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Abstract
Background: Leaf morphology is one of the most important agronomic traits in rice breeding because of
its contribution to crop yield. Although many studies related to leaf phenotypes in rice have been
identi�ed, our understanding of the mechanism of grain development is still limited.

Results: The drooping leaf (dr) mutant was developed from the Ilpum rice cultivar by ethyl
methanesulfonate (EMS) mutagenesis. Compared with the wild-type, the dr mutant exhibited drooping
leaves accompanied by a small midrib, short panicle, and reduced plant height. The phenotype of the dr
mutant was caused by a mutation within a single recessive gene on chromosome 2, dr
(LOC_Os02g15230), which encodes a GDSL esterase. Analysis of wild-type and mutant sequences
revealed that the dr allele carried a single nucleotide substitution, glycine to aspartic acid. RNAi targeted
to LOC_Os02g15230 produced the same phenotype as the dr mutation, con�rming LOC_Os02g15230 as
the dr gene. Microscopic observations and nutrient analysis of SiO2 revealed that silica was less
abundant in mutant leaves than in wild-type leaves. 

Conclusions: This study suggests that the dr gene is involved in the regulation of silica deposition and
that disruption of silica processes lead to all drooping leaf phenotypes.

Background
Plant architecture has substantial impacts on growth and yield as a consequence of its direct in�uence
on photosynthesis. Erect or excessively curved leaves increase plant self-shading, thereby decreasing
light interception and decreasing photosynthetic capacity. Optimal leaf shape is therefore a critical
characteristic that impacts a range of physiological functions. Enhancing leaf morphology, such as by
reducing leaf drooping, is a key aim of plant breeding programs (Givnish et al. 1987).

Many factors contribute to drooping leaf morphology, such as lack of midribs, abnormal arrangement of
bulliform cells, modulated wax synthesis, lignin content, and silica presence. Midribs, which keep leaves
upright, are thickened by cell proliferation, and promotion of cell proliferation impacts leaf phenotype
(Yamaguchi et al. 2004). Bulliform cells are found between two vascular bundles in parallel on the
adaxial side of leaves. In a previous study, Xu et al. (2014) reported that increased numbers and
abnormal arrangements of bulliform cells increased leaf distortion and contributed to leaf drooping. Leaf
surfaces are covered by a dense layer of wax crystals and loosening of layers leads to reduced wax
deposition and distortion of leaf shape (Zhou et al. 2013). Lignin and silica can form tight crystal
complexes with cellulose in secondary cell walls, generating layers of up to 2.5 µm in thickness.
Reductions in lignin and silica accumulation decrease cell wall robustness and thereby in�uence leaf
phenotype (Hossain et al. 2002, Sato et al. 2018).

Several genes related to the drooping leaf phenotype have been cloned and analyzed in rice. The DL and
dl2 genes, which are involved in midrib formation, are located on chromosomes 3 and 1, respectively, and
encode YABBY domains (Ohmori et al. 2011). Abnormal bulliform cell arrangement is regulated by the
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OsZHD1 and OsZHD2 genes, which are located on chromosomes 9 and 8, respectively. OsZHD1 and
OsZHD2 encode zinc �nger homeodomain class homeobox transcription factors (Xu et al. 2014). The
OsWR1 gene on chromosome 2 encodes ERF proteins and controls wax synthesis through alteration of
long chain fatty acids and alkanes (Wang et al. 2012). Secondary cell wall and lignin formation are
regulated by the OsSWN1 gene, which is located on chromosome 6 and encodes a NAC transcription
factor (Chai et al. 2015, Yoshida et al. 2013). Several silica transporter genes, Lsi1, Lsi2, and Lsi6, located
on chromosomes 2, 3, and 6, respectively, encode aquaporin-like proteins (Zhao et al. 2010, Yamaji et al.
2011, Yamaji and Ma 2011).

In this study, whole genome sequencing and MutMap analysis was used to investigate a novel rice
mutant gene, drooping leaf (dr). The dr gene was cloned and validated using RNAi. Transmission and
scanning electron microscopy (TEM and SEM) and silica content analyses were used to further
understand the mechanisms underlying leaf shape determination.

Material And Methods
Plant materials

Ethyl methanesulfonate (EMS) treatment was used to induce the dr mutation in a Korean japonica rice
cultivar, Ilpum. Seeds of the mutant line used in this study were taken from the M13 generation. An F2

population derived from a cross between the mutant and the wild-type was used for genetic analysis and
whole genome sequencing. For genetic mapping, Milyang 23, a Korean Tongil-type rice cultivar, was
crossed with the mutant to obtain the mapping population. All plant materials were grown at the
Experimental Farm of Seoul National University (Suwon, Korea) using conventional cultural practices.

Phenotype analysis

Agronomic traits including plant height (PH), stem length (SL), panicle length (PL), tillers per panicle (TP),
panicles per plant (PP), spikelets per panicle (SP), spikelets per plant (SPP), and spikelet fertility (SF) were
assessed in a single panicle from the main stem, with panicles assessed from 3–5 independent plants.
Five replicates of thousand grain weights (TGW) were measured using an electronic balance (CAS, USA).

 Chlorophyll (Chl) contents were measured in leaf sheaths from 70-day-old wild-type and mutant plants,
using a Minolta SPAD-502 Meter (Minolta Camera Co., Ltd, Japan). Measurements were taken from �ve
biological replicates.

For silica analysis, leaves were decolorized using 70% ethanol for 2 days at room temperature and then
stained in phenol containing 0.001% safranin (Yamaji et al. 2008). Photographs were taken under optical
microscopy.

Histological analysis
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Specimens for TEM and SEM were prepared from reproductive-stage leaves. For SEM, harvested leaves
were �xed overnight at 4°C with slightly modi�ed Karnovsky’s �xative consisting of 2%
paraformaldehyde, 2% glutaraldehyde, and 50 mM sodium cacodylate buffer at pH 7.2, and then washed
three times with 50 mM sodium cacodylate buffer. Samples were post-�xed with 1% osmium tetroxide in
50 mM sodium cacodylate buffer and then washed three times with distilled water. Samples were treated
with 0.5% uranyl acetate, washed with an ethanol gradient series, and then treated with
hexamethyldisilazane (HMDS). Samples were mounted on platinum stubs, coated with gold, and
examined by a Field-Emission Scanning electron microscope (Sigma, Carl Zeiss).

TEM samples were �xed, post-�xed, and dehydrated as described in SEM, and then embedded in
propylene oxide and Spurr’s resin overnight at 70°C. Embedded samples were sliced to 60 mm with an
ultramicrotome (MT–X, RMC), and then stained with 2% uranyl acetate for 5 min and Reynold’s lead
citrate for 2 min at 25°C. Processed samples were examined using a JEM-1010 EX electron microscope
(JEOL, https://www.jeol.co.jp/en/).

Determination of SiO2, N, P, and K

Leaves, stems, and roots were harvested at the maximum tiller number stage. Three replicate samples
were collected. Samples were dried at 105°C for 16 hours and then ground to a powder. Approximately
0.5 g powdered sample was mixed with 1 ml concentrated sulphuric acid (reagent grade) and 10 ml 50%
perchloric acid in a Kjeldahl �ask. The mixture was heated to 400°C for 3 hours, cooled, and then �ltered
into a 100 ml mass �ask through No. 6 quantitative �lter papers. Filtration residues were used for SiO2

analysis, and �ltrates were diluted with distilled water for determination of N, P, and K. 

Genetic analysis and �ne mapping of the dr gene

A total of 250 F2 progeny from a cross between the mutant and Milyang 23 was used for segregation
analysis and gene mapping. Genomic DNA samples were extracted from rice leaves using the CTAB
method (Causse et al. 1994). A bulked segregant analysis (BSA) strategy was used for genetic mapping
as described by Michelmore et al. (1991). Equal amounts of DNA from each of ten mutant and ten wild-
type plants were pooled into single bulked samples. Sixty-�ve sequence-tagged site (STS) markers
designed at the Crop Molecular Breeding Laboratory, Seoul National University, were used to analyze bulk
samples. The STS markers were distributed throughout the rice genome at known chromosomal
locations. After BSA, �ne mapping was performed using seven additional STS markers designed against
rice databases (http://www.gramene.org; https://rapdb.dna.affrc.go.jp) (Woo et al. 2008). PCR was
performed as described by Piao et al. (2009) with slight modi�cations. Primer sequences are shown in
Supplementary Table S1.

Whole genome sequencing and MutMap analysis

DNA from 17 F2 plants displaying the dr phenotype were combined into a bulked sample for sequencing.
Sequencing libraries were constructed from 5 µg bulked sample DNA using a TruseqNano DNA LT sample

https://www.jeol.co.jp/en/
http://www.gramene.org/
https://rapdb.dna.affrc.go.jp/
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preparation kit (FC-121-4001). Libraries were used for cluster generation and were sequenced for 250
cycles on an Illumina HiSeq2500 platform. To generate the Ilpum reference sequence, 20.12 Gb of wild-
type Ilpum sequence reads from KOBIC (www.kobic.re.kr, No. 2013-10000-3) was aligned to the
Nipponbare reference genome (build �ve genome sequence;
http://rapdblegacy.dna.affrc.go.jp/download/index.html) using BWA (Burrows-Wheeler Aligner) software
(Li and Durbin 2009). Alignment �les were converted to SAM/BAM �les using SAM tools, and the aligned
short reads were �ltered using Coval (Kosugi et al., unpublished;
http://sourceforge.net/projects/coval105/?source=directory) to improve SNP calling accuracy. The SNP
index was calculated as described by Abe et al. (2012). Sliding window analysis was applied with a 4 Mb
window size and a 10 kb increment following the improved MutMap methods of Fekih et al. (2013) and
Takagi et al. (2013). In the sliding window analysis, the average SNP index and average p-Value (Fisher’s
exact test) were calculated for the SNPs located in the window.

RNA isolation and RT-PCR

Total RNA was isolated from the mutant and wild-type leaves using RNAiso plus (Takara Bio, Japan).
Extracted RNA was treated with RNase-free Recombinant DNase Ι (Takara Bio, Japan) to eliminate gDNA
contamination. Reverse transcription was performed using an M-MLV reverse transcriptase kit (Promega,
Madison, WI, USA). RT-PCR was performed using dr gene-speci�c primers with a CFX96 Real-time PCR
instrument and STBR Premix Ex Taq reagents (Takara Bio, Japan). Primers for RT-PCR are listed in
Supplementary Table S1.

Vector construction and rice transformation

RNAi vectors were developed using ampli�ed SNP regions from the dr gene. Each PCR product was
Gateway cloned using Gateway BP and LR ClonaseTM II enzyme cloning steps (Invitrogen, USA). The
resultant constructs were introduced into Dongjin, a japonica rice cultivar, via Agrobacterium
transformation using bacterial strain LBA4404. Transformation was performed as previously described
(Nishimura et al. 2006) with slight modi�cations.

Multiple sequence alignment

 The amino acid sequences of DR and other crops proteins were downloaded from NCBI
(http://www.ncbi.nlm.nih.gov) and UniProt (http://www.uniprot.org) website. Multiple sequence
alignments were conducted using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo) and
background color shading was applied with Jalview using the perentage identity scheme. The conserved
domain prediction was performed using NCBI (http://www.ncbi.nlm.nih.gov/structure/cdd).

Results
Characterization of the dr mutant lines

http://sourceforge.net/projects/coval105/?source=directory
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General agronomic traits were assessed to identify differences between wild-type and the dr mutant lines.
Overall, the mutant exhibited signi�cant stunting compared with the wild-type (Table 1). During the
reproductive stage, the dr mutant exhibited short stem lengths that produced a substantial height
reduction (Fig. 1 A) of approximately 50% compared with the wild-type. Numbers of lateral and
adventitious roots were lower in the mutant (Fig. 1 B) compared with the wild-type, and primary roots
were shorter. PL, spikelet numbers per panicle, and spikelet numbers per plant were also lower in the
mutant than in the wild-type (Fig. 1 C). Grains produced by the mutant were smaller than those from the
wild-type (Fig. 1 D), having reduced width and thickness and, consequently, lower 1000-grain weights.
Despite differences in spikelet numbers between the mutant and wild-type plants, no difference in SF was
observed (Table 1). Many drooping leaf mutant genes encode members of the YABBY protein family and
exhibit abnormal spikelets (Yamaguchi et al. 2004). Thus, unlike previously drooping leaf mutants, dr,
with their normal spikelets, are promising materials for use in rice breeding programs.

The predominant characteristic of the dr mutant was the drooping leaf phenotype. The thick central
midrib vein observed in wild-type leaf blades was diminished in the mutant leaves, being only half-formed
and small in size (Fig. 1 E). Wild-type leaves were also darker green than mutant leaves (Fig. 1 F, I).
Correspondingly, SPAD analysis revealed that chlorophyll content was almost 30% higher in wild-type
than in the mutant leaves (Table 2). Leaves were then further characterized to establish the underlying
cause of the drooping leaf phenotype in the dr mutant.

Histological analysis of the dr mutant leaves

In rice leaves, Si is primarily deposited in epidermal cell walls beneath the thin cuticle layer: this is termed
the cuticle-Si double layer (Kim et al. 2002, Zhang et al. 2013, Ma et al. 2004, Ma and Yamaji. 2008). Two
types of silici�ed cells are found in rice leaf blades: dumbbell-like shaped Si cells and Si bodies derived
from motor cells (Whang et al. 1998, Epstein. 1999).

SEM was used to examine surface cells from leaves at the maximum tillering stage. Si composition
differed signi�cantly between wild-type and the mutant leaves. On the adaxial side, wild-type leaves
exhibited staunched silici�ed dumbbell-shaped cells along the vein, but mutant leaves had disordered
and undeveloped cells (Fig. 2 A, B). Uniform silici�ed dumbbell-shaped cells were also found at the
abaxial surface of wild-type leaves, whereas mutant leaves displayed degraded Si cells (Fig. 2 C, D).

TEM was used to examine leaf cuticle membranes. Wild-type epidermis cells exhibited wart-like
protuberances with electron-dense Si regions, but these structures were ambiguous in the mutant cells
(Fig. 3 A, B). Wild-type epidermis cells without wart-like protuberances also had electron-dense Si layers,
but these were not observed in dr mutant cells (Fig. 3 C, D). Cell walls, cuticles, and Si layers, were much
thicker in wild-type than in mutant leaves, con�rming that the dr mutant accumulated less Si than wild-
type plants.

Analysis of SiO2 abundance and its impact on the drooping leaf phenotype.
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Silica, which is deposited in leaves as the amorphous silica gel (SiO2) form, can act as a structural
component to help maintain erect leaf morphology (Richmond and Sussman. 2003). SiO2 abundance
was assessed in wild-type and dr mutant to determine whether silica deposition contributed to the
drooping leaf phenotype. As major nutrients such as nitrogen (N), phosphorus (P), and potassium (K)
play signi�cant roles in plant growth and development, N, P, and K were also assessed in wild-type and
mutant leaves, stems, and roots at the maximum tillering stage.

As shown in Figure 4, N, P, and K levels did not differ in leaves, but a signi�cant difference was observed
between wild-type and mutant stems and roots. By contrast, SiO2 levels were lower in mutant leaves than
in wild-type leaves, but differences were not observed in other plant parts. Of the components assessed,
only SiO2 exhibited reduced abundance in dr mutant leaves compared with the wild-type. This con�rmed
that SiO2 accumulation was lower in the mutant than in wild-type leaves, suggesting that lower SiO2

abundance might be responsible for the drooping leaf phenotype (Supplementary Table S2).

Genetic analysis and �ne mapping of the dr mutation

F1 and F2 populations from crosses between the dr mutant and Ilpum lines were used to determine the
inheritance of the dr trait. All F1 plants exhibited the wild-type phenotype, indicating that the dr trait was
recessive. The F2 segregating population divided into two groups: dr-type and wild-type. Of the 250 F2

plants examined, 201 exhibited the wild-type phenotype and 49 exhibited the dr phenotype, consistent
with the expected 3:1 Mendelian segregation ratio (Table 3). These results suggest that the dr trait was
controlled by a single recessive gene.

BSA with STS markers was used for genetic mapping of the dr gene. Two STS markers, S02036 and
S02039, located on the short arm of chromosome 2, showed signi�cant polymorphisms between the
wild-type and dr bulk samples (Fig. 5 A). Additional STS markers adjacent to the �anking markers were
used to further re�ne the region to 340 kb between the S02-8309 and S02-8649 markers. Forty-�ve
candidate genes within this region were identi�ed using the RAP-DB database (version IRGSP 1.0; Fig. 5
B).

Analysis of the candidate gene

F2 plants derived from a cross between dr mutant and Ilpum were used for whole genome sequencing
and MutMap analysis. Plants exhibiting the dr phenotype were used to de�ne the mutant gene. The SNP
index of each SNP position was calculated, and SNP index plots were generated. According to the
average SNP index peak, the most probable candidate region was detected in the 7–9 Mb region of
chromosome 2 (Fig. 6A).

Thirty-four SNPs with an SNP index of 1 were found in the 340 kb candidate region between markers S02-
8309 and S02-8649. Five of these SNPs were located in genic regions. DNA sequencing of each of the
candidate genes was conducted to identify the gene associated with the dr phenotype. Comparisons
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between the dr mutant and wild-type sequences revealed a single point mutation in the LOC_Os02g15230
gene, which encodes GDSL esterase. The point mutation occurred in the �fth exon, at ORF nucleotide
2,677. The mutation substituted guanine with adenine, resulting in an amino acid change from glycine
(Gly) to aspartic acid (Asp) in the dr mutant (Fig. 5 C). Co-segregation analysis of this SNP was
performed using dCAPs marker, and complete co-segregation of genotypes and phenotypes was
observed in the F2 population (Fig. 6 B).

Validation of the mutation causing the dr phenotype

To verify whether the LOC_Os02g15230 gene was responsible for the drooping leaf phenotype, dsRNA-
mediated interference (RNAi) transgenic plants targeting the candidate gene were developed. RNAi
expression partially induced the drooping leaf phenotype (Fig. 7 A, B). RNAi plants also exhibited similar
Si distribution to the dr mutant. SEM visualization revealed that both RNAi plants and the dr mutant had
several undeveloped and degraded silici�ed dumbbell-shaped cells at the adaxial and abaxial sides of the
leaf, unlike wild-type leaves (Fig. 7 C-H). Si development and degradation in RNAi plants was at
intermediate levels between wild-type and the dr mutant, consistent with the leaf shape observations.
These results demonstrated that the mutant phenotype resulted from loss-of-function of the dr gene.

DR gene encoding a GDSL esterase/lipase

 Database analysis suggested that the DR gene is a member of the GDSL esterase/lipase family, which is
containing a SGNH hydrolase domain. The GDSL esterase/lipase has four important catalytic residues
Ser-Gly-Asn-His in the conserved blocks I, II, III and V (Chepyshko et al. 2012). The DR gene also has these
residues and it indicates that the DR gene may have esterase/lipase activity. GDSL esterase/lipases are
involved in the regulation of plant development, morphogenesis, and synthesis of secondary metabolites
(Akoh et al. 2004, Oh et al. 2005, Chepyshko et al. 2012). 

Multiple sequence alignment showed that the DR gene has highly conserved domain and motif whithin
its amino acid sequences. Orthologs of the rice DR gene were found in several cereal crops, including
Brachypodium distachyon (XP_003572041; 88% amino acid indentity), Sorghum bicolor (XP_002451875;
83% amino acid indentity), Zea mays (PWZ25920; 83% amino acid indentity), Triticum aestivum
(CDM83832; 88% amino acid indentity), Setaria italica (XP_004965532; 73% amino acid indentity) (Fig.
8).

Discussion
During photosynthesis, plants trap light energy with their leaves. Properly curved leaves receive optimum
light and increase yield (Lang et al. 2004). Although leaf architecture-related genes have been studied for
several decades, the mechanisms regulating leaf architecture remain poorly understood (Sharkey, 1988).
In this study, we isolated the dr gene and determined the cause of the drooping leaf phenotype.
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Map-based approach and resequencing data from MutMap-assisted SNP genotyping revealed that the Dr
gene was LOC_Os02g15230 on chromosome 2, and the causative SNP for the mutant was located in the
5th exon of the gene (Fig. 5). RNAi-transgenic plants exhibited the same phenotypes as the dr mutant,
con�rming that Dr gene was LOC_Os02g15230 (Fig. 7).

Previously, another mutant in LOC_Os02g15230, namely, brittle leaf sheath1 (bs1), was identi�ed (Zhang
et al, 2017). This is a natural mutant from Nipponbare in which a single base at the second exon-intron
junction results in an unspliced intron and premature stop codon. In fact, although Zhang et al. (2017)
didn’t mention about the drooping leaf of the bs1 mutant, its appearance looks similar to the dr mutant
which didn’t show brittle stem. This indicates that dr and bs1 are different alleles of LOC_Os02g15230
showing a little bit different phenotype, suggesting that LOC_Os02g15230 controlled leaf morphology.

In general, Si deposition enhances strength and rigidity by reinforcing plant cell walls, and erect leaf blade
structure is compromised when Si levels are reduced (Yamamoto et al. 2012, Kido et al. 2014). SEM and
TEM analysis revealed that dr leaves contained fewer silici�ed dumbbell-shaped cells and had a thinner
Si layer than wild-type leaves (Fig. 2). Si deposition pattern of the leaves in the secondary cell wall was
examined using optical microscopy with a phenol-safranin staining method. In wild-type leaves, silici�ed
dumbbell-shaped cells were arranged in a uniform manner along the vein and were opaque with silica
(Fig. 9 A). By contrast, dumbbell-shaped cells in RNAi and dr leaves were transparent and had irregular
leaf shapes (Fig. 9 B, C). Motor cell size and density was also reduced in RNAi and dr leaves compared
with wild-type leaves (Fig. 9 D-F). Nutrient analysis con�rmed that silica accumulation was signi�cantly
reduced in dr leaves compared with the wild-type (Fig 4), suggesting that insu�cient Si accumulation
was the main cause of the drooping leaf phenotype.

The Lsi1, which controls silicon accumulation has been identi�ed in rice, which encodes membrane
proteins similar to aquaporin proteins and expressed on the plasma membrane of the distal side of roots.
Suppression of Lsi1 expression resulted in reduced silicon uptake. It is interesting that although the Lsi1
and the DR gene occupy different loci on chromosome 2 and encode different proteins as well, their
functions for the silica metabolism seem to be related. Relationship of the Lsi1 and the DR gene is yet to
be studied.

Zhang et al. (2017) reported that the GDSL esterase, BS1 is localized in the Golgi apparatus. It is
interesting because the silica gets transported from the plasmalemma to Golgi in the central diatoms,
which are an inspiring example of silica biosynthesis (Hildebrand et al.2018). Silica is bundled into
colloidal sized particles in Golgi apparatus, then move to the cell wall. In addition, BS1 is expressed in
vascular bundles and modulate xylan O-acetlyation through deacetylation. Acetylation process is
essential for normal secondary wall assembly and architecture, so de�ciency of the BS1 function disrupts
secondary wall formation. As mentioned above, the Si deposition patterns of the secondary wall were
abnormal in the dr mutant. Based on these results, we hypothesize that the DR gene participates in silica
metabolism affecting secondary wall.
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This study clari�es the relationship between the dr phenotype and Si abundance, and demonstrates that
the dr gene plays an important role in determining the shape of rice leaves. These results enhance our
understanding of the mechanisms underlying leaf morphology and provide a potential resource to adjust
leaf architecture in rice breeding programs.
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Additional �le 1: Table S1. Primer information.

Additional �le 2: Table S2. Abundance of SiO2 and other nutrients in leaf, stem, and root tissues of wild-
type and dr mutant.

Figures

Figure 1

Comparison of the wild-type and the dr mutant phenotypes. (A) Overall shape of plants on 60-day-old
(left) and 90-day-old(right). (B) The roots development in the wild-type (left) and the dr mutant (right). (C)
Panicle shape of the wild-type (left) and the dr mutant (right). (D) Spikelets and seeds phenotypes of the
wild-type (upper) and the dr mutant (down). (E) Morphology of 60-day-old leaves. (F) The degree of
drooping leaves in the wild-type (upper) and the dr mutant (down). (G) Spikelets of wild-type (left) and the
dr mutant (right) before �owering. (H) Physically opened spikelets of wild-type (left) and the dr mutant
(right), before �owering. (I) Cross-section of the dr mutant (upper) and the wild-type (lower).
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Figure 2

Scanning Electron Micrograph (SEM) of leaf epidermis (1000× magni�cation). (A, B) The adaxial surface
in the wild-type and the dr mutant (C, D). The adaxial surface in the wild-type and the dr mutant. sb; silica
body, sc; silici�ed dumbbell-shaped cells, sg; stomatal guard, pr; protuberances, tc; trichome, wp; wart-like
protuberance. Arrow heads indicate undeveloped or degraded silica cells. Bars = 50 μm.
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Figure 3

Analysis of leaf structures by transmission electron microscopy (TEM). (A) Epidermal cell wall of the wild-
type in the wp region. (B) Epidermal cell wall of the dr mutant in the wp region. (C) Epidermal cell wall of
the wild-type without the wp region. (D) Epidermal cell wall of the dr mutant without the wp region. Cy;
cytoplasm, cw; cell wall, sl; silicon layer, wp; wart-like protuberances, ct; cuticle layer. Bars = 0.5 μm.
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Figure 4

SiO2, N, P, and K content analysis in the wild-type and the dr mutant. Asterisks indicate the signi�cance of
differences between the wild-type and the dr mutant as determined by F-test (*, P<0.05; **, p<0.01; ns, not
signi�cant).
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Figure 5

Positional cloning of the dr gene. (A) Genetic mapping of the dr locus with STS markers. (B) Fine-
mapping of the dr locus with additional STS markers. The candidate gene was mapped to a 340kb region
on chromosome 2. (C) Schematic diagram of the dr gene. Black rectangles represent exons and the red
star represents the mutation site.
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Figure 6

Identi�cation of the dr gene. (A) SNP index plot of chr. 2 for identi�cation of genomic regions harboring
the causal mutation of dr gene. Gray shaded area is the region of the casual mutation. Blue dots
represent SNP index values at a SNP position. Red line represents the sliding window average of SNP
index values of the 4Mb interval with 10kb increments. Green line indicates the sliding window average of
95% con�dence interval. Orange line indicates the sliding window average of 99% con�dence interval. (B)
Co-segregation analysis of F2 plants using CAPs markers. I; Ilpum, dr; dr, He; Heterozygous, Ho;
Homozygous
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Figure 7

Comparison of the wild-type, dr mutant, and the RNAi plant leaf epidermal phenotypes using SEM (100×
magni�cation). (A) Overall shape of plants on 60-day-old in the wild-type (left) and the RNAi (right). (B)
Comparison leaf shape in the wild-type, RNAi and the dr mutant. (C, D, E) The adaxial surface in the wild-
type, RNAi and the dr mutant. (F, G, H) The adaxial surface in the wild-type, RNAi and the dr mutant. sb;
silica body, sc; silici�ed dumbbell-shaped cells, sg; stomatal guard, pr; protuberances, tc; trichome, wp;
wart-like protuberance. Arrow heads indicate undeveloped or degraded silica cells. Bars = 20 μm.
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Figure 8

Multiple sequences alignment of the DR protein in various crops. The backgournd color (dark blue and
light blue) boxes represent identical or similar amino acids. Block I to V indicate the conserved domains.
N-terminal signal peptides and SGNH hydrolase domains are underlined with green and yellow line. GDSL
motif is surrounded by red box. Red asterisks indicate amino acid residue which is changed by missense
mutation in dr gene. The black arrowheads mark indicate the catalytic residues. XP_003572041;
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Brachypodium distachyon, XP_002451875; Sorghum bicolor, PWZ25920; Zea mays, CDM83832; Triticum
aestivum, XP_004965532; Setaria italica.

Figure 9

Optical microscopic images of leaves and motor cells (400× magni�cation, upper; 100×, lower). (A, D)
wild-type. (B, E) RNAi plant. (C, F) dr mutant. Bars = 50 μm.
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