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Abstract: [Objective] Pre-harvest sprouting (PHS) severely compromises rice yield and grain quality, which is strongly
influenced by seed dormancy genes. This study aims to elucidate the biological function of the seed dormancy
gene Sdr4 and develop molecular markers for germplasm improvement, providing theoretical and practical insights for
PHS-resistant rice breeding. [Method] A combination of bioinformatics analysis, molecular marker development, and
marker-assisted selection was employed to systematically investigate Sdr4 functionality. Allelic variations between the
strong-dormancy accession Kasalath and the weak-dormancy accession Nipponbare were analyzed to design genotype-
specific markers. [Result] The Sdr4 promoter harbors core regulatory elements (e.g., TATA-box) and ABA-responsive
cis-elements. The encoded protein is hydrophobic, exhibits low stability, and is extensively phosphorylated (25.93% within
amino acids 101-150). Tertiary structure prediction indicated a composition of 15.50% o-helices, 15.50% f-sheets, and
66.37% random coils. Haplotype analysis of the 3K Rice Genome panel combined with AlphaFold modeling revealed that
Sdr4 comprises six functional mutation-associated haplotypes. Furthermore, multiple amino acid sequence differences were
identified in the Sdr4 protein between Kasalath and Nipponbare. Phylogenetic analysis demonstrated high conservation
with Oryza glaberrima and Zizania palustris. Two functional markers (Sdr4-KF/KR and Sdr4-PF/PR) were developed to
discriminate dormancy strength, and their efficacy was validated across 25 rice cultivars. Application of these markers in
improving Zhongzhu 18 successfully generated novel lines with enhanced seed dormancy. [Conclusion] Sdr4 plays a
critical role in regulating PHS resistance through the modulation of seed dormancy. Molecular screening confirmed weak
dormancy phenotypes in 20 commercial varieties. The improved lines K17 and K88, developed via Sdr4-specific markers,
exhibited significantly enhanced PHS resistance. This study establishes a framework for Sdr4 functional analysis and
accelerates the molecular breeding of PHS-resistant rice germplasm.

Key words: pre-harvest sprouting; Sdr 4; rice; bioinformatics analysis; molecular marker-assisted selection

#OE: [HN] KBUGRITRR B 27 5 R, %R 2 A T RIREE R i . AR R TR AR
Iy TR o ROKFERE g bt B A BB ES E MR . (D7) SEBREMGE RS S Tidt R
ARG IR REAR, RFEMTI T IRIEE R Sdr4(Seed dormancy 44 IRE, HA A ThicE £ EF R
AR R RN . (48] Sdrd JE3hT X & TATA-box Z84% 0 ToA K ABA Wi 3 76445 22 MU =048 FH o,
Hombs & B RS E MR K B E(101~150 Z2EMR X BRI IZ 10 S EE 25.93%), =&ML o181 (15.50%) B-
1 2(15.50%) AT #1(66.37%) A E o 3K FAGALEYE FE 5 AlphaFold 73R W Sdr4 BRI BA 6 FhTiRe oA
HIEAERY, HAESRIRIRFNT Kasalath 5 S54KARFN T H 4K (Nipponbare) ) Sdrd Z B FIIFEL MR ER . &
SR B T EIR Sdrd TEAEMARIEE FE(Oryza glaberrima) 5 0 £ 3K (Zizania palustris)H H A & FEAR 7 - J83d Kasalath
S5 HARRGN Sdrd 40285, JFK T Sdr4-KF/KR 5 Sdrd-PF/PR WX ThAEFRIT, FIRSHEX b TIRIRGRE . BT
25 ANKFE R 0 43 TR G e R AR BR A 235 22 R iR, R IR Ic s h A T iR ARER A 4 18 IR &

WS EHEA: 2025-02-25; iUt EIAAE: 2025-03-21.
ESWB : WiLA R OKR)H R L & BB T 15(2021C02063-4); 1 R A 3 MBI BE BT HEAEHIR L 55 9% % 15i(CPSIBRF-CNRRI-202306); E %
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(4510 ] Sdrd i@ i P Fh -7 PRIRVR B s KRR AR Pt o 70 FARic e 2R B 20 A 38 iP5 2 001 55 PRAR R A,
AU Sdr4 Fi 5 PEARICIE T B9 K17 5 K88 it R FA B BT S . ABT TN Sdrd DREMENT KoK FESUREE 7> T

TRt T BRSO SRRt .

KRR BERCGF, Sdrd; KAE; AEMME R o FhRicii e

PRI Z ARV — D EER L ZHR, K
52 9% 11 A2 R A= Ak sk 2 52 P9 TE Bl 7 R B ATL 1) A0 41
TSRS 5 L FE R0 21, B 75 R (Abscisic acid,
ABA) 1755 % (Gibberellin, GA)F& 3= Py PP 1
FTERIF, LE 2 FRE AP A A B s AR
SRR, WA, 0. —RE. HEERNEE.
FEHE RN S A A B DR 2R R A AR AN
WY R P AR LRI, P ARHRAS S Bk 55 5| A
T Rk, RIS MG e AR 22T b, Pt
By R IR Bk R O IR 3R AT K ZF (Pre-harvest
sprouting, PHS) o iX — WL RAE W] 5 A T I0 N 2
=, RlEMKFE(Oryza sativa)s £ K (Zea mays) K7
Z (Triticum aestivum)55 2 MR B A i JBURT 77 E40%
I P E 1) A2 B R 7], JR R AR R, K
Vi) F10 %8 W9 R o5 e PR B 2 5 BSORE AL WSO A 7
s W BR™ B R = 5 BRI 5F R0, TE N
KL A X, EE BT 6%
i TR A T AR B2 e R 2R R A0 AR Ry b PR HIR 1)
FENEHER, ABA FEIEIT ABA/GA LFIHF
i SR T A ORERI, FAF S I R 1 B R T
AR EEHRIE: NEFH TaMFT Al
TaPHS1 280121, K1) MKK3 1 AlaAT 25013, 141,
UFF T AtSdr4L/ODR1. ABI3. DOG!1 Al LEC2
0518, ok ) VPIDY, JKFEH Sdrd. SD6.
OsVP1. OsPDS (PHS1) . PHS8. PHS9. OsABI13.
OsAB15. OsMFT2. CCT30 252 420231, x4k 5
TRARER A & ARSI % R T7E ABA HIZEM &k
ARG T3 Fism R S E R, B
ML AN 4

IR TR EAR B RIR, = A B
TREZMR & R r= A EEEH . 75K
TR I 140 ANEE PR L DR A (QTL /22 BRI 4 AF 5%
557K A8 BB R BRI 5%, (X E DRI L
A refER, Horh, Sdrd 2K AR TR TP AR
AT, fEHEFKFELEST ABA fl GA (5518
%200, Sdrd it & OsVP1 FiFHI#EFR, OsVPI fig5
Sdrd JAB) THERF CACCTG 4 &rf &k,
AT LI ABA 5 5@ BHOE Sdrd 3Rk 1E 7] i1
K ARG R T AR IR @ . Sdrd & W] 5 Wi 4] 2% 4K HR
OsDOGIL-1 &AW1 K FE P T IRHR, 1 IB A AEL R

T E IR st 220, (E15E E g, Magwa S524)
4T R R B HT(GWAS)FE 8 T 54 N5 b
FRHRAR G i fr i, HZ A5 2w
TRFE R/ Wk LR R FER (W GH3-2+ GA20x3 FlI
EUINAFAE .35 50k Ik, ISTEPURER 2E 3 R Sdr4
BT AR BLT — AN RBAL Ao 2 HT R 2 7K e iy ol
BRI TR, FETXKRER FRKER, A
o pvivs & s e N S E ST 555 ) i NSl I N
FELEIERY I, DL Sdrd FERUNBF AT %, B AE(E
B2ERAT. D FhRic R FlOR SEIR T L S ik
ZERHAEMIGISE, /KRB PURERA 2 FAn i 4 Bh & i

RO .
LRk i

1.1 SRMRIERBLEE

ft B K B8 M kLB $E Kasalath . H A I
(Nipponbare, Nip). IR24. IR36. IR64. F141 1 5,
e 35, A 95, il 22, i EL 35, ikl 39,
YA 23, HRAERL 10 5. HE 106 WK 131, ik
135, Fikl 15, mEkl 574 Bkl 378, iR 723, &
502, &5 816, &5 47, FHI 310 A 18 K3
BUR AR

¥ _ERKFE R IR R 48 h, 35°C MEZFHY
K 24h 5, TR IS, R IR
TR AR, R T EK R A
JIT & BHARES FE X 25 (119°57°E, 30°03°N)Es 7% .
1.2 LWHE
1.2.1 TR KAGSAPet F 6 DNA 425

K CTAB 7243 AR HL_F iR K gl f 2 A
4H DNALReI,
1.2.2  Sdr4 kR Y 38 Fa 5

I8 I [ 2K K FE EHE O (https://www.ricedata.
cn/) N # H A 05 (Nipponbare, Nip) Sdr4(LOC
Os07g39700)2: A J5 %1 . i3 Primer 3(https://bioinfo.
ut.ee/primer3-0.4.0/) & 1H 0] F T 2Ky 341 Sdr4 JE
K 5] %) Sdr4-F(5’-CTTCTTAACCCCACCACC
CC-3") 5§ Sdrd4-R(5’-TTTGCTCCGGCTTGATGCA
TC-3")(H I KN 1161 bp)(FE 1), HHHHL M
PR A TR A F A . LA Kasalath. Nip 7KFEA4 8
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Table 1. Whole-genome amplification primers for Sdr4 and functionally validated molecular markers

CIE7E2X S SIFFHI(5°-3%) BB FE R A 5
Primer Sequence(5°-3”) Length(bp) Location

Sdr4-F CTTCTTAACCCCACCACCCC 1161 519 5°uEE RS ATG L7 102 bp
102 bp upstream of ATG

Sdr4-R TTTGCTCCGGCTTGATGCATC 514 3° 5 P B TGA FilF 27 bp
27 bp downstream of TGA

Sdr4-KF AAGGTCATCTCGCCGCGCG 197 B ATG 493~511 bp ZRi5[X
Coding region 493-511 bp from ATG

Sdr4-KR GTTGCTGGAGTCCGAGACC B S ATG 702~720 bp 4fig X
Coding region 702-720 bp from ATG

Sdr4-PF AAGCTGCTGGAGCCGIGG 227 BEES ATG 493~509 bp 4afish[X (i £ 5] N [IASBCHRES)
Coding region 493-509 bp from ATG (underlined bases are
introduced mismatches)

Sdr4-PR CTTGTACGCGTCGTTCACC BEES ATG 672~690 bp 4ifid[X

Coding region 672-690 bp from ATG

(1)K ZH DNA B AT 58 & i 0% B (PCR),
SONAK £ 50 uL: KOD One™ PCR TR H A<
ToYoBo) N 25 puL, IE&[AG4)% 1 uL, DNA itk
N1 uL, ddH,O #h5%% 50 uL; T EFEF N: 94°C
AR 2 ming 98°C FAEME: 10s. 55°C NiB K 5.
68°C ML 65, 36 {XHEFS; 68°C T LEAH 2 min, 6°C
TREF 10 min. ¥4 PCR F=40IE WL M WA
BHEA R 2 =0 -

123 Bt 545 FiRie F A

s B3R R H A Sdrd R T 5155
¥, 1 Nip. Kasalath. IR36 Filth4H 18 Z544kHK
Sdrd FERFH, KA 25 R AT F FI
XF o FEBRIE 72 S pii A BT BB IS 5 B 51 4 Sdrd-
KF 5 Sdrd-KR(H B BrK B2 227 bp), H Tk
b~ 55 PR IR JE DRI Y s 52 VAR S P67 A8 38 51 ) Sdrd-
PF 5 Sdrd-PR(H ) BLKE N 197 bp), (8 Tk
FhFoRARIRFEE AL (R 1),

1.2.4 ARAD 5| 469 PCR 3%

DAFEHL) DNA ARk, H KOD FX i fr E
PHEH M B NAKZRA 50 uL: 25 pL2xPCR 2%
M, 10 pL 2 mmol/L dNTPs, 1EX5I4% 1.5 L,
2.5 uLDNA ##%, 8.5 uLddH,0, 1 pL E{fE KOD
FX B, Wemisl. B0 fa Ay, Bk ibs
PR: 95°C N 1AL 5 min; 98°C FAEE 10s, 65°C K
1B K 10 s(BERAEIAFAAR 0.2°C), 68°C F#EAH 10 s,
36 RAEH; 72°C FIEMH 10 min. § =9 2%I)
DR R F Uk o 8, PR AR A FRE %
1.3 HMERESH

AR /MK NetPhos-3.1 7EZE Rk

(https://services.healthtech.dtu.dk/services/ NetPhos-
3.1/)HEAT Sdrd EHER PP A B IR AL T Sdr4
H KR 8 7 e B ok AE 2 TN B9 % Plant
CARE(http://bioinformatics.psb.ugent.be/webtools/pla
ntcare/html/); Sdr4 R IR T 51— 45 H Tz A
PROTPARAM(https://web.expasy.org/protparam/) 7t
2R W5 SR FH AR 28 TG 9 34 (https:/npsa.lyon.inserm.
fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.
html) 3 47 Z gk 5 # Tl ; 32 A§ SWISS-MODEL
(https://swissmodel.expasy.org/) - fi& = 445/ T .

2 HRE55HT

2.1 Sdr4 EEENS B FIERTHS R

Sdr4 F[K(0s07g0585700) CDS 4= 1032 bp,
T AMNET, AN 343 2 LR (aa) LR
BERERE, NuBEANZENE SR, Bl E3T
FELR TR 355 PlantCARE % Sdr4 3 RIBHT 5 31
it e T . S5 RR B, 1E Sdr4 R R 3+
XIS H %O iE DRt ot (R 2). Hd s
%O T A4S CAAT-box . G-box il TATA-box;
Dae it N2 ot 3 2 IR e N o/ (ABRE, TCA-
element, CGTCA/TGACG-motif). I35 B il N 25 76
f:(ARE, MYB/MYC) LA I 4 & K & AH K AE H
(RY-element, Spl) - ABRE . TCA-element .
CGTCA/TGACG-motif 437l i it 75 B (AB A B JC
. KR (Salicylic acid)i& AR M N 7o, PLA AH
2 ' fig (Methyl jasmonate) Il 4% JC #F; ARE .
MYB/MYC & R4 15 S % 7o /F M T 515 S0 B
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Table 2. cis-acting elements in the promoter region of Sdr4
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&Sl gt A e Fr1 Ko Lk
Type cis-acting element Sequence Number Function
B MR G ABRE ACGTG/CACGTG 11 Bt i e
Hormone-related response Abscisic acid response element
elements TCA-element CCATCTTTTT 1 IKARRIEAE S TCA T
Salicylic acid pathway response
element
CGTCA/TGACG-motif CGTCA 10 HHTIR H g R % o0
Methyl jasmonate regulatory element
LA SRR R et ARE AAACCA 3 REFE SR IOE
Stress-related response Anaerobic induction regulatory
elements element
MYB/MYC CAACCA/CATGTG 4 TR WG
Drought-induced response element
AR B A RAE et RY-element CATGCATG 4 iR R G liEe T
Growth and development- Seed-specific regulatory element
related response elements Spl GGGCGG 7 S FE i S e A

Light-responsive element

TG RY-element. Spl 737 N 4RE ik V4% so kA
DGR S TT A o i P R WA N T A (ABRE) U i %2 9
114, 5 Sdre FERR R ORBR A5 DhRgAH
XN
22 RGEUKEES S

Wi NCBI Hudfe [ = AR YR Sdrd (K
FRIFEF A, R Blast LEXTor#T. KHERS L &h
EH 14 MY, FEAFE: KFE(Oryza sativa). &
& U (Alopecurus aequalis) « 3F W T8  (Oryza
glaberrima) « 7 2 (Phragmites australis)~ 1 J& 5
/N K (Setaria italica) < T B
(Miscanthus lutarioriparius)~ 1519 (Sorghum bicolor)«
/NZZ (Triticum aestivum)~ ¥ ¥ 5. (Digitaria exilis)~ K
% (Hordeum vulgare) « —. ¥ /N & (Triticum
dicoccoides). 3% (Lolium rigidum), VAIIBAEIK
(Zizania palustris), 12H MAGA7 W RS K G it
Rt g5 R EIR, FEARZAFEYFE Sdrd HA—E
PRSI, MORGRAR LR /RHI/KAE Sdd HEEHY
EINFE . E ARG T BA w0 R (B 1-A).
2.3 EABERILKFES

FIFH NetPhos-3.1 7EZ /ul, X} Sdr4 & H IR
FRAIKEAT bt . 45 5R 58, Sdrd B 27 M
RS i, R IR TR H 1 7.87%,
£ 101-150 Az BRRIX (BN, 85 o PR AL IR P
BN T A A BERAAL R 25.93%, F£ W] Sdr4
AR Z W E A R A (B 1-B).
2.4 Sdrd ERBERISH

R TR Sdr4 BAERL3EL B 77, A

(Setaria viridis) -

FEEE T 3K B E KRG WA (indica~ japonica
Aus. Aromatic 55T FRAE R 04T (K 1-C, D), &5
BRI Sdrd4 FERGmIGIX IR 6 FAFZRALT)
A1 2 AR B AL (HOO1 25 HO06), H A fs 748K
Fa s A g H 4> 9 1221, 721, 224, 213, 81 Fi 34,
X 6 PSR T IR SNP A7 549 A £E JE R 41 1Y)
%5 270, 352, 513, 515, 516, 518, 519, 520, 595,
605 1 819 A i, £ 6 FAS[FHEAEAH HOO1 Al
HO004 1t indica R IR FH 340, FHIKE Aus;
{H HO002. HO005 1 HO06 ¥.{%7E japonica YA+
Iy At Aus BRIILK HLA5A HOO3 HHFR & 7R
Indica YWANH 73 A B 2 4b, 15 HABRBKFE A7
E—E .
2.5 Sdrd FHILE3T 5 E BTN

K H Sdr4-F 1 Sdr4-R 5| #5%t Kasalath. Nip [
Sdr4 B[R 4K 4T DNA §734, L Nip B Sdr4 3[R
Gt 7 1 et REGIEAT 22 S A7 AT b X o 85 KRB, Nip
5 Kasalath §] Sdr4 FERAFFIARE, RIHN 3 A
BHIE(CGG) 2 (490-492), 6 AN BARHIE ) 2 3 (5
496, 498, 499, 501, 502, 503 £ /%), SFELMALH
R E 257 (K 2-A, B).

iz ff] PROTPARAM 7EZ M uli3E4T NIP # Sdrd
HEH—REEMTN, &5 F KW Sdrd B S 343 &
FEER, FHXT 4> T E (Molecular weight) 4 35.99 kD,
& Hi, 1 (Theoretical pI) Ay 8.89, HAH AR IR & f i »
N 18.1%. 1ZEH TN CisssHasseNaz60474S 14, SR
T 2HON 5078, AhaE RECH 61.96(FK I E A
Fasg), HeWiFHEECN 84.84, /KM F¥MH (Grand
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A 100 [ M) B Setaria viridis (XP 034582056.1)
69 L /K Setaria italica (XP004958157.1)
43 1% Phragmites australis (XP 062187437.1)
99 }5F ¥ Digitaria exilis(KAF8664278.1)
— UYL Miscanthus lutarioriparius (CAD6223324.1)
100 L 2532 Sorghum bicolor(XP 002460936.1)
75 l F# IR Alopecurus aequalis (CAM0906516.1)
S8 Lolium rigidum (XP 047062749.1)
99 K% Hordeum vulgare (XP 044965140.1)
100 —E /N Triticum aestivum(XP044331317.1)
98 R NE Triticum dicoccoides(XP037484376.1)
AT Zizania palustris (KAG8079946.1)
100 — IK¥& Oryza sativa japonica (Os07t0585700)
100 L Sy Oryza glaberrima(XP052163478.1)
0.050
B
' ’ ’ * - 22 R Selrine
ﬁ’f\%%hreonine
% 2 R Tyrosine
1 [%/{# Threshold L
I
E
Q
2 A
R 5 |
g |
B :
o |
B 2 |
g
= |
|
0 T T T T - T T
0 50 100 150 200 250 300
JF B A

Sequence position

c 'I:\Q ,56'1« 6\‘3 6\6 6»\6 6»\% 6\9 ‘.)7'0

ALLELE GT AG C/G G/IC CIA GIC GT AC CT CT GIC
HO001
HO002

PP (@

1221
721

HO001

H003 224 g gus .
213 asmati
aponica

G, {]her

HO006

34

1 Sdrd REGHARW (A) « EERBEUEN (B) 53K BRERERS T (C,D)
Fig. 1. Phylogenetic tree (A), protein phosphorylation (B) and haplotype analysis (C, D) with 3K of Sdr4

average of hydropathicity)’4—0.087. HittA] ). Sdr4
EAREEEZE, BToAKEEA. PR
PEERTM R, Sdrd A M o-180E. B-HTE. p-
AT I ZH . b Kasalath 1 Nip ' Sdr4
) o-B20E 73 5N 15.50%F1 13.70%, B-H1S5 BN
15.50% 1 15.45%, B-%% 75 A5 A 2.63% A
2.04%, JCHEIES 230N 66.37%H1 68.80% (& 2-

C). ##5 SWISS-MODEL =45 T, Sdrd 28 %
FR 7 5 £ a-BBE P-4 B A TE AU 45t A

[FiT, AlphaFold 73#7 &KL 2-D), Kasalath 5 Nip
(1) Sdrd H L5 EE 2R, H P Kasalath # Sdr4
f) PHE91. GLY118. LYS170. VAL171. ILE172.
SER 173 1 PRO 273 fii &, 5 Nip [ Sdr4 H 45
¥J VAL 91. GLU 118. ARG 170. LYS 171. LEU
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Sdré

493 \ 511 55 bp

p—
e )= GAAGCIGCIGGAGCCG———AAGFITm CCGCGCGCGGIGCGCCCCGTGGGCICCACCJ\TCCR

il bt Lottt

Kasalath GAAGCTIGCIGGAGCCGL--]AAG CAITICTCJGCCGCGCGCGGTGCGCCCCGTIGGGCICCACCATCCA

EENE)
Nipponbare

GAAGCIGCIGGAGCCGEGGhAGkhE kG AleCC6CG6CGCGGTIGCGCCCCGTIGGGCTICCACCATCCA

MAMVCPVDMAVK E ARFREIBPKPVLFBHAHGVTGGGDGRAAVRHT RVLCGLCSRPCRARKRGRPSVVPPVSPPAGAKRKRR

o 100 " 120 e 140 = 160 o

180 * 200 * 220 * 240 * 2
KasalathB e vEE T T HRh EReyh i [ K R E AR e L) A VST SR R LVNDAME RMV CJe DE T DA AR A A
Nipponbare IEEFEVH £ R G F e e : 2
EEPAARppccs1HHEESHHDDGGRTAMAAAAAKKAAEEEAAEEE:DLLAAVS:DSNNRRL6N1AA:<msccpscchmAAAAAA
60 * 280 * 300 * 320 * 340
Kasalath st (g2 g F : Ha T SAMHR RI RIBVEARR - - .
Nipponbare SEFESH2 \ i o ; ; ” v g £
RRIIGEEAAGVSEEBAHAAAALEECCGFFCCAAIAAEEDEG!‘:SSSHAHCCDTRLLCCERBDVFAARFFAMEDCCNHHR}\AADM
C Kasalath D
i T Helix
@% §rheet
urn
TR Coil Kasalath

) ! o NW‘ o, 1 )
Wiy | %

W N — N
50 100 150 200 250 300
Nipponbare
UZJiE Helix
& Sheet Nipponbare

i T
Te AR C011

f“"’s’»;

A\ I ;ﬁ b ;n-ﬁ o
! Nt U/\)“AJ o ‘J&f ‘J'\b Bt o
50 100 150 200 250 300 e

A: ZEFALA DNA J75 X570 AR AT 514 Sdrd-KF Fl Sdrd-PF (SR 4843 ) (43 £ ; B: Kasalath #1 H A o Sdrd 2L /751 L X} 45 ; C: Kasalath
FIHAHE h Sdrd — 245/ Fi; D: AlphaFold 43 Kasalath £ H AH (1) Sdrd 25 (14544,

A, Alignment of DNA sequences at different sites and the location of the forward primer F (highlighted in green) for molecular marker development; B, Alignment
of the Sdr4 amino acid sequences in Kasalath and Nipponbare; C, Prediction of the secondary structure of Sdr4 in Kasalath and Nipponbare; D, AlphaFold
analysis of the three-dimensional structure of Sdr4 in Kasalath and Nipponbare.

2 Sdrd FRHIEEX 5 E B ST

Fig. 2. Sequence alignment and protein structure prediction of Sdr4

172/173+ GLU 174, ALA274 fi S B BEER. 3L R R 2 51 ) Sdrd-KF(5°-AAGGTCATCTCG
2.6 FFEMES4RF & TN CCGCGCG-3") M Sdrd4-KR(5’-GTTGCTGGAGTCC

TER MR Z R IR A S, 7€ Nip  GAGACC-3’), YW KEN 197 bp. N TET
FI Kasalath 7KFEM B Sdr4 IR 51 22 567 % XPr. APUEERTRE AR, 7582 547 8 5 51 AT
THRER S, T 6 NI E R AL S BT BRI & i AN PR B 36 R A 5] 4 Sdrd-PF (5°-
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Mar

2000

1000 .
750 Nt

500 —

250 —

-
100

Ka Nip

Sdr4-PF/PR
(227 bp)

Sdr4-KF/KR
(197 bp)

Ka, Kasalath; Nip, Nipponbare; Mar, Easy 2K DNA marker.

3 5FHRiE Sdr4-KF/KR (A) 5 Sdr4-PF/PR (B) #&
MZER 53 Hf

Fig. 3. Analysis of detection results of molecular markers
Sdr4-KF/KR (A) and Sdr4-PF/PR (B)

AAGCTGCT GGAGCCGTGG-3’) A1  Sdr4-PR(5’-

CTTGTACGC GTCGTTCACC-3’), ¥ 145 DNA 7

FIKFEEN 227bp(F 1, K 2-A). FIFFHX PN 5] Pt

Sdr4-KF/KR
(197 bp)

1 2 3 4 5 6 7 8 9 10 11 12

Sdr4-PF/PR
(227 bp)
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Kasalath. Nip [f] DNA #17 PCR ¥ 4. 3R &R,
Kasalath H* ()57 57 1% 70 1 FRic (Sdrd-KF/KR) H 1 Jr
B K/NN 197 bp, Nip H1(Sdr4-PF/PR)I K 227 bp.
X MbRC AT CE SRR AR M K RS 44 ) Kasalath 5 354K
BT A KL Nip Hr AR e d 38 e et 457, B R I
FIXREHT. (B 3). ik, I RHFR 4T
Fric Sdr4-KF/KR F1 Sdrd-PF/PR, AJ LAPLIE X 73 7K
FEAL LR J 1/ TC P ) s R Y
2.7 #FAFARCEARKBRIFREPRIIES A
R = NERES Y Gy e e TSP S o
R _ER XS 73 F ARty 1 24 437K F% DNA(IR24.
IR36. IR64. 415, 435, 495,
22, i35, R 39, iyl 18, H¥A 23, HifE
F10 5. #1106 Wik 131, Wik 135, fHl 15,
FAl 57 FRD 378+ i 723, B 502, &5 816.
& 47, FUH310), DABRIRARZKFEHM K Kasalath 5
FIURARAT R Nip 23 BP0 ASPUasag L K 2t i,
51y Sdr4-KF/KR H ¥ f BN 197 bp, Sdrd-PF/PR
H 478 227 bp. HEPKSS B2 7R : Kasalath(Ff ).
IR24.1R36 Al IR64 [f17£ [ 2H DNA j@ it Sdr4-KF/KR

13 14 15 16 17 18 19 20 21 22 23 24 25

N

“e 0o G o “4 GO ED U G0 e GD S8 B8 s se s o Ge G

1: Kasalath; 2: Nip; 3: IR24; 4: IR36; 5: IR64; 6: Hi2H 1 %5 7: W4l 35 8: 4l 9 5, 9: ik 22; 10: Ff 35; 11: A 39; 12: R4 18; 13: #1423
14: PR 10 %55 15: #7 106; 16 WAk 1315 17: Wik 135; 18: Al 15;19: Fil 57;20: Akl 378;21: i 723;22: &5 502;23: &5 816;24: &% 47;
25: FHl 310; M: Easy 2K DNA marker.

1, Kasalath; 2, Nip; 3, IR24; 4, IR36; 5, IR64; 6, Zhongzu 1; 7, Zhongzu 3; 8, Zhongzu 9; 9, Zhongzao 22; 10, Zhongzao 35; 11, Zhongzao 39; 12, Zhongzu 18;
13, Zhongleng 23; 14, Zhongjiazao 10; 15, Zhe 106; 16, Zhenong 131; 17, Zhenong 135; 18, Yongxian 15; 19, Yongxian 57; 20, Yongxian 378; 21, Wen 723;
22, Taizao 502; 23, Taizao 816; 24, Jinzao 47; 25, Zaoxian 310; M, Easy 2K DNA marker.

E4 FEKEHES FHRTRMER

Fig. 4. Analysis of molecular marker detection results in diverse rice varieties
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Fig. 5. Seed germination phenotypes of different rice varieties

WP el LASRAS 197 bp I H R B H AR O
B, R4 1 5. R 3 5. R 95, R 22,
35, R 39, thig] 18, F1v4 230 HfER 10
S W 1060 Wik 131, Wik 1350 Al 15, FRD
57. Al 378, iR 723. 6 H 502, G5 816, &F
47, FUHl 310 55 21 AS/KFE SRR TE % B 1267 -
[, 21 MAFEZKFESMR A Sdrd-PF/PR 5144
4 227 bp Y DNA JB%, {H Kasalath. IR24. IR36
A IR64 NITCZ H 2671 (] 4). shabh, @i Fh785 &
SEBG TR A I, FEAH [ SF 0 R 2R, AT
BHEHAHEE N 21 NKFE A, Kasalath. TR24.
IR36 1 IR64 Fh18f K12 (B 5). £% ATk, 5 Nip
AL 20 ANKFESFR(RAL 1 5. 2 3 5. A9
Ty R 22, R 35, R 39, 4 18, HiA 23,
AR 10 5. W 1064 WAk 1310 Wik 135, FHl
15 FKl 57+ makl 378. i 723, &5 502, &5 816,
S5 47, FAL 310)E T 55 RARK R AL .
28 AL FIHRCESHNENBRME R
KA

B PTAR 0 H LRI RE,  ABRARHR

rF [E K FERL2£(Chin J Rice Sci) 55 40 58 131 (2026 41 A)

FLRIY IR36 NACA, SSIRARIE R B2 18 Skt
AT AL (K] 6-A)Fy F- 5 741 18 [FI 52 3543 BCIF,
o X AR BT AR A, R A
WA, K0k B (1) B A BB 2R R S R HIR S [
AU BCiFs Hipk 5 R4 18 FRR[A1AZ 5 $-15 BCoF,
HEHAE BCoFs AR, Hr R HF I K 5FFrid
BACHAT 0 Thic i Bk 88, BT Fs AP I
2 ANEF PR HR 2R RO R, Edr
%48 K17 F1 K88. 1z H4rFhnicht K17 F1 K88 it
ATFERI BRI, 30T LAY 38 197 bp A SR ARHRIE ]
B H B, R RN EE (K 6-B). &
U, AHEFRI RGBT R IG5 FARid, 755 FRIFE
HigH 18 AL B R ] B A PURE R A B A
BAEL, it — PR E AN B T

3 e
FEREYIRO T RAR S, bR B 2 2 g A

AL A A B R, A R P RO T IR
(ABA)MIJR 8 21 (GA) & 2 AT IR HIR B0 4 A 2 2
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Sdr4-KF/KR

227 bp

Z718 IR36 K17 K88

T
i

AR
el \

218 ZZ18 K17 K88

I M Sdr4-KF/KR(197 bp)-5 Sdr4-PF/PR(227 bp) 51 #1> Bl 3 41 18(ZZ18)- TR36. K17 5 K88 LK ZH DNA. K4 18, K17 55 K88 KAEH kI b1
I3 iR 48 h, 35°CHEZFHA 48 h 5, #EATRBEEIMELIR. M: frid.

Genomic DNA from the rice varieties ZZ18, IR36, K17, and K88 was amplified using the Sdr4-KF/KR (197 bp) and Sdr4-PF/PR (227 bp) primers, respectively.
Seeds of ZZ18, K17, and K88 were soaked for 48 at room temperature and subsequently incubated at 37°C for 48 h to promote germination. Following

germination, phenotypic characterization was performed, and images were captured for documentation. M, Marker.
6 MIEAFMEHEEERE (A) MY FRCRNEREERE (B)

Fig. 6. Breeding process of new materials resistant to panicle sprouting (A), molecular marker detection results and their

phenotypes (B)

AR BRI ZRT 280, IR B A R T ORBR T R AN KRR 48
MR RNEHF PR . Sdrd4 AN SF TR
R, HAZF 7L OsVPl IE TS, FH
MR IE T 4% AT A AR 5% R 9 B R R
FLRI IR R, AW B R, Sdrd HEF S
7 XIR T JE B T AL oe 2 Ak, S 3 Fh s
BN WS a4 KR B A R R T
o X e ThRe N uE S Sdrd NS IEERA
KEK, 41 ABRE 5BV&ER(ABA) N ZHLHIA K
MYB/MYC 5+ 2% 3 H K. RY-element S5F T4
SRS, Hd, ABA N G (ABRE)E &
B2 (11 NEWRE Sdrd 151K REATARHR = 2l
Tob R B v R e AL A SR . R B R Gk
M, 75 14 MAEDIFI R, KFE(Oryza sativa)lt) Sdr4
B H 5 IEMFE(Oryza glaberrima) 843K (Zizania
palustris)¥] Sdrd [FIJEMEER . Hh4h, 7E 101-150 fif
RIEMRIX (AP, Sdrd £ 1 B R A I FE RS o IR
AT ) 25.93%(& 1-B). 11 2 A T 45 5 & Bl
Sdrd AR EMRZE, FEH o-iiE. B-IrEME
G Hh R, HSRRARH KL Kasalath 5 59RARFS
BEH ARG Sdrd & F 1) 2045849 100-150 [X 35k H B
BEEFE 2-C)o i LATER, HENNZAL S AT LR
M) Sdr4 /13 AT IR AR Y 3 242 X 3k
FERPFARIR 2 bRl Kasalath A1 H AHE 1, 0]
725 R RIS K FEM RN Sdre FER F BAFAE 3
MFEE(CGG) B, 6 NI 2 F(5F 496,
498, 499, 501, 502, 503), £ DNA /K& T ¥

TR 2 25 1% (Single nucleotide polymorphism, SNP)7%
5, FRAR D FhRicHEEERR, I 7 I 4y
BT, SELS AR & o 5B TP TR0 QTL BfE
X ] USR] SN, 152158 4 P S v 28 DR AR ke S
PCR(Kompetitive allele-specific PCR, KASP)FRic [X
g5 TREAANFHLX ) 96 13 F6 L AR5 . H KASP
For A 2% 5 B R B (s L& 9Ot E & PCR
ACFNSERS 9% 6 2 B PCR AEMNAF &), SLIR AR
mHH LB EHFARZLZMNE RS XH
dCAPS(cleaved amplified polymorphic sequences)#ll
i N /R 2K (InDel)bn 1 it BRI & DhRE bR, 8T IX
Iy R R AR Al A L R 0T, {H dCAPS fEAS I
P FEEIRMYNENEDE, SRRV ED;

InDel #rid H B B % S8, 28X 7E
—EMERE . ARFFFIFFELL Sdrd FEFmIGX 6 A4
B2 AL N, ERE 0 ThRic 5 NS
TIE(TGG) & HH M DhRetEdRid Sdrd-KF/KR 5
Sdr4-PF/PR, K OKFEAE T 3 B ARZE I R4 12008,
FIJH 38 PCR 31T DNA 7 3418 g Bk [X 4 Fl i
PUERER AL, Ak, S 25 ASKFEA R AT R
FTMEE, RI 20 MERESAPCRA 1 5. 43
. ohd 9 5. R 22, thE 35, iR 39, g
18, #1423, HER 10 5. W7 106, #Widk 131, #F
£ 135, @Kl 15, Al 57, FRL 378 IR 723, &
H.502. B4 816, &5 47. FHl 310)48)E T 591k
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PRER/KAE b B, PP IRIRFE AL Sdrd-KF/KR
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