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AP2 Transcription Factor OsERF34 Positively Regulates Seed Dormancy in Rice

DU Zhimin' 2 #, JIA Yinan'#, DUAN Yingqing?, CAO Ni?, MA Liuyang?, DONG Xinli?, XU Hai', JIAO Guiai?,
TANG Shaoqing®*, HU Peisong>*
(!Shenyang Agricultural University, Shenyang 110011, China; *China National Rice Research Institute, Hangzhou 311401, China; *These authors contributed

equally to the work; *Corresponding author;, email: tangshaoging@caas.cn; peisonghu@126.conr)

Abstract: [Objective] Weakened seed dormancy in rice leads to pre-harvest sprouting (PHS), which severely impacts
grain yield and quality, making it crucial to investigate the genetic regulatory mechanisms underlying rice seed dormancy.
[Method] We generated loss-of-function mutants of the AP2/ERF transcription factor OSERF34 in the Zhonghua 11
(ZH11) background using CRISPR/Cas9 technology. [Result] The oserf34 mutants exhibited severe pre-harvest
sprouting and significantly reduced seed dormancy. Transcriptome analysis revealed that differentially expressed genes
(DEGs) between oserf34 and the wild type were significantly enriched in plant hormone signal transduction, ROS
metabolism, and glycolytic pathways, suggesting that OsERF34 may maintain seed dormancy by regulating hormone
biosynthesis/metabolism, redox homeostasis, and carbohydrate metabolism. Further investigation demonstrated that the
oserf34 mutant seeds showed substantially increased levels of auxin (IAA), gibberellins (GA19/GA20), and salicylic acid
(SA), along with decreased proline content and elevated hydrogen peroxide (H,O) and superoxide anion level.
Meanwhile, the activities of antioxidant enzymes (SOD, POD, CAT) were upregulated. Additionally, the mutant
endosperm exhibited significantly elevated soluble sugar content and a-amylase activity, providing an energy foundation
for dormancy release. This study demonstrates that OsERF34 positively regulates rice seed dormancy through its
involvement in hormone biosynthesis/metabolism, redox homeostasis regulation, and carbohydrate metabolism.
[Conclusion] These findings provide novel theoretical insights and genetic resources for deciphering the molecular
mechanisms of seed dormancy and germination, as well as for developing PHS-resistant rice varieties.
Key words: pre-harvest sprouting; dormancy; hormone metabolome; reactive oxygen species; soluble sugars; a-amylase
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T OSERF34 UREH R A, SiEHSH . BERRUA S AETA SN, @I RER P RIR 5 Figfs. (4
R KU oserf34 FACAFFRER T H, IRHRPERG R 5. AT EIR, oserf34 5EER 2 0] 2 73Rk
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Sprouting, PHS), /MK TR E, FEFEHRE
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KARAREOT, T A7 e A 53¢ (R 7 s o 5 HAh i
(A 5 7ot W) BAR, TR E A s
B, GA 15 5B 1 57 3% K7 OsEATB, 1@id 0
Hl GA HWE AR 0sCPS2, K GA &8, [A]
FEH5m ABA S5, PRI BT, 5 4h, OsERF44
5 OsABI5 thIF R AL IER AR, 352 ABA 15
S R R R 2238,

R HEITE AP2/ERF ZIE RIATEERpFIK
MRS R A LB A7 TS T — e i, HEmT
Fh-F AR S A & TS HLHI 0 & 4<%, AP2/ERF 34
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1.1 EAHGFIE

HmRE: A NCBI U4 & R % OsMFT2.
OsMFTI. IPAl. OsVPI. OsFTIPI. OsSdr4. OsSD6
SERHRA CFE ) cDNA RS 3 7 75115 B
54387 : £E TDTHub H1 JASPAR $#5 22 K5 G T 25
(1) 3 DR 2 TN i S TR 7 F DNA S5 A 151
WIESE A E . 456008 %5 DR E R
T TR : W2 NRIRAR G R ) i fs 5
TG R ATER A i, FHRILFA E s A
Fo MILRI LR 7rp, PRk 2 AR E
RIRNTFIRT G, o IR A TR RIR R
R, APkt OsERF34 VENWFRA 4.
1.2 R

DURERE S AP AE 11 JhisifE 75 5t, H CRISPR/
Cas9 i AREIE OsERF34 (LOC_Os04g46440)53%%
&, 5% N GTCCTCGAGCCTCTCGTGCG
GGG(OsERF34-CRISPR-F: AAGAAGTCGCGCATC
TGGC; OsERF34-CRISPR-R: TACACGGAAGCAT
GACTGGC). HHVLT5 A& IR A w] s AT 3
EHA105 N SiEAR Qe 2315 3 L 5L R pk . 3t
BERB 2 MK R(EELG W OsERF34-qF:
AATGCCAAGAGCCCC; OsERF34-qR: GGCTTG
TACATGGCGG) . A1t 78 Bt AR5 T3 AR e 18t
FEMBLEATINE, FrAMERT 2024 FEFETHOM
7 H EKFE T 78 BT s 36 JE H (119.5°E,, 30.0°N, S #4
WERAME). T 5 H 25 HEARER, 6 A 15 HE
FHk. FBAIATEIEA 25 ecm(fTHE)x10 cm(#k
PR H AV BN IE R K A H . 51904 -5l i
WV A= AR IR 2 =) A b s R A R,
HIRAF E R
1.3 FWEGAMFAF RS

R BRI 30 d (/K FEAR T, H ddHLO 15
33, BETESAWZRAMBEFEEFRIA, HE
PREFIEACAE TR, B TR M T30 °C,
80%MITESE, 12 h J6ME/12 h B, AR
5 MET. BRIEEMTRFHE, IMRKZEM
FH—EKBERFKEM TFREKICNK

rf E 7K FE R} 242 (Chin J Rice Sci) 5540552 ] (2026 4E3 )

Hgiit 7 d.
14 EMERFSH
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1.5 FREDWH
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O F LK E 346 T 4 (Agilent 2100 TapeStation)
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P39 J5 1Y /5 5 &7 5 (clean reads), BFIX EE R A LG
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(I3 HT . {8 DESeq 2 #HT 2 RRiE 04, I
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WSk G SRR, 2% Li Yan #l Flokova [
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MS/MS, QTRAP® 6500 i 47 Jit i 7 #7 . R H
Analyst 1.6.3 Z/EAT MultiQuant 3.0.3 B 4b FH 7 i
Kl o IS ARAE 2 T SRR SRR T 4
X E B R
1.7 HIBRHRNE
1.7.1 ## £ B (PRO)A= ROS &=l &

BB A= BRI R AR AP e 20 d BIFH 5% 0.1 g,
P2 MR S & Ul B F AT I E . IR (PRO)
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I A% B0 A R A BR A A\ R B (B S
GO111W, GO0168W, GO116W)BEATI%E .
1.7.2 FAAEEEMEN 2

A B AL EE(SOD). it E AL B (POD) Al
FAE R (CAT) & = E 43 7l BOXBIO & FH]
1R 7 & (585 . AKAO00IM-50S, AKSUOOIC,
AKSUO001M), #ZUd B F54E . BUET AR B RN R AR {4
B E 20 d FIFFT55 0.1 g, TN BE SR K e
IO 1 mL $#EBUR, 12000xg K20 10 min, EiF
TOFH 000 5 B o 2 AR AR AE SR 7 8 15 B B )
WEis, R BEAR AR R A e e 5, I
TH 5 B
1.7.3 TTRWEAEA a- i B EEN T

ATV S A o= K ) DU SE 43 S A
PN A B A B A BR A F BT & (R
GO501W, GOS10W)HE47, %t Bl HaefE. B A=
RUFNRAFARAZ NG 20 d AP 145 0.1 g, %R

HENEMH0:). HEAE T (0 « )& ED A
(

A ATG BgeEt  TeA
O !
ZH11 GTCCTCGAGCCTCTCGTGCGGGG )
oserf34-1 GTCCTCGAGCCTCTCGTTGCGGGG — insert T
oserf34-1 GTCCTCGAGCCT----TGCGGGG delete 4 bp
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T I S P TR 0 22 AN RBR AR L Rl (Os VP
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CRISPR/Cas9 FARLEFTE 11 5 FEIH] 735041
KRAMK . FEH M N, OsERF34 [WAMET EH
WA A 5 R . OsERF34-1 WANE 7 EHEN T —A
I60 Jlt s 0 B (T, OsERF34-2 WA 2T LBk 7 —
ANBEIEE « — A o JI s e A A S A 3 4 M
(CTCG), X PFRgEAR 77 35 FE T AL RAL . Flng
KRR T IR, MEBTEAER, oserf34 FALAFH

B
é]‘“l PAM f
D 1007 ZH11
mu,rﬂ §, oserf34-1
Q
l b 80 oser{34-1
I A 55
J'F\ Ji A %‘k% 60
A ENES
tE w0
g
g 20,
£
o
C ol et , : ;
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A: RIR OsERF34 [WERZEK . AL i R RART7 3,
HRAE 11 $RA7 55 BIAN 2 Fil AR R [ AR

HiSk#F7~ CRISPR/Cas 9 ZwiRMIHLAL A,
Bl o 20 AR TA B RIS N AR IO B o C: BRI G 30 d (DAP) [HAE 11 Fl oserf34

MR ]

Imbibition time(d)

KOSERFRRINE T, AGMIRRAET. B:

T, SZRDEALE ddH0 1, £ 24 h #e— 0K, C NS 4 RIGIHTRERR. HHIR: 2 om. D: SHEERT 000K 0 7 LUBER AR IE . R 22 53R RbR

HE n=3).

A, Schematic diagram illustrating the gene structure of OsERF34, mutation sites, and mutation types. Arrows indicate CRISPR/Cas9 editing target sites. Gray

rectangles represent exons, and white regions denote introns. B, Target site sequence in ZH11, mutation details of two mutation types, and sequencing

chromatograms. Red rectangles highlight positions of nucleotide insertions and deletions (InDels). C, Panicles of ZH11 and oserf34 harvested at 30 days after

pollination (DAP) were immediately soaked in ddH,O, with the water changed every 24 hours. The image shows the sprouting phenotype on the fourth day.

Scale bar: 2 cm. D, Germination percentage of fresh seeds over time. Error bars represent standard deviation (#=3).

B 1 oserf34 RL KM FIRIRMER S

Fig. 1. The oserf34 mutant exhibits a weaker dormancy phenotype
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c

ZH11 MDDSHDLASP TSPDTASSSS SSTSTSSSSA TVAPKKRPRN 40
oserf34-/ MDDSHDLASP TSPDTASSSS SSTSTSSSSA TVAPKKRPRN 40
oserf34-2 MDDSHDLASP TSPDTASSSS SSTSTSSSSA TVAPKKRPRN 40

ZH11 DGRHPTYRGV RMRSWGKWVS EIREPRKKSR IWLGTFATAER0
oserf34-1 DGRHPTYRGV RMRSWGKWVS EIREPRKKSR IWLGTFATAES0
oserf34-2 DGRHPTYRGYV RMRSWGKWVS EIREPRKKSR IWLGTFATAES0

ZH11 MAARAHDVAA LAIKGRTAHL NFPDLAHLLP RPATAAPKDVI20
oser/34-1 MAARAHDVAA LAIKGRTAHL NFPDLAHLLP REATAAPKDVI20
oserf34-2 MAARAHDVAA TATKGRTAHL NFPDLAHLLP RPATAAPKDVI 20

ZHI1 1 QAAALLAAAA ADFPSVSVDA NAKSPDTCSY ASAASPQPPP160
oserf34-1QAAALLAAAA ADFPSVSVDA NAKSPDTCSV ASAASPQPPP160
oserf34-2QAAALLAAAA ADFPSVSVDA NAKSPDTCSV ASAASPQPPP160

7ZH11 PDAEADPDST LFDLPDLLLD LRYETSSSLS CGASWAVDDD200
oserf34-1PDAEADPDST LFDLPDLLLD LRYETSSSLS LRGVVGRRRR 200
oserf34-2PDAEADPDST LEDLPDLLLD LRYETSSSLA GRRGPSMTTW 200

ZH11 VAGGVVFRLE EPMLWDY* 218
oserf34-1 GRRRRVPPRGAHAVGLI 217
o0serf34-2PAASCSASRSPCCGIT 216

A: NCBI M543 #4T OsERF34 8 AR 4514938, B: SWISS-MODEL 4341 OsERF34 SRARH 5 A8 A = 45M . 2L AR B R R B SRR AL E .

C: OsERF34 RAJFAIEMEFHINIEAR, AOTHIORBUHIERE.

A, Conserved protein domains of OsERF34 identified using the NCBI database. B, Tertiary protein structures of OsERF34 before and after mutation analyzed
using SWISS-MODEL. Red circles indicate positions of altered amino acids. C, Changes in the amino acid sequence of OSERF34 post-mutation. Amino acids

modified by the mutation are highlighted in red.

2 OsERF34 MIZERRTEMIER =L

Fig. 2. Analysis of conserved protein domains and tertiary structure in OsERF34

FIIORIRAE (535 FRAR, AR 25 R N 8 AR A A AN ]
RFFHRARY OsERF34 [NRIEERKI, oserf34-1
R oserf34-2 Pk RPIZEER P RIA B B NE,
oserf34 &— G HEE ) RAAK , oserf34-2 [NFRIEE
B SHHRIREFEZ, BMifRE™E, £H
OSERF34 W] R & M1 RHR ) 1= 4% K1~
2.2 OsERF34 WEBRTHEMI R =BT

AT 9T OsERF34 & HIRE, AT %%
PR SF S5 AT T 00 Wil 2-A FoR, TE%
H M 47-105 Sr 2 FERR AL FLA 3L K AP2 45435,
Vi B OsERF34 4t —A> AP2/ERF F i [ #E5% [K 1

T = LS T Bon(B 2-B. C), RAE
OsERF34-2 F 1 o BRE-5 B 78 X 8k A ] T4
RAR, BERZRA T FEUE AT RE I E R .
2.3 OsERF34 MFRIEER S T A EN

9T fENT OsERF34 HIRIEHER, FRATH
qRT-PCR il 7 HAEKFE R B FFRL ) 3RIE K,
SRR, OsERF34 fEMRFLh RIEEI RS, 6
Ji 20 d(DAP20)FPF-HRIA R . & RNTE
FP 2B T I 4ehS T FI G 2] GFP BITHIIRTS
35S:0sERF34-GFP #4k, H A & A bnid 3 [F)
K RBIRAE R AARSR M5 OsERF34 41 & A2 1%
M. WK 3-B fin, OsERF34-GFP (4G5S
T 5% FRI1C 8 H Nuclear localization signal
(NLS)-mCherry MLk HfE S e ES, K
OsERF34 & A E4H % T KA T fg

A 20
i
H2 151
% 8
L
10
§8
£
[}
[
0 . - - - - -
5 10 15 20 25 30
o fE R
5 DAP(d

(d)
NLS-mChe Brightfield

OsERF34-cGFP

A: f§iJf] QRT-PCR ¥l OsERF34 {EH ¢ 11 RREFF R EFF i
MR ERILE, UL Ubi BENRIEE NS HATIRMENL, H DAPS
ISRV 1, BRI P EbrEZ, V¥ ET 3 K. B:
OsERF34-GFP fE/K8JR LR I AU I E 17 o ¥ OsERF34-GFP Al
2 A 4% 5E 157 1) Nuclear localization signal (NLS)-mCherry J: 33k /K 5
Ak . GFP, GEEM, FRR=10 pm.
A, Relative expression levels of OsERF34 in Zhonghuall seeds at
different days after pollination (DAP) analyzed by qRT-PCR. Expression
levels were normalized to the Ubi gene as an internal control, with the
DAPS value set to 1. Data represent mean + standard deviation (n = 3). B,
Subcellular localization of OsERF34-GFP in rice protoplasts.
OsERF34-GFP and nuclear-localized NLS-mCherry were co-transfected
into rice protoplasts. GFP, Green fluorescent protein. Scale bar: 10 pm.
3 OsERF34 ER R R GREAFF R RIAER K I 40
ighyiva
Fig. 3. Expression patterns in seeds at different
developmental stages of OsERF34 and its subcellular
localization
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0 LRI :
g 2 ﬁﬁﬁ%i@ém
= 30007 FATR 2 T A TR
i LR (kA A 42 . .
b RhofL1f= 545 ) A
= AR A b i AR
ns MR FAL AR BB
émm— mm@xﬁ;fw - et
g JUT R SHRAL
2 FoRag C’ ;—ﬂ»:]uwlw HE R4 A
R _
0 Total Up Down R N Eﬁ:ﬂlﬁf
B it B - AR I
l CE R L) _ SN X 1 : . PR A T T
i : ST AR R A R
AR . Je & R
25 RN AR AT © MAPK{Z Eides Chitn)
g ;ig%gg DA KA MR B
% RARGR T bk T ets 2 2
g RhoGDPAR 171 ) ® BN AR
o o ek 1 E IR i
el SR RS A A
JLT G B ,
=%Hiﬁ%ﬁ;¢ o - AR AR
| R RNSEEAEL (22 R %
o 0R 0% A4 1o 20 L(]old enrichment 2
group -log10(q value)
® Up BP ‘L4 f4 (Biological Process) -q value
* Down CC NSy (Cellular C . 0.1 0203
e unchange =L (Cellular Component) .. @ ©® ® & -Genenumber
MF 4 T-Thfit (Molecular Function) 765 4 3 2 1

A: Oserf34 51 11 ZRFEERNNEE . B: oserf34 5918 11 285 20 d FhFIREERRIXE KL E. C: DEGs i1 GO & &+ & E M HE4 11 20
HITIRE ST HT(Pagr<0.05). D: DEGs ) KEGG &4+ & M HE 1T 20 1B /3 HT

A, Number of differentially expressed genes (DEGs) between oserf34 and Zhonghuall. B, Volcano plot of global gene expression profiles in seeds of oserf34
and Zhonghuall at 20 days after pollination (DAP). C, Gene Ontology (GO) enrichment analysis of DEGs, showing the top 20 significantly enriched functional
terms(P,4<0.05). D, KEGG pathway enrichment analysis of DEGs, displaying the top 20 significantly enriched pathways.

El 4 Oserf34 1 S 11 BHIEREMNF D

Fig. 4. Transcriptome sequencing analysis of oserf34 and Zhonghuall

2.4 OsERF34 BV FRE N

N TIRNFENT OsERF34 1E IR /KFEIRIRK) 4
THLEE, FRATEH b A 3% 4 0 7 (RNA-seq) bf
oserf34 FIHRTE 11 85 20 d(DAP20)I /KRG Fl-1
(L S A AT o0 Mo RIS DL 38 22 57 (P<0.05), 48
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A: FHE 25d L 11 M oserf34 HAKRRBE M S E. MEIAA: BIW-3-ZBRHEE: 1AA: EKFE: OxIAA: AMHIWRLEL; IAA-Phe: N-(3-1
Wk ZEIE)-L- KRR ILA: M5IME-3-FLlR. B, MG 25d B8 11 Ml oserf34 FREZKBER TR, GA19: FHEE 19; GA20: FHEZK 20, C, &
BiJa 25 d HHAE 11 R oserf34 NS RERBEN TR . DHZIG: WATKEK-T-WEH; 1PTG: FpIIGIRIES-T-HIFEH; cZRMP: 2 TORR-HEH
B, ZOG: Ral-FKZF-9-B-HI T . D: $MJE 25 d AL 11 M oserf34 KMIRIEZE & E. SA: KWME; Phe: L-HNEER; SAG: K#
f2-2-O-p- A E b . BUAMRFTPIMEAREE (n=3). E: M5 25 d L 11 Fl oserf34 v 2 (ABA) &&. FARMIE 11 MR oserf34
BT 22 5 LAY, ++ARARAE P <0.01 ZKF EAFFE R 2 22 5, +AURAE P <0.05 /KF EAFAE R Z R (LR  K5).

A, Auxin content in Zhonghuall and oserf34 at 25 days after pollination. MEIAA, Methyl indole-3-acetate; IAA, Indole-3-acetic acid; OxIAA,
2-oxindole-3-acetic acid; IAA-Phe, N-(3-Indolylacetyl)-L-phenylalanine; ILA, Indole-3-lactic acid. B, Gibberellin content in Zhonghuall and oserf34 at 25
days after pollination. GA19, Gibberellin A19; GA20, Gibberellin A20. C, Cytokinin content in Zhonghuall and oserf34 at 25 days after pollination. DHZ7G,
Dihydrozeatin-7-glucoside; iP7G, N6-Isopentenyl-adenine-7-glucoside; cZRMP, cis-Zeatin riboside monophosphate; tZOG, trans-Zeatin-O-glucoside. D,
Salicylic acid content in Zhonghua 11 and oserf34 at 25 days after pollination. SA, Salicylic acid; Phe, L-Phenylalanine; SAG, Salicylic acid 2-O-f-glucoside.
E, ABA content in Zhonghua 11 and oserf34. Differential comparative analysis between Zhonghua 11 and oserf34, error bars represent SD (n = 3). **, P<0.01;
*, P <0.05(Student’s ¢-test).
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Fig. 5. Analysis of hormone contents between Zhonghuall and oserf34
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A: ZHI1 F oserf34 #2520 d A FHh R S E. B: ZH11 M oserf34 #8520 d FhFhid 8L A S E. C: ZHIL M oserf34 #25
JG 20 d R FHRBA B FEE. D: ZHIL Fl oserf34 #0315 20 d IRt ROS iERREE & . BUARE TIEAEE (1=3). HH4HY
ZH11 FIRAEAK oserf34 2 [HHEAT Z 7 LB A i, **RRAE P <0.01 K BAFFERE Z R, *RAE P<0.05 /KF LAFEREZ R, K.

A, Determination of proline content in seeds of ZH11 and oserf34 at 20 days after pollination (DAP). B, Determination of hydrogen peroxide (H,O,)
content in seeds of ZH11 and oserf34 at 20 DAP. C, Determination of superoxide anion content in seeds of ZHI1 and oserf34 at 20 DAP. D,

Determination of ROS-scavenging enzyme activities in seeds of ZH11 and oserf34 at 20 DAP. Differential comparative analysis between wild-type

ZH11 and mutant oserf34, error bars represent SD (n = 3). **, P <0.01; *, P <0.05, Student’s #-test.
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Fig. 6. Analysis of reactive oxygen species pathways between ZH11 and oserf34
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A, Measurement of soluble sugar content in seeds at 20 days after
pollination (DAP). B, Measurement of a-amylase activity in seeds at 20
days after pollination (DAP). Differential comparative analysis between
ZH11 and oserf34, error bars represent SD (n = 3). **, P <0.01; *, P <
0.05 (Student’s t-test).

7 ZH11 0 oserf34 FER B EIEIR DR

Fig. 7. Analysis of sugar metabolism-related parameters in
ZH11 and oserf34
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A-D: ZH11 1 oserf34 7 EEHL (A), FRiE (B), HEFIE (O MK (D). HAREMRE FEMEEIUEE (n=10). E-F: THE (E) MgLE (F).
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A-D, Tiller number(A), plant height(B), grains per panicle(C), and panicle length(D) of ZHI11 and oserf34. Bar graphs represent mean+SD(n=10). E-F,
1000-grain weight (E) and seed setting rate(F). Values are means+SD(n=3). ** and "ns" indicate extremely significant differences (Student’s #-test, P<0.01) and

no significant difference between ZH11 and oserf34, respectively.
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Fig. 8. Statistical analysis of agronomic traits in field conditions
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