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Summary
Grain weight is an important determinant of grain yield. However, the underlying regulatory

mechanisms for grain size remain to be fully elucidated. Here, we identify a rice mutant grain

weight 9 (gw9), which exhibits larger and heavier grains due to excessive cell proliferation and

expansion in spikelet hull. GW9 encodes a nucleus-localized protein containing both C2H2

zinc finger (C2H2-ZnF) and VRN2-EMF2-FIS2-SUZ12 (VEFS) domains, serving as a negative

regulator of grain size and weight. Interestingly, the non-frameshift mutations in C2H2-ZnF

domain result in increased plant height and larger grain size, whereas frameshift mutations in

both C2H2-ZnF and VEFS domains lead to dwarf and malformed spikelet. These observations

indicated the dual functions of GW9 in regulating grain size and floral organ identity through the

C2H2-ZnF and VEFS domains, respectively. Further investigation revealed the interaction

between GW9 and the E3 ubiquitin ligase protein GW2, with GW9 being the target of

ubiquitination by GW2. Genetic analyses suggest that GW9 and GW2 function in a coordinated

pathway controlling grain size and weight. Our findings provide a novel insight into the

functional role of GW9 in the regulation of grain size and weight, offering potential molecular

strategies for improving rice yield.

Introduction

Grain weight is one of the three primary determinants of grain

yield, which is tightly associated with grain size and filling (Xing

and Zhang, 2010). A comprehensive exploration of the underly-

ing molecular and genetic mechanisms of grain weight is

beneficial to further improve crop yield. To date, numerous

quantitative trait loci and genes related to grain size have been

identified and characterized in rice, which are implicated in

various pathways, including ubiquitin-proteasome degradation,

mitogen-activated protein kinase (MAPK) signalling, G protein

signalling, phytohormone signalling, and transcriptional regula-

tion pathway (Li et al., 2018, 2019; Ren et al., 2023; Zuo and

Li, 2014).

The ubiquitin-proteasome pathway plays an important role in

the precise regulation of grain size by affecting the stability,

subcellular localization, and activity of the target proteins (Elsasser

and Finley, 2005; Li et al., 2019). GW2, encoding a RING-type E3

ubiquitin ligase, functions as a negative regulator of grain width

and weight. Disruption of GW2 activity results in enhanced cell

proliferation in spikelet hulls, resulting in wider and heavier grains

(Song et al., 2007). The glutaredoxin protein WG1 has been

identified as a substrate of GW2, which regulates grain width and

weight by alleviating the inhibitory effect of WG1-ASP1 on

OsbZIP47 transcriptional activation activity (Hao et al., 2021).

Additionally, GW2 targets the histone acetyltransferase protein

GW6a, which acts as a positive regulator in controlling grain size

and weight (Gao et al., 2021; Song et al., 2015). Another RING

E3 ubiquitin ligase, CLG1, determines grain size by ubiquitinating

the Gc subunit GS3 and promoting its degradation via the

endosome degradation pathway (Yang et al., 2021). Moreover,

the HECT-domain E3 ubiquitin ligase LARGE2 regulates grain

number and width by modulating the stabilities of APO1 and

APO2 (Huang et al., 2021). LG1 encodes ubiquitin-specific

protease 15 (OsUBP15), which has de-ubiquitination activity and

regulates grain length and width by promoting cell proliferation

(Shi et al., 2019). The otubain-like protease WTG1/OsOTUB1, also

exhibiting deubiquitination activity, is involved in controlling grain

size by restricting cell expansion (Huang et al., 2017). SMG3

and DGS1, functioning as an ERAD-related E2-E3 enzyme pair,

positively regulate grain size and weight by ubiquitinating the BR

receptor BRI1, thereby affecting its protein accumulation (Li et al.,

2022).

Polycomb-group (PcG) proteins are essential in plant develop-

ment by forming multi-protein complexes to repress target gene

transcription (Bemer and Grossniklaus, 2012). There are two

distinct complexes, PcG Repressive Complex 1 (PRC1) and PcG

Repressive Complex 2 (PRC2) that are evolutionally conserved in

eukaryotes (Forderer et al., 2016; Zhang et al., 2021a). In rice,

PRC2 is composed of three core subunits: ESC homologues

(OsFIE1 and OsFIE2), E(z)-like homologues (OsCLF and OsiEZ1)

and Su(z)12 homologues (OsEMF2a and OsEMF2b). These

complexes play key roles in H3K27me3-mediated epigenetic

regulation, influencing critical developmental processes such as

endosperm development, seed dormancy, plant height, flowering

transition and floral organ development (Bieluszewski et al.,

2021; Laugesen et al., 2019). Among them, OsFIE1, a maternally

imprinted and confined to endosperm-specific expression gene, is

precisely regulated by DNA methylation (Zhang et al., 2012). The

osfie1 mutants exhibit smaller grain size, delayed embryo

development, and decreased seed set rate, while OsFIE1 over-

expressing plants display short stature, reduced grain size and
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malformed floret (Cheng et al., 2020a; Huang et al., 2016;

Zhang et al., 2012). OsFIE2, on the other hand, acts as an H3

methyltransferase and plays critical roles in reproductive growth,

endosperm formation, grain yield and root development (Cheng

et al., 2020b; Li et al., 2014; Liu et al., 2016). OsCLF/OsSDG711

and OsiEZ1/OsSDG718 have been identified as the enhancers of

Zeste, which are primarily involved in regulating flowering time

(Liu et al., 2014). Moreover, OsSDG711 has been reported to

regulate panicle size via H3K27 methylation-mediated suppres-

sion of key genes governing inflorescence meristem activity

(Liu et al., 2015). OsEMF2a contributes to the developmental

transitions post-fertilization and endosperm cellularization, while

OsEMF2b is predominantly involved in the regulation of flowering

time and floral organ identity (Cheng et al., 2020b; Conrad

et al., 2014; Deng et al., 2017; Luo et al., 2009; Tonosaki

et al., 2021; Xie et al., 2015). In addition, RLB physically interacts

with OsEMF2b and regulates lateral branching development

through the mediation of H3K27me3 modification at the CKX4

promoter region (Wang et al., 2022). These reports provided

substantial insights into the interpretation of PRC2 complex

function, but the molecular mechanism underlying the PRC2

complex’s involvement in regulating grain size remains to be

further unveiled.

In this study, we isolated and characterized a rice mutant gw9,

which exhibits increased plant height and grain weight. The gw9

phenotype is attributed a novel allelic mutation of OsEMF2b.

Although previous research has demonstrated the involvement of

GW9/OsEMF2b in the regulation of flowering time and floral

organ identity, its function in modulating grain size and weight

remains unexplored. Our results demonstrated that the C2H2-ZnF

and VEFS domain of GW9 play distinct roles in grain size and

flower organ identity, respectively. Furthermore, we found that

GW2 interacts physically with GW9 to regulate grain size via

ubiquitination pathway.

Results

Phenotypic characterization of gw9 mutant

To gain deeper insights into the genetic networks controlling

grain size, we identified and characterized a rice mutant gw9.

Compared with wild-type W7, the plant height and grain size

of gw9 were markedly increased, but the tiller number was

slightly reduced (Figure 1a–f). The average grain length, grain

width, and 1000-grain weight were increased by 22.81%,

12.33%, and 27.96%, respectively, but the ratio of grain

length to width significantly decreased (Figure 1g–j). In

Figure 1 Phenotypic characterization of gw9 mutant. (a) Gross morphologies of W7 and gw9. Bars = 20 cm. (b, c) Panicle phenotypes of W7 and gw9.

Bars = 5 cm. (d, e) Grain morphologies of W7 and gw9. Bars = 1 cm. (f–o) Comparison of agronomic traits between W7 and gw9 (n = 15). Error bars

represent standard deviation (SD). **P < 0.01; ns, no significant difference (Student’s t-test).
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addition, there were no significant differences observed in

panicle length, the number of primary branches, or setting

percentage, while grain number per panicle decreased due to a

reduction in the number of secondary branches (Figure 1k–o).
Furthermore, all internode lengths, diameters, and thicknesses

of gw9 were significantly increased, with particular prominence

in the third and fourth internodes (Figure S1). Moreover,

dynamic observations of grain development indicated that both

W7 and gw9 reached their maximum grain filling rates at 9

DAF (Day After Flowering), but with the rate in gw9 being

significantly higher than that of W7 during the grain filling

period (Figure S2).

GW9 regulates grain size by altering cell proliferation
and cell expansion

Cell proliferation and expansion play vital roles in regulating

spikelet hull growth. As expected, the spikelet hull of gw9

exhibited a significant increase in both length and width

compared to those of W7 (Figure 2a). To clarify the cellular basis

for the increase in grain size, we analysed the cell number and

morphology of spikelet hulls by paraffin sections and scanning

electron microscopy. The results showed that there are notable

increases in the spikelet perimeters, cell layers and numbers, the

average cell length as well as the width in outer and inner glumes

of gw9 (Figure 2b–l), suggesting that the enlarged spikelet hull of

gw9 was attributed to the increased cell number and size.

Furthermore, we examined the expression levels of several

genes known to regulate grain size by influencing cell prolifer-

ation and cell expansion. The results revealed that the expression

of GL7, PGL1, and GLW7 were significantly enhanced, and GW8,

FUWA, DST, and EP3 were dramatically reduced in gw9

(Figure S3a). In addition, we also detected the expression of

several cell cycle-related genes and observed significant upregula-

tion in CAK1A, CDKB, CYCB2.1, CYCB2.2, MACM2, MACM3,

Figure 2 GW9 regulates rice grain size by controlling cell proliferation and cell expansion. (a) Young spikelet hulls of W7 and gw9. Bars = 5 mm. (b) Cross

sections of spikelet hull. Bars = 500 lm. (c) Magnified views of the cross-sections black boxed in (b). Bars = 50 lm. (d) Magnified views of the cross-

sections red boxed in (b). Bars = 50 lm. (e, f) Scanning electron micrographs of outer (e) and inner (f) surfaces of glums. Bars = 100 lm (e) and 50 lm (f),

respectively. (g–l) Comparison analysis of W7 and gw9 for spikelet perimeter (g), inner parenchymal cell number (h), cell length and width in outer glume (i,

j), cell width and length in inner glume (k, l). Error bars represent standard deviation (SD). **P < 0.01 (Student’s t-test).
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and MACM4, along with remarkable decrease in CYCD2.1,

CYCD4.1, CYCD4.2, CYCH1, and CYCT1.3 in gw9 (Figure S3b).

These results implied that GW9 may modulate grain size by

regulating the expression level of genes related to both cell

expansion and cell proliferation.

Positional cloning of GW9 gene

Using a map-based cloning strategy, we initially located GW9 on

chromosome 9 between molecular markers P2 and P3 by

employing 112 homozygous F2 plants. Then, we further

narrowed down the region to a 50.2-kb interval between the

markers P8 and P9 by analysing 3469 F2 individuals (Figure 3a).

Within this candidate region, four open reading frames (ORFs)

were predicted based on the Rice Genome Annotation Project

(RGAP) (Table S1), and only a single base substitution from G to A

at site 7213 (from the start codon) was detected in the intron of

LOC_Os09g13630 (Figure 3b,c). Intriguingly, this mutation was

close to the 11th extron, which caused a 54-bp alternative splicing

deletion in the coding sequence (Figures 3d, S4a). Sequence

analysis revealed that LOC_Os09g13630 encodes a polycomb

group protein OsEMF2b, which contains a C2H2-ZnF and VEFS

domain. Further analysis showed the absence of 18 amino acids

in the C2H2-ZnF domain due to alternative splicing of the 11th

exon in gw9 (Figure S4b).

GW9 negatively regulates grain size and plant height

To confirm the causal relationship between the phenotype of

gw9 and the mutation of LOC_Os09g13630 gene, we performed

a genetic complementation assay in gw9 background. A total of

36 positive complementary transgenic lines were obtained and all

Figure 3 Map-based cloning of GW9 and genetic complementation. (a) Gene mapping of GW9. The numerals indicate the number of recombinants. (b,

c) Gene structure and mutation sites, the red box indicates the nucleotide substitution. (d) PCR analysis of the 54-bp splicing deletion in cDNA. (e) Plant

morphologies of W7, gw9, complementation lines (com) and overexpression lines (OE). Bar = 10 cm. (f, g) Grain morphologies of W7, gw9, com and OE.

Bars = 5 mm. (h, i, j, k) Comparison analysis of plant height (h), grain length (i), grain width (j) and 1000-grain weight (k). Error bars represent standard

deviation (SD). **P < 0.01; *P < 0.05. ns, no significant difference.
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transgenic plants exhibited phenotypes similar to those of W7,

including plant height, grain size, and grain weight (Figure 3e–k).
To further elucidate the gene function of GW9, we introduced an

overexpression vector of GW9 into W7, resulting in positive

overexpression lines (OE) that displayed dwarfism and smaller

grain size compared to W7 (Figure 3e–k). In addition, we

performed expression level assay of GW9 in gw9 and different

transgenic lines. The results showed that the expression level of

GW9 was slightly decreased in gw9 and significantly increased in

complementation and overexpression plants (Figure S5). More-

over, it has been reported that OsEMF2b is involved in regulating

flowering time (Luo et al., 2009; Xie et al., 2015; Yang

et al., 2013). We noticed that gw9 mutant flowered approx-

imately 5.7 days earlier than W7, while the overexpression lines

exhibited later flowering, occurring approximately 11.5 days

(Figure S6). These results indicated that GW9/OsEMF2b plays a

negative role in regulating grain size and plant height in rice,

while positively controlling the heading date.

C2H2-ZnF domain is required for grain size development

Different from all previously reported OsEMF2b mutations, the

gw9 mutant here displayed increased plant height and grain size

(Figure 1). In fact, all T-DNA insertion and single-base mutation in

previous reports result in null alleles (Figure S7a,b) (Chen et al.,

2017; Conrad et al., 2014; Deng et al., 2017; Wang et al., 2022;

Xie et al., 2015; Zhong et al., 2018), but the 54-bp fragment

deletion within the C2H2-ZnF domain of gw9 did not cause

frameshift and had no effect on the integrity of the subsequent

VEFS domain (Figure S7b). Consequently, we speculate that

C2H2-ZnF and VEFS domains of GW9 play distinct roles in the

regulation of grain size and spikelet determinacy. To verify this

hypothesis, we selected four target sites at different coding

position within GW9 and obtained a number of novel alleles by

using CRISPR/Cas9 technique (Figure S7c,d).

Gene knock-out experiments revealed consistent results, with

the frameshift mutants Cr-2, Cr-4, and Cr-8 displaying similar

phenotypes characterized by reduced plant stature, delayed

flowering, malformed floral organs and sterility (Figures 4a–d,
S8). Microscopic assay by paraffin section showed that the

spikelet of three mutants displayed a series of abnormal

morphologies, including the presence of extra glume-like or

mosaic organs, incurved and shrunken paleas, as well as

deformities and extra carpels (Figures 4d,e, S8). In contrast, the

non-frameshift mutants Cr-3, Cr-5 and Cr-6 within the C2H2-ZnF

domain exhibited increased plant height and larger grain size,

which is similar to the phenotype of gw9 (Figure 4a,f–k). Notably,
when the non-frameshift mutation is close to the 50 terminal,

there were no significant phenotypes difference between Cr-1

and W7 (Figure 4a–k). Therefore, we concluded that the VEFS

domain is essential for maintaining floral organ identity, while the

C2H2-ZnF domain plays an important role in determining grain

size and plant height.

Expression pattern and subcellular localization of GW9

To investigate the spatial expression pattern of GW9, we

employed qRT-PCR to analyse its expression levels in various

organs, including the root, stem, leaf, leaf sheath, and panicle.

The results showed that GW9 was generally expressed across all

tested tissues, with higher expression level detected in leaf and

young panicles (Figure 5a). Moreover, we transformed pGW9::

GUS vector into W7 and performed histochemical staining,

confirming GW9 activity in most of the examined organs

(Figure 5b), consistent with qRT-PCR result. To validate the

subcellular localization of GW9 protein, we introduced the

pActin::GW9-GFP construct into gw9. The positive transgenic

lines exhibited restored phenotypes, indicating the functionality

of GW9-GFP fusion protein (result not shown). We then

examined the fluorescence of the GW9-GFP signals in root tips

by using fluorescence microscopy, and the results indicated that

GW9 protein was located in the nucleus (Figure 5c). Moreover,

the pUbi::GW9-GFP vector was introduced into rice protoplasts

and MADS29-RFP was co-expressed used as the nucleus

marker. The co-localization of GW9-GFP and MADS29-RFP

signals confirmed that GW9 was localized in nucleus

(Figure 5d).

The transcriptome analyses of W7, gw9 and GW9-OE were

conducted by RNA-seq, and the result showed that a total of 3669

differentially expressed genes (DEGs, false discovery rate <0.05 and
induction fold >1) were identified betweenW7 and gw9, including

2416 up-regulated and 1253 down-regulated genes. Meanwhile,

4330 DEGs (2995 up-regulated and 1335 down-regulated) were

identified betweenGW9-OE andgw9 (Figure 5e, Table S3). Among

these DEGs, numerous genes are related to the grain size and

flowering time, such as DEP1, SPL7, SGL1, GW5, PGL1, CO3 and

COL4. The heat map analysis further illustrated that the consider-

able alterations in their expression levels in W7, GW9-OE and gw9

(Figure S9, Table S3). These results suggested that GW9 may

regulate multiple growth and development processes by affecting

the expression of these genes.

GW9 interacts with GW2

To elucidate the underlying mechanism of GW9 in grain size

regulation, we conducted a yeast two-hybrid assay (Y2H)

screening to identify putative GW9-interacting proteins. We

identified a total of 15 proteins, among which only GW2 was

found to be associated with grain size regulation (Figure S10).

Previous research has shown that GW2 encodes a RING-type

protein with E3 ubiquitin ligase activity and is primarily located in

the cytoplasm (Song et al., 2007). However, we found that

GW9-GFP fusion protein localized in nucleus, as shown above

(Figure 5c,d). To verify whether GW2 and GW9 have over-

lapping subcellular localizations, pUbi::GW9-GFP and pUbi::

GW2-RFP vectors were co-expressed in rice protoplasts. The

results demonstrated that GW2-RFP fluorescence signal were

detected in both the cytoplasm and nucleus, and there was an

overlapping fluorescence pattern between GW9-GFP and GW2-

RFP within the nucleus (Figure S11). Therefore, it can be

concluded that GW9 has the potential to interact with GW2 in

the nucleus.

Considering the partial absence of C2H2-ZnF domain in gw9

mutant, we constructed a series of GAL4-BD vectors containing

different N-terminal and C-terminal truncated fragments of GW9

to determine the regions responsible for GW9-GW2 interaction

(Figure 6a). The results showed that the full-length fusion protein

(GW9-FL), the N-terminal containing C2H2-ZnF (GW9-N1), the C-

terminal containing VEFS domain (GW9-C1), and C-terminal

containing VEFS and C2H2-ZnF domains (GW9-C2) interacted

with GW2, but the absence or partial absence of C2H2-ZnF in N-

terminal domains (GW9-N2 and GW9-N3) did not (Figure 6a). We

then conducted the BiFC and LCI assays to verify the interaction

between GW9 and GW2, and the YFP and Luciferase activity

signals were detected when GW9 and GW2 co-expressed in

Nicotiana benthamiana (N. benthamiana) leaves (Figure 6b,c).

In addition, the interaction between GW9 and GW2 was further
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Figure 4 Gene knockouts of GW9. (a) Schematic diagram of GW9 protein structure. Green box indicates the C2H2-ZnF domain, and blue box indicates

the VEFS domain. Black arrows indicate the different target site of CRISPR/Cas9. (b) Plant morphologies of W7, gw9 and knockout plants. Cr-1, Cr-2, Cr-3,

Cr-4, Cr-5, Cr-6, Cr-7 and Cr-8 represent the different homozygous knockout lines. Bars = 20 cm. (c, d) The panicle and spikelet morphologies of W7, gw9

and knockout plants. Bars = 5 cm (c) and 2 mm (d), respectively. (e) transverse section of W7, gw9 and knockout plants. Bars = 200 lm. (f, g) Grain

morphologies of W7, gw9 and knockout plants. Bars = 0.5 cm (f) and 1 cm (g), respectively. (h–k) Comparison analysis of plant height (h), grain length (i),

grain width (j) and 1000-grain weight (k). Error bars represent standard deviation (SD). Statistical analyses were performed by Duncan’s multiple range

tests. The presence of the same lowercase letter denotes a non-significant difference between means (P < 0.05).
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confirmed by GST pull-down and Co-IP assay in vitro and vivo,

respectively (Figure 6d,e). Collectively, these results strongly

supported the physical interaction between GW9 and GW2.

GW9 acts in a coordinated pathway with GW2 to control
grain size

Given the E3 ubiquitin ligase activity of GW2, we hypothesized

that GW2 may promote the ubiquitination of GW9 protein. To

assess this hypothesis, we conducted ubiquitination assay with

GW9-His and GW2-GST fusion proteins in vitro. In the presence

of E1, E2, and ubiquitin, smeared higher-molecular-mass bands

could be detected by anti-His, anti-GST and anti-Ubi antibodies,

which indicated that GW9-His protein can be ubiquitinated by

GW2-GST, and GW2-GST also exhibited the ability of self-

ubiquitinated (Figure 7a). Moreover, we transiently co-expressed

the GW9-GFP and GW2-RFP-HA in rice protoplasts to further

confirm the ubiquitination of GW9. The proteins were immuno-

precipitated with GFP-Trap-A beads and detected by immunoblot

analysis using anti-Ubi, anti-GFP and anti-HA antibodies. In the

presence of both GW9-GFP and GW2-RFP-HA, more dense

ubiquitination bands were detected, which also confirmed that

GW9 can be ubiquitinated by GW2 in vivo (Figure 7b). Taken

together, our results demonstrated that GW9 can be ubiquiti-

nated by GW2 in vivo and vitro.

To analyse the genetic relationship, we generated two loss-of-

function mutants, gw2-c1 and gw2-c2 in the W7 background

using CRISPR/Cas9. Sequencing analysis revealed that gw2-c1

and gw2-c2 harboured 1-bp deletion and 2-bp insertion

mutations, respectively, resulting in premature stop codons

(Figure S12a). The qRT-PCR analysis indicated that the expression

levels of GW2 were significantly reduced in both mutant lines

(Figure S12b). Consistent with the previous study results (Song

et al., 2007), the grain length, grain width and 1000-grain weight

of gw2-c1 and gw2-c2 were significantly increased compared

that of W7 (Figure S12c–g). We further generated the double

mutations gw2-c1/gw9 by crossing gw2-c1 with gw9, and found

the grain width and grain length were not statistically different

from those of gw9 (Figure 7c–f). In addition, the overexpression

of GW2 (GW2-OE) in W7 resulted in a shorter and narrower

grains, while GW2-OE/gw9 plants displayed only slightly

Figure 5 Subcellular localization and expression pattern of GW9. (a) Expression levels of GW9 in different organs. The number indicates the panicle

length. OsActin was used as an internal control. (b) Tissue-specific expression of the GUS gene driven by the GW9 promoter. Bars = 1 cm. (c) Nuclear

localization of GW9 in GW9-GFP transgenic plant roots. Bars = 50 lm. (d) Subcellular localization of GW9 in rice protoplasts. MADS29-RFP was used as the

nuclear marker. Bars = 10 lm. (e) Venn diagrams of differentially expressed genes. Error bars represent standard deviation (SD).
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decreased grain size than gw9 (Figure 7c–f). These results

suggested a cooperative regulation of grain size by GW9 and

GW2, with GW9 acting downstream of GW2.

Discussion

GW9 is a negative regulator of grain size and weight

PRC2 complex exhibits chromatin-associated methyltransferase

activity, specifically mediating H3K27 methylation to repress the

transcriptional expression of downstream genes (Bieluszewski

et al., 2021; Godwin and Farrona, 2022; Laugesen et al., 2019).

This activity is required for maintaining the gene expression

patterns to ensure cell identity in organismal development

(Laugesen et al., 2019; Yu et al., 2019). In plants, disruptions of

core PRC2 subunits lead to the attenuation or elimination

of H3K27me3 repression in target genes, resulting in a variety

of developmental defects (Godwin and Farrona, 2022). As a

component of PRC2 complex, EMF2b plays an important role in

shoot and endosperm development, floral organ identity and

flowering transition (Chen et al., 2017; Conrad et al., 2014; Deng

et al., 2017; Xie et al., 2015). In this study, we identified a grain

size mutant gw9, which exhibited significantly enlarged grain size

and increased plant height (Figure 1a–e). Map-based cloning

revealed that GW9 encodes a polycomb group protein and is a

new allele of OsEMF2b. Interestingly, the mutant phenotype of

gw9 is different from all reported emf2 mutants in rice and

Arabidopsis, indicating that GW9/OsEMF2b has a novel function

in regulating grain size and plant height. Moreover, the GW9

knock-out lines Cr-3, Cr-5 and Cr-6 also exhibited large grains,

while overexpression lines produced smaller grains (Figures 3e–g
and 4), supporting the negative role of GW9 in regulating grain

size and weight.

In Arabidopisis, the emf2 mutant showed a 54% decrease in

H3K27 trimethylated genes (Kim et al., 2012). To clarify

whether gw9 mutation causes H3K27me3 status changes for

downstream target genes, ChIP-qPCR assay was performed to

analysis some relate genes expression levels in young panicles

of W7, gw9, and GW9-OE plants. It has been reported that

Figure 6 GW9 interacts with GW2 in vitro and in vivo. (a) Interactions of full-length and truncated GW9 proteins with GW2 in yeast cells. At left, a

schematic diagram of full-length and truncated GW9 fusion proteins with pGBK-T7 is shown; at right panel, the growth of transformed yeast on DDO (SD/-

Trp-Leu) and QDO (SD/-Trp-Leu-His-Ade/x-a-gal) medium, respectively. a-X-gal staining shows the b-galactosidase activity of the transformants. (b) BiFC

assay for GW9 and GW2 interaction in N. benthamiana leaf cells. YN/GW9-YC and YC/GW2-YN are the negative controls. (c) LCI assay for GW9 and GW2

interaction in N. benthamiana leaf cells. nLuc/cLuc, nLuc-GW2/cLuc, and nLuc/cLuc-GW9 were used as the negative controls. Bars = 20 lm. (d) Pull-down

analysis of GW9-GW2 interaction in vitro. (e) Co-IP assay confirmation of GW9-GW2 interaction in vivo. Anti-GFP beads were used to immunoprecipitate

GW2-HA proteins.

ª 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 22, 915–928

Yi Wen et al.922



MADS1, MADS6, MADS34, and MADS58 regulating floral

organ identity and grain size development by H3K27me3

methylation (Conrad et al., 2014; Mao et al., 2022; Zheng

et al., 2015). The results revealed that the methylation levels of

MADS1, MADS6, MADS34, and MADS58 genes were signifi-

cantly lower in the gw9 mutant than in W7 plant, while

the methylation levels were significantly higher in GW9-OE

plants than in W7 plant (Figure S13a–d). This suggests that

GW9 as a member of the PRC2 complex could regulate the

downstream target genes expression by influencing their

H3K27me3 status.

Previous studies had reported that PRC2 complex directly

regulates cell cycle and controls proliferation (Adhikari and Davie,

2020; Grossniklaus and Paro, 2014; Simonini et al., 2021; Sun

et al., 2014). We also found that the enlarged spikelet hulls of

gw9 resulted from increased cell number and cell size (Figure 2).

Correspondingly, the expression levels of several genes control

grain size by modulating cell proliferation and expansion, such

as GL7, PGL1 and GLW7 were significantly increased in gw9

(Figure S3a). In addition, the expression levels of several cell

cycle-related genes also significantly changed in gw9

(Figure S3b). So, we believe that GW9 plays a negatively role

in controlling grain size by restricting cell proliferation and

expansion.

C2H2-ZnF domain plays an important role in the control
of grain size

The GW9 contains C2H2-ZnF and VEFS domains, and the splicing

deletion of exon 11 of coding sequence eventually disrupts the

C2H2-ZnF domain in gw9 (Figures 3b–d, S7). C2H2-type zinc

finger protein (C2H2-ZFP) is one of the most important Zinc finger

proteins, which activates or inhibits downstream gene transcrip-

tion to regulate plant growth and development or respond to

environmental singles (Huang et al., 2022; Lyu and Cao, 2018).

However, previous studies mainly focused on abiotic stress

responses, disease resistance, and plant growth, but few in grain

or seed size development (Huang et al., 2022; Lyu and Cao,

2018). In rice, disruption of C2H2-ZFP genes, such as Du13 and

LRG1, result in small and short-wide grains, respectively (Cai

et al., 2022; Xu et al., 2020). Similarly, in Arabidopsis, the ectopic

expression of C2H2-ZFP gene ENY produces big seeds (Feurtado

et al., 2011). To confirm the role of C2H2-ZnF domain in grain

size development, we designed different knock-out targets within

the GW9 coding sequence and the results indicated that only

Figure 7 Genetic analysis of GW9 and GW2. (a) Ubiquitination analysis of GW9 by GW2 in vitro. GW2-GST and GW9-His fusion proteins were assayed

for ubiquitination activity in the presence of E1-His, E2-His, and Ubiquitin. ‘+’ and ‘�’ indicate the presence and absence of the components in each

reaction mixture, respectively. Ubiquitinated proteins were detected by immunoblotting with anti-GST antibody, anti-His antibody, and anti-Ubi antibody.

(b) Ubiquitination analysis of GW9 by GW2 in rice protoplast. GW9-GFP and GW2-RFP-HA fusion proteins were co-expressed in rice protoplast, and total

protein immunoprecipitation with GFP-Trap-A. The immunoprecipitates were detected by immunoblotting with anti-GFP, anti-HA, anti-Ubi. ‘+’ and ‘�’

indicate the presence and absence of the components in each reaction mixture, respectively. (c, d) Grain morphologies of W7, gw9, GW9-OE, gw2-c1,

GW2-OE, gw2-c1/gw9, GW9-OE/gw2-c1, and GW2-OE/gw9. Bars = 0.5 cm. (e, f) Statistical data of grain width and length. Error bars represent

standard deviation (SD). Statistical analyses were performed by Duncan’s multiple range tests (P < 0.05). The presence of the same lowercase letter denotes

a non-significant difference between means.
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deletion of C2H2-ZnF domain led to a significant increase in grain

size, while disruption of the VEFS domain caused floral organ

defects and indeterminacy (Figures 4a–g, S8). Consistent with this

result, the H3K27me3 were markedly decreased in disruption of

VEFS domain lines, and slightly decreased in the C2H2-ZnF

domain deletions lines (Figure S13e). ChIP-qPCR analysis of young

panicles from W7, gw9 and GW9-OE also revealed that the

methylation levels of MADS1, MADS6, MADS34 and MADS58

were declined in gw9 and significantly improved in GW9-OE

(Figure S13a–d). Therefore, we conclude that the C2H2-ZnF

domain of GW9 plays an important role in controlling grain size,

and VEFS domain is essential for maintaining floral organ identity.

These findings indicate the potential for future directional

genome editing of GW9 gene to enhance grain size and

ultimately improve grain yield.

GW9 is involved in GW2 ubiquitination pathway

By screening rice yeast library, we found an interaction between

GW9 and the GW2 protein (Figures 6, S10). Previous studies have

shown that GW2 encodes a RING-type E3 ubiquitin ligase, and is

a negative regulator responsible for grain width and weight (Song

et al., 2007). It is well known that the E3-ubiquitin ligase plays a

key role in recognizing target proteins and catalysing its ligation

to ubiquitin (Dikic and Robertson, 2012). Therefore, GW2 should

be able to interact with target genes and treat it as substrate to

promote its degradation. It has been confirmed that WG1 and

GW6a are the targets of GW2 and involved in ubiquitination

pathway to control grain size (Gao et al., 2021; Hao et al., 2021).

In addition, OsEXPLA1, a cell wall-loosening protein that pro-

motes cell growth, is also a substrate for ubiquitination by GW2

(Choi et al., 2018). Although OsEXPLA1 has not been reported

to be directly involved in regulating grain size in rice, the

heterologous overexpression of cell expansion gene BdEXPA27

and IbEXP1 significantly increased seed size in Arabidopsis (Bae

et al., 2014; Chen et al., 2020). In this study, GW9 physically

interacts with GW2, and GW2 can promote the ubiquitination of

GW9 (Figures 6 and 7a,b), indicating that GW9 is also a ubiquitin

target protein of GW2. We further constructed double mutant

and found that there was no significant difference between gw2/

gw9 and gw9 in grain length and width. Moreover, GW2

overexpression in gw9 background failed to rescue gw9 grain

size, but GW9 overexpression partially rescued the gw2

phenotype (Figure 7b–e). These results supported that GW9 acts

in a common pathway with GW2 and functions downstream of

GW2. To be sure, GW9 is not the only substrate for GW2 in

regulating grain size. Therefore, we speculate that may be other

targets in the GW2 ubiquitination pathway, such as WG1, GW6a,

EXPLA1, which may influence GW9-OE to fully restore GW2.

However, it was confusing that GW2 has been reported to

promote the degradation of target proteins, while both GW2 and

GW9 are play as a negative regulators of grain size in our study. In

fact, it is unlikely that GW9 is a substrate of GW2 for protein

degradation, but more possible that GW2 may activate or

stabilize GW9 by ubiquitination. It is also possible that there

may have another unknown E3 ubiquitin ligase that synergistically

increases protein ubiquitination to regulate grain size. Based on

these results, we propose a working model for the functional role

of GW9 in regulating grain size and weight. GW6 and WG1, as

known substrates of GW2, can be ubiquitinated by GW2 to

regulate grain size and weight. Meanwhile, GW9 was also

ubiquitinated by GW2 and further regulated the downstream

target genes expression by mediating H3K27me3 modification,

thereby promoting cell proliferation and expansion in spikelet

hull, ultimately leading to increased grain size and weight

(Figure 8).

Our findings enrich the genetic regulatory network of GW2-

mediated ubiquitin pathway controlling grain size and provide a

potential target for future molecular breeding of high yield in rice.

Materials and methods

Plant materials and growth conditions

The gw9 mutant was identified from the EMS-treated mutant

population of the Japonica cultivar Wuyungeng7 (W7). In this

Figure 8 Proposed model of GW9 regulating grain size and weight in rice. The ubiquitination of GW9, GW6a, and WG1 are regulated by GW2. GW6a

and WG1 positively regulates grain size by promoting cell proliferation and expansion. Meanwhile, GW9 is a component of the PRC2 complex, which

negatively regulates grain size by inhibiting the expression of downstream target genes through H3K27me3 modification. In the presence of GW2, the

mutation of GW9 removes the repressive effect of downstream target genes, improved the expression level of cell proliferation and expansion related

genes, and thus increasing grain size and weight.
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study, W7 was used as the wild type in all analyses, and the

mutant was backcrossed with W7 to produce gw9 mutant to

eliminate interference. All plants were cultivated in Hangzhou

(Zhejiang province, China) and Lingshui (Hainan province, China)

under natural growth conditions.

Map-based cloning of GW9

To map the mutated gene, gw9 was crossed with Taichung

Native 1 (TN1), an indica rice cultivar, and F1 plants were self-

pollinated to generate an F2 mapping population. New In/Del

molecular markers were developed to fine-map GW9. The gene

was finally mapped within a 50.2-kb region on chromosome 9,

and all open reading frames (ORFs) were amplified and

sequenced. The candidate genes within the 50.2-kb region are

listed in Table S1.

Phenotypical characterization

Plant height, panicle length, grain number per panicle, number of

primary and secondary panicle branches were measured at the

maturity stage. Fully filled grains were used to measured grain

length, grain width, and 1000-grain weight by using a ScanMaker

i800 (MICROTEK, China). The endosperm fresh weight and dry

weight at 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30 days after

fertilization (DAF) were measured to investigate the grain filling

rate, and the grain filling rate was calculated by using ‘Richards

equation’.

Histological analysis

Spikelet hulls were fixed in 50% FAA (50% ethanol, 5% glacial

acetic acid, and 5% formaldehyde) overnight and then stored

at 4 °C. The fixed samples were dehydrated in a gradient of

ethanol solutions, cleared in a graded xylene-ethanol solution,

and finally embedded in Paraplast Plus (Sigma). The samples

were sliced into 8-lm-thick sections with a microtome

(HM340E), and observed by a light microscopy (90I, Nikon)

(Hu et al., 2022). For glume cell observation, young spikelet

hulls were fixed in 2.5% glutaraldehyde and observed by

scanning electron microscopy (HITACHI, S-3000N) (Ren

et al., 2022). Cell size and cell number were measured by

Image J software (version 1.53c).

Plasmid construction and plant transformation

For the complementation test, the full-length genomic sequence

of GW9, containing a 2.2-kb upstream region, coding sequence,

and 1.1-kp of downstream region, was amplified from W7 and

cloned into the pCAMBIA1300 to generate the vector pGW9::

GW9. The entire cDNA of GW9 was amplified and inserted into

pActin::GFP to generate the pActin::GW9-GFP plasmid for

overexpression analysis and was inserted into Ubiquitin::GFP to

generate the vector for protein subcellular localization. A 2.2-kb

DNA fragment containing the promoter of GW9 was cloned into

the pCAMBIA1300-GUS to generate the vector pGW9::GUS for

GUS staining analysis. Gene editing constructs via CRISPR/Cas9

system was performed as previously described (Xie et al., 2017).

All constructs were confirmed by sequencing and then trans-

formed into rice callus or protoplasts. The PCR primers used are

listed in Table S2.

GUS staining and subcellular localization of GW9

The tissues from the transgenic plants carrying the pGW9::GUS

were collected at different developmental stages and stained in

GUS staining buffer overnight at 37 °C. Then, samples were then

bleached in 75% ethanol and photographed (Zhang et al., 2021b).

For the subcellular localization of theGW9protein, the pUbi::GW9-

GFP vectors were introduced into rice protoplasts using PEG-

mediated transformation methods. MADS29-RFP was used as the

nuclearmarker (Yin and Xue, 2012). In addition, the roots of 3-day-

old seedlings of pUbi::GW9-GFP transgenic plants were used to

determine the subcellular localization of GW9 protein. For nuclear

staining, the nuclear dye DAPI (1 lg/mL)was applied to the root for

10 min before observation. The GFP fluorescence and RFP

fluorescence were observed at the excitation wavelength of

488 nm and 561 nm, respectively, while DAPI fluorescence was

observed at the excitation wavelength of 460 nm. Fluorescence

signals were observed using a confocal microscope (Carl Zeiss,

LSM700).

Yeast two-hybrid (Y2H) assay

For yeast two-hybrid assay, the full-length coding sequences of

GW9 and different truncated forms were cloned into PGBKT7

vector, while full-length cDNA of GW2 was cloned into

PGADT7 vector. The prey and bait vectors were co-transformed

in yeast strain Y2H-gold and the yeast cells were cultured on

selection medium DDO (SD/-Trp-Leu) and QDO (SD/-Trp-Leu-

His-Ade/x-a-gal) at 30 °C. PGBKT7-53 and PGADT7-T were

used as positive control, and PGBKT7-empty and PGADT7-

empty were used as negative control. The primers used are

given in Table S2.

Bimolecular fluorescence complementary (BiFC) assay

Full-length coding sequences of GW9 and GW2 were cloned into

1300-YC and 1300-YN plasmid, respectively. The vectors were

co-infiltrated into leaves of N. benthamiana. Fluorescence signals

were detected using confocal microscope (Carl Zeiss, LSM700).

The primers used are listed in Table S2.

Split luciferase complementation (LCI) assay

Full-length coding sequences of GW9 and GW2 were cloned into

1300-cLUC and 1300-nLUC to generate the cLUC-GW9 and

GW2-nLUC fusion vectors, respectively. Different vector combi-

nations were then transformed into N. benthamiana leaves. After

2 days of incubation, luciferin was smeared on the leaves and the

activated luciferase reconstitution signals were imaged using a

plant imaging system (PI Lumazone 1300B). The primers used are

listed in Table S2.

Co-IP assays

Full-length coding sequences of GW9 and GW2 were cloned into

pUbi-GFP and pUbi-RFP-HA to produce the fusion protein Ubi::

GW9-GFP and Ubi::GW2-RFP-HA, respectively. Different combi-

nations of plasmids were transiently expressed into rice proto-

plast. Total proteins were extracted with extraction buffer

(50 mM Tris–HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA [pH

8.0], 1% NP40, 5% glycerol, protease inhibitor cocktail, and

1 mM PMSF) and incubated with GFP-trap beads (ChromoTek,

gtma-20) for 1–2 h at 4 °C. Beads were washed five times with

protein extraction buffer and then proteins were boiling for

10 min after adding SDS-loading buffer (59). Protein samples

were separated by 10% SDS-PAGE gel and detected by

immunoblotting with anti-GFP (Abmart, M20004M, 1:2000)

and anti-HA (Abmart, M20003M, 1:2000) antibodies, respec-

tively. The primers used are listed in Table S2.
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Protein purification and ubiquitination assay

The full-length coding sequences of GW9 and GW2 were cloned

into the PET28a and pGEX-4T-1 to generate GW9-His and GW2-

GST vector, respectively. These constructs were transformed into

E. coli ArcticExpress (DE3) pRARE2 competent cell, and the

recombinant proteins were induced with 0.2 mM IPTG at 18 °C
for 16 h. Fusion proteins were purified using the His Resin

(TransGen, DP101) or GST Resin (Sangon, C600327-0001)

according to the manufacturer’s protocols. The ubiquitination

assay in vitro was performed using a Ubiquitinylation Kit (Enzo

Life Sciences, BMLUW9920-0001) according to the manufac-

turer’s instructions and the UbcH5b in the kit was used as E2

enzyme in this study. Polyubiquitinated proteins were detected by

immunoblotting with anti-His (Abmart, M30111M, 1:5000), anti-

GST (Abmart, M20007M, 1:5000), and anti-ubiquitin (Abcam,

ab7254, 1:2000) antibodies, respectively. The primers used are

listed in Table S2.

GST pull-down assays

GST or GST-GW2 coupled GST beads (Sigma, G0924) were

incubated with MBP-His-GW9 for 2 h at 4 °C, and then washed

thoroughly, boiled in SDS-loading buffer (19). Protein samples

were separated by 10% SDS-PAGE gel and detected by

immunoblotting with anti-GST (Abmart, M20007M, 1:5000)

and anti-His antibodies (Abmart, M30111M, 1:5000),

respectively.

RNA extraction and qRT-PCR analysis

Total RNA was extracted from various tissues using the AxyPrepTM

total RNA Miniprep Kit (Axygen) according to the manufacturer’s

instructions. The first-strand cDNA was synthesized based on the

ReverTra Ace kit (Toyobo) and the cDNA was diluted as a

template for qRT-PCR. qRT-PCR was performed with the Bio-Rad

CFX96 real-time PCR detection system using the SYBR Green PCR

Master Mix kit (Applied Biosystems). The rice gene Actin

(LOC_Os03g50885) was used an as the internal control. Three

replicates were performed for all experiments and Student’s t-test

was used to analyse the significance of differences. The primers

used are listed in Table S2.

RNA-seq and data analysis

Total RNA samples were isolated from young panicle of W7, gw9

and GW9-OE plants by using RNAiso Plus (Takara, 9108)

according to the manufacturer’s instructions. Different expression

genes were identified by edgeR with FDR <0.05 and |log2(Fold
change)| > 1 using normalized expression values among all

samples. The DEGs are listed in Table S3.

ChIP-qPCR assay

For ChIP-qPCR, young panicles from W7, gw9 and GW9-OE

plants were harvested and cross-linked in 1% (v/v) formaldehyde

for 15 min at 4 °C, and subsequently added glycine to 125 mM

to stop the reaction. The chromatin was extracted, purified, and

sheared into 200–500 bp fragments by sonication, prepared

sample were precleared with DynabeadsTM protein A/G (Invitro-

gen, 10001D and 10003D) for 1 h before incubation with anti-

H3K27me3 (abcam, ab6002) antibodies with new DynabeadsTM

protein A/G overnight at 4 °C. The protein-DNA complexes

eluted from the beads were collected and reverse crosslinked, and

then, the purified DNA fragments were analysed with qPCR.

Detection of GW9 ubiquitination in vivo

Different combinations of Ubi::GW9-GFP and Ubi::GW2-RFP-HA

vectors were transiently co-expressed in rice protoplasts. The

expressed proteins were extracted with NB1 protein extraction

buffer (50 mM Tris-MES [pH 8], 0.5 M sucrose, 1 mM MgCl2,

10 mM EDTA [pH 8.0], 5 mM DTT, protease inhibitor cocktail,

and 1 mM PMSF) and immunoprecipitated with GFP-trap beads

(ChromoTek, gtma-20) with 50 lM MG132 for 1–2 h at 4 °C
with gently shaking. Then, beads were washed three times with

NB1 buffer and boiling for 10 min after adding SDS-loading

buffer (59). Protein samples were loaded on 10% SDS-PAGE gel

and immunoblotted with anti-Ubi (Abcam, ab7254, 1:5000),

anti-GFP (Abmart, M20004M, 1:2000) and anti-HA (Abmart,

M20003M, 1:2000) antibodies, respectively.
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