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Genetic Mapping of Rolled Leaf and Spotted
Leaf Mutants in Rice

HYERIM LEE

ABSTRACTS

Leaves are the organ for photosynthesis, respiration and transpiration, and have a
major effect on growth and development related to crop yield. Therefore,
morphological characteristics of leaf such as structure, shape and color are

important agronomic traits in rice (Oryza sativa L.) breeding for ideal plant type.

To understand the genes related to leaf and those of regulations, we obtained two
new leaf-related mutants, rolled leaf mutant and spotted leaf mutant, from Ilpum
(Oryza sativa japonica) by the treatment of ethyl methane sulfonate (EMS). The
rolled leaf mutant was observed to have increased bulliform cell number and size,
and led to the outcurved leaf rolling. The spotted leaf mutant displayed brown and

white spots from early vegetative stage.

The phenotypes of the F; plants derived from the cross between these mutants and

wild-type plants were normal. In each F, population, segregation ratio between the



wild-type and the mutant type was 3:1. This genetic analysis indicated that each
mutant phenotype was controlled by single recessive gene.

Bulked segregant analysis (BSA) and genetic mapping were conducted using F,
population developed from the cross between each of mutants and Milyang23
(Oryza sativa indica). According to the results, the rolled leaf gene was located on
the long arm of chromosome 2 between the flanking markers 2125f and 2126b
(122kb) and the spotted leaf gene was located on the long arm of chromosome 5
between the flanking markers S05105 and S05112 (2.2Mb).

In order to search for candidate genes and causal SNP positions rapidly, whole-
genome sequencing data of llpum and bulked F, progenies displaying the mutant
phenotype were used. Through the combination of the BSA and SNP analysis, two
candidate genes of rolled leaf mutant and a few candidate SNP positions of spotted
leaf mutant were identified. This study will contribute to the further study of leaf-

related mechanism in rice, and confirmation of each candidate genes is in progress.

Keywords: Rolled leaf, Bulliform cell, Spotted leaf, ROS staining, Genetic

mapping, Next generation sequencing.

Student number: 2013-23228
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INTRODUCTION

Rice is one of the most important food crops in the world and the model plant of
monocotyledons. Many kinds of Oryza sativa cultivars are grown in more than 100
countries and an estimated 3.5 billion people worldwide, approximately half of the
world population, considers that rice (Oryza sativa L.) is the staple food®.
Production and consumption per capita of rice are rising steadily in many counties
(such as sub-Saharan Africa, Caribbean and Latin America regions) and rice is the
major source of nutrient especially for about 520 million people living in Asia’.
Furthermore, the genome sequencing project of rice (http://www.rgp.dna.affrc.go.

jp/) was conducted firstly among field crops as monocotyledonous model plant that
have greatly contributed to genetic study and breeding. The Green Revolution had
influenced on increasing the yield of rice. Nevertheless, researches about ideal

plant type still need to meet the demand of rice in growing continuously.

Leaf characteristics are important agronomic traits because leaf is the organ of
photosynthesis, transpiration, respiration. Leaves play a crucial role in growth and
development of plant. To understand the regulatory mechanism of leaf properties,
such as shape, development, color, and senescence, many researches were

conducted in rice.



Above all, appropriate leaf morphology is an important for high yield in breeding
of rice. Moderate leaf rolling contributes to the erectness of leaves, which can
increase the light transmission rate and leads to higher photosynthetic efficiency®*.
Therefore, the study of rolling leaf and isolation of the genes that controls its
phenotype will be a help to elucidate the mechanism of leaf rolling and to breed

with ideal type plant with ideal type of plant.

According to the previous study, development progresses of leaf including
determination of polarity and cell differentiation are supposed to major reasons of
rolling leaf*’. Furthermore, various types of leaf rolling were reported with
direction of rolled leaves as inward or outward and degree of rolling; slightly,
moderately, cylindrically rolled leaves. Some mutants and genes related to leaf
rolling have been reported in rice. However, only a few genes were cloned and

studied those function.

The genes of rolled leaf mutants, rll, rl2, rl3, rl4, rl5, rl6 were located on
chromosomes 1, 4, 12, 1, 3, and 7 through conventional genetic analysis

(http://www.gramene.org/) &, and rl7- rl14 were mapped on molecular map with

chromosome 5 (r17 °, r18 %), 9 (rl9 **2, rl10 ), 7(r111 **), 10 (r112 *, rl14 7) in
rice. Most of them were assumed single recessive genes that controlled the traits.
However, some mutants were controlled by quantitative trait loci (QTLs) and rl(t)

located on chromosome 2 was an incomplete recessive gene'®*,

In rice, SHALLOT-LIKE1 (SLL1) encodes a SHAQKYF class MYB family
transcription factor belonging to the KANADI family*. Mature sll1 mutants

showed extremely incurved leaves due to the regulation of the development for
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abaxial side cells in leaf. Mutational SLL1 results in defective programmed cell
death of abaxial mesophyll cells and suppresses bulliform cell and sclerenchyma
development on abaxial side. The rl14 mutant had incurved leaves and shrunken
bulliform cells on the adaxial side’. Expression of RL14, encoding a 20G-Fe (I1)
oxygenase, affected the composition of the secondary cell wall. SEMI-ROLLED
LEAF1 (SRL1) which encodes a putative glycosylphosphatidylinositol-anchored
protein, regulates the expression of genes encoding vacuolar H*-ATPase subunits
and H*-pyrophosphatase. A defect of SRL1 characterized the increased number of
bulliform cells™®. Defect of NARROW AND ROLLED LEAF1 (NAR1), encoding the
cellulose synthase-like protein D4 (OsCslID4), results in semi-rolled leaves by
decreasing of bulliform cells size'®. Furthermore, overexpression of the rice
OsAGO7 gene, orthologous to the Arabidopsis ZIP/Ago7 gene, induces upward

adaxial curling of the leaf blade®.

Several abaxially rolled leaf mutants and the corresponding genes have been
identified and analyzed. Rice outermost cell-specific gene5 (Roc5) encodes a
homeodomain (HD) leucine zipper class IV homeobox transcription factor. The
oull mutant, defect of Roc5, are showing abaxially rolled leaf with increased
number and size of bulliform cells, whereas the transgenic plants overexpressing
Roc5 present adaxially rolled leaves®. Defective rice leaf inclination2 (LC2), a
VIN3-like protein, is also observed reversely rolled leaves?. Overexpression of
Abaxially Curled Leafl (ACL1) appeared abaxial curling of leaf blades due to
increased bulliform cell number and size, and ACL2 is its homolog in rice®®,
ADAXIALIZED LEAF1 (ADL1) encodes a calpain-like cysteine proteinase which is

associated with the maintenance of axis information in leaf®. The adl1l mutant has

3
s A=t &
L -



abaxially rolled leaves because of the ectopical formation of bulliform-like cells at
the abaxial side. Therefore, histological properties including the size and number of

bulliform cells could play an important role in leaf rolling.

In addition, Environmental effects were also involved in leaf rolling.
CONSTITUTIVELY WILTED 1 (COW1) encodes a member of the rice YUCCA

gene family, and leaves of oscow1 mutant plants rolled upwardly*.

In rice, various morphological changes of leaf are commonly observed in varieties
and mutants induced by mutagens®. Leaf color is another important traits
influenced on growth, development and yield of plant through photosynthesis™* %.
Therefore, researches about leaf color including spot, stripe, albino, chlorine were

performed and then that will be a help to identify its genes regulating leaf color.

Among these variations, spotted leaf mutants were reported considerably.

The lesions of the spotted leaf mutants usually appear at seedling to tillering stage
firstly whereas some of them observed in other growth stage”?. The spots are
usually brown color, such as reddish brown and dark brown. The spotted leaf
mutants generated lesions without abiotic and biotic stresses, however the lesions
are similar to those caused by pest damage or pathogen infection. Therefore, these
mutants are often termed lesion mimic or lesion simulating disease mutants®*®.
Usually, cell necrosis of the spotted leaf mutants is similar to that resulted from

hypersensitive response (HR). HR is a symptom of programmed cell deaths (PCD)

induced by pathogen invasion®!, but cell death of spotted leaf mutants showed



without pathogen infection. To study PCD mechanisms and analyze defense gene

expression, lesion mimic mutants are useful.

To date, 17 rice spl mutants (spl1-11 and bl1-6) have been registered in the Rice
Genetics Cooperative, and the genetic controls of 51 rice spotted-leaf mutants have
been descripted®***. Among the 51 spl mutants, most of them (42 mutants) are
controlled by single recessive genes, one controlled by two recessive genes, and 8

mutants are regulated by single dominant genes (reviewed by Huang et al., 2010 ¥).

Many kinds of lesion mimic mutant were reported, but only several genes were
cloned and most of them were remained unmapped. The spl7 was the first spotted
leaf gene to be cloned and encodes a heat stress transcription factor®. Splll is a
negative regulator of plant cell death defense due to encoding a U-Box/Armadillo

repeat protein and manipulating flowering®

. Furthermore, splll, OsPtila,
OsSRT1, and OSACRD1 are found to be responsible for spot initiation®**!. Spl18 is
related to seedling regeneration®?, and then spl28 is involved in senescence®. Other
spl genes encode various proteins and enzymes; zinc finger proteins®**, heat stress
transcription proteins®, membrane-associated proteins *°, ion channel regulators *°
and components in biochemical pathways responsible for metabolism of
porphyrins *"*¢, fatty-acids/lipids **!, phenolics®, ubiquitination®®. Those studies

of the spl mutants and gene in rice were signified that multiple genetic mechanisms

involved in lesion mimic phenotypes.

In the present study, a new rolled leaf mutant and spotted leaf mutant induced by
chemical mutagen, ethyl methane sulfonate (EMS), was characterized. The

objectives of this study were phenotypic characterization, genetic analysis and



mapping of these leaf-related mutants and identification of the candidate genes for

leaf rolling and spotting.



MATERIALS AND METHODS

Plant materials

Arrolled leaf mutant and spotted leaf mutant were induced by the treatment of ethyl
methane sulfonate (EMS) from llpum, japonica cultivar. Each of the mutants was
selected from M, generation and fixed in pure line by repetitive selfing. The
pedigree of rolled leaf mutant is llpum E-B-572-1-B-2-B-B, and spotted leaf

mutant is llpum E-B-319-1-2-2-1-1-1.

For genetic analysis and whole genome sequencing, mutants were crossed with its
wild-type plant and F, populations were developed from these F;. Mapping
populations were derived from the cross between mutants and Milyang23, indica

cultivar, and were used for BSA and genetic mapping.

All mutants and populations were grown in the experimental field and green house

of Seoul National University in Suwon.

WT rl WT snl

Figure 1. Phenotype of wild-type and mutants at vegetative stage.
(A) Plants of wild-type (left) and rl (right). (bar = 20cm)

(B) Plants of wild-type (left) and spl (right). (bar = 20cm)
7



Paraffin section for histological analysis of rolled leaf

Paraffin-embedded section was done according to the method of Ji et al.
(2006)>*with slight modifications. Leaf samples from the middle portion of leaves
were collected at late vegetative stage and fixed in FAA solution(ethanol 50%,

acetic acid 5%, formaldehyde 3.7%) and stored at 4C for overnight after

vacuumed (3cycles of 5min each) using IR concentrator (Micro-Cenvac, NB-

503CIR, N-Biotek).

The fixed leaves were dehydrated by soaking in a graded ethanol series (60%, 70%,
85%, 95%) each for 2 hours and incubated in 100% ethanol overnight. The samples
were cleared by soaking for 2 hours in the clearing solution series consisting of
ethanol : histoclear 3:1, 1:1, 1:3 in order and then soaked in 100% histoclear
overnight. For paraffin infiltration, the leaf samples were soaked in the solution
series of histoclear : paraffin 3:1, 1:1, 1:3 for 2 hours in order and 100% paraffin at

55°C overnignt.

The infiltrated samples were embedded in a paraffin block and then cut into
8~20 um sections using a microtome (MICROM Lab, Walldorf, Germany). The

sections were mounted on a Superfrost-plus glass slides (Fisher Scientific,
Pittsburgh, PA, USA) coated with egg albumin solution (sodium salicylate 1g, egg

white 50ml, glycerol 50ml)and dried at 42°C for 1day. The sections were

deparaffinized with 100% xylene for 1 hour followed by hydration by soaking in
xylene : ethanol 1:1, 100% ethanol, and sterile water for 2min each. The sections
were stained with 0.1% toluidine blue solution for ~30sec and washed with sterile

water. For destaining, the slides with sections were soaked in 30%, 50%, 70%, 85%,

8
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95% ethanol for 2 min in order. Finally, the slides were soaked in 100% xylene for
10 min and mounted in Canada balsam. The cross sections of leaf were observed
and photographed at 40~300X magnification to measure the bulliform cell number

and size.

Measurement of Leaf Rolling Index (LRI) and Leaf Erection Index
(LEI) of rolled leaf

To determine the Leaf Rolling Index (LRI), the widths of the flag and second
leaves at the heading stage were measured under either the natural (Ln) or

unfolding state (Lw). The LRI was calculated as LRI(%) = (Lw — Ln)/Lwx100.

The length of the leaf blade between the lamina joint and the tip in the natural (Lnl)
and straightened situation (Lsl) were measured, and the LEI was calculated as
LEI(%) = Lnl/Lsl x 100. The data of Lnl and Lsl were collected from flag and

second leaves at heading stage, too.

Measurement of soil plant analysis development (SPAD) value of
spotted leaf

To verify the physiological characteristics of the spotted leaf mutant, the amount of
chlorophyll present in plant leaves was measured using Minolta Chlorophyll Meter

SPAD-502 (Minolta Camera Co., Japan) and was designated the SPAD value.



SPAD value was measured on the day of flowering, and then again every 5 days
until 20 day after flowering in three spots (near the tip, basal half and near the basal)

of flag and second leaves from five plant replicates.

Detection of ROS accumulation of spotted leaf
ROS (Reactive Oxygen species) accumulation was determined by staining method

55,56

described previously>" with some modifications. Upper three leaves, from top to

bottom, were used in staining.

For superoxide anion(O,) detection, leaf samples were vacuumed (three cycles of
5 min each) and infiltrated in 0.5 mg/ml nitro blue tetrazolium (NBT) in 10mM
potassium phosphate buffer (pH 7.8) for 20 h in the dark. For H,0, determination,
leaf samples were vacuum-infiltrated (three cycles of 5 min each) in 1 mg/ml 3,3'-
diaminobenzidine (DAB) containing 10mM MES (pH 6.5) for 22h in the dark.
Both reactions were performed until chlorophyll was completely removed and were

stopped by transfer to 90% ethanol at 70°C. Following incubation period, the

cleared leaves were stored and photographed in 70% glycerol.

Genetic mapping

Two F, mapping populations from the cross between rolled leaf mutant and

Milyang23, spotted leaf mutant and Milyang23 were used.

For genetic mapping, BSA strategy®’ was done first. 10 mutant type and 10 wild-

type plants based on their phenotype were selected from each of F, mapping

10
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populations. Genomic DNA were extracted from young leaves by CTAB method.
Equal concentration of DNA from individual plants which showed same phenotype

were pooled into two bulks.

Total 92 STS markers of known chromosomal position throughout all
chromosomes, which were designed in Crop Molecular Breeding Laboratory, Seoul
National University, were tested and then the co-segregation markers were
identified with these bulks. After BSA, phenotype and genotype of F, mapping
population were used to determine gene position on chromosome and to conduct
fine mapping. Some contiguous STS markers and additionally designed STS
markers, based on the differences in sequences between the japonica and indica

rice subspecies, were used.

PCR was performed in a total reaction volume of 20 x{ containing 100ng of
template DNA, 10pM of each forward and reverse primer, 250uM of dANTP, 10mM
Tris-HCI (pH 8.3), 50mM KCI, 1.5mM MgCl,, 0.01% gelatin and 0.5U of Taq
DNA polymerase (made by laboratory). Amplication were performed in a PCT100
96U Termocycle (MJ Resaerch, Reno, NV, USA) in the following sequence : 5min

at 95C, followed by 35cycles of 30sec at 95C, 30sec at 56 C, 30sec at 72C,
10min at 72°C for final extension and 10min at 10°C. PCR products were

separated in 3.0% agarose/0.5X TBE gels and visualized by ethidium bromide

staining.

11



Whole genome sequencing

Genomic DNA of F, population derived from the cross between each of mutants
and wild-type was extracted from young leaves by CTAB method, and then it was
pooled from several individuals (n=20, > 5 #8) showing the clear mutant phenotype
among the progeny by equal ratio. For SNP analysis, the bulked DNA was
sequenced using an Illumina HiSeq2500, and raw data of whole-genome sequence

for llpum from NICS of RDA was also used.

DNA libraries for Illumina HiSeq2500 sequencing were prepared using the Kits
(Truseqg Nano DNA LT sample preparation kit, FC-121-4001). The gPCR was
conducted using these libraries, and then amplified clonal clusters were generated
and performed paired-end sequencing using Illlumina HiSeg2500 (250 cycles).
Base calling was carried out by the instrument control software’s Real Time

Analysis (RTA).

Alignment of short reads to reference sequences and SNP and InDel
calling

Whole genome sequencing and SNP analysis were performed to identify the
mutation point generated by mutagen. 76 million and 83 million paired-end short
reads from F, bulks DNA was obtained and these data preprocessing were carried
out using btrim 0.2.0 (http://graphics.med.yale.edu/trim/). The filtering options of
low-quality bases were cut off phred-score 20 and minimum read length 50.
Processed short reads were mapped and aligned to public Nipponbare genome

sequence, Build 5 ver. (http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html)
12
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with clc_ref _assemble (V 4.21.104315). whole-genome sequence for Illpum from
NICS of RDA was also filtered and mapped to Nipponbare in the same way.
Subsequently, SNP detection and SNP calling were performed by find_variations
(V 4.21.104315). SNP filtering options are read depth of the site > 5, variant

frequency of major base > 0.9.

After mapping and SNPs calling, causal SNPs and InDels involved in phenotype of
mutants were detected by following, modified MutMap method®®. i) Remove the
same SNPs and InDels in wild-type and mutant. ii) Remove the common SNPs
and InDels shared by at least two mutants lines. iii) Calculate SNP index. iv)

Pick homozygous SNPs and InDels (SNP index=1) located in annotated gene
region. SNP index is the ratio between the number of reads of a mutant SNP and

the total number of reads at the each position.

| Mutagenesis Mapping and SNPs calling

Y

WT ‘ mutant

Remove the same SNPs and InDels
in Wild-type and mutant

Whole genome
sequencing

Remove common SNPs and InDels sh
ared by at least two mutants lines

Calculate SNP index

Y W Mutant type F, Pick homozygous SNPs and InDels in

bulk (20 plants) annotated gene region

Figure 2. SNPs and InDels calling work-flow from whole genome sequencing
data.
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RESULTS

1. Rolled leaf mutant

Characterization of rolled leaf mutant in rice

The rolled leaf mutant plants appeared spiral shaped leaves at the seedling stage
(Fig. 4 A). Distinction between mutant and wild-type plants in rolling of leaves
became clearly evident as they grew. After the tillering stage, the leaves of the

mutant plants showed outward rolling and cylindrical shape (Fig.4 B,C).

Figure 3. Phenotype of wild-type and rolled leaf mutant at ripening stage. (bar
=20cm)

14



Figure 4. Leaf morphological characteristics of wild-type and rolled leaf
mutant.

(A) rl (right) leaves showed spiral but WT (left) leaves were flat at early vegetative
stage. (bar = 5cm) (B) rl (right) leaves rolled abaxially at late vegetative stage (bar
= 1cm) and (C) showed cylinder-like shape in mature plants. (bar = 1mm) ab,
abaxial side; ad, adaxial side.

A 80 T
60 +{ f------mmmm e

o/ H el T

o LCL(cm) ™ PN

flag leaf | 2nd leaf flag leaf | 2nd leaf

leaf length(cm) leaf width(cm)

Figure 5. Agronomic traits of wild-type and rolled leaf mutant.

Comparison of the (A) culm length(CL), tiller number(TN), panicle number(PN),
panicle length(PL), panicle exsertion(PE), (B) inter node length, (C) leaf length and
(D) leaf width of flag and second leaves between wild-type and rl. Error bar
represents SD (n>10) and statistically calculated by Student’s t-test (* P<0.05, **
P<0.01).
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Agronomic traits were compared between the mutant and wild-type. The results
showed that the mutant was deficient in most of them. The abaxially rolled leaf
mutant showed smaller culm length, leaf length and leaf width than Illpum, its wild
type. Panicle length and exsertion were also reduced in case of rolled leaf mutant
compared to the wild-type (Fig. 5). Grain length, width, fertility and 1000 grains
weight of rolled leaf mutant were decreased, whereas tiller number and panicle

number of the mutant were increased compared to the wild-type (Fig. 6, Table 1).

Figure 6. Grains and panicle of wild-type and rolled leaf mutant.
(A) Grain shape of wild-type and rl. (B) Panicle of wild-type (left) and rl (right).
(bar = 5cm)

Table 1. Comparison of agronomic traits between wild-type and rolled leaf
mutant.

1000 grain Grain

HD GL{mm) GW(mm) weight(g) fertility(%)

Wild-type 24-Aug 5.53+0.18 3.33+0.15 25.97+0.09 82.15+7.98

Mutant 28-Aug 4.68+0.15 2.83+0.13 11.56+0.26 2.93+2.45

Comparison - *k *k *k *ke

Values are mean + standard deviation. Comparison of the heading date in
2014(HD), grain length(GL), grain width(GW), 1000 grain weight, grain fertility of
wild-type and rl. Data show means and SD of biological replicates (n>10, n>5) and
statistically calculated by Student’s t-test (* P<0.05, ** P<0.01, NS: not statically
significant).
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Histological analysis
According to previous studies, the leaf rolling, especially orientation of that, was
influenced by alterations of bulliform cell. Paraffin-embedding sectioning of the

leaves was carried out to investigate the change about cell differentiation.

In cross section analysis from mature 9th leaves, significant differences in number
and size of bulliform cell were observed between the mutant and the wild-type (Fig.
8). The rolled leaf mutant had 7.31 bulliform cells between two vascular bundle
ridges, whereas the wild-type bulliform cells were 4.49 cells (Fig. 7 A). Moreover,
the average of bulliform cell area of the mutant (4595.90um?) was larger than that
of the wild-type (2457.06um?) (Fig. 7 B). Bulliform cell number and area were
increased in the rolled leaf mutant. Therefore, it was assumed that the abaxially

rolled leaf phenotype of the mutant was resulted from altered bulliform cell number

and area.
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Figure 7. Rolled leaf mutant has increased bulliform cell number and area
compare to wild-type.

9th leaf blades of rl show significantly increased (A) bulliform cell number and (B)
area. Error bar represents SD (n>35) and statistically calculated by Student’s t-test
(* P<0.05, ** P<0.01).
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Figure 8. Leaf cross-section of wild-type and rolled leaf mutant.

Bulliform cell number and area between vascular bundle ridges were significantly
increased in rl. Red lines indicate the bulliform cells. (bar = 100um). be, bulliform
cells; lv, large vascular; sv, small vascular.

Leaf Rolling Index (LRI) and Leaf Erection Index (LEI)

LRI analysis showed that the mutant have evidently high LRI value compared to
the wild-type. At the late vegetative stage, the LRIs of the flag and second leaves of
the rolled leaf mutant reached to approximately 47% and 60%, whereas wild-type

leaves were almost flat (Fig. 9 A).

On the other hand, the LEIs of the same leaves of the mutant were observed similar
to that of wild-type (Fig. 9 B). This result was due to the erectness of flag and
second leaves at the heading stage. Moreover, llpum had erected leaves so LEIs
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were not different or slightly different between the rolled leaf mutant and the wild-

type.
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Figure 9. Comparison of the LRI and LEI of wild-type and rolled leaf mutant.
(A) LRI and (B) LEI of wild-type and rl. Error bar represents SD (n>10) and
statistically calculated by Student’s t-test (* P<0.05, ** P<0.01).

Genetic analysis of rolled leaf mutant in rice

The phenotypes of the F; plants derived from the cross between the mutant and

llpum were normal. In F, population, segregation ratio between the wild-type and

the mutant-type was 3:1 (Table 2). This genetic analysis indicated that leaf rolling

is controlled by single recessive gene.

Table 2. Segregation ratio of F, population developed from the cross between

the rolled leaf mutant and llpum.

X*(3:1)
Total Normal Mutant (p=0.05, x’=3.841)
185 149 36 3.029
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Genetic mapping of rolled leaf mutant in rice

Bulked segregant analysis (BSA) and genetic mapping were conducted using F,
population derived from the cross between mutant and Milyang23 (Oryza sativa
indica). According to the BSA results, the gene was located on the long arm of rice

chromosome 2 between two flanking markers, S02109 and S02126 (Fig. 10).

$02109 S02126

bk gl s S hl e e e

Figure 10. Bulked Segregant Analysis (BSA) of wild-type and rolled leaf
mutant bulks from F, population.
1,rl; 2, Milyang 23; 3,4, Mutant bulks; 5,6, Wild-type bulks.

Additional 13 STS markers (Table 3), which were designed based on the variation
of genome sequence from database (http://www.ncbi.nih.gov/ and http://www.rgp.

dna.affrc.go.jp/), were located between two flanking markers and used in
narrowing down the candidate region for rolled leaf gene. Fine- mapping results
showed that 2125f and 2126b markers were closely linked to locus of rolled leaf
gene and physical distance of them were estimated to be 122kb (Fig. 11). In this

candidate region, total of 25 genes were located.
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Table 3. The PCR-based additionally designed molecular markers for genetic
mapping of the rolled leaf mutant.

STS marker  Forward primer (5'-3’) Reverse primer (5'-3)
2123a ATTCGAGGGAGAAGGGAATC AACTTGCAGGAGGAGACCAA
2124a ATTTGTTTGACGGCCAAAAG TGAAGTCGAAGCCTTTGAGG
2125a TGCGTGTCGATTCCTTATTTT AACCCGCCAGCCTATTACTC
2125b CCTGCTCTTAAGGTGGTGGA GATGAGCTAGCTGGCCTTGT
2125b2 CCTCAGCTTTGTCATTTCCAG AGTGGCTCACATTGCTGATG
2125c¢ AGGCCCCGATTTAGCTTAGA CTTCCAATTTGGCGAGGTAA
2125d CAGGTCCTAAAAGGACAGCA CTGGCCGTGAGGTAATTGTT
2125e TTCAATTCGTTGTGCGTTGT GGAGCCAGTTAGAAGGAAAGAA
2125f AATCCGTCGATTTGTGTGTG AACGTGCAATCATCCCATTC
2126a TGCATGTGTGATGAGGACTG CGGTGACACCCTTTAGAAGTC
2126b TGGTTAGGTTTTTGACGATGAA TAAATGCATGCGCTCTCAAG
2126¢ TAGGGTGCAGTGGAATAGCC AGGAACTGGGAAGCTGAAGG
2126d TCCCGCTTGTACCGAATTAC CGAAGGGTCACAGGACTCAC
21 A 5
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Figure 11. Genetic and physical maps of the rolled leaf mutant.
(A) Locus of new rolled leaf gene was on the long arm of chromosome 2 between
S02122b and S02131. (B) Candidate region was narrowed down using additional
STS marker. (C) Graphical genotype results of the fine mapping. W, Wild type; M,

Mutant type; H, hetero.

SNP analysis and searching for mutation point

To identify the candidate gene and causal SNP position rapidly, the SNP analysis

was performed with whole-genome sequencing data of llpum and bulked F,

progeny displaying the mutant phenotype. This analysis and genetic mapping

results were analyzed synthetically.

Several SNP positions were founded in candidate region. Among them, only three

homozygous SNPs which existed in genic region based on Rice Genome
22
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Annotation Project database (http://rice.plantbiology.msu.edu/). One of the SNPs

located on LOC_0s02g48570 and others located on LOC_0s02g48590 (Table 4).

Every SNP was confirmed by manual sequencing, and then co-segregation analysis
was performed with F, population to validate the association between those SNPs
and the rolled leaf phenotype of the mutant. dCAPS markers were designed and
PCR was conducted in 10 mutant type and 10 wild type plants selected from F,

population, derived from the cross between rolled leaf mutant and Ilpum.

After digestion with specific restriction enzyme, only mutant or wild type PCR
product was cut depending on the markers. Each of clear co-segregations observed

between mutant type and wild type plants from F, population (Fig 12 A,B).

According to in silico genome annotation, one of the SNPs, named SNP3, is likely
to relate with phenotype of mutant. This mutation point found at the 5 splice site
of first intron. In eukaryotes, introns of pre-mRNA are spliced off before
translation, mRNA to amino acid. Introns have specific sequences, which bind
spliceosome assisted splicing, GU at its 5" end and AG at its 3" end for RNA
processing. In this mutant, this G of 5" has been mutated to A, which binds

spliceosome. Therefore, this single nucleotide transition might lead to the splicing

error (Fig.12 C).
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Table 4. Homozygous SNPs position in candidate region for rolled leaf.

Position Status Reference Query Gene ID Description
SNP1 30596325 Difference G A 050280716800 | LOC_0s02g48570 ;f;;ita receptor, type I/II extracellular region family
SNP2 30601566 Difference G A

LOC_0s02g48590 Esterase/lipase/thioesterase domain containing
protein.

0s02g0717100
SNP3 30602023 Difference G A

SNPs were named SNP1, SNP2, SNP3 and position of SNPs was based on the Nipponbare genome sequence, Build 5 wver.
(http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html).

5 Cc SNP2 SNP3
£ 2 Mutant-type Wild-type 114 +344
5 ' y Intron - 3
A — 5-UTR | Exonl | ——— Exon2 | 3-UTR D
Wild-type 5" - AACCAGAAGC CAACCGGAGT TAAGGAAGAA GGGAAGGAAA GCCACCCGAG -3’
B rlmutant 5’ - AACCAGAAGC CAACCGGAGT TAAAGAAGAA GGGAAGGAAA GCCACCCGAG -3’

SNP2

Wild-type 5’ - GCGGCGTCCT CCTCGTCGGC TCCTCCGCTG GTAGGTTGCT GA CTT -3
rImutant 5" - GCGGCGTCCT CCTCGTCGGC TCCTCCGCTG ATAGGTTGCT GA CTT -3

Exonl SNP3

Figure 12. SNP2 and SNP3.
(A) and (B) are dCAPS marker genotype of F, plants from the cross between the rolled leaf mutant and llpum, classified by phenotype. (A)
After digestion with restriction enzyme Msel of SNP2. (B) After digestion with restriction enzyme Rsal of SNP3. (C) Position of SNP2 and
SNP3 in LOC_0s02g48590.
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http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html

1. Spotted leaf mutant

Characterization of spotted leaf mutant in rice

Brown spots appeared on the leaves near the tip of the mutants after 5th leaf stage
and the spots increased from the tip to the basal part of the leaf with growth. At
later tillering stage, white spots were observed with the brown spots. As growing,

both spots showed from the bottom to top of the plant (Fig. 14).

Figure 13. Phenotype of wild-type and spotted leaf mutant at ripening stage.
(bar = 20cm)

A B
Figure 14. Lesion mimic phenotype of spotted leaf mutant.

First (left), second (middle), third(right) leaves from the top of (A) wild-type and
(B) spotted leaf mutant at late vegetative stage.
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To analyze the characteristics of the spotted leaf mutant, various agronomic traits
of the mutant were compared with those of the wild-type. Most of the agronomic

traits of mutant were similar to those of wild-type.

The spotted leaf mutant showed smaller culm length, tiller number and panicle
number than llpum, its wild type. However, panicle length and exsertion, leaf
length and width were not severely reduced in case of spotted leaf mutant
compared to the wild-type (Fig. 15). 1000 grains weight of spotted leaf mutant was
decreased, whereas grain length, width, and fertility of the mutant were similar to

those of wild-type (Fig. 16).
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Figure 15. Agronomic traits of wild-type and spotted leaf mutant.

Comparison of the (A) culm length(CL), tiller number(TN), panicle number(PN),
panicle length(PL), panicle exsertion(PE), (B) inter node length, (C) leaf length and
(D) leaf width of flag and second leaves of wild-type and spl . Error bar represents
SD (n>10) and statistically calculated by Student’s t-test (* P<0.05, ** P<0.01).
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Figure 16. Grains and panicle of wild-type and spotted leaf mutant.
(A) Grain shape of wild-type and spl. (B) Panicle of wild-type (left) and spl (right).
(bar = 5cm)

Table 5. Comparison of agronomic traits between wild-type and spotted leaf
mutant.

1000 grain Grain

HD GL(mm) GW(mm) weight(g) fertility(%)

Wild-type 24-Aug 5.53+0.18 3.33+0.15 25.97+0.09 82.15+7.98

Mutant 20-Aug 5.58+0.10 3.37+0.05 21.12+0.32 85.64+5.46

Comparison - NS NS ol NS

Values are mean * standard deviation. Comparison of the heading date in
2014(HD), grain length(GL), grain width(GW), 1000 grain weight, grain fertility of
wild-type and spl. Data show means and SD of biological replicates (n>10, n>5)
and statistically calculated by Student’s t-test (* P<0.05, ** P<0.01, NS: not
statically significant).

Analysis of chlorophyll contents by SPAD value

To establish the connection between spot and degree of chlorophyll content, SPAD

values were measured in mutants and wild-type plants. SPAD value, indirect
27



indicator of chlorophyll content in leaf, of the mutant plant was slightly higher than
wild-type that means spotted leaf mutant naturally have much chlorophyll content

compared to wild-type.

Although the lesions expanded over the leaf, SPAD values were slightly decreased.
The result indicates that destruction of chlorophyll was not accelerated by the

emergence of lesions (Fig. 17).
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Figure 17. Comparison of the chlorophyll contents.

Chlorophyll contents in (A) flag leaf and (B) second leaf of wild-type and spl.
SPAD value were measured at the indicated times after flowering (DAF, days after
flowering). Data show means and SD of biological replicates (n>5).

Staining for ROS detection

The Result of NBT staining, displaying the blue color precipitates, indicate the
superoxide anion(O,") accumulation, Among the upper three leaves, first leaf of the
mutant was quite distinct from those wild-type, and other leaves of the mutant were

stained more than wild-type (Fig. 18).
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Furthermore, to observe the H,O, accumulation, DAB staining was also performed .
DAB staining showed brown staining that detects areas of H,O, accumulation.

DAB staining results were similar to that of NBT staining.

This indicated that lesion formation in the mutant leaves was correlated with ROS

accumulation.

Figure 18. ROS staining.
ROS staining using first, second, third leaves from the top of wild-type and spl at
heading stage. (A) NBT staining, (B) DAB staining.

Genetic analysis of spotted leaf mutant in rice

F, plants derived from the cross between the mutant and Ilpum showed the normal
phenotype. In F, population, segregation ratio between the wild-type and the
mutant-type was 3:1. According to this genetic analysis, spotted leaf gene which

controls the emergence of lesion is single recessive gene.
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Table 6. Segregation ratio of F, population developed from the cross between
the spotted leaf mutant and llpum.

X*(3:1)
Total N | Mutant
ota orma utan (p=0.05, ’=3.841)
190 148 42 0.085

Genetic mapping of spotted leaf mutant in rice

Bulked segregant analysis (BSA) was performed using F, population derived from
the cross between mutant and Milyang23 (Oryza sativa indica). This analysis
detected two flanking markers (S05080a, S05112) on the long arm of rice

chromosome 5 (Fig. 19).

Additional 6 STS markers, which were located between two flanking markers were
designed based on variation of genome sequence from available database
(http://www.ncbi.nih.gov/ and http://www.rgp.dna.affrc.go.jp/). Fine- mapping was
conducted, and then the candidate region was narrowed down between S05105 and

S05112 markers (physical distance 2,2Mb).

S05080a S05112
-“nn..w
1 2 3 4 5 6

Figure 19. Bulked Segregant Analysis (BSA) of wild-type and spotted leaf
mutant bulks from F, population.
1,spl; 2, Milyang 23; 3,4, Mutant bulks; 5,6, Wild-type bulks.
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Figure 20. Genetic and physical maps of the spotted leaf mutant.

(A) Locus of spotted leaf gene was on the long arm of chromosome 5 between
S05080a and S05112. (B) Candidate region was narrowed down using additional
STS marker. (C) Graphical genotype results of the fine mapping. W, Wild type; M,
Mutant type; H, hetero.

SNP analysis and searching for mutation point

Both rolled leaf mutant and spotted leaf mutant were derived from llpum.
Therefore, similar strategies were applied to search for the candidate gene and

causal SNP position.
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The SNP analysis was performed with whole-genome sequencing data of llpum
and bulked F, progeny displaying the mutant phenotype. This analysis and genetic
mapping results were analyzed synthetically. In flanking region, 8 homozygous
SNPs existed in genic region and several homozygous SNPs in intergenic region
based on Rice Genome Annotation Project database (http://rice.plantbiology.msu.

edu/).
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Table 7. Homozygous SNPs position in candidate region for spotted leaf.

Position of SNPs was based on the Nipponbare genome sequence, Build 5 ver.
(http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html).

Position Status Reference. Query Gene ID Description

26012356 Difference C T

26154389 Difference C T

26297755 Difference C T

26373075 Difference C T

26495547 Difference C T

26814370 Difference C T

26977732 Difference C G Similar to Transcription factor LAX PANICLE.

26977757 Insert - G Similar to Transcription factor LAX PANICLE.
0s05g0541400 LOC_0s05g46370

26977758 Difference C G Similar to Transcription factor LAX PANICLE.

26977762 Deletion C - Similar to Transcription factor LAX PANICLE.

26989827 Difference T G Similar to predicted protein.

26989832 Deletion T - Similar to predicted protein.
0s05g0541700 LOC_0s05g46395

26989850 Difference A C Similar to predicted protein.

26989857 Difference A G Similar to predicted protein.

27369645 Difference C T

27604871 Difference C T
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DISCUSSION

As a major organ of photosynthesis, properties of the leaf are important agronomic

traits and taken interest through previous studies.

Moderate rolling leaf could enhance the light capture efficiency through
maintaining the erection of leaf. Thus, leaf rolling is related to crop yield. In rice,
many kinds of rolled leaf mutants and genes were identified but the entire
mechanism regulated leaf rolling was not provided yet. In this study, we identified
the mutant induced by EMS treatment from llpum. It is a new rolled leaf,
especially abaxially rolling, mutant. Among the previous reported rolling leaf
mutants, abaxial rolling types were less than adaxialy rolled types. Therefore, it can
be helpful to elucidate the mechanism involved in leaf rolling and to understand the
rolling pattern. Even though the mutant has defective phenotypes about yield, it

could be a role in improving yield later in the future.

This rolled leaf mutant shows higher LRI compared with the wild-type and has
significantly increased bulliform cell number and area than wild-type. Alteration of
bulliform cell was supposed to be involved in the outward leaf rolling phenotype.
Bulliform cells exist specifically in the adaxial side of leaves in gramineous
plants® and located between two vascular bundle ridges. They can be easily
observed with the cross sections of leaf. Bulliform cells modulate the leaf rolling
depending on water stress®. Under water stress, leaves are rolling because
bulliform cells lose turgor. Otherwise, bulliform cells absorb water and swell up
again when water stress is relieved. The functions of bulliform cells in leaf rolling
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are some doubts® and remains to be elucidated. However, this study could explore

the role of leaf bulliform cells with previous studies.

F, plants derived from crossing between the mutant and llpum showed normal
phenotype which reveals the rolled leaf mutant is controlled by a recessive gene.
To identify the gene, BSA, genetic mapping and SNP analysis through NGS were
conducted. SNP calling results and genetic mapping results were analyzed
synthetically, and we could rapidly search more reliable mutation point. Three
filtered homozygous SNPs were detected in candidate region. One of them found at
splice site, named SNP3, was assumed more powerful mutation. The gene

including SNP3 mutation point might be the candidate for this rolled leaf gene.

Spotted leaf mutants were studied to observe the effect of leaf color on growth,
development and vyield of plant by photosynthesis**®. Moreover, to understand
mechanisms of hypersensitive response, a large number of spotted leaf mutants
were identified. The lesions of these mutants resemble the disease symptoms but

were formed in absence of pathogens in rice”"*.

Hypersensitive response is a type of programmed cell death (PCD). Therefore, this
new spotted leaf mutant can be useful to identify the mechanism of PCD. In
addition, this spotted leaf mutant has two kinds of spot together, which is unusual

phenotype.

Some rice lesion mimic mutants have resistance of disease, like bacterial blight or

blast disease, and show defense response gene expression. Moreover, three of these
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cell death and resistance (cdr) mutants were observed to have elevated levels of the
phytoalexin momilactone A and highly activated expression of two defense
response genes, PBZ1 and PR1, in leaves showing lesions®. This mutant has the

possibility of resistance to rice blast and bacterial blight disease.

F; plants derived from crossing between the mutant and llpum showed wild-type
phenotype. This result indicates that the spotted leaf mutant is controlled by a
recessive gene, likewise rolled leaf mutant. BSA, genetic mapping and SNP
analysis through NGS were conducted to identify the gene. The spotted leaf gene
was mapped on the long arm of chromosome 5 between two STS markers (S05105
and S05112, physical distance 2,2Mb). In flanking region, it was difficult in fine-
mapping since there are a few polymorphism of sequence between llpum and
Milyang23, parents of mapping population. Several homozygous SNP were
detected in flanking region, however we cannot confirm which one is causal SNP

due to broad flanking region and error of sequencing.

In this study, to search mutational point, F, bulk sequencing data and genetic
mapping result were used. SNP analysis was conducted on the basis of MutMap
method®® slightly modified. Original MutMap pipeline is performed with various
program and many step to pick up the causal SNP. However, we can easily and
rapidly analyze the SNP data of the whole genome sequence and obtain the

candidate mutation point, through only examining the SNP in candidate region.

36



This characterization and genetic mapping about leaf-related genes will help
expanding the knowledge of rice leaf properties. Moreover, there are possibilities
of cloning a new rolled leaf and spotted leaf genes. Further study including cloning
and the functional study of these genes need to be performed, and then may reveal

the mechanisms of the leaf rolling and spot.
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Genetic Mapping of Rolled Leaf and Spotted
Leaf Mutants in Rice

HYERIM LEE

ABSTRACTS

Leaves are the organ for photosynthesis, respiration and transpiration, and have a
major effect on growth and development related to crop yield. Therefore,
morphological characteristics of leaf such as structure, shape and color are

important agronomic traits in rice (Oryza sativa L.) breeding for ideal plant type.

To understand the genes related to leaf and those of regulations, we obtained two
new leaf-related mutants, rolled leaf mutant and spotted leaf mutant, from Ilpum
(Oryza sativa japonica) by the treatment of ethyl methane sulfonate (EMS). The
rolled leaf mutant was observed to have increased bulliform cell number and size,
and led to the outcurved leaf rolling. The spotted leaf mutant displayed brown and

white spots from early vegetative stage.

The phenotypes of the F; plants derived from the cross between these mutants and

wild-type plants were normal. In each F, population, segregation ratio between the



wild-type and the mutant type was 3:1. This genetic analysis indicated that each
mutant phenotype was controlled by single recessive gene.

Bulked segregant analysis (BSA) and genetic mapping were conducted using F,
population developed from the cross between each of mutants and Milyang23
(Oryza sativa indica). According to the results, the rolled leaf gene was located on
the long arm of chromosome 2 between the flanking markers 2125f and 2126b
(122kb) and the spotted leaf gene was located on the long arm of chromosome 5
between the flanking markers S05105 and S05112 (2.2Mb).

In order to search for candidate genes and causal SNP positions rapidly, whole-
genome sequencing data of llpum and bulked F, progenies displaying the mutant
phenotype were used. Through the combination of the BSA and SNP analysis, two
candidate genes of rolled leaf mutant and a few candidate SNP positions of spotted
leaf mutant were identified. This study will contribute to the further study of leaf-

related mechanism in rice, and confirmation of each candidate genes is in progress.

Keywords: Rolled leaf, Bulliform cell, Spotted leaf, ROS staining, Genetic

mapping, Next generation sequencing.

Student number: 2013-23228
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INTRODUCTION

Rice is one of the most important food crops in the world and the model plant of
monocotyledons. Many kinds of Oryza sativa cultivars are grown in more than 100
countries and an estimated 3.5 billion people worldwide, approximately half of the
world population, considers that rice (Oryza sativa L.) is the staple food®.
Production and consumption per capita of rice are rising steadily in many counties
(such as sub-Saharan Africa, Caribbean and Latin America regions) and rice is the
major source of nutrient especially for about 520 million people living in Asia’.
Furthermore, the genome sequencing project of rice (http://www.rgp.dna.affrc.go.

jp/) was conducted firstly among field crops as monocotyledonous model plant that
have greatly contributed to genetic study and breeding. The Green Revolution had
influenced on increasing the yield of rice. Nevertheless, researches about ideal

plant type still need to meet the demand of rice in growing continuously.

Leaf characteristics are important agronomic traits because leaf is the organ of
photosynthesis, transpiration, respiration. Leaves play a crucial role in growth and
development of plant. To understand the regulatory mechanism of leaf properties,
such as shape, development, color, and senescence, many researches were

conducted in rice.



Above all, appropriate leaf morphology is an important for high yield in breeding
of rice. Moderate leaf rolling contributes to the erectness of leaves, which can
increase the light transmission rate and leads to higher photosynthetic efficiency®*.
Therefore, the study of rolling leaf and isolation of the genes that controls its
phenotype will be a help to elucidate the mechanism of leaf rolling and to breed

with ideal type plant with ideal type of plant.

According to the previous study, development progresses of leaf including
determination of polarity and cell differentiation are supposed to major reasons of
rolling leaf*’. Furthermore, various types of leaf rolling were reported with
direction of rolled leaves as inward or outward and degree of rolling; slightly,
moderately, cylindrically rolled leaves. Some mutants and genes related to leaf
rolling have been reported in rice. However, only a few genes were cloned and

studied those function.

The genes of rolled leaf mutants, rll, rl2, rl3, rl4, rl5, rl6 were located on
chromosomes 1, 4, 12, 1, 3, and 7 through conventional genetic analysis

(http://www.gramene.org/) &, and rl7- rl14 were mapped on molecular map with

chromosome 5 (r17 °, r18 %), 9 (rl9 **2, rl10 ), 7(r111 **), 10 (r112 *, rl14 7) in
rice. Most of them were assumed single recessive genes that controlled the traits.
However, some mutants were controlled by quantitative trait loci (QTLs) and rl(t)

located on chromosome 2 was an incomplete recessive gene'®*,

In rice, SHALLOT-LIKE1 (SLL1) encodes a SHAQKYF class MYB family
transcription factor belonging to the KANADI family*. Mature sll1 mutants

showed extremely incurved leaves due to the regulation of the development for
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abaxial side cells in leaf. Mutational SLL1 results in defective programmed cell
death of abaxial mesophyll cells and suppresses bulliform cell and sclerenchyma
development on abaxial side. The rl14 mutant had incurved leaves and shrunken
bulliform cells on the adaxial side’. Expression of RL14, encoding a 20G-Fe (I1)
oxygenase, affected the composition of the secondary cell wall. SEMI-ROLLED
LEAF1 (SRL1) which encodes a putative glycosylphosphatidylinositol-anchored
protein, regulates the expression of genes encoding vacuolar H*-ATPase subunits
and H*-pyrophosphatase. A defect of SRL1 characterized the increased number of
bulliform cells™®. Defect of NARROW AND ROLLED LEAF1 (NAR1), encoding the
cellulose synthase-like protein D4 (OsCslID4), results in semi-rolled leaves by
decreasing of bulliform cells size'®. Furthermore, overexpression of the rice
OsAGO7 gene, orthologous to the Arabidopsis ZIP/Ago7 gene, induces upward

adaxial curling of the leaf blade®.

Several abaxially rolled leaf mutants and the corresponding genes have been
identified and analyzed. Rice outermost cell-specific gene5 (Roc5) encodes a
homeodomain (HD) leucine zipper class IV homeobox transcription factor. The
oull mutant, defect of Roc5, are showing abaxially rolled leaf with increased
number and size of bulliform cells, whereas the transgenic plants overexpressing
Roc5 present adaxially rolled leaves®. Defective rice leaf inclination2 (LC2), a
VIN3-like protein, is also observed reversely rolled leaves?. Overexpression of
Abaxially Curled Leafl (ACL1) appeared abaxial curling of leaf blades due to
increased bulliform cell number and size, and ACL2 is its homolog in rice®®,
ADAXIALIZED LEAF1 (ADL1) encodes a calpain-like cysteine proteinase which is

associated with the maintenance of axis information in leaf®. The adl1l mutant has

3
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L -



abaxially rolled leaves because of the ectopical formation of bulliform-like cells at
the abaxial side. Therefore, histological properties including the size and number of

bulliform cells could play an important role in leaf rolling.

In addition, Environmental effects were also involved in leaf rolling.
CONSTITUTIVELY WILTED 1 (COW1) encodes a member of the rice YUCCA

gene family, and leaves of oscow1 mutant plants rolled upwardly*.

In rice, various morphological changes of leaf are commonly observed in varieties
and mutants induced by mutagens®. Leaf color is another important traits
influenced on growth, development and yield of plant through photosynthesis™* %.
Therefore, researches about leaf color including spot, stripe, albino, chlorine were

performed and then that will be a help to identify its genes regulating leaf color.

Among these variations, spotted leaf mutants were reported considerably.

The lesions of the spotted leaf mutants usually appear at seedling to tillering stage
firstly whereas some of them observed in other growth stage”?. The spots are
usually brown color, such as reddish brown and dark brown. The spotted leaf
mutants generated lesions without abiotic and biotic stresses, however the lesions
are similar to those caused by pest damage or pathogen infection. Therefore, these
mutants are often termed lesion mimic or lesion simulating disease mutants®*®.
Usually, cell necrosis of the spotted leaf mutants is similar to that resulted from

hypersensitive response (HR). HR is a symptom of programmed cell deaths (PCD)

induced by pathogen invasion®!, but cell death of spotted leaf mutants showed



without pathogen infection. To study PCD mechanisms and analyze defense gene

expression, lesion mimic mutants are useful.

To date, 17 rice spl mutants (spl1-11 and bl1-6) have been registered in the Rice
Genetics Cooperative, and the genetic controls of 51 rice spotted-leaf mutants have
been descripted®***. Among the 51 spl mutants, most of them (42 mutants) are
controlled by single recessive genes, one controlled by two recessive genes, and 8

mutants are regulated by single dominant genes (reviewed by Huang et al., 2010 ¥).

Many kinds of lesion mimic mutant were reported, but only several genes were
cloned and most of them were remained unmapped. The spl7 was the first spotted
leaf gene to be cloned and encodes a heat stress transcription factor®. Splll is a
negative regulator of plant cell death defense due to encoding a U-Box/Armadillo

repeat protein and manipulating flowering®

. Furthermore, splll, OsPtila,
OsSRT1, and OSACRD1 are found to be responsible for spot initiation®**!. Spl18 is
related to seedling regeneration®?, and then spl28 is involved in senescence®. Other
spl genes encode various proteins and enzymes; zinc finger proteins®**, heat stress
transcription proteins®, membrane-associated proteins *°, ion channel regulators *°
and components in biochemical pathways responsible for metabolism of
porphyrins *"*¢, fatty-acids/lipids **!, phenolics®, ubiquitination®®. Those studies

of the spl mutants and gene in rice were signified that multiple genetic mechanisms

involved in lesion mimic phenotypes.

In the present study, a new rolled leaf mutant and spotted leaf mutant induced by
chemical mutagen, ethyl methane sulfonate (EMS), was characterized. The

objectives of this study were phenotypic characterization, genetic analysis and



mapping of these leaf-related mutants and identification of the candidate genes for

leaf rolling and spotting.



MATERIALS AND METHODS

Plant materials

Arrolled leaf mutant and spotted leaf mutant were induced by the treatment of ethyl
methane sulfonate (EMS) from llpum, japonica cultivar. Each of the mutants was
selected from M, generation and fixed in pure line by repetitive selfing. The
pedigree of rolled leaf mutant is llpum E-B-572-1-B-2-B-B, and spotted leaf

mutant is llpum E-B-319-1-2-2-1-1-1.

For genetic analysis and whole genome sequencing, mutants were crossed with its
wild-type plant and F, populations were developed from these F;. Mapping
populations were derived from the cross between mutants and Milyang23, indica

cultivar, and were used for BSA and genetic mapping.

All mutants and populations were grown in the experimental field and green house

of Seoul National University in Suwon.

WT rl WT snl

Figure 1. Phenotype of wild-type and mutants at vegetative stage.
(A) Plants of wild-type (left) and rl (right). (bar = 20cm)

(B) Plants of wild-type (left) and spl (right). (bar = 20cm)
7



Paraffin section for histological analysis of rolled leaf

Paraffin-embedded section was done according to the method of Ji et al.
(2006)>*with slight modifications. Leaf samples from the middle portion of leaves
were collected at late vegetative stage and fixed in FAA solution(ethanol 50%,

acetic acid 5%, formaldehyde 3.7%) and stored at 4C for overnight after

vacuumed (3cycles of 5min each) using IR concentrator (Micro-Cenvac, NB-

503CIR, N-Biotek).

The fixed leaves were dehydrated by soaking in a graded ethanol series (60%, 70%,
85%, 95%) each for 2 hours and incubated in 100% ethanol overnight. The samples
were cleared by soaking for 2 hours in the clearing solution series consisting of
ethanol : histoclear 3:1, 1:1, 1:3 in order and then soaked in 100% histoclear
overnight. For paraffin infiltration, the leaf samples were soaked in the solution
series of histoclear : paraffin 3:1, 1:1, 1:3 for 2 hours in order and 100% paraffin at

55°C overnignt.

The infiltrated samples were embedded in a paraffin block and then cut into
8~20 um sections using a microtome (MICROM Lab, Walldorf, Germany). The

sections were mounted on a Superfrost-plus glass slides (Fisher Scientific,
Pittsburgh, PA, USA) coated with egg albumin solution (sodium salicylate 1g, egg

white 50ml, glycerol 50ml)and dried at 42°C for 1day. The sections were

deparaffinized with 100% xylene for 1 hour followed by hydration by soaking in
xylene : ethanol 1:1, 100% ethanol, and sterile water for 2min each. The sections
were stained with 0.1% toluidine blue solution for ~30sec and washed with sterile

water. For destaining, the slides with sections were soaked in 30%, 50%, 70%, 85%,

8
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95% ethanol for 2 min in order. Finally, the slides were soaked in 100% xylene for
10 min and mounted in Canada balsam. The cross sections of leaf were observed
and photographed at 40~300X magnification to measure the bulliform cell number

and size.

Measurement of Leaf Rolling Index (LRI) and Leaf Erection Index
(LEI) of rolled leaf

To determine the Leaf Rolling Index (LRI), the widths of the flag and second
leaves at the heading stage were measured under either the natural (Ln) or

unfolding state (Lw). The LRI was calculated as LRI(%) = (Lw — Ln)/Lwx100.

The length of the leaf blade between the lamina joint and the tip in the natural (Lnl)
and straightened situation (Lsl) were measured, and the LEI was calculated as
LEI(%) = Lnl/Lsl x 100. The data of Lnl and Lsl were collected from flag and

second leaves at heading stage, too.

Measurement of soil plant analysis development (SPAD) value of
spotted leaf

To verify the physiological characteristics of the spotted leaf mutant, the amount of
chlorophyll present in plant leaves was measured using Minolta Chlorophyll Meter

SPAD-502 (Minolta Camera Co., Japan) and was designated the SPAD value.



SPAD value was measured on the day of flowering, and then again every 5 days
until 20 day after flowering in three spots (near the tip, basal half and near the basal)

of flag and second leaves from five plant replicates.

Detection of ROS accumulation of spotted leaf
ROS (Reactive Oxygen species) accumulation was determined by staining method

55,56

described previously>" with some modifications. Upper three leaves, from top to

bottom, were used in staining.

For superoxide anion(O,) detection, leaf samples were vacuumed (three cycles of
5 min each) and infiltrated in 0.5 mg/ml nitro blue tetrazolium (NBT) in 10mM
potassium phosphate buffer (pH 7.8) for 20 h in the dark. For H,0, determination,
leaf samples were vacuum-infiltrated (three cycles of 5 min each) in 1 mg/ml 3,3'-
diaminobenzidine (DAB) containing 10mM MES (pH 6.5) for 22h in the dark.
Both reactions were performed until chlorophyll was completely removed and were

stopped by transfer to 90% ethanol at 70°C. Following incubation period, the

cleared leaves were stored and photographed in 70% glycerol.

Genetic mapping

Two F, mapping populations from the cross between rolled leaf mutant and

Milyang23, spotted leaf mutant and Milyang23 were used.

For genetic mapping, BSA strategy®’ was done first. 10 mutant type and 10 wild-

type plants based on their phenotype were selected from each of F, mapping
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populations. Genomic DNA were extracted from young leaves by CTAB method.
Equal concentration of DNA from individual plants which showed same phenotype

were pooled into two bulks.

Total 92 STS markers of known chromosomal position throughout all
chromosomes, which were designed in Crop Molecular Breeding Laboratory, Seoul
National University, were tested and then the co-segregation markers were
identified with these bulks. After BSA, phenotype and genotype of F, mapping
population were used to determine gene position on chromosome and to conduct
fine mapping. Some contiguous STS markers and additionally designed STS
markers, based on the differences in sequences between the japonica and indica

rice subspecies, were used.

PCR was performed in a total reaction volume of 20 x{ containing 100ng of
template DNA, 10pM of each forward and reverse primer, 250uM of dANTP, 10mM
Tris-HCI (pH 8.3), 50mM KCI, 1.5mM MgCl,, 0.01% gelatin and 0.5U of Taq
DNA polymerase (made by laboratory). Amplication were performed in a PCT100
96U Termocycle (MJ Resaerch, Reno, NV, USA) in the following sequence : 5min

at 95C, followed by 35cycles of 30sec at 95C, 30sec at 56 C, 30sec at 72C,
10min at 72°C for final extension and 10min at 10°C. PCR products were

separated in 3.0% agarose/0.5X TBE gels and visualized by ethidium bromide

staining.

11



Whole genome sequencing

Genomic DNA of F, population derived from the cross between each of mutants
and wild-type was extracted from young leaves by CTAB method, and then it was
pooled from several individuals (n=20, > 5 #8) showing the clear mutant phenotype
among the progeny by equal ratio. For SNP analysis, the bulked DNA was
sequenced using an Illumina HiSeq2500, and raw data of whole-genome sequence

for llpum from NICS of RDA was also used.

DNA libraries for Illumina HiSeq2500 sequencing were prepared using the Kits
(Truseqg Nano DNA LT sample preparation kit, FC-121-4001). The gPCR was
conducted using these libraries, and then amplified clonal clusters were generated
and performed paired-end sequencing using Illlumina HiSeg2500 (250 cycles).
Base calling was carried out by the instrument control software’s Real Time

Analysis (RTA).

Alignment of short reads to reference sequences and SNP and InDel
calling

Whole genome sequencing and SNP analysis were performed to identify the
mutation point generated by mutagen. 76 million and 83 million paired-end short
reads from F, bulks DNA was obtained and these data preprocessing were carried
out using btrim 0.2.0 (http://graphics.med.yale.edu/trim/). The filtering options of
low-quality bases were cut off phred-score 20 and minimum read length 50.
Processed short reads were mapped and aligned to public Nipponbare genome

sequence, Build 5 ver. (http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html)
12
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with clc_ref _assemble (V 4.21.104315). whole-genome sequence for Illpum from
NICS of RDA was also filtered and mapped to Nipponbare in the same way.
Subsequently, SNP detection and SNP calling were performed by find_variations
(V 4.21.104315). SNP filtering options are read depth of the site > 5, variant

frequency of major base > 0.9.

After mapping and SNPs calling, causal SNPs and InDels involved in phenotype of
mutants were detected by following, modified MutMap method®®. i) Remove the
same SNPs and InDels in wild-type and mutant. ii) Remove the common SNPs
and InDels shared by at least two mutants lines. iii) Calculate SNP index. iv)

Pick homozygous SNPs and InDels (SNP index=1) located in annotated gene
region. SNP index is the ratio between the number of reads of a mutant SNP and

the total number of reads at the each position.

| Mutagenesis Mapping and SNPs calling

Y

WT ‘ mutant

Remove the same SNPs and InDels
in Wild-type and mutant

Whole genome
sequencing

Remove common SNPs and InDels sh
ared by at least two mutants lines

Calculate SNP index

Y W Mutant type F, Pick homozygous SNPs and InDels in

bulk (20 plants) annotated gene region

Figure 2. SNPs and InDels calling work-flow from whole genome sequencing
data.
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RESULTS

1. Rolled leaf mutant

Characterization of rolled leaf mutant in rice

The rolled leaf mutant plants appeared spiral shaped leaves at the seedling stage
(Fig. 4 A). Distinction between mutant and wild-type plants in rolling of leaves
became clearly evident as they grew. After the tillering stage, the leaves of the

mutant plants showed outward rolling and cylindrical shape (Fig.4 B,C).

Figure 3. Phenotype of wild-type and rolled leaf mutant at ripening stage. (bar
=20cm)

14



Figure 4. Leaf morphological characteristics of wild-type and rolled leaf
mutant.

(A) rl (right) leaves showed spiral but WT (left) leaves were flat at early vegetative
stage. (bar = 5cm) (B) rl (right) leaves rolled abaxially at late vegetative stage (bar
= 1cm) and (C) showed cylinder-like shape in mature plants. (bar = 1mm) ab,
abaxial side; ad, adaxial side.

A 80 T
60 +{ f------mmmm e

o/ H el T

o LCL(cm) ™ PN

flag leaf | 2nd leaf flag leaf | 2nd leaf

leaf length(cm) leaf width(cm)

Figure 5. Agronomic traits of wild-type and rolled leaf mutant.

Comparison of the (A) culm length(CL), tiller number(TN), panicle number(PN),
panicle length(PL), panicle exsertion(PE), (B) inter node length, (C) leaf length and
(D) leaf width of flag and second leaves between wild-type and rl. Error bar
represents SD (n>10) and statistically calculated by Student’s t-test (* P<0.05, **
P<0.01).
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Agronomic traits were compared between the mutant and wild-type. The results
showed that the mutant was deficient in most of them. The abaxially rolled leaf
mutant showed smaller culm length, leaf length and leaf width than Illpum, its wild
type. Panicle length and exsertion were also reduced in case of rolled leaf mutant
compared to the wild-type (Fig. 5). Grain length, width, fertility and 1000 grains
weight of rolled leaf mutant were decreased, whereas tiller number and panicle

number of the mutant were increased compared to the wild-type (Fig. 6, Table 1).

Figure 6. Grains and panicle of wild-type and rolled leaf mutant.
(A) Grain shape of wild-type and rl. (B) Panicle of wild-type (left) and rl (right).
(bar = 5cm)

Table 1. Comparison of agronomic traits between wild-type and rolled leaf
mutant.

1000 grain Grain

HD GL{mm) GW(mm) weight(g) fertility(%)

Wild-type 24-Aug 5.53+0.18 3.33+0.15 25.97+0.09 82.15+7.98

Mutant 28-Aug 4.68+0.15 2.83+0.13 11.56+0.26 2.93+2.45

Comparison - *k *k *k *ke

Values are mean + standard deviation. Comparison of the heading date in
2014(HD), grain length(GL), grain width(GW), 1000 grain weight, grain fertility of
wild-type and rl. Data show means and SD of biological replicates (n>10, n>5) and
statistically calculated by Student’s t-test (* P<0.05, ** P<0.01, NS: not statically
significant).
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Histological analysis
According to previous studies, the leaf rolling, especially orientation of that, was
influenced by alterations of bulliform cell. Paraffin-embedding sectioning of the

leaves was carried out to investigate the change about cell differentiation.

In cross section analysis from mature 9th leaves, significant differences in number
and size of bulliform cell were observed between the mutant and the wild-type (Fig.
8). The rolled leaf mutant had 7.31 bulliform cells between two vascular bundle
ridges, whereas the wild-type bulliform cells were 4.49 cells (Fig. 7 A). Moreover,
the average of bulliform cell area of the mutant (4595.90um?) was larger than that
of the wild-type (2457.06um?) (Fig. 7 B). Bulliform cell number and area were
increased in the rolled leaf mutant. Therefore, it was assumed that the abaxially

rolled leaf phenotype of the mutant was resulted from altered bulliform cell number

and area.
A OowT  mrl B owT  mrl
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Figure 7. Rolled leaf mutant has increased bulliform cell number and area
compare to wild-type.

9th leaf blades of rl show significantly increased (A) bulliform cell number and (B)
area. Error bar represents SD (n>35) and statistically calculated by Student’s t-test
(* P<0.05, ** P<0.01).
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Figure 8. Leaf cross-section of wild-type and rolled leaf mutant.

Bulliform cell number and area between vascular bundle ridges were significantly
increased in rl. Red lines indicate the bulliform cells. (bar = 100um). be, bulliform
cells; lv, large vascular; sv, small vascular.

Leaf Rolling Index (LRI) and Leaf Erection Index (LEI)

LRI analysis showed that the mutant have evidently high LRI value compared to
the wild-type. At the late vegetative stage, the LRIs of the flag and second leaves of
the rolled leaf mutant reached to approximately 47% and 60%, whereas wild-type

leaves were almost flat (Fig. 9 A).

On the other hand, the LEIs of the same leaves of the mutant were observed similar
to that of wild-type (Fig. 9 B). This result was due to the erectness of flag and
second leaves at the heading stage. Moreover, llpum had erected leaves so LEIs
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were not different or slightly different between the rolled leaf mutant and the wild-

type.

80
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OWT mrl
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Figure 9. Comparison of the LRI and LEI of wild-type and rolled leaf mutant.
(A) LRI and (B) LEI of wild-type and rl. Error bar represents SD (n>10) and
statistically calculated by Student’s t-test (* P<0.05, ** P<0.01).

Genetic analysis of rolled leaf mutant in rice

The phenotypes of the F; plants derived from the cross between the mutant and

llpum were normal. In F, population, segregation ratio between the wild-type and

the mutant-type was 3:1 (Table 2). This genetic analysis indicated that leaf rolling

is controlled by single recessive gene.

Table 2. Segregation ratio of F, population developed from the cross between

the rolled leaf mutant and llpum.

X*(3:1)
Total Normal Mutant (p=0.05, x’=3.841)
185 149 36 3.029
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Genetic mapping of rolled leaf mutant in rice

Bulked segregant analysis (BSA) and genetic mapping were conducted using F,
population derived from the cross between mutant and Milyang23 (Oryza sativa
indica). According to the BSA results, the gene was located on the long arm of rice

chromosome 2 between two flanking markers, S02109 and S02126 (Fig. 10).

$02109 S02126

bk gl s S hl e e e

Figure 10. Bulked Segregant Analysis (BSA) of wild-type and rolled leaf
mutant bulks from F, population.
1,rl; 2, Milyang 23; 3,4, Mutant bulks; 5,6, Wild-type bulks.

Additional 13 STS markers (Table 3), which were designed based on the variation
of genome sequence from database (http://www.ncbi.nih.gov/ and http://www.rgp.

dna.affrc.go.jp/), were located between two flanking markers and used in
narrowing down the candidate region for rolled leaf gene. Fine- mapping results
showed that 2125f and 2126b markers were closely linked to locus of rolled leaf
gene and physical distance of them were estimated to be 122kb (Fig. 11). In this

candidate region, total of 25 genes were located.
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Table 3. The PCR-based additionally designed molecular markers for genetic
mapping of the rolled leaf mutant.

STS marker  Forward primer (5'-3’) Reverse primer (5'-3)
2123a ATTCGAGGGAGAAGGGAATC AACTTGCAGGAGGAGACCAA
2124a ATTTGTTTGACGGCCAAAAG TGAAGTCGAAGCCTTTGAGG
2125a TGCGTGTCGATTCCTTATTTT AACCCGCCAGCCTATTACTC
2125b CCTGCTCTTAAGGTGGTGGA GATGAGCTAGCTGGCCTTGT
2125b2 CCTCAGCTTTGTCATTTCCAG AGTGGCTCACATTGCTGATG
2125c¢ AGGCCCCGATTTAGCTTAGA CTTCCAATTTGGCGAGGTAA
2125d CAGGTCCTAAAAGGACAGCA CTGGCCGTGAGGTAATTGTT
2125e TTCAATTCGTTGTGCGTTGT GGAGCCAGTTAGAAGGAAAGAA
2125f AATCCGTCGATTTGTGTGTG AACGTGCAATCATCCCATTC
2126a TGCATGTGTGATGAGGACTG CGGTGACACCCTTTAGAAGTC
2126b TGGTTAGGTTTTTGACGATGAA TAAATGCATGCGCTCTCAAG
2126¢ TAGGGTGCAGTGGAATAGCC AGGAACTGGGAAGCTGAAGG
2126d TCCCGCTTGTACCGAATTAC CGAAGGGTCACAGGACTCAC
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Figure 11. Genetic and physical maps of the rolled leaf mutant.
(A) Locus of new rolled leaf gene was on the long arm of chromosome 2 between
S02122b and S02131. (B) Candidate region was narrowed down using additional
STS marker. (C) Graphical genotype results of the fine mapping. W, Wild type; M,

Mutant type; H, hetero.

SNP analysis and searching for mutation point

To identify the candidate gene and causal SNP position rapidly, the SNP analysis

was performed with whole-genome sequencing data of llpum and bulked F,

progeny displaying the mutant phenotype. This analysis and genetic mapping

results were analyzed synthetically.

Several SNP positions were founded in candidate region. Among them, only three

homozygous SNPs which existed in genic region based on Rice Genome
22
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Annotation Project database (http://rice.plantbiology.msu.edu/). One of the SNPs

located on LOC_0s02g48570 and others located on LOC_0s02g48590 (Table 4).

Every SNP was confirmed by manual sequencing, and then co-segregation analysis
was performed with F, population to validate the association between those SNPs
and the rolled leaf phenotype of the mutant. dCAPS markers were designed and
PCR was conducted in 10 mutant type and 10 wild type plants selected from F,

population, derived from the cross between rolled leaf mutant and Ilpum.

After digestion with specific restriction enzyme, only mutant or wild type PCR
product was cut depending on the markers. Each of clear co-segregations observed

between mutant type and wild type plants from F, population (Fig 12 A,B).

According to in silico genome annotation, one of the SNPs, named SNP3, is likely
to relate with phenotype of mutant. This mutation point found at the 5 splice site
of first intron. In eukaryotes, introns of pre-mRNA are spliced off before
translation, mRNA to amino acid. Introns have specific sequences, which bind
spliceosome assisted splicing, GU at its 5" end and AG at its 3" end for RNA
processing. In this mutant, this G of 5" has been mutated to A, which binds

spliceosome. Therefore, this single nucleotide transition might lead to the splicing

error (Fig.12 C).
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Table 4. Homozygous SNPs position in candidate region for rolled leaf.

Position Status Reference Query Gene ID Description
SNP1 30596325 Difference G A 050280716800 | LOC_0s02g48570 ;f;;ita receptor, type I/II extracellular region family
SNP2 30601566 Difference G A

LOC_0s02g48590 Esterase/lipase/thioesterase domain containing
protein.

0s02g0717100
SNP3 30602023 Difference G A

SNPs were named SNP1, SNP2, SNP3 and position of SNPs was based on the Nipponbare genome sequence, Build 5 wver.
(http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html).

5 Cc SNP2 SNP3
£ 2 Mutant-type Wild-type 114 +344
5 ' y Intron - 3
A — 5-UTR | Exonl | ——— Exon2 | 3-UTR D
Wild-type 5" - AACCAGAAGC CAACCGGAGT TAAGGAAGAA GGGAAGGAAA GCCACCCGAG -3’
B rlmutant 5’ - AACCAGAAGC CAACCGGAGT TAAAGAAGAA GGGAAGGAAA GCCACCCGAG -3’

SNP2

Wild-type 5’ - GCGGCGTCCT CCTCGTCGGC TCCTCCGCTG GTAGGTTGCT GA CTT -3
rImutant 5" - GCGGCGTCCT CCTCGTCGGC TCCTCCGCTG ATAGGTTGCT GA CTT -3

Exonl SNP3

Figure 12. SNP2 and SNP3.
(A) and (B) are dCAPS marker genotype of F, plants from the cross between the rolled leaf mutant and llpum, classified by phenotype. (A)
After digestion with restriction enzyme Msel of SNP2. (B) After digestion with restriction enzyme Rsal of SNP3. (C) Position of SNP2 and
SNP3 in LOC_0s02g48590.
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http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html

1. Spotted leaf mutant

Characterization of spotted leaf mutant in rice

Brown spots appeared on the leaves near the tip of the mutants after 5th leaf stage
and the spots increased from the tip to the basal part of the leaf with growth. At
later tillering stage, white spots were observed with the brown spots. As growing,

both spots showed from the bottom to top of the plant (Fig. 14).

Figure 13. Phenotype of wild-type and spotted leaf mutant at ripening stage.
(bar = 20cm)

A B
Figure 14. Lesion mimic phenotype of spotted leaf mutant.

First (left), second (middle), third(right) leaves from the top of (A) wild-type and
(B) spotted leaf mutant at late vegetative stage.
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To analyze the characteristics of the spotted leaf mutant, various agronomic traits
of the mutant were compared with those of the wild-type. Most of the agronomic

traits of mutant were similar to those of wild-type.

The spotted leaf mutant showed smaller culm length, tiller number and panicle
number than llpum, its wild type. However, panicle length and exsertion, leaf
length and width were not severely reduced in case of spotted leaf mutant
compared to the wild-type (Fig. 15). 1000 grains weight of spotted leaf mutant was
decreased, whereas grain length, width, and fertility of the mutant were similar to

those of wild-type (Fig. 16).
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Figure 15. Agronomic traits of wild-type and spotted leaf mutant.

Comparison of the (A) culm length(CL), tiller number(TN), panicle number(PN),
panicle length(PL), panicle exsertion(PE), (B) inter node length, (C) leaf length and
(D) leaf width of flag and second leaves of wild-type and spl . Error bar represents
SD (n>10) and statistically calculated by Student’s t-test (* P<0.05, ** P<0.01).
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Figure 16. Grains and panicle of wild-type and spotted leaf mutant.
(A) Grain shape of wild-type and spl. (B) Panicle of wild-type (left) and spl (right).
(bar = 5cm)

Table 5. Comparison of agronomic traits between wild-type and spotted leaf
mutant.

1000 grain Grain

HD GL(mm) GW(mm) weight(g) fertility(%)

Wild-type 24-Aug 5.53+0.18 3.33+0.15 25.97+0.09 82.15+7.98

Mutant 20-Aug 5.58+0.10 3.37+0.05 21.12+0.32 85.64+5.46

Comparison - NS NS ol NS

Values are mean * standard deviation. Comparison of the heading date in
2014(HD), grain length(GL), grain width(GW), 1000 grain weight, grain fertility of
wild-type and spl. Data show means and SD of biological replicates (n>10, n>5)
and statistically calculated by Student’s t-test (* P<0.05, ** P<0.01, NS: not
statically significant).

Analysis of chlorophyll contents by SPAD value

To establish the connection between spot and degree of chlorophyll content, SPAD

values were measured in mutants and wild-type plants. SPAD value, indirect
27



indicator of chlorophyll content in leaf, of the mutant plant was slightly higher than
wild-type that means spotted leaf mutant naturally have much chlorophyll content

compared to wild-type.

Although the lesions expanded over the leaf, SPAD values were slightly decreased.
The result indicates that destruction of chlorophyll was not accelerated by the

emergence of lesions (Fig. 17).
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Figure 17. Comparison of the chlorophyll contents.

Chlorophyll contents in (A) flag leaf and (B) second leaf of wild-type and spl.
SPAD value were measured at the indicated times after flowering (DAF, days after
flowering). Data show means and SD of biological replicates (n>5).

Staining for ROS detection

The Result of NBT staining, displaying the blue color precipitates, indicate the
superoxide anion(O,") accumulation, Among the upper three leaves, first leaf of the
mutant was quite distinct from those wild-type, and other leaves of the mutant were

stained more than wild-type (Fig. 18).
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Furthermore, to observe the H,O, accumulation, DAB staining was also performed .
DAB staining showed brown staining that detects areas of H,O, accumulation.

DAB staining results were similar to that of NBT staining.

This indicated that lesion formation in the mutant leaves was correlated with ROS

accumulation.

Figure 18. ROS staining.
ROS staining using first, second, third leaves from the top of wild-type and spl at
heading stage. (A) NBT staining, (B) DAB staining.

Genetic analysis of spotted leaf mutant in rice

F, plants derived from the cross between the mutant and Ilpum showed the normal
phenotype. In F, population, segregation ratio between the wild-type and the
mutant-type was 3:1. According to this genetic analysis, spotted leaf gene which

controls the emergence of lesion is single recessive gene.
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Table 6. Segregation ratio of F, population developed from the cross between
the spotted leaf mutant and llpum.

X*(3:1)
Total N | Mutant
ota orma utan (p=0.05, ’=3.841)
190 148 42 0.085

Genetic mapping of spotted leaf mutant in rice

Bulked segregant analysis (BSA) was performed using F, population derived from
the cross between mutant and Milyang23 (Oryza sativa indica). This analysis
detected two flanking markers (S05080a, S05112) on the long arm of rice

chromosome 5 (Fig. 19).

Additional 6 STS markers, which were located between two flanking markers were
designed based on variation of genome sequence from available database
(http://www.ncbi.nih.gov/ and http://www.rgp.dna.affrc.go.jp/). Fine- mapping was
conducted, and then the candidate region was narrowed down between S05105 and

S05112 markers (physical distance 2,2Mb).

S05080a S05112
-“nn..w
1 2 3 4 5 6

Figure 19. Bulked Segregant Analysis (BSA) of wild-type and spotted leaf
mutant bulks from F, population.
1,spl; 2, Milyang 23; 3,4, Mutant bulks; 5,6, Wild-type bulks.
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Figure 20. Genetic and physical maps of the spotted leaf mutant.

(A) Locus of spotted leaf gene was on the long arm of chromosome 5 between
S05080a and S05112. (B) Candidate region was narrowed down using additional
STS marker. (C) Graphical genotype results of the fine mapping. W, Wild type; M,
Mutant type; H, hetero.

SNP analysis and searching for mutation point

Both rolled leaf mutant and spotted leaf mutant were derived from llpum.
Therefore, similar strategies were applied to search for the candidate gene and

causal SNP position.
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The SNP analysis was performed with whole-genome sequencing data of llpum
and bulked F, progeny displaying the mutant phenotype. This analysis and genetic
mapping results were analyzed synthetically. In flanking region, 8 homozygous
SNPs existed in genic region and several homozygous SNPs in intergenic region
based on Rice Genome Annotation Project database (http://rice.plantbiology.msu.

edu/).
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Table 7. Homozygous SNPs position in candidate region for spotted leaf.

Position of SNPs was based on the Nipponbare genome sequence, Build 5 ver.
(http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html).

Position Status Reference. Query Gene ID Description

26012356 Difference C T

26154389 Difference C T

26297755 Difference C T

26373075 Difference C T

26495547 Difference C T

26814370 Difference C T

26977732 Difference C G Similar to Transcription factor LAX PANICLE.

26977757 Insert - G Similar to Transcription factor LAX PANICLE.
0s05g0541400 LOC_0s05g46370

26977758 Difference C G Similar to Transcription factor LAX PANICLE.

26977762 Deletion C - Similar to Transcription factor LAX PANICLE.

26989827 Difference T G Similar to predicted protein.

26989832 Deletion T - Similar to predicted protein.
0s05g0541700 LOC_0s05g46395

26989850 Difference A C Similar to predicted protein.

26989857 Difference A G Similar to predicted protein.

27369645 Difference C T

27604871 Difference C T
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DISCUSSION

As a major organ of photosynthesis, properties of the leaf are important agronomic

traits and taken interest through previous studies.

Moderate rolling leaf could enhance the light capture efficiency through
maintaining the erection of leaf. Thus, leaf rolling is related to crop yield. In rice,
many kinds of rolled leaf mutants and genes were identified but the entire
mechanism regulated leaf rolling was not provided yet. In this study, we identified
the mutant induced by EMS treatment from llpum. It is a new rolled leaf,
especially abaxially rolling, mutant. Among the previous reported rolling leaf
mutants, abaxial rolling types were less than adaxialy rolled types. Therefore, it can
be helpful to elucidate the mechanism involved in leaf rolling and to understand the
rolling pattern. Even though the mutant has defective phenotypes about yield, it

could be a role in improving yield later in the future.

This rolled leaf mutant shows higher LRI compared with the wild-type and has
significantly increased bulliform cell number and area than wild-type. Alteration of
bulliform cell was supposed to be involved in the outward leaf rolling phenotype.
Bulliform cells exist specifically in the adaxial side of leaves in gramineous
plants® and located between two vascular bundle ridges. They can be easily
observed with the cross sections of leaf. Bulliform cells modulate the leaf rolling
depending on water stress®. Under water stress, leaves are rolling because
bulliform cells lose turgor. Otherwise, bulliform cells absorb water and swell up
again when water stress is relieved. The functions of bulliform cells in leaf rolling
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are some doubts® and remains to be elucidated. However, this study could explore

the role of leaf bulliform cells with previous studies.

F, plants derived from crossing between the mutant and llpum showed normal
phenotype which reveals the rolled leaf mutant is controlled by a recessive gene.
To identify the gene, BSA, genetic mapping and SNP analysis through NGS were
conducted. SNP calling results and genetic mapping results were analyzed
synthetically, and we could rapidly search more reliable mutation point. Three
filtered homozygous SNPs were detected in candidate region. One of them found at
splice site, named SNP3, was assumed more powerful mutation. The gene

including SNP3 mutation point might be the candidate for this rolled leaf gene.

Spotted leaf mutants were studied to observe the effect of leaf color on growth,
development and vyield of plant by photosynthesis**®. Moreover, to understand
mechanisms of hypersensitive response, a large number of spotted leaf mutants
were identified. The lesions of these mutants resemble the disease symptoms but

were formed in absence of pathogens in rice”"*.

Hypersensitive response is a type of programmed cell death (PCD). Therefore, this
new spotted leaf mutant can be useful to identify the mechanism of PCD. In
addition, this spotted leaf mutant has two kinds of spot together, which is unusual

phenotype.

Some rice lesion mimic mutants have resistance of disease, like bacterial blight or

blast disease, and show defense response gene expression. Moreover, three of these
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cell death and resistance (cdr) mutants were observed to have elevated levels of the
phytoalexin momilactone A and highly activated expression of two defense
response genes, PBZ1 and PR1, in leaves showing lesions®. This mutant has the

possibility of resistance to rice blast and bacterial blight disease.

F; plants derived from crossing between the mutant and llpum showed wild-type
phenotype. This result indicates that the spotted leaf mutant is controlled by a
recessive gene, likewise rolled leaf mutant. BSA, genetic mapping and SNP
analysis through NGS were conducted to identify the gene. The spotted leaf gene
was mapped on the long arm of chromosome 5 between two STS markers (S05105
and S05112, physical distance 2,2Mb). In flanking region, it was difficult in fine-
mapping since there are a few polymorphism of sequence between llpum and
Milyang23, parents of mapping population. Several homozygous SNP were
detected in flanking region, however we cannot confirm which one is causal SNP

due to broad flanking region and error of sequencing.

In this study, to search mutational point, F, bulk sequencing data and genetic
mapping result were used. SNP analysis was conducted on the basis of MutMap
method®® slightly modified. Original MutMap pipeline is performed with various
program and many step to pick up the causal SNP. However, we can easily and
rapidly analyze the SNP data of the whole genome sequence and obtain the

candidate mutation point, through only examining the SNP in candidate region.
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This characterization and genetic mapping about leaf-related genes will help
expanding the knowledge of rice leaf properties. Moreover, there are possibilities
of cloning a new rolled leaf and spotted leaf genes. Further study including cloning
and the functional study of these genes need to be performed, and then may reveal

the mechanisms of the leaf rolling and spot.
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