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Deciphering the Functional Mechanism of Fast Grain Filling Rate in A

Super Rice Huaidao 5 by Transcriptome Analysis
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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 >Wuyujing 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. 3,230 up-regulated and 1,171 down-regulated genes were detected between Huaidao 5 and
Wuyujing3. 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 35 genes

were involved in the auxin pathway, suggesting that auxin plays an important role in the rice grain filling process.
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Several identified grain-filling-rate-related genes (GFR1, OsPFP1, OsPHO1;2, OsSWEET13, OsCIN2) were
significantly up-regulated in Huaidao 5. Moreover, Sanger sequencing revealed an elite haplotype GFR1HUd05 \which
contributes to the fast grain filling rate in Huaidao 5.

Key words: rice (Oryza sativa L.); Huaidao5; transcriptome; grain filling rate; GFR1
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1.3 HRANF

18 VT I% BE M40 RNApure AR50 & 52 B HD5 AT WYJ3 K52 %5 )5 (DAF, days after fertilization) 14 K
FRLE RNA. 28)5, @i Zs4t GENE DENOVO (FRET™JH) #£ Hlumina /71 & (HiSeq2500) 4% cDNA
SCEENF, @it FPKM - (fragments per kilobase of transcript per million reads mapped) {5 [H #5509, & H
=AY FEE . E ] DESeq2 % 5E 72 7 %1k JE K (DEGs, differentially expressed genes) , ¥ 5 12 % /y|logz(Fold
Change)|=1 1 FDR<0.05,
14 EERESH

H Trizol G HD5 A1 WYJI3 3245 )5 14 FAFRLHFZIUE RNA, JRlE SE ¢t e B PCR Mk A 2E
oA B DS FE IR HE RO AR AR DG R AR IK K o T ARGk 6 PR 2 1 /K P 1 51 4 228 0| — 5 A 2R AL T/ 5%
[16], PCR M AAFA Ky 20l (8.8l #Fk cDNA, 1.2l 514, 10 i TB Green®Premix Ex Tag™Il) , J{#i i BioRad
CFX96 fih#i5zit PCR K R 4t #3178 PCR. PI/KAE UBQ (LOC_0s03g13170) JE[A yxtiE, BE =AY H
=2,
15 GEREFREXERE GFR1 ERFBEE

fE ] Hi-DNAsecure fE¥71 & (Cat#DP350, JLRTRMRAEAL) $2HL HDS M1 WYJ3 K221 DNA, Jffi
KOD DNA %%t 17 PCR. PCRARFFUIN: 7E 98 °C N4t 105, 7£ 55°C iRk 30s, fE 68 °C [ AEfH 2 min.
T %€ GFRL Z G| W3R 1. PCR P24t Bus F AV F . (EH BioXM2.6 #R1F3 /7 4147 43 i A LL
PO

* 1 EEBEERARSIHFT

Table 1 Primers used for genotype identification

4K Name 1E 15 514 Forward primer sequence (5'— 3 ") S 51514 Revers primer sequence (5’ —3' )
GFR1-1 CTCGAGTTCAAGTTAAGACT CTTACGGTTAATCGAGTATT
GFR1-2 ACTTTAAACTTTCTTCCCATGT CGAGCCGCTTCACCTCCGAC
GFR1-3 CACGATTCGCCGGAATTCGA CCCGCTTTTACCCAAACCAA
GFR1-4 CAGTTGGCAATTGTCACGAG TCGAACATATCCAAGCCTCC
GFR1-5 AAATCACAAAGCTCGCGAATT ATGTTAGCTGCGCAATCTGC
GFR1-6 GCAGATTGCGCAGCTAACAT CGTGAAACGAGATAGGTCGT

2 HBRESH
2.1 HFE5 SMREE 3 SETERZMHREEE

MIELREHE 35, RS 5 SHkm B &, A3 9364cm, 154 14% (K 1A-B) . fE BRI SREK 5T,
HERE S 5 5IE N 3 5L EEE T (B 1C-D) IR 5 Sk 5 TR E BE S TREM 3 5, 2HIAF] 94.41%
528549 (EI1E-F) . ERE 5 SHMRE SR K RE &G TRER 3 5, MRENTZER (B 1G-D . EiRg:HR
R, AMLER 35, RS SRR A B ISE R
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A:Phenotypes of HD5 and WY J3 at maturity. Bar=5 cm; B: Plant height of HD5 and WY J3 at maturity. C: Number of tillers of HD5 and WY J3 at maturity. D:
Panicle length of HD5 and WY J3 at maturity. E: Seed setting rate of HD5 and WY J3 at maturity. F: 1000-grain weight of HD5 and WY J3 at maturity. G: Grains
per panicle of HD5 and WY J3 at maturity. H: Grain length of HD5 and WYJ3 at maturity. I: Grain width of HD5 and WY J3 at maturity. Data are expressed as

mean =SD (n = 10). ** represents extremely significant differences at 0.01 level.

1HD5 5 WYJ3 TERZMIRELE

Fig.1 Comparison of main agronomic traits between HD5 and WYJ3
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N BERE 5 S 5B 3 SAPRIEER Nz, FRATIIE THEASIS 7. 14, 21, 28, 35 K HD5 5 WYJ3
(FFRLEESRE R . HESKRTHIMT BY HDS IFAPRLEER I8 B2 i T HACA WYJI3 (8] 2A-B) o HD5 IHFESHEAIER
FJ5 14 RiXFEmE 1.297 mg grain d, {H WYJI3 Bk =i s R 2G5 21 K, HAXCH 0.818 mg grain d ([&]
2B) . 4RI, {ERZHESG 21 F128 Kif, HD5 FFFRIESHZMT WYI3 (K 2B)
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A:Phenotypes of HD5 and WY J3 brown grains at different grain filling stages. Bar=1 cm; B:Grain filling rates of HD5 and WYJ3 at 7 DAF, 14 DAF, 21 DAF, 28

DAF, and 35 DAF. Data are expressed as mean +SD (n = 3). * and ** represent significant and extremely significant differences at 0.05 and 0.01 levels,
respectively.

2 HD5 5 WYJ3 fFRiERIRR
Fig. 2 Grain filling rates of HD5 and WYJ3
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N TR HDS FI WY J3 2 [EHESR 72 S 1K1 73 AL, FRATLE 14 DAF B XHHERS 5 5 SN ERE 3 SR RLgEAT He
WHorHr. BATM 6 NFEA RS T it 273,164, 090 /> clean reads, HEANFEA 15 45,527,348 4 clean reads. 6
ANPEAS I R B Q30 “FHAME N 92.27%, JEFEA 91.96%-93.00%. b ikl /5 $i 2% I 4 s 4L I 5 2 i oh vl 45
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AR IR RIEFE N HEAT gRT-PCR 47471, W1 3C iR, gRT-PCR &5 555 s i — 5.
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A: Number of up- and down-regulated DEGs; B: Volcano plot of DEGs; C: The expression levels of 5 up- and 5 down-regulated DEGs in HD5 and WYJ3. Three
independent experiments were performed. *and ** respectively indicate significant and extremely significant differences at P<0.05 and 0.01.

B 3 /G 14 RH HD5 5 WYJ3 #FhiEs REB 7T
Fig.3 Transcriptome analysis of HD5 and WY J3 grains at 14 DAF
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Fig. 4 Go enrichment analysis of DEGs between HD5 and WYJ3

24 EMFPELEYE REXERERKFS R
TKAE S B VIRE SR I RIS e ey ARE R AR & OB RO, DR, AN Z I TTRE S6A . TEk AIpE AR



ek [F kA7 <) DEGs, &I 19 A~ DEGs 25 &1EA (LHCA6. CHLD. DXR. PSBS1) , #i[F{k (OsRbcS3.

OsRbcS4. OsRbcS2. OsRbeX1) 4/t HD5 H biff (ffF 1) o #bhh, AT 34 4> DEGs Z 5k FIbE 2L
Wi, Hob s 26 ANFE B, 40 OsPK3. OsAGPS1. SUS1 il SSI (& 5A)

N Tt i HDS A WYJ3 2 [] 55 5 by FUBEA QI AH S IR 0 2k /K 22 57, FRATTEAT T qRT-PCR Al

F AR AR e i K 2 7k /K P 0l 5B T, IAS1. ISA1. GBSSII. SUSY2. AGPL1. OsAGPAS2a. BEII Al BEllb

221k /KF{E HD5 F 2 2% i/, 1fi SSlla. BEI Al PPDKB 7£ HD5 #5224, LidgE 1%, ML EM 3 5,

TERRURE AT DG N AEVERG 5 5 B T m R
A Tr
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RS RSy S
Relative expression level

o >
£ &

Ax TER ARG OCIE R IR e W o A bR 7R HDS JERIRIK KT 5 WYJIB MLLIR #ef; B: i = AW B 510 gRT-PCR Kl 2 53ty
D A R A R RA AT *: 7E 0.05 /K PZERMEE; **: 78 001 KPZERWEE.
A:Transcriptome analysis of genes related to starch and sugar metabolism. The ordinate shows the log ratio of the expression levels in HD5 compared to WY J3;
B: The expression levels of other genes involved in starch and sugar biosynthesis through qRT-PCR with three biological repetitions. *: Significant difference at

0.05 level; **: Significant difference at 0.01 level.
5 EMESREAMRENERREEE
Fig.5 DEGs involved in starch and sugar metabolism between HD5 and WYJ3
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%5 ABA &1%; BRIGEW I 6 NMER; ARHEER (GA) BEW & 5 MR, AKZE Ll RNA /NER OsSAUR2.
AR R IR A0 B K] IAA8 TAAL2 FiT IAALS. A K 2 B K1 OsARF10. OsARF22. ATP 4 & &% ia & OsABCG11.
OsABCG28 F1 OsABCG35 7 HD5 A1 ki s ik, ifii OsSAUR32. 4 K E W IEIk OsAUX3. A K EAMER A
OsPIN5c. OsIAA9. OslAA20 Fil OSABCG25 7t HD5 H1 52 24| (£ 2) o pbAh, 9-M-FAAE S HAEY M = AUINA
fitf OSNCED3. S i 25 F il OsSAPKO. BRIL-AH K32 A OsBAKL. =i & N e £ 1142 K 7~ OsGSK2; GA
SZARFE[N GID1. B 2-AALEEIEN OsGA20x3. OsGA20x6; 4 il /> %4 E it Al OsCKX5; FKFTR ZIM Z5#38
FE AL OsJAZ6. OsJAZ7. OsJAZ8 F1 OsJAZ10 7F HD5 ¥fhir g i (iR 1)

R2 EKFEENEFREER
Table 2 DEGs involved in auxin pathway

H[H Logz P 1 TR L RE

Gene (HD5/WYJ3) P-value Predicted functions
051090479900 1.00 6.87x108 Auxin response factor 22
(OsARF22)

0s04g0519700 1.78 6.06>10 Auxin response factor 10
(OsARF10)

0s06g0714300 -2.16 5.16x10° Auxin-responsive protein SAUR32
(OsSAUR32)

0s01g0768333 11.16 1.43%10°® Auxin-responsive protein SAUR2
(OsSAUR2)

0s01g0856500 1.01 1.03x10* Auxin transporter-like protein
(OsAUX1)

0s05g0447200 -1.12 1.26x10% Auxin transporter-like protein
(OsAUX3)

0s01g0785400 -1.65 1.94x103 Indole-3-acetic acid-amido synthetase
(OsGH3.1)

0s03g0162000 1.19 4.27x10° Indole-3-pyruvate monooxygenase
(OsYUCCAB)

0s01g0732700 1.13 5.49%10 Indole-3-pyruvate monooxygenase
(OsYUCCA3)

0s03g0693600 1.45 6.37x106 Indole-3-acetate beta-glucosyltransferase
(OsIAGLU)

0s0890529000 -2.03 3.32x10%8 Auxin efflux carrier component 5¢
(OsPIN5c)

050290743400 1.23 1.37x10°® Auxin efflux carrier component 1a
(OsPIN1a)

050290228900 1.69 4.46%10°5 Auxin-responsive protein
(OsIAAT)

050290723400 2.61 16610

(OslAAB)

050290805100 -1.12 1.21x10

(OslAA9)

050390633800 4.58 6.02>10-3

(OslAA12)

0s03g0742900 1.82 1.80%10%6

(OsIAA13)

0s0690166500 -1.75 2.08>1011

(OsIAA20)

050290693700 141 2.34x10 ABC transporter B family member protein
(ABCB2)

050190695800 2.63 176107

050390280000 1.03 6.12>1015

050390755100 1.19 1.23x102

0s04g0209200 1.08 4.62x1073 ABC transporter C family member protein
0s06g0731200 1.25 4.03x10° ABC transporter G family member protein
(ABCG28)

0s09g0472100 1.32 1.23x10*

0s01g0177900 1.36 1.11x10%

(ABCG31)

0s0490528300 1.38 7.49x1014

0s01g0609300 1.57 1.11x10%8

050590222200 1.59 7.77>1018

0s0790522500 2.25 1.61x10%

(ABCG43)




0s0190609200 3.13 2.92>10°

(ABCG35)

050490194500 3.19 5.22>107
051190587600 1.14 54110
050790288700 6.95 8.63>10°3
050190342750 237 4.88>10
050890384500 237 4.32>102
0s11g0177400 -1.03 2.19>10°®
050990332700 -1.52 5.0010
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Fig. 6 The expression levels of 6 grain filling rate genes for HD5 and WYJ3



2.7 ERFEFMXER GFR1 EEESH

GFR1 £ HD5 H1HFIE/KF =T WYJI3 (K 6A) , iXFEHW] GFR1 Al REAESE M| HD5 AL E i i 4 v R 4% =
FUER . T RAEX — B, AT PCR &5 AT HD5 A1 WYJ3 ) GFRL JE K4 . ailEl 7A FizR, 5 WYJ3
FIEL, HD5 H GFR1 fI4afid X #4514 InDel £1 4 4~ SNPs, S8 HD5 H ) — N FERR B 25 Al = AN SE L B 4 ([
7B) , 1fi GFRL MBS FRAIEZE . it — L 8# WYJ3 55 HD5 ' GFRL & (I % 5, FRATFIA I-TASSER
FELBAF I 7347 7 GFRL RIS A4 .t 7C Prox, AHEE WYJI3, HD5 H GFR1 & H ) — M FE IR R =
NMEAERE I FEERASH R AR, A, HD5 H GFRL (%N SFERIMF, 1T GFR1-C {3 /K R AT L e
FoE R,

A ATG -
113 764 821 e T

GFR WY 1416
GFR1Ds 1413

GFR [Ludao 1413
GFRIWYB3 CGGCGGTGG GTG GCGC CTG

GFRIY"D5  CGG------ TGG GCG GTTC CCG

GFR [ludao CGG------ TGG GCG GTTC CCG

B

WYJ3 MLQKFALAFKTKTIEFFAEEEEDEDADGGVSAAAAAAAVGVGEGGVLAGQRVVVLKPDTVQSPNPSGGVGVGVVVGEA
HDS MLQKFALAFKTKT]EFFAEEEEDEDADGGVS“AAAAAAVGVGEGGVLAGQRVVVLKPD'I‘VQSPNPSGGVGVGVVVGEA

WYJ3 AAVEAALATASSFQAAYLHLQAAHAPFLPDAAAAADAAAVSHLRRLSEVKRLARDPGVGGGALTAHLEAQVRENQALL
HD5 AAVEAALATASSFQAAYLHLQAAHAPFLPDAAAAADAAAVSHLRRLSEVKRLARDPGVGGGALTAHLEAQVRENQALL
WYJ3 RSFDAVVNRLQAALDGKDAAAASLRRDHAELADGNARLGARLDRALAPPPGAGGDDALGAMLSAGVFDSVLRDALRVA

HD5 RSFDAVVNRLQAALDGKDAAAASLRRDHAELADGNARLGARLDRALAPPPGAGGDDALGAMLSAGVFDSVLRDALRVA
WYJ3 HRFTRSLADLLRCAGWDLAAVAAAVYPGVAYSRPGHCRYVLLSRVCLSMFDGFDSYQFGGSTDATTLEGIDLAIRRNESL
HD5 HRFTRSLA [)LLRCAGWDLAAQ:\AAVYPGVAYSRPGHCR\?_‘\.‘LLS RVCLSMFDGFDSYQFGGSTDATTLEGIDLAIRRNESL

WYJ3 QQF]EHSDADPMELINSSPDCEFAQFCDRKYKQLIHPGIESSLFGNSDCGKLPVLGVAGPLYE}[_"}I:VAMASSIWTLHRLAWAY

HD5 QQFIEHSDADPMELINSSPDCEFAQFCDRKYKQLIHPGIESSLFGNSDCGKLPVLGVAGPLYELFVAMASSIWTLHRLAWAY
WY I3 DPAVGIFQIGQGAEYSVVYMENIVRSKGFSGSKELGKMMRPKVGFTVVPGFRLGGTVIQCRVYLDCGKREGIIGE

HDS5 DPAVGIFQIGQGAEYSVVYMENIVRSKGFSGSKELGKMMRPKVGFTVVPGFRLGGTVIQCRVYLDCGKREGIIGE

GFR1WY? GFR 1HD5
A: HD5. Ludao F1 WYJ3 2 |8 GFR1 #: 4 ForaE: B: HD5 A WYJ3 ] GFR1 LR FHIELXT; C: HDS5 Al WYJ3 ) GFRL & A4/ 73#7 o

A:Schematic of the GFR1 gene variation among HD5, Ludao and WY J3; B: Amino acid sequence alignment of GFR1 of HD5 and WYJ3; C: Protein structural
analysis of GFR1 of HD5 and WYJ3.
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Fig. 7 Identification of the GFR1 variation between HD5 and WY J3
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