarpa
(XP_002305017), Ricinus communis (XP_002519032), Arabidopsis 
thaliana [At4g21670_CPL1 (NP_193898), At5g01270_PL2 (NP_ 
195747)].

Fig. 7. Morphology of WT and lms plants before and after cold treatment. The plants were initially grown at 
28°C for 30 days, then incubated at 15°C for 5 days, and finally moved back to 28°C for an additional 5 days 
before data collection. The control plants were kept at 28°C. Bar represents 5 cm. Asterisks indicate signif-
icant differences (t-test, ***P < 0.001).
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be more enhanced if root development were already poor.

The lms plants exhibit enhanced resistance to rice 
blast Some LMMs show enhanced resistance to fungal 
and bacterial pathogens, suggesting they may represent 
steps associated with pathogen infection-triggered 
response pathway (Takahashi et al., 1999; Yin et al., 

2000; Wu et al., 2008). To check if the lms lesion mimic 
phenotype is also related to resistance response, we per-
formed inoculation test using both compatible and incom-
patible strains of M. oryzae. As expected, both the WT 
and lms plants were resistant to the incompatible race of 
rice blast (Fig. 8). Upon inoculation with the compatible 
race however, WT plants were clearly susceptible, while 
the lms plants showed enhanced resistance. Similar 
results were obtained in two independent experiments.

DISCUSSION

In the present study, we report the identification of a 
rice lms mutant that is characterized by reddish-brown 
lesions, which first appear at about 30 days from sowing, 
and accelerated senescence after flowering. We 
employed a combination of linkage analysis and whole 
genome sequencing to isolate the LMS gene. Using DAB 
staining, we detected areas of brown lesions in the 
mutant leaves that revealed H2O2 accumulation, suggest-
ing that there is an oxidative burst leading to cell death 
in the mutant. The mutant is sensitive to cold, which 
means the LMS gene is likely involved in stress signaling 
mechanism or other regulatory pathways involving stress 
responses such as cold tolerance in rice.

The LMS gene encodes a protein with a catalytic CTD 
phosphatase domain and two double stranded RNA bind-
ing motifs (dsRBM). The CTD phosphatase domain is 
involved in the dephosphorylation of the CTD of the larg-
est subunit of RNA polymerase II (RNAP II), which 
consists of an evolutionary conserved heptapeptide con-
sensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser as the piv-
otal phosphorylation target, thereby regulating 
transcription of target genes (Dahmus, 1996; Ji et al., 
2010). RNAP II is a core component of the transcription 
complex and catalyzes mRNA synthesis, and is thus 
involved in the regulation of various mRNA maturation 
processes or gene transcription such as capping, splicing, 
and polyadenylation (Hirose and Manley, 2000; Xiong et 
al., 2002). The recently reported CTD phosphatase like 
gene in rice is involved in cell differentiation, and controls 
abscission layer development and seed shattering (Ji et 
al., 2010). Of the more than 20 genes in Arabidopsis
genome that encode CTD-phosphatase like domain, only 
four (AtCPL1-AtCPL4) have been isolated and character-
ized in detail (Bang et al., 2006; Koiwa et al., 2002, 2004; 
Ueda et al., 2008; Xiong et al., 2002). In addition to the 
CTD phosphatase domain, AtCPL1 and AtCPL2 harbor 
two and a single double-stranded RNA binding motifs 
(DRM) in their C-terminus, respectively (Ueda et al., 
2008). AtCPL1 is known to control expression of the 
DRE/CRT (drought-responsive/C-repeat) class of genes 
that regulate stress (cold and salt) and auxin response 
(Koiwa et al., 2002; Xiong et al., 2002). Likewise, 
AtCPL2 is involved in the regulation of plant growth, 

Fig. 8. The enhanced resistance of lms mutant to rice blast con-
firmed by a leaf blade inoculation assay using both incompatible 
(Sasa2, race 037.1-Pex33) and compatible (Sasa2, race 037) 
races of M. oryzae. (A) Phenotypes of the lesions observed. (B) 
A histogram showing the lesion size for WT Hitomebore and lms
plants for both the incompatible and compatible interactions.
Error bars represent standard error values (n = 29). Asterisks 
indicate significant differences (Student’s t-test, ***P < 0.001).
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stress and auxin response (Ueda et al., 2008).
So far, there is no report on the involvement of genes 

encoding dsRBM family protein in the formation of lesion 
mimic or development of early senescence in plants. Sev-
eral dsRBM proteins have biochemical roles in transcrip-
tion, RNA processing, mRNA localization and translation, 
and function in a diverse range of critically important 
roles in the cell such as defense systems (Tian et al., 
2004). BLAST analysis shows LMS shares a moderate 
amino acid similarity with the Arabidopsis CPL1/FIERY2
gene, which regulates several abiotic stress responsive 
genes and show altered physiological responses to stress 
and ABA treatment in the fiery2 mutant (Xiong et al., 
2002). Our result demonstrated that the lms mutant is 
susceptible to cold stress. This indicates to the possible 
involvement of LMS in stress response such as 
cold. However, additional studies are needed to verify 
this response. The enhanced resistance response of lms
to blast fungus confirmed that the spontaneous lesion 
mimic phenotype of the mutant is related to defense 
responses. This finding confirms previous reports from 
multiple crops species that established the link between 
the formation of lesion mimic phenotypes in several 
mutants and the activation of defense responses to 
diverse pathogens (Takahashi et al., 1999; Yin et al., 
2000; Mizobuchi et al., 2002; Wu et al., 2008).

Although the identification of the lms mutant and the 
isolation of the corresponding LMS gene represent an 
important addition to the current knowledge on LMMs, 
physiological and molecular analyses are further required 
to characterize the mutant in detail and decipher the gene 
function. Additional studies on the response of the 
mutant to environmental stimuli such as light and 
humidity, as well as response to different phytohormones 
are also being considered for future investigation on this 
mutant.
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