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Abstract

Composition and structure of endosperm starch are major determinant factors for rice quality. Glycosylinositol phosphoryl-
ceramides (GIPC) is a kind of sphingolipid and it accounts for~25% of total plasma membrane lipids in plants. The rela-
tionship between synthesis of GIPC and development of endosperm starch, however, remains unclear. We here identified a
mutant with a floury and opaque endosperm, named floury and shrunken endosperm 6 (fse6). The mutant seeds displayed a
shrunken grain appearance. Physicochemical analysis showed that both total starch and amylose contents were decreased,
while lipid and protein contents were increased in the mature mutant seeds, compared to their counterparts in the wild type.
Further observation of semi-thin sections indicated the development of mutant amyloplasts was defective. The mutant seeds
germinated normally but failed to survive in a later stage of seedling growth. Map-based cloning and genetic complementation
revealed that FSE6 encodes a glycosyltransferase and is homologous to Arabidopsis GLUCOSAMINE INOSITOLPHOS-
PHORYLCERAMIDE TRANSFERASE]! (GINT1), an enzyme vital for GIPC synthesis. We further found that cellulose
content and starch biosynthesis in the mutant were altered. This study connects a gap between a rice GINT1 and starch
synthesis, which will be helpful for rice quality improvement.

Keywords Floury endosperm - Glycosylinositol phosphorylceramides (GIPCs) - Glycosyltransferase (GT) - Cellulose
synthesis - Starch biosynthesis

Introduction

With the increasing production of rice (Oryza sativa), the
public has higher and more diverse requirements for its qual-
ity. The rice endosperm accumulates a lot of starch during
the maturation process, which exists in the amyloplast and
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that contains a CBM48 domain, and its mutation results in
lower starch content and different sizes of rice amyloplasts.
Likewise, Arabidopsis FLO6 is involved in the initiation of
starch synthesis (Peng et al. 2014). Mutations in two pen-
tatricopeptide repeat (PPR) proteins FLO10 and OsNPPR1,
which are located in the mitochondria and nucleus, respec-
tively, also cause defects in endosperm starch synthesis (Hao
et al. 2019; Wu et al. 2019). These studies reveal that starch
synthesis involves a variety of physiological and biochemi-
cal processes, including substance metabolism and signal
regulation.

Glycosylinositol phosphatidylceramides (GIPC) are the
major sphingolipids in the plant plasma membrane. It was
estimated GIPC make up about a quarter of plasma mem-
brane lipid in the Arabidopsis leaves (Markham and Jaworski
2007; Jean-Luc et al. 2016; Ishikawa et al. 2018). Recently,
many studies revealed that GIPC, apart from as membrane
component and organization (Mongrand et al. 2004; Jean-
Luc et al. 2016), participates also in various physiological
activities like pollen development (Rennie et al. 2014), sym-
biosis (Perotto et al. 1995), defense against pathogens (Mor-
timer et al. 2013; Tartaglio et al. 2016). Enzymes involved
in GIPC biosynthesis have been widely studied in Saccharo-
myces cerevisiae (Markham and Jaworski 2007). The cera-
mide backbone is synthesized in the endoplasmic reticulum
(ER). First, serine and palmitoyl-CoA are catalyzed by ser-
ine palmitoyltransferase to produce 3-ketopurine, which is
then reduced to long-chain base (LCB) dihydrosphingosine
(d18:0) by 3-ketopurine reductase. Dihydrosphingosine
eventually forms ceramide through hydroxylation or desatu-
ration (Chen et al. 2007). Mature GIPCs are synthesized in
the Golgi apparatus. IPC synthase adds inositol phosphate
groups to ceramide to form inositol phosphorylceramide
(IPC) (Figure S1), which were then modified by various
glycosyltransferases (GTs) (Wang et al. 2008). IPC biosyn-
thesis is high conserved between plants and fungi (Dunn
et al. 2004) but the glycan patterns vary among plant species
and tissues. INOSITOL PHOSPHORYLCERAMIDE GLU-
CURONOXYLTRANSFERASEI (IPUT1) is the first identi-
fied glycosyltransferase in Arabidopsis thaliana which can
convert Glucuronic acid (GlcA) from UDP-GIcA to IPC and
eventually form GIcA-IPC (Rennie et al. 2014). In Arabidop-
sis vegetative tissues, a transporter GOLGI-LOCALIZED
NUCLEOTIDE SUGAR TRANSPORTER1 (GONST]1) is
responsible for transferring GDP-Man into the Golgi, and
then transferring mannose (Man) to GIcA-IPC via GIPC
MANNOSYL-TRANSFERASE1 (GMT1) to complete the
further glycation modification process (Mortimer et al. 2013;
Fang et al. 2016). However, in Arabidopsis seeds and pollen
as well as in rice and tobacco plants another glycosyltrans-
ferase, viz. GLUCOSAMINE INOSITOLPHOSPHORYL-
CERAMIDE TRANSFERASEI1 (GINT1), is responsible for
transferring GlcN(Ac) to GIPC (Fang et al. 2016). The loss
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of key genes associated with GIPCs synthesis demonstrates
a variety of effects on plant growth and development, includ-
ing impaired pollen tube germination, dwarfing of plants,
lethality at seedling stage, and defensive responses (Bald-
win et al. 2001; Singh et al. 2005; Rennie et al. 2014; Fang
et al. 2016; Ishikawa et al. 2018). However, there is no report
on the relationship between GIPC glycosylation and rice
endosperm development.

In our study, we obtained a mutant named floury and
shrunken endosperm 6 (fse6) with opaque and floury brown
rice, whose homozygous seeds can germinate normally but
cannot survive at a later seedling stage. Through map-based
cloning and genetic complementation, we determined that
these defects were caused by the mutation of a glycosyltrans-
ferase 64 (GT64). Previously, gene knockout of the GT64 in
rice leads to a phenotype of lethal seedling and decreased
GIPC glycosylation (Ishikawa et al. 2018). Analysis of
semi-thin sections showed that starch grains (SGs) of the
mutant seeds were unshaped and loose, and gene expres-
sion involved in starch metabolism was changed, compared
with the wild type. This indicates that the misglycosylation
of GIPC affects the starch biosynthesis in rice endosperm.
Moreover, we found that cellulose content of fse6 is signifi-
cantly decreased relative to the wild type, indicating that the
integrity of the plasma membrane lipid structure may be
necessary for cellulose synthesis.

Results

The fse6 Mutant has Floury Endosperm and is Lethal
at Seedling Stage

To improve rice quality by mutagenesis, we treated a
japonica elite variety Ninggeng4 (NG4) with Methyl
nitrosourea (MNU) at the flowering stage, and selected a
floury endosperm mutant fse6. The mutant showed a defec-
tive grain development with opaque and shrunken seeds at
maturity, in contrast to transparent grain of the wild type
(Fig. 1a, b). Observation of seed cross-section indicated
that core endosperm of the mutant displayed a floury-white
phenotype, whereas peripheral endosperm and aleurone
layer were normal and similar to the wild type (Fig. lc, d).
There is no significant difference of grain length and width
between the mutant and its wild type, but grain thickness and
1000-grain weight were obviously decreased in the mutant
relative to the wild type (p <0.01, Fig. 1i, j). The mutant
seeds were capable to germinate normally, but the result-
ant seedlings failed to survive after two-leaf stage (Fig. 1k).
Scanning electron microscopic (SEM) showed that, instead
of the tightly packed and polygonal starch granules of wild
type, the mutant displayed loosely packed and non-shaped
starch granules (Fig. 1e-h).
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Fig.1 The fse6 mutant has floury endosperm and is lethal at seed-
ling stage. a, b Comparison of wild-type NG4 and fse6 mutant
mature seeds, bars: 1 mm; ¢, d cross-sections of wild-type and fse6
mutant seeds, bars: 1 mm; scanning electron microscopy images of
transverse sections of wild-type (e, g) and fse6 mutant (f, g) seeds.
Bars: 1 mm in (e, g). Bars: 30 um in (f, h); i Comparison of grain size

Analysis of Physical and Chemical Properties
of Mature Seeds

Total starch and amylose contents of the mutant were both
significantly lower than those of the wild type (Fig. 2a, b),
but lipid and protein contents were significantly higher than
wild type (Fig. 2c, d). Viscosity analysis indicated that the
starch setback value (SBV), consistence value (CSV) and
breakdown value (BDV) were slightly decreased in the
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between the wild type and fse6 mutant, values are means + standard
derivation (SD), n=20 for each sample; j Comparison of 1000-grain
weight of the wild type and fse6 mutant, n=3; k Young seedlings of
wild-type and fse6 mutant at 14 days after germination, bar: 3 cm.
The significance of the data was analyzed by Student’s ¢ test in (i, j),
**p<0.01

mutant (Fig. 2e, f). Overall, the physical and chemical prop-
erties of the fse6 mature seeds vary greatly compared to the
wild type.

Development of Starch Grains in fse6 Mutants
is Abnormal

To further investigate whether the starch biosynthesis of the
mutant is defective, we observed the developing endosperm
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at 9 days after flowering (DAF). Semi-thin section indicated
a lot of intact, regular and armor-like polygonal compound
SGs were observed in the wild type (Fig. 3a, d). In com-
parison, the mutants showed large amounts of broken and
unformed single starch granules. There were many cavities
in the mutant endosperm, which may be the reason for the
opaque appearance (Fig. 3b, c, e, f). Moreover, we found that
the amyloplast development of the mutant was significantly
delayed than that of the wild type.

Map-Based Cloning and Complementation Test

To find the gene responsible for the floury-white endosperm
of the mutant, the mutant was crossed with indica cultivar
Dular to construct an F, population. Initially OsFSE6 was
located in an interval of 5.4 cM on the chromosome 5 with
10 recessive individuals selected from the F, segregating
population (Fig. 4a). Next, the mapping interval was nar-
rowed into 240 kb between SSR markers F2-1 and F2-5 with
other 415 opaque individuals. In this region, there exist 30
candidate genes predicated by the Rice Expression Profile
Database (http://ricexpro.dna.affrc.go.jp/). By sequencing,
a single nucleotide change from cytosine (C) to adenine (A)
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were found in the Os05g0540000, generating a premature
stop codon in the mutant (Fig. 4b). By aligning the amino
acid sequence at National Center for Biotechnology Infor-
mation (NCBI, https://www.ncbi.nlm.nih.gov/), the candi-
date protein contains a glycosyltransferase domain (Fig. 4c),
which was designated as OsGINT1 previously (Ishikawa
et al. 2018).

To confirm the mapping result, we performed comple-
mentation test by transforming pFSE6::OsFSE6 into the
mutant callus. Positive transgenic lines were identified by
PCR and they could survive over the whole seedling stage
and produce transparent and normal seeds (Fig. 4d, ). Thus,
the 0s05g0540000 corresponds to the FSE6 gene.

Subcellular Localization and Phylogenetic Analysis
of OsFSE6

To explore biochemical function of the OsFSE6, we fused
its full-length cDNA with green fluorescent protein (GFP)
and observed their transient expression on N. tabacum
leaf epidermal cells. As shown in confocal laser scanning
microscopy, green fluorescent signals were completely over-
lapped with the Golgi marker a-mannosidase 1 (GmManl1)
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Fig.3 Development of starch grains in the fse6 mutant is abnormal.
Semi-thin sections of wild-type (a, d) and fse6 (b, c, e, f) endosperm
at 9 days after flowering (DAF). d, e and f is the enlargement of the

(Rennie et al. 2014), but not with prevacuolar compartments
(PVCs) marker vacuolar sorting receptor 2 (VSR2) (Miao
et al. 2006) (Fig. 5a).

Next, we constructed a phylogenetic tree to explore the
homology of this glycosyltransferase among different spe-
cies. The OsFSEG6 protein shared high sequence similar-
ity (> 80%) with its homologs in Zea mays and Sorghum
bicolor, and 50% with Arabidopsis FSE6 (Fig. 5b). BLAST
search of the NCBI database also identified two paralogs of
OsFSE®6 in rice genome, with amino acid sequence simi-
larity of 52.6 and 11.7%, respectively. Sequence alignment
revealed that, despite of relative low similarity, OsFSE6
and its two paralogs all harbored a highly conserved glyco-
syltransferase domain, and this domain was also conserved
in plants (Fig. S2, S3). According to a previous grouping
method (http://cys.bios.niu.edu/plantcazyme/,) (Ekstrom
et al. 2014), OsFSE6 belongs to a member of GT64
subfamily.

Expression Pattern of FSE6 and its Homologs

qRT-PCR analysis showed that the OsFSE6 was constitu-
tively expressed in various tissues, including roots, stems,
leaves, sheaths, and panicles. OsFSE6 was also pronounced
during endosperm development (Fig. 6a). Compared with
the other two OsFSE6 homologs, the expression of OsFSE6
was obviously higher in all tested tissues (Fig. 6b). The

area in the red frame corresponding to a, b and c¢. Bars: 50 pm in
(a—f). The white arrow indicates the cavity formed due to insufficient
starch filling

qRT-PCR experiments were consistent with histochemi-
cal staining assay of transgenic plants expressing the
GUS reporter gene driven by the native OsFSE6 promoter

(Fig. 6¢-g).

Starch Biosynthesis and Cellulose Synthesis are
affected in the fse6 Mutants

Semi-thin section indicated that the mutant had defective
amyloplast development, thus we further tested expression
level of genes involved in starch synthesis. Quantitative
results showed that starch synthase IIb (SSIIb), granule-
bound starch synthase II (GBSSII) and disproportionating
enzyme Ila (DPEIla) were significantly down-regulated,
while the expression of starch synthase I (SSI), isoamyl-
ase (ISA) and starch branching enzyme IIb (BEIIb) has
increased more than four times (Fig. 7a). Subsequent immu-
noblot analysis showed that the abundance of FLO4 protein
was decreased in the mutant (Fig. 7b). FLO4 has previously
been shown to regulate carbon metabolism and starch syn-
thesis during endosperm filling (Kang et al. 2005). This indi-
cates that the fse6 endosperm starch synthesis is affected to
some extent due to the OsFSE6 mutation.

Previous studies revealed the degree of glycosylation
of sphingolipids influences cellulose synthesis via glyco-
syltransferase (Fang et al. 2016). Moreover, deficiency of
sphingolipid triggers a constitute hypersensitive response in
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Arabidopsis characterized by increased levels of hydrogen
peroxide and salicylic acid (Rennie et al. 2014; Fang et al.
2016). Hence, we measured the cellulose and H,0, con-
tents in the fse6 seedlings. Compared with the wild type,
the mutant exhibited a slight but significant decrease in cel-
lulose content (Fig. 7c). There was no statistic difference in
the content of H,0, between the mutant and its wild type
(Fig. 7d).

Discussion
In this study, we isolated and characterized the fse6 mutant

whose brown grain was floury and shrunken. Scanning
electron microscopy (SEM) showed that, instead of the
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tightly packed and polygonal starch granules of wild type,
the mutant displayed loosely packed and non-shaped starch
granules (Fig. 1e-h). Compared with the wild type, the
fse6 mutant exhibited lower starch and amylose contents
and higher protein and lipid contents (Fig. 2a—d). Semi-
thin sections of 9 DAF endosperm indicated a lot of intact,
regular and armor-like polygonal compound starch grains
(SGs) were observed in the wild type (Fig. 3a, d). In com-
parison, the mutants showed large amounts of broken
and unformed single SGs (Fig. 3b, c, e, f). Through map-
based cloning and genetic complementation (Fig. 4a—e),
we showed that the disfunction of a glycosyltransferase is
responsible for these phenotypes. In addition, the expres-
sion of starch synthesis-related genes in the fse6 mutants
was affected (Fig. 7a). This reveals that sphingolipid
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Fig.5 Subcellular localization A
and phylogenetic analysis of
FSEG6. a Subcellular localization
of OsFSE®6 protein in tobacco
epidermal cells. OsFSE6
protein subcellular localiza-
tion in tobacco epidermal cells.
GmManl and VSR2 are two
control proteins that localize

to the Golgi and prevacuolar
compartments (PVCs), respec-
tively. Bars: 5 um in the second
row, 10 um in the top row and
the last row. b Phylogenetic

tree of OsFSEG6 (in red) and its
homologs constructed using
MEGA 5
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biosynthesis is involved in starch biosynthesis, thereby
affecting rice endosperm development and grain quality.
As glycosylated sphingolipids participate in a wide range
of biochemical activities (Perotto et al. 1995; Mongrand
et al. 2004; Mortimer et al. 2013), but there is still no

report that they affect starch synthesis. The lethality of the
mutant at the seedling stage indicates that many processes
of its life cycle are severely damaged. We speculate that
starch biosynthesis defect may be a secondary effect of
GIPC’s mis-glycosylation.
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Fig.6 Expression pattern of FSE6 and its homologs. a Expression
levels of OsFSEG6 in the various tissues and different developmental
stages of endosperm in the wild type and fse6 mutant. Actinl was
used as an internal control. Values are means+SD (n=3). DAF,

Previously it was reported that a homologous gene of the
OsFSEG6 in Arabidopsis, named AtGINT]I, is responsible
for transferring N-acetylglucose (GlcNAc) to GIPC (Ishi-
kawa et al. 2018). When the OsGINTI(0s05g0540000) was
knocked out in rice, the plants could only survive for about
2 weeks on the growth medium and the glycosylation of
sphingolipid in seedlings was also decreased significantly
(Ishikawa et al. 2018). Consistent with the previous results,
the fse6 mutant seeds germinated normally, but the seed-
lings died after two-leaf stage (Fig. 1k). Besides, the loss
of GIcNAc to GIPC synthesis in atgint/ mutant was com-
pletely recovered by expressing OsGINTI under AtGINTI’s
promoter (Ishikawa et al. 2018). Together with our study,
it indicated OsFSE6 could partially substitute the role of
AtGINT1 for plant GIPC synthesis.

Nevertheless, the atgint] mutants grow normally on agar
and soil under standard conditions, and shows no gross
morphological phenotype compared to that of its wild type.
Meanwhile, the seed coat of argintl is normal, and has a
normal distribution of oil and starch bodies (Ishikawa et al.
2018). Unlike Arabidopsis atgint! mutant, the development
of rice fse6 plants and seeds is severely hindered, and the
entire surface of homozygous fse6 grain is shrunk. TEM and
semi-thin sections revealed that the fse6 amyloplasts were
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Root Leaf Sheath Paincle

Steam

days after flowering. b Expression levels of OsFSE6 and its paralogs
in different tissues. GUS staining of various tissues in the pOsFSE6:
GUS transgenic lines, including root (c), stem (d), leaf (e), sheath (f),
and panicle (g). Bars: 1 cm

disrupted. One reason for the lethality at the seedling stage
can be that OsFSEG is constitutively expressed in all tissues
such as roots, stems, leaves, sheaths, and panicles (Fig. 6a,
c—g). The absence of OsGINT] is expected to has a compre-
hensive impact on the overall development of plants. In com-
parison, Arabidopsis AfGINT] is only highly expressed in
reproductive tissues such as developing embryos and mature
seeds, as well as in pollen and stigma. In Arabidopsis veg-
etative organs, a paralog of AtGINTI, AtGMT], is responsi-
ble to transfer Mannose to GIPC (Ishikawa et al. 2018), and
the gmt/ mutant plant has a dwarfed phenotype, and can
only produce a few viable seeds (Fang et al. 2016). OsFSE6
also has two paralogs (Fig. 5b), but their expression levels
are much lower in all tissues (Fig. 6b). This suggests that
OsFSE6 may play a major role in rice plant and endosperm
development. In addition, the atgmtI mutant displays con-
stitutive salicylic acid and hydrogen peroxide accumulation
(Fang et al. 2016). We here observed that cellulose content
of fse6 was also significantly decrease (Fig. 7c). In contrast,
fse6 showed no significant difference in H,0, level com-
pared to its wild type (Fig. 7d). GIPC is modified with sugar
groups in the Golgi apparatus and then transported to the
plasma membrane (Fang et al. 2016). CTL1 and COBRA,
two extracellular proteins anchored to the plasma membrane
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Fig.7 Starch biosynthesis and A
cellulose synthesis are affected
in the fse6 mutant. a Expression
of the genes related to starch
synthesis in endosperm of wild
type and mutant at 12 days after
flowering. Actinl was used as
an internal control. Values are
means + SD, n=3. b Immuno-
blot analysis of starch biosyn-
thesis related proteins in mature
seeds of wild type and fse6
mutant. Actinl was used as a
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via glycosylphosphatidylinositol, can affect the mobility of
the cellulose synthase (CESA) complex (McFarlane et al.
2014). Similarly, the mis-glycosylation of GIPC may affect
the movement of the CESA synthase complex or associ-
ated proteins, resulting in impaired cellulose synthesis in
the mutant.

We here identified the OsFSEG6, different from its coun-
terpart in Arabidopsis, is essential for both rice plant and
endosperm development. Regulation of sphingolipid synthe-
sis through OsFSE6 will open a new window for improving
rice endosperm quality.

Methods
Plant Materials and Growth Conditions

The fse6 mutant with defects in grain development was
selected by large-scale screening of a japonica variety
Ninggeng4 (NG4) mutant bank treated with Methyl nitro-
sourea (MNU). All plants were grown in natural and well-
managed fields or plant growth chambers (12 h of light/12 h
of darkness at 30 °C) at Nanjing Agricultural University,
Jiangsu, China (32° 2', 118° 50'). Endosperm at 6-21 days
after flowering (DAF) and mature seeds were collected
immediately and used for further experiments or stored in
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— 80 C ultra-low temperature refrigerator (F570, Eppen-
dorf). Homozygous fse6 mutant was collected and kept from
heterozygous fse6 plants.

Microscopy

The mature seeds for scanning electron microscopy were
prepared as described previously (Peng et al. 2014) and
observed with a HITACHI S-3400 N scanning electron
microscope. For amyloplast observation, seeds of a certain
developing period were cut into 1-2 mm thick and fixed
in 0.1 M phosphate buffer (pH 7.2) with 2% (v/v) glutar-
aldehyde and 2% (w/v) paraformaldehyde overnight. Then
the sample was embedded in resin as described previously
(Takemoto et al. 2002). Finally, 1 pm sections were pre-
pared, and then stained with I,-KI (0.5%) and observed
under a microscope (80i, Nikon).

Determination of Seed Physiological
and Biochemical Indexes

Starch content of brown rice flour was measured with a
starch assay kit, following the manufacturer’s instruction
(Megazyme, Wicklow). Amylose, protein and lipid content
were determined following the method mentioned previously
(Liu et al. 2009). The pasting properties of endosperm starch
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were tested with a same method as described before (Peng
et al. 2014).

Map-Based Cloning and Complementation Analysis

The fse6 heterozygous plant was crossed with an indica vari-
ety Dular to produce hybrids, and the hybrids was self-pol-
linated to generate an F, population. Recessive individuals
with fse6 like phenotype in the F, population were selected
for gene rough mapping. For fine mapping, total 14 SSR
(simple sequence repeat) markers were developed based on
the sequence polymorphism of the two parents (Table S1).
Full-length cDNA of FSE6 with its native promoter was
cloned into the binary vector pCUbi1390. The construct
was then introduced into the fse6 callus by an Agrobacte-
rium-mediated transformation method (Zhu et al. 2018).
Basic Local Alignment Search Tool (BLAST) analysis in
the National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov) was used to identify FSE6
homologues among different species. A phylogenetic tree
of neighbor-joining was constructed by MAGA 5.0 (http://
www.megasoftware.net). The amino acid sequences were
aligned using DNAman 6.0 (https://www.lynnon.com/dnama
n.html), and secondary structure of the encoded protein was
predicted using Jalview 2.11. (http://www.jalview.org/).

B-Glucuronidase (GUS) Staining

The 2 kb nucleotide sequence upstream of OsFSE6 ATG
was introduced into the pPCAMBIA1381Z vector and then
the construct was transformed into NG4. The positive
plants were identified by PCR and used for GUS staining as
described previously (Zheng et al. 2015).

Subcellular Localization of OsFSE6

The full-length coding sequence of OsFSE6 was cloned into
the pPCAMBIA1305 vector with a green fluorescent protein
(GFP) tag to produce 1305-OsFSE6-GFP construct. Then
the construct was transformed into EHA105 Agrobacterium
and infected leaf epidermal cells of Nicotiana benthamiana.
GmManl and VSR2 were used as markers of Golgi and pre-
vacuolar compartments (PVCs), respectively. GFP alone was
used as the control and fluorescent images were observed by
a Leica confocal laser scanning microscope (SP8, Leica).

RNA Extraction and Real-Time PCR

Total RNA was isolated from specific tissues includ-
ing roots, stems, leaves, sheaths, panicles and developing
endosperms at 621 DAF using an RNAprep Pure Plant Kit
(Tiangen Biotech, Beijing). RNA concentrations were meas-
ured using Nanodrop 2000 (Thermo Scientific, USA). About
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2 pg total RNA was immediately reverse-transcribed with
oligo(dT),g primer following the manufacturer’s instruc-
tions of the PrimeScript Reverse Transcriptase kit (TaKaRa,
Tokyo). Primers used in real-time fluorescence PCR were
shown in Table S1.

Protein Extraction and Immunoblot Analysis

About 20 mg mature seeds or endosperm sample was ground
into powder in a 2 mL tube and 400 pL protein extrac-
tion solution [12.5% (v/v) 1 M Tris—HCI (pH 6.8), 5%
p-mercaptoethanol (v/v), 4% sodium dodecyl sulfate (SDS)
and 24% Urea (w/v) and suitable Bromophenol blue] was
added. Then the sample was mixed well by vortexing and
kept overnight in 50°C. The supernatant was centrifuged at
12,000 g and collected for SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE). After that, the protein was trans-
ferred to a polyvinylidene fluoride (PVDF) membrane at
100 mA. Protein immunoblotting with corresponding anti-
bodies was detected with electrochemiluminescence (ECL)
reagent (Bio-Rad).

Determination of Cellulose Content and Hydrogen
Peroxide Content

Seedlings of NG4 and fse6 were dried at 50 “C and ground
into powder and filtered through 80 mesh sieves. In a boil-
ing water bath, the sample was treated with an acetic acid/
nitric acid reagent (H,0: CH;COOH:HNO;=90:360:45) for
at least 30 min. The supernatant was discarded after cen-
trifugation at 13,000g. The above steps were repeated three
times and the precipitate was washed once with distilled
water. The precipitate was dissolved with 72% concentrated
sulfuric acid overnight. The sample and the 0.2% anthrone
solution were kept in a boiling water bath for reaction. Based
on the absorbance of 620 nm, the cellulose content of the
sample was calculated.

To determine the content of hydrogen peroxide, 0.5 g
rice leaves were firstly cut into pieces and grind into 2 mL
homogenate with pH 7.4 phosphate buffered saline (PBS).
After centrifugation at 9000 g for 15 min, the supernatant
was taken for measurement using a hydrogen peroxide assay
kit (http://www.njjcbio.com/).
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