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Abstract:  [Objective] Seed storability is crucial for germplasm conservation, food security, and sustainable
development. This study aims to identify QTLs associated with rice seed storability and explore the genetic basis of seed
storability under different aging conditions. [Method] A set of 131 Oryza nivara introgression lines in the genetic
background of the indica variety 93-11 was used. Seeds were subjected to natural aging and artificial aging treatments, and
germination rates were measured for QTL mapping. RNA sequencing was performed to analyze genome-wide gene
expression patterns in embryos from the storage-tolerant line Ra32 (carrying the O. nivara-derived allele
of gASS1.1/gNSS1.1) and the storage-sensitive line Ral46 (without the allele). GO and KEGG enrichment analyses were
conducted to explore enriched pathways and to identify genes related to seed storability. [Result] Six QTLs for seed
storability were identified on chromosomes 1, 3, 6, 7, and 9, with individual QTLs explaining 3.3% to 21.0% of phenotypic
variance. Among them, g4SS1.1/gNSS1.1 was consistently detected under both natural and artificial aging treatments, and
the O. nivara-derived allele at this QTL enhanced seed storability. Transcriptome analysis revealed 2077 differentially
expressed genes (DEGs) under artificial aging and 1468 DEGs under natural aging, with 733 shared DEGs between the
two treatments. GO and KEGG analyses showed that DEGs under artificial aging were enriched in 1428 GO terms and 97
metabolic pathways, while DEGs under natural aging were enriched in 1199 GO terms and 85 pathways. Two biological
processes (circadian regulation of translation and hydrogen peroxide catabolic process) and 12 metabolic pathways
(including MAPK signaling pathway, zeatin biosynthesis, histidine metabolism, and ascorbate and aldarate metabolism)
were commonly enriched in both treatments, suggesting that seed storability may be regulated by antioxidant systems,
energy metabolism, and accumulation of seed storage substances. Based on functional annotation of DEGs near
the gASS1.1/gNSS1.1 locus, five candidate genes for q4SS1.1/gNSS1.1 were further identified. [Conclusion] This study
identified QTLs related to seed storability and screened multiple candidate genes, revealing that rice seeds enhance
storability under different aging treatments mainly by regulating antioxidant defense, maintaining cellular stability, and
modulating metabolic processes. These findings provide new genetic resources for improving seed storability in rice.
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Fig. 1. Changes in germination rate of Ra32 and Ral46
under different artificial aging durations
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Fig. 2. Distribution and summary statistics of seed germination rate from different origins under different aging treatments
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Table 1. Identified QTLs for seed storability under natural or artificial aging treatments in an IL population
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®AFR: Y% MAPK {5 5 % 5 @ B(MAPK
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Fig. 4. KEGG enrichment analysis of differentially expressed genes

signaling pathway-plant). J & 1/ H K 4 & H
(Photosynthesis-antenna  proteins). & & 1 H
(Photosynthesis). # % bk & 4 ¥ & Hi(Carotenoid
biosynthesis)fl 41l s 7 ¥ & £ ¥ & #li(Zeatin
biosynthesis).

ANTZWT, 34 248 4~ DEG BHZE 97 %
KEGG i, [FffE Bk A FEIIGER. &

EEENE 5 FAERNBIRRIEE 9163 R4S
(Phosphatidylinositol signaling system). fi%) MAPK
5515 FH M (MAPK signaling pathway-plant), —
i KAL) A Bi(Diterpenoid biosynthesis). &
SRS A W) A R (Betalain biosynthesis) 1 5% & 1F H

K2 M (Photosynthesis-antenna proteins).
X EEPITRRE A TT R RT 20 A aE R (A 4), It
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%2 tiEM QTL ¢ASSI.1/gNSS1.1 1&Ei%EE
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Table 2. Candidate genes for g4SS1.1/gNSS1.1 controlling seed storability

TRz A ThREHERE Ra32 vs Rald6 GO W Hid KEGG w41l %
Candidate gene Functional annotation GO enriched pathways KEGG enriched pathways
O0s01g0842400 ERRTAER i E NIy SRR
Laccase precursor protein Down-regulated AR R B PE
Lignin catabolic process,
oxidoreductase activity
0s01g0842500 BT EA i AR AT
Laccase precursor protein Down-regulated AR R B PE
Lignin catabolic process,
oxidoreductase activity
050190847800 BEARIE ISR WK 11 il BRI S22« B I BRI RERR AL
Aldo-keto reductase family protein ~ Up-regulated B PR ER AR Gt
Glycolysis/gluconeogenesis, ascorbate
and aldarate metabolism, pyruvate
metabolism
0s01g0855900 CDC6-DNA & il {ihHE T BN
CDC6-DNA replication initiation ~ Down-regulated 25 5400 & A
protein Cell division,
mitotic cell cycle
0s01g0860400 Bl K M Ei FEIRAE I R A EIEREAL T A
Glycoside hydrolase Up-regulated EZ Py Seni Amino sugar and nucleotide sugar

Chitosan catabolic process, metabolism
polysaccharide catabolic process
DERZALE Ra32 5 Rald6 17 RRIA.
"Differential expression of candidate genes in naturally aged Ra32 and Ral46.
%< 3 RT-qPCR WHERIS 451
Table 3. Primer sequences used for RT-qPCR validation of candidate genes
R ID NAEEIEY] K514
Gene ID Forward primer Reverse primer
Os01g0842400 ATCTTCGGCGAGTGGTGGA TGTCTTGGGCAGAGCAGTTG
Os01g0842500 CTTCTCCGTTCCTCCATCCT ACGTTCGTCGTTTTCACATCGA
Os01g0847800 TGGCGTTCATCTCTCTGCGTA CTGACCCTGCTGAAGACCC
0s01g0855900 CCATACCCGCGAAGCATTAAG AGAGCCAAGCCCGCCAAAG
0s01g0860400 GACCTCGCCAGGGATCTGA CGAACAGCCCCGTGCTGAT

A 12 kIENE-BESEEY, OFEEY MAPK /5
F4E S M (MAPK signaling pathway-plant). Y&
1 I K 28 & F (Photosynthesis-antenna proteins). 6
4 B H(Photosynthesis). 4l g 73 ¢ & A=Y & B
(Zeatin biosynthesis). 41 & R X #f(Histidine
metabolism). 757 7 % N 1 IR KA & W AW 6 Ak
(Phenylpropanoid biosynthesis) HTI IfiL i Al E Hl R
R f(Ascorbate and aldaric acids metabolism). ZE/E 2R
B1 fX#f(Thiamine metabolism). fi [Iij Bi& [% fif (Fatty
acid degradation). % Mt H K 1R #f(Glutathione
metabolism). o-JF. i #% X #ff(alpha-Linolenic acid
metabolism). & % B2 A1 il 2 B2 1€ 1 (Arginine and
proline metabolism). iXL&i@ B EHIEA . REEAR
TR 20 L R PR R R G E A .

TEY) MAPK {5 ‘8 i 18 i 1842 P A il i 1 52 el
EMERUERRAE ST PURMER A Bt H KR 2 5
A AR JEF R s A E AR S RE AR

BIAESG, Semn U Y R FE R R IR X o-
VR R AU 5 e JE T 2H A S e s Ay R
AW RO AT BEAE AR, HERERI TS T
2.5 E3 QTL gASS1.1/gNSSI. 1 &% ERFE S

T % QTL qASSI.1/gNSS1.1 1% A7 B N
37.73-38.68 Mb [X[d], | RUF&Ef 100 Kb J5 &
HALHE 156 NEEH . @ik HE Ra32 5 Rald6 7E1%
X Bt N s Rk 22 5, L% 5E H 234 DEGs.
ABrThRe R BB EE A G, 44 GOMKEGG &
LR, WEERERSIIET 20 A8 L
5 NS A VI G ik R (R 2), 4ralh
O0s01g0842400 5 0s01g0842500(% 2 1 1l 14 2
F1)s Os01g0847800(%w 1 B 14 57 I 5% e B 1)~
O0s01g0855900(4wt% CDC6-DNA il {844 5 H)LL
& Os01g0860400(4itis i 3 /K il i) o
2.6 {RiEEFEA RT-qPCR HiiE

N WAERE S TS AT SR, EEXF S A
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P=0.0189 P=0.0010
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AR FRIE
Relative expression level

P=0.0003
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P=0.0131

PN

P=0.0109

05010842400 0s01g0842500

0s01g0847800

05019085590  Os01g0860400

5 ZEEFEEBRE S Ra32 71 Ral46 #FHET RT-qPCR HIZE RFRIXWIE
Fig. 5. RT-qPCR validation of differential expression of candidate genes in naturally aged Ra32 and Ra146

e R B RS (K 3), R RT-qPCR#EAT
x s WUk . 4 R R W, O0s01g0842400.
Os01g0842500 F1 Os01g0855900 1F F%REAL 5 Ra32
W IE B Ral46 & R i 1 Os01g0847800
Os01g0860400F1k (K 5). FERF LA HEF
HMFEER—F, Bk | 2 7 LI e .

3 Ui

Bl 122 T BUKFE I B PE B T P 3=
TR R T2 — . H AT A 5 A A DA ] i S A
FRAFIK A ORAF T 5K, DR R B R0 e 3 5 it
K TG, B—FMAEFEmAN SR RER. RE
O KT gt QTL IMAZ4EIE 7, (HE kBl
AR, U EE T AR BT IR 1 R Gt TR R B
Z. ARG S FENPINER, 200 RIERK
I . BE AL R AL S R R K
Ji&, T fif 55 5T Ak A MR 1 R AT R0k B IR
Tt N QTL #2498 Koy Tk B 4t 7 B Ak Ha Al
R ¥,

AR FEFIFHAIRS 93-11 510 e FLi B AERg 12
VNG Y X N I R ST T s 7 i
TN K BREAAEE, JE5T 131 MR RTTE
M fig e R B S8 . 45A & 10704 bin Aric 1E 8T E
EILEA ] 641 QTL. 45K, Fhrmfattsz A
T 5 BREMEE, —FHEAEELE,
WHEAENRRREMS . P, Fi% QTL
qASS1.1/gNSS1.1 1E 7 b B2 26 1 F ¥ e fa e 3R

ik, NG IX I, RETEREN 19.0%~
21.0%, HALE 5 IHMRERH R 2 B AL F e 7 2
(1) gSS1. IV o LAl AT Skl (1) gNSS6
gNSS7. qASS9 4 7 5 Hi N B 1 ¢SS-6115),
gSS7.107, qRC9-2U4LL Jb qSS-9USM Bk, idE—
IRAE T 1X4E QTL 7EA[FEAL 1 5 N e HEA
WiE M.

Rt — R R R 2 A A 3R 1 i i P
fit, AHWFICREEUE W gASSI. 1/gNSSI.1 H35Ar 3
R A R Ra32 FUANT i #4kL Ral46 #E1TH: 5%
A . /AN L2 T ILEwd 2077 4
DEGs, HREZ TN 1468 4, WFhALH FILA
733 /™ DEGs, XEEHLHRFTGESE T /KEM T
ZAEFE R A AR A AR . N TR IEE TR
R R N IEM TR, 55 R I MR
s T AR A U B 2 I S B e AR A, R
TIEK W6 BARR LI A AR L . 3 2 5
R AREAS R 2 AT R T i 1 AR L R T
HEELR. AT A T 8] 35 1 AR R
T B A N B S BRI 0 R BRI 32,
PUAA N 2R G0 38 Ik 2 R0 1 AT i DL SE 28 2 AL R
281, AKWFIH GO 1 KEGG &HELS RIF i HFix—
M. SRR, NLEAMERELTEET,
VI 27 R RE BB E =R Al bk | N S Y S
AR 7 ok $2 v Fe e v . Horb, S8 ME D
ik 7%« MAPK 15 1% T i DL ROBEACT A 45
PSS e R, Ml iR miiE
BE 77 1 s e B DL R AR AL BE A T DA 4
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FrA R IhRE e Bk . Ak, MRS REEYS
B TR AR S B B N A, HRoR HL T REAE 4
FF R ZF VR A A0 K i ek AR e 1 U7 T R R AR
F o XSG I % n] BR AL R 4E R K FE AT 0 1)
oty TN 4. [EFERNE, ARZA0TT
EAFAERE N . N T2 A0 4 5 4R 1
F B R BEIRBE LS 5 1% 2 iR A A
V&S, SEBREHRY . BERPAE S 1%
SO, WHATZMEG P EEET
FE AR AS T T RO e m R e . A X R, HARE
e B A N R AW & RS S P
AR R A%, R B AR EA T R oFh - T A
FARRR I BT R RAE RPN AR e

PE 20 QTL qASSI.1/gNSS1.1 XAy, F:fik
HT SA St DI EIE R, BT
RESM TR E . 4 RERS e 1 DL S P A AL B 1
Pt HAd, 0s01g0842400 1 Os01g0842500 %
MR AT R B 1, TEMT g Rl Ra32 HRIE T,
LAC4 F1 LACI2 [RIE R R CAE 2 P p ik 5 2
itk Kk & R ER3Y; 0s01g0847800 YwtY
R4 R G, 76 Ra32 ik i, 1ZKEgS 5
A AN B B A & W AR 553 Os01g0855900 % 1Y
DNA EHIEEIHE [ CDC6, fE Ra32 HEE T,
A e E ok U AR A M O R R % s 2B,
Os01g0860400 4ty /K ey, £ Ra32 HhRiA k
VA, LR U AE B EE LT R D RE R B LAE B
PR R A T TEAE B,

AREFFIES QTL @i S /i, 18
AN T IKTE R fifs 14 52 22 38 B B [ R 48 1 38 A% L
W, WARG T AL qASSI 1/gNSSI.1 1) %4 {E
F, R I 2 A D) REBA i IR HE R . S 2R AT
R R R . DA BN R AR A 2 T Bt — P
G AIF 1X R0 358 5L TR R AR P 22 ThRe s RS FRAT AN T
LA TT R 5 R REAL KRS BT 1
1057 e R i T

W SR R B RO K S TR A SR R 1R A
AT N FREAR S FL R DR 7R 0 A S8 S it i A
ET RS,
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