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Abstract: Grain filling rate is an important and complex agronomic trait that directly affects rice yield and
quality. Huaidao 5, a superior rice japonica variety, derived from the 7208 xWuyujing 3 cross, shows a high
grain filling rate, whereas its functional mechanism remains unclear. A transcriptome analysis in Huaidao 5 and
Wuyujing 3 was performed by harvesting 14-days-after-fertilization grains. Real time fluorescent quantitative
PCR was used to analyze the transcripts of few candidate genes, and Sanger sequencing was applied to identify
their polymorphisms between Huaidao 5 and Wuyujing 3. 3230 up-regulated and 1171 down-regulated genes
were detected between Huaidao 5 and Wuyujing 3. Gene ontology analysis indicated that these differentially-
expressed genes were primarily involved in starch and sucrose biosynthesis, photosynthesis, carbon assimilation,
and hormone biosynthesis and signaling transduction pathway. If compared to Wuyujing 3, more genes involved
in starch and sucrose biosynthesis were up-regulated in Huaidao 5. Sixty-three hormone-related differentially
expressed genes were detected, of which 38 genes were involved in the auxin pathway, suggesting that auxin

plays an important role in the rice grain filling process. Several identified grain-filling-rate-related genes (GFRI,
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OsPFPI, OsPHOI ;2, OsSWEETI3, OsCIN2) were significantly up-regulated in Huaidao 5. Moreover, Sanger
sequencing showed that GFRI"**“** might be an excellent haplotype to control the grain filling rate.

Key words: rice (Oryza sativa L.) ;huaidao5 ; transcriptome ; grain filling rate; GFRI
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Fig.1 Comparison of main agronomic traits between HD5 and WYJ3 at maturity
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Fig.3 Transcriptome analysis of HDS and WYJ3 grains at 14 days after fertilization
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Table 2 DEGs involved in auxin pathway
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Fig.6 The expression levels of 6 grain filling rate genes for HDS and WYJ3
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A:Schematic of the GFRI gene variation among HDS, Ludao and WYJ3. Black box represents exon; B: Amino acid sequence alignment of GFR1
of HDS and WYJ3; C: Protein structural analysis of GFR1 of HDS and WYJ3. Red arrows indicate differences in protein structure
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Fig.7 Identification of the GFRI variation between HDS and WYJ3



862 Mo ow fE

O ¥ iR 24 %

3 g

B YIER ORI — B ZHR, Z il
FIEREE R Z il o2 AHIFSE 8 i 5 S M IR R
TBATUERT 55 SRR S A O Y SR A
AR SGEREI, STEm A e A ER R
WA AV S 5 SR e LR TR IR T A
S AR T R R R E AR

FEZAGIG 14 d B, FEUERS 5 5 LR B 3 5[]
LA 2] 4401 422 SRR FE A, Horb 66 4~ 3 2
ek AR B RO SRR . 7EIX 66 4~
B L IR 5 AR 2 T BUK R A RLFE S Bl
OsPK3 Jst Rt A T 2 195 it , L 5 A8 -5 350D Tl e YA T
PEREAR , I 5 BORE B VR 21 2R 19 32 sl B
OsTPP7 A 7 15 35 1 -6- B R AR 15, 32 = 15 4 A
R2B] WAV 22 22 5 R LR G i R A DE R
A B, AL 5 OB §5 32 Uk MSTL . iE B & 5L
(SUS1.SUS2.SUT3 HISUS6) ¥ i 1 OsSSI
ADP HZ i FEBER AL B /N AGPST. 25 1, 5
BEFITER G BORE DG ) e 0 M B /K FEDF PR I

YRR T AE K AR B R 2Rl f,
BiR aE RN FPRIES RIRR R 2. ABAFITTAA
30 Ao YR KRR v TR ) A B AR DG S IR A 2Rk
A DRI ESR 2 A (RKF () ABA FITTAA
SEA Y PRI SON R 3SE R 2E [ E
(BRs) il &3 ] 3% [m] Ak DA 10 22, A1 1 7K R AT
IR, 5 C-22 FR ALl ik 2R3 PR AR R P 7 1S I
15%~44%"°", LAk, 2 0F 55 2, TAA FI BR A ¢
FLIH , U OsARF4 . OsAUX3 . OsGSK2 Fl OsI-BAK1 ,
PRI KRR L 202 Sy 7R R PR ) 2R A8 T 2 5
Wil K FEAFRLE S | AT REE AR5 T2 Y o ASBIF
i, SR EM 3 S HERT S S AE K &K (BRs.
ABA 55 M)A R G 3k R 10 7 55 =F 3 ) 2 44
e HeAh, SR E R3S, HERG S S AR K R Ak
AN RN OsPINLa Tl OsAUXT b, A K
23z iy AE A E K RS R R E S h B AR
ABA AW WL N DSM2 F1 OsNCED3 ; ABA 15 5
JE R OsSAPK2 . OsSAPK7 . OsSAPK9 F1 PYL9; BR {5
S I OsGSK2 .OsBAKI F1 OsSERK3 {EHERS 5 5+
ERBE G o XSS IR A K R iz ABAEY &
BRI 5% 5 DL BRAG S e AR K R bR E 2K
o O -

GFRI WA 8h )7 SN AEiERG 5 S Ml E i 3 =
ZIJEE S, M H g% X AF e e ok 58 e, S

FHGFRI 145 K A48 5 . GFR1M™ 5 GFR1™
Y507 L 5 Rubisco /)y IF 2 OsRbeS #1 HAFE H , {H )&
GFR1™*~-OsRbcS H. 1E i & @ % & T GFR1™-
OsRbeS!™ . 7F H A 1 5t il ik GFRI™M [ L)
I AR KRR IR S 22, H GFRIV %% A\ KifH
(V- YOS RVE - T=Y TR AT BT S S
GFRI S5 RUE KRR PRI % SRS 5 5
FERI—5, X Segh R, GFRI W RE R —A A
T S S kPRI ORI B EL N . R —2 K ik
GFR1 WAHEAERE M, IRAE/R GFR1 9531 DI6E

SE 3k

[1] Xing Y, Zhang Q. Genetic and molecular bases of rice yield.
Annual Review of Plant Biology, 2010, 61:421-442

[2]  Wang E, Wang J, Zhu X, Hao W, Wang L, Li Q, Zhang L,
He W, Lu B, Lin H, Ma H, Zhang G, He Z.Control of rice
grain-filling and yield by a gene with a potential signature of
domestication. Nature Genetics, 2008, 40:1370-1374

[3] Zhao Y F, Peng T, Sun H Z, Teotia S, Wen HL, DuY X,
Zhang J, LiJ Z, Tang G L, Xue HW, Zhao Q Z. miR1432-
OsACOT (Acyl-CoA thioesterase) module determines grain
yield via enhancing grain filling rate in rice. Plant Biotechnology
Journal, 2019, 17:712-723

(4]  BRghik, 07, $EL, PR, SRELAE  KRERPRDE I E0R
A5 AU S R IR I . R4, 2021, 56:80-89
Chen S L, Zhan C F, Jiang H, Li L H, Zhang H S. Advances
in the molecular mechanism and genetic regulation of grain-
filling rate in rice. Chinese Bulletin of Botany, 2021, 56:80-89

(5]  BUNEE, MTAE, BRI, ARELHE, AROCHE . K REFPR S
AR TR . AR YIZAAR, 2012, 33:622-626
Ja X L, Ye J H, Miao L G, Lin H M, Lin W X.
Developmental genetic mechanism research on grain-filling
rate in rice. Chinese Journal of Tropical Crops, 2012, 33:622-626

[6] Wu CY, Trieu A, Radhakrishnan P, Kwok S F, Harris S,
Zhang K, Wang J, Wan J, Zhai H, Takatsuto S, Matsumoto
S, Fujioka S, Feldmann K A, Pennell R I. Brassinosteroids
regulate grain filling in rice. Plant Cell, 2008, 20:2130-2145

[7]  Sosso D, Luo D, Li Q B, Sasse J, Yang J, Gendrot G,
Suzuki M, Koch K E, McCarty D R, Chourey P S, Rogowsky
P M, Ross-Ibarra J, Yang B, Frommer W B. Seed filling in
domesticated maize and rice depends on SWEET-mediated
hexose transport. Nature Genetics, 2015, 47:1489-1493

[8]  YangJ, Luo D, Yang B, Frommer W B, Eom J S. SWEETI11
and 15 as key players in seed filling in rice. New Phytoloist,
2018, 218:604-615

[9] Fei H, Yang Z, Lu Q, Wen X, Zhang Y, Zhang A, Lu C.
OsSWEET14 cooperates with OsSWEETI11 to contribute to
grain filling in rice. Plant Science, 2021, 306:110851

[10] RenY, Huang Z, Jiang H, Wang Z, Wu F, Xiong Y, Yao J.

A heat stress responsive NAC transcription factor heterodimer



3

X B SR AL e AT R SRR 5 S RE S AR PR LR

863

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

plays key roles in rice grain filling. Journal of Experimental
Botany, 2021, 72:2947-2964

Ma B, Zhang L, Gao Q, WangJ, Li X, Wang H, LiuY, Lin
H, LiuJ, Wang X, LiQ, Deng Y, Tang W, Luan S, He Z. A
plasma membrane transporter coordinates phosphate reallocation
and grain filling in cereals. Nature Genetics, 2021, 53:906-915
Liu E, Zeng S, Zhu S, Liu Y, Wu G, Zhao K, Liu X, Liu
Q, Dong Z, Dang X, Xie H, Li D, Hu X, Hong D.
Favorable alleles of GRAIN-FILLING RATEI increase the
grain-filling rate and yield of rice. Plant Physiology, 2019,
181:1207-1222

Kong W, Sun T, Zhang C, Deng X, Li Y. Comparative
transcriptome analysis reveals the mechanisms underlying
differences in salt tolerance between indica and japonica rice at
seedling stage. Frontiers in Plant Science, 2021, 12:725436
Sun H, Peng T, Zhao Y, DuY, Zhang J, LiJ, Xin Z, Zhao
Q. Dynamic analysis of gene expression in rice superior and
inferior grains by RNA-Seq. PLoS ONE, 2015, 10:¢0137168
Trapnell C, Williams B A, Pertea G, Mortazavi A, Kwan G,
van Baren M J, Salzberg S L, Wold B J, Pachter L.Transcript
assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation.
Nature Biotechnology, 2010, 28:511-515

FLTR L AKFR dull A8 A w54 it P81 11 L 5 B AL 8 e 2
AR p12 (1) YR BLS AT 5 B R L . g L P mt ARl R
2, 2016

Kong F. Gene map-based cloning of a rice dull mutant w54 and
phenotypic analysis and gene mapping of a thermo-sensitive
yellow leaf mutant y/2 (¢). Nanjing: Nanjing Agricultural
University, 2016

Shaw B P, Sekhar S, Panda B B, Sahu G, Chandra T, Parida
A K. Biochemical and molecular processes contributing to grain
filling and yield in rice. Plant Physiology and Biochemistry,
2022, 179:120-133

Durbak A, Yao H, McSteen P. Hormone signaling in plant
development. Current Opinion Plant Biology, 2012, 15:92-96
Wang G Q, Li H X, Feng L, Chen M X, Meng S, Ye N H,
Zhang J. Transcriptomic analysis of grain filling in rice inferior
grains under moderate soil drying. Journal of Experimental
Botany, 2019, 70:1597-1611

WEBE, TR AR L KA . AR B K A A L
A S AL BRI RF, 2013, 41:9-11

Ye W, Qi ZW, Li X J, Rao Y C. Influence and mechanism of
each kind of plant hormones on rice grain filling. Journal of
Anhui Agricultural Science, 2013, 41:9-11

Hu L, Tu B, Yang W, Yuan H, LiJ, Guo L, Zheng L, Chen
W, Zhu X, Wang Y, Qin P, Ma B, Li S. Mitochondria-

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

associated pyruvate kinase complexes regulate grain filling in
rice. Plant Physiology, 2020, 183:1073-1087

Kretzschmar T, Pelayo M A, Trijatmiko K R, Gabunada L F,
Alam R, Jimenez R, Mendioro M S, Slamet-Loedin I H,
Sreenivasulu N, Bailey-Serres J, Ismail A M, Mackill D J,
Septiningsih E M. A trehalose-6-phosphate phosphatase enhances
anaerobic germination tolerance in rice. Nature Plants, 2015,
1:15124

FIRAR , AR , AR, BERR T, B, T AR KA
TER B I R P RITEIE R AR AL T IR A4, 2023, 24(1):
61-74

GaoZN, HaoYY, LiCS, Huang F D, Zhao X Q, Tian Z H.
Study on genes regulating starch synthesis in rice. Journal of
Plant Genetic Resources, 2023, 24(1):61-74

Santner A, Estelle M. Recent advances and emerging trends in
plant hormone signalling. Nature, 2009, 459:1071-1078
Durbak A, Yao H, McSteen P. Hormone signaling in plant
development. Current Opinion Plant Biology, 2012, 15:92-96
Blazquez M A, Nelson D C, Weijers D. Evolution of plant
hormone response pathways. Annual Review of Plant Biology,
2020, 71:327-353

Zhang H, Tan G, Yang L, Yang J, Zhang J, Zhao B. Hormones
in the grains and roots in relation to post-anthesis development
of inferior and superior spikelets in japonica/indica hybrid rice.
Plant Physiology and Biochemistry, 2009, 47:195-204

Zhu G, Ye N, Yang J, Peng X, Zhang J. Regulation of
expression of starch synthesis genes by ethylene and ABA in
relation to the development of rice inferior and superior spikelets.
Journal of Experimental Botany, 2011, 62:3907-3916

Tong H, LiuL, JinY, DulL, YinY, Qian Q, Zhu L, Chu C.
DWARF AND LOW-TILLE RING acts as a direct downstream
target of a GSK3/SHAGGY-like kinase to mediate brassinosteroid
responses in rice. Plant Cell, 2012, 24:2562-2577

Khew CY, Teo CJ, Chan W S, Wong H L, Namasivayam P,
Ho C L. Brassinosteroid insensitive 1-associated kinase 1 (Osl-
BAKI1) is associated with grain filling and leaf development in
rice. Journal of Plant Physiology, 2015, 182:23-32

HuZ, LuSJ, Wang M J, He H, Sun L, Wang H, Liu X H,
Jiang L, SunJ L, Xin X, Kong W, Chu C, Xue H W, Yang
J, Luo X, LiuJ X. A novel QTL ¢g7GW3 encodes the GSK3/
SHAGGY-Like kinase OsGSKS5/OsSK41 that interacts with
OsARF4 to negatively regulate grain size and weight in rice.
Molecular Plant, 2018, 11:736-749

Qiao J, Jiang H, Lin Y, Shang L, Wang M, Li D, Fu X,
Geisler M, Qi Y, Gao Z, Qian Q. A novel miR167a-OsARF6-
OsAUX3 module regulates grain length and weight in rice.
Molecular Plant, 2021, 14:1683-1698



B 1 Fe A Ei R

Supplementary table 1 Transcriptome results

Tjfi¢ Function H:K Gene Log2(HD5/WYJ3)
0s08g0366000 1.087412
0s03g0811100

1.366064
(CHLD)
050420690800 1.841302
0s01g0869800
2.341297
(PSBSI)
0s01g0938100 2.631505
0s01g0687400 4.598259
0s09g0439500
3.448226
(LHCA6)
050320592500 -1.01867
0s01g0279100 -1.02342
0s06g0348800 -1.69642

J4 1 Photosynthesis 051020567400 -1.69875
05090296800 -2.17598
0s02g0744900 -1.07647
0s01g0106900 (DXR) 1.726732
0s02g0680600 1.046921
0s02g0603800 1.262829
0s02g0647900 1.525827
Os11g0210500 1.515909
0s01g0591300 3.279423
0s10g0571200 1.097355
0s01g0855000 1.105363
0s04g0459500 1.136593
0s01g0637600 1.216484
Os11g0186200 1.08681
0s12g0291100

1.483883
(OsRbcS3)
05120292400
2.114724
(OsRbcS4)
05120274700
(OsRbeS2) 2.582336
sRbc
% [F]k Carb imilati
ik [F]4k Carbon assimilation 050820425200
2.885279
(OsRbcX1)
0s07g0197100 1.515038
0s01g0940100 1.523673
0s05g0187100 1.808157
0s01g0190400 1.104781

¥ i&% Hormone ABA i 050320645900 5

pathway (OsNCED3)




BR &4%
GA &%
HiRER

0s03g0125100
0s07g0622000
0s04g0432000
0Os12g0586100
(OsSAPK9)
05060562200
0s07g0500300
0s05g0101600
0s02g0465400
0s05g0207500
(OsGSK2)
05060225300
Os11g0514500
(OsBAK1)
0s07g0569100
0s07g0160100

0s05g0407500(GID1)

0s08g0417000
0s05g0560900
(0sGA20x3)
05040522500
(0sGA20x6)
0s01g0197700
0s01g0775400
(OsCKX5)
0s04g0546800
050320402800
(OsJAZ6)
0s03g0181100
(OsJAZ10)
0s09g0439200
(OsJAZ8)
0s07g0615200
(OsJAZ7)

1.220329955
1.25128806
1.318508034

2.573796259

1.546907558
1.165341427
-1.01720929
1.203836602

1.398890077

1.752907138

2.384559083

3.026062297
1.02484628

1.146129013
1.991732384

2.911066272

4.584962501

-2.227805918

1.7770336

2.45597606

1.68552221

1.782651668

1.860131658

1.899657991
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