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Abstract: [ Objective] Grain size is a critical determinant of rice yield. This study aims to explore novel genes regulating
grain size and expand the current genetic regulatory network, and provide valuable genetic resources for molecular design
breeding of high-yield rice varieties. [ Method ] The large-grain mutant gsn4, generated by EMS mutagenesis of
the japonica rice variety W7, was used as experimental material. A combination of systematic phenotypic identification,
cytological observation, gene mapping, functional verification, subcellular localization, and haplotype analysis was
performed to clone and functionally characterize the candidate gene. [Result] Phenotypic identification revealed that
the gsn4 mutant exhibited pleiotropic effects. Compared with the wild type, its grain length, grain width, and 1000-grain
weight were significantly increased, whereas plant height, panicle length, and grain number per panicle were significantly
decreased. Cytological analysis indicated that GSN4 regulates rice grain size by modulating both cell proliferation and
expansion in glumes. Map-based cloning, together with CRISPR/Cas9 gene-editing validation, confirmed
LOC Os04g46450 as the candidate gene underlying GSN4. This gene encodes a nuclear-localized E3 ubiquitin ligase
protein, which acts as a negative regulator of rice grain size and modulates plant growth and development through the
brassinosteroid (BR) biosynthesis pathway. Haplotype analysis further identified Hap1 as the elite haplotype conferring the
most favorable effects on grain width and 1000-grain weight. [ Conclusion] Collectively, this study elucidates the function
and regulatory mechanism of GSN4, enriches the genetic regulatory network governing rice grain size, and provides
important genetic resources and a theoretical basis for molecular design breeding of high-yield rice varieties.
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A, Glumes of W7 and gsn4 mutant, bar = 5 mm. B, Cross-sections of glumes of W7 and gsn4, bar = 100 pm. C, Partial magnification of the cross-section in B,
bar = 100 um. D-E, Outer epidermal cells (D) and inner epidermal cells (E) of glumes of W7 and gsn4, bars = 100 um. F—K, Statistics of glume cell traits of W7
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Fig. 2. Analysis of the cell size of W7 and gsn4 glumes

2.4 {FEERE GSN4 WEBFIISH TE7E HC 7 RING #£45-Brel ££(RING-HC_Brel-like,
I GSN4 R 9w A% 0 S5 K RFALE 824~882aa) 45 Fdek, L LS IRAE YR ) B A Lk

AEFFAH A CDS FHI 5L, 5B ExPASy  WIRSFIE(E 4-A). RGN 4l Risk— D%

ProtParam £k T HIT @ BRAL L BT, 45 R o, B, GSN4 R:R7EYMEACERR P AR Ry, HE

GSN4 HE A 884 NEIEMRRIEH M, XTI HFHHEYWIKE (Zizania latifolia)« 2375 (Lolium

=219 100.4kDa, PR SN 7.97, #IE NCBI  perenne)s KF (Hordeum vulgare subsp. Vulgare). —.

CDD ¥4 7 P 45 38 & B0, GSN4 & 1 C i [X 5, FEEG AN S (Brachypodium distachyon) W) 1] E3 =



SIS KRR AR O X GSN4 1 VI 5 S5 MY 589

A
Markers B14 BI5 B16 BI17 =802
o THRN
Recombinants 50 : 47 37 : 39 5000 kb
1 1
R L S~a
Markers BIS  Cl c12 23 C41 C75 C36 BI6
L1 L1 Ll
Recombinants 47 47 35 15 1 1 11 37 500 kb
225 kb
C
. LOC_Os04g46450 Val
G GTT
A D
D 5'UTRA'UTR G /57 exon | ——— KT intron Ala
D F s
ACGING  NGHRRG
W7 100 FEEE
. E 80
/| Fﬁl ,'I\l |IPIUI’\| | ;z
27¢C ‘HE.%-D 6
Z o
AGAITG TGlETG _; 4
<
gsn4 o ﬁ £ 204
|‘I I‘ll | I|‘ ,l'l\I .‘I\ | .|'n VY ‘
v ] v 9 SR 9 W7 gsnd KO

A~B: GSN4 [I5Efir. C: GSN4 KR4I D: GSN4 R34 . E: HMIEZS, #5309 10em. F: #REIRE . il DUSEHREZRR (i=10) .
t WG, **RIR P<0.0001, ns FRAEE.
A-B, Mapping of GSN4; C, Mutation site of GSN4; D, Sequencing analysis of GSN4; E, Plant morphology, bar = 10 cm; F, Investigation of plant height. Data

are expressed as mean =+ standard deviation (n=10). ****_ P<0.0001; ns, Not significant.

3 GSN4 ERFEE NS mbR ik R R B E
Fig. 3. Mapping of GS/N4 locus and the knockout of GSN4
A B

Oryza sativa_ L.
Zizania latifolia
Phragmites australis
Eragrostis curvala
Panicum miliaceum
Paspalum vaginatum
Zea_mays

Lolium perenne

Hordeum vulgare

Hordeum vulgare
Setaria italica
Eleusine coracana Y LECC RCKERVIREKCYHLFC
Consensus eyr ilkcg ¢ rqgke v kcyhlfc

A: 12 Fh GSN4 FIVEMIRI SRR HI RS o S8 B OR AT SRR 7 i S M (IR 4R . B: GSN4 IR G SILRIEY) . HRIEE A 751
HIBR ST : KFE(Oryza sativa L., CAD41603.3) i #H(Paspalum vaginatum, KAJ1260653.1). £ K(Zea mays, NP 001333816.1)« JBET-(Panicum
miliaceum, RLN12872.1) % (Setaria italica, RCV42415.1)« 3K (Zizania latifolia, KAL5214521.1). 22 (Lolium perenne, XP 051193481.1). K
(Hordeum vulgare subsp. vulgare, XP 044977658.1) —HfH W HE(Brachypodium distachyon, XP 003577829.1)~ ' % (Phragmites australis, XP 062184470.1).
- JB B (Eragrostis curvula, TVU13814.1). f&(Eleusine coracana subsp. coracana, KAK3143048.1).

A, Amino acid sequence alignment of twelve GSN4 homologs. Fully or partially conserved amino acids are shaded in blue and green, respectively. B,
Phylogenetic tree of GSN4 and its homologs. The accession numbers of representative protein sequences are as follows: Oryza sativa L. (CAD41603.3),
Paspalum vaginatum (KAJ1260653.1), Zea mays (NP_001333816. 1), Panicum miliaceum (RLN12872.1), Setaria italica (RCV42415.1), Zizania latifolia
(KAL5214521.1), Lolium perenne (XP_051193481.1), Hordeum vulgare subsp. Vulgare (XP_044977658.1), Brachypodium distachyon (XP_003577829.1),
Phragmites australis (XP_062184470.1), Eragrostis curvula (TVU13814.1), Eleusine coracana subsp. Coracana (KAK3143048.1).
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Fig. 4. Phylogenetic analysis of GSN4 protein




590 of [E K FERF 2 (Chin J Rice Sci) 55 40 3555 5 1 (2026 4E 9 H)

=31k
Merged

A LR RNERSS
Chlorophyll

L=y

GFP

GSN4-GFP

(@]
IS
1

sk ok sk

seokeok ok k% *% *kk ns ns

b

Horon
I:n- B

7-10 cm >10cm

AHXS Ik &
Relative expression level
T

ik I
ke

s ES
Root Stem Leaf

1

0-3 cm 3-5cm 5-7 cm

Sheath
#)fH Young panicle

A: GSN4 FKRE A TR AR E L 2 #r . BRI EIR GFP, LEBISGRRM G E K, HHIR=10 um. B: GSN4 [N A0 AL E (75
Br, @EFOEER GFP, IR =40 pym. C: GSN4 TEKTBHLMRIAHR . HIRUINEAFERERR (n=3) . #0LR P<0.0001 , ***FR P
<0.001, **F/R P<0.01, ns RRALE,
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scale bar = 10 pm. B, Subcellular localization analysis of GSN4 in tobacco. Green fluorescence indicates GFP; scale bar = 40 um. C, Expression pattern of GSN4

in rice tissues. Data are expressed as mean + standard deviation (n=3). **** P<0.0001; ***, P<0.001; **, P<0.01; ns, Not significant.
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Fig. 5. Subcellular localization and expression pattern analysis of GSN4
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Fig. 6. RNA-seq analysis of wild-type W7 and mutant gsn4
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Fig. 7. Cluster analysis of differential gene expression patterns in wild-type W7 and mutant gsn4
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A: W7 1 gsnd 4)REP AN UG SEAR R B R RIE 04T B: W7 1 gsnd 4RE-PAfRd SKAHSCRE R RIE 70 H: C: WT A gsnd SRR AR SRR R IA 7

Mro Bl UIEAMEERIR (n=3), ****FIR P<0.0001 , ***FIR P<0.001, **FIR P<0.01, *FK P<0.05, NS FmRNEE.
A, Gene expression analysis of cell proliferation-related genes in young panicles of W7 and gsn4; B, Gene expression analysis of cell expansion-related genes in
young panicles of W7 and gsn4; C, Grain size-related gene expression analysis in young panicles of W7 and gsn4. Data are expressed as mean + standard deviation

(n=3).

wxEE | P<0.0001; *** P<0.001; **, P<0.01; *, P<0.05; NS, not significant.
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Fig. 8. Expression analysis of genes related to cell proliferation, cell expansion, and grain size in young panicles of W7 and gsn4
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A-B, Scans of leaf angle changes in the second leaf of wild-type W7 and mutant gsn4 under different concentrations of 2,4-e¢ BL and BRZ treatment, Bar=1 cm.
C-D, Statistical analysis of leaf angle change. Data are expressed as mean + standard deviation (n=10). E, Expression of BR biosynthetic gene. Data are expressed
as mean + standard deviation (n=3). **** P<0.0001; ns, Not significant.
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Fig. 9. Brassinosteroid sensitivity and expression analysis of BR biosynthetic-related genes in wild-type W7 and mutant gsn4.
# 1 GSN4 EFE Hapl-Hap3 W% S5 B EE

Table 1. Genotypes of core polymorphic sites of Hap1-Hap3 in GSN4

Li;"fon 27551959 27552410 27552420 27554431 27554638 27555074 27555189 27555943 27556520 27556903 27557628
SNP G/A C/A C/T A/G C/A A/G A/G T/C G/A A/T G/A
Hapl G C C A C A A T G A G
Hap2 A A T G A G G C A A A
Hap3 G A C G C G G C A T G

R 2 GSN4 EF Hapl-Hap3 BT E53#5 R KA MR

Table 2. Subgroup distribution and grain traits of Hap1-Hap3 in GSN4
LA RI&i bR AN TR E
Haplotype Subgroup Grain length(mm) Grain width(mm)  1000-grain weight(g)

Hapl XI: 245; admix: 40; Aus: 43; GJ: 778; Bas: 61; na: 1 8.566 3.178 26.032
Hap2 XI: 880; admix: 14; Aus: 1 8.597 2.893 24.688
Hap3 XI:415; admix: 14; Aus: 138; GJ: 1; Bas:2 8.654 2.905 24.231

GJ: FEFGWEE; XTI KIFG WP RE; Aus: Aus TG RE; Bas: UMD 358 0 RE; admix: TR A WEE na: AR HIRATRE.

GJ, Japonica subgroup; XI, Indica subgroup; Aus, Aus rice subgroup; Bas, Basmati rice subgroup; admix, Admixed subgroup; na, Not assigned subgroup.
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10 GSN4 IR B ERBRIT IR 75

Fig. 10. Grain trait distribution of dominant haplotypes of GSN4
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