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Identification of SPLIT-HULL (SPH) and
LARGE EMBRYO (LE) Genes in Rice
(Oryza sativa L.)

GILEUNG LEE

GENERAL ABSTRACT

Rice (Oryza sativa L.) is one of the most important cereal crop in the world. It is a
primary food source of more than 90% of Asia and half of the world’s population.
Since the edible part of rice is the grain (kernel), development of a grain from floral
organs formation to grain filling is one of the most important topics in rice research
and breeding. In this study, we characterized split-hull (sph) and large embryo (le)
mutant and conducted map-based cloning to identify genes related to grain
development and possibility on utilization of these genes to rice breeding.

Rice grain is divided into two parts, the hull and the kernel. Rice hull consisting of
two bract-like structures, the lemma and the palea, protects the seeds from
environment and determines kernel shape and size. The sph mutant showed hull

splitting in interlocking part of lemma and palea during grain filling stage.



Morphological and chemical analysis revealed that reduction in the width of the
lemma and lignin content of the hull in the sph mutant might be the cause of hull-
splitting. SPH was located in chromosome 4 and encoded type-2 13-lipoxygenase.
SPH was expressed in leaf, stem, root, and spikelet, and interestingly, intensive
expression was detected in the inner part of marginal region of lemma. The knock-
out and knock-down transgenic plants showed split hull phenotype, and sph mutant
contained significantly higher linoleic and linolenic acids (substrates of
lipoxygenase) in spikelets than those of wild type. These results suggest that
lipoxygenase (SPH) is involved in hull development and maintenance, and the
genetic defect of lipoxygenase causes hull splitting phenotype. In dehulling
efficiency test, the sph mutant showed high dehulling efficiency even by a weak
tearing force in a dehulling machine, which suggests that hull splitting character
might facilitate improving dehulling efficiency of fragile rice and breeding of easy-
dehulling rice.

Rice embryo occupies a very small part of grain, but it contains various
functional nutrients. Regulation of embryo size is an attractive breeding strategy to
obtain dramatic improvement of rice nutritional quality. In the second chapter, three
giant embryo mutants which were named according to the degree of embryo size
enlargement as le, ge, and ge®, from mild to severe, were morphologically and
genetically characterized. They showed variation in embryo size, which was

positively correlated with y-aminobutyric acid (GABA) content. Allelism test and



sequence analysis of GIANT EMBRYO (GE) locus revealed that ge and ge® were
allelic to GE which was previously reported as the gene controlling embryo size,
whereas the enlarged embryo phenotype of large embryo (le) is controlled by a
novel gene. Through map-based cloning, LE locus was delimited to the 51.8 kb
region in chromosome 3, and one nucleotide deletion was detected in the 12" exon
of 0S03g0706900 encoding C3HC4-type RING finger protein. To investigate the
suppression effect of LE gene, knock-down transgenic plants were generated and
showed enlarged embryo seeds, suggesting that C3HC4-type RING finger protein is
participated in the regulation of embryo morphology. LE was expressed in all organs
examined such as leaf, stem, root, and predominantly in 20 DAP seed. Our findings
provide the basis of new regulation mechanism determining embryo size and will
facilitate the development of new giant embryo cultivars for improving nutritional

quality of rice.

Keyword: Rice, Grain, Map-based cloning, Split hull, Giant embryo, Large

embryo.

Student Number: 2013-30325
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LITERATURE REVIEW

Development of floral organs in rice

Rice, a type of grass, has unique structure of the floral architecture that has greatly
diverged from those of eudicots. Rice spikelet which is the floral unit has a fertile
floret, hull (lemma and palea), and a pair of sterile lemmas (also known as ‘empty
glumes’), together with a pair of rudimentary glumes. Rice has perfect flower
(floret) which is composed of six stamens and a carpel. It also contains two lodicules
at the base of the pistil (Smith and Dilday 2003). In the place of sepals of eudicots,
rice has evolved the lemma and palea, two brack-like structures that enclose the
inner reproductive organs (Lombardo and Yoshida 2015). Floral organ development
mechanism has been well studied and established as ABC model (further extended
to the ABCDE model) in eudicots (Krizek and Fletcher 2005; Aceto and Gaudio
2011), which is applicable to rice spikelet development. In addition, distinctive
mechanism also regulates floral organs of grass, especially outer organs such as

lemma and palea (Yoshida and Nagato 2011; Lombardo and Yoshida 2015).

Free-dehulling (threshing) character in cereal crop

In cereal crop, easy dehulling process is a primary agronomic trait because it is

directly linked to its edibility and loss of caryopses. In barley, a grain type is



classified into two categories, namely, hulled and naked grain. Hulled barley has
hulled caryopses character in which the hull is firmly adherent to the grain as it
matures, while naked barley has caryopses with easily separable hull. The naked
caryopsis is controlled by a single gene, (nud, for nudum) located on the long arm of
the 7H chromosome (Fedak et al. 1972). Nud encodes ethylene response factor
(ERF) family transcription factor which has homology to the Arabidopsis
WIN1/SHN1 transcription factor gene controlling lipid biosynthesis pathway. This
gene acts in the formation of epidermal lipid layer on the caryopsis, resulting in the
adhesion between hull and caryopsis (Taketa et al. 2008). In wheat, the meaning of
the term “hulled” is somewhat different compared with barley, because hull-
caryopsis adhesion is not observed in wheat, but wheat is also classified in to hulled
wheat and naked wheat. The naked grain trait is linked to the Q gene which shows
high similarity to the members of the APETALA2 (AP2) transcription factor family
(Faris and Gill 2002; Faris et al. 2003). Recent molecular analysis of several di- and
polyploid wheat species revealed that Q gene variations such as coding mutation
(329Val/lle), promoter variability, and substitution at microRNA172 binding site
contribute to the formation of free-threshing phenotype in naked wheat (Simons et al.
2006; Sormacheva et al. 2014; Debernardi et al. 2017). In oat, distribution and
amount of lignin is more restricted in naked oat than in hulled oat, which causes a
formation of thinner and less rigid lemma in naked oat (Ougham et al. 1996).

Genetic studies with the naked trait revealed that this trait is controlled by one major



gene termed Nakedl (N1) with the action of three or four modifying genes
depending on the analyzed genetic background (Ubert et al. 2017). However, a study

on the easy-dehulling (threshing) trait has not been reported in rice.

Lipoxygenase

Lipoxygenases (LOXs) are nonheme iron containing fatty acid dioxygenases
encoded by a large gene family found in all plants and animals. LOXs catalyze the
deoxygenation of poly unsaturated fatty acids (PUFAS) containing a (Z,2)-1,4-
pentadien system (Siedow 1991). The catalytic cascade processes of PUFAs which
consist of initial oxygenation catalyzed by LOXs and subsequent catalytic reactions,
are collectively referred to as the LOX pathway. The LOX pathway comprising
seven distinct branches generates a multitude of oxylipins, such as divinyl ethers,
leaf aldehydes, leaf alcohols, ketols, and jasmonic acid. The oxylipins function as
potent bio-regulators involved in plant growth and development, signaling cascades,
senescence, organogenesis, and the maintenance of homeostasis (Grechkin 1998).
Since all catalytic cascade processes in branches of the LOX pathway are preceded
by LOXs catalysis, LOXs are very essential to regulate environmental responses and
developmental processes in plants (Feussner and Wasternack 2002). The roles of
LOXs have been investigated in rice, such as responses to wounding and insect
attack, seed longevity and storage, and the production of stale flavors (Ohta et al.

1991; Suzuki et al. 1999a; Zhou et al. 2014; Huang et al. 2014).



Jasmonate

Jasmonates (JAs), lipid-derived hormone, play essential roles in plant, such as
development and growth including senescence, germination, trichome initiation,
tuber and floral organ formation, and defense response (Wasternack and Hause
2013). JA biosynthesis is carried out through the allene oxide synthase (AOS)
branch included in lipoxygenase (LOX) pathway. The biosynthesis of JA is initiated
in chloroplast, involving the release of poly unsaturated fatty acids (PUFASs), and
subsequent oxygenation of PUFAs by LOXs. In the AOS branch of LOX pathway,
only linolenic acid (LeA) is utilized as substrate in catalytic cascade. The LeA is
transformed to 13-hydroperoxy octadecatrienoic acid (13-HPOT) by LOX-catalyzed
peroxidation. This intermediate compound is dehydrated by AOS, and subsequently
cyclized to racemic 12-oxo-phytodienoic acid (OPDA) by allene oxide cyclase
(AOC). Subsequently, the OPDA is transferred to peroxisomes, where it is
transformed to (+)-7-iso-JA by OPDA reductase (OPR) and three further p-oxidation
steps (Yan et al. 2013). Several studies demonstrated that floral organ development
is affected by JA biosynthesis and JA signaling. In Arabidopsis, the mutant of
DEFECTIVE IN ANTHER DEHISCENCEL (DAD1) gene, liberating of PUFA from
chloroplast membrane, showed defects in anther dehiscence, pollen maturation, and
flower opening. These defects were rescued by exogenous application of JA or LeA
(Ishiguro et al. 2001). Likewise, several studies using loss of function mutants of JA

biosynthesis related genes such as AOS and OPR displayed defect of fertility and



reproductive organ development, and were rescued by JA application (Park et al.
2002; von Malek et al. 2002; Stintzi and Browse 2000). Overexpression lines of
TIFY showed increased floret number and reduced spikelet fertility, and the loss of
function mutants of OsJAZ1 showed altered floral organ identities and numbers.
(Cai et al. 2014; Hakata et al. 2017). In RNA expression analysis, exogenous
application of methyl JA (MeJA) coordinately induced genes related to lignin

biosynthesis in oat and Arabidopsis (Salzman et al. 2005b; Pauwels et al. 2008).

Rice grain anatomy

Rice grain consists of a hull and caryopsis. The dehulled rice grain is called ‘brown
rice’ which contains the embryo and endosperm, covered by the pericarp, seed coat
(tegmen), and aleurone layers, which collectively referred to as ‘bran’. The hull
(husk) constitutes about 20 % of the rice grain and consists of hard materials such as
silica and lignin. It protects the inner reproductive organs and caryopsis during rice
growing season and is removed during the milling process. Although rice hull is
considered as waste product in agriculture sector, it can be used as valuable raw
materials in various industries (Kumar et al. 2013). The endosperm constitutes the
largest portion of the rice caryopsis and is comprised of starch storage tissue, filled
with starch granules and a small number of protein bodies (Champagne et al. 2004).
The embryo is the rudimentary plant tissue that will grow up to be rice plant.

Embryo is about 1-3 % by weight of total grain and consists of scutellum, embryonic



axis (plumule [leaf], hypocotyl [stem], and radicle [root]), and various structures that

sheath the embryo (Champagne et al. 2004).

Rice embryo mutants

To date, a series of mutants affecting the embryo development and size have been
reported (Satoh and Omura 1981a; Kim et al. 1991; Hong et al. 1995a). Hong et al.
(1995a) identified 188 embryo mutants and categorized embryo mutants into six
groups including embryoless, deletion of organ(s), abnormal position of organs,
modified embryo size, morphological aberration, and variable abnormalities. The
embryoless mutants had well-developed endosperm with a very small globular
embryo. One of the mutants, the embryoless 1 (emll) showed temperature-
dependently phenotype change (Hong et al. 1995b). The globular embryo (gle)
mutants performed globular shape embryo without any developed embryonic organs.
In club-shaped embryo (cle) mutants, vascular bundles were differentiated without
formation of shoot and radicle. The shootless (shl) and radicless (ral) mutants failed
to develop shoot and radicle in embryo, respectively. The shoot organizationl
(shol) mutants showed defect in development of the first to third leaves with normal
radicle. In embryo size mutant, two types of mutants developing either a reduced or
enlarged embryo were reported (Hong et al. 1996). The giant embryo (ge) mutants
had enlarged scutellum with normal size of shoot and radicle. The reduced embryo

(re) mutants exhibit a reduction in the embryo size including reduction in all



embryonic organs and enlarged endosperm (Hong et al. 1996). Double mutants
analysis of ge and re revealed that RE acts upstream of GE in embryo-facing

endosperm (Nagasawa et al. 2013).

Giant embryo rice

Rice embryo accounts for only 2-3% of total seed weight. However, it contains
various nutrients and bioactive sources, such as protein, fat, vitamins, y-
aminobutyric acid (GABA), a-tocopherol, and y-oryzanol. To improve nutritional
quality of rice, giant embryo mutants have been used as breeding materials. (Maeda
et al. 2001; Takahashi et al. 2009; Hong et al. 2012a; Han et al. 2012a; Chung et al.
2013; Sakata et al. 2016). Brown rice of giant embryo rice contains significantly
higher crude lipid, crude protein, vitamins (B1, B2, and E), some essential amino
acids, fatty acids, mineral elements (Ca, Fe, Mg, K, P, and Zn), and y-oryzanol than
those of normal rice (Zhang et al. 2005; Jeng et al. 2012; Kim et al. 2013). In
addition, GABA content in giant embryo rice is higher than in normal rice, and is
more accumulated during water-soaking and germination (Liu et al. 2005; Choi et al.
2006; Zhao et al. 2017). In dietary experiments, brown rice of giant embryo rice
exhibits greater body fat-lowering effects and antioxidant potential than those of
normal rice (Chung et al. 2013; Chung et al. 2014a; Chung et al. 2016b; Chung et al.

2016a).



CHAPTERI

Identification of a Novel Gene SPLIT-HULL (SPH)
Associated with Hull Splitting in Rice

ABSTRACT

Rice hull consists of two bract-like structures, the lemma and palea. The hull is an
important organ that helps to protect seeds from environmental stress, determines
seed shape, and ensures grain filling. Achieving optimal hull size and morphology is
beneficial for seed development. Therefore, understanding rice hull development is
important for obtaining high-quality grains with normal grain filling. The rice split-
hull (sph) mutant exhibits hull splitting in the interlocking part of the lemma and
palea and/or the folded part of the lemma during the grain filling stage.
Morphological and chemical analysis revealed that the reduction in the width of the
lemma and lignin content of the hull in the sph mutant might be the cause of hull-
splitting. Genetic analysis indicated that the mutant phenotype was controlled by a
single recessive gene, sph (0s04¢g0447100), which encodes a type-2 13-
lipoxygenase. SPH knockout and knockdown transgenic plants displayed the split
hull phenotype, as shown in the sph mutant. The sph mutant contained significantly

higher linoleic and linolenic acids (substrates of lipoxygenase) in spikelets than



those of wild type. It might be due to a genetic defect of SPH and subsequent
decrease in lipoxygenase activity. In dehulling experiment, the sph mutant showed
high dehulling efficiency even by a weak tearing force in a dehulling machine. Our
findings provide a basis for better genetic understanding of the role of lipoxygenase
activity in hull structure and maintenance and would facilitate breeding the easy-

dehulling rice cultivar.

Keyword: Rice, SPH, Split hull, Hull size, Lipoxygenase, Lignin



INTRODUCTION

Rice (Oryza sativa L.) is one of the most important cereal crops worldwide. Since
the grains of this crop are mainly utilized, the development of floral organs such as
hull and reproductive organs should be considered as a crucial factor that directly
affects grain development. Rice hull protects seeds from the external environment
during the growing season and maintains the proper humidity levels inside the
spikelet. The size and shape of the hull, which limit seed growth, are important
factors that help to determine grain size and filling rate, thereby affecting grain yield
and quality (Fu et al. 2015).

The basic model of floral organs formation, the so-called ABC or ABCDE
model, has been well studied in eudicots, such as Arabidopsis thaliana and
Antirrhinum majus. An Arabidopsis flower has four concentric whorls of floral
organs in the following order: sepals, petals, stamens, and carpels. The development
of each part is controlled by groups of genes, such as class A, B, C, D, and E genes
(Schwarz-Sommer et al. 1990; Krizek and Fletcher 2005). Unlike eudicots, the floret
or spikelet is the structural unit of a flower in grass, which contains stamens, carpel,
and distinctive organs such as lodicules and bract-like structures consisting of
lemma and palea. The mechanism of floret development in grasses is similar to the

basic model of flower development in eudicots, but this process is also regulated by

10 7



specific genetic mechanisms due to the distinctive organs in these flowers (Yoshida
and Nagato 2011). Whether the lemma and palea are part of the perianth or non-
floral organs is currently under debate. The disruption of SILKY1, a class B gene,
leads to the conversion of lodicules (petal equivalents) into lemma/palea-like
structures in maize (Ambrose et al. 2000). In a loss of function rice mutant of
SUPERWOMANL1 (SPW1)/OsMADS16, a homolog of an Arabidopsis class B gene,
floral organs are transformed from stamens and lodicules into carpels and palea-like
organs (Nagasawa 2003). These studies suggest that lemma and palea are equivalent
to sepals.

Many studies have been conducted to examine the regulatory mechanisms and to
isolate the genes related to hull development in rice (Chen et al. 2006; Wang et al.
2010b; Yoshida and Nagato 2011; Huang et al. 2013; Wang et al. 2015; Si et al.
2016; Yu et al. 2017). Lemma and palea can be distinguished by their diverse
morphological features, such as the number of vascular bundles and the morphology
of the marginal region structure. The identities of lemma and palea are determined
by each of the organ-specific mechanism, together with common development
mechanism. RETARDED PALEA1 (REP1) regulates palea identity and development
in rice. The palea of the repl mutant exhibits retarded development and contains
five vascular bundles, like the lemma (Yuan et al. 2009). Likewise, the mosaic floral
organsl (mfol) mutant displays slightly enlarged palea and an inwardly curled

marginal region of palea (mrp) (Ohmori et al. 2009). On the other hand, LEMMA-
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DISTORTION1 (LD1) specifically affects the morphology of the lemma. In the
lemma-distortionl (Id1) mutant, the lemma shows distorted phenotypes, whereas the
palea exhibits normal morphology (Yang et al. 2016).

Lee et al. (2004) described a split-hull (sph) mutant in rice that is controlled by a
single recessive gene. In this study, we further characterized this mutant and isolated
the responsible gene to reveal the reason of hull splitting and identify the possibility

of utilization of this mutant on rice breeding.

12 2]



MATERIALS AND METHODS

Plant materials

The sph mutant was induced from japonica cultivar Hwaseonchal (HSC)
mutagenized with N-methyl-N-nitrosourea (MNU) (Lee et al. 2004). HSC was used
as the wild type in comparing phenotypic data. Milyang 23, a Korean Tongil-type
cultivar, was crossed with sph mutant to construct the mapping population. Dongjin,
a japonica cultivar, was used to generate transgenic plants and used as the control of
transgenic lines. To validate the gene function of sph, T-DNA tagging line
(PFG_3A-05276) was shared by Prof. Gynheung An (Kyung Hee University, Korea).
All plant materials were grown at the Experimental Farm Seoul National University

(Suwon, Korea) under normal cultivation conditions.

Phenotypic analysis

The dimensions of the hull and dehulled seeds were measured from microscopic
images with HD’MEASURE software (HANA Vision, Korea). To obtain accurate
measurements of lemma and palea size, separated lemma and palea were mounted
onto a glass slide and covered, then pressed with another glass slide. Hull weight
and TGW were measured with an electronic balance (CAS, USA). Plant
morphological traits were measured at heading stage and grains and panicle related

traits were measured after harvest when grains were fully ripened.

13 7



Genetic analysis and fine mapping of SPH

For genetic segregation analysis, the F» population derived from a cross between sph
mutant and HSC was grown in the paddy field and its segregation ratio was analyzed.
Other F2and Fs populations derived from a cross between sph mutant and Milyang
23 were used for gene mapping. For BSA, F2 plants showing the split hull phenotype
were selected and used to make mutant bulk DNA. BSA was performed using the
Fluidigm SNP genotyping platform (Fluidigm Cor., USA), using 159 polymorphic
SNP markers evenly distributed in the rice genome. Fine mapping was performed
using newly designed InDel and SNP markers. Newly designed primers for mapping

are listed in Table 1.

Statistical analysis

Statistical analysis of phenotypic data and expression data was conducted using IBM
SPSS Statistics software version 24 (IBM, USA). The segregation ratio of F
population derived from a cross between sph mutant and HSC was statistically

analyzed for deviation from the expected Mendelian segregation ration (3:1) by x?

test using Excel 2013 (Microsoft Corp., USA).

Cell wall composition analysis

Hulls from HSC and sph mutant were ground to a fine powder and dried. To

determine the content of cellulose and lignin, acid detergent fiber (ADF) form the

14 7



samples was investigated using ANKOM2000 (ANKOM Technology Corp., USA).
The samples sealed with filter bag were agitated and heated in acid detergent
solution (20g of cetyl trimethylammonium brobide (CTAB) added into 1N H.SOs4)
for 1 hour. After exhausting hot solution, samples were rinsed using hot H.O for 5
mins. Repeat rinses for a total of three times and soak in acetone for 3 mins. After
dry of samples, the % of remained sample weight (ADF) was calculated exactly.
After performing ADF determinations, the ADF was soaked in 72% H,SO4 for 3
hours and rinsed with tap water and acetone to remove all acids, followed by drying
and weighing. After ashing the samples, the acid detergent lignin (ADL) was
weighed. Cellulose and lignin contents were determined using the following
formula: cellulose (%) = W2 —w3)/W1, lignin (%) =wW4/W1 W1 = sample
weight, W2 = ADF, W3 = ADF (treated H.SO4), W4 = ADL. Total silica (SiO>)
contents in hull samples were determined gravimetrically using hydrofluoric acid

evaporation (Kolthoff and Sandell 1952).

Candidate gene analysis

To identify the nucleotide changes and splicing pattern in the candidate gene, DNA
fragments of the gene were amplified by PCR from gDNA and cDNA. PCR
products were purified using a PCR Purification kit (Inclone, Korea) and ligated to
pGEM-T Easy Vector (Promega, USA), followed by transformation into E. coli

strain DH50. Transformed plasmid sequences which were purified by Plasmid
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Purification kit (Inclone, Korea) were analyzed with an ABI Prism 3730 XL DNA
Analyzer (PE Applied Biosystems, USA) and aligned using CodonCode Aligner
software (CodonCode Corporation, USA). The information of the primers for

amplification of DNA fragments is listed in Table 1.

Multiple sequence alignment and phylogenetic analysis

The amino acid sequences of LOX protein were downloaded from the Universal
Protein Resource (UniProt, http://www.uniprot.org). Multiple sequence alignment
was carried out using Probcons, and background color shading was applied with
Jalview using the % identity scheme. Arabidopsis, maize, soybean, potato, and rice
LOX amino acid sequences (Table 1-2) were aligned with Probcons, and a neighbor-
joining tree was constructed with MEGA 6 software via the bootstrap method with
1000 replicates. The presence of a cTP was predicted with ChloroP (Emanuelsson et

al. 1999).

Histological analysis

Spikelets of HSC and sph mutant at the heading stage were fixed in formalin-acetic
acid-alcohol (FAA) fixative buffer (3.7% formaldehyde, 5% acetic acid, 50%
ethanol) at 4°C overnight, followed by dehydration and subsequent infiltration with
Paraplast® (Sigma, USA). The paraffin-infiltrated samples were embedded in an

embed block and cut into 5 pum sections with an HM 340 E Rotary Microtome
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(Microm Lab, Germany). The sections were stained with 0.25% toluidine blue O

(Sigma, USA) and examined by optical microscopy.

Fatty acid analysis

LA and LeA contents were estimated using the one step-lipid extraction and methyl
ester method (Garces and Mancha 1993), with slight modifications. FAMEs were
prepared from ground spikelet samples treated with a methylation mixture
(Methanol : Benzene : DMP : H.SOs =39 : 20 : 5: 2) and heptane. Quantification of
FAMEs was carried out by gas chromatography on an Agilent 7890A (Agilent,
USA) with a DB-23 column, 60m x 0.25 mm x 0.25 um (Agilent, USA). Fatty acid

levels were calculated using an internal standard (pentadecanoic acid, C15:0).

RNA extraction, RACE, and qRT-PCR analysis

Total RNA was extracted from leaf, stem, root, and spikelet tissue using RNAiso
plus (Takara Bio, Japan), and the extracted RNAs were treated with RNase-free
Recombinant DNase 1 (Takara Bio, Japan) to eliminate genomic DNA
contamination. First-strand cDNA was synthesized using M-MLV reverse
transcriptase (Promega, USA). gRT-PCR was performed using SYBR premix
ExTaq (Takara, Japan) on a CFX96™ Real-Time PCR system (Bio-Rad, USA)
according to the manufacturer’s instructions. To identify the start codon and splicing

pattern of SPH, 5’RACE was performed using a SMARTer® RACE 5°/3” kit
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(Clontech, USA). The primers for gRT-PCR and 5’RACE are listed in Table 1-1.

GUS staining

GUS staining was carried out as previously described (Jefferson et al. 1987). The
GUS staining solution was vacuum-infiltrated into various organ samples for 10
minutes. The samples were incubated overnight at 37°C in staining solution,
followed by incubation in 90% ethanol overnight at room temperature to bleach the

chlorophyll in the samples.

Vector construction and transformation

The promoter region and 3’UTR (including the CDS) of SPH was amplified by PCR,
and each PCR product was cloned into pHGWFS7 and pH7GWIWG2(lI),
respectively, using Gateway® BP and LR Clonase™ Il enzyme mixes (Invitrogen,
USA). The final constructs were introduced into Dongjin, a japonica cultivar,
through transformation with Agrobacterium strain LBA4404. Transformation was
carried out using a previously published Agrobacterium-mediated transformation
method (Nishimura et al. 2007) with slight modifications. The primers for cloning of

target region are listed in Table 1-1.
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Table 1-1. Information of the primers used in this study

Pnr;rrr;(;r Purpose Forward primer (5'—'3") Reverse primer (5'—3") Note
S04060 Mapping TATGGTTTTATCCGCCAACC GCTACAACTAAAACAAGAAACGTGA InDel
S04070 Mapping AAATGCTGACAAGTGAAGTGCT AGCCATCGAGTGCTTGAAAT InDel
M3 Mapping TCAAATGAAGCTGTACAAGAAG TAGTACAACGGAGTTTAAGCAA InDel
M6 Mapping GGAGTAGCATTTTCTGGGTGAC GGCACCATATGCTCTCATGTTA InDel
M9 Mapping CGCATGTCAGTGGCTGATACTA CTCACGAACCTGAGACTCCTCT InDel
M10 Mapping GGAGACCGACCCAAGTAAGC GAGGGGCATGGAATTCTAAA InDel
C1 Mapping TTCGGGGAAACTTGCATATC GGATGAACATCCATCCGTTT CAPS
C2 Mapping TCACTCTCCATTGGGTAGGTCTA CTTGCCACAGGTTAGATAAGCA CAPS
M12 Mapping GGCCGTCTTCAGAAAGACTTGT GGGTAATTTGAAGCTGAAATGG InDel
SPH-1 SPH gene sequencing TCTCGGGCAAAGGAGTGTTGGA GCCTTGACGTCCTTCTTGTC -
SPH-2 SPH gene sequencing CGATCGGAATTGATCATGTG CTCCGACAGCATCTCGTTCT -
SPH-3 SPH gene sequencing AGTACCCGGAGCCCATCTAC GATGTCGTGGTAATCCAGCA -
SPH-4 SPH gene sequencing AGTGGAGCTGATTGGTGGTC ACGTGTACCTTCGGATGAGG -
SPH-5 SPH gene sequencing CGGTACACGCTCAAGATCAA GTCATGAACGTCGTGGTCTG -
SPH-6 SPH gene sequencing GAGCTGCAGTCGTGGTACG GCAATCGACCTATCCGAAGA -
GSP1 5'RACE CGGGAGGAAGATGTCGTGGTAATCC -
gqOsACT gRT-PCR TTCCAGCAGATGTGGATTGC GCTTAGCATTCTTGGGTCCG -
qSPH gRT-PCR CTGGTTGAGGACGCACGC CCAGCGCGTTGATCTTGAG -
3A-05267A T-DNA insertion check AGTGGAGCTGATTGGTGGTC -
3A-05267C T-DNA insertion check ACGTGTACCTTCGGATGAGG -
NGUS1 T-DNA insertion check AACGCTGATCAATTCCACAG -
sphRNAI SPH RNAI transgenic line AAAAAGCAGGCTACACGCTGTCCACGCACT AGAAAGCTGGGTGCAATCGACCTATCCGAAGA -
sphGUS SPH GUS transgenic line AAAAAGCAGGCTAGTAACCTGCTTCAAGGCCC AGAAAGCTGGGTAGAAATCCCCTACGCTACAG -
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Table 1-2. Plant LOX sequences information used in phylogenetic analysis

Organism Nome_nclature Sequence UniPro_tKB
in this study length accession
OsLOX1 926 Q6H7Q6
OsLOX2 918 Q8HO016
OsLOX3 863 Q76122
OsLOX4 866 Q7G794
OsLOX5 877 Q53RB0O
OsLOX6 870 P29250
Oryza sativa OsLOX7/SPH 922 -
OsLOX8 847 QO0DJB6
OsLOX9 924 P38419
OsLOX10 941 Q84YKS
OsLOX11 868 QOIS17
OsLOX12 922 Q2QNN5
OsLOX13 450 Q2QNM6
ZmTS1 918 B8XH55
Zea mays ZMTS1b 916 B8XH56
ZmLOX1 864 Q8WO0OV2
ZmLOX2 873 QILKL4
AtLOX1 859 Q06327
AtLOX2 896 P38418
. . . AtLOX3 919 QILNR3
Arabidopsis thaliana ALLOX4 926 QOFNX8
AtLOX5 886 QILUWO
AtLOX6 917 Q9CAG3
StLOX1 844 Q9SAP1
StLOX2 876 Q41430
Solanum tuberosum StLOX3 862 Q43191
StLOX4 899 024370
StLOX5 914 024371
GmLOX1 839 P08170
GmLOX2 865 P09439
Glycine max GmLOX3 857 P09186
GmLOX4 853 P38417
GmLOX6 859 Q43440
GmLOX7 864 P24095
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RESULTS

Characterization of the sph mutant

The split-hull phenotype was observed in the interlocking part between the lemma
and palea and folded part of the lemma during the grain filling period in the sph
mutant (Fig. 1-1a-c). The hull-splitting of interlocking part initiated around 15 days
after flowering (DAF) and was more clearly observed with the occurrence of tearing
at the bottom part of the lemma while the grains were maturing and drying. There
was an increased occurrence of abnormal spikelets, including elongated sterile
lemma, the conversion of palea into lemma-like structure, elongated lodicule, and
multiple pistils in the sph mutant (Fig. 1-1d and Table 1-3). In addition, the sph
mutant showed early heading (approximately four days earlier than the wild type),
increased culm length (CL), reduced spikelet number per panicle (SPP) and seed
setting rate (SSR), and increased 1000-grain weight (TGW) compared with the wild
type (Table 1-3, Fig. 1-2). These split and tearing hull characteristics made the hull
to be easily separated from caryopsis, which facilitated high dehulling rate with less
stress applied to the rice caryopses. In dehulling experiment with low tearing force,
wild type grains showed about 20% dehulling rate after single pass dehulling
process, while sph mutant grains showed more than three times higher dehulling rate

than wild type (Fig. 1-3).
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Figure 1-1. The panicle and grain phenotype of wild type and sph mutant. a Panicle of
wild type (left) and sph (right) mutant. Grains of wild type (left, 15 DAF grain; right,
mature grain) (b) and sph mutant (left to right: 15 DAF grain, mature grains) (c). d
Abnormal spikelet and grain (20 DAF) morphology observed in sph mutant. le, lemma;
pa, palea; esl, elongated sterile lemma; lel, lemma-like; elo, elongated lodicule; se, seed.

White arrow heads indicate chasm generated by hull splitting. Scale bar = 2mm
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Table 1-3. Phenotypic observation of agronomic traits between the wild type and
sph mutant

DTH PH (cm)Ns CL (cm)? PL (cm)NS PNNS
wild type 105 100.4 + 3.05 79.0 + 3.26 20.6 +1.46 15.8+3.31
sph 101 100.8 + 3.48 83.9+2.76 20.6 +1.28 15.6 +2.24
SPP® SSR (%)° TGW (g)° ASR (%)°

wild type  105.3 +7.40 92.8+3.22 21.7+0.17 0.79+0.72

sph 94.6+11.19 89.2+3.54 23.0+0.83 557+2.34
Data are given as means = s.d (n > 5). Student’s t-test was used to generate the p values.  p <
0.05. °, p < 0.01. NS, not significant. DTH, days to heading; PH, plant height; CL, culm length;
PL, panicle length; PN, panicle number; SPP, spikelet number per panicle; SSR, seed setting rate;
TGW, 1000-grain weight (dehulled seeds); ASR, abnormal spikelet rate.

Figure 1-2. Plant morphology in wild type and sph mutant. Comparison of gross plant
morphology between wild type (left) and sph mutant_(right) at the vegetative (a),
heading (b), and yellow ripe stages (c).
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Figure 1-3. Comparison of dehulling efficiency between wild type and sph mutant. a
Ratio of dehulled seed and paddy after single dehulling process with 2 mm distance
between robber roller rice huller. b Comparison of dehulling rate between wild type
(HSC) and sph mutant. Error bars indicate +s.d. of replicates. Asterisks represent

significant difference as determined two tailed student’s t-test (*, p < 0.05; **, p <0.01)

Morphological and physical property of hull and dehulled seed

The hull of sph mutant has fragile and weak hull causing hull splitting and tearing
(Fig. 1-1a-c), and the hull weight of the mutant was significantly lighter than that of
wild type (Fig. 1-4a). To confirm the physical properties of the hull, cell wall
composition of hll was analyzed. There was no significant difference in cellulose or

silica content between sph mutant and the wild type, but the lignin content was
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significantly reduced in the mutant (Fig. 1-4b). To reveal the difference of
morphological properties of grain between wild type and sph mutant, we measured
the dimension of lemma, palea, and dehulled seed. Because the split hull phenotype
was observed in approximately 47% of the sph mutant grains (Fig. 1-4c), sph mutant
grains were classified into two categories according to grain type: sph-nor (normal-
type dehulled seeds) and sph-sh (split hull-type dehulled seeds). In the comparison
of hull size among a wild type and two sph types, the lemma widths of all sph types
were significantly narrower than that of wild type. However, there was no
significant difference between two sph types in every investigation of hull size (Fig.
1-4d). The sph-nor and sph-sh type showed significantly smaller width and larger
thickness in dehulled seed than those of wild type, respectively (Fig. 1-4e-g). In
histological analysis, we couldn’t find any morphological defect in the interlocking
part of the hull of sph mutant (Fig. 1-5). These results indicate that the hull splitting
phenotype in the mutant was affected by hull size change and weak mechanical

strength of the hull probably due to its low lignin content.
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Figure 1-4. Comparison of hull and grain characteristics between wild type and sph
mutant. a Hull weight of 1000 grains. b Cell wall composition of hull. ¢ The percentage
of split hull grain per panicle. d Length and width of lemma and palea. e-g The
dimension of dehulled seed. sph-nor and sph-sh indicated dehullded seed from normal-

type grain and split hull-type grain, respectively in sph mutant. LL, lemma length; PL,

palea length; LW, lemma width; PW, palea width. Error bars indicate +s.d. of replicates.

Asterisks represent significant difference as determined two tailed student’s t-test (*, p <
0.05; **, p < 0.01). Different lowercase letters mean significantly different (p < 0.05,

one-way ANOVA) according to Tukey’s post hoc test
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Figure 1-5. Histological analysis of interlocking part of spikelet. Magnified interlocking
part between lemma (le) and palea (pa) in wild type (a) and sph mutant(b). Scale bar =

100um

Genetic analysis and map-based cloning of SPH

All the F; plants from a cross between sph mutant and HSC showed normal
phenotypes. In F> population from the cross, F> plants were classified into two types
of phenotype, one is normal type which didn’t show hull splitting at all and the other
is mutant type which showed hull splitting phenotype in ~47% of grains. The
segregation ratio of normal and sph type plants was 3:1 (Table 1-4). It indicated that
the sph mutant phenotype is controlled by a single recessive gene. Followed by
Bulked segregant analysis (BSA), the SPH locus was found to be linked with a SNP
marker (cmb0422.7) on chromosome 7. Next, fine mapping was conducted with
newly designed InDel and CAPS markers using 383 F> and 251 F; plants. SPH was

delimited within approximately 113-kb chromosomal region between M9 and C2
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markers. We identified 27 predicted open reading frames (ORFs) in the candidate
region (RAP-DB, version IRGSP 1.0; Fig. 1-6a). All ORFs of HSC and sph mutant
were sequenced using their genomic DNA as templates, and the only one SNP in a
LOX encoding gene, Os04g0447100, was identified. Due to the transcript form of
0s04g0447100 is incomplete, 5’rapid amplification of cDNA ends (5’RACE) and
sequence analysis using cDNA were performed to identify the actual splicing pattern
and transcription start site of this gene. The result of cDNA sequence analysis
revealed that the transcript form of SPH was different from that of Os04g0447100.
SPH was composed of seven exons and six introns and the start codon was
determined with the first methionine (Met) residue fitting into the amino acid
sequence frame (Fig. 1-6b, Fig. 1-7). The mutation occurred in the 2177" ORF
nucleotide, where an adenine was substituted with a thymine, resulting in an amino

acid change from aspartic acid (Asp) to valine (Val) in the sph mutant (Fig. 1-6c).

Table 1-4. Genetic segregation of the split hull trait in F; plants and F
population derived from the cross between the sph mutant and HSC

No. of plants

Cross . Ratio Chi-square
combination Generation  n tested ; Total x2)
Normal  Split hull X
sph mutant F1 8 B} 8 0 8
/Hwaseonchal F 220 31 166 54 220 0006  0.94
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Figure 1-6. Map-based cloning of the SPH (Os0490447100) gene. a Schematic diagram
of the SPH gene cloning. b The SPH gene construction and splicing pattern. The gray,

white, and black boxes indicate UTRs, introns, and exons, respectively. The mutation

position is marked with a red line. ¢ Sequence analysis of SPH gene.
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-181 IGAGCCCTATATP..TTGCGCGCTTCCCCCACTCGCGF"'T‘ GETAGLLGE GAGRAGAGGGE

G GLGLAG GATATAGTAGTAGTAGTCTCTCATCATCARGARATAGTTTCTCTTTTCACATCGCGAGTGTCETCTETTCCAGTAT TCGEATTGACCTGTAGCGTAGGGGATTTCT

CG'I‘CG'I"I‘GGAG'I“I‘GCTGGGGAGGAGGP_TGTCGTCGTGCTCGTGGGGAGGGGGA‘I‘CGGCGGCGGCGATGLAGGGGAGGGGCGGGGATG'I‘G'I"I"I‘CGCG\AGCATGGAGGCGGCGGGGAGC
translation start coden
GEGEEATGEEEAAGEEEECEAGTAGGAGEAGGACGECEAGGTCGACGGCGCCEETEEECECECTGETGEAGCEEETEETEETEECECCEECECCEETEEAGCAGCAGCEGCEEEECEEEE

CGGCCGGRAGGUGCACCUGCRAGAGUETGECEECCAGEECCGTEGETGACCGTGUGECGEAGGCGCAAGGAGGACGCCAAGGACCECTTCGCCGAGCAGCTCGRACGCCCTCGOCGRCAGGGTC
GGCCGCAGCGTCCTCCTCGRGCTCGT CAGCACGGAGACCG?‘aCCC@}:GGAAGGGGACGCCGAAGAAGAG CARGCCGTCGECECTEETGGEETCETTCGACARGALGGACGTCAAGGCGGAG
CECGTEETGTACACGEOGERAGTTCGCCETCRACGCCEEGTTCGGCGAGCCGGGOGCEGTGACCGTGOTCARCCGCCACCAGCEEEAGTTCTACATCGAGRGCATCGTCGTCGAGGGGTTC
CCGRCCGGCCCGECGCACTTCACCTGCARCTCGTGGETGCAGIOCACGCGCGTGAGCCGCGACCGEGLGCGTEGTTCTTCAGCAACCGECCGTACCTGOCGTOGGAGACGLCGCCGGGGECTE
AGGGAGCTCCGGCTCOGEGRAGCTCECCEACCTCCGCGGCRACGECACCGGLGAGCGEAGCGATCACCGACCEEGTGTACGACTACGACGTGTACRACGACCTGGGCARCCCGGACAAGGET
GTCGCCTCCGCCCGCCOCGTCCTCGECEECEAGCAGATGCCGTACCCGCGGCGGATECGCACCGGCCGTCCCAGCRCCEE CACAGE&CGCGAGCGCGGA&AGCAGGGT GGAGTACCCGGAG
CCCATCTACGTGTCGOEGERACEAGGAGTTCEAGGAGEGCAAGARCGAGATGCTGTCEGGAGGGCGCGATCARGECGCTECTCCACRRCTTCATGOCGCTECTCGTCTCCTCCGTCTCGCCE
GRCATCCGCGACTTCECCGGCTTCCACGRCETCGRACAACCTCTTCARAGGAGGGCOCTCCGCCTCARGCAGGCECTCCACGRACCAGCTCTTCCAGRAGATCCCCTTCGTCCGCARGATCCAG
GRGAACAGCGAGGGCCTCCTCCGCTAC GACACCCCCGACATC.ATC_Z._Z..GA‘.IAGGACAAGTTCGC GTGGCTECETGACGRACGAGTTCECGRAGECAGECEGCTTGCCGGCATCARCCCCGTCRAD
ATCGAGCGTCTC CAG’GCGTT CCCGCCEETEAGCARGCTCGRACCCGGCCGTGTACGEOCCGCCGGAGTCGECGATCACGGAGGAGCACATCATCGEECACCTCGACGGCATGTCGGTGCAG
GRGGCGGTGGAGEGEAGCAGECTCTACATGCTEGEAT TACCACGRACATCTTCCTCCCEGTTCCTGGACAGGATCARCGCCCAGEGACGECCGGAAGGCGTACGGCACGCGCGCGETCTTCTTC
CTGACGGCCGCCGECACGCTGRAAGCCEGATCECCATCGAGCTETGOCTGCCGCCGATGACAGACGGCTGCARGCGCGCCARGCEEETETTCACGCOGCCGGCCGACGCCACCAGCRACTGE
CTGETGGCAGCTCGCCARGGCACACGTCTGCTCCARCGACGCCGETGTTCACCAGCTCATCARCCACT G‘G'I“I‘GAGGAC GCACGCETECATGEAGCCETTCATCATCGCGGCGCACCGGCAG
ATGAGCGCGATGCACCCCATCTTCAAGCTECTCARGCCGCACATGCGGTACACGCTCAAGATCAACGCGCTEGCGCEECAGATCCTCATCARATGGUGRACGGCGTCATCGAGTCGGGCTTC
ARCACCCGGCAACGTCTGCATGGAGATGRAGCECCTTCGUCTACCGEGRAACTATGGCGECTGGACCAGGAGGGUCTCCCCGCD GACCTCATCCGAAG&GGCATGGC CGTGGAGGRCCCGAGC
CRGCCGCRCGGGCTACGGCTGCTCATCGRAGGACTACCCGTACGOOGCCGACGGECTEGCTCCTCTGGTCGGCGATCTCGCEETEETECCAGGCGTACGTGGOGGCCTACTACCCGAGCGAC
GRGGCCGTGCAGGT GG}:C'I‘AC GAGCTGCAGTCGTGETACGCOGAGGCCGTGCAGAGOGGEGCACGCGEACARGCGCGECECLECCETEGETGECCGCGCCTCTCGACGCCCGGCGACCTGGCT
TCCCTGCTCACCACCCTEETETEGCTCTGCTOGGCEGCAGCACGOGECGCTCAACTTCGEECAGTACCOGLTCGGTGECTACATCCCERAACCGOCOCGCCGCTGATGCGLOGCCTGGTGCCC
GCCGAGGGCGACCCAGAGTACGCGCACCTCETCGCCGACCCGCACCGCTTCTTCCTCTCGGCGCTGCCCAGCCTGRACGCAGACCACGRACGTTCATGACCGTCATCGACRCGCTGTCCACG
CACTCCGCCGACGAGEAGTACCTCGEGEAGCECCCCEACGAGEOETGGACGGOCOGACCCEECGGCEGLTGECEGCCECECEREAGTTCGCGRCOGACGTEGCECCGCGOOGAGGAGGAGATC

GRGCGGCGCAATGCCEGACCCCTCCCEECECARCCGTTECGECEOCGECETEGCTGCCGTACGAGCTGATGECECCGTCETCCEEACCEGGCATCACCTGCCGEGGCETEGCCARRCAGCGTR
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Figure 1-7. Determined cDNA sequence of SPH. The arrow indicates the transcription start site (TSS), which was detected by
5’RACE and cDNA sequence analysis. The gene-specific primer used in 5’RACE is highlighted with a blue background. Start

and stop codon are highlighted by open boxes. Black and red arrow-head indicate exon-exon junctions and the missense

mutation in sph, respectively.
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Validation of the mutation causing the split hull phenotype

To confirm that SPH is the gene associated with the split hull phenotype, dsSRNA-
mediated interference (RNAI) transgenic plants were developed, and the T-DNA
tagging line (PFG_3A-05276) was employed. No expression of SPH was detected in
knockout plants, in which T-DNA was inserted into the fifth intron of the gene (Fig.
1-8a). The T-DNA plants showed split hull grains (Fig. 1-8c), increased CL, and
abnormal spikelet, which are the same characteristics observed in the sph mutant
(Fig. 1-9a, d-i). RNAI plants with down-regulated SPH expression displayed the
split hull phenotype (Fig. 1-8b, d). In addition, F; plants derived from reciprocal
crosses between sph mutant and the T-DNA plant also displayed a split hull
phenotype (Fig. 1-9b, c). These results demonstrate that the mutant phenotype is due

to the loss of function of SPH.
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Figure 1-8. Phenotype and expression analysis of the RNAIi and the T-DNA transgenic
plants. a T-DNA insertion position in the SPH gene model and semi-quantitative RT-
PCR analysis of SPH and ACTIN expression in the wild type (WT) and the T-DNA
plant. b Relative expression of SPH (normalized to ACTIN) in WT and RNAI plants
examined by gRT-PCR. Panicle and hull phenotypes of WT and T-DNA plant (c) and
RNAI plant (d). Black arrows indicate primers used to examine T-DNA insertion. White
arrow-heads indicate split hull grains. Error bars indicate £ s.d. of three replicates.
Asterisks represent significant difference, as determined by a two-tailed Student’s t-test
(*, p<0.05; **, p<0.01).
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Figure 1-9. Phenotype of the T-DNA plant and allelism test by crossing the T-DNA
plant with sph mutant. a Plant architecture of the T-DNA plant (left, wild type
[Dongjin]; right, T-DNA plant). Panicle and spikelet phenotypes of Fi plants derived
from crosses of T-DNA plant x sph mutant (b) and sph mutant x T-DNA plant (c).
Spikelet phenotypes of the wild type (d, €) and the T-DNA plant (f-i). White arrow-

heads indicate split hull grains. Scale bar = 2 mm.

SPH encoding a type-2 13-LOX
The ORF of SPH is 2769 bp long (Fig. 1-7), encoding a deduced protein of 923

amino acids with a predicted molecular weight of 102.36 kDa. The SPH protein

33 2] ©



contains two conserved domains: the PLAT/LH2 domain (plant lipoxygenase related
protein domain) and the LOX superfamily domain. Multiple sequence alignment of
LOX proteins showed that a significant portion of the amino acids in SPH are
conserved among various plant species. LOXs can be classified into two groups, 9-
LOX and 13-LOX, according to the positional specificity of oxygenation. SPH
contains phenylalanine (Phe®?), the amino acid residue that determines the
resiospecificity of 13-LOX (Liavonchanka and Feussner 2006). The 13-LOXs are
subdivided into two types depending on the presence of a chloroplast transit peptide
(cTP): type-1 13-LOXs lake a cTP, and type-2 contain a cTP. Using ChloroP
(Emanuelsson et al. 1999), we found that SPH contains an N-terminal cTP (Fig. 1-
10a), suggesting that SPH is a type-2 13-LOX. Phylogenetic analysis of plant LOXs
showed that SPH is included in the type-2, 13-LOX group clade (Fig. 1-10Db).

LOXs catalyze the dioxygenation of PUFAs such as linoleic acid (LA) and a-
linolenic acid (LeA) (Feussner and Wasternack 2002). Since LA and LeA are
substrates of LOX, we conducted quantitative analysis of these compounds to
identify changes in enzyme activity in the sph mutant. Both the LA and LeA
contents were conspicuously higher in sph mutant spikelets than those of wild type
(Fig. 1-11a). These results indicate that the mutation in LOX domain reduces LOX

enzyme activity, resulting in remaining substrates of LOX.
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Figure 1-10. Multiple sequence alignment and phylogenetic analysis of LOXs. a

Multiple amino acid sequence alignment of LOXs in various species. Predicted cTPs are

indicated by yellow boxes and predicted PLAT/LH2 and lipoxygenase domains are

underlined with green and red bold lines, respectively. Asterisk indicates the amino acid

residue that was altered by the missense mutation in sph. The black arrowheads mark

the five conserved residues necessary for iron binding. The red arrowhead indicates the

conserved phenylalanine residue in 13-LOX. b Phylogenetic analysis of LOX proteins

in various species. The bar indicates the relative divergence of the sequences analyzed,

and bootstrap values are represented on each branching position. The blue and yellow
boxes indicate 13-LOX and 9-LOX, respectively. LOXs predicted to have cTP are

underlined in red. Os, Oryza sativa; At, Arabidopsis thaliana; St, Solanum tuberosum;

Zm, Zea mays; Gm, Glycine max.
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Expression pattern of SPH

To investigate the expression pattern of SPH gene, total RNA was extracted from
various organs of HSC and conducted quantitative Real time PCR (qRT-PCR)
analysis. SPH was expressed in all organs examined, with relatively higher
expression levels in roots and stems than those of leaves and spikelets (Fig. 1-11b).
Similarly, the expression of the transgenic plants conferring GUS reporter gene
fused with 5’-upstream promotor region of SPH were observed in various organs.
GUS signals from proSPH:GUS were detected in nodes, leaf veins, roots, anthers,
and the marginal region of lemma (mrl) (Fig. 1-11c-i). Interestingly, GUS signal was

concentrated in inner tissue of the mrl in which hull splitting occurred.
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Figure 1-11. Quantitative analysis of fatty acids and expression analysis of SPH. a
Quantitative analysis of LA (linoleic acid) and LeA (linolenic acid) contents in spikelets.
b gRT-PCR analysis of SPH expression (normalized to ACTIN) in leaf, stem, spikelet,
and root tissue. c-j B-Glucuronidase (GUS) expression pattern in various organs in the
proSPH:GUS transgenic plant (c, node; d, spikelet; e, grain [20 DAF]; f, marginal
region of the lemma [mrl]; g, leaf; h, root [20 day after germination]; i, anther). Error
bars indicate + s.d. of three replicates. Asterisks indicate significant difference, as
determined by a two-tailed Student’s t-test (*, p < 0.05; **, p < 0.01). Scale bar = 1 mm
(c-e), Scale bar = 2 mm (g-h), Scale bar = 0.5 mm (f, i).
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DISCUSSION

A mutant used in this study was firstly found in Seoul National University Farm in
1990’s. The split-hull mutant (*74723”) contained a single recessive gene and was
associated with hull splitting in rice spikelets (Lee et al. 2004). This mutant line has
been studied repeatedly in this study and we confirmed that the phenotypic
expression in spiklelets was stable. Ratio of split-hull in the sph mutant varied along
individuals from 34% to 58% with the average of ~47% suggesting that expressivity
might be involved in this trait (Miko 2008). In particular, most of split hull grains
were observed in secondary rachis branch in panicle of sph mutant (Lee 2012).
These imply that the split hull phenotype expressivity is associated with the
variation of each of spikelets in the panicle, such as hull size and grain filling.

In this study, we characterized the sph mutant and performed map-based cloning
to isolate the gene governing the mutant phenotype. Through the characterization of
physical and morphological properties of grain, several morphological differences
between wild type and sph mutant were observed. First, grains of sph mutants
showed weak mechanical strength of hull. Grains of sph mutantwere easily dehulled
with low mechanical dehulling stress. In cell wall composition, amount of lignin in
hull was significantly lower in sph mutant than in wild type. It is previously reported

that lignin plays an important role in plant tissue rigidity (Pedersen et al. 2005). The
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reduction of lemma lignification is observed in naked oat which has thinner and less
grid lemma and free-threshing character (Ougham et al. 1996). These results easily
lead to the inference that the reduced lignin content affects the mechanical strength
of the hull, resulting in splitting and tearing of hull in the sph mutant. Second, the
lemma width of sph mutant was smaller than that of wild type. Compared with wild
type, sph mutant showed significant reduction of lemma width with no differences in
other parts of hull. These results revealed that reduction of lemma width in the
mutant was a major determinant for the sph mutant phenotype. Third, the thickness
of dehulled seeds (brown rice) of sph mutant varied depending on the existence of
hull splitting. There was no significant difference in seed length and width between
sph-nor and sph-sh seeds, whereas sph-sh seeds were thicker than those of the wild
type and sph-nor seeds. Possibly different grain filling rate in each spikelet could
explain the difference. Because the size and shape of caryopsis are restricted by hull
size (Takeda and Takahashi 1970; IRRI 1991), each hull receives different repulsive
force depending on the degree of grain filling. Therefore, we concluded that the
reason of hull splitting phenotype in sph mutant is imbalance between hull size
(storage capacity) and grain filling (source supplying capacity) in condition of weak
hull phenotype. Unfortunately, there was no direct evidence on the morphological
difference in interlocking part of lemma and palea between wild type and sph mutant
in this study. However, the expression of SPH was specifically detected in the inner

joint part of the lemma. This expression pattern implies that delicate changes that we
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couldn’t discover in this investigation may affect the hull splitting phenotype.
Further studies are required to reveal the relation between hull splitting and the
expression pattern.

SPH encoding a type-2 13-LOX was isolated by map based cloning approach.
LOXs catalyze the deoxygenation of poly unsaturated fatty acids (PUFAS)
containing a (Z,Z)-1,4-pentadien system, such as LA and LeA (Siedow 1991). In
quantitative analysis of fatty acids, sph mutant contained higher levels of both LA
and LeA in spikelets than wild type. These results can be interpreted that the
mutation occurring in the LOX catalytic domain of SPH might cause a reduction in
oxygenation activity in this mutant, resulting in an increase in the levels of these
underutilized substrates. Gene expression analysis showed that SPH was expressed
in various organs, including leaf, node, pollen, mrl, and root. The sph mutant
phenotypes such as increased CL and reduced SSR may be related to expression of
SPH in internode and pollen. The expression level of this gene was high in root,
suggesting that the existence of SPH functions in root growth and development or
other physiological responses. Further studies are required to examine the role of
SPH in root and other plant parts.

LOXs are responsible for the first reaction of LOX pathway which synthesize
various oxylipins, such as divinyl ethers, epoxy hydroxy fatty acid, leaf aldehydes,
leaf alcohols, ketols, and jasmonic acid (JA). Oxylipins function as potent bio-

regulators involved in plant growth and development, signaling cascades,
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senescence, organogenesis, and the maintenance of homeostasis (Grechkin 1998).
The roles of LOXs in various responses have been investigated in rice, such as
responses to wounding and insect attack, seed longevity and storage, and the
production of stale flavors (Ohta et al. 1991; Suzuki et al. 1999b; Zhou et al. 2014;
Huang et al. 2014). In previous studies of SPH orthologs, loss of function mutants
showed defective floral organ phenotypes. In maize, TASSELSEED1 (TS1) plays a
role in regulating pistil abortion to complete staminate inflorescence. The ts1 mutant
shows conversion of tassel inflorescence from staminate to pistillate (Acosta et al.
2009). Likewise, the Arabidopsis lox3lox4 double mutant is male sterile and taller
than the wild type (Caldelari et al. 2011). All of these defects caused by loss of
function on LOXs are recovered by treatment with exogenous JA. Furthermore,
there are several results that lignin biosynthesis related gene positively induced by
treatment with Methyl jasmonate (Salzman et al. 2005a; Pauwels et al. 2008). The
sph mutant also showed reduced lignin content and SSR, increased CL, abnormal
spikelets, and hull splitting phenotype, although it is a little different defective
phenotype of floral organ compared with that generated in orthologs. Taken together,
we speculate that the sph mutant phenotype is caused by effect of downstream
processes affected by reduced LOX catalysis, such as JA biosynthesis and lignin
biosynthesis of which related genes are regulated by JA content, but further studies
are needed to reveal the underlying molecular mechanism.

Rice hull plays an important role in protecting reproductive organs before
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fertilization, as well as developing the seeds during the grain filling stage. However,
this organ should be removed by dehulling (or dehusking) process in order to
consume caryopsis inside hull. During dehulling process, rice grains are subjected to
mechanical stresses causing the appearance of broken rice. Broken rice appearance
rate can be determined by the dimension and the strength of hull as well as caryopsis
characters such as fissures, chalkiness, and immaturity (Buggenhout et al. 2013). In
other cereal crops such as wheat, barley, and oat, a number of genetics and breeding
programs on some naked grains and their associated genes have been conducted to
develop easy dehulling (or free-threshing) cultivars (Taketa et al. 2008; Sormacheva
et al. 2014; Ubert et al. 2017). However, no study on dehulling trait which might be
beneficial to develop a new cultivar has been reported in rice. Low mechanical
dehulling stress which is wide roller distance will reduce rice caryopsis break that
causes rice yield loss (Swamy and Bhattacharya 1979). It is reported that indica
cultivars, long-slender grain, are more susceptible to mechanical stress, resulting in
high levels of broken rice compared to japonica cultivars (Buggenhout et al. 2013).
High dehulling efficiency with low dehulling stress is further required in specialty
rice cultivars that produce easy-breaking grain character and brown rice cultivars,
such as giant embryo, sugary, and colored rice (Koh et al. 1993b; Koh and Heu
1994). Because, in brown rice cultivars, the levels of broken rice during dehulling
process directly affects to yield loss, high dehulling efficiency of brown rice

cultivars means high milling rate. Thus, the application of the sph mutant may
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facilitate the breeding of high dehulling efficiency rice for reducing yield loss.
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CHAPTER II

Identification of the LARGE EMBYRO (LE) Gene
Controlling Embryo Size in Rice

ABSTRACT

Rice embryo accounts only for 2-3% of the total kernel mass but is a good source of
various nutrients and non-nutrients for human health. Generally, embryo size shows
positive correlation with the contents of various nutrients and bioactive sources.
Therefore, giant embryo mutants are very useful breeding material to improve
nutritional quality of rice. Three giant embryo mutants (le, ge, and ge®) showing
variation in embryo size were characterized and genetically analyzed to reveal their
mutual allelism and to check novelty of loci. The ge mutant was allelic to ge® mutant
in allelism test, and both mutants had its own nucleotide substitution causing
nonsynonymous mutation in the 2" exon of GIANT EMBRYO (GE). On the contrary,
the LARGE EMBRYO (LE) mutant was not allelic to ge and ge®, and thus considered
that LE is a novel gene controlling embryo size. The le mutant showed mild
enlargement in embryo size caused by increase of scutellar parenchyma cells size.
LE encodes C3HC4-type RING finger protein and was shown relatively high

expression in a late seed developing stage. The knock-down transgenic plants
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produce enlarged embryo grain, which demonstrates LE gene is participated in
regulation of embryo morphology. These results provide the basis of new regulation
mechanism in controlling embryo size and suggest that le mutant will contribute to

the development of new giant embryo cultivars.

Keyword: Rice, Large embryo, Giant embryo, C3HC4 RING finger protein,

Nutritional quality
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INTRODUCTION

With ever-increasing demand for high quality rice, researches and efforts to improve
quality of rice have been carried out more actively (Fitzgerald et al. 2009). Mature
rice embryo typically occupies 2-3% of the total kernel mass, but accumulates
various nutrients such as proteins, lipids, vitamins, minerals, and phytochemicals.
Embryo accounts for more than 95% of total tocopherols, one-third of the oil content,
and 98% albumin of the rice grain (Gopala Krishna et al. 1984; Tanaka et al. 1977).
These high nutritional value of embryo makes it popular to use byproduct (bran),
brown rice, and polished embryonic rice.

Breeding efforts to improve nutritional quality of rice were started from
induction and isolation of mutants. Various mutants responsible for the
embryo/endosperm size balance have been reported, such as endospermless mutants,
embryoless mutants, reduced embryo mutants, and giant embryo mutants in rice
(Satoh and Omura 1981b; Hong et al. 1995a). Using these breeding material,
numerous giant embryo cultivars have been reported to date (Maeda et al. 2001;
Takahashi et al. 2009; Hong et al. 2012b; Han et al. 2012b), and giant embryo lines
generally contain more protein, lipid, essential amino acid, vitamins (Ve: Vs and
VE), minerals (Ca, Fe, Mg, K and P) and bioactive sources (GABA and y-oryzanol)
(Koh et al. 1993a; Zhang et al. 2005; Jeng et al. 2012; Kim et al. 2013).

To date, only two genes related to the enlargement of embryo size have been
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cloned. GE locus was mapped on chromosome 7 (Satoh and Iwata 1990; Koh et al.
1996). This GE gene encoding cytochrome p450 protein, CYP78A13, was cloned by
Nagasawa et al. (2013), and they revealed that GE functions in the embryo to control
cell size and in the endosperm to regulate cell death via ROS signaling, resulting in
large embryo and small endosperm with loss of function in GE, but small embryo
and enlarged endosperm with overexpression of GE. In addition, Yang et al. (2013)
reported that GE gene also plays critical role in SAM maintenance. In maize,
reduced expression of ZmGE2 which was caused by insertion of transposable
element leads to increase in embryo to endosperm ratio (EER). ZmGE2 encodes
cytochrome p450 protein, and overexpression of OsGE in maize induced decrease of
EER, suggesting that cytochrome p450 plays an important role in regulating embryo
size and the mechanism of EER determination is evolutionarily conserved in rice
and maize (Zhang et al. 2012). Another embryo size related gene, GOLIATH (GO),
was mapped on chromosome 3 (Taramino et al. 2003). Unlike ge mutant, enlarged
embryo phenotype of go mutant was caused by increased cell number. The
plastochron3 (pla3) mutant exhibits pleiotropic phenotypes including enlarged
embryo, seed vivipary, defects in SAM maintenance, and aberrant leaf morphology.
PLA3 encodes glutamate carboxypeptidase and is allelic to GO (Kawakatsu et al.
2009). Recently, new giant embryo breeding materials were reported that they
showed enlarged embryo and increase of triacylglycerol compared with wild type.

The new locus was not allelic to GE, and mapped on different region of GO in
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chromosome 3 (Sakata et al. 2016).

In this study, we performed allelism test among three giant embryo mutants
(Kim et al. 1991) and identified LARGE EMABRYO (LE) gene. Since ge™ is not
allelic to previously reported genes (GE or GO), we changed the mutant name and
locus nomenclature from giant embryo-moderate (ge™) to large embryo (le) to
prevent confusion with GE. The le mutant had mildly enlarged embryo and showed
no defects in growth and germination. In addition, seonongl7, a cultivar derived
from le mutant, showed high hypolipidemic effect, body fat-lowering effect, and
high antioxidant capacity (Chung et al. 2014b; Chung et al. 2016a). Therefore, le

mutant could be valuable for breeding of speciality rice cultivar.
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MATERIALS AND METHODS

Plant materials

Three giant embryo mutants were named as le, ge, and ge®, in ascending order of
embryo size. Hwacheong (HC), a japonica cultivar, was used as the wild type when
comparing phenotype with mutants. The F, seeds derived from a cross between le
mutant and HC was used to calculate the segregation ratio. Map-based cloning was
conducted by using F» and F3 population derived from a cross between the le mutant
and Hangangchall (a Korean Tongil-type cultivar). All plant materials were grown
at the Experimental Farm Seoul National University (Suwon, Korea) under normal

cultivation conditions.

Phenotypic analysis

The dimensions of the grains and brown rice were measured from microscopic
images with HD’MEASURE software (HANA Vision, Korea). To measure ENW,
EMW, and EER, husked seeds (14% water content) were dissected into embryos and
endosperms, and each part was separately weighed using an electronic balance (CAS,
USA). Agronomic traits such as DTH, CL, PL, PN, SPP, and SF were also measured

to compare morphological differences among wild type and giant embryo mutants.
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Histological analysis

Seeds of HC and giant embryo mutants at the 20 Days after pollination (DAP) were
fixed in formalin-acetic acid-alcohol (FAA) fixative buffer (3.7% formaldehyde, 5%
acetic acid, 50% ethanol) for 24 hrs at 4°C. The seeds were dehydrated by soaking
them for 2 hrs each in a graduated ethanol solution of increasing concentration.
After final dehydration with 100% ethanol, the seeds were cleaned by soaking in
cleaning solution series that ethanol was gradually substituted by histoclear,
followed by soaking in 100% histoclear solution overnight. For paraffin infiltration,
Paraplast® (Sigma, USA) was gradually added to histoclear solution at 60°C. Finally,
the seed samples were maintained in 100% melted paraffin for 24 hrs at 60°C. The
paraffin-infiltrated samples were embedded in an embed block and cut into 10 um
sections with an HM 340 E Rotary Microtome (Microm Lab, Germany). The
sections were stained with 1% safranin O solution (1% safranin O, 30% ethanol) and

examined by Microscope CX31 (Olympus, Japan).

Quantification of GABA content

50 mg of finely ground brown rice powder was homogenized with 1 ml of 0.01 N
HCI prepared in 25% acetonitrile, and then centrifuged at 13,000 rpm for 3 min.
After filtered with 0.2 um syringe filter, the clear supernatant was derivatized by
using EZ: Faast kit (Phenomenex, USA) followed by detection through gas

chromatography. A GC-2010 gas chromatograph (GC-2010, Japan) equipped with a
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flame ionization detector (FID) was used with a ZB-5(30 m x 0.25 mm, 0.25 um)

capillary column. Each sample was tested four times.

Allelism test and sequence analysis

F. and F> seeds derived from reciprocal crosses among HC, and three mutants were
used for genetic analysis. F» seeds of each cross combination were classified
according to the embryo size, and x? (chi-square) test was performed. Two
overlapping DNA fragments including ORF of GE gene (Nagasawa et al. 2013)
were amplified by PCR. The PCR products were sequenced with an ABI Prism 3730
XL DNA Analyzer (PE Applied Biosystems, USA). The sequences of HC and three
giant embryo mutants were aligned using CodonCode Aligner software (CodonCode
Cor., USA) and analyzed. Co-segregation test conducted to detected SNP using

CAPS and dCAPS primer (Table 2-1)

Map-based cloning of LE

20 mutant type plants and 20 wild type plants were selected from F. population
derived from le mutant/Hangangchall to make DNA bulks. BSA was performed by
screening 66 STS markers (Michelmore et al. 1991; Chin et al. 2007). For fine
mapping, 397 F. plants and 857 Fs plants were used, and seven STS markers were
newly designed with primer 3 version 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0)

based on the DNA sequence differences between indica and japonica rice
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subspecies (https://blast.ncbi.nlm.nih.gov and http://gramene.org). The information

of designed and used markers are listed in Table 2-1.

Candidate gene analysis

To identify the variation in the candidate genes, DNA fragments of the genes were
amplified using designed primers (Table 2-1). PCR products derived from HC and le
mutant were purified using a Gel & PCR Purification kit (Inclone, Korea) and
cloned into pGEM-T Easy Vector (Promega, USA), followed by transformation into
E. coli strain DH5a. Transformed plasmid which were purified by Plasmid mini prep
kit (Inclone, Korea) were sequenced with an ABI Prism 3730 XL DNA Analyzer
(PE Applied Biosystems, USA) and aligned using CodonCode Aligner software
(CodonCode Corporation, USA). Co-segregation test was conducted to detect one

nucleotide deletion point using dCAPS marker (Table 2-1).

Multiple sequence alignment

The amino acid sequences showing high similarity to LE were downloaded from the
Universal Protein Resource (UniProt, http://www.uniprot.org). Multiple sequence
alignment was carried out using Probcons, and background color shading was
applied with Jalview using the % identity scheme. The information of the protein
sequences used in this study are listed in Table 2-2. Transmembrane motif was

predicted using TMHMM server v. 2.0 (http://www.cbs.dtu.dk/servicess TMHMMY/).

52 F



RNA extraction and gRT-PCR analysis

Total RNA was extracted from leaf, stem, root, and seed (5 DAP and 20 DAP)
tissues using Hybrid-R™ RNA purification kit (GeneAll, Korea), and the extracted
RNAs were treated with RNase-free Recombinant DNase 1 (Takara Bio, Japan) to
eliminate genomic DNA contamination. First-strand cDNA was synthesized using
M-MLV reverse transcriptase (Promega, USA). gRT-PCR was performed using
SYBR premix ExTaq (Takara, Japan) on a CFX96™ Real-Time PCR system (Bio-
Rad, USA) following the manufacturer’s instructions. Expression of LE was
normalized to those of UBIQUITINS. The primers for qRT-PCR are listed in Table

2-1.

GUS staining

GUS staining was carried out as previously described (Jefferson et al. 1987). The
GUS staining solution was vacuum-infiltrated into various organ samples for 10 min.
The samples were incubated overnight at 37°C in staining solution, followed by
incubation in 90% ethanol overnight at room temperature to bleach the chlorophyll

in the samples.
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Vector construction and transformation

To generate RNAI and LE promoter::GUS transgenic plant, the promoter region (-
2135 to -1 bp) and 3’'UTR (+6925 to +7215 bp) of LE was amplified by PCR, and
each PCR product was cloned into pHGWFS7 and pH7GWIWG2(11), respectively,
using Gateway® BP and LR Clonase™ Il enzyme mixes (Invitrogen, USA). The
final constructs were introduced into Dongjin through transformation with
Agrobacterium strain LBA4404. Transformation was carried out using a previously
published Agrobacterium-mediated transformation method (Nishimura et al. 2007)
with slight modifications. Primers used for cloning DNA fragment are listed in

Table 2-1.

Statistical analysis

Statistical analysis of phenotypic data and expression data was conducted using IBM
SPSS Statistics software version 24 (IBM, USA). The segregation ratios of F, seeds
derived from reciprocal crosses among three mutants were statistically analyzed for

deviation from the expected Mendelian segregation ratio (3:1 or 9:3:4) by x? test

using Excel 2013 (Microsoft Corp., USA).
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Table 2-1. Information of the primers used in this study

Primer

name Purpose Forward primer (5'—'3") Reverse primer (5'—3") Note
CAPSge Segregation test CCCTACATCCAGTCCATCGT ATCGCCCACATGTTCACC CAPS (Sph 1)
dCAPSgesX Segregation test ACCCGCCGGGCCCACTCCTGTCGT GTCCTCCCCCTCCGAGAAG dCAPS (Xcm 1)
dCAPSIle Segregation test TTATCTTTCAGGTATGGAGGCTCCAAGAAG AAGCTGAGCGACCTAAATGG dCAPS (HindIlI)

M1 Mapping GGTAATCATCAGCGTTGTGAGA TTAGCTTTGCCCCATGTCTACT InDel

M2 Mapping CCGTGTCAATTGGTACTTGG TATCCGGCCTCTGCAATAAG InDel

M3 Mapping AAGTTGCAACGAAAAAGACAAA CACCTACGGCCTAGCTTTGA InDel

M4 Mapping GAAAAACTCGGAAGAAAAGCAA GGTTTAAATTGGGTTCAGCAA InDel

M6 Mapping ATATCCGGTTCCACCTGTCA CAGGGCCTACCCAGCTTATAC InDel

M7 Mapping TGTCTCACCAATATAAGGTGTCC TCCATCCGTTTATGGGATTC InDel

M5 Mapping TCCGATTGACACAGCTCTAACT GGGATGGAGTGGAGCAGTAA InDel
RMO01350 Mapping GAGGAAATTCGCCCTAGTAG AAGAAAGCTCTGCTCCATGC SSR

S03128 Mapping TGATGCAAAGACTGCGAAAC GGGAGTAGTGCGCTTTTGAT InDel
GE-T1 GE gene sequencing TTGGAGTGGCAAAATGGTCTA TGTCCGTCCCTCTAAAGATCA -
GE-T2 GE gene sequencing CGACATGATCGCTGTTCTTT CTGACAGCCAACTGGAGAAAT -

LE1 LE gene sequencing TAAAACGCAACGCACAGAAG TTCAAAGGCCAGAAGAGGAA -

LE2 LE gene sequencing TGCTTATTGCGTTTGAGCTG AAAATGCCAATGAGCCTGAC -

LE3 LE gene sequencing ATAGGTTGGGCCCTCTCATC GTCATGTGCAAGGAAGCAAA -

LE4 LE gene sequencing GCACTTTTGGGTTGCAATTT CTAGCCTCCCCAGGATTAGG -

LES LE gene sequencing CAGGTGATGTTGGTGCTTTG GCCTTTCAAATTCCTGCTTG -

LE6 LE gene sequencing GCCTAAGAGGGATCTTGCAG ATGCACAAAAGCAACCCTTC -
gRT-LE gRT-PCR CAGCCTACTCCTGGTGGATT AATGGCAAGGAGCCCAAT -
LE-RNAI LE RNA.: transgenic line  AAAAAGCAGGCTAACGCATGCCCGTATATGAT AGAAAGCTGGGTGGAGCATCTATCGATCACCAA -
LE-GUS LE GUS transgenic line ~ AAAAAGCAGGCTGAACGGTTGTCAGCCATTTT AGAAAGCTGGGTCCCTCACCTCCTCACCGCGC -
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Table 2-2. Information of LE orthologs used in multiple sequence analysis

Organism Nome-nclature gene ID Sequence UniProf[KB
in this study length accession
Oryza sativa 0S03g0706900/LE(Os) 050390706900 473 Q10E70
Triticum aestivum M1FYS2(Ta) - 473 M1FYS
Hordeum vulgare F2D8D3(Hv) HORVU4Hr1G007020 473 F2D8D3
Zea mays Zm00001d033674(Zm) Zm00001d033674 473 B6T9X2
Arabidopsis thaliana AT1G73950(At) AT1G73950 466 FAHS21
Brassica rapa Bra015952(Br) Bra015952 467 M4DHH5
Glycine max LOC100791390 (Gm) GLYMA17G13040 466 11IMUG1
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RESULTS

Characterization of three giant embryo mutants

Three giant embryo mutants were induced by treatment of N-methyl-N-nitrosourea
(MNU) on fertilized egg cell of Hwacheong (HC), a japonica cultivar (Kim et al.
1991). These giant embryo mutants were previously characterized by (Lee 2013).
All of these mutants showed enlarged embryo phenotype compared with wild type
(HC) and represented difference in degree of enlargement among each mutants.
According to embryo size from small to large, three giant embryo mutants were
named large embryo (le), ge, and ge®, respectively (Fig. 2-1 and Fig. 2-2d). In
comparison of grain characteristics, there was no difference in the width of brown
rice, but ge® mutant indicated significant increase of the length of brown rice and
length-width ratio compared with wild type (Fig. 2-2a-c). We evaluated the altered
embryo size as the ratio of embryo to endosperm by measuring the weight of
dissected embryo and endosperm. Giant embryo mutants showed significantly
reduced thousand grain weight (TGW) and endosperm weight (ENW), but increased
embryo weight (EMW) compared with those of wild type (Fig. 2-2e-g). As the EER
gradually increased in the order of le, ge, and ge* mutant, the GABA content also
increased according to increase of embryo size (Fig. 2-2h). Enlarged embryo
phenotype was caused by a conspicuous enlargement of scutellar parenchyma cell

size in all mutants (Fig. 2-2i, n-q).
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Figure 2-1. The phenotype of grain and embryo of HC and three giant embryo mutants.

From left to right; HC, le, ge and ge® mutant. Scale bar = 2 mm.

Although three giant embryo mutants did not perform serious defects of shoot and
radicle differentiation, shoot size of ge and ge® were slightly reduced compared to le
mutant and wild type (Fig. 2-2j-m). The le mutant indicated significant differences
in other agronomic traits such as reduced CL, GW, GL, and LWR compared with

wild type (Table 2-3).
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Figure 2-2. Characterization of grain and embryo related traits of wild type and giant

embryo mutants. a-i Evaluation of brown rice and embryo related traits. Dimension of
seed (a-c); EL, embryo length (d); TGW, thousand grain (brown rice) weight (€); ENW,
endosperm weight (1000 seeds) (f); EMW, embryo weight (1000 seeds) (g); GABA

content and EER, embryo to endosperm ratio (h); Cell size of scutellar pharenchyma (i).

j-q Longitudinal sections of embryo at 20 DAP: wild type (j and n), le (k and o), ge (I

and p), and ge* (m and q). CP, coleoptiles; RD, radicle; ST, scutellum (n-q). The means

followed by superscript letters are significantly different (p < 0.05, ANOVA) according

to Duncan test. Error bars indicate + s.d. of replicates. Scale bar = 0.5 mm (j-m), Scale

bar =50 um (n-q).
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Table 2-3. Agronomic traits of HC, le, ge and ge® mutant

DTH CL PL PN SPP SF GW GL LWR
(day) (cm) (em) (No) (No) (%) (mm) (mm)

HC 115 86.4° 185* 12 95 93.3 3.56™ 595 1.77°
le 114  77.0* 18.7° 12 101 911 328 557 1.70°
ge 118 88.9° 17.68 14 100 924 3.41° 5098 1.76"

ge’ 113 89.0° 19.1° 13 105 949 3.34% 591> 1.77°
DTH, days to heading; CL, culm length; PL, panicle length; PN, panicle number; SPP, spikelet

per panicle; SF, spikelet fertility; GL, grain length; GW, grain width; LWR, length-width ratio.
The means followed by lowercase letters are significantly different (p < 0.05, ANOVA)
according to Duncan test.

Genetic analysis of giant embryo mutants

To confirm allelism and heritable form of genes responsible for enlarged embryo
phenotype in three mutants, we investigated F» seeds segregation ratio of each cross
derived from reciprocal crosses among HC, le, ge, and ge® mutants (Lee 2013). F,
seeds that were generated from reciprocal crosses between each mutants and HC
segregated in a 3 (normal embryo-type): 1 (enlarge embryo-type) ratio, indicating
that each enlarged embryo mutant caused by a mutation in single recessive gene,
respectively (Table 2-4). Koh et al. (1996) mapped ge® locus on chromosome 7, and
Nagasawa et al. (2013) isolated GE gene from the mapping region. Therefore, we
inferred that enlarged embryo phenotype of ge® mutant was induced by mutation on

GE gene. In the reciprocal crosses between ge and ge®, The EL of F; seeds were
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increased and all F> seeds showed enlarged embryo type, indicating that the locus in
ge is identical to ge® (Table 2-4). On the other hand, F, seeds derived from reciprocal
crosses between le mutant and other two giant embryo mutants were segregated into
three types of seeds, normal type, le type, and ge (ge or ge®) type depending on the
embryo size. All F, segregation ratios for normal type: le type: giant embryo type
fitted the 9:3:4 ratio, suggesting that enlarged embryo phenotype of le was not allelic

to GE (Table 2-4).

Table 2-4. Segregation of F, seeds from the reciprocal crosses among HC and three
giant embryo mutants

Cross F1EL Type of embryo Expected )
o - ; X p-value
combination (mm)  wild le ge ge’ ratio
HClle 299 99 - - 31 0 1
2.102
le/HC 260 100 - - 31 1.34 0.25
HC/ge 2 167 348 - 134 - 31 1.87 0.17
ge/HC ' 269 - 83 - 3:1 0.31 0.58
HCl/ge® 2198 246 - - 76 31 0.27 0.61
ge’/HC ' 265 - - 84 3:1 0.12 0.73
le/ge ) 150 177 64 71 - 9:3:4 1.16 0.56
gelle ' 145 48 63 - 9:3:4 0.02 0.99
le/ge® 2218 178 60 - 78 9:3:4 0.02 0.99
ge’lle ' 160 51 - 63 9:3:4 0.67 0.72
ge’/ge 3120 - - 296 117 31 2.27 0.13
gelge’ ' - - 106 45 3:1 1.61 0.2

The means followed by superscript letters are significantly different (p < 0.05, ANOVA)

according to Duncan test. EL, embryo length.
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Sequencing analysis of GE locus in three giant embryo mutants

In sequence comparison of GE (Os07g0603700) locus, we found G 1169 A base
change causing a Arg 390 His amino acid substitution and G 1199 T base change
causing a Trp 400 Leu amino acid substitution in GE locus of ge and ge®,
respectively. These mutations were co-segregated with enlarged embryo phenotype
in F2 seeds generated from crosses between HC and mutants (ge and ge®). However,
there was no nucleotide change in GE locus of le mutant. In addition, we could not
find any variation in PLA3/GO locus of le mutant. In conclusion, embryo size of ge
and ge® were affected by mutation generated in GE, while those of le was controlled

by other gene. These results were consistent with the previous allelism test.

Map-based cloning of LE gene

To isolate the gene related to enlarged embryo phenotype in le mutant, we
conducted map-based cloning using F, and Fs population derived from cross
between le mutant and Hangangchall. Through BSA, LE gene is showed to link
with insert and deletion (InDel) marker S03128 on chromosome 3. Sakata et al.
(2016) reported that new giant embryo (MGE8 and MGE14) locus mapped on the
short arm of chromosome 3, but this region was far from our candidate region. To
refine the position of LE locus, a series of InDel markers were newly developed
based on the genome sequence differences between indica and japonica

(http://www.ncbi.nlm.nih.gov/), and LE gene was finally mapped within an

6 2 F



approximately 52-kb region between M7 and M5 (Fig. 2-3a). Three predicted ORFs
were located in this candidate region (Fig. 2-3b). In order to identify the best
candidate for LE, we sequenced three ORFs in HC and le mutant and one nucleotide
deletion was identified in the 12" exon of 0S03G0706900 encoding C3HC4-type
RING finger protein (Fig. 2-3c). The deletion occurred in the 1202 ORF nucleotide
(C 1202 del) is expected to substitute the 401" amino acid, alanine, for a valine
followed by a frameshift terminating after 82 aberrant amino acids (Fig. 2-3d). We
developed dCAPS marker for genotyping of the mutant sequence variation. The
result of dCAPS genotyping to F» individuals whose phenotype were determined by
F3 seed type revealed that the large embryo phenotype was co-segregated with the
one nucleotide deletion, supporting that the one nucleotide deletion detected in
0s03g0706900 was responsible for the enlarged embryo phenotype (Fig. 2-3e). To
determine whether the mutant variation is present as a natural variation in Oryza
sativa genome, we confirmed genotype of 11 Oryza sativa (Six japonica, two tongil-
type, and four indica) and one O.nivara using dCAPS marker. None of these
exhibited mutant variation (Fig. 2-3f). Therefore, we focused on Os03g0706900 as a

candidate for LE gene.
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Figure 2-3. Map based cloning of the LE gene. a Schematic diagram of mapping of LE
locus. b Candidate ORFs in mapped region. ¢ LE gene structure and splicing pattern.
The black lines, white solid boxes, and black boxes indicate intron, UTRs, and exons,
respectively. The mutation position is marked with red arrow head. d Comparison of
amino acid sequence of the frameshift region between the HC and le mutant. Asterisk
represents the location of amino acid substitution caused by one base deletion in le
mutant. Amino acids in the region of frameshift are indicated in red. Red background
and black open boxes indicate amino acid sequences of C3HC4-type RING domain and
conserved residues in the domain. e Co-segregation test on F individuals. W, wild type
F2 progeny; H, hetero type F, progeny; M, mutant type F, progeny. f Co-segregation test
on other cultivars and O.nivara. 1, Hwacheong; 2, Hwaseonchal, 3. llpum, 4. Unkwang,
5. Hapcheon, 6. Nipponbare, 7. Dasan, 8. Hangangchal 1ho, 9. IR36, 10. IR64, 11. IR56,
12. IR21015, 13. O.nivara.



Effect of LE knock-down on embryo size

To confirm that the defect of LE affects embryo size, we transformed an RNA
interference (RNAI) construct that harbored a 291-bp specific mMRNA fragment of
LE into Dongjin via pH7GWIWG2(Il) vector (Fig. 2-4a). Real-time quantitative
PCR analysis showed that the expression level of LE was downregulated in RNAI
transgenic plants compared with control Dongjin (Fig. 2-4b). The embryo size of
RNA.I transgenic plants was significantly increased compared with control (Fig. 2-4c,

d). These results suggest that LE gene controls embryo size in rice.
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Figure 2-4. The embryo phenotype and LE expression of RNAI transgenic plant. a
Structure of the RNAI construct. b Relative expression of LE (normalized to
UBIQUITIN) in wild type and RNAI plants. ¢ Comparison of embryo length between
wild type Dongjin (WT) and RNAI plants. d Seed phenotype of RNAI plants. Error bars
indicate = s.d. of three replicates. Asterisks represent significant difference, as
determined by a two-tailed Student’s t-test (*, p < 0.05; **, p < 0.01). Scale bar =1 mm.

LE gene encoding C3HC4-type RING domain protein
The LE gene is composed of 14 exons, with 13 intervening introns. The predicted
protein consists of 473 amino acid residues with C3HC4-type RING domain in C-

terminal, and seven transmembrane motifs (Fig. 2-5 and Fig. 2-6). Multiple
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sequence alignment among orthologs of LE revealed that predicted transmembrane
motifs and the consensus sequence of RING finger domain (Cys-X>-Cys-X11-Cys-X-
His-X3-Cys-X2-Cys-Xe-Cys-X2-Cys) were highly conserved in both monocots and
dicots. However, the consensus sequence of le mutant was completely transformed
by frameshift which was occurred by one nucleotide deletion. These results
implicate that the functional roles of the LE orthologs are conserved in plants, and
the complete destruction of C3HC4-type RING finger domain might loss the

function protein.

T = o =]

—— 76
Ala 401 Val fs*82

t t U t t t 1 t t t t t 1
1 40 80 120 160 200 240 280 320 360 400 440 473

Figure 2-5. Schematic diagram of a C3HC4-type RING finger domain of LE. All amino
acids indicate single-letter amino acid codes. Cysteines and histidine that bind the zinc
ion are shown in red circle, and others are shown in black circle. TM, transmembrane

domain.
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Figure 2-6. Multiple sequence alignment of LE orthologs. Asterisk represents the substituted residue caused by one base
deletion in le mutant. Predicted transmembrane motifs, C3HC4-type RING domain, and conserved residues are highlighted in
the alignment with blue and red lines, and black open boxes, respectively. Substituted amino acid residues by frameshift were
highlighted by red background shading.
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Expression Pattern of LE

To investigate expression pattern of LE gene, we performed qRT-PCR analysis and
B-glucuronidase (GUS) staining in various organs of LE promoter::GUS transgenic
plant (Fig. 2-7b). For gRT-PCR analysis, total RNA was extracted from various
organ including leaf, stem, root, and seed in HC. Expression levels of LE were
normalized to UBIQUITINS and relative to expression in stem. LE was expressed in
all investigated organs. The level of LE transcription is highest in the seed at 20
DAP and lowest in the stem. In seed development stage, LE showed relatively low
expression at 5 DAP, but the expression increased at the late stage of seed
development (Fig. 5a). The results of GUS staining were consistent with gqRT-PCR
results. GUS expression was observed in leaf, stem root, and seed (Fig. 5¢c-j). In
early seed development stage, GUS was expressed in the inside part of pericarp (Fig.

5f-h), and the expression in pericarp was increased with seed growth.
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glucuronidase (GUS) expression pattern of various tissues in ProLE::GUS transgenic
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DISCUSSION

In characterization of three enlarged embryo mutants, the ge and ge® mutant showed
dramatic increase in EMW by 157% and 223% compared with wild type. Genetic
analysis revealed that the responsible gene in ge and ge® were allelic to GE located
in chromosome 7. However, the le mutant of which EMW was increased by 48%
more than wild type, was not allelic to the previously isolated genes, such as GE and
GO.

LE encodes a C3HC4-type RING finger protein. LE protein consists of multi-
transmembrane motifs and C3HC4-type RING domain. Cheung et al. (2007) had
previously cloned and characterized OsRHC1 which is identical to LE. OsSRHC1 was
differentially expressed between bacterial blight resistant near-isogenic lines (NILSs)
containing the Xal4 or Xa23 and susceptible NILs by pathogen inoculation or
wounding. In addition, overexpression of OsSRHC1 in transgenic Arabidopsis
showed enhanced resistance to bacterial pathogens, which depended on the
ubiquitin-mediated protein degradation. In rice, 29 C3HC4-type RING finger genes
were identified by protein sequence analysis in silico (Takahashi et al. 2009). To
date, the function of C3HC4-type RING finger genes in rice is much less understood.
There are just a few reports that reveal the function of C3HC4-type RING finger

gene such as OsCOP1, OsCOIN1, and OsXB3 playing a role in photomorphogenesis,
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tolerance of abiotic stress, and disease resistance, respectively (Tsuge et al. 2001;
Liu et al. 2007; von Arnim and Deng 1993; Wang et al. 2006), but there is no report
that C3HC4-type RING finger gene is involved in embryo morphology and
development in rice. In Arabidopsis, the function of C3HC4-type RING finger genes
is much more understood compared to rice, and many genes identified such as
AtCOP1 and AtCIP8 (photomorphogenesis) (von Arnim and Deng 1993; Hardtke et
al. 2002), AtTED3 (light signaling) (Pepper and Chory 1997), AtPEX10 and
AtPEX12 (peroxisome biogenesis) (Schumann et al. 2003; Fan et al. 2005), XBAT32
(root development), and AtSDIR1 (stress tolerance) (Zhang et al. 2007). Interestingly,
AtPEX10 and AtPEX12 consisting of two transmembrane helices and C3HC4-type
RING finger domain, similar to LE, are required for peroxisome biogenesis and its
dysfunction leads to lethality at the heart stage of embryogenesis.

Predicted LE is composed of seven transmembrane domain in the N-terminal
and C3HC4-type RING domain in its C-terminal, and this composition shown to be
essential for function and localization. Orthologs of LE were detected in both
monocots and dicots and its amino acid sequences were highly conserved. In maize,
developing seed cDNA library derived from developing seed was sequenced, which
revealed that maize ortholog, ZmZF13, were expressed in developing seed (Wang et
al. 2010a). However, there is apparently no published information on the functions
of these orthologs, except pathogen defense of OsRHC1. Therefore, additional

functional studies are needed to understand how LE gene works and regulates
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embryo size.

As the embryo size was increased in order of le, ge and ge®, GABA content of
brown rice increased by 150%, 400%, and 850%, respectively. This results
implicates that various nutrients and beneficial sources in embryo such as proteins,
lipids, vitamins, minerals, and bioactive chemicals were also increased in enlarged
embryo mutants. Therefore, Creation and discovery of new variation responsible for
controlling embryo size is very important to manipulate embryo size based on the
breeding purposes. If the target of breeding is related with bran or bran oil, the easier
embryo detachment and the larger embryo size will be beneficial. On the other hand,
if the purpose is improving nutritional quality with proper eating quality and milling,
proper embryo size is needed. The le mutant is expected to be used as a breeding
material to breed cultivars with a relatively high eating quality and unstriped embryo
rate.

Generally, giant embryo mutant has shown problems in germination and
seedling growth. The go mutant showed pleotropic phenotype with enlarge embryo,
such as viviparous seed, shortened plastochron, and conversion of panicle primary
branches to vegetative shoots (Kawakatsu et al. 2009). Similarly, the ge mutant also
had defective seedling growth such as many malformed leaves and dwarfism which
eventually cause death (Yang et al. 2013). The le mutant, on the other hand, had
normal germination rate and seedling emergence. With these, the le mutant is

expected to be used as promising breeding material for improving quality of rice and
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cultivation problem such as low germination rate and seedling emergence, and lose
of embryo during polishing process.

In this study, we identified LE, a new gene controlling embryo size, and its
values as breeding material. The le mutant showed enlarged embryo phenotype
which is relatively mild compared with ge mutant. LE encoded C3HC4-type RING
finger protein, expecting new molecular mechanism to control embryo size.
Although further studies are needed, our research provide novel insight and basis to
understand molecular mechanism of embryo development and facilitate breeding

new giant embryo rice cultivars.
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