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Antagonistic control of seed dormancy in 
rice by two bHLH transcription factors

Fan Xu    1,2,9, Jiuyou Tang    1,9, Shengxing Wang3,9, Xi Cheng1,2,9, 
Hongru Wang    4, Shujun Ou5, Shaopei Gao1, Boshu Li3, Yangwen Qian6, 
Caixia Gao    3,7   & Chengcai Chu    1,8 

Preharvest sprouting (PHS) due to lack of seed dormancy seriously 
threatens crop production worldwide. As a complex quantitative trait, 
breeding of crop cultivars with suitable seed dormancy is hindered 
by limited useful regulatory genes. Here by repeatable phenotypic 
characterization of fixed recombinant individuals, we report a quantitative 
genetic locus, Seed Dormancy 6 (SD6), from aus-type rice, encoding a basic 
helix-loop-helix (bHLH) transcription factor, which underlies the natural 
variation of seed dormancy. SD6 and another bHLH factor inducer of 
C-repeat binding factors expression 2 (ICE2) function antagonistically in 
controlling seed dormancy by directly regulating the ABA catabolism gene 
ABA8OX3, and indirectly regulating the ABA biosynthesis gene NCED2 via 
OsbHLH048, in a temperature-dependent manner. The weak-dormancy 
allele of SD6 is common in cultivated rice but undergoes negative selection 
in wild rice. Notably, by genome editing SD6 and its wheat homologs, we 
demonstrated that SD6 is a useful breeding target for alleviating PHS in 
cereals under field conditions.

Seed dormancy is a strategy of plants that enables seeds to remain 
quiescent until conditions become favorable for germination1. Seed 
dormancy affects seed dispersal and influences the location and tim-
ing of plant growth, and thus is under strong selection in natural plant 
populations2. Adequate dormancy keeps seeds in a quiescent state in 
the field3, while weak dormancy ensures a higher and more uniform 
emergence rate after sowing4,5. However, weak seed dormancy also 
leads to unwanted early germination of freshly matured seeds on the 
mother plants, called preharvest sprouting (PHS). For a long time, 
PHS in cereals including rice and wheat has become a serious problem 
worldwide, leading to reduced grain quality and yield6–9.

Seed dormancy and germination are complex agronomic traits 
controlled by many quantitative genetic loci (QTLs)6. The Gramene 
QTL database documents 164 rice QTLs associated with seed dormancy 
or germination (http://www.gramene.org). These QTLs have been 
reported from a variety of sources, including cultivated rice10–15, wild 
rice16–19 and weedy rice20–23, but only few genes have so far been char-
acterized at the molecular level. The transcription factor (TF) Sdr4 is a 
global regulator of seed maturation regulated by OsVP1 (ref. 24). qSD7-1 
has been traced to the pleiotropic locus Rc and found to control seed 
dormancy by regulating the ABA biosynthesis pathway25. qSD1-2 was 
identified as the GA synthesis gene OsGA20ox2 that may induce primary 
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difference of SD6 between Nipponbare and NIL-SD6 seeds was detected 
(Extended Data Fig. 3d), suggesting that functional differences between 
Nipponbare and Kasalath alleles of SD6 may not be attributed to the 
variations in their promoters.

SD6 and ICE2 antagonistically regulate rice seed dormancy
SD6 encodes a putative bHLH TF. Dimerization of bHLH TFs is crucial 
for their DNA-binding activity29. Using SD6 as a bait, we screened for 
SD6-interaction proteins by yeast two-hybrid (Y2H) and found another 
bHLH TF, ICE2, interacts with SD6 (Fig. 2a and Supplementary Table 3).  
Interestingly, although SD6 and ICE2 were both expressed in seeds, the 
level of SD6 transcripts decreased with seed development, whereas that 
of ICE2 transcripts increased at a higher order of magnitude, implying 
different roles of SD6 and ICE2 in regulating seed dormancy (Fig. 2b).  
Subcellular localization analyses showed that SD6 and ICE2 were both 
localized in the nucleus (Fig. 2c). Homodimerization of SD6 and ICE2 
or heterodimerization between them was demonstrated by bimo-
lecular fluorescence complementation (BiFC) experiments, and the 
interaction between SD6 and ICE2 was further validated by pull-down 
assays (Fig. 2d,e).

Knockout of ICE2 led to significantly enhanced susceptibility 
to PHS compared to its wild-type ZH11, whereas the seeds in freshly 
harvested mature panicles of the ICE2-overexpressing lines, IO1-2 and 
IO1-8, had a strong-dormancy phenotype (Fig. 2f–i and Extended Data 
Fig. 3e–g). These results indicated that ICE2 has a role opposite to SD6 
in seed dormancy. Moreover, unlike the sd6 mutants, the ice2 mutants 
had reduced grain numbers per spike (Supplementary Table 2).

SD6 and ICE2 target ABA8OX3 to modulate seed dormancy
The role of ABA in seed dormancy onset has been well-documented by 
numerous genetic and physiological studies30–34. Thus, we detected the 
ABA contents in the seeds of sd6 and ice2 mutants at 21–25 days after pol-
lination (DAP), the stage at which rice seeds normally enter dormancy35. 
The ABA contents of NIL-SD6, sd6-1, sd6-3, IO1-2 and IO1-8 seeds were 
significantly higher than that of their corresponding control seeds, 
whereas the ABA contents of ice2-1, ice2-2, SO2-7 and SO3-6 seeds were 
lower than that of ZH11 seeds (Fig. 3a and Extended Data Fig. 4). Further-
more, the major ABA biosynthesis gene, NCED2, expressed in seeds at 
21–25 DAP, is significantly upregulated in NIL-SD6, sd6-1 and sd6-3 and 
downregulated in ice2-1 and ice2-2 compared to their wild-type controls. 
Conversely, the major ABA catabolism gene, ABA8OX3, expressed in 
seeds at 21–25 DAP, shows an opposite regulation trend to NCED2 by 
SD6 and ICE2. These results suggest that SD6 and ICE2 control ABA 
content in seeds by antagonistically regulating the expression of ABA 
metabolism genes (Fig. 3b,c).

The bHLH-type TFs often bind to E-box (CANNTG) or G-box 
(CACGTG) motifs present in the promoters of target genes36,37. We 
identified multiple G- or E-boxes in the promoters and 3′-UTR regions 
of NCED2 and ABA8OX3 (Fig. 3d). Using yeast-one-hybrid (Y1H), we veri-
fied that SD6 and ICE2 specifically bind artificial sequences with triple 
G- and E-box motifs, respectively (Extended Data Fig. 5a). Chromatin 
immunoprecipitation (ChIP)-qPCR assays further showed enrichment 
of only ABA8OX3 G-box-specific amplicons for SD6 and only ABA8OX3 
E-box-specific amplicons for ICE2, indicating that ABA8OX3 is the 
common target of SD6 and ICE2 (Fig. 3e,f). Using a luciferase (LUC) 
reporter system, we further showed that SD6 and ICE2 bound to roughly 
2.5 kb promoter of ABA8OX3, which contains the site 1 G-box and site 
3 E-boxes as indicated in Fig. 3d. Moreover, SD6 activated the expres-
sion of ABA8OX3, whereas ICE2 inhibited it (Fig. 3g), consistent with 
the expression level of ABA8OX3 in the seeds of sd6 and ice2 mutants 
(Fig. 3c). When SD6, ICE2 and the reporter pABA8OX3-LUC, which 
contains the 2.5 kb promoter region of ABA8OX3, were co-expressed 
in rice protoplasts, the expression of LUC was gradually reduced with 
increasing levels of ICE2 (Fig. 3h). We further generated the reporter 
vectors pA8OX3-P1-LUC, which contains an intact G-box but mutated 

dormancy by a GA-regulated dehydration mechanism26. qSd1-1 encodes 
OsDOG1L-3, a protein homologous to Arabidopsis DOG1, contributing 
to seed dormancy establishment in rice27. Recently, we identified the G 
gene, which influences seed dormancy via an action on ABA biosynthe-
sis, and has been subjected to parallel selection in several crop families6.

Here we report the successful dissection of the complex agro-
nomic traits, seed dormancy, into an important QTL, Seed Dormancy 6 
(SD6). SD6 along with another basic helix-loop-helix (bHLH) TF, inducer 
of C-repeat binding factors expression 2 (ICE2) antagonistically balance 
the expression of the ABA catabolism gene ABA8OX3 and biosynthesis 
gene NCED2 to control rice seed dormancy by responding to tempera-
ture signals. We further confirmed that SD6 is functionally conserved 
in rice and wheat and could be a powerful target for improving PHS 
resistance in cereals under field conditions.

Results
Natural alleles of SD6 confer PHS resistance
To identify genes underlying the natural variations in rice seed dor-
mancy, we screened several chromosome single-segment substitution 
lines (CSSSLs) derived from a cross between weak-dormancy cultivar 
Nipponbare and strong-dormancy cultivar Kasalath for the previously 
reported stable QTL regions. Germination experiment of fresh seeds 
indicated that five CSSSLs exhibited stronger seed dormancy than 
Nipponbare. One of these lines, Q27, was selected for further analysis, 
in which a segment on chromosome 6 of Kasalath containing reported 
seed dormancy QTLs16,28 has been introgressed into the Nipponbare 
background. Freshly harvested seeds of Q27 exhibited dormancy 
close to that of Kasalath (Fig. 1a–c and Extended Data Fig. 1), indicat-
ing that the substituted segment contained a seed dormancy locus 
with large effect, and was therefore termed SD6. For fine-mapping of 
SD6, an F2 segregated population was generated by backcrossing Q27 
to Nipponbare to firstly screen fixed homozygous recombinant indi-
viduals using molecular markers covering the target region (Fig. 1d).  
Finally, progeny phenotyping of fixed homozygous recombinant 
individuals narrowed SD6 to an ~20-kb region, which contains five 
predicted ORFs (Fig. 1f). Among them, only LOC_Os06g06900 and 
LOC_Os06g06910 were expressed in seeds (Supplementary Table 1). 
Sequence comparison between Nipponbare and Kasalath demon-
strated that there are no SNPs in LOC_Os06g06910 but six SNPs are 
present in LOC_Os06g06900—SNP1 (+548 A/C), SNP2 (+1349 G/A) and 
SNP4 (+2236 A/G) are located in the intron; SNP5 (+2387 T/C) leads to 
a synonymous amino acid substitution, while SNP3 (+1857 T/C) and 
SNP6 (+2409 A/T) result in nonsynonymous changes, corresponding 
Valine (V) to Alanine (A) and Serine (S) to Cysteine (C), respectively 
(Fig. 1f and Extended Data Fig. 2).

We developed a near-isogenic line (NIL) of SD6 (NIL-SD6) with the 
~20-kb Kasalath segment between markers S7 and S8 in the Nipponbare 
background (Fig. 1e). Seeds in freshly harvested mature panicles of 
NIL-SD6 exhibited strong-dormancy compared with that of Nippon-
bare (Fig. 1g,h). Moreover, seeds in freshly harvested mature panicles 
of LOC_Os06g06900 knockout mutants (sd6-1 and sd6-3) had a seed 
germination percentage as low as 3% after 7-d imbibition, in sharp 
contrast to that of more than 85% for Zhonghua11 (ZH11), whereas 
germination percentages of LOC_Os06g06900 overexpression lines 
(SO2-7 and SO3-6) reached 85% after 5-d imbibition and that of ZH11 
was 7% (Fig. 1i–l and Extended Data Fig. 3a,b). Once seed dormancy 
was released following a one-week 45 °C treatment, both knockout 
mutants and overexpression lines exhibited comparable germination 
performance to ZH11 (Extended Data Fig. 3c). These results confirmed 
that LOC_Os06g06900 is the causal gene underlying the SD6 locus 
and functions as a negative regulator of seed dormancy rather than 
after-ripening seed germination. The sd6 mutants also displayed sig-
nificantly increased grain numbers per spike (Supplementary Table 2),  
which makes SD6 a good candidate for breeding cultivars with both 
PHS resistance and increased yield. Additionally, no obvious expression 
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E-boxes in the ABA8OX3 promoter, and pA8OX3-P2-LUC, which harbors 
the 1.9 kb ABA8OX3 promoter with intact E-boxes but no G-box, to 
avoid any potential competitive binding by SD6 and ICE2 to the same 
promoter position due to the presence of both E-box and G-box. When 
these two reporters were co-expressed with SD6 and ICE2, respectively, 
pA8OX3-P1-triggered LUC expression was gradually reduced with 
increasing levels of ICE2; in contrast, pA8OX3-P2-triggered LUC expres-
sion was gradually increased with increasing levels of SD6, suggesting 
that the interaction between SD6 and ICE2 largely reduces their binding 
ability with their respective target motifs (Extended Data Fig. 6). The 
lower transcriptional activation activity of Kasalath-type SD6Kasa than 
that of Nipponbare-type (SD6Nip) might explain the lower expression 
level of ABA8OX3 (0.8-fold) and higher ABA content of NIL-SD6 com-
pared with Nipponbare, and stronger dormancy of NIL-SD6 seeds. 
Moreover, the transcriptional activation activity of SD6S309C was similar 
to SD6Nip, while SD6V196A exhibited similar transcriptional activation 
activity to SD6Kasa, suggesting that the C-to-T mutation at SNP3 is the 
causal variant of SD6 (Fig. 3g).

Additionally, independent aba8ox3 mutant lines exhibited 
stronger seed dormancy than wild-type plants (Fig. 3i,j and Extended 
Data Fig. 7a,b), supporting the notion that changes in ABA8OX3 expres-
sion observed in the sd6 or ice2 mutants lead to altered seed dormancy.

SD6 and ICE2 regulate NCED2 in an indirect manner
Although significant changes in NCED2 expression were observed in sd6 
and ice2, ChIP-qPCR assays failed to detect any SD6 or ICE2 binding to 
the NCED2 promoter, suggesting that SD6 and ICE2 may regulate NCED2 
expression indirectly. AtbHLH57, a bHLH TF, positively regulates seed 
dormancy in Arabidopsis via directly binding to the promoter of NCED6 
and NCED9 to elevate their expression38, inspiring us to search for  
AtbHLH57 homologs in rice to find any possible interactions between 
SD6/ICE2 and NCED2. Indeed, we identified significant changes in the 
expression of LOC_Os02g52190, one of the most homologous genes to  
AtbHLH57 in rice, which has previously been named as OsbHLH048  
(ref. 39), in both sd6 and ice2 mutants. OsbHLH048 was sharply suppres
sed in the sd6 seeds but significantly increased in ice2 seeds (Fig. 4a),  
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Fig. 1 | Identification of SD6. a, Germination performance of seeds in freshly 
harvested mature panicles of CSSSL Q27. Scale bar, 1 cm. b, Time-course 
germination percentage of seeds in freshly collected mature panicles of CSSSL 
Q27. c, Graphical genotype of CSSSL (Q27). Green region, genomic region 
from Nipponbare; red region, genomic region from Kasalath. d, Schematic 
representation to generate F2 population from Q27 × Nipponbare. e, Schematic 
representation of NIL-SD6. Green region, genomic region from Nipponbare; 
red region, genomic region from Kasalath. f, Map-based cloning of SD6. SD6 
was delimited to a genomic region containing five predicted ORFs (upper 
panel). Middle panel: the exon–intron structure of SD6 gene and the location 
of nonsynonymous substitutions. Bottom panel: characteristic structure and 

amino acid substitutions of SD6 protein. NLS, nuclear localization signal.  
g, Germination performance of seeds in freshly harvested mature panicles of NIL-
SD6. Scale bar, 1 cm. h, Time-course germination percentage of seeds in freshly 
collected mature panicles of NIL-SD6. i,k, Germination performance of seeds 
in freshly harvested mature panicles of sd6 mutants (i) and SD6 overexpression 
plants (k). Scale bar, 1 cm. j,l, Time-course germination percentage of seeds in 
freshly collected mature panicles of sd6 mutants (j) and SD6 overexpression 
plants (l). Each germination test was repeated with four panicle replicates. 
Photographs were taken after 6-d imbibition for Nipponbare background plants 
and 5-d imbibition for ZH11 background plants. Data are presented as mean ± s.d.
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indicating that OsbHLH048 may have contrasting functions to its 
homolog in Arabidopsis. Accordingly, ChIP-qPCR assays and transient 
transactivation assays showed that SD6 and ICE2 target the OsbHLH048 
promoter to regulate its expression (Fig. 4b,c).

We obtained two osbhlh048 mutant lines from a CRISPR mutant 
library40 (Extended Data Fig. 7e,f). Consistent with the expression 
changes in sd6 and ice2, both osbhlh048 lines showed increased  
seed dormancy compared to wild type (Fig. 4d,e), suggesting that 
OsbHLH048 negatively regulates seed dormancy.

Intriguingly, an opposite regulatory relationship between Osb-
HLH048 and the ABA synthesis gene NCED2 was observed in rice. 
Specifically, the expression of NCED2 was upregulated in osbhlh048 
seeds (Fig. 4f), and OsbHLH048 was able to inhibit the expression of 
an NCED2 promoter-driven LUC reporter in rice protoplasts (Fig. 4h). 
ChIP-qPCR assays further confirmed that OsbHLH048 physically binds 
to the E-box motifs of the NCED2 promoter (Fig. 4g). Together, these 

results revealed SD6/ICE2-OsbHLH048-NCED2 cascade in regulating 
rice seed dormancy.

Unlike metabolism-related genes, we did not observe SD6 or ICE2 
binding to the promoter of either ABI3 or ABI5, two important TFs in 
ABA signaling pathway41 by ChIP-qPCR, and their expression was also 
not altered in the seeds of sd6 and ice2 (Extended Data Fig. 5b–f).

SD6 and ICE2 integrate temperature signaling
Temperature has a major effect on the strength of seed dormancy and 
seed sensitivity to environmental signals (such as light, nitrate, water 
potential, etc.)42,43. In Arabidopsis, AtICE1 and AtICE2, two homologs of 
ICE2 (Extended Data Fig. 8a), act as positive regulators of cold acclima-
tion44–49. We examined the expression level of SD6 and ICE2 during seed 
germination at both room (25 °C) and low temperature (4 °C). SD6 was 
significantly upregulated after 24-h imbibition at room temperature 
and slightly inhibited after 24-h imbibition at low temperature, whereas 
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Fig. 2 | ICE2 interacting with SD6 positively regulates rice seed dormancy.  
a, The interaction between SD6 and ICE2 detected by Y2H assays. b, The 
expression patterns of SD6 and ICE2 in seeds detected by qRT-PCR. Each analysis 
was repeated with three biological replicates. Data are presented as mean ± s.d. 
c, Localization of SD6 and ICE2 in rice protoplasts. SD6Nip and SD6Kasa denote 
Nipponbare and Kasalath haplotypes of SD6, respectively. Scale bar, 10 μm.  
d, Visualization of the interactions between SCC merged proteins (SCC, SD6 SCC, 
and ICE2 SCC) and SCN merged proteins (SCN, SD6 SCN, and ICE2 SCN) detected 
by the BiFC assays in rice protoplasts. SCC and SCN represent C- and N-terminals 
of CFP protein, respectively. Scale bar, 10 μm. e, The interaction between SD6 

and ICE2 detected by GST pull-down assays. Five micrograms of GST or GST-ICE2 
coupled magnetic beads were used to pull down Flag-GFP or Flag-SD6 proteins 
from the transgenic plants. The experiment was repeated three times with similar 
results obtained. f,h, Germination performance of seeds in freshly harvested 
mature panicles of ice2 mutants (f) and ICE2 overexpression plants (h). Scale 
bar, 1 cm. g,i, Time-course germination percentage of seeds in freshly collected 
mature panicles of ice2 mutants (g) and ICE2 overexpression plants (i). Each 
germination test was repeated with four panicle replicates and photographs were 
taken after 5-d imbibition. Data are presented as mean ± s.d.

http://www.nature.com/naturegenetics


Nature Genetics

Article https://doi.org/10.1038/s41588-022-01240-7

ICE2 was sharply downregulated after 12-h imbibition at room tempera-
ture and markedly increased after 24-h imbibition at low temperature 
(Fig. 5a,b). Furthermore, the expression level of ABA8OX3 was lowest 

at the seed dormant phase (Fig. 5c), when ICE2 was highly expressed 
and SD6 was in low expression (Fig. 2b). Consistently, the expression 
of ABA8OX3 showed a similar up-and-down change pattern to that of 

O
sA

BA
8o

x3
/O

sA
C

TI
N

1

OsNCED2
1 2 34 5

OsABA8OX3
1 2 3 4

proACTIN1

proACTIN1

proABA8OX3

SD6

ICE2

LUC

E
ector

Reporter

ATG TGA

G-box E-box

500 bp

NCED2 NCED2ABA8OX3 ABA8OX3

Relative luciferase activity

Relative luciferase activity

a b

d

g

h

c

f

i

0

Nip

NIL-
SD6

ZH11
ZH11

ice
2-1
ice

2-2
sd

6-1
sd

6-3 Nip

NIL-
SD6

ZH11
ZH11

ice
2-1
ice

2-2
sd

6-1
sd

6-3 Nip

NIL-
SD6

ZH11
ZH11

ice
2-1
ice

2-2
sd

6-1
sd

6-3

100

200

300

0

1

2

3

0

1

2

3

4

0

2

4

6

4

OsACTIN1
1
2
3

5

Fla
g-G

FP

Fla
g-SD6

Fla
g-G

FP

Fla
g-SD6

Fla
g-G

FP

Fla
g-IC

E2

Fla
g-G

FP

Fla
g-IC

E2

O
sN

C
ED

2/
O

sA
C

TI
N

1

AB
A 

co
nt

en
t (

ng
 g

–1
 F

W
)

Re
la

tiv
e 

en
ric

hm
en

t f
ol

d

Re
la

tiv
e 

en
ric

hm
en

t f
ol

d

e

ZH11 a8ox3-1 a8ox3-4
ZH11

a8
ox3

-1

a8
ox3

-4
0

20

40

60

80

100
G

er
m

in
at

io
n 

(%
)

j

0

0.5

1.0

1.5

2.0

2.5 OsACTIN1
1
2
3

0 1 2 3

ICE2 + pABA8OX3
SD6Kasa + pABA8OX3

SD6V196A + pABA8OX3
SD6S309C + pABA8OX3

SD6Nip + pABA8OX3
pABA8OX3

a
a

b
b

c

d

0 1 2 3 4

SD6Nip + pABA8OX3

IC
E2

SD6Nip + pABA8OX3

SD6Nip + pABA8OX3

SD6Nip + pABA8OX3

pABA8OX3

0.05

0.011

1.8 × 10–4
0.002

0.039
0.047

0.037

0.049

0.0010.003
0.003
8.5 × 10

–4 

1.7
 × 

10
–1

0
4.

9 
× 1

0
–1

0

0.036

0.045
0.045

0.009
0.006

0.019 0.022

0.012

0.077
0.032

Fig. 3 | ABA8OX3 is a direct target of SD6 and ICE2. a, The ABA content in freshly 
harvested 21–25 DAP seeds of Nipponbare, NIL-SD6, ZH11, sd6 mutants and ice2 
mutants. b,c, The expression level of NCED2 and ABA8OX3 in freshly harvested 
21–25 DAP seeds of Nipponbare, NIL-SD6, ZH11, sd6 mutants and ice2 mutants. 
d, Schematic representation of the indicated genes; vertical light blue bar 
represents the start codon ATG; vertical red bar represents the stop codon TGA; 
vertical orange bars represent G-box motifs; vertical gray bars represent E-box 
motifs; horizontal thin black lines represent amplicons assayed for SD6 and ICE2 
binding. e,f, Relative ChIP-qPCR enrichment of the indicated promoter regions 
of NCED2 and ABA8OX3 for SD6 (e) and ICE2 (f). Flag-GFP was served as a negative 
control. Fragment of OsACTIN1 gene body region was used as interval negative 
control. g, ABA8OX3-LUC expression in rice protoplasts cotransformed with 

SD6Nip, SD6S309C, SD6V196A, SD6Kasa or ICE2. Statistical analysis was performed using 
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SD6 around 24 h imbibition at room temperature, and was significantly 
suppressed after 12 h imbibition at low temperature when ICE2 was 
upregulated (Fig. 5a,b,d).

Only the seeds of SD6-overexpressing lines and ice2 mutants ger-
minated at low temperature as their low temperature-inhibited ger-
mination cascades were disturbed (Fig. 5e). To confirm these results, 
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we measured the germination of either SD6- or ICE2-knockout and 
overexpressing lines at room temperature, 20 °C and 10 °C, respec-
tively. At 20 °C, the germination rate of ZH11 seeds was reduced to 
one-third of that at room temperature, while the germination rate of the 
SD6-overexpressing line and ice2 mutant seeds was about half of that 
at room temperature. And only the seeds of the SD6-overexpressing 
lines and ice2 mutants germinated at 10 °C (Fig. 5e). Additionally, we 
examined the expression of ABA8OX3 in the sd6-1 and ice2-1 mutants 
after a 24-h incubation at room temperature, 20 °C and 10 °C. Specifi-
cally, in sd6-1, SD6 was knocked out while ICE2 was properly working 
and could be increased in expression at low temperature (Fig. 5b). 
Consequently, the expression of ABA8OX3 in sd6-1 was decreased at 
room temperature compared with wild type, and was further gradu-
ally reduced in response to lowering temperatures (Fig. 5f). In ice2-1, 
SD6 functioned normally but could be suppressed at low temperature 
(Fig. 5b). Therefore, ABA8OX3 expression in ice2-1 was increased at 
the room temperature and was gradually reduced as the temperature 
decreased (Fig. 5f). Moreover, ABA8OX3 expression was always greater 
in ice2-1 than that of the ZH11 control at corresponding temperatures 
(Fig. 5f), which is consistent with their germination performance under 
the respective conditions (Fig. 5e). These results suggested that SD6 
is upregulated to trigger seed germination when seeds are at room 
temperature, while the expression of ICE2 increases to maintain seed 
dormancy when they are at low temperature.

Allelic distribution of SD6 in wild and cultivated habitats
We analyzed the nucleotide diversity (π) of SD6 using the rice Hap-
Map3 dataset that contained 1,529 rice varieties50. The gene region of 
SD6 (average π = 0.0006 in wild rice; average π = 0.0005 in cultivated 
rice) showed lower nucleotide diversity comparing to its flanking 

regions (average π = 0.0029 in wild rice; average π = 0.0022 in cul-
tivated rice) (Fig. 6a). In addition, the average nucleotide diversity 
in SD6 (π = 0.0006) is about one-fourth of that (π = 0.0024) under 
the whole-genome estimation (https://www.ncbi.nlm.nih.gov/pub-
med/23034647). These results implied that SD6 is functionally con-
served in both cultivated and wild rice. We further identified eleven 
major haplotypes in the coding sequence of SD6 (Fig. 6b) using the 
3,000 rice genome data51,52. The SD6 haplotype in japonica and aus 
cultivars was dominated by haplotypes I and IV, respectively, whereas 
all 11 haplotypes were found in indica rice (Fig. 6b,c). Thus, like the hap-
lotype diversity of SD6, its nucleotide diversity was lower in japonica 
than in indica (Supplementary Table 4).

Given that SNP3 acts as a function mutation, we traced the natural 
history of SD6 at this site. Firstly, we inferred the ancestral state at SNP3 by 
genotyping Oryza punctata, which is an outgroup species for the Oryza 
AA-genome species complex including Asian wild and domesticated 
rice53. We found that the C allele at SNP3 is ancestral to the AA Oryza spe-
cies. Interestingly, most species in AA-genome species are fixed for the C 
allele and variations are only observed within the Asian rice species com-
plex including O. sativa and O. rufipogon. The T allele at SNP3 is dominant 
in both temperate and tropical japonica subgroups, while T and C alleles 
at SNP3 have a more balanced distribution in indica rice, making T allele 
the most common haplotype in domesticated rice populations (67.5%). 
In contrast, the T allele at SNP3 is only found in one of the six subgroups 
of wild rice, Or-F, which is thought to be a recent feral rice54 (Fig. 6d). The 
depletion of the T allele at SNP3 in wild rice populations (chi-squared 
test, P < 8 × 10−6) is unexpected given continuous and extensive gene 
flow from domesticated rice to wild rice54. Therefore, it is likely that the 
T allele at SNP3, which confers weaker dormancy, is deleterious under 
wild conditions and is strongly selected against.
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SD6 improves PHS tolerance in rice and wheat
Our results revealed that the sd6 mutants and NIL-SD6 exhibited strong 
seed dormancy, and the Nipponbare-type allele of SD6 is present in 
more than half of indica rice and almost all japonica rice, showing a 
great breeding value of the gene editing of SD6. We then generated sd6 
mutants via CRISPR–Cas9 editing in the background of Tianlong619 
(T619), Wuyungeng27 (Wu27) and Huaidao5 (Huai5), three high-quality 
paddy rice cultivars that often suffer from severe PHS. As a result, the 
field test demonstrated clearly that SD6 knockout in either T619, Wu27 
or Huai5 background effectively prevented the occurrence of PHS  
(Fig. 7b–e and Extended Data Fig. 9).

In wheat, three bHLH TFs, TraesCS7A02G126900 (TaSD6-A1), 
TraesCS7B02G026300 (TaSD6-B1) and TraesCS7D02G124700 
(TaSD6-D1), have the highest amino acid sequence similarities to 
SD6 (Extended Data Fig. 10a,b). To confirm the relationship between 
TaSD6 and seed dormancy in wheat, we generated triple-recessive bial-
lelic mutants (aabbdd) for TaSD6 in a weak-dormancy wheat cultivar 
Kenong199 by CRISPR–Cas9 (Extended Data Fig. 10c,d). Interestingly, 
the triple-recessive homozygous mutants (tasd6) showed strong seed 
dormancy as the rice sd6 mutants did (Fig. 7f,g and Extended Data Fig. 
10e–h). In addition, we also detected significantly increased grain 
number per spike in tasd6 mutants (Extended Data Fig. 10i).

Discussion
Dissecting the mechanism of seed dormancy and breeding cultivars 
with moderate seed dormancy is an important topic in cereal crop 
breeding. What is really complicated is that seed dormancy represents 
a type of quantitative domestication trait controlled by multiple genes 
and affected by various environmental cues. This makes it extremely 
difficult to identify seed dormancy-related natural variation. Identi-
fication of SDR4 in rice is the only special case24 and identification of 
DOG1 in Arabidopsis represents a strategy of combining QTL mapping 
with mutagenesis screen55,56. Cloning of SD6 is an example of successful 

application of a mapping strategy that dissects complex traits in rice by 
first screening of the fixed recombinant individuals (CSSSLs)57.

SD6 encodes a bHLH type TF, which negatively regulates rice seed 
dormancy by specifically recognizing the G-box motif in the promoter 
of an ABA catabolism gene ABA8OX3 and activates its expression. 
Moreover, SD6-interacting partner, ICE2, specifically recognizes the 
E-box motif in the promoter of ABA8OX3 and represses its expression, 
resulting in enhanced seed dormancy. We also revealed that there exists 
SD6/ICE2-OsbHLH048-NCED2 cascade regulating seed dormancy in 
rice. OsbHLH048 has an opposite function compared to its Arabidopsis 
homolog, AtbHLH57, in regulating seed dormancy in rice. Therefore, 
our findings reveal a new paradigm for an antagonistic pair of TFs that 
regulates the biosynthesis and the degradation of a phytohormone at 
the same time via distinct mechanisms to balance seed dormancy and 
germination.

In Arabidopsis, bHLH TFs, including AtICE1, ZOU and AtbHLH57, 
are involved in the regulation of seed dormancy38,58. AtICE1 and ZOU 
control primary seed dormancy via enriching the ABI3 promoter 
and repressing its expression. And ABI3 is maximally expressed in 
the developing endosperm and upregulates ABA synthesis, and then 
suppressing seed germination. Obviously, the mechanism of SD6/ICE2 
regulating seed dormancy is different from that of AtICE1/ZOU as we 
failed to detect a direct transcriptional regulation relationship between 
SD6/ICE2 and ABI3. In Arabidopsis, ice1 mutant has strong dormancy 
accompanied by increased ABA level in mature seeds58. And the targets 
of AtICE1, C-repeat binding factors, are associated with temperature 
sensitivity but absent in imbibed seeds59. In rice, ICE1/bHLH002 directly 
promotes the expression of OsTPP1, resulting in enhanced seedling tol-
erance to chilling60. Unlike ICE1, which is preferentially expressed in leaf 
sheaths, stems, young panicles and ovaries, ICE2 is mainly expressed in 
endosperm (Extended Data Fig. 8b), suggesting a more specific role of 
ICE2 in regulating seed dormancy and seed sensitivity to temperature. 
As many bHLH members are found to be related to seed dormancy, 

Chromosome 6a
tej 
trj 
aro 
ind 
aus 
Or1 
Or2 
Or3 

d

c

1

300 bp

Nonsy
n

Syn Syn

ATG TAG

Nonsy
n

Nonsy
n

Nonsy
n

3,268,373 3,273,373 3,278,373 3,283,373

0.005

0.004

0.003

0.002

0.001

0

Th
et

aP
i/s

ite SD6

b

I

II III

IV

V

VI VII VIII

IX

10
adm
aro
aus
ind
tej
trj

adm aro aus ind tej trj
hapI A C A T C A C G T A C 17 1 0 34 0 74

hapII G C A A C A C G T T C 59 35 60 79 0 1
hapIII A C A T C C T G T A C 77 23 0 147 0 0
hapIV A C A A C A C G T A C 2 0 0 28 0 0
hapV A C A T C A C G C T C 102 2 115 94 0 2

hapVI A C A A C A C G T T C 1 0 1 8 0 0
hapVII A C A T C A C G T T C 3 0 0 7 0 0

hapVIII A C G T C A C A T A T 49 0 0 46 9 0
hapIX A A G T T A C A T A T 353 4 1 581 254 378

SNP3 SNP6

Allele adm aro aus ind tej trj Or-A Or-B Or-C Or-D Or-E Or-F

C 315 59 176 441 9 74 45 18 9 16 16 3

T 361 4 3 586 249 372 0 0 0 0 0 2

Fig. 6 | Natural variations of SD6. a, Nucleotide diversity of the SD6 in 
cultivated rice and wild rice populations. y axis, average ThetaPi/site value; 
x axis, Nipponbare TIGR v7.0 genome coordinate of chromosome 6. b, A 
haplotype network of SD6. The haplotype network was constructed based 
on SNPs at the SD6 gene region using 3,000 rice genome data. Each pie chart 
represents one haplotype, and the area of the pie chart is proportional to the 
haplotype frequency. And each pie chart is further divided based on different 

rice subgroups within that haplotype. Each segment on the line connecting 
different pies represents one mutation. The dashed line represents a possible 
recombination event. c, Haplotype analysis of SD6 using 3,000 rice genome 
data. d, The distribution of SNP3 in various rice subpopulations. tej, temperate 
japonica; trj, tropic japonica; ind, indica; aus, Aus; Or, O. rufipogon; Or1,  
O. rufipogon I; Or2, O. rufipogon II; Or3, O. rufipogon III.

http://www.nature.com/naturegenetics


Nature Genetics

Article https://doi.org/10.1038/s41588-022-01240-7

whether other members are also involved in this process and how they 
cooperate to form a complex regulatory network is worthy of further 
analysis. Moreover, the coordination between ABA and other phyto-
hormones, especially gibberellin (GA), is critical in regulating seed 
dormancy2. Although we show that SD6, ICE2 and OsbHLH048 form a 
module to regulate seed dormancy by fine-turning ABA content in rice, 
whether or how GA level or signaling is affected by them in determining 
rice seed dormancy remains to be determined.

Temperature is used for temporal sensing to determine the depth 
of seed dormancy42,61. The response to temperature alters the sensitiv-
ity of the seeds to their spatial environment signals, including light, 
nitrate, and water potential, and therefore indicates which condition is 
suitable for germination43,62. Arabidopsis seed dormancy increased dur-
ing winter as soil temperature declined, coinciding with an increase in 
the expression of ABA synthesis and GA catabolism genes, and also with 
enhanced transcript level of ABA signaling genes63. DOG1 and MFT1 are 
two important factors determining seed dormancy of Arabidopsis soil 
seed bank in a temperature-dependent manner63–68. In rice, our results 
revealed that SD6 could promote seed germination and ICE2 could 
deepen seed dormancy in a temperature-dependent manner. When 
conditions are suitable for germination, SD6 was significantly elevated, 
while ICE2 was obviously downregulated, leading to seed germination. 
When low temperature is encountered, SD6 was slightly inhibited and 

ICE2 was markedly increased, keeping the seeds in dormancy (Fig. 7a). 
All these provide an explanation for how seed dormancy works as an 
adaptive strategy to avoid unsuitable conditions.

Most modern cultivated varieties lack sufficient seed dormancy, 
resulting in occasional PHS, which causes substantial losses in yield and 
quality in agricultural production69. A useful seed dormancy gene so far 
is still a scarce resource for effectively improving PHS resistance in crop 
production under field conditions. qSD1-2 is allelic to the rice Green 
Revolution gene sd1 (ref. 26) and serious PHS problem in the rice plant-
ing regions occurred in recent years under a background that sd1 has 
been used to develop high-yield semi-dwarf varieties worldwide since 
the 1960s. qSD7-1 is identical to Rc, a gene determining seed pericarp 
color25. As white rice is dominant in the global market, it is difficult to 
use Rc to improve seed dormancy on a large scale. In our study, field 
tests showed that either introduction of natural SD6 allele to Nippon-
bare or knockout of SD6 in elite rice T619, Wu27 and Huai5 could prevent 
PHS without side effects on other agronomic traits (Supplementary 
Table 2), indicating that application of SD6 is a potential strategy for 
preventing rice PHS in agricultural practice. The large and complex 
allohexaploid genome of wheat makes it particularly difficult to analyze 
the complex traits70. In addition to several major seed dormancy genes 
or QTLs such as TaVP1 and TaMFT1 have been identified71–73, we further 
confirmed that the generation of triple-recessive homozygous mutant 
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whiskers. d, The PHS resistance phenotype of sd6 mutants in Wu27 background 
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tasd6 is a rapid and useful breeding strategy to enhance seed dormancy 
in wheat, therefore demonstrating a wide application prospect of SD6.
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Methods
Growth conditions
Oryza sativa L. cv, Nipponbare, Kasalath, ZH11, the chromosome 
single-segment substitution line (CSSSL) Q27, the nearly isogenic line 
of SD6 (NIL-SD6), and the transgenic plants of SD6, ICE2, OsbHLH048, 
and ABA8OX3 in ZH11 background were grown in the field of the experi-
mental stations of the Institute of Genetics and Developmental Biology 
in Beijing (summer) and Lingshui, Hainan province (winter), under 
natural conditions. Triticum aestivum L. cv, Kenong199 and the tasd6 
mutant in the Kenong199 background were grown in the greenhouse 
of the Institute of Genetics and Developmental Biology in Beijing.

Germination assays
The freshly harvested 31–35 DAP panicles of Nipponbare, Kasalath, 
ZH11 and the noted transgenic plants were immersed in water. To detect 
temperature responses in germination, the freshly collected 31–35 DAP 
panicles of sd6 mutants and ice2 mutants were germinated at room 
temperature (25 °C), 20 °C, 10 °C, and low temperature (4 °C). For each 
germination assay, at least four panicles were treated. Panicles were 
transferred to fresh water every day. The number of germinated seeds 
was counted daily until most of the seeds germinated. The photos are 
taken after 5-d imbibition. Germination was defined as the coleoptile 
length reaching to one-half of the grain length. To test the effect of 
editing SD6 under natural field condition, T619, Wu27, Huai5 and the 
corresponding SD6 knockout plants were cultivated in the experimen-
tal fields where continuous rain occurs frequently during the harvest 
season. About 28 d after heading, the PHS of the plants was monitored 
every day until the control showed obvious PHS.

Wheat spikes were harvested at 45 DAP, immersed in sterile deion-
ized water, vertically placed on glass vessel and then incubated in a 
constant temperature incubator at 20 °C. Panicles were transferred 
to fresh water every day. The photos are taken after 10-d imbibition. 
In addition, 30 seeds per strain collected at 40 DAP were placed on 
two layers of filter paper wetted with 8 ml sterile deionized water in 
a 9-cm Petri dish and incubated in a constant temperature incubator 
at 20 °C. Seed germination was defined as visible emergence of the 
coleorhiza beyond the seed coat. To evaluate the dormancy level, the 
number of germinated seeds was counted daily and used to calculate 
the germination rate.

For rice materials, germination assays were repeated in Beijing and 
Hainan for three seasons from 2017 to 2019. For wheat materials, germi-
nation assays were repeated in Beijing greenhouse twice in 2020 and in 
Beijing field once in 2021. And the representative results are presented.

Cloning of SD6
Chromosome substitution lines were generated according to the 
position of seed dormancy QTLs, which were previously reported to 
be detected stably. For cloning of SD6, the CSSSL Q27 was backcrossed 
with the japonica variety Nipponbare to construct the segregation 
population (BC6F2). Fixed homozygous recombinant plants were 
screened by molecular markers covering the target genomic region. 
And then the target gene was identified by repeatable phenotypic 
characterization of these fixed recombinants. The markers devel-
oped for genotyping were designed according to the different DNA 
sequences between indica var 9311 and japonica var. Nipponbare 
(http://www.ncbi.nlm.nih.gov). The primer sequences are listed in 
Supplementary Table 5.

Construction of NIL for SD6
From the BC6F2 segregation population, we obtained a heterozygote 
between markers S7 and S4, and then this heterozygote was undergone 
two generations of self-crossing. We continuously selected target lines 
in these two generations by markers (Supplementary Table 5) used 
in genotyping, and finally, identified a NIL for SD6 carrying an ~20 kb 
Kasalath segment between markers S7 and S8.

Vector construction and transformation
To knockout SD6 and ICE2, the U3 and U6a primers for SD6 and ICE2 
were mixed (Supplementary Table 5) to 1 μM, heated at 90 °C for 30 s, 
and annealed to room temperature, and then inserted into U3 or U6a 
sgRNA intermediate plasmid at the BsaI site. The gRNA expression 
cassettes were obtained by two-round PCR using the linkage prod-
ucts as a template, and U-F/gRNA-R primers (first) and B1′/B2 and B2′/
BL primers (second); the products were inserted into pYLCRISPR/
Cas9-MH binary vectors at BsaI sites to obtain the complete CRISPR/
Cas9/sgRNA vectors74.

To overexpress SD6 and ICE2, the SD6 and ICE2 genes were ampli-
fied from rice seed cDNA using the SD6OE and ICE2OE primers (Sup-
plementary Table 5), respectively, and homologous recombination 
was conducted to integrate the sequence into pCAMBIA2300-ACTIN1 
(modified from pCAMBIA2300 with the promoter of OsACTIN1) using 
the Infusion HD Cloning Kit (TAKARA, 639648) to construct SD6OE 
and ICE2OE vectors.

To construct SD6V196AOE and SD6S309COE vectors, SD6 fragments 
were firstly amplified from rice seed cDNA using the SD6OE-F and 
T–>C-R, T–>C–F and SD6-R, SD6OE-F and A–>T-R, and A–>T–F and 
SD6-R, respectively, and then were amplified using the production of 
first PCR by SD6OE primers and, finally, were homologously recom-
bined to pCAMBIA2300-ACTIN1 (modified from pCAMBIA2300 with 
the promoter of OsACTIN1) using the Infusion HD Cloning Kit.

The SD6 and ICE2 genes were amplified from rice seed cDNA using 
the SD6FLAG and ICE2FLAG primers (Supplementary Table 5), respec-
tively, and were recombined into 1300-Flag (modified from pCAM-
BIA1300 with Flag) to construct the Flag-SD6 and Flag-ICE2 plasmids.

The plasmids were introduced into rice plants by Agrobacterium 
tumefaciens-mediated transformation75.

To knockout SD6 in wheat, the primers of sgSD6 (Supplementary 
Table 5) were annealed and integrated into the TaU6-sgRNA construct 
as previously described. Plasmids pJIT163-Ubi-Cas9 and pTaU6-sgSD6 
were delivered simultaneously into immature embryos of Kenong199 
via particle bombardment, as previously described76. After bombard-
ment, the embryos were cultured on a medium without a selective 
agent to regenerate plantlets. For mutant screening and identifica-
tion, genomic DNA of pooled leaf pieces from 3 to 4 wheat plantlets 
was extracted using the high-throughput Automation Workstation 
Biomek FX (Beckman Coulter). Conserved primers (Supplementary 
Table 5) were used to identify wheat mutants by PCR amplification 
and digestion with restriction enzyme Alw44I (PCR-RE assay). Each 
plantlet in the mutant pools was resampled and tested using A, B and 
D sub-genome-specific primers (Supplementary Table 5) by PCR-RE 
assay and Sanger sequencing to identify wheat mutants with indels 
in target regions.

RNA extraction and quantitative RT-PCR
Total RNA was extracted using an RNA Extraction Kit (BioTek, RP3302). 
First-strand cDNA was synthesized from 2 µg total RNA using a reverse 
transcription kit (Toyobo, FSQ301), according to the manufacturer’s 
instructions. Gene-specific primers are listed in Supplementary Table 
5. Real-time PCR was performed on the CFX96 Optical Reaction Module 
(Bio-Rad) using the SYBR qPCR Mix kit (Toyobo, FQPS301), according to 
the manufacturer’s instructions. OsACTIN1 or OsUBIQUITIN2 (Ubi) and 
TaActin were used as the internal control, respectively. Each analysis 
was repeated three times with similar results obtained.

Nucleotide diversity estimation
Sequence data of SD6 and its 20-kb flanking regions were obtained from 
the rice HapMap3 of 1,529 varieties50. The average nucleotide diversity 
(ThetaPi/site) of temperate japonica, tropical japonica, indica, aus and 
wild rice O. rufipogon subpopulations was estimated in nonoverlapping 
100-bp windows using an in-house Perl script; missing data positions 
were included, with a modification of population size77. To construct 
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the haplotype network of SD6, we used the 3,000 rice genome data51,52. 
We first retrieved all the SNPs of the gene region from Asian cultivated 
rice and then filtered SNPs with a minor allele frequency of less than 5% 
(11/22 SNPs were filtered). The remaining 11 SNPs form 44 haplotypes. 
We constructed the haplotype network with 11 major haplotypes whose 
frequencies are greater than 10 counts using R package pegas78. We 
merged the subgroups from ref. 52 as follows: trp into tropical japonica 
(trj), temp into temperate japonica (tej), ind1A, ind1B, ind2, ind3 into 
indica (ind), japx, indx and admix into admixture (adm).

Yeast two-hybrid analysis
The SD6 and ICE2 genes were amplified from rice seed cDNA using the 
SD6AD, SD6BD, ICE2AD and ICE2BD primers (Supplementary Table 5) 
and recombined into pGADT7 or pGBKT7 to create the SD6AD, SD6BD, 
ICE2AD and ICE2BD vectors, respectively. Yeast two-hybrid screening 
and assay were performed according to the manufacturer’s instructions 
for Matchmaker Gold Yeast Two-Hybrid System (TaKaRa, 630490).

Yeast one-hybrid analysis
Sense and antisense oligonucleotides containing a triplication of either 
the E-box variant or a mutated version were designed. Similarly, sense 
and antisense oligonucleotides were designed to create a construct 
containing three copies of G-box or mutated G-box (Supplementary 
Table 5). Sense and antisense nucleotides were annealed and ligated 
into the pAbAi plasmid (TaKaRa, 630491) to construct the pAbAi-E-box, 
pAbAi-mE-box, pAbAi-G-box, pAbAi-mG-box vectors, respectively. The 
resulting plasmids were transformed into the yeast strain Y1H Gold for 
stable integration into the yeast chromosome according to the manufac-
turer’s manual of MatchmakerTM Gold Yeast One-Hybrid Library Screen-
ing System (TaKaRa, 630491). SD6AD and ICE2AD were transformed into 
the resulting lines, and interactions were assessed by adding Aureobasi-
din A according to the manufacturer’s manual of MatchmakerTM Gold 
Yeast One-Hybrid Library Screening System (TaKaRa, 630491).

GST pull-down assays
The ICE2 gene was amplified from rice seed cDNA using the ICE2GST 
primers (Supplementary Table 5) and was homologously recombined 
into pGex-4T-3 to construct the GST-ICE2 vector. The total proteins 
of Flag-tagged SD6 transgenic plants were extracted by RIPA buffer 
(50 mM Tris-HCl (pH8.0), 150 mM NaCl, 0.1% SDS, 0.5% Deoxycholate, 
1 mM EDTA, 1% Nonidet P40). Pull-down assay was performed using 
MagneGST Particles following the manufacturer’s instructions (Pro-
mega, V8870). Pull-down assay was repeated three times with similar 
results obtained. The mouse monoclonal anti-GST, rabbit polyclonal 
anti-Flag, HRP-goat anti-mouse and HRP-goat anti-rabbit antibodies 
used for this study were obtained from HUAXINGBIO with a dilution 
1:10,000 (HUAXINGBIO: HX1807, HX1819, HX2032 and HX2032).

Confocal laser scanning microscopy
For subcellular localization, the SD6, ICE2 and OsbHLH048 genes were 
amplified from rice seed cDNA using the SD6CeGFP, ICE2RFP and bHL-
H048GFP primers (Supplementary Table 5), respectively, and homolo-
gous recombination was conducted to integrate the sequences into 
pCAMBIA2300-35S-eGFP (C)or pSAT6-mRFP-N1 (C1) using the Infusion 
HD Cloning Kit to construct SD6-eGFP, RFP-ICE2 and bHLH048-GFP 
vectors, respectively. The resulting vectors and control vectors were 
transformed into rice protoplasts as described previously79.

For the BiFC assays, the SD6, and ICE2 genes were amplified from 
rice seed cDNA using the SD6SCC and ICE2SCC primers (Supplemen-
tary Table 5), respectively, and were recombined into SCYNER and 
SCYCER to construct the SD6-SCN, SD6-SCC, ICE2-SCN and ICE2-SCC 
vectors, respectively. The relevant vector couples were cotransformed 
into rice protoplasts.

Fluorescence signals were detected using confocal laser scanning 
microscopy (Leica TCS SP5) at 16 h after transformation.

ABA content detection
ABA was extracted from 21–25 DAP seeds of Nipponbare, NIL-SD6, 
ZH11, and the noted transgenic plants using 2 ml methanol overnight 
at −20 °C, and the ABA concentration was determined by UPLC–MS/
MS (ultra-high performance liquid chromatography–triple quadrupole 
mass spectrometry)80. Each analysis was repeated three times.

Chromatin immunoprecipitation assays
Chromatin immunoprecipitation was performed as described pre-
viously with some modification81. Briefly, 2-week-old seedlings of 
Flag-GFP, Flag-SD6, and Flag-ICE2 transgenic lines, and GFP and 
bHLH048-GFP transient expression rice protoplasts were harvested 
and were cross-linked with 1% (vol/vol) formaldehyde and then ground 
to powder in liquid nitrogen. The DNA/protein complex was incu-
bated with micrococcal nuclease (Thermo Scientific) for 3 h, and then 
immunoprecipitated with anti-Flag (1:100 dilution; HUAXINGBIO, 
HX1819) or anti-GFP Monoclonal Antibody (GF28R) (1:100 dilution; 
Thermo Fisher, MA5-15256) antibody using EZ-Magna ChIP A/G Kit 
according to the manufacturer’s instructions (Millipore, 17-10086). 
After reverse cross-linking and proteinase K treatment, the immu-
noprecipitated DNA was purified using the Wizard SV Gel and PCR 
Clean-Up System (Promega, A9282). The prepared DNA in ChIP was 
quantified by real-time PCR (qRT-PCR) using respective primer pairs 
(Supplementary Table 5) in a THUNDERBIRD SYBR qPCR Mix with 
a Bio-Rad CFX96 real-time PCR detection system. The expression 
levels were normalized to the input sample for enrichment detection 
as follows: ΔCt (IP) = Ct (IP) − (Ct (Input) − log10 (2)); ΔCt (NoAbs) = Ct 
(NoAbs) − (Ct (Input) − log10 (2)). The fold enrichment was calculated 
as 2ΔΔCt, where ΔΔCt = ΔCt (NoAbs) - ΔCt (IP). Flag-GFP and GFP served 
as negative control, respectively. Fragment of OsACTIN1 gene body 
region was used as interval negative control. PCR reactions were per-
formed in triplicate for each sample, similar results were obtained in 
independent experiments.

Transient expression assay
For transient expression assay, the ~2.5 kb promoter regions of 
ABA8OX3 and NCED2, ~1.9 kb promoter region of ABA8OX3 that only 
contained E-box motif and ~3.0 kb promoter region of bHLH048 were 
amplified from rice genomic DNA using the primers of ABA8OX3LUC, 
NCED2LUC, pA8OX3-P2 and bHLH048LUC and were recombined 
into pGreen0800 to construct the pABA8OX3-LUC, pNCED2-LUC, 
pA8OX3-P2-LUC and pbHLH048-LUC vectors, respectively. To con-
struct pA8OX3-P1-LUC that contains intact G-box but mutated E-boxes 
of ABA8OX3 promoter, the promoter fragments of ABA8OX3 were 
firstly amplified from rice genomic DNA using the pA8OX3-P1-1 and 
pA8OX3-P1-2 primers, respectively. Then the full-length mutated 
ABA8OX3 promoter was amplified using the productions of the first 
PCR by pA8OX3-P1-1F and pA8OX3-P1-2R primers. Finally, PCR products 
were homologously recombined to pGreen0800 using the Infusion 
HD Cloning Kit. Transient expression in rice protoplasts was per-
formed as described previously82. The pABA8OX3-LUC, pNCED2-LUC, 
pA8OX3-P1-LUC, pA8OX3-P2-LUC and pbHLH048-LUC constructs 
were used as reporter, and SD6OE, ICE2OE, SD6V196AOE, SD6S309COE 
and bHLH048-GFP vectors were used as effectors. After transfection, 
the protoplasts were incubated in the dark overnight. The LUC activity 
was detected by the Dual-Luciferase Reporter Assay System (Promega, 
E1960) following the instructions. Renilla LUC activity was used as the 
internal control. All transient expression assays were repeated with 
four times with similar results obtained.

Phylogenetic analysis
The amino acid sequences of SD6, ICE2, TaSD6 and their homologs 
were aligned by MEGA7 software. Phylogenetic trees were constructed 
with the aligned protein sequences using MEGA7 software with the 
neighbor-joining method. Bootstrap values were derived from 1,000 
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replicates83. The accession numbers and databases of sequences for 
constructing these phylogenetic trees can be found in the Data avail-
ability section.

Statistics and reproducibility
Numbers (n) of samples or replicates are indicated in figure legends and 
method section. For bar charts, all values are presented as mean ± s.d. 
For box plots, median with minimum to maximum whiskers are pre-
sented. For pairwise comparisons, significance analysis was calculated 
by two-tailed Student’s t test using Excel 2013, and the exact P values 
are presented. For multiple-group comparisons, significance analysis 
was calculated by one/two-way ANOVA as indicated in figure legends 
using GraphPad Prism 8.0, and are indicated with different letters.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Sequence data from this study can be found in the MSU database 
(http://rice.plantbiology.msu.edu/) under the following accession 
numbers: SD6 (LOC_Os06g06900), ICE2 (LOC_Os01g70310), NCED2 
(LOC_Os12g24800), ABA8OX3 (LOC_Os09g28390), OsACTIN1 (LOC_
Os03g50885), OsbHLH048 (LOC_Os02g52190) and OsUBIQUITIN2 
(LOC_Os02g06640). Sequence for constructing the phylogenetic 
tree of ICE2 (Extended Data Fig. 8) can be found in The Arabidopsis 
Information Resource database (https://www.arabidopsis.org/) or 
the MSU database (http://rice.plantbiology.msu.edu/) under the fol-
lowing accession numbers: AtICE1 (AT3G26744), AtICE2 (AT1G12860), 
AtbHLH57 (AT4G01460), ZOU (AT1G49770), SD6 (LOC_Os06g06900), 
OsICE1 (LOC_Os11g32100), OsICE2 (LOC_Os01g70310), Rc (LOC_
Os07g11020), LOC_Os06g44320, LOC_Os03g08930, LOC_Os10g23050, 
LOC_Os09g29360, LOC_Os02g52190, LOC_Os04g35010, LOC_
Os08g38210, LOC_Os01g18870, LOC_Os04g51070, LOC_Os07g36460, 
LOC_Os02g02820, LOC_Os04g41570, LOC_Os03g56950, LOC_
Os04g52770, LOC_Os04g35000, LOC_Os01g13460, LOC_Os03g26210 
and LOC_Os07g43530. For Extended Data Fig. 10, HORVU7Hr1G026560 
can be found in phytozome v12.1 (https://phytozome-next.jgi.doe.
gov/) by selecting the genome of Hordeum vulgare r1, and TaSD6-A1 
(TraesCS7A02G126900), TaSD6-B1 (TraesCS7B02G026300), TaSD6-D1 
(TraesCS7D02G124700), BRADI_1g48400v3, Zm00001d018416, 
SORBI_3004G336700 and AET7Gv20319600 can be found in Ensem-
blPlants database (https://plants.ensembl.org/index.html).
Further information and requests for resources and reagents should 
be directed to and will be fulfilled by C.C. (ccchu@genetics.ac.cn) and 
C.G. (cxgao@genetics.ac.cn). Source data are provided with this paper.

Code availability
All software used in the study are publicly available on the Internet as 
described in Methods and Reporting Summary.
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Extended Data Fig. 1 | Characters of CSSSL Q27. a, Germination performance of 
seeds in freshly harvested CSSSL Q27 panicles. Scale bar 1 cm. Data are presented 
as mean values ± s.d. Each analysis was repeated with four panicle replicates and 
photographs were taken after six days imbibition. b, Germination performance 
of breaking dormancy seeds (one week 45°C treatment) of CSSSL Q27. Scale 

bar 1 cm. Data are presented as mean values ± s.d. Germination test in b was 
repeated with four panicle replicates and photographs were taken after four days 
imbibition. c,d, Electrophoretogram of detected fragment of molecular markers 
S1 to S10 in Q27 (c) and NIL-SD6 (d). The upper- and lower-boundaries are 100 bp 
and 250 bp, respectively.
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Extended Data Fig. 2 | SNP analysis of SD6. a, SNPs between SD6Nip and SD6Kasa. b, Align of SD6Nip and SD6Kasa. Red, nuclear localization signal (NLS); light blue, basic 
domain; purple, helix-loop-helix (HLH) domain; yellow, Beta strand.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Identification of sd6 and ice2 mutants. a, Schematic 
representation of SD6 CRISPR-Cas9 mutants. b, The expression of SD6 in sd6 
mutants and SD6 overexpression plants. c, The germination percentage of 
breaking dormancy seeds (one week 45°C treatment) of sd6 mutants and SD6 
overexpression plants. d, The expression level of SD6 in Nipponbare and NIL-SD6 

seeds detected by qRT-PCR. e, Schematic representation of ICE2 CRISPR-Cas9 
mutants. f,g, The expression of ICE2 in ice2 mutants (f) and ICE2 overexpression 
plants (g). Analysis in b,d,f,g, was repeated with three biological replicates. 
Germination test in c was repeated with four biological replicates. Data are 
presented as mean values ± s.d.
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Extended Data Fig. 4 | The ABA content in SD6- and ICE2-overexpression lines. 
a, The ABA content in freshly harvested 21-25 DAP seeds of SD6-overexpression 
lines (SO2-7 and SO3-6). b, The ABA content in freshly harvested 21-25 DAP seeds 

of ICE2-overexpression lines (IO1-2 and IO1-8). Each analysis was repeated with 
three biological replicates. Data are presented as mean values ± s.d. All P values 
are based on two-tailed Student’s t-tests.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | ABI3 and ABI5 were not the directly targets of SD6 and 
ICE2. a, Yeast one-hybrid interactions between SD6 and ICE2 proteins with two 
elements, ‘E-box variant’ and ‘Triple G-box’. The interaction between p53 proteins 
and p53 binding elements was used as a positive control, and mutated versions of 
the E-box and G-box were used as negative controls. b, Schematic representation 
of the indicated genes: Vertical light blue bar represents the start codon ATG; 
Vertical red bar represents the stop codon TGA; Vertical orange bars represent 
G-box motifs; vertical gray bars represent E-box motifs; horizontal thin black 

lines represent amplicons assayed for SD6 and ICE2 binding. c,d, Relative ChIP-
qPCR enrichment of the indicated promoter regions of ABI3 and ABI5 for SD6 (c) 
and ICE2 (d). Flag-GFP was served as a negative control. Fragment of ACTIN1 gene 
body region was used as interval negative control. e,f, The expression level of 
ABI3 and ABI5 in freshly harvested 21-25 DAP seeds of ZH11, sd6 mutants, and ice2 
mutants. Each analysis was repeated with three biological replicates. Data are 
presented as mean values ± s.d.
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Extended Data Fig. 6 | SD6 and ICE2 mutually impaired their regulation of 
ABA8OX3. a,b, pA8-P1-LUC (a, only containing G-box motif) and pA8-P2-LUC 
(b, only containing E-box motif) expression in rice protoplasts co-transformed 

with SD6Nip and ICE2. Each analysis was repeated with four biological replicates. 
Data are presented as mean values ± s.d. All P values are based on two-tailed 
Student’s t-tests.
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Extended Data Fig. 7 | Identification of ABA8OX3 and OsbHLH048 CRISPR-
Cas9 mutants. a, Schematic representation of ABA8OX3 CRISPR-Cas9 mutants. 
b–d, The expression of ABA8OX3 (b), SD6 (c), and ICE2 (d) in aba8ox3 mutants. 

e, Schematic representation of OsbHLH048 CRISPR-Cas9 mutants. f, The 
expression of OsbHLH048 in its mutants. Each analysis was repeated with three 
biological replicates. Data are presented as mean values ± s.d.
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Extended Data Fig. 8 | Phylogenetic analysis of ICE2 and expression profiles 
of ICE1 and ICE2. a, Phylogenetic tree of SD6, ICE2 and its homologous proteins 
in Oryza sativa (ICE1) Arabidopsis (AtICE1 and AtICE2), Rc, AtbHLH57 and its 
homologous proteins in Oryza sativa, ZOU, and other bHLHs in rice. b, The 

spatio-temporal expression pattern of ICE1 and ICE2 in various tissues/organs 
throughout entire growth in the field. Data obtained from RiceXPro database 
(http://ricexpro.dna.affrc.go.jp/).
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Extended Data Fig. 9 | Germination perfomance of sd6 mutants in Huaidao5 
background. a,b, Germination perfomance (a) and germination percentage 
(b) of seeds in freshly harvested 31-35 DAP panicles of sd6 mutants in Huaidao5 
(Huai5) background. Each analysis was repeated with four biological replicates 

and photographs were taken after 5-day imbibition. Scale bar 1 cm. Box plots 
denote median (horizontal line) with minima to maxima whiskers. All P values are 
based on two-tailed Student’s t-tests.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Characters of TaSD6. a, Phylogenetic analysis of 
SD6 in different cereal crops by the Neighbor-Joining method. Branch lengths 
represented extents of homology between branches. b, Characterization of SD6 
homologs in wheat. Exons of TaSD6 are shown as blue squares, and the target site 
of CRISPR/Cas9 is marked with red lines in the conserved region encoding the 
helix-loop-helix DNA-binding domain. c, PCR/RE analysis of seven mutants at the 
target site of TaSD6. PCR was performed using A, B, and D sub-genome-specific 
primers and the products were digested with restriction enzyme Alw44I. d, 
Detailed sequence of the triple-recessive bi-allelic mutant (T0-1) at the target site. 
The red lowercase letters and short lines represent 1-bp insertions and deletions, 
respectively. e, Seed germination rates of wild type and the triple-recessive 
homozygous mutant (tasd6) at each day after imbibition in 2021. Germination 

test in e was performed with eight biological replicates. Data are presented as 
mean values ± s.d. f, Seed germination status of wild type and the triple-recessive 
homozygous mutant (tasd6) after 4-day imbibition. g, Seed germination rates 
of dormancy-released wild type and tasd6 via after-ripening at each day after 
imbibition in 2021. Germination test in g was performed with four biological 
replicates. h, Spike spouting rate of wild type and tasd6 after 6-day imbibition 
in 2021. Each spike was harvested and incubated under high humidity. i, Grain 
number per spike of wild type and tasd6. Analysis in h and i was repeated with at 
least twenty-five biological replicates. Scale bar 1 cm. Box plots denote median 
(horizontal line) with minima to maxima whiskers. All P values are based on two-
tailed Student’s t-tests.
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