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Natural variation in WHITE-CORE RATE 1 regulates
redox homeostasis in rice endosperm to affect grain
quality
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Abstract

Grain chalkiness reduces the quality of rice (Oryza sativa) and is a highly undesirable trait for breeding and marketing.
However, the underlying molecular cause of chalkiness remains largely unknown. Here, we cloned the F-box gene WHITE-
CORE RATE 1 (WCRT), which negatively regulates grain chalkiness and improves grain quality in rice. A functional A/G vari-
ation in the promoter region of WCRT generates the alleles WCR1* and WCR1%, which originated from tropical japonica
and wild rice Oryza rufipogon, respectively. OsDOF17 is a transcriptional activator that binds to the AAAAG cis-element in
the WCR1" promoter. WCR1 positively affects the transcription of the metallothionein gene MT2b and interacts with
MT2b to inhibit its 26S proteasome-mediated degradation, leading to decreased reactive oxygen species production and
delayed programmed cell death in rice endosperm. This, in turn, leads to reduced chalkiness. Our findings uncover a mo-
lecular mechanism underlying rice chalkiness and identify the promising natural variant WCR1", with application potential
for rice breeding.

Introduction 2018). Du.e to improved living standards, the c.lemand for

. ' . better grain quality has become a challenge in rice produc-
Rice (Oryza sativa), one Of three major food Crops, supports  tion areas (Tian et al, 2009). Rice grain quality is a complex
half the world's population (He et al, 1999; Wing et al,  character that includes appearance quality, nutritional
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IN A NUTSHELL

Background: With improved living standards, the demand for better grain quality has become a challenge in rice
production areas. Rice chalkiness, that is, endosperm containing opaque regions, seriously reduces the appearance
quality of grain, making it unpopular for consumers and marketers. Gene cloning and molecular breeding have
become important techniques for improving rice quality, but the improvement of chalkiness still faces many
problems, including the scarcity of excellent alleles and unclear molecular mechanisms. Reactive oxygen species
(ROS) play important roles in the formation of chalkiness. However, it is unclear which molecules are involved in
this process.

Question: We wanted to identify the chalkiness gene by map-based cloning, analyze its natural variation, and
find useful alleles. We also wondered what role this gene plays in the formation of chalkiness.

Findings: We cloned the rice chalkiness gene WHITE-CORE RATE 1 (WCRT), encoding an F-box protein that nega-
tively regulates grain chalkiness. A functional A/G variation in the promoter region of WCR1 affects the binding
of the transcriptional activator OsDOF17 to its promoter. We propose a model for the role of WCR1 in regulat-
ing chalkiness in which WCR1 promotes the elimination of excess ROS, maintains redox homeostasis, and delays
programmed cell death in starchy endosperm by positively affecting the transcription of the metallothionein
gene MT2b and suppressing the 26S proteasome-mediated degradation of MT2b.

Next steps: We will focus on the precise mechanism underlying the role of WCR1 in regulating MT2b transcrip-

tion and the protein level of MT2b. We are also interested in using WCR1 to improve rice grain quality.

quality, milling quality, and eating and cooking quality (ECQ;
Wang et al, 2007; Gong et al., 2017). Chalkiness, that is, en-
dosperm containing opaque regions, is an undesirable trait
for the appearance quality of rice and hence for consumers
and marketing (Lisle et al., 2000; Siebenmorgen et al, 2013).
Moreover, chalkiness has adverse impacts on milling quality:
the higher the chalkiness, the lower the head rice yield
(Fitzgerald et al,, 2009). Consequently, the pursuit of reduced
chalkiness is extremely important in rice breeding

Chalkiness is a complex quantitative trait determined by
polygenes and environmental factors such as high tempera-
ture and nutrition (Siebenmorgen et al,, 2013; Jagadish et al,,
2015; Kaneko et al, 2016; Tang et al, 2019). This trait is de-
scribed by various terms, such as white-belly, white-core,
white-back, and floury endosperm, depending on the distri-
bution of opaqueness in the grain. In maize (Zea mays),
opaque endosperm is commonly associated with altered
protein bodies (PBs) and/or starch granules (SGs; Zhang
et al, 2018b). Round and loosely packed SGs in chalky rice
endosperm are completely different from the polyhedral
and densely packed SGs in the preferred transparent endo-
sperm (Guo et al., 2011).

Many quantitative trait loci (QTL) for chalkiness have
been mapped on all 12 rice chromosomes (Zhou et al,
2009; Peng et al, 2014b; Gao et al, 2016; Zhu et al,, 2018),
but only one major white-belly QTL, Chalk5, has been
cloned. Chalk5 encodes a vacuolar H*-translocating pyro-
phosphatase (V-PPase) that might modulate the pH homeo-
stasis of the endomembrane transport system to affect the
biogenesis of PBs and other vesicle-like structures (Li et al,
2014). Studies of rice mutants revealed that the cause of
floury endosperm is related to the biosynthesis of storage

materials and amyloplast development (Kang et al, 2005;
Fujita et al, 2007; Ryoo et al, 2007; She et al, 2010; Zhang
et al, 2018a; Teng et al, 2019; Wu et al, 2019). Yet, more
investigations are still needed to unearth the natural varia-
tions and molecular mechanisms underlying chalkiness.

F-box proteins, containing a highly conserved F-box do-
main with approximately 50 amino acids at the N-terminal
region, mediate protein—protein interactions in eukaryotes
(Kipreos and Pagano, 2000). These proteins were first found
to interact with Cullin and SKP1 to form an SCF (SKP1,
Cullin, and F-box) complex that functions as a ubiquitin E3
ligase involved in the ubiquitin—26S proteasome degradation
pathway (Schulman et al, 2000). F-box proteins have also
been shown to function in non-SCF pathways to mediate
protein interactions, transcription elongation, and transla-
tion inhibition in yeast, nematode (Caenorhabditis elegans),
and humans (Kipreos and Pagano, 2000). The F-box super-
family in rice consists of 687 potential members classified
into 10 subfamilies based on their C-terminal domains.
These proteins play pivotal roles in vegetative growth and
reproductive development (Jain et al, 2007). OsFBK12,
which belongs to the FBK subfamily, functions in the 26S
proteasome pathway to regulate leaf senescence and seed
size as well as grain number (Chen et al, 2013). MEIOTIC F-
BOX interacts with rice SKP1-like Protein1 and functions as
a component of SCF E3 ligase to regulate meiotic progres-
sion (He et al, 2016). Little is known about the roles of F-
box proteins in rice endosperm or in non-SCF pathways in
plants.

Programmed cell death (PCD) is an indispensable process
for the growth and development of multicellular organisms
(Schindler et al, 1995; Quirino et al, 2000; Gunawardena
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et al, 2001; Watanabe and Lam, 2009; Dominguez and
Cejudo, 2014; Petrov et al, 2015 Zheng et al, 2019). PCD
plays an essential role in starch accumulation and seed mat-
uration in the endosperm of cereal seeds (Young et al,
1997; Young and Gallie, 1999; Chen et al, 2012; Kobayashi
et al, 2013). PCD in starchy endosperm might be induced
by reactive oxygen species (ROS) including hydrogen perox-
ide (H,0,), superoxide anion (O, ), and hydroxyl radicals
(OH) upon the completion of SG packaging (Xu et al.,, 2010;
Dominguez and Cejudo, 2014). To avoid the over-accumula-
tion of ROS, cells remove these molecules by producing
enzymes and antioxidants including catalase, ascorbate per-
oxidase, and superoxide dismutase (Fath et al, 2001).
Metallothioneins (MTs), a family of low molecular weight,
cysteine-rich proteins, are involved in ROS scavenging and
are widely distributed in animals, plants, and microorgan-
isms (Thornalley and Vasik, 1985 Hussain et al, 1996
Cobbett and Goldsbrough, 2002). MT2b, belonging to the
type Il MT subfamily, participates in disease responses and
delays PCD of root epidermal cells, stem parenchyma cells,
and tapetal cells in rice by eliminating ROS (Wong et al,
2004; Steffens et al., 2011, 2012; Yi et al., 2016). However, the
roles of PCD and MTs in regulating grain chalkiness in rice
are unclear.

In this study, we identified the white-core gene WHITE-
CORE RATE 1 (WCRT1) in rice through map-based cloning
and showed that it functions as a negative regulator of
WCR by performing expression analysis and transgenic verifi-
cation. Natural variation analyses revealed that a functional
A/G variation in the promoter region of WCR1 is associated
with its expression level and WCR diversity in Asian culti-
vated rice accessions. OsDOF17 specifically binds to the cis-
element in the WCR1" promoter, as determined by yeast
one-hybrid (Y1H) assays, electrophoretic mobility shift assay
(EMSA), and transient expression assays. We describe a pos-
sible mechanism regulating chalkiness by uncovering the re-
lationship between WCR1 and MT2b.

Results

Map-based cloning of WCR1

We previously detected a QTL for WCR between markers
RM315 and RM14 on the long arm of rice chromosome 1
(Yun et al, 2016) and named it WCRT. This QTL explained
26.1% of the phenotypic variation in this trait in a BC4F,
population derived from a cross between donor parent
Beilu130 (BL130, a japonica cultivar) and recurrent parent
Jin23B (J23B, an indica cultivar) (Figure 1A; Supplemental
Figure S1). Here, to fine-map WCR1, we developed two
BCsF, populations, consisting of 200 (Population 1) and
2,600 (Population 2) individuals. Eight recombinants be-
tween RM315 and RM14 identified in Population 1 nar-
rowed WCRT to a 220 kb segment between markers RM165
and W1 (Figure 1B). Thirty-one recombinants in Population
2 confirmed by progeny testing further delimited WCR1 to a
22kb region between markers W7 and W8, and the locus
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co-segregated with marker W11 (Figure 1C; Supplemental
Table S1). The target region overlapped with the promoter
region of LOC_Os01g69270 (Figure 1D; Supplemental Figure
S2), which is annotated to encode an F-box protein belong-
ing to the FBO subfamily and containing F-box and MYND-
type zinc finger domains (Supplemental Figure S3).
Phylogenetic analysis showed that this gene shares homol-
ogy with the F-box gene AT1g67340 in Arabidopsis thaliana,
and the homologs are also found in crop species such as
barley, wheat, sorghum, and maize (Supplemental Figure S4).
Hence, LOC_0Os01g69270 was identified as the candidate
gene underlying WCR1.

To evaluate the effects of WCR1 on chalkiness and agro-
nomic traits, we used a pair of near-isogenic line (NILs) de-
rived from a BG;F; population: NIL-WCR1-BL and NIL-
WCR1-), which carried the WCR1 locus from BL130 and
J23B, respectively, in the J23B background (Figure 1E). Cross-
sections of brown rice revealed notably opaque endosperm
in the center of NIL-WCR1-) (Figure 1E). Compared with
NIL-WCR1-), NIL-WCR1-BL displayed an ~20% lower WCR
value, a higher perfect grain rate (the percentage of grains
with no chalkiness), and a similar level of white-belly
(Figure 1F; Supplemental Figure S5, A-B). NIL-WCR1-BL had
significantly higher values for head rice yield, grain size (grain
length, width, and thickness), 1,000-grain weight, and yield
per plant than NIL-WCR1-] (Figure 1, G-I; Supplemental
Figure S5, C-E). There were no differences in plant height,
heading date, panicle number, panicle length, secondary
branch number, number of filled grains, or seed setting rate
between the NILs (Supplemental Figure S5, F-L). Therefore,
the WCRT locus from BL130 conferred the pleiotropic effects
of decreased grain chalkiness and enhanced milling quality
and yield.

Confirmation of WCR1
Since the candidate region overlapped with the promoter
region of WCR1, we performed quantitative real-time PCR
(gRT-PCR) using the NILs to measure WCRT expression lev-
els. WCR1 was expressed in all tested tissues, and the tran-
script levels in NIL-WCR1-BL were markedly higher in 5-cm
panicles and endosperm at 5-14 days after flowering (DAF)
than in NIL-WCRT-J (Figure 2A). GUS staining of plants har-
boring GUS driven by the WCR1 promoter showed that
WCR1 was expressed in flag leaf, stem, young panicle, glume,
and developing endosperm tissue (Figure 2B). We, therefore,
reasoned that different expression levels of WCR1 were re-
sponsible for the phenotypic differences between the NiLs.
To confirm that WCR1 is responsible for the white-core
phenotype, we transformed J23B plants with the comple-
mentation (CO) vector pWCR1®:cWCR? (WCR1 coding re-
gion from J23B driven by the WCR1 promoter from BL130)
(Supplemental Figure S6A) and transformed japonica variety
Zhonghual1l (ZH11) with the overexpression (OX) vector
pUbi:cWCRT (WCRT coding region from J23B driven by the
maize ubiquitin promoter; Supplemental Figure S6B).
Transgene-positive plants CO-1 and CO-2 displayed
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Figure 1 Map-based cloning of the QTL WCRT and agronomic traits of the NILs. A, Location of WCR1 (marked in red) in the genetic map. B and
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of brown rice grains). F—I, Comparisons of WCR, head rice yield, 1,000-grain weight, and yield per plant between NIL-WCR1-BL and NIL-WCR1-).
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NILs. R, S, and FL: roots, stems and flag leaves at the heading stage; 5YP, 10YP, and 15YP: young panicles 5, 10, and 15cm long; 5E, 7E, 10E, and
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tailed t tests (n =5), *P < 0.05, **P < 0.01. Error bars, sem. B, Expression analysis of WCR1 by GUS staining. From left to right, photographs of a flag
leaf, stem, young panicle, glume, and transverse sections of caryopsis from plants harboring GUS driven by the WCR1 promoter at 7 DAF and 10
DAF. Scale bars, 1 mm. C and D, Grain chalkiness and expression level of WCRT in CO and OX lines. CO-1/CO-2 and OX-1/OX-2 refer to positive
complementation and OX lines, respectively. CO(—) and OX(—) represent transgene-negative lines. Scale bars, 10 mm. Significant differences
were based on two-tailed t tests (n=4), **P <0.01. Error bars, sem. E, Grain chalkiness of KO lines. wcr1-1 and wcr1-2 represent homozygous
mutants with a 27- and 1-bp deletion in the third exon of WCR1, respectively. Scale bars, 10 mm. Significant differences were based on two-tailed
t tests (n =25), **P < 0.01. Error bars, sem. F, WCR1-YFP and Ghd7-CFP (nucleus marker) co-localize in the nucleus. The empty vector pM999-YFP
was used as a negative control. Scale bars, 20 um.

significantly lower WCR values and higher WCR1 expression negative plants OX(—) (Figure 2D; Supplemental Table S2).
levels than transgene-negative plants CO(—) in both the T, We also generated knockout (KO) plants in the ZH11 back-
and T, generations (P<0.01) (Figure 2C Supplemental  ground via clustered regularly interspaced short palindromic
Table S2). Similar results for WCR values and expression lev- repeats-associated protein 9 (Cas9) genome editing
els were obtained for OX positive plants OX-1, OX-2 and  (Supplemental Figure S6C). The wcr1-1 and wcr1-2 mutants


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac057#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac057#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac057#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac057#supplementary-data

WCR1 enhances rice grain quality

displayed higher WCR values than the wild-type (WT;
P < 0.01; Figure 2E). We also evaluated the head rice yield
and found that positive lines of CO and OX exhibited signif-
icantly increased values relative to CO(—) and OX(—), re-
spectively, whereas the opposite result was obtained for KO
lines (Supplemental Figure S7). These results confirm the no-
tion that LOC_Os01g69270 is the causal gene underlying
WCR1, which functions as a negative regulator of WCR.

Analysis of the deduced amino acid sequence of WCR1
revealed two nuclear localization signal peptides (KRKR and
RRKR) at the N-terminal region (Supplemental Figure S3).
Transient expression of WCR1-YFP (WCR1 fused to yellow
fluorescent protein) and the nucleus marker Ghd7-CFP in
rice protoplasts showed that these fusion proteins co-local-
ized to the nucleus (Figure 2F). We also transformed
Nicotiana benthamiana leaf epidermal cells with WCR1-GFP
and nucleus/membrane markers and achieved the same re-
sult (Supplemental Figure S8).

Effects of WCR1 on grain storage components
Chalkiness is associated with changes in endosperm struc-
ture and the contents of grain storage components (Ryoo
et al, 2007; She et al, 2010; Li et al, 2014 Zhang et al,
2018a). Therefore, we observed SGs in the endosperm of the
NILs by scanning electron microscopy. SGs in nonchalky
grains were arranged very densely and regularly, without
spaces, in the center and edge of the endosperm. In con-
trast, the central endosperm in white-core grains was filled
with small, spherical SGs with large air spaces, whereas the
SGs in the peripheral endosperm were similar to those in
nonchalky grains (Figure 3A). These results indicate that
white-core, like other forms of chalkiness, results from the
altered morphology and spatial distribution of SGs.

We then measured the starch, protein, and lipid contents
and taste value of the NILs and transgenic lines. NIL-WCR1-
BL, CO(+), and OX(+) had substantially higher total starch,
amylose, and total lipid contents coupled with lower glutenin,
albumin, and total protein contents than NIL-WCR1-,
CO(—), and OX(—) respectively, whereas the results for wcr1-
1 and WT were the opposite in each case (Table 1). Taste
value, a comprehensive assessment of ECQ affected by the
viscosity, hardness, and appearance of cooked rice, was signifi-
cantly higher for NIL-WCR1-BL versus NIL-WCR1-), as well as
for OX(+) versus OX(—) (Table 1). Hence, WCR1 has pleio-
tropic effects on storage components and enhances ECQ.

To further analyze the reason for the changes in storage
components, we examined the expression levels of 49 genes
in 14 DAF endosperm. The expression levels of starch syn-
thesis and o-amylase inhibitor genes such as GBSS1, SS7,
SSlla. SSllla, SSIVb, §$82-3, SPK, AGPL2, AGPS3b, SBE1, Susy1,
RAG1, RASB, and RA16 were generally higher in NIL-WCR1-
BL than in NIL-WCR1-), whereas the expression levels of
genes for starch decomposition (Amy3A, Amy3B, and
Amy3D) and protein synthesis (GluA1, GluA2, GIuA3, GluBT1,
GluB4, and Glutelinl) were markedly lower in NIL-WCR1-BL
(Figure 3B; Supplemental Figure S9). These results suggest
that WCR1 promotes starch synthesis, but reduces starch
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decomposition and storage protein synthesis, by affecting
the expression of related genes, ultimately resulting in in-
creased starch accumulation and decreased levels of storage
protein components.

Natural variation in WCR1

To uncover the functional variation underlying WCR1, we
compared the full-length sequences of the two alleles from
BL130 and J23B. Twenty-eight polymorphisms were detected
in the 2-kb upstream promoter region, including 7 inser-
tion/deletions (InDels) and 21 single-nucleotide polymor-
phisms (SNPs) leading to changes in transcription factor
(TF) binding sites, such as the T/G-box, RY/G-box, ARR1-
binding element, and DOFCOREZM  (Figure 4A;
Supplemental Table S3). We also detected a 9-bp InDel in
the 3'-untranslated region and three SNPs and a 3-bp InDel
in the open reading frame, causing an amino acid substitu-
tion and an amino acid deletion, both of which were lo-
cated outside of key domains (Figure 4A; Supplemental
Figure S3).

We then analyzed variation in the genomic region of
WCR1 in 492 Asian cultivated rice accessions representing a
broad range of rice germplasm (Supplemental Data Set 1).
Five haplotypes were classified based on the nucleotide var-
iations between the two parents (Figure 4B). We also evalu-
ated WCR in 235 accessions after removing accessions with
floury or colored brown rice (Supplemental Data Set 1).
Based on WCR phenotype and nucleotide variation, we pre-
dicted a functional SNP (A/G) at —1,696bp by association
analysis and divided the five haplotypes into two classes:
Haplotype 1 (H1) in Class A with an A base-allele (WCR1%),
and H2-5 in Class B with a G base-allele (WCR1S; Figure 4,
B and Q). Significantly higher WCR1 expression and lower
WCR were observed in the endosperm of Class A versus
Class B accessions (Figure 4, D and E). Analysis of cis-ele-
ments near the A/G site revealed that the binding core site
T/AAAAG of the DOF TF changed from Class A: AAAAG to
Class B: AGAAG. This finding indicates that the A/G SNP
likely alters the binding of DOF TFs to the WCR1 promoter,
thereby affecting transcriptional regulation.

An analysis of the geographical distribution of these acces-
sions showed that WCR1® was mainly distributed in acces-
sions from middle latitudes, whereas WCR1* was mainly
distributed in accessions from lower latitudes (Figure 4F).
Phylogenetic analysis of WCR1 based on 492 cultivated and
99 wild rice accessions suggested that WCR1® originated
from Oryza rufipogon and that WCR1" possibly arose in
temperate and tropical japonica (Te] and Tr/) subpopula-
tions (Figure 4G). The proportion of WCR1* was 12%
among the 94 TeJ accessions, but 71% among the 49 TrJ
accessions (Figure 4B), suggesting that WCR1” first appeared
in Tr] accessions and was subsequently introgressed into
other subpopulations during domestication.

To further evaluate its breeding value, we introduced
WCR1” into the widely planted indica accession 9311. The
WCR for NIL-9311" (WCRT?) was 25.3% lower than that for
NIL-9311¢ (WCR1®) (P<001), and grain length, grain
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Figure 3 WCRT1 affects SG morphology and the transcript levels of genes involved in endosperm development and metabolism. A, observation of
transverse sections of mature seeds from NIL-WCR1-BL and NIL-WCR1-J by scanning electron microscopy. Magenta and green rectangles represent
the center and edge positions of endosperm, respectively. Scale bars: 500 um (left), 10 um (right). B, Expression analysis of genes related to storage
components in 14 DAF endosperm. Endosperm samples were obtained from different plants. Significant differences were based on two-tailed t
tests, *P < 0.05, **P < 0.01. Error bars, sem.
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Table 1 Grain quality traits of the NILs and the transgenic plants
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Lines N Total Starch Amylose Total Protein Albumin Glutelin Globulin Prolamin  Total lipid Taste Value

Content (%) Content (%) Content (%) Content Content Content Content Content

(mg/g) (mg/g) (mg/g) (mg/g) (mg/g)

NIL-WCR1-BL 5 841=*15 264+ 08 7.1+09 26+05 613*91 45+04 26+05 340+03 640*13
NIL-WCR1-) 5 798*16 23810 93+ 1.0 35403 820*+96 43*03 28%+02 327*09 606*19
P-value 24X 1072 *21%x1073 60X 1072 *90 X 1072*81X 1072 41X 107" 43X 107" *1.8X 1072 *46 X 1072
CO(+) 5 859*36 25.0 =09 82+03 23+04 720*34 50*07 26+05 388*17 -
Cco(-) 5 80.6*08 235*06 10.0 = 1.0 30+01 895+100 46+03 29+03 359*09 -
P-value *13 X 1072 *12 % 1072 39X 107> *51X1073*58X 107> 3.1X 107" 40X 107" *1.1X 1072 -
OX(+) 5 930*20 170+ 12 47+06 25+01 386*60 34705 26+03 35628 792*14
OX(-) 5 875*24 152+ 0.7 62+08 30+01 521*+78 35*02 3001 324*09 747+08
P-value 40X 1073 *2.0 X 1072 90X 1072 *90X 107 % *15X 1072 59X 107" 51X 1072 *36X 1072 *2.9X 1072
werl-1 5 844*21 159 +0.3 80+ 05 31202 709*+53 35*03 26*+05 330*X08 -
WT 5 90.6*28 18.7 £ 0.7 6.1+09 26+01 522+86 32%+03 28+02 349*13 -
P-value 41X 1072 **26X107° 32X 1073 *28X 107*33Xx 1072 20X 107" 24X 107" *38x107% -

n, number of plants; (+) and (=), transgene positive and negative plants, respectively; taste value, a comprehensive assessment of the viscosity, hardness, and appearance of
cooked rice. Samples consisted of at least 300 grains per genotype. All data are means = sem. P-values were determined by two-tailed t tests, *P < 0.05, **P < 0.01.

thickness, and 1,000-grain weight were significantly higher
(Figure 4H; Supplemental Table S4), suggesting that WCR1*
represents a promising selection target for rice breeding.

OsDOF17 binds to the WCR1 promoter

To identify possible DOF TFs that bind to the AAAAG motif
of WCRT and regulate its transcription, we performed Y1H
assays using a 20-bp probe with the AAAAG motif from
BL130. Among members of the OsDOF family that are pre-
dominantly expressed in rice seeds or panicles, only
OsDOF17 bound to the probe (Figure 5A; Supplemental
Figure S10), which was further verified by an EMSA. A
slower migrating band was detected when the glutathione
S-transferase (GST)-OsDOF17 fusion protein was incubated
with the 55-bp Probe A with the AAAAG motif. In contrast,
the band was gradually abolished by the presence of 1-, 10-,
and 100-fold molar excess of unlabeled competitive probe.
In addition, no migrating band was detected in the presence
of 100-fold labeled Probe G and OsDOF17 (Figure 5B).
These results suggest that OsDOF17 had differential binding
activities to these two probes.

To detect the transcriptional effects of OsDOF17 on the
A/G site of the WCR1 promoter, we performed a self-activa-
tion experiment in yeast and a transient expression assay in
rice protoplasts, finding that OsDOF17 had strong transcrip-
tional activation activity (Supplemental Figure S17;
Figure 5C). Moreover, the relative firefly luciferase (LUC) ac-
tivity of LUCA was markedly higher than that of LUCG after
adding the NDOF17 effector in another transient expression
assay (Figure 5D), suggesting that OsDOF17 had stronger
ability to combine with the A versus G site of the WCR1
promoter. Co-expression of the WCR1-YFP and OsDOF17-
CFP fusion proteins in rice protoplasts showed that both
proteins were located in the nucleus (Figure 5E). We then
examined the mRNA levels of OsDOF17 in different tissues
and found that OsDOF17 was mainly expressed in young

panicles and endosperm (Figure 5F). These results indicate
that OsDOF17 is a transcriptional activator that binds to
the WCR1 promoter and that its binding ability is affected
by the A/G variation.

WCRT1 interacts with MT2b to delay PCD in
developing endosperm

To uncover the mechanism underlying chalkiness, we con-
ducted yeast two-hybrid (Y2H) assays to screen for WCR1-
interacting proteins from a cDNA library of rice endosperm
and identified MT2b, an MT (Figure 6A). Domain truncation
analysis indicated that the C-terminus of WCR1 could bind
to MT2b rather than the N-terminus (Figure 6A). The inter-
action between WCR1 and MT2b was further confirmed
in vitro by pull-down assays (Figure 6B) and in vivo by split-
LUC assays in N. benthamiana leaves and bimolecular fluo-
rescence complementation (BiFC) assays in rice protoplasts
(Figure 6C; Supplemental Figure S12).

As MT2b functions in ROS scavenging and delays PCD in
roots, stems, and anthers (Steffens et al,, 2011, 2012; Yi et al,,
2016), we wondered whether WCR1 plays a similar role in
endosperm via MT2b. We measured ROS, H,0,, and O,
levels in developing endosperm of the NILs and found that
they were significantly lower in NIL-WCR1-BL than in NIL-
WCR1-) at 7, 14, and 21 DAF (Figure 6, D—F). Staining of en-
dosperm with trypan blue, which penetrates the membranes
of dead cells, indicated that PCD began at the center of 7
DAF endosperm in NIL-WCR1-), spread to surrounding areas,
and eventually affected the entire section except for the al-
eurone layer by 14 DAF. In contrast, in NIL-WCR1-BL, PCD
began at 9 DAF, and far fewer stained cells were present in
this NIL than in NIL-WCR7-] at the same time point
(Figure 6G).

To verify the difference in cell death in starchy endosperm
of the NILs, we used the fluorescent probe fluorescein diace-
tate (FDA), which is commonly used to detect active cells.
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Figure 4 Natural variation in WCR1. A, DNA sequence polymorphisms of WCR1 in BL130 and J23B. B, Natural variation and haplotype analysis of
WCRT in 492 Asian cultivated rice accessions with reference to the sequences of the parents. The five haplotypes were divided into class A and B
based on the functional SNP (A/G) at —1,696 bp (red arrow). Frequencies in taxonomic groups are shown on the right. C, Association testing of
WCR and 33 variants in the 2-kb promoter and CDS of WCR1. The red dotted line and the red arrow represent the threshold and predicted func-
tional site, respectively. The x-axis represents the position in the genome. D, Relative WCR1 expression levels of the two classes of haplotypes in
endosperm at 10 DAF. The data distribution of Class A includes H1 (2.57), and Class B includes H2 (0.63), H3 (0.43), H4 (1.39), and H5 (0.67). E,
WCR phenotypes in class A and B. The data distribution of Class A includes H1 (40.13%), and Class B includes H2 (64.12%), H3 (59.51%), H4
(56.29%), and H5 (54.57%). In (D and E), the number below each bar represents the number of analyzed accessions. P-values were determined by
two-tailed t tests, **P < 0.01. Error bars, sem. F, Geographic distributions of the 492 cultivated rice accessions. Cyan and red sectors in the circles
represent the proportions of rice accessions with WCR1* and WCR1, respectively. G, Phylogenetic relationship of WCR1 generated from 492 culti-
vated and 99 wild rice accessions. Cyan and red lines represent the accessions with WCR1* and WCR1C, respectively. Different colored boxes repre-
sent rice subspecies. H, Grain chalkiness of NIL-9311° and NIL-9311%. Scale bars,10 mm.
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Figure 5 WCR1 is regulated by OsDOF17. A, Y1H assay. DOFBS represents a 20-bp probe containing the AAAAG motif from BL130. Yeast strains
were cultured on SD/-Trp-Ura + X-Gal selection medium. B, EMSA of OsDOF17 protein with the AAAAG motif in the WCR1 promoter. Probe A,
a labeled 55-bp sequence containing a AAAAG motif from the WCR1 promoter (—1,737 to —1,683); Probe G, a labeled 55-bp sequence with a sin-
gle nucleotide mutation (A-G; shown in red). The AAAAG motif is underlined. The OsDOF17-GST fusion protein was used for EMSA with the
probes. The unlabeled competitive probe was added in 1-, 10-, and 100-fold molar excess. Lane 1, no protein; lanes 2—6, fusion protein with Probe
A, competitive probe, and Probe G, as indicated. C and D, Transient expression assays of the transcriptional activity of OsDOF17 on the A/G site
of WCR1 promoter in vivo. In (C), Left, the reporter vector contained the GAL4 binding cis-elements (UAS), the 35S promoter and the firefly LUC
gene. The effectors consisted of the negative vector containing a GAL4 DNA-binding domain (GAL4DBD) and the positive vector GDOF17 con-
taining a GAL4DBD and full-length OsDOF17. The internal control was the rLUC gene. Right, relative LUC activity (LUC/rLUC). P-value was deter-
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20-bp sequence containing A (LUCA) or G (LUCG). The effectors consisted of the negative vector None and positive vector NDOF17 containing
the full-length OsDOF17. Right, relative LUC activity. Significant differences were determined by Duncan’s test. All data in (C and D) were based
on three replicate experiments. Error bars, sem. E, WCR1-YFP and OsDOF17-CFP co-localize in the nucleus. Scale bar, 20 um. F, Spatiotemporal ex-
pression patterns of OsDOF17. FL: flag leaves at the heading stage; 5YP, 10YP and 15YP: young panicles 5, 10, and 15 cm long; 5E, 7E, 10E, and 14E:
grain endosperm at 5, 7, 10, and 14 DAF. Samples were obtained from different plants. Data are means (n = 4) with error bars, sem.
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Figure 6 WCR1 interacts with MT2b to scavenge ROS and delay PCD in developing endosperm. A, WCRT1 interacts with MT2b in yeast cells. The
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His and GST antibodies. C, Split-LUC assay. nLUC-tagged WCR1 and cLUC-tagged MT2b were co-transformed into N. benthamiana leaves. Color
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Green fluorescence from FDA was observed in throughout
the starchy endosperm at 7 DAF in NIL-WCR1-BL, whereas
fluorescence was absent from the central region of endo-
sperm in NIL-WCR1-J, indicating that cells in the central re-
gion of endosperm of NIL-WCR1-] died earlier than those of
NIL-WCR1-BL. Subsequently, the area of dead starchy endo-
sperm at 9 and 14 DAF spread outwardly more rapidly in
NIL-WCR1-J than in NIL-WCR1-BL (Figure 6G). In addition,
an examination of the expression of PCD-related genes
(OsMC, encoding rice metacaspase) in 9 DAF endosperm
showed that OsMC5 and OsMC7 displayed significantly
higher transcript levels in NIL-WCR1-) and wcr1-1 than in
NIL-WCR1-BL and WT, respectively (Figure 6H). These results
suggest that PCD of endosperm occurred earlier in NIL-
WCRT-J than in NIL-WCR1-BL.

The degradation of nuclear DNA into multiples of 180-
200bp fragments is a typical feature of PCD in endosperm
cells of wheat and maize (Young et al, 1997; Young and
Gallie, 1999), whereas it has not been detected in rice (Li
et al, 2004; Kobayashi et al, 2013). To examine whether the
degradation of nuclear DNA occurs in rice endosperm, we
performed DNA fragmentation analysis over the course of en-
dosperm development. A ladder of DNA fragments in multi-
ples of 180-200bp was not detected in developing starchy
endosperm of NIL-WCR1-) or NIL-WCR1-BL (Supplemental
Figure S13A). We then observed nuclear DNA from NIL-
WCR1-) endosperm by 4,6-diamidino-2-phenylindole (DAPI)
staining. Nuclear DNA was detected throughout developing
endosperm, and even in both the peripheral and central
regions of mature endosperm (Supplemental Figure S13B).
Meanwhile, a terminal deoxynucleotidyl transferase TdT-me-
diated dUTP nick end labeling (TUNEL) assay failed to detect
the degradation of nuclear DNA in 7, 9, or 14 DAF starchy
endosperm of both NIL-WCR1-BL and NIL-WCR1-J
(Supplemental Figure S13C). Hence, we conclude that PCD of
rice endosperm is not accompanied by the severe degrada-
tion of nuclear DNA, but is instead associated with the disin-
tegration and decrease in permeability of the cell membrane,
which is different from that of wheat and maize.

PCD of endosperm is essential for seed development; the
premature induction of PCD limits the deposition of
reserves (Young et al, 1997; Young and Gallie, 1999, 2000;
Chen et al, 2012; Kobayashi et al, 2013). We, therefore, in-
vestigated dynamic changes in seed reserves in the NILs dur-
ing grain filling. Caryopsis dry weight increased more rapidly
in NIL-WCR1-) than in NIL-WCR1-BL from 6 to 15 DAF, the
former reaching a peak at 15 DAF compared to 21 DAF for
the latter (Figure 6l). Collectively, these results suggest that
WCR1 promotes ROS degradation by MT2b and thereby
delays PCD during early endosperm development, leading to
the increased accumulation of storage components.

WCR1 functions upstream of MT2b in the
regulatory pathway

To further clarify the roles of WCR1 and MT2b in regulating
chalkiness, we knocked out MT2b in the ZH11 background
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by CRISPR/Cas9 and obtained the mt2b mutants mt2b-1
and mt2b-2 (Supplemental Figure S14A). T, generation mu-
tant plants displayed markedly higher WCR than ZH11
(Supplemental Figure S14B). Double mutant (wcr1-1 mt2b-1)
plants produced in the ZH11 background displayed a similar
level of WCR to mt2b-1 plants, which was significantly
higher than the levels in ZH11 and wcr1-1 plants (Figure 7A;
Supplemental Figure S15A). Staining with 2,7-Dichlorodi-
hydrofluorescein diacetate (DCFH-DA, a fluorescent dye
reflecting endogenous ROS level) showed that the ROS con-
tents of 14 DAF endosperm were higher in mt2b-1 and
werl-1 mt2b-1 than in ZH11 and wcr1-1 (Figure 7B;
Supplemental Figure S15B). Trypan blue staining indicated
that the number of dead cells was markedly higher in mt2b-
1 and wecr1-1 mt2b-1 endosperm than in wcr1-1 and was
markedly lower in ZH11 (Figure 7C). Taken together, these
results indicate that WCR1 functions upstream of MT2b to
regulate ROS, PCD, and ultimately WCR.

WCRT1 positively regulates MT2b

To test the effect of WCR1 on MT2b, we performed a tran-
sient expression assay in rice protoplasts using MT2b-LUC
fusion protein and pMT2b:LUC as the reporters. Compared
to the controls, LUC activities were significantly elevated in
the presence of the effector WCR1, suggesting that WCR1
positively affects MT2b protein stability and MT2b transcript
levels (Figure 8A). To confirm that WCRT1 stabilizes MT2b
protein, we performed in vitro degradation assays. When
the recombinant fusion proteins MT2b-GST and WCR1-His
were incubated with crude extracts from developing seeds
of WT plants, the abundance of MT2b-GST markedly in-
creased compared to samples without WCR1-His.
Simultaneously, the degradation of MT2b-GST was inhibited
by treatment with MG132, a 26S proteasome inhibitor
(Figure 8, B and C). Finally, we analyzed the expression level
of MT2b and MT contents in 7 DAF endosperm of ZH11
and WCR1 transgenic plants. The mRNA level of MT2b and
the MT contents were significantly upregulated in OX(+)
and downregulated in wcr1-1 compared to the control
(Figure 8, D and E). Together, our findings suggest that
WCRT1 suppresses the 26S proteasome-mediated degradation
of MT2b and improves the transcription of MT2b.

Discussion

Grain chalkiness affects the appearance and end-use quality
of rice. However, to date, only a few quantitative trait loci
(QTL) affecting chalkiness have been fine mapped or cloned
(Zhu et al, 2018). In this study, we cloned the chalkiness
gene WCRT1, which negatively regulates white-core and is a
positive factor in grain quality and yield. A functional A/G
SNP variation of WCRT1 located in the promoter region was
associated with WCRT expression level and WCR diversity
among a panel of Asian cultivated rice accessions
(Figure 4C). Notably, functional variations of many genes
regulating grain quality and yield in rice are located in gene
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Figure 7 WCR1 functions upstream of MT2b in regulating chalkiness, ROS accumulation, and PCD. A, Grain chalkiness in ZH11, wcr1-1, mt2b-1,
and wcr1-1 mt2b-1 lines. wer1-1 and mt2b-1 indicate grains from homozygous mutants with the 27-bp deletion in WCR1T and the 2-bp deletion in
MT2b, respectively. Scale bars, 10 mm. B, DCFH-DA staining of transverse sections of 14 DAF grains in ZH11 and the mutants. DCFH-DA is a fluo-
rescent probe with membrane permeability, reflecting the level of endogenous ROS. Scale bars, 500 um. C, Trypan blue staining of endosperm in
transverse sections of grains from ZH11 and mutant grains at 8 (upper) and 12 (lower) DAF. Scale bars, 500 pm.

promoter regions, including Chalk5, as well as OsAAP6 and
OsGluA2 for grain protein content and GS5 and GW7/GL7
for grain size (Li et al, 2011, 2014; Peng et al, 2014a; Wang
et al, 2015; Yang et al, 2019). This indicates that CRISPR/
Cas9 genome editing of the promoters of these genes could
be used in breeding to produce predicted effects on quanti-
tative variation in grain quality and size (Rodriguez et al,
2017). Superior quality and high yield are important breed-
ing goals. A negative association between these objectives
can be attributed to two causes based on previous studies.
One is the tight linkage between genes for grain quality and
yield. For example, the Chalk5 allele for high white-belly is
closely linked with the GS5 and gw5 alleles, which increase
grain width (Li et al. 2014). The other reason is the multiple

effects of some single genes on grain quality and vyield. The
major alleles increasing grain size, such as gw2, GWS8/
OsSPL16, and GS2, produce larger grains and higher yields
but are accompanied by increased chalkiness (Song et al,
2007; Wang et al, 2012; Hu et al, 2015). In this study, we
identified the minor allele WCR1", which positively influen-
ces grain quality, including appearance and processing qual-
ity as well as taste value (Figure 1, F and G; Table 1).
Simultaneously, 1,000-grain weight and vyield per plant were
slightly enhanced by this allele (Figure 1, H and |
Supplemental Table S4). Perhaps, this is related to the influ-
ence of WCRT" on grain filling by prolonging the period of
storage component accumulation and the maintenance of
redox homeostasis. Therefore, the use of WCR1* likely
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Figure 8 WCRT1 positively regulates MT2b. A, Transient expression assays. MT2b-LUC was constructed as a fusion protein and pMT2b:LUC con-
tained a 1.5-kb promoter region of MT2b to drive the LUC gene. Relative LUC activity is expressed relative to rLUC (n = 4). Significant differences
were based on two-tailed t tests, **P < 0.01. B and C, In vitro degradation assay of MT2b. Purified MT2b-GST and/or WCR1-His proteins were
added to total protein from WT developing seeds. MG132, proteasome inhibitor. Imnmunoblot analysis using anti-GST, anti-His, and anti-Actin
(1:10,000). In (C), quantitative analysis was based on three replications using ImageJ. D, MT2b transcript levels in 7 DAF endosperm of ZH11 and
the WCR1 transgenic lines. Endosperm samples were obtained from different plants (n = 4). E, MT contents in 7 DAF endosperm of ZH11 and the
WCRT transgenic lines. Each endosperm sample was obtained from 30 grains with five repeats. In (C, D, and E), significant differences were
obtained by Duncan’s tests (P < 0.05). In all graphs, error bars, sem. F, Proposed model of the role of WCRT in regulating chalkiness. WCR1* of trop-
ical japonica was derived from WCR1 in wild rice via a mutation that arose during domestication. OsDOF17 binds to the cis-element AAAAG of
the WCR1* promoter and increases its transcription level. WCR1 promotes the elimination of excess ROS, maintains redox homeostasis, and
delays PCD in starchy endosperm by positively affecting the transcription of MT2b and suppressing the 26S proteasome-mediated degradation of
MT2b, which ultimately results in the increased accumulation of storage components and a lower WCR value. Scale bars, 10 mm.
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represents a novel way to overcome the negative association
between quality and vyield for variety improvement, espe-
cially for indica varieties widely planted in Southern China
such as J23B and 9311.

In light of global warming, high temperatures will increas-
ingly influence grain chalkiness by affecting redox homeosta-
sis (Liu et al, 2010; Yu et al, 2017, Nevame et al, 2018).
H,O, contents are significantly higher under heat stress
(30°C) than under control (25°C) conditions during grain
filling, and both ROS enrichment and removal are involved
in the formation of grain chalkiness (Suriyasak et al, 2017).
We found that under high temperatures (>30°C) in the
field, both ROS and WCR were significantly higher in NIL-
WCR1-) than in NIL-WCR1-BL, and WCR values were
generally over 50% (Figures 1, F and 6, D-F). However, WCR
values for both NIL-WCR1-BL and NIL-WCR1-] were <10%
at field temperatures <25°C (Supplemental Figure S16).
Therefore, we speculate that ROS accumulation at high tem-
peratures can promote the formation of white-core.
Geographic distribution and phylogenetic analyses revealed
that the functionally acquired variant A in the promoter re-
gion of WCRT arose in Tr/ accessions, which are mainly dis-
tributed in tropical regions with higher temperatures
(Figure 4, F and G). It is likely that the WCR1” allele
improves the anti-oxidative ability of rice, thus enhancing
adaptation to higher temperatures during long-term domes-
tication and selection.

F-box proteins are core members of SCF complexes that
participate in ubiquitin-mediated proteolysis (Abd-Hamid
et al, 2020). F-box proteins are also involved in non-SCF
pathways, such as protein interactions and transcription
elongation. The F-box protein Elongin A interacts with
Elongin B and Elongin C to form an Elongin (SIll) hetero-
trimer to promote the transcription elongation of RNA po-
lymerase Il in mammalian, yeast, and human cells (Aso
et al, 1995; Kipreos and Pagano, 2000). However, many func-
tions of F-box proteins in plants are still unknown. In this
study, we found that WCR1 interacts with MT2b and pro-
motes its stability (Figures 6, A—-C and 8, A-C). Moreover,
WCR1 positively affects the transcript level of MT2b
(Figure 8, A and D). These results imply that WCR1 partici-
pates in non-SCF pathways, but the mechanism is still un-
known. Perhaps, WCRT1 is involved in the ubiquitin pathway
or transcription elongation to affect protein stability and the
transcription process. Additionally, phylogenetic analysis sug-
gested that WCRT shares high homology with AT1g67340
(Supplemental Figure S4), encoding a protein that interacts
with ASK1, ASK2, ASK4, ASK11, and ASK13, as revealed by
Y2H (Gagne et al, 2002). Therefore, WCR1 might play a sim-
ilar function in combination with SKP1 proteins. In addition
to affecting chalkiness formation and seed development,
WCR1 may also be involved in biotic stress responses. MT2b
is downregulated by OsRac1, thus potentiating the forma-
tion of ROS, which function as signals in the plant response
to rice blast (Wong et al., 2004). In this study, WCR1 showed
high expression levels in the flag leaves and influenced ROS

Wu et al.

content by regulating MT2b, suggesting that WCRT might
play a role in disease resistance.

In summary, we propose a model for a mechanism regu-
lating chalkiness. In TrJ accessions, the base variant A in the
WCRT promoter was acquired from WCR1® from wild rice
during domestication. OsDOF17 functions as a transcrip-
tional activator that binds to the cis-element AAAAG in the
WCR1* promoter and increases its transcription. In turn,
WCRT1 affects the transcription of MT2b and inhibits the
26S proteasome-mediated degradation of MT2b. These pro-
cess promote the elimination of excess ROS, maintain redox
homeostasis, and delay PCD in starchy endosperm, which
results in the increased accumulation of storage compo-
nents and a lower WCR value (Figure 8F). These finding
shed light on the role of WCR1 in chalkiness and point to
the application potential of WCR1* for breeding,

Materials and methods

Plant materials and phenotyping

Rice (O. sativa) populations were planted under natural field
conditions at the experimental stations of Huazhong
Agricultural University at Wuhan (N 30.49°, E 114.36°) and
Lingshui (N 1851°, E 110.04°), China. Twelve 30-day-old
seedlings of each line were transplanted with 16.5-cm spac-
ing in single row plots in the field; rows were 26.4-cm apart.
Field management followed local practices. Ten plants from
the middle of each row were harvested individually for trait
measurement.

All grains and effective panicles of each plant were
used to measure the number of filled grains, seed setting
rate, panicle number, panicle length, and secondary
branch number. The statistics of panicle length and sec-
ondary branch number were taken from the three lon-
gest panicles of each plant. Threshed seeds from each
plant were air dried and stored at room temperature for
3 months before further phenotyping. Fully filled grains
on each plant were used to measure grain size (length,
width, and thickness), 1,000-grain weight, and yield per
plant. Head rice yield was estimated as the percentage
weight of intact milled grains to total grain weight.
White-core phenotype was scored by the visual assess-
ment of the percentage of white-core grains in random
samples of more than 100 dehulled grains from each
plant. Flour ground from milled grain was used to mea-
sure total starch content, amylose content (Bao et al.,
2006), and total protein content (Kieldahl Nitrogen
Analyzer). Glutelin, prolamin, globulin, and albumin con-
tents in the flour were measured based on previously
published methods (Kumamaru, 1988). The brown rice
was ground into flour to analyze total lipid content by
gas chromatography-mass spectrometry (GC-MS) (Wu
et al.,, 2005). Taste scores for cooked rice were evaluated
with a rice taste analyzer kit (SATAKE, STA1B-RHS1A-
RFDM1A, Japan) that included taste, appearance, hard-
ness, and viscosity analyzers.
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Map-based cloning

BCsF, populations consisting of 200 (Population 1) and
2,600 (Population 2) individuals were planted in winter 2014
in Hainan and summer 2015 in Wuhan, respectively. To fine
map the WCR1 locus, we developed new molecular markers
(SSR, InDel, and SNP markers) for genotyping in the region
containing WCR1 according to the Nipponbare reference se-
quence. All recombinant plant genotypes identified by fine-
mapping were confirmed by progeny testing,

RNA extraction and qRT-PCR

Total RNA was extracted from plant tissues using an RNA
extraction kit (TRIzol, Invitrogen 15596-026, USA). First-
strand cDNA was synthesized in 20 puL of reaction medium
containing 2 ng of RNA and 200U of M-MLV reverse tran-
scriptase (Invitrogen C28025-014, USA). qRT-PCR was per-
formed on a QuantStudio6 Flex machine using SYBR Green
PCR reagent according to the manufacturer’s instructions.
Young panicles and endosperm at different stages were
obtained based on flowering time. For each endosperm sam-
ple, more than 30 grains were taken from the upper parts
of panicles of each plant. The data for each sample were
based on 3-5 biological replications from different plants,
and three technical replications were performed for each bi-
ological replication. The rice ACTINT gene served as the in-
ternal control to normalize gene expression.

Construct preparation and transformation

To prepare the CO, a 3.5-kb promoter fragment of WCR1
from BL130 was fused with the 1.5-kb coding region from
J23B. The WCR1 promoter and coding region were obtained
by PCR and confirmed by sequencing. The two fragments
were inserted into the plant binary vector pCAMBIA1301
using the one-step connection method. To prepare the OX
construct, the WCR1 coding region of J23B was inserted into
binary vector PU1301 under the control of the maize ubig-
uitin promoter. To prepare the GUS construct, a 2.8-kb pro-
moter fragment of WCRT from BL130 was inserted into
vector DX2181 to drive GUS gene. The CRISPR/Cas9 KO
construct was prepared by inserting a 20-bp target region
from the third exon of WCRT1 into the intermediate vector
pER8-Cas9-U6 and cloning it into pCXUN-Cas9 as described
in (Gao and Zhao, 2014). The constructs were introduced
into Agrobacterium tumefaciens strain EHA105 and trans-
ferred into the relevant materials by Agrobacterium-medi-
ated transformation (Toki, 1997).

Subcellular localization of WCR1 and OsDOF17
proteins

Subcellular localization in rice protoplasts: cDNAs obtained
by reverse transcription were used to amplify the coding
sequences of WCR1 and OsDOF17, which were then inserted
into pM999-YFP and pM999-CFP to generate the WCR1-
YFP and OsDOF17-CFP fusion plasmids, respectively. WCR1-
YFP and the nucleus marker Ghd7-CFP (Xue et al., 2008), as
well as WCR1-YFP and OsDOF17-CFP, were transiently
expressed in rice protoplasts as described below.
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Subcellular localization in N. benthamiana: the coding se-
quence of WCRT was inserted into the GFP vector
pCAMBIA1301S to generate WCR1-GFP (Zhang et al, 2011).
WCR1-GFP and nucleus and cell membrane markers were
expressed in N. benthamiana leaves (Voinnet et al., 2003).

Imaging of fluorescent proteins was conducted under a
confocal laser scanning microscope (Leica TCS SP2). All fluo-
rescence assays were repeated at least 3 times.

Scanning electron microscopy

Milled rice grains were transversely cut at the mid-section
and coated with gold under a vacuum condition. SG mor-
phology at the central and peripheral parts of the endo-
sperm was examined under a scanning electron microscope
(JSM-6390LV, JEOL) at an accelerating voltage of 10kV and
spot size of 30nm. The analysis involved three biological
replications of mounted specimens from different mature
grains. All procedures were carried out according to the
manufacturer’s protocol.

Haplotype assays and phylogenetic analysis

The genomic sequences of WCRT in 492 cultivated and 99
wild rice accessions were acquired from RiceVarMap (http://
ricevarmap.ncpgr.cn/) and OryzaGenome (http://viewer.shi
gen.info/oryzagenome/), respectively. Haplotypes of the cul-
tivated accessions were constructed from SNPs and InDels
(frequencies >0.05) in WCRT from BL130 and ]23B.
Predicted amino acid sequences were aligned using
MUSCLE, and a phylogenetic tree was constructed by the
neighbor-joining method with 1,000 bootstrap replicates in
MEGA version 7 software (Kumar et al, 2016). The align-
ment files are available in Supplemental File S1.

Y1H assays

Y1H assays were performed according to the manufacturer’s
instructions (Clontech Mountain View, CA, USA). The ex-
pression data for OsDOF were obtained from http://ricevar
map.ncpgr.cn/v2/. The coding sequence of OsDOF and the
20-bp probe containing the AAAAG motif were cloned into
pJG4-5 and placZi2p (Clontech), respectively, and co-trans-
formed into yeast stain EGY48. Interaction was examined on
SD/-Trp/-Ura medium supplemented with 40% galactose,
40% raffinose, BU salts, and X-beta-Gal.

EMSA

The coding region of OsDOF17 was amplified and cloned
into pGEX-6P plasmid for fusion with GST tag as OsDOF17-
GST fusion protein. The fusion protein was expressed in
Escherichia coli (BL21) and purified in vitro using a GST
Fusion Protein Purification kit (Sangon Biotech, Shanghai,
China). For EMSA, we synthesized two 55-bp DNA probes,
Probe A and Probe G (mutant), based on the WCRT pro-
moter sequence of BL130 and labeled them at the 5'-ends
with biotin. We used an unlabeled 55-bp probe A for com-
petition assays. Gel-shift assays were performed according to
the protocol supplied by the manufacturer (IGENEBOOK
Biotech, Wuhan, China).
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Transient expression assays in rice protoplasts

To verify the transcriptional activity of OsDOF17, we used
the reporter plasmid 35SLUC containing the firefly LUC
gene, driven by a fused promoter with a GAL4 binding ele-
ment and 35S promoter. Full-length OsDOF17 was fused
with GAL4-DNA binding domain (GAL4DBD) as the effector
GDOF17.

To verify the effect of the A/G SNP on gene expression
without/with OsDOF17, 20-bp sequences containing the
SNP were amplified from BL130 (containing AAAAG) and
Nipponbare (containing AGAAG), respectively, and the frag-
ments were inserted into the reporter plasmid 190LUC. Full-
length OsDOF17 was inserted into the None vector as the
effector NDOF17.

To verify the effects of WCR1 on the protein stability and
transcription level of MT2b, we introduced the coding se-
quence region and 1.5-kb promoter of MT2b into 190LUC
plasmid to construct the reporters MT2b-LUC and
pMT2b:.LUC. At the same time, the effector WCR1 was con-
structed using the pM999 vector.

The 35S-driven Renilla LUC gene (rLUC) was used as an
internal control. For each co-transfection assay, 2 g of re-
porter plasmid, 2 pg of effector plasmid, and 500 ng of inter-
nal control plasmid were used. Different combinations of
vectors were co-transfected into rice protoplasts by PEG-me-
diated transformation (Zhang et al, 2011). After incubation
for 16-18h in the dark at 28°C, relative LUC activity was
measured using the Dual-LUC Reporter Assay System
(Promega; Hao et al,, 2010).

Y2H assays

A cDNA library was constructed from endosperm, and Y2H
assays were performed according to the manufacturer’s
instructions (Clontech). The full-length and truncated
sequences of WCR1 were amplified and cloned into
pGBKT7, whereas MT2b was amplified and cloned into
pGADT7 (Clontech). The AH109 yeast stain was used in this
experiment. Empty pGBKT7 and pGADT7 vectors were co-
transformed in parallel as negative control. The OsMADS1
gene, which formed a homodimer, was linked to pGBKT7
(BD-OsMADS1) and pGADT7 (AD-OsMADS1), respectively,
and these two vectors were co-transformed in parallel as a
positive control. Interactions were examined on SD/-Trp/-
Leu/-His/-~Ade medium supplemented with X-alpha-Gal
(Clontech).

Split-LUC assay

The coding regions of WCR1 and MT2b were amplified and
cloned into pCAMBIA 1300-nLuc and pCAMBIA 1300-cLuc,
respectively. The recombinant vectors were co-transformed
into A. tumefaciens strain EHA105. After centrifugation, the
bacteria were collected and resuspended in solution (10-
mM MES, 10-mM MgCl,, and 200-uM acetosyringone) for
infiltration (at optical density (OD)goo = 0.6). The prepared
suspensions were injected into N. benthamiana leaves and
grown for 3—4days. The leaves were then sprayed with 5-
mM luciferin and kept in the dark for 10 min to quench the
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fluorescence. A cooling CCD imaging apparatus (Tanon-
5200) was used for image capture.

Pull-down assays

The coding regions of WCRT and MT2b were amplified and
cloned into pET28a and pGEX-6P for separate fusion with
6xHis and GST tags as WCR1-His and MT2b-GST fusion
proteins. Both fusion proteins were expressed in E. coli BL21
and purified in vitro using His-Tag Protein Purification and
GST Fusion Protein Purification kits (Sangon Biotech,
Shanghai, China). Pull-down assays were conducted as fol-
lows: 50 L equilibrated Glutathione High Capacity Magnetic
Agarose Beads (Sigma, St. Louis, MO, USA) was mixed with
1mg of recombinant protein in 600 pL of pull-down buffer
(20mM Tris—HCl, pH 8.0, TmM EDTA, pH 8.0, 1% Nonidet
P-40, 150-mM NaCl, Protease Inhibitor) at 4°C for 6 h. The
bound proteins together with the beads were collected,
washed 3 times with pull-down buffer, eluted twice with 50-
HL GST elution buffer, and detected by anti-GST and anti-
His antibodies (Mouse; Fine Biotech, Wuhan, China) (1:5,000
dilution), respectively.

Detection of ROS and cell death

Trypan blue was used to detect dead cells. Transverse sec-
tions of fresh caryopses at different times postflowering
were treated with 0.1% trypan blue for 2min, washed 5
times with 0.1 M phosphate buffer, and examined by light
microscopy. FDA (Coolaber, Beijing, China) was usually to
detect active cells. Transverse sections of fresh caryopses
were treated with 2-ug/mL FDA for 15 min, washed 5 times
with 0.1-M phosphate buffer, and examined by fluorescence
microscopy (emission wavelength 520 nm).

The degradation of nuclear DNA was examined with DAPI
and TUNEL. Transverse sections of fresh caryopses were
fixed in 4% paraformaldehyde for 30 min and washed twice
with PBS. The sections were treated with 20-ug/mL protein-
ase K for 20 min and washed 3 times with PBS. The positive
control was additionally treated with 20U/mL DNase | for
10min and washed 3 times with PBS. Degraded nuclear
DNA was detected using a TUNEL BrightGreen Apoptosis
Detection Kit according to the manufacturer’s instructions
(Vazyme Biotech Co,, Ltd.). To test for the presence of nu-
clear DNA in developing starchy endosperm, the caryopsis
sections were treated with 2-ug/mL DAPI in the dark for
30min and washed 3 times with PBS. Degraded nuclear
DNA was examined by fluorescence microscopy using emis-
sion wavelengths of 520 nm (green) for TUNEL and 460 nm
(blue) for DAPI.

DCFH-DA (Sigma) was used to estimate the levels of ROS
in cells. The sections were treated with 10-uM DCFH-DA for
30min at 37°C and washed 5 times with 0.1-M phosphate
buffer before microscopic investigation using excitation and
emission wavelengths of 450-490 nm and 520nm (green),
respectively. Relative fluorescence intensity (IOD/area) of
images at the same parameter settings was estimated by
Image). All images were photographed with a Nikon micro-
scope system (NI-E).
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DNA extraction and ladder detection

Twenty seed collected from the NILs at various stages
throughout development were ground in liquid nitrogen.
About 8 mL extraction buffer (100-mM Tris—HC1 pH 9.0,
20-mM EDTA, 200-mM NaC1, 1% [w/v] sarcosyl, and 10-pL/
mL B-mercaptoethanol) was added to the samples, followed
by 8 mL of phenol:chloroform (1:1, v/v). The samples were
centrifuged at 8,000g for 15min, and the supernatant was
transferred to a new tube. Total nucleic acids were precipi-
tated from the supernatant by adding a 1/10 volume of 3 M
sodium acetate, pH 6.0 and an equal volume of isopropanol.
The precipitated nucleic acid was dissolved in 1-mL extraction
buffer without vortexing, reprecipitated in 2-mL tubes,
washed 3 times with 1mL of 70% (v/v) ethanol, and dissolved
in TE (10-mM Tris—HC1, pH 80, and 5-mM EDTA). RNase
(DNase-free) was added to a final concentration of 100 pg/
mL, and the sample was incubated for 1h at 37°C. The sam-
ples were then extracted with an equal volume of phenol:
chloroform (1:1, v/v) and centrifuged at 12,000g and DNA
was re-precipitated from the supernatant and dissolved in TE.
DNA concentrations were determined spectrophotometrically.
The DNA was then resolved on a 1.8% agarose gel, stained
with Goldview, and photographed on a UV light box.

BiFC assay

The coding sequence of WCRT was amplified into pVYNER,
and the coding sequence of MT2b was cloned into pVYCER
plasmids. The recombinant vectors and nucleus marker
Ghd7-CFP (Xue et al, 2008) were transiently expressed in
rice protoplasts (Zhang et al, 2011). Imaging of fluorescent
proteins was conducted under a confocal laser scanning mi-
croscope (Leica TCS SP2).

In vitro degradation assays

To test the effect of WCR1 on MT2b stability, total protein
was extracted from WT seeds with extraction buffer (50-
mM Tris—HC| pH 7.5, 100-mM NaCl, 100-mM MgCl,, 5-mM
DTT, 5-mM ATP and protease inhibitor) and mixed with
purified MT2b-GST protein (0.9pg) in a total volume of
100 pL before adding recombinant WCR1-His protein and/or
MG132 (100 LM). Following incubation for 2 h at 4°C, 30 uL
samples were removed, heated at 95°C for 5min in 4 X so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (10pL), and subjected to 10%
SDS-PAGE. Immunoblotting was performed using horserad-
ish peroxidase-conjugated antibodies: anti-GST (Abbkine,
Wuhan, China), anti-His (Abbkine), and anti-Actin (Sangon
Biotech), 1:10,000 dilution.

Primers
The primers used in this study are listed in Supplemental
Tables S5-S7.

Statistical analysis

Data are presented as the means % standard deviation.
Significant differences between two groups were analyzed by
two-tailed t tests. For multiple comparisons, significant
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differences were obtained by Duncan’s tests (P < 0.05) using
SPSS software. Quantitative analysis of gray values and fluo-
rescence intensity in the images was performed using Image)
software.

Accession numbers

Sequence data from this article can be found at RAPDB un-
der the following accession numbers: WCR1 (LOC_Os
01g69270), MT2b (LOC_Os05g02070), OsDOF2 (LOC_Os
01g15900), OsDOF4 (LOC_Os01g17000), OsDOF8 (LOC_Os0
2g49440), OsDOF10 (LOC_0s02g15350), OsDOF11 (LOC_O
s03g38870), OsDOF14 (LOC_Os03g16850), OsDOF15 (LOC_
0s03g55610), OsDOF17  (LOC_Os04g58190), OsDOF18
LOC_Os04g47990), OsDOF24 (LOC_0Os08g38220), OsDOF25
LOC_0s09g29960), OsDOF27 (LOC_Os10g35300), Chalk5

LOC_0Os05g06480), OsMC1 (LOC_0s03g27120), OsM(C2
OsMC4  (LOC_Os05g41660), OsMC5
LOC_0Os05g41670), OsMC6 (LOC_Os01g58580), OsMC7

(
(
(
(LOC_0s03g27210),
(
(

LOC_Os11g04010), and OsMC8 (LOC_0s03g27190).

Supplemental data
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