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ABSTRACT

G-protein signaling and ubiquitin-dependent degradation are both involved in grain development in rice, but

how these pathways are coordinated in regulating this process is unknown. Here, we show that Chang Li

Geng 1 (CLG1), which encodes an E3 ligase, regulates grain size by targeting the Gg protein GS3, a negative

regulator of grain length, for degradation. Overexpression of CLG1 led to increased grain length, while over-

expression ofmutated CLG1with changes in three conserved amino acids decreased grain length.We found

that CLG1 physically interacts with and ubiquitinats GS3which is subsequently degraded through the endo-

some degradation pathway, leading to increased grain size. Furthermore, we identified a critical SNP in the

exon 3 of CLG1 that is significantly associated with grain size variation in a core collection of cultivated rice.

This SNP results in an amino acid substitution from Arg to Ser at position 163 of CLG1 that enhances the E3

ligase activity of CLG1 and thus increases rice grain size. Both the expression level of CLG1 and the SNP

CLG1163S may be useful variations for manipulating grain size in rice.
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INTRODUCTION

Rice is a staple food crop for half of the world’s population. Grain

size of rice is both a yield trait and quality trait and thus is one of

the main breeding targets. Grain size is defined by the length,

width, and thickness of the grain. Numerous QTLs controlling

grain size, such as GW2, GW5, GS3, DEP1, and GL3.1 (Fan

et al., 2006; Song et al., 2007; Weng et al., 2008; Huang et al.,

2009; Mao et al., 2010; Qi et al., 2012; Zhang et al., 2012;

Ishimaru et al., 2013; Hu et al., 2015; Liu et al., 2017, 2018),

have been identified in rice. Several signaling pathways

regulating grain size have also been characterized, including
Molec
the mitogen-activated protein kinase, G-protein, and ubiquitin-

dependent signaling pathways.

In the ubiquitin-dependent pathway, E3 ligases are the key regu-

latory components, as they mediate substrate specificity

(Morreale and Walden, 2016). In Arabidopsis, the ubiquitin

receptor DA1 functions synergistically with the E3 ubiquitin

ligases DA2 and BB/EOD1 to target different substrates and
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regulate grain size (Li et al., 2008; Xia et al., 2013). In rice, the

RING (Real Interesting New Gene)-type E3 ligase GW2

ubiquitinates EXPANSIN-LIKE 1 and negatively regulates seed

size (Choi et al., 2018). GW2 also targets the glutaredoxin

protein WG1, which acts upstream of OsbZIP47 in the control

of grain width and weight, for degradation (Hao et al., 2021).

Ubiquitin regulates protein transport between membrane

compartments by serving as a sorting signal on protein cargo

and by controlling the activity of the trafficking machinery

(Hicke and Dunn, 2003). One example is the sorting of proteins

with K63-linked ubiquitin chains by multivesicular bodies for

degradation by the endosome degradation pathway (Lauwers

et al., 2009). However, little is known about how the endosome

degradation pathway controls grain size in rice.

G-protein signaling plays an important role in controlling grain

size and shape in rice (Xu et al., 2019). The G-protein complex

is responsible for coupling many cell surface G-protein-linked

receptors with the appropriate intracellular effectors. The

receptors are activated by ligands, and the effectors mediate

various cellular responses. The heterotrimeric G-protein

complex consists of the Ga, Gb, and Gg subunits. The rice

genome encodes two typical Gg proteins, RGG1 and RGG2,

and three atypical members, GGC2, DEP1, and GS3 (Xu et al.,

2016; Liu et al., 2018; Sun et al., 2018). GS3 is a major negative

regulator of grain length (Fan et al., 2006; Mao et al., 2010). It

genetically interacts with GL3.3, which encodes a GSK3/

SHAGGY-like kinase, and the gs3 gl3.3 double mutant produces

extra-long grains (Xia et al., 2018). Both GS3 and DEP1 interact

with OsMADS1, enhancing its transcriptional activity and thus

regulating grain size and shape (Liu et al., 2018). However, the

relationship between the various pathways involved in grain

size regulation is largely unknown.

Here, we identified a gain-of-function mutant, Chang Li Geng1-1

(clg1-1), that exhibits increased grain size. CLG1 was predicted

to encode an E3 ligase containing a CHY zinc-finger domain

and a C3H2C3-type RING domain (Kobayashi et al., 2013).

Consistent with the gain-of-function mutant phenotype, overex-

pression of CLG1 led to increased grain size. We showed that

CLG1 regulated grain size by directly interacting with GS3. The

full-length GS3 protein (GS3-2) could be ubiquitinated by CLG1

and degraded via the endosome degradation pathway. However,

a truncated GS3 protein (GS3-4) could not be endocytosed

and accumulated on the membrane, which inhibited G-protein

signaling and resulted in short grains. The substitution of

Ser163 for Arg163 in a natural population enhanced CLG1 activ-

ity. Our work reveals a connection between the ubiquitin endo-

some degradation pathway and G-protein signaling in grain size

regulation.
RESULTS

Identification of CLG1 as a positive regulator of grain
size

The clg1-1 mutant was obtained from a tissue culture seedling

population generated by Agrobacterium tumefaciens-mediated

transformation of Zhonghua 10 (ZH10, Oryza sativa L. ssp.

japonica/geng). The brown rice grain length of clg1-1 (6.1 ±

0.05 mm) was �21% higher compared with that of the wild-
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type ZH10 (5.0 ± 0.03 mm) (Figure 1A). Genomic DNA

sequencing showed that the T-DNA was inserted in the

Os05g47770 gene (Supplemental Figure 1A and 1B).

However, a knockout mutant of Os05g47770 generated by

CRISPR/Cas9 technology did not show any changes in grain

length compared with the wild type (Supplemental Figure 1C

and 1D).

We thus cloned the gene based on the grain length trait. A map-

ping population was generated by crossing clg1-1 with GLA4

(Guanglu Ai 4), an indica/xian variety with a seed size similar to

that of ZH10. Using 4600 F2 plants, we mapped the CLG1 locus

to a 5 Mb region on the long arm of chromosome 5 between the

molecular markers RM3809 and RM334; this region was further

narrowed down to 128 kb between markers CL12 and CL15

(Figure 1B). Informatic analysis identified 16 putative genes in

this region (Supplemental Table 1). The transcription levels of

these genes in young panicles (10 ± 1 cm in length) were

determined by qRT–PCR. The transcript level of Os05g47780 in

the clg1-1 mutant was about four times that in the wild type;

the reason why transcription levels are higher in the mutant is

not clear (Supplemental Figure 2A). Os05g47780 encodes the

E3 ligase OsHRZ2 (Oryza sativa Hemerythrin motif-containing

RING- and Zn-finger protein 2) (Figure 1C), which was reported

to regulate iron acquisition (Kobayashi et al., 2013; Selote et al.,

2015). Considering the reported involvement of E3 ubiquitin

ligases in seed size regulation (Song et al., 2007; Xia et al.,

2013) and the highly elevated expression of Os05g47780 in

panicles (Supplemental Figure 2A), we considered Os05g47780

as the candidate for CLG1.

To verify the above speculation, the following transgenic rice

plants were generated: CLG1 overexpression lines (OEs) and

CLG1 knockout lines (KOs) in the ZH10 background. All of these

transgenic plants were confirmed by qRT–PCR (Supplemental

Figure 2B). The two CLG1 KOs, KO1 and KO2, were generated

by CRISPR/Cas9, and both of these lines contained frameshift

mutations (Figure 1D). The OEs (OE1 and OE2) showed

significantly increased grain length compared with ZH10

(Figure 1E), while the grain lengths of KO1 and KO2 plants were

not significantly different from that of ZH10. We also

used CRISPR/Cas9 to knock out the Os05g47780 gene in the

clg1-1 background (the resulting lines are referred to as

complementation lines [COMs]). The grains of COM1 and

COM2 were obviously shorter than those of clg1-1 (Figure 1F

and 1G). These data suggested that clg1-1 is a gain-of-function

mutant of Os05g47780 and that the CLG1 gene positively regu-

lates grain length.
CLG1 encodes a RING E3 ligase

E3s are the most heterogeneous class of enzymes in the ubiqui-

tination pathway. The RING-type E3 ubiquitin ligases comprise

the largest class of E3s (Morreale and Walden, 2016). RING E3

ligases serve as a scaffold mediating the direct transfer of

ubiquitin to the substrate, and can function as monomers,

homodimers, heterodimers, or even as multiple subunits. RING

domain E3 ligases are required for many cellular processes

(Gao et al., 2011; Park et al., 2012; Hu et al., 2013; Ding et al.,

2015; Lim et al., 2015; Yang et al., 2015, 2016; Liu et al., 2016;

You et al., 2016).
1.



Figure 1. Map-based cloning of CLG1.
(A) The length and width of brown rice grains of wild-type Zhonghua 10 (ZH10) and mutant clg1-1. Scale bars correspond to 1 cm. Values are given as

means ± SE (n = 30). The P values are from Student’s t-tests between the wild type and mutant.

(B) Genetic map developed using 4600 segregating F2 plants. The mutant clg1-1 was crossed with GLA4, an indica/xian variety.

(C) A diagram of wild-type CLG1 and mutated CLG1 (mCLG1). The key residues for Zn2+ ion chelation in the RING domain of CLG1, Cys713, His715, and

His718, were mutated to Ser713, Tyr715, and Tyr718 residues, respectively.

(D) The mutation sites in the CLG1 gene in the knockout mutant 1 (KO1) and KO2 generated by CRISPR/Cas9.

(E) The length andwidth of brown rice grains of wild-type ZH10 and homozygous transgenic plants. Scale bars correspond to 1 cm. OE1 andOE2 indicate

CLG1-overexpressing plants. KO1 and KO2 indicate the two KOs in the ZH10 background, generated using CRISPR/Cas9. mOE1 and mOE2 indicate

mCLG1 overexpression lines. Values are given as means ± SE (n = 30). Student’s t-test was used to generate the P values.

(F) The length and width of brown rice grains of Os05g47780 KOs in the clg1-1 mutant background. Values are given as means ± SE (n = 30). Student’s

t-test was used to generate the P values.

(G) The mutation sites in Os05g47780 in the clg1-1 mutant lines generated by CRISPR/Cas9. See also supplemental Figures 1 and 2.
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The CLG1 gene was predicted to contain an open reading frame

with 10 exons and 9 introns, encoding an E3 ligase of 811 amino

acids with 4 domains: a hemerythrin domain, a CHY zinc-finger

domain, a RING domain, and a zinc-ribbon domain (Figure 1C).

The hemerythrin domain is involved in the regulation of iron

acquisition (Kobayashi et al., 2013; Aung et al., 2018), and the

CHY zinc-finger domain includes a conserved CxHY motif.

The RING domain is a C3H2C3-type zinc finger, in which the

Cys713, His715, and His718 residues are involved in the chelation

of two Zn2+ ions and are required for E3 ligase activity

(Supplemental Figure 3A) (Freemont et al., 1991; Stone et al.,

2005; Ding et al., 2015). BLAST searches of protein databases

identified a number of orthologous proteins of CLG1 in various

higher plants. In addition, a phylogenetic tree of CLG1 proteins

from selected monocot and dicot species showed that

CLG1 was evolutionarily most closely related to orthologs in

Oryza brachyantha (OB05G32390), Brachypodium distachyon

(BRADI_2g18270v3), and Aegilops tauschii (LOC109731892)

(Supplemental Figure 3B). Some of the orthologous proteins of

CLG1 have been confirmed to be E3 ligases (Selote et al., 2018).

To test CLG1 for E3 ligase activity, we performed an in vitro ubiq-

uitination assay using a purified Maltose-Binding Protein

(MBP):CLG1 fusion protein incubated with purified E1, E2, and

ubiquitin following an established method (Zhang et al., 2007).

The reaction products were analyzed by immunoblotting using

an anti-ubiquitin antibody. A smeared higher-molecular-mass

band was detected in the reactions containing MBP:CLG1 incu-

bated with purified E1, E2, and ubiquitin, but not in those lacking

E1, E2, or ubiquitin (Supplemental Figure 3C). These western

blotting data clearly showed that CLG1 has E3 ligase activity

and can mediate self-ubiquitination in vitro.

A previous study showed that chelation of a Zn2+ ion by one Cys

and two His residues in the RING domain is necessary for the ac-

tivity of RING-type E3 ligases (Stone et al., 2005; Ding et al.,

2015). The substitution of key amino acids in the RING motif is

a common strategy used to produce dominant negative

mutants of E3 proteins (Xie et al., 2002; Zhang et al., 2005;

Dong et al., 2006; Koiwai et al., 2007; Peng et al., 2013; Jung

et al., 2015). We generated a mutated form of CLG1 (mCLG1)

by substituting the three key amino acids Cys713, His715, and

His718 with Ser713, Tyr715, and Tyr718, respectively (Figure 1C). A

ubiquitination assay showed that mCLG1 had no ligase activity

(Supplemental Figure 3C). We also generated mCLG1-

overexpressing rice plants (mOEs), which showed significantly

decreased grain length compared with wild type (Figure 1E).

These results suggested that the inactivated mCLG1 may

competitively interact with the substrate and thus decrease the

ubiquitination of substrates by the endogenous wild-type CLG1

protein. Therefore, the E3 activity of CLG1 is essential for CLG1

genetic function.
CLG1 physically interacts with GS3

The results from phenotypic analysis of transgenic plants and as-

says of the E3 ligase activity of CLG1 and mCLG1 implied that

CLG1-mediated protein degradation may affect grain size. Thus,

we speculated that the candidate target protein of CLG1 could

be a negative regulator of grain length. We thus investigated the

interactions of CLG1 with known negative regulators of seed
1702 Molecular Plant 14, 1699–1713, October 4 2021 ª The Author 202
size, GL3.1, GSK2, TGW6, GS5, GW5, and GS3, using the yeast

two-hybrid (Y2H) system (Figure 2A). GS3 (Os03g0407400),

which negatively regulates grain size and organ size by

competitively interacting with Gb (Fan et al., 2006; Mao et al.,

2010; Sun et al., 2018), was identified as a CLG1-interacting part-

ner. However, no interaction was detected between CLG1 and

DEP1/dep1 (a truncated DEP1 protein with a short tail), another

Gg protein in rice that interacts with Gb (Figure 2A).

The GS3 protein has three domains, the N-terminal organ size

regulation domain (amino acids 12–72), the middle region (73–

114), and the C-terminal Cys-rich domain referred to as the

‘‘tail’’ (115–232) (Figure 2B) (Mao et al., 2010; Botella, 2012; Sun

et al., 2018). Four alleles of GS3 were previously identified:

GS3-1 (Zhenshan 97), GS3-2 (Nipponbare and ZH10), GS3-3

(Minghui 63), and GS3-4 (Chuan 7). GS3-1 and GS3-2 differ by

only one amino acid in the C-terminal region and have the

same effect on grain length. GS3-3 from Minghui 63 has an

SNP causing premature termination of the predicted protein, re-

sulting in loss of the functional domain and thus the production of

long grains. GS3-4 from Chuan 7 has a 1-bp deletion at 357 bp,

which causes a frameshift in the C terminus, yielding a truncated

149 amino acid protein (Mao et al., 2010; Sun et al., 2018).

The interaction between CLG1 and the full-length GS3-2 protein

from ZH10 was confirmed by a pull-down assay. The glutathione

S-transferase (GST):CLG1 and MBP:GS3-2 fusion proteins were

expressed in Escherichia coli and purified by affinity chromatog-

raphy. GST:CLG1 was able to pull down MBP:GS3-2 but not

MBP, which suggested that CLG1 interacts directly with GS3-2

(Figure 2C). The interaction between CLG1 and GS3-2 was also

demonstrated using the split firefly luciferase complementation

assay in Nicotiana benthamiana leaf cells and bimolecular fluo-

rescence complementation (BiFC) assay in rice protoplasts

(Figure 2D and 2E). The Y2H and BiFC results showed that

CLG1 could interact with GS3-1, GS3-2, and GS3-4, but not

GS3-3 (Figure 2A and 2E). GS3-3 is the shortest of the GS3 pro-

teins, containing only the N-terminal 55 amino acids (Figure 2B),

suggesting that this region does not interact with CLG1. Like

CLG1, mCLG1 could interact with GS3-1, GS3-2, and GS3-4

(Supplemental Figure 4), which suggested that the mutation in

the RING domain did not affect the interaction between CLG1

and GS3.

To search for the CLG1 target site in GS3, various truncated forms

of GS3-2 were used as baits and the full-length sequence of CLG1

as the prey in Y2H assays.We designated the truncated forms ob-

tained by deletions of the N-terminal 1–65, 1–114, and 68–232

amino acids as GS3-2D1–65, GS3-2D1–114, and GS3-2D68–

232, respectively (Figure 2B). Deletion of amino acids 1–65 did

not affect the interaction between GS3-2D1–65 and CLG1 in the

Y2H assay. GS3-2D1–114 and GS3-2D68–232, which lacked the

middle region, could not interact with CLG1 (Figure 2A). Thus

amino acids 66–114 in the middle region of GS3-2 are necessary

for the interaction between GS3-2 and CLG1.
CLG1 ubiquitinates GS3 on the tail domain and targets it
for endosomal degradation

Confocal microscopic observation showed that both GS3-1 and

GS3-2 interacted with CLG1 in the cytomembrane and
1.



Figure 2. The interaction between CLG1 and GS3.
(A)GAL4-based Y2H assay showing that CLG1 interacts with GS3-2 and other proteins related to grain size. AD, activation domain; BD, binding domain;

SD, synthetic dropout.

(B) The proteins encoded by different alleles of GS3 and the deletion constructs of GS3-2. OSR, organ size regulation domain; MR, middle region.

(C) Pull-down assay showing the interaction between GST:CLG1 and MBP:GS3-2.

(D) Split luciferase complementation indicates an in vivo interaction between CLG1 and GS3-2.

(E) Verification of the interaction between CLG1 and GS3 proteins by BiFC in rice protoplasts. PIP2 is a membrane-localized marker. Scale bars

correspond to 10 mm.
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cytoplasm, but interaction of GS3-4 with CLG1 only occurred on

the cytomembrane (Figure 2E). It was reported that PYR1/PYL

membrane proteins modified by K63-linked ubiquitin can be

degraded by the endosome degradation pathway (Yu et al.,

2016), which led us to speculate that ubiquitinated GS3 may

also be sorted into lysosomes/vacuoles for degradation via the

endosome-mediated pathway. To test this, the localization of

GS3-2 and GS3-4 was observed in N. benthamiana leaf cells

(Figure 3A and 3B). Confocal imaging showed that GS3-2, but

not GS3-4, was colocalized with the early endosome marker

OsSCAMP1 (Lam et al., 2007) and the late endosome marker

ARA7 (Spitzer et al., 2006). Live-cell time-lapse imaging showed

that GS3-2:GFP was distributed as discontinuous fluorescent

spots on the membrane and in the cytoplasm. The fluorescence

intensity of GS3-2:GFP obviously decreased from 5 to 7 h after

cycloheximide (CHX) (an efficient inhibitor of eukaryotic protein

synthesis) treatment, whereas the signal of GS3-4:GFP on the

membrane did not (Supplemental Figure 5 and Figure 3C).

When mCLG1 was overexpressed in N. benthamiana leaf cells,

more GS3-2:GFP accumulated in the cytomembrane than when

CLG1 was overexpressed (Figure 3C and Supplemental

Figure 6). To further verify the trafficking of GS3-2 from the mem-

brane to cytoplasm, we employed the protein cargo transporta-

tion inhibitor wortmannin (WM), which results in the formation of

enlarged multivesicular bodies (Robinson et al., 2008), with

Arabidopsis VPS23A, a member of the endosomal sorting

complex required for transport-mediated sorting, as a marker

(Yu et al., 2016). Under WM treatment, cells co-expressing

GS3-2:GFP and VPS23A:mCherry displayed more punctate fluo-

rescent signals than those without WM treatment (Supplemental

Figure 7 and Figure 3D). To detect the ubiquitination of GS3

in vivo, Myc:GS3-2 and Myc:GS3-4 were expressed in

N. benthamiana leaves. Western blot analysis with an anti-ubiqui-

tin antibody showed that both Myc:GS3-2 and Myc:GS3-4 were

ubiquitinated, and that the ubiquitination level of Myc:GS3-2 was

higher than that of Myc:GS3-4 (Supplemental Figure 8). These

results suggested that the ubiquitinated GS3-2 protein could be

sorted into the lysosome/vacuole for degradation, and that ubiq-

uitinated GS3-4 lacking the Cys-rich tail could not be sorted into

the endosome and thus accumulated on the membrane.

The different distributions of GS3-2 and GS3-4 and the physical

interactions of CLG1 with GS3-1, GS3-2, and GS3-4 suggested

that these GS3 proteins may differ in ubiquitination by the E3

ligase CLG1. Moreover, in our previous work, Ubi::GS3-1:Flag

(GS3-1F) transgenic plants showed reduced grain length

compared with the wild type, and Ubi::GS3-4:Flag (GS3-4F)

transgenic plants produced even shorter grains. The shorter grain

length of GS3-4F compared with GS3-1F is due to the higher

accumulation of GS3-4 because of its failure to be degraded

(Sun et al., 2018).

To identify differences in ubiquitination between GS3-2 and GS3-

4, ubiquitination sites were predicted by Musite (Qiu et al., 2019).

Six sites (K10, K76, K87, K88, K126, and K153) were identified in

GS3-2, and four sites (K10, K76, K87, and K88) in GS3-4. We per-

formed in vitro ubiquitination reactions, in which either the

GST:GS3-2:Myc or GST:GS3-4:Myc fusion protein was used as

the substrate and the recombinant protein MBP:CLG1 was

used as the E3 ligase. In the presence of E1, E2, and ubiquitin,

smeared higher-molecular-mass bands could be detected by
1704 Molecular Plant 14, 1699–1713, October 4 2021 ª The Author 202
the anti-ubiquitin antibody and anti-K63-linked ubiquitin anti-

body. The band intensity decreased with decreasing amounts

of GST:GS3-2:Myc or GST:GS3-4:Myc (Figure 4A). When the

ubiquitin was substituted by ubiquitinK63R, the ubiquitination

levels of GS3-2 and GS3-4 obviously decreased and the K63-

linked form could not be detected (Figure 4B). These results

suggested that CLG1 mediates K63-linked polyubiquitination of

GS3-2 and GS3-4.

The products of in vitro ubiquitination reactions were also de-

tected by liquid chromatography-mass spectrometry (LC-MS).

The LC-MS assay revealed ubiquitination of K76, K87, K88, and

K153 in GS3-2, while only K76 and K88 in GS3-4 were found

to be ubiquitinated (Figure 4C). Thus, CLG1 targets and

ubiquitinates the middle region of both the full-length form

GS3-2 and the truncated form GS3-4. We inferred that the lack

of K153 in GS3-4 (149 amino acids in length) might be the main

reason why GS3-4 could not be degraded by the endosome

degradation pathway. This provided an explanation for the

over-accumulation of GS3-4 protein observed previously (Sun

et al., 2018), which had a large effect on grain size.

To investigate the degradation efficiency of the full-length

variant GS3-1 and truncated variant GS3-4 by the endosome

degradation pathway, 14-day-old seedlings of Ubi::GS3-1:Flag

and Ubi::GS3-4:Flag transgenic rice were treated with CHX,

with or without E64d (an inhibitor of vacuolar/lysosomal hydro-

lases). Western blotting showed that E64d could obviously sup-

press GS3-1:Flag degradation after treatment for 2, 4, and 6 h.

However, levels of GS3-4:Flag remained similar with or without

E64d treatment (Figure 4D). These results suggest that GS3-1

degradation may be partially mediated by the endosome degra-

dation pathway.

To test the relationship between CLG1 andGS3 in vivo,Ubi::CLG1

was transformed into a Ubi::GS3-1:Flag-overexpressing line

(GS3-1F) and a Ubi::GS3-4:Flag-overexpressing line (GS3-4F);

the resulting lines were designated CLG1-OE/GS3-1F and CLG1-

OE/GS3-4F, respectively.More than three independent transgenic

plants were obtained in each background (Supplemental

Figure 9B). The protein levels of GS3-1:Flag and GS3-4:Flag

were detected using an antibody against Flag. Compared with

GS3-1F, the two CLG1-OE/GS3-1F transgenic plants showed

lower levels of GS3-1:Flag (0.72 and 0.32 relative to GS3-1F). In

contrast, the levels of GS3-4:Flag in CLG1-OE/GS3-4F transgenic

plants were reduced to a much lesser extent (0.87, 0.82, and 0.89

relative toGS3-4F) (Figure4E). Furthermore, theCLG1-OE/GS3-1F

transgenic plants showed significantly increased grain length

compared with GS3-1F, and the grain lengths of CLG1-OE/GS3-

4F transgenic plants were not significantly different from those of

GS3-4F (Supplemental Figure 9A). These results suggested that

overexpression of CLG1 enhances degradation of GS3-1 in vivo,

but does not much enhance that of GS3-4.
Natural variation at the CLG1 locus affects grain length

To investigate the possible effect of natural variation in CLG1 on

grain length, the sequences of 346 accessions of cultivated rice

from the 3000 Rice Genome Project were analyzed (https://

snp-seek.irri.org). Using the NIP sequence (rice.plantbiology.msu.

edu) as the reference, 14 SNPs were identified at the CLG1 locus
1.
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http://rice.plantbiology.msu.edu


Figure 3. Subcellular localization of GS3-2 and GS3-4.
(A) GS3-2 partially localizes to the early endosomes. GS3-2:GFP or GS3-4:GFP was transiently co-expressed with the early endosome marker OsS-

CAMP1:mCherry in N. benthamiana leaves using agroinfiltration. After 3 days, the resulting fluorescence was observed by confocal laser scanning

microscopy. Arrows indicate the overlap of green and red fluorescence. Scale bars correspond to 10 mm.

(B) GS3-2 partially localizes to the late endosomes. GS3-2:GFP or GS3-4:GFP was co-expressed with the late endosome marker ARA7:mCherry in

N. benthamiana leaves using agroinfiltration. After 3 days, the resulting fluorescence was observed by confocal laser scanning microscopy. Scale bars

correspond to 10 mm.

(C) The dynamic distribution of GS3-2 and GS3-4 in the plasmamembrane from 5 to 7 h after cycloheximide (CHX) treatment. The fluorescence intensity

of the labeled area with the red line was determined using the ImageJ plot profile tool. CHX, actidione; y axes are relative pixel intensity. Scale bars

correspond to 10 mm.

(D) Trafficking of GS3-2 and VPS23A from membrane to vacuole. GS3-2:GFP and the late endosome marker VPS23A:mCherry were co-expressed

in N. benthamiana leaves using agroinfiltration. Treatment with the protein cargo transportation inhibitor wortmannin (WM) blocked protein cargo traf-

ficking to vacuoles and resulted in the formation of enlarged multivesicular bodies. The boxed areas are enlarged on the right. Scale bars correspond

to 10 mm.
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(from �2736 to +4733) (Figure 5A). Using these SNPs, the

accessions could be divided into four haplotypes. Three

haplotypes (Hap2, Hap3, and Hap4) were found in indica/xian

accessions, two (Hap1 and Hap4) were found in temperate

japonica/geng accessions, and two (Hap2 and Hap4) in tropical

japonica/geng accessions. Only one SNP (27878401) in the open

reading frame caused amino acid variation; 27878401A, which

occurred only in Hap1, encoded Arg163, and 27878401T in Hap2,

Hap3, and Hap4 encoded Ser163. Accessions having Hap2,

Hap3, and Hap4 had longer grains than those having Hap1

(27878401A) (Figure 5B). These results indicated that SNP

27878401T increases grain length. Although Hap2, Hap3, and

Hap4 had the same coding sequence, accessions with Hap4

obviously produced longer grains than those with the other

haplotypes in the group of 122 indica/xian accessions (Figure 5C)

and in the 78 temperate japonica/geng accessions (Figure 5D).

To exclude the possibility that different alleles of GS3 have

different effects on grain length, the 166 accessions that carried

the GS3-1/-2 alleles were selected and their grain lengths

were compared. The statistical data showed that accessions

with these three haplotypes had similar grain lengths in the

GS3-1/-2 background (Figure 5E).

Hap1andHap3showed the largest difference in termsof thenum-

ber of SNPs among the four haplotypes, in addition to SNP

27878401T/A, which causes an amino acid substitution. We

thus compared the effects of Hap1 and Hap3 on grain length

and weight. A chromosome segment substitution line (CSSL),

93-11Hap1 (CLG1Hap1/GS3-3), which carried the CLG1Hap1 allele

from NIP and the GS3-3 allele from the indica/xian cultivar

93-11, showed no significant difference compared with 93-11

(CLG1Hap3/GS3-3). However, the CSSL NIPHap3 (CLG1Hap3/

GS3-2), which carried CLG1Hap3 from 93-11 and the GS3-2 allele

from NIP, produced longer grains than NIP (CLG1Hap1/GS3-2)

(Figure 5F). Thus CLG1Hap3 could increase grain length

depending on the allele at the GS3 locus. These results

suggested that the CLG1 locus may play a role in grain size

regulation at the species level.
The E3 ligase activity of CLG1163S is stronger than that of
CLG1163R

We speculated that Hap2, Hap3, and Hap4 of CLG1may encode

proteins with higher E3 ligase activity than that encoded by Hap1,

such that GS3-2 may be more readily ubiquitinated by CLG1163S

than CLG1163R. To test this hypothesis, we performed an in vitro

ubiquitination assay, comparing the purified MBP:CLG1163S

fusion protein against MBP:CLG1163R. Western blotting showed

that the mass of ubiquitinated-MBP:CLG1163S was much higher

than that of MBP:CLG1163R (Figure 6A). These results

suggested that CLG1163S has much higher E3 ligase activity

than MBP:CLG1163R.
DISCUSSION

CLG1 regulates grain length throughG-protein signaling

GS3 is the first cloned quantitative trait locus gene that negatively

regulates grain size and organ size (Fan et al., 2006; Mao et al.,

2010). Previous work showed that GS3 and DEP1/GGC2

competitively interact with RGB1 in the G-protein signaling
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pathway, and that the C-terminal tail of GS3 is necessary for its

degradation. The C-terminal tail-mediated self-degradation of

GS3 is critical for the strength of G-protein signaling in grain

size regulation (Sun et al., 2018).

In this study, we showed that CLG1, an E3 ubiquitin ligase, can

interact with GS3 for its degradation to regulate G-protein

signaling. CLG1 functions in endocytosis-mediated degradation

instead of 26 proteasome-mediated degradation and regulates

grain size through the G-protein signaling pathway (Figure 6B).

The rate of GS3 degradation determines the balance between

the Ga-Gb-GS3 and Ga-Gb-DEP1/GGC2 complexes to

regulate grain length. CLG1 targets GS3 for degradation

mainly through the ubiquitination of GS3’s C-terminal tail. In

the gain-of-function mutant clg1-1, the increased amount of

CLG1 enhances degradation of GS3 and thus reduces its bind-

ing of Gb, leading to an increase in grain length. In the GS3-2

protein, ubiquitination of the C-terminal tail by CLG1 targets it

for degradation, which releases Gb from GS3, allowing DEP1

and GGC2 to bind to Gb and resulting in the production of

medium-length grains. In contrast, the absence of a C-terminal

tail in GS3-4 greatly reduces ubiquitination by CLG1 and results

in the accumulation of GS3-4, most of which binds Gb and pre-

vents the binding of DEP1 and GGC2, leading to the production

of short grains. GS3-3 contains only the N-terminal 55 amino

acids and cannot bind to Gb, which causes Gb to be completely

bound by DEP1 or GGC2, and the resulting enhancement of

G-protein signaling results in the production of long grains.

This working model explains the function of the E3 ligase

CLG1 and updates our previous understanding of grain size

regulation by the Gg proteins DEP1/GGC2 and GS3 (Sun

et al., 2018).
CLG1 ubiquitinates GS3, resulting in endosomal sorting
and vacuolar degradation

Ubiquitin/26S proteasome-dependent protein degradation is

involved in many cellular processes. However, little is known

about the role of the ubiquitin/endosome-mediated degradation

pathway in regulating plant development. WTG1/OsOTUB1, an

otubain-like protease with deubiquitination activity, controls grain

size by regulating cell size (Huang et al., 2017). OsOTUB1 can

interact with IPA1/OsSPL14 to inhibit its K63-ubiquitination but

promote its K48-polyubiquitination, thereby resulting in degrada-

tion of IPA1/OsSPL14 through the proteasome pathway (Wang

et al., 2017). Our data suggested that the E3 ligase CLG1

determines grain size by ubiquitinating the Gg subunit GS3 and

targeting it for endosomal degradation. The full-length variants

GS3-1 and GS3-2 interacted with CLG1 in both the cytoplasm

and cytomembrane, but the interaction of CLG1 with the

truncated variant GS3-4 was limited by the subcellular localiza-

tion of GS3-4, which is only found on the cytomembrane

(Figure 2). Our results also suggested that CLG1 is involved in

endosome sorting and vacuolar degradation, a process in

which ubiquitination is known to be essential (Raiborg and

Stenmark, 2009). Considering the differences in the subcellular

localization of GS3-2 and GS3-4 (Figure 3) and the lack of

a Cys-rich tail in GS3-4 (Figure 2), we speculate that

ubiquitination on the C-terminal tail acts as a label for GS3

endocytosis. GS3-4 lacks the ubiquitin label and thus accumu-

lates in the cytomembrane, whereas GS3-2 labeled by CLG1
1.



Figure 4. Identification of GS3 as a substrate of CLG1.
(A) Ubiquitination of GS3-1 and GS3-4 by CLG1 in vitro. ‘‘+’’ and ‘‘�’’ indicate the presence and absence of the components in each reaction mixture,

respectively. Ubiquitinated GST:GS3-2:Myc and GST:GS3-4:Myc were detected with anti-ubiquitin and anti-K63-linked-ubiquitin antibodies. Immu-

noblots hybridized with anti-Myc and anti-MBP antibodies were used as a loading control.

(B) The K63-linked ubiquitination of GS3-1 and GS3-4 by CLG1 in vitro. ‘‘+’’ and ‘‘�’’ indicate the presence and absence of the components in each

reaction mixture, respectively. Ubiquitinated fusion proteins GST:GS3-1:Myc and GST:GS3-4:Myc were detected with anti-ubiquitin and anti-K63-

linked-ubiquitin antibodies. Western blotting with anti-Myc was performed as a loading control.

(C) Identification of ubiquitination sites in GS3-2 andGS3-4 using liquid chromatography-mass spectrometry (LC-MS). Different colors represent different

domains. The Lys (K) residuesmarked with numbers, which were identified by LC-MS, could be ubiquitinated by CLG1 in vitro.K153 in the GS3-2 peptide

(legend continued on next page)
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can be sorted into lysosomes/vacuoles for degradation, releasing

the inhibition of G-protein signaling.

Natural variation in CLG1 regulates grain length

Many studies have shown that natural variation in regulatory re-

gions affecting gene expression level is an important source of

grain size variation. For example, a single SNP in the promoter

of TGW2 causes variation in the expression level of the gene to

regulate seed size by restraining cell division (Ruan et al.,

2020). Similarly, two natural SNPs in the GS5 promoter are

responsible for its higher transcript level in a wide-grain variety

and lower level in a narrow-grain variety (Xu et al., 2015). The

tandem duplication of GL7 led to its upregulation and an

increase in grain length (Wang et al., 2015b). A 10-bp deletion

in the promoter of GW8/SPL16 results in downregulation of

GW7 and the production of slender grains (Wang et al., 2012,

2015a). Mutation of the OsmiR396c target site in the GL2/GS2/

OsGRF4 gene elevates its transcript level and increases grain

size (Che et al., 2015; Hu et al., 2015). Our results show that

the enhanced expression of CLG1 in the clg1-1 mutant causes

long grains.

Structural changes in the coding sequence altering protein activ-

ity also provide important sources of grain size variation. The

truncated GS3 variant GS3-3, which has only 55 amino acids

and complete loss of function, causes the production of longer

grains in rice (Sun et al., 2018). C-terminal truncation of

OsMADS1 (OsMADS1lgy3) leads to a slender grain (Liu et al.,

2018). Substitution of key amino acids in enzymes is also an

effective strategy for regulating grain shape. For example, two

amino acid substitutions in the protein phosphatase GL3.1

reduce its activity and induce the production of longer grains

(Hu et al., 2012). In this study we showed that SNP

27878401(T/A) in exon 3, which results in amino acid variation

(Ser163/Arg163), affects the E3 ligase activity and ubiquitination

level of GS3-2 (Figure 6), leading to variation in grain size.

In summary, CLG1 regulates grain size at two different levels.

While a higher transcription level of the CLG1 gene in the clg1-1

mutant than in the wild type contributes to an increase in grain

length, the fact that the natural isoform CLG1163S has stronger

E3 ligase activity than the isoform CLG1163R also increases grain

length. These effects may potentially be exploited for predictable

design of grain shape in rice breeding.

METHODS

Plant materials and growth conditions

Rice (Oryza sativa) plants used in this study were grown in either a

greenhouse under a short-day photoperiod (10-h day/14-h night) with a

light intensity of 1.34 3 10 000 Lux at 30�C/25�C (day/night) or in a field

located in Beijing under natural conditions. O. sativa L. ssp. japonica cv.
RPSCCCNCNCNCCSSSSSSCGAALTKSPCR was ubiquitinated. The theoret

modification occurred on each cysteine, and two glycines from ubiquitin were

(D) GS3-1, but not G3-4, can be degraded through the endosome degradatio

Ubi::GS3-4:Flag transgenic plants (Sun et al., 2018) were treated with CHX (an

inhibitor of lysosomal/vacuolar hydrolases). The fusion proteins GS3-1:Flag a

used as the internal control. The relative intensity is indicated above each ba

(E) In vivo accumulation of GS3-1 and GS3-4 inCLG1-overexpressing plants. T

anti-Flag antibody. The number above each band indicates relative intensity.
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Zhonghua 10 (ZH10) was used for transformation. Harvested grains

were air dried, and the fully filled grains were used to measure grain length

and width.

Vector construction and rice transformation

For generating the CLG1 OEs, the full-length CLG1 coding sequence was

amplified by PCR and cloned into the pCsVMV-HA3-N-1300 vector

(Verdaguer et al., 1998) to generate the plasmid CsVMV::CLG1. To

obtain mOE lines, the primers CLG1-mOE-F and CLG1-mOE-R

(Supplemental Table 2) were used to amplify the mutated CLG1 cDNA

sequence according to a previous report (Barettino et al., 1994). The

key residues for Zn2+ ion chelation in the RING domain, Cys713, His715,

and His718, were mutated into Ser713, Tyr715, and Tyr718, respectively

(Figure 1C), and the DNA fragment was cloned into pCsVMV-HA3-N-

1300 to generate plasmid CsVMV::mCLG1.

The knockout (KO) mutant lines were generated using CRISPR/Cas9. The

sgRNAs target CLG1 at location sg1, 50-GCT TGA GGC TGA GAT ACG

AA-3ʹ. For KO genotyping, genomic DNA was extracted from transgenic

plants and primer pairs flanking the designed target site were used

for PCR amplification (Supplemental Table 2). Sequence alignment

revealed that two different mutants, KO1 and KO2, were obtained

(Figure 1D). For generating the mutants of Os05g47770, two target sites,

50CAGCACCTTCGACTTCCC30 and 50CGCGCATATGGCGTCGTCG30,
were cloned into the pYLCRISPR-Cas9Pubi-H vector following the method

described by a previous report (Ma et al., 2015).

The plasmids CsVMV::CLG1, CsVMV::mCLG1, and CRISPR/Cas9-sg1

were introduced into A. tumefaciens strain EHA105 and sent to Hangzhou

Biogle for transformation into the ZH10 background.

The Ubi::GS3-1:Flag (GS3-1F) and Ubi::GS3-4:Flag (GS3-4F) transgenic

plants were generated in our previous work (Sun et al., 2018).

RNA extraction and qRT–PCR

Plant total RNA was isolated using a TRIzol RNA extraction kit accord-

ing to the user manual (15596, Invitrogen). Total RNA (2 mg) was used

to synthesize cDNA using the High Capacity cDNA Reverse Transcrip-

tion Kit (Thermo Fisher Scientific). The cDNA was diluted 1:30 into 15 ml

SYBR Green Quantitative PCR Master Mix (QPK-201, Toyobo, Osaka,

Japan), according to the manufacturer’s instructions. qRT–PCR was

performed on an Mx3000P instrument (Stratagene, La Jolla, CA,

USA). Rice UBIQUITIN was used as an internal reference, and

gene expression levels were normalized to the expression level of

UBIQUITIN. Each experiment included three technical replicates with

at least three biological replicates. The values represent means ± SE

of three technical replicates.

Total RNAwasextracted fromyoung panicles (10± 1 cm in length) to detect

the expression levels of 16 genes in a 128-kb region in the wild-type (ZH10)

and mutant CLG1-1 backgrounds. For determining the CLG1 expression

pattern in various organs, panicles, young leaves, flag leaves, and flowers

were sampled for RNA extraction. For determining the transcription levels

of genes in OE, mOE, CLG1-OE/GS3-1F, and CLG1-OE/GS3-4F trans-

genic plants, the 2-week-old seedlings of transgenic lines were used for

RNA extraction. Primers used are listed in Supplemental Table 2.
ical MW is 3659.35176, z is 4, and m/z = 915.5948. The carbamidomethyl

found on lysine in this peptide.

n pathway. Seedlings (approximately 2 weeks old) of Ubi::GS3-1:Flag and

efficient inhibitor of eukaryotic protein synthesis) with or without E64d (an

nd GS3-4:Flag were detected using an anti-Flag antibody. Rubisco was

nd. Ponceau staining (lower panel) was done as a loading control.

he protein levels of GS3-1:Flag and GS3-4:Flag were determined using an

Ponceau staining (lower panel) was done as a loading control.
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Figure 5. Natural variation of the CLG1 gene and the effect on grain size.
(A) DNA polymorphisms in the CLG1 locus among 346 cultivated accessions. The CLG1 gene and SNPs are shown on the physical chromosome map

based on the NIP sequence from MSU7 (rice.plantbiology.msu.edu). Num., number of accessions in each category.

(B–E) Boxplots of grain length and 1000-grain weight for 346 Asian cultivated rice accessions from the 3000 Rice Genome Project (B), 122 indica ac-

cessions (C), 78 temperate japonica accessions (D), and 166 accessions with the GS3-1 or GS3-2 allele (E) carrying different CLG1 haplotypes. Values

are shown as means ± SEM (n = 60). The violin plot was constructed in R. Different letters indicate statistically significant differences between groups

(P < 0.05), as determined by Tukey’s honestly significant difference test.

(F) The effects of Hap1 and Hap3 of CLG1 on grain length, grain width, and 1000-grain weight in the chromosome segment substitution lines (CSSLs)

derived from the cross between 93-11 (CLG1Hap3, GS3-3) and NIP (CLG1Hap1, GS3-2). CSSL 93-11Hap1 carries a segment that includes CLG1Hap1 from

NIP in the 93-11 background, and CSSL NIPHap3 carries CLG1Hap3 from 93-11 in the NIP background. Values are shown as means ± SEM (n = 20).

A Student’s t-test was used to generate the P values.
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Phylogenetic analysis

Homologous proteins used to construct phylogenetic trees were selected

with the NCBI program (https://www.ncbi.nlm.nih.gov). ClustalW was

used to align the amino acid sequences of selected proteins. Phylogenetic

trees were generated using the neighbor-joiningmethod inMEGA software

version 7 (Kumar et al., 2016). Bootstrap values were from 1000 replicates.
In vivo ubiquitination assays

35S::Myc:GS3-1 and 35S::Myc:GS3-4were expressed inN. benthamiana

leaves. The ubiquitinated Myc:GS3-1 and Myc:GS3-4 proteins were

immunoprecipitated by an anti-Myc antibody and detected with anti-

ubiquitin antibodies (Zhang et al., 2015).
Molec
In vitro ubiquitination assays

The self-ubiquitination assays were performed largely as described previ-

ously (Xia et al., 2013). The coding sequence of CLG1 was cloned into the

pMAL-C4X vector to generate the fusion protein MBP:CLG1. For the

in vitro self-ubiquitination assay, the fusion protein MBP:CLG1 was puri-

fied from the bacterial lysates of E. coli BL21 expressing MBP:CLG1.

Then, about 0.5 mg MBP:CLG1 fusion protein or MBP was mixed with

100 ng E1 (Boston Biochem), 200 ng E2 (Boston Biochem), and 2 mg ubiq-

uitin (Boston Biochem). Polyubiquitinated proteins were detected by

immunoblotting with anti-ubiquitin antibody (ImmunoWay). To test

whether CLG1 and mCLG1 ubiquitinated the substrate GS3, purified

GST:GS3-1:Myc and GST:GS3-1:Myc were added at four-, two-, and

one-fold molar in each reaction mixture; 43, 23, and 13 represent protein
ular Plant 14, 1699–1713, October 4 2021 ª The Author 2021. 1709
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Figure 6. Comparison of the activity of CLG1163S and CLG1163R and a working model for the regulation of grain size by CLG1 and G-
protein signaling.
(A) Self-ubiquitination assay of CLG1163S and CLG1163R. ‘‘+’’ and ‘‘�’’ denote the presence and absence, respectively, of the components in each re-

action mixture. The gel stained with Coomassie brilliant blue (CBB) and western blotting using anti-MBP were used as loading controls.

(B)Working model for CLG1 and GS3. Both GS3-4 and GS3-2 can compete with DEP1 and GGC2 to bind to Gb and regulate G-protein signaling. CLG1

interacts with and ubiquitinates the Gg protein GS3-2, resulting in its degradation via the endosome-mediated pathway. Reduction of GS3-2 weakens its

inhibition of G-protein signaling and leads to the production of long grains. The lack of a tail in GS3-4 prevents it from being degraded and results in the

production of short grains.
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contents of 0.4, 0.2, and 0.1 mg, respectively. The ubiquitinated GST:GS3-

2:Myc and GST:GS3-4:Myc proteins were detected with anti-ubiquitin

(ImmunoWay), anti-Myc antibody (CWBio), and anti-K63-linked-Ubiquitin

(Abcam). MBP:CLG1was detected with anti-MBP (New England Biolabs).

To compare the difference in E3 ligase activity between CLG1163R and

CLG1163S, the coding sequences ofCLG1163S andCLG1163Rwere individ-

ually cloned into the plasmid pMAL-C4X to allow expression of CLG1163S

or CLG1163R as a fusion withMBP in E. coli strain BL21 (DE3). In vitro ubiq-

uitination assays were performed as described above. Polyubiquitinated

proteins were detected by immunoblotting with anti-ubiquitin antibody

(ImmunoWay) and anti-MBP (New England Biolabs).

LC-MS analysis

Fusion protein GST:GS3-2 or GST:GS3-4 (0.5 mg) and fusion protein

CLG1:MBP (0.5 mg) purified from E. coli BL21 were used. The reactions

were performed with 100 ng E1 (Boston Biochem), 200 ng E2 (Boston Bio-

chem), and 2 mg ubiquitin (Boston Biochem) in buffer containing 50 mM

Tris (pH 7.4), 2 mM DTT, 5 mM MgCl2, and 2 mM ATP. After incubation at

30�C for 2 h, the reaction products were separated on 4%–12% SDS–

PAGE gels and stained with Coomassie brilliant blue. The bands represent-

ing ubiquitinated GST:GS3-2 and GST:GS3-4 were excised for LC-MS

analysis according to the method described previously (van der Wal et al.,

2018). NanoLC-MS mass spectra were acquired on an Oribtrap Tribrid

Lumosmass spectrometer (Thermo) coupled to an EASY-nLC 1200 system

(ThermoFisher). Peptideswereseparatedonan in-housepacked150mMin-

nerdiameter columncontaining15cmReprosil-pur120C18-AQphaseresin

(1.9 mm,120 Å, Dr.Maisch,Germany) with a gradient consisting of 2%–35%

(80% AcN, 0.1% FA) over 90 min at 500 nl/min. For all experiments, the in-

strument was operated in the data-dependent acquisition mode. MS1

spectra were collected at a resolution of 120 000 with an automated gain

control (AGC) target of 4E5 and amaximum injection time of 50ms. Precur-

sors were filtered according to charge state (2–7z), and monoisotopic peak

assignment. Previously interrogated precursors were dynamically excluded

for30s.Peptideprecursorswere isolatedwithaquadrupolemassfilter set to

a width of 1.6 Th. Ion trap MS2 spectra were collected at an AGC of 1E4,

maximum injection time of 50 ms, and HCD collision energy of 32%.
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For data analysis, RAWfileswere analyzed using the ProteomeDiscoverer

software (version 2.2). The enzyme specificity was set to trypsin, with the

maximum number of missed cleavages raised to three. Lysine with a diGly

remnant, oxidation of methionine, and N-terminal acetylation were set as

variable modifications. Carbamidomethylation of cysteine was set as a

fixed modification. Searches were performed against a fasta file com-

bined with Uniprot E. coli protein sequences and GS3-1, GS3-2, and

GS3-4. Only peptides at a false discovery rate of 1% were accepted.
Y2H assays

Y2H analysis was performed using the MatchMaker GAL4 Two-Hybrid

System 3 (Clontech) according to the manufacturer’s manual. The full-

length coding region of CLG1 was cloned into the pGADT7 vector as

prey. The different coding regions of GS3-2, GS3-4, and sequences en-

coding various truncated GS3 proteins were individually ligated into

pGBKT7 to make the bait plasmid vectors. For the interaction test, each

bait construct was co-transformed with each prey construct into the yeast

strain AH109, plated on SD/-Trp-Leu medium, and grown at 30�C for

3 days. Then, co-transformed yeast clones were serially diluted (1:10,

1:100, 1:1000), and spotted and grown on SD/-Leu/-Trp/-His/-Ade me-

dium at 30�C for 3 days. Empty vectors were co-transformed as negative

controls. The primers used are listed in Supplemental Table 2.
Pull-down assay

To test the interaction between CLG1 and GS3, the open reading frame of

CLG1 was cloned into the pGEX4T-1 vector to obtain GST:CLG1 fusion

protein, and GS3-2 was cloned into the plasmid pMAL-C4X to obtain

MBP:GS3-2 fusion protein. Expression of the MBP:GS3-2 and GST:CLG1

fusion proteins and in vitro binding experiments were performed as

described previously (Chen et al., 2013).
BiFC

For split luciferase complementation, CLG1 and GS3-2 were cloned into

the vectors pCM1300-nLUC carrying the N-terminal half of luciferase

and pCM1300-cLUC carrying the C-terminal half of luciferase,
1.
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respectively. cLUC and nLUC were used alone as controls following the

protocol used for N. benthamiana leaves (You et al., 2016).

For BiFC assays in rice protoplasts, the coding sequences of CLG1 and

GS3 were amplified and ligated into the pUC-SPYNE and pUC-SPYCE

vectors, respectively (Walter et al., 2004). The plasmids were

transformed into rice protoplasts that were obtained from leaf sheaths

of 10-day-old etiolated seedlings using the polyethylene glycol-

mediated transient expression system (Chen et al., 2006). The

transformed protoplasts were observed using a fluorescence

microscope (Olympus FV1000MPE). Images were analyzed with Image

FV10-ASW 4.0 Viewer software.

Subcellular localization assay

To observe the localization of GS3-2 andGS3-4with the early endosome

marker OsSCAMP1 (LOC_Os07g37740), the coding sequences of

OsSCAMP1 and GS3-2/GS3-4 were amplified and ligated into the

pCsVMV-mCherry-N-1300 and pCAMBIA1301-GFP vectors to generate

CsVMV::SCAMP1:mCherry and 35S::GS3-2:GFP/35S::GS3-4:GFP,

respectively, following the previously described protocol for

N. benthamiana leaves (Liu et al., 2010). Similarly, colocalization of

GS3-2 and GS3-4 with the late endosome marker ARA7:mCherry

(At4g19640) was observed according to a previous report (Yu et al.,

2016). The fluorescence was visualized with a confocal scanning

microscope (Olympus FV1000MPE) 48–72 h after infiltration.

To examine the dynamic distributions of GS3-2 and GS3-4, the plas-

mids GS3-2:GFP and GS3-4:GFP, respectively, were expressed in

N. benthamiana leaves using agroinfiltration. The GFP fluorescence of

GS3-2 and GS3-4 in the plasma membrane from 5 to 7 h after CHX treat-

ment was observed, and the fluorescence intensity across the labeled

area was determined using the ImageJ plot profile tool.

To validate the effect of mCLG1 on the endocytosis of GS3, GS3-2 was

co-expressed with CLG1 or mCLG1 in N. benthamiana leaves using agro-

infiltration, and the change in GS3 subcellular localization from 5 to 7 h af-

ter CHX treatment was examined. The fluorescence intensity of 20 points

in the cytomembrane from 5 to 7 h after CHX treatment was determined

using the ImageJ plot profile tool.

To confirm the trafficking of GS3-2 from the membrane to cyto-

plasm, GS3-2:GFP was co-expressed with the late endosome marker

VPS23A:mCherry in N. benthamiana leaves using agroinfiltration.

Treatment with the protein cargo transport inhibitor WM blocked pro-

tein cargo trafficking to lysosomes/vacuoles and resulted in the forma-

tion of enlarged multivesicular bodies.

Protein quantification in transgenic seedlings by western blot
analysis

Seedlings (approximately 2 weeks old) of Ubi::GS3-1:Flag transgenic rice

(GS3-1F) and Ubi::GS3-4:Flag transgenic rice (GS3-4F) were treated with

CHX with or without E64d, an inhibitor of lysosomal/vacuolar hydrolases.

Samples were collected at 0, 2, 4, and 6 h after treatment and lysed in

extraction buffer (25 mM Tris–HCl [pH 7.5], 10 mM NaCl, 10 mM MgCl2,

4 mM PMSF, 5 mMDTT, and 2mMATP) before centrifugation. The immu-

noprecipitates were electrophoretically separated on 12% SDS–PAGE

gels and transferred to a polyvinylidene fluoride membrane. The fusion

proteins GS3-1:Flag and GS3-4:Flag were detected by western blotting

with anti-Flag antibody (Sigma catalog F3165, dilution 1:5000). The

same method was used to detect fusion proteins GS3-1:Flag and

GS3-4:Flag in CLG1-OE/GS3-1F and CLG1-OE/GS3-4F transgenic

plants, respectively.

Haplotype analysis across the CLG1 region

The haplotypes were constructed from SNPs (frequencies >5%) identified

within a 7.7-kb region flanking CLG1 from 346 accessions ofO. sativa. The
Molec
Fastphase program (Scheet and Stephens, 2006) was used to fill in

missing data to allow haplotype reconstruction across the target

regions. Boxplots for grain length, width, and weight were generated

using data from indica and japonica rice cultivars of Asian origin (346

accessions from the 3000 Rice Genome Project). The violin plot was

constructed in R.
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