
ORIGINAL ARTICLE

*These two authors contributed equally to this work.

Correspondence: Hong-Wei Xue
a
, Qian Qian

b

a
E-mail: hwxue@sibs.ac.cn

b
E-mail: qianqian188@hotmail.com

Received 13 January 2010; revised 19 March 2010; accepted 19 March 

2010; published online 20 July 2010

npg
Cell Research (2010) 20:935-947.
© 2010 IBCB, SIBS, CAS    All rights reserved 1001-0602/10  $ 32.00 
www.nature.com/cr

Rice leaf inclination2, a VIN3-like protein, regulates leaf 

angle through modulating cell division of the collar
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As an important agronomic trait, inclination of leaves is crucial for crop architecture and grain yields. To under-

stand the molecular mechanism controlling rice leaf angles, one rice leaf inclination2 (lc2, three alleles) mutant was 

identified and functionally characterized. Compared to wild-type plants, lc2 mutants have enlarged leaf angles due 

to increased cell division in the adaxial epidermis of lamina joint. The LC2 gene was isolated through positional clon-

ing, and encodes a vernalization insensitive 3-like protein. Complementary expression of LC2 reversed the enlarged 

leaf angles of lc2 plants, confirming its role in controlling leaf inclination. LC2 is mainly expressed in the lamina joint 

during leaf development, and particularly, is induced by the phytohormones abscisic acid, gibberellic acid, auxin, and 

brassinosteroids. LC2 is localized in the nucleus and defects of LC2 result in altered expression of cell division and 
hormone-responsive genes, indicating an important role of LC2 in regulating leaf inclination and mediating hormone 
effects.
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Introduction

Leaf inclination, the angle between the leaf blade and 

the culm, is an important agronomic trait in monocoty-

ledonous plants, and contributes to the plant architecture 

and grain yields [1, 2]. It has been shown that an erect-

leaf trait in rice enhances the efficiency of sunlight cap-

ture and increases the nitrogen reservoirs for grain filling, 
and renders the plants more suitable for dense plantings 

[2, 3].

During rice growth, after the complete elongation of 

the leaf blade and leaf sheath, the region between them, 

designed as the lamina joint or collar, begins to develop, 

resulting in the leaf blade bending away from the vertical 

and the formation of the leaf angle [1]. The lamina joint 

contributes significantly to the blade bending horizon-

tally from the main axis, and abnormal development of 

the collar will result in changed leaf angles. Lack of lon-

gitudinal elongation in the collar resulted in the erect leaf 

[4]; conversely, increased cell expansion of collar adaxial 

cells resulted in the enhanced leaf inclination [5, 6], indi-

cating the importance of collar development in leaf angle 

formation.

To date, several rice mutants with altered leaf incli-

nation or QTLs related to lamina joint angle have been 

genetically identified [3, 7-10], and the major detected 

QTL for leaf angle is tiller angle 1 (ta1) [7, 8]. However, 

the underlying mechanism of the leaf angle alteration has 

not been clarified. Most of the identified mutants with 

altered leaf angles are related to the biosynthesis or sig-

naling of the phytohormone brassinosteroids (BRs). Rice 

lamina joint angle increases proportionally to BR levels 

[11, 12], and deficiency of OsDWARF4, a key gene in 

BR biosynthesis, resulted in increased leaf erectness and 

enhanced grain yields in dense planting [3]. The erect 

leaves were also observed in other BR biosynthesis-de-

fective mutants including ebisu dwarf (d2, deficiency of 
CYD90D2/D2 [10]) and brassinosteroid-deficient dwarf1 

(brd1, deficiency of OsDWARF [9]). In addition, the BR 
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signaling-defective mutant d61-7, the weakest mutant of 

rice BRASSINOSTEROID INSENSITIVE1 (OsBRI1, a 
protein kinase severing as rice BR receptor), and trans-

genic rice plants with suppressed expression of OsBZR1 (a 

transcription factor involved in BR signaling pathway), 

showed erect leaves [13-15]. Conversely, transgenic rice 

plants overexpressing sterol C-22 hydroxylase, which 

catalyzes a rate-limiting step in BR biosynthesis, showed 

a slightly sprawling phenotype with increased leaf angles 

[16, 17]. These results indicate the critical effects of BR, 

both biosynthesis and signaling, in regulating leaf incli-

nation.

Besides BR, many other phytohormones are involved 

in controlling the lamina joint inclination. Ethylene 

participates in the response of BR-induced rice lamina 

inclination, and auxin (IAA) affects the lamina joint 
inclination at high concentrations and has a synergistic 

interaction with BR [5, 11]. In addition, suppression of 

the expression of SPINDLY (a negative regulator of gib-

berellin signaling) by antisense and RNAi approaches 
led to increased lamina joint bending [18].

Many transcription factors affect the rice leaf incli-

nation. Ectopic expression of LAX PANICLE (LAX), a 

basic helix-loop-helix transcription factor, increased 

the rice lamina joint bending [19]. Overexpression of 
BRASSINOSTEROID UPREGULATED 1 (BU1), a 

helix-loop-helix transcription factor involved in BR 

signaling in rice, results in the enhanced lamina joint 

bending whereas the RNAi plants with suppressed BU1 

expression showed the erected leaf phenotype [20]. Os-

LIGULELESS1 (OsLG1) encodes a transcription factor 

containing an SQUAMOSA promoter binding protein 
domain, and its deficiency mutant, oslg1, shows defect 

in the ligule, auricle, and laminar joint [21]. Analysis of 
the leaf angle mutant large leaf angles (lla), a T-DNA 
insertion mutant, showed that OsWRKY11, a WRKY 
transcription factor, also regulates leaf inclination [22]. 

Rice short vegetative phase group MADS-box proteins, 
OsMADS22, OsMADS55 and OsMADS47, negatively 
regulate leaf joint angles and are negative regulators of 

BR responses [6, 23]. Downregulation of OsLIC, which 

encodes a CCCH-type zinc-finger protein with transcrip-

tion activation activity, results in the increased angles of 

rice leaf and tiller through regulating the BR signaling 

[24]. The pair of antagonistic HLH/bHLH transcription 

factors, ILI1 and IBH1, mediates the BR regulation of 

lamina inclination in rice [25]. In addition, increased 

expression of the OsAGO7 gene, the ortholog of the Ara-

bidopsis ZIPPY (ZIP/AGO7, belonging to the Argonaute 
family), resulted in the upward curling of the leaf blade 

and enhanced erectness of the leaf [26].

Regulation of development and inclination of leaves 

involves multiple factors and complex regulatory net-

works. To further elucidate the relevant mechanism, we 

identified a rice mutant leaf inclination 2 (lc2, three al-

leles), which had increased leaf angles due to increased 

cell division in collar adaxial epidermis. Isolation of 

LC2 through map-based cloning and functional studies 

revealed that LC2, a vernalization insensitive 3 (VIN3)-

like protein, functions as a repressor of cell division to 

regulate the collar development and hence the leaf angle 

of rice.

Results

Identification of rice lc2 mutant, which has enlarged leaf 
inclination due to enhanced adaxial cell division at the 

lamina joint

To identify key factors regulating rice leaf inclination, 

a mutant lc2 (three alleles lc2-1, -2, and -3), which has 

an obviously exaggerated leaf angle, was identified as a 
result of naturally occurring mutation. Phenotypic obser-

vation showed that after the complete development of the 

third leaf, leaf angles of lc2 were much larger compared 

to the wild-type (WT) (Figure 1A, left panel). This was 

more evident at the heading stage (reaching to ~42 ° in 

lc2-1, comparing to 19 ° in WT, Figure 1A, right panel; 

1C).

It has been shown that the lamina joint contributes 

significantly to the leaf angle formation and enlarged 

leaf angles may reflect alterations of lamina joint de-

velopment [5, 13]. Indeed, observation of lamina joint 

morphology (Figure 1D, left panel), measurement of the 

length of abaxial and adaxial epidermis, and calculation 

of the adaxial/abaxial length ratio of lc2-1 (1.98) and WT 

(1.32) (Figure 1D, right panel) confirmed that the main 
difference was due to the much-elongated adaxial surface 

of lc2-1 (~32% longer). Further morphological observa-

tion, through scanning electron microscopy, showed that, 

compared to the smooth adaxial surface of the lamina 

joint in the WT, that in lc2-1 was much larger and formed 

a bulge, indicating an altered development of the lamina 

joint in lc2 (Figure 1E).

Previous studies showed that abnormal cellular de-

velopment, such as lacking the longitudinal elongation 

or increased cell expansion of the adaxial cells in the 

collar, will result in altered leaf angles [4-6]. Indeed, ob-

servation of the cross and longitudinal sections revealed 

increased cell layers at the adaxial surface of the lc2-1 

lamina joint, indicating that the enlarged leaf inclination 

resulted from increased cell division (Figure 1E). In ad-

dition, the cell length in the longitudinal sections of the 

lc2-1 collar was unaltered (Figure 1F), confirming that 
the enlarged leaf angle of lc2-1 was due to increased cell 
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has other alterations during plant development, includ-

ing dark color and reversely rolled leaves, late flowering, 
and severe sterility. Calculation of the heading time by 

the formation of young panicles showed that flowering 
time was significantly delayed in the lc2-1 mutant in 

comparison with that of WT (Figure 2A). Compared with 

WT plants, the leaf blades of lc2 mutant began to roll 

reversely after growth of the third leaf and became more 

obvious as leaf development progressed (Figure 2B). 

Examination of the leaf histology through cross sections 

of flag leaves at the heading stage showed that compared 
with that in WT plants, the number of bulliform cells was 

increased in lc2 mutant (Figure 2B), which may contrib-

ute to the rolling of the leaf blade.

Map-based cloning of LC2

Genetic assays with reciprocal crosses between lc2 

and WT plants showed that lc2 has a recessive mutation 

in a single locus. Allelic tests between the lc2 and other 

mutants indicated that LC2 is a previously unknown 

locus involved in rice leaf inclination regulation. Fur-
thermore, the LC2 gene was identified by map-based 

Figure 1 Phenotypes of lc2. (A) Growth of the wild-type 

(YunDao32, same in other figures) and the lc2-1 plants at 3 

weeks (left panel, bar = 5 cm), and growth of WT, lc2-1 plants 

and lc2-1 plants with complemented expression of LC2 at head-

ing stage (right panel, bar = 10 cm). (B) qRT-PCR analysis on 

the LC2 transcripts in the lamina joint of WT plants, lc2-1 mu-

tants and lc2-1 plants with complementary expression of LC2. 

LC2 transcript levels were normalized to that of ACTIN and rela-

tive expressions were compared with that of WT plants. Means 

values were obtained from three independent PCR amplifica-

tions. Error bars indicate SE. (C) Leaf inclination of last three 

leaves at the heading stage of WT plants, lc2-1 mutants and 

lc2-1 plants with complementary expression of LC2. The leaf 

angles were measured and presented as means ± SE (n > 20). 

(D) Comparison of the leaf inclination of WT and lc2-1 mutant 

at the heading stage (left panel, bar = 1 cm). The differences 

at lamina joints were highlighted (squares, middle, bar = 200 

µm). Collar lengths of adaxial and abaxial surfaces of the flag 
leaf were measured and ratio (adaxial/abaxial) was calculated. 

The data were presented as means ± SE (n > 9) and statisti-

cally calculated by Student’s t-test (*P < 0.05). (E) Morphology 

of adaxial surface (upper panel), cross sections (middle panel), 

and longitudinal sections (lower panel, left) through the lamina 

joint of flag leaves of WT and lc2-1 plants. The adaxial cell lay-

ers of the cross sections (indicated as 1 and 2) and cell layers 

of the longitudinal sections (indicated as 3) through the lamina 

joint were measured and statistically calculated by Student’s t-

test. Error bar represents SE (n > 100). Bar = 200 µm. (F) Adax-

ial cell length of longitudinal sections (as indicated in E) through 

the lamina joint of flag leaves of WT and lc2-1 plants. Error bar 

represents SE, and Student’s t-test revealed the unaltered cell 

elongation.

division.

Besides the increased leaf inclination, the lc2 mutant 
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cloning in an F2 population by crossing lc2-1 (japonica) 

and MingHui63 (indica). The LC2 gene was initially lo-

cated on the distal end of the short arm of chromosome 2 

between simple sequence repeat (SSR) marker RM7451 

and sequence-tagged site (STS) marker HS15. It was then 

mapped on two overlapping bacterial artificial chromo-

some (BAC) clones, OSJNBa0050G13 and P0463E12, 
in an interval of 64 kb between the STS markers HS37 

and HS52 and co-segregated with the marker HS45, by 

using 1 741 F2 homozygous recessive plants (Figure 
3A). To define the mutated locus, corresponding DNA 
fragments of the WT LC2 gene and the lc2-1, lc2-2 and 

lc2-3 alleles were amplified and sequenced. Comparison 
of the allelic gene sequences revealed that the lc2-1 al-

lele contains a 2-bp deletion at positions +1 558 to 1 559 

bp (CA) of the LOC_Os02g05840 open reading frame 
(ORF), which is in the fourth exon and causes the shift 
of the reading frame; the lc2-2 allele carries a segment 

Figure 2 lc2 has reversely rolled leaves and excessive bulliform cells, and delayed flowering. (A) Observation (left panel, bar 

= 10 cm) and calculation (right panel) analysis show that lc2-1 mutant plants have delayed flowering when compared with WT 
plants. The WT (YunDao32) and lc2-1 plants were grown in a phytotron with a 12 h light (28 °C)/12 h dark (22 °C) cycle. The 

flowering time is presented as means ± SE (n > 10) and the experiments are biologically repeated. (B) lc2-1 mutant plants 

have slightly reversely rolled leaves (upper panel, bar = 500 µm), and cross sections of the flag leaf blade of WT and lc2-1 

plants at heading stage revealed the increased numbers of bulliform cells around the midrib, large vein, and small vein (lower 

panel, bar = 100 µm). Complemented expression of LC2 recovers the altered numbers of bulliform cells.
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substitution at position +2 044 to 2 050 bp (CAGGAAGA 
to TAAGTTTCTGACT); and the lc2-3 allele has a 29-bp 

deletion at position +2 122 to 2 150 bp (TAC GTA AAC 
ACT CTT ATT GAT GAT CCT GT, Figure 3B). All these 
three alleles result in premature translational stops.

LC2 encodes a VIN3-like protein, which could function-

ally rescue the lc2 phenotype

Comparison of the genomic DNA and correspond-

ing cDNA sequences revealed that LC2 consists of four 

exons and encodes a 749 amino-acid protein (the corre-

sponding full-length cDNA was identified as AK101341 
in Knowledge-based Oryza Molecular biological En-

cyclopedia). Analysis through Basic Local Alignment 
Search Tool indicated that the LC2 protein shares the 

highest identity (74% over the entire protein) with Tm-

VIL2, a predicted member of the VIN3-like protein in 

wheat, and 37% identity with AtVIL2 and AtVIN3 [27-29].

Figure 3 Map-based cloning and conformation of the LC2 functions. (A) The LC2 locus was primarily mapped in the short 

arm of rice chromosome 2 between markers RM7451 and HS15. A BAC contig covering the LC2 locus and the numeral indi-

cate the numbers of recombinants identified from 1 741 lc2-1 F2 plants. LC2 locus was narrowed to a 64 kb genomic DNA re-

gion (overlap of BACs OSJNBa0050G13 and P0463E12). The start codon (ATG) and stop codon (TAA) are indicated. Closed 

boxes and lines indicate the exons and introns, respectively. The mutated sites in lc2-1, lc2-2, and lc2-3 are shown. (B) Pre-

dicted amino-acid sequences of LC2. There is a 2-bp deletion in lc2-1 and 29-bp deletion in lc2-3, and a segment substitution 

in lc2-2. Sequences of the predicted PHD, FNIII, and VID domains are underlined.
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Previous structural analysis has shown that VIN3-

like proteins contain several highly conserved elements 

including a plant homeodomain finger motif (PHD, 

characterized by a conserved Cys4-His-Cys3 pattern 

and known to be associated with chromatin-mediated 

transcriptional regulation [27, 30, 31]), a fibronectin type 
III domain (FNIII, one of the repeated structural motifs 
discovered in fibronectin and involved in protein-protein 
interactions [32, 33]), and a VIN3-interacting domain 

(VID, conserved among all members of this family [29]). 

Indeed, structural analysis revealed that LC2 contains all 

these conserved domains (Figure 4A), and the premature 

stops caused by the lc2 mutations result in full (lc2-1) or 

partial (lc2-2, 3) deletion of the VID domain (Figure 3B). 

Analysis of the polygenetic relationships showed that the 
LC2 protein was closer to TmVIL2 and OsVIL4 (Figure 
4B).

To confirm the enlarged leaf inclination in the mutant 
was due to deficiency in LC2, complementation analysis 

was performed by transforming a binary vector carry-

ing a 7.4-kb WT genomic fragment containing the entire 

LC2 ORF along with a 1.8-kb upstream promoter re-

gion, to the lc2-1 mutant. Phenotypic observation of the 

transgenic lc2-1 plants (65 independent transgenic lines 

were obtained, Figure 1B) indicated that the normal leaf 

inclination was restored and there were normal numbers 

of bulliform cells (Figure 1A, right panel; 1C, Figure 
2), thus showing that LC2 indeed functions in leaf angle 

regulation and leaf rolling control.

LC2 is expressed in aerial parts and induced by hor-

mones

Quantitative real-time RT-PCR (qRT-PCR) and pro-

moter-reporter gene fusion analyses were performed to 

study the expression pattern of LC2. qRT-PCR analysis 

revealed that LC2 was expressed in various tissues, with 

a high level of expression in leaf, medium expression 

in seedling, root and old flowers, and low expression 

in stem and young flowers (Figure 5A, left panel). Fur-
thermore, a 1.8-kb promoter region of LC2, which was 

also used in the complementation studies, was fused to 

the β-glucuronidase (GUS) gene and used for rice trans-

formation. Eleven independent transgenic lines were 

identified and histochemical analysis of GUS activities 
revealed that the LC2 promoter drives gene expression 

in the overground parts of the seedling (coleoptile during 

seed germination), lamina joints and anthers (Figure 5A, 

right panel). In the mature leaf, LC2 was specifically ex-

pressed in the joint region between leaf blade and sheath, 

consistent with its role in lamina joint development.

Due to its critical roles in lamina joint development, 

expression of LC2 in collar was further analyzed through 

qRT-PCR analysis. The results showed that LC2 was 

expressed in all the leaf collars and was relatively highly 

transcribed in the early appearing leaves (1st-5th leaves, 

compared to 6-11th leaves, Figure 5B, upper panel). 

In addition, analysis of LC2 expression in the last four 

(8-11th) leaves at different developmental stages re-

vealed that, although the expression levels varied in dif-

ferent collars, there was a tendency: LC2 was expressed 

Figure 4 Structural organization and phylogenetic relation-

ship of the VIN3/VIL proteins. (A) Structural organization of the 

VIN3/VIL proteins. VIN3/VIL proteins from Arabidopsis, rice, 

and wheat were analyzed. Conserved domains including PHD, 

FNIII, and VID domains are indicated. Accession numbers are 

as follows: LC2 (Oryza sativa, BAD38062), OsVIL1 (O. sativa, 

ABA98812) OsVIL3 (O. sativa, AAT94000), OsVIL4 (O. sativa, 

BAD03519), TmVIL1 (Triticum monococcum, DQ886919), Tm-

VIL2 (T. monococcum, DQ886917), TmVIL3 (T. monococcum, 

DQ886918), AtVIN3 (Arabidopsis thaliana, AAR91717), AtVIL1 

(A. thaliana, NP_189087), AtVIL2 (A. thaliana, BAB17836) and 

AtVIL3 (A. thaliana, AAX23819). The numbers indicate the 

amino-acid positions of the corresponding domains. (B) Phylo-

genetic tree of the VIN3/VIL proteins. The tree was generated 

using Clastal.
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Figure 5 Expression patterns of LC2. (A) Left panel: qRT-PCR 

analysis of LC2 transcripts in various tissues, including 2-week-

old seedling, stems, leaf (fourth leaf), root of 2-week-old seed-

ling, young flower (with a panicle size of 1-5 cm) and old flower 
(flower collected at full heading time). LC2 transcript levels were 

normalized to that of ACTIN and relative expressions were 

compared with that of 2-week-old seedling. Mean values were 

obtained from three independent PCR amplifications. Error bars 
indicate SE. Right panel: promoter-reporter gene (GUS) fusion 

studies further revealed the expressions of LC2 in seedling, lam-

ina joint, and flower (bar = 2.5 mm). (B) qRT-PCR analysis on 

LC2 transcripts in collars of different leaves (from the first com-

plete leaf, the collars were collected at 5 days after the complete 

elongation of leaf blade and leaf sheath, top panel), or last four 

leaves at different developmental stages (collars were collected 

at 0, 5, and 10 days after the complete elongation of leaf blade 

and leaf sheath of 8-11 leaves, bottom panel). Transcript levels 

of LC2 gene were normalized with that of ACTIN. Mean values 

were obtained from three independent experiments. Error bars 

indicate SE. (C) qRT-PCR analysis on LC2 expression in seed-

lings treated with exogenous 24-epibrassinolide (BL, 1 µM), GA3 

(10 µM) ABA (100 µM), or IAA (10 µM) for various times. LC2 

transcript levels were normalized to that of ACTIN and relative 

expressions were compared with that of 0 h. Mean values were 

obtained from three independent PCR amplifications. Error bars 
indicate SE.

or elongation in rice were studied. As shown in Figure 
6A, R2 (encoding a cyclin-dependent kinase-activating 

kinase, which regulates S-phase progression and controls 

cell division [34]) expression was three times higher in 

lc2-1 plants compared to WT, which was restored to nor-

mal level by complementary expression of LC2. Analysis 
of the expression of CDKA;1 and CDKA;2 (two known 

cdc2 protein kinases; CDKA;2 is possibly responsible 

for the induction of G1- to S-phase transition [35, 36]) 

revealed that the pattern of CDKA;2 was similar to R2 

(Figure 6A, upper panel), whereas the transcript level of 

CDKA;1 was not obviously altered (Figure 6A, bottom 

panel). However, H4, H3 (two molecular markers for the 

S phase [36]), and EXPB6 (a member of the β-expansin 
gene family critical for cell elongation in deep water rice 

[37]) expressions were not obviously altered in the lc2-1 

mutant (Figure 6A, bottom panel).

Analysis of the expression of cell-elongation-related 
genes including XTR1 (encoding xyloglucan endotrans-

glycosylase, the cell-wall loosening enzyme necessary 

for cell elongation [38]) showed that XTR1 expression 

was enhanced in the mutant (Figure 6A, upper panel). 

Collectively, the results of our study suggest that LC2 

mainly regulates cell division through suppressing the 

expression of cell-division-related genes.

Interestingly, the expression of LC2 is induced by BR, 

GA, and IAA. Examination of the transcripts of BR re-

at a low level in early stages, and its expression increased 

along with collar development and leaf maturation (Figure 
5B, lower panel).

In addition, LC2 expression is induced by multiple 

hormones. Analysis of the transcript levels showed that 
LC2 was rapidly induced by 24-epibrassinolide (24-eBL) 

and GA3 (1 and 3 h, recovered after 8 h), relatively stably 

induced by IAA (after 3 h), and transiently induced by 
abscisic acid (ABA; recovered after 3 h, Figure 5C).

Increased expression of cell-division-related genes under 

LC2 deficiency
To further investigate the functional mechanism of 

LC2 regulation of cell division at the lamina joint, ex-

pressions of genes known to be involved in cell division 
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ceptor-encoding gene BRI1 and BR-biosynthesis-related 

genes CPD1 and DWARF4 revealed little changes except 

that CPD1 expression is reduced in lc2-1 mutant (Figure 
6B), suggesting a possibly enhanced BR signaling. In 

addition, analysis of the expression of GA metabolism-
related genes OsGA2ox3 and OsGA20ox2 revealed in-

creased GA biosynthesis in lc2-1 (Figure 6C, left panel) 

[39] and hence a possibly suppressed GA signaling. 
Although LC2 is also induced by IAA, examination of 
the expression of IAA signaling-related genes OsIAA1, 

OsIAA9, and OsIAA24 revealed no obvious changes in 

lc2-1 (Figure 6C, right panel [40]), suggesting that LC2 

Figure 6 Altered expressions of genes related to cell division 

or elongation in lc2-1. The rice ACTIN gene was used as an 

internal positive control and transcript levels of the tested genes 

were normalized with that of ACTIN. Relative expressions of 

the tested genes were compared with that in WT plants. Means 

values were obtained from three independent experiments, and 

were statistically analyzed (*P < 0.01; **P < 0.005). Error bars 

indicate SE. (A) qRT-PCR and semiquantitative RT-PCR analy-

ses were performed to study the transcript levels of cell division 

or elongation related genes in the lamina joints of flag leaves of 
WT, lc2-1, and lc2-1 pLC2:LC2 plants at the heading stage. The 

tested genes include R2, CDKA;2 and XTR1 (upper panel), and 

H3 and CDKA;1 (bottom panel), and H4 and EXB6 genes (by 

semiquantitative RT-PCR, bottom panel). (B) qRT-PCR analysis 

of the transcripts of BR-related genes in the lamina joints of WT, 

lc2-1, and lc2-1 pLC2:LC2 plants at heading stage. (C) qRT-

PCR analysis of the transcripts of GA- and IAA-related genes 

in the lamina joints of WT, lc2-1, and lc2-1 pLC2:LC2 plants at 

heading stage. 

may not be involved in auxin signaling.

LC2 is localized in nucleus

The PHD finger is a common structural motif found 
in all eukaryotic genomes and proteins containing PHD 

finger are found universally in the nucleus [41]. The sub-

cellular localization of LC2 was then determined through 

observing the transgenic rice plants or onion epidermal 

cells transiently transformed through particle bombard-

ment, expressing the LC2-green fluorescent protein (GFP) 
fusion protein. Results showed that while GFP alone 
exhibited uniformly distributed fluorescence, LC2-GFP 
showed nuclear fluorescence only (Figure 7), indicating 

that LC2 is accumulated in the nucleus.

Discussion

Previous studies of VIN3-like proteins focused on 

their roles in vernalization of Arabidopsis and wheat [28, 

29]. Arabidopsis VIN3 is a component of the polycomb-

like protein complex and is responsible for vernalization-

mediated repression of the FLC gene, and vin3 mutant 

shows the late-flowering phenotype only after vernaliza-

tion [42]. VIN3-LIKE 1 (VIL1) participates in both the 
photoperiod and vernalization pathways [28], suggest-

ing the critical role of VIN3-like proteins in regulation 

of flowering [28, 42, 43]). In this study, we showed that 

spontaneous mutants of LC2, a rice homolog of Ara-

bidopsis VIN3, present the late-flowering phenotype, 

suggesting that even in rice, a nonvernalized plant, the 

VIN3-like protein also participates in flowering time con-

trol. In addition, lc2 mutant showed multiple phenotypes, 

including altered leaf angles, dark color, reversely rolled 
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leaves, late flowering and severe sterility, suggesting that 
LC2 is critical in rice architecture regulation, and VIN3-

like proteins may have different functions during plant 

development in addition to flowering time control, which 
is consistent with the differential expression pattern be-

tween LC2 and Arabidopsis VIN3 and wheat VIN3-like 

genes.

Our study results suggest a crucial role of LC2 in leaf 
inclination regulation, through modulating adaxial cell 

division of the collar. In rice, the lamina joint contributes 

significantly to leaf angle formation. Altered cell divi-
sion or elongation in the adaxial surface of the collar will 

result in changed leaf angles. It has been shown the BR-

induced rice lamina joint inclination was mainly due to 

Figure 7 LC2 localizes to the nucleus. (A) The green fluores-

cence is ubiquitously distributed in the cytoplasm of transgenic 

rice plants harboring mock vector (pCAMBIA1302, left), where-

as that in LC2-GFP harboring transgenic plants is accumulated 

in the nucleus (pCAMBIA1302-LC2, right). Bar = 20 µm. (B) The 

green fluorescence is ubiquitously distributed in the cytoplasm 
of onion epidermal cells harboring mock vector (pCAMBIA1302, 

left), whereas those in cells harboring LC2-GFP fusion proteins 

are accumulated to the nucleus (pCAMBIA1302-LC2, right). Bar 

= 20 µm. The onion epidermal cells were transiently transformed 

by gene particle bombardment, and observed after incubation 

for 24 h.

the stimulated rapid expansion of collar adaxial cells [5]. 

The OsMDP1 (OsMADS47)-deficient seedlings had al-

tered expansion of adaxial cells at leaf joint and showed 

enhanced lamina joint inclination under BR treatment [6], 

indicating the substantial effects of cell division or elon-

gation at the lamina joint on leaf angle formation.

Leaves join onto the stem through leaf sheaths, how-

ever, no alteration was observed in the lc2 sheath, sug-

gesting the abnormal collar is the main reason for the 

altered leaf angle. In addition, increased adaxial cell 

division, but not cell elongation, in the collar of lc2 fur-

ther showed that LC2 serves as a negative regulator of 

cell division at the lamina joint to regulate leaf inclina-

tion. Although the numbers of leaf bulliform cells were 
increased under LC2 deficiency, we propose that this 

mainly contributes to the leaf rolling phenotype (motor 

cells have an important role in leaf rolling [1, 44]), and 

the resultant changed physical shape and altered tissue 

flexibility might not lead to the bending of leaves.
The physiological effects of LC2 fit well with its ex-

pression pattern. During rice growth, the inclination of 

early leaves is much less than that of the later ones and 

consistently, LC2 expression is much higher in early 

leaves (Figure 5B). In addition, LC2 expression shows 

the opposite tendency along with the maturation of the 

later leaves (low expression at the early developmental 

stages of leaf to promote the cell division that results in 

the formation of the leaf angle, followed by an increase 

in its expression to inhibit cell division). The increased 

cell division in the lc2 collar is consistent with the en-

hanced expression of genes promoting cell division. The 

increased cell division was also observed in the leaf bul-

liform cells and anther epidermal cells. LC2 is localized 

in the nucleus and may directly regulate the expression 

of multiple genes. The presence of the PHD finger mo-

tif, which is associated with chromatin-mediated tran-

scriptional regulation, further indicates that LC2 may be 

involved in the relevant process through direct transcrip-

tional regulation of corresponding genes. In addition, 

all three alleles of lc2 mutant resulted in truncated LC2 

proteins lacking a functional VID domain, which is con-

served in VIN3-like proteins, suggesting the importance 

of the VID domain in LC2 function.

Previous studies have revealed the effects of plant 

phytohormones, especially BR, in regulating leaf angles. 

The expression of LC2 is induced by BR, IAA and GA, 
and examination of transcripts of hormone-related genes 

suggested altered BR and GA signaling under LC2 defi-

ciency. As BR, IAA, and GA are involved in the regula-

tion of leaf inclination, especially BR, it cannot be ex-

cluded that LC2 regulates leaf inclination by interacting 

with hormone-signaling pathways. However, although 
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the expression of LC2 is induced by BR, BR signaling 

is possibly enhanced (indicated by reduced expression 

of CPD1) in lc2-1 mutant; and additionally, BR mainly 

functions to stimulate cell elongation, whereas LC2 sup-

presses cell division. We would like to suggest that LC2 

may regulate leaf inclination through a BR-independent 

pathway and may participate in the feedback control of 

BR signaling. Further studies on the interaction between 
LC2 and BR and GA signaling will be needed to illus-

trate the detailed mechanisms.

Several rice MADS-box proteins including Os-

MADS22, OsMADS55, and OsMADS47 are involved in 
the regulation of leaf joint angles and BR responses [6, 

23]. Considering that Arabidopsis VIN3 directly regu-

lates the MADS-box proteins, it would be interesting to 
test whether there is a direct regulation of rice MADS 
genes by VIN3-like proteins.

As rice leaf angle is one of the important agronomic 
traits affecting the production, function study of LC2 

may contribute to plant architectural modifications 

through modulating the leaf inclination by molecular 

breeding.

Materials and Methods

Plant materials and growth conditions
Three alleles of the rice lc2 mutants were identified from the 

japonica cultivar YunDao32 from spontaneous mutations. The lc2-

1 mutant was crossed with a rice indica variety MingHui63, and 

F1 plants were self-bred to produce the F2 seeds for constructing 

the F2 mapping population. An allelic test was carried out through 
crossing and multiple generation analysis between the lc2-1 and 

another 2 spontaneous mutations. The mutant seeds are available 

on request.

Rice plants were cultivated in the field at China National Rice 
Research Institute under the natural growing conditions. For 
growth of transgenic plants, seeds were germinated in sterilized 

water, and grown in a phytotron with a 12 h light (28 °C)/12 h dark 

(22 °C) cycle. The angles between the leaf blades and the culms 

were measured with a protractor.

For qRT-PCR analysis, the collars were collected at 5 days after 
the complete elongation of the leaf blade and leaf sheath. The col-

lars of last four leaves were collected at 0, 5, and 10 days after the 

complete elongation of leaf blade and leaf sheath.

For hormone treatments, 2-week-old seedlings were treated 
with 1 µM 24-eBL (one of the most active BRs, E1641; Sigma), 

10 µM GA3 (gibberellic acid, G7645, Sigma) and 100 µM ABA 
(A1049; Sigma). The treated materials were collected at different 
time points and used for RNA extraction.

Scanning electron microscopy
The 1-cm-long lamina joint of the flag leaf was excised from 

lc2 and WT plants 7 days after tassel, then fixed in FAA (formalin/
acetic acid/50% ethanol, 2:1:17, v/v/v) overnight. After dehydra-

tion in a graded ethanol series, the samples were critical-point 

dried for 4 h (Hitachi critical point dryer, HCP-2; Hitachi Koki Co. 

Ltd., Japan), sputter-coated with gold in an E-100 ion sputter (Mi-

tocity, Japan), and observed with a scanning electron microscope 

(Hitachi S-450; Japan).

Cross section of leaf, cross and longitudinal sections of 
lamina joint, and measurement of cell layers and cell length

The lamina joints (from the same leaf of lc2 and WT plants) 

and leaf blades (from the flag leaf of lc2 and WT plants at same 
growth stage) were collected, fixed in FAA overnight, and dehy-

drated through a graded ethanol series. Samples were embedded 

in Epon812 resin (Fluka) and polymerized. The cross sections (3 
mm) of leaf or collar and longitudinal sections of lamina joint were 

cut and stained briefly with filtered 1% toluidine blue. Sections 

were microscopically examined and photographed to measure the 

cell layers and cell lengths. To avoid the inaccuracies from sam-

pling, three middle vascular bundles at the adaxial surface were 

used for microscopic observation and measurement of cell layers 

and cell lengths.

Mapping and cloning of LC2
LC2 was mapped primarily with SSR and STS markers, us-

ing 214 F2 mutant plants. The LC2 locus was further mapped 
within a 64 kb region between STS markers HS37 and HS52 on 

two overlapping BAC clones OSJNBa0050G13 and P0463E12 on 
chromosome 2, using 1 741 F2 mutants. New molecular markers 
were then developed by comparing the original or cleaved ampli-

fied polymorphic sequence between indica var. 9311 and japonica 

var. Nipponbare according to the published data (http://www.ncbi.

nlm.nih.gov). The developed PCR-based molecular markers in 

this study include RM7451 (5′-TAA TAC GAG CAG CGA TCG 
TG-3′, 5′-GCT AAT TGC AGC TTG TGT CG-3′), HS11 (5′-TCG 
GTA ACG GTA GAG GAT TG-3′, 5′-TGT GGA GTA TGT ATC 
CTT TCA G-3′), HS15 (5′-AAC CTA CCA CTG CCA TTG C-3′, 
5′-GGC ATT ATC CAT ACC AGC AG-3′), HS17 (5′-GCA CTA 
ATG GCT CAT CTC GT-3′, 5′-CGA GAA AGG GAT TGT AGT 
GC-3′), HS18 (5′-CGA AAC ACA AGT GAA CGG T-3′, 5′-GAT 
TTG CCT TGA TAC TAT TCT G-3′), HS27 (5′-GCA GCT TCC 
TGG TTC ACA C-3′, 5′-GAA CAA TCA CAT AAT CGA GGG-
3′), HS37 (5′-ACA GAC AAG GGA AGG AAA CC-3′, 5′-ACG 
AGC AAC AGG TGG TAG C-3′), HS38 (5′-GTT GCT CTT CAC 
ACC ACA GT-3′, 5′-CCG ATT ATT ACG ATG GAA G-3′), HS45 
(5′-ACT CTC CCC TCC TCT TCC A-3′, 5′-AGG CTA GGA GTT 
AAC CTC GC-3′), and HS52 (5′-GCA CAT GGG AAG AAG 
TAA G-3′, 5′-CCA ACA TCA GAA AGA AGA CAG-3′).

To define the molecular lesions of lc2, 12 kb genomic DNA 
of lc2 and corresponding WT variety (YunDao32) were amplified 
by PCR. The PCR products were sequenced and a candidate gene 

was amplified from both lc2 and Nipponbare genomic DNA us-

ing different primers: HSD1 (5′-TGG ATT ATG ATT TGT GAG 
GAA G-3′ and 5′-AGG GTG AGG TGA GGC TTT T-3′), HSD2 
(5′-GCT CTG AAC TAT GAA CAC GAA C-3′ and 5′-TCA ACC 
CAA CAA ACC AAT CA-3′), HSD3 (5′-TGG TGA TGG CTC 
AGG TCT C-3′ and 5′-ATC AGC CAA TCC TTA CCA TC-3′), 
HSD4 (5′-GGT AGC AGC AGC CTA TCC T-3′ and 5′-AGT CGG 
ACA AGA AGC AAA CA-3′), HSD5 (5′-ACT CCA GTA AGA 
CAG TGT GCT A-3′ and 5′-GCA GAA GCG AGC ATT ACT 
T-3′), HSD6 (5′-TGA CTG GCA AAT CAT CTG GT-3′ and 5′-
GGA CCA ATG ATG ATG ACA CTA C-3′), HSD7 (5′-CTT GAT 
GGT GGT TAT TAC TGC-3′ and 5′-CTG GCT TAG TAA CTT 
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GGT TCA-3′), HSD8 (5′-AGT GTT GGA TTC TTC CTT CTC-3′ 
and 5′-CCT CAG CCT CCA GTT TCT T-3′), HSD9 (5′-CCG 
AGC AAT ACT TGA CTG TTT-3′ and 5′-GAC TGA CCA CCA 
CTG TTT GC-3′), HSD10 (5′-GCT CGT TCT CAT CAA GTC 
CA-3′, 5′-AAG AGC CAT TTT GAA GGA TG-3′), HSD11 (5′-
AGC AGA ACC AGA GAA GCG A-3′ and 5′-CTG CTA CGA 
AAG AAT GGG AC-3′), HSD12 (5′-GGC TGG AAT GTG AGG 
GTT A-3′ and 5′-GCA AGG GTC TAA ACC GAA C-3′), HSD13 
(5′-GAA ACA TTG GGA TGA AGC AG-3′ and 5′-TCC TTC CTC 
TTC TTC GGT CT-3′). Obtained sequences were analyzed with 
DNAMAN (version 5.2.2) software.

Complemented expression of LC2
A 7.4-kb genomic DNA fragment containing the entire LC2 

coding region and 1.8-kb upstream sequences was isolated from 

BAC OSJNBb0003C06 and subcloned into the binary vector 
pCAMBIA1300 for complementation studies. The resultant plas-

mid was transformed into lc2 mutant through Agrobacterium-
mediated transformation using immature embryos as materials 

[45]. Complementary expression of LC2 was measured by qRT-

PCR, and confirmed positive transgenic lines were used for further 
analysis.

Semiquantitative RT-PCR analysis
RT-PCR analysis was performed to examine the expression 

of H4 and EXB6 at the lamina joints of flag leaf of WT, lc2-1, or 

lc2-1 pLC2:LC2 plants. Total RNAs were extracted from lamina 
joints of various plants and used to synthesize the first-strand 

cDNA, which was then used as PCR templates. Equal amounts 
of cDNAs were used for PCR amplification using the primers as 
follows: EXPB6 (5′-TGC AAG GGG CAT CCT GTG A-3′ and 5′-
CGT TGC CGC AGG AGG TCA T-3′); H4 (5′-ATC CGC GAC 
GCC GTC ACC T-3′ and 5′-TCC CAT CGA AAC CCT AGC 
TCC T-3′). Rice ACTIN gene (Os03g50890) was amplified using 
primers (5′-GAA CTG GTA TGG TCA AGG CTG-3′ and 5′-ACA 
CGG AGC TCG TTG TAG AAG-3′), and used as an internal posi-
tive control.

qRT-PCR analysis
qRT-PCR analysis was performed to examine the expression 

pattern of LC2 in various tissues and lamina joints of different rice 

leaves, to identify the transgenic lc2 lines with complementary 

expressions of LC2 and to detect the transcripts of cell division or 

cell elongation-related or BR-related genes among WT, lc2-1, and 

lc2-1 pLC2:LC2 plants.

Total RNAs were extracted using Trizol solution (Invitrogen) 
and reverse-transcribed into first-strand cDNA according to the 
manufacturer’s instructions (TaKaRa). Quantitative analyses were 
carried out on the Rotor-Gene real-time thermocycler R3000 

(Corbett Research) with Real-Time PCR Master Mix (Toyobo). 

The primers used were as follows: LC2 (5′-AGC ATC AGC TTT 
GGA CGA GGA-3′ and 5′-CAG TTG GTG GAA TAG AGC CAG 
AAT-3′), R2 (5′-TCT GCA CCT CCA CTT CGC TCA-3′ and 5′-
TAG GTG GTG GCC TTG GAA GCT-3′), H3 (5′-AGC GAA 
GAG GAG ATG GCC CGT-3′ and 5′-AGG AGC TCC GTG CTC 
TTC TGG T-3′), CDKA;1 (5′-ATC ACG GCA ACA TCG TCA 
GG-3′ and 5′-AGT AAG CAA CGC CGC GGA GTA-3′), CDKA;2 

(5′-ACC ACC GCA TAG TCA AAT CGT T-3′ and 5′-ACC ACA 
ATG TCA CCA CCT CGT GA-3′), XTR1 (5′-AGC CGT ACA 

TCC TGC AGA CGA-3′ and 5′-GCC CAG GTC CTT GCT GTT 
CT-3′), CPD1 (5′-TCT TCT CCA TCC CCT TTC CTC T-3′ and 
5′-TCA AGA AGC TCC TCA ACC ATG T-3′ [44]), DWF4 (5′-AGT 
CGC GTG CTG CCA TTC T-3′ and 5′-AGC TCA GCA AGA 
GGT CCA GGA T-3′ [3]), BRI1 (5′-TAC CAG AGC TTC AGA 
TGC ACC A-3′ and 5′-AGT AGC TCA GGG TCG AAG ACA T-3′ 
[13]), OsGA2ox3 (5′-TTC TTC GTC AAC GTC GGC GAC TCG 
TTG C-3′ and 5′-TCT CAA ACT GGG CCA GCC TGT TGT CTC 
C-3′ [39]), OsGA20ox2 (5′-TAC TAC AGG GAG TTC TTC GCG 
GAC AGC A-3′ and 5′-TGT GCA GGC AGC TCT TAT ACC TCC 
CGT T-3′ [39]), OsIAA1 (5′-GCC GCT CAA TGA GGC ATT-3′ 
and 5′-GCT TCC ACT TTC TTT CAA TCC AA-3′ [40]), OsIAA9 

(5′-AAG AAA ATG GCC AAT GAT GAT CA-3′ and 5′- CCC ATC 
ACC ATC CTC GTA GGT-3′ [40]), and OsIAA24 (5′-GGC TTG 
TGC TCT TCG TTG CT-3′ and 5′-CCT CTT GGA TTC AGA 
AAC ACT GAA-3′ [40]).

The transcript levels of the examined genes were normalized 

with those of ACTIN and the relative expressions were compared 
with that of WT plants. All the experiments were repeated for three 
times, and the data were statistically analyzed and presented as 

means plus standard error (SE).

Promoter-reporter gene fusion studies
A 1.8-kb promoter region of LC2 gene that was used in the 

complementation analysis to drive the expression of LC2 was cut 

from BAC OsJNBb0003C06 by restriction enzymes BamHI and 

PstI, and then subcloned into the pCAMBIA1300+pBI101 vec-

tor [46]. The resultant promoter GUS construct was transformed 

into rice genome by Agrobacterium-mediated transformation and 

the selected positive transgenic plants were used for detecting the 

GUS activities according to Jefferson et al. [47].

Subcellular localization of LC2
The whole LC2 coding region was amplified with primes 

LC2-5 (5′-GAAGATCTA ATG GAT CCA CCC TAC GCA G-3′, 
added BglII site underlined) and LC2-6 (5′-GGACTAGTA TGC 
CAA AGT TCC ATG CAG A-3′, added SpeI site underlined), and 

subcloned into the binary vector pCAMBIA1302, resulting in an 
N-terminal fusion to GFP. The resultant vector was sequenced to 
confirm the in-frame fusion of LC2 and GFP, and used for rice 
transformation. Root apices from 5-day-old transgenic plants 

harboring p35S:LC2-GFP (pCAMBIA1302-LC2) were observed 
through a confocal laser scanning microscopy (Bio-Rad Laser-

sharp 2000; Hercules, CA, USA) with a Kr/Ar laser 488 (FITC488, 
Zeiss LSM500; Herts, UK), and those of transgenic plants harbor-
ing vector pCAMBIA1302 were observed as control.

Transient transformation of onion epidermal cells was per-

formed through gene particle bombardment (empty vector pCAM-

BIA1302 was used as control) [48]. Transformed onion cells were 
incubated for 24 h and then observed with a confocal laser scan-

ning microscope (Zeiss LSM 510 META).
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