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Natural variation in OsTPS8 confers 
differential regulation of chalkiness and seed 
vigor in indica and japonica rice
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Qingkai Wang    1, Yongfei Wang1, Yipeng Zhang1, Rushuang Zhang1, 
Yunpeng Zhang1, Wenjie Zhao1, Yu Zhang1, Xue Yang1, Lei Zhou1, Chao Li1, 
Tiaofeng Shan1, Yiqun Bao3, Yunlu Tian1, Xi Liu1, Shijia Liu1, Tao Guo1, 
Mingjiang Chen1, Haiyang Wang    2  , Yihua Wang    1,4   & Jianmin Wan    1,2 

Chalkiness and seed vigor are major agronomic traits affecting rice grain 
quality and productivity, respectively. Little is known about the intrinsic 
relationship and the regulatory mechanisms of these two traits. Here 
we identified a chalkiness locus qPGWC-8, which encodes trehalose-
6-phosphate synthase 8 (OsTPS8) that suppresses trehalose-6-phosphate 
(Tre6P) biosynthesis by interacting with and inhibiting OsTPS1. A natural 
promoter variation in OsTPS8 confers differential transcriptional regulation 
by OsbHLH001. Elevated expression of OsTPS8 reduces Tre6P levels and 
activates the expression of OsMYBS1 and α-amylase genes, thus promoting 
starch degradation, chalkiness formation and seed vigor elevation. Two 
major haplotypes, OsTPS8ASO and OsTPS8IR24, were defined by this functional 
promoter variation, with OsTPS8IR24 preferentially selected during the 
domestication of indica rice. Collectively, our findings establish an 
OsbHLH001-OsTPS8-Tre6P-α-amylase signaling cascade that has a dual role 
in regulating grain chalkiness and seed vigor, which reveals a molecular link 
between the appearance quality and seed vigor of rice.

Asian cultivated rice (Oryza sativa L.) is a major staple food for half of 
the world’s population1. During domestication, Asian cultivated rice has 
evolved two major subspecies, indica and japonica, which possess distinct 
morphological and physiological differentiation and adapt to different 
ecological conditions2. These differences include plant architecture3, 
diurnal floret opening time4, grain quality5 and nitrogen use efficiency6. 
However, the potential molecular mechanisms underlying the differen-
tiation between indica and japonica rice have not yet been well studied.

Chalkiness is a major determinant of grain quality and constitutes 
a complex quantitative trait controlled by several genetic and environ-
mental factors7. Environmental factors encompass conditions such as 
high temperature, shade, drought and nitrogen application during the 
grain filling stage8–11. Additionally, genes involved in grain filling, seed 
development, synthesis of storage substances and cellular homeosta-
sis, are considered crucial genetic factors affecting chalkiness forma-
tion7. To date, only two major quantitative trait loci (QTLs), Chalk5 and 
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Asominori (ASO). We show that qPGWC-8 encodes trehalose-6- 
phosphate synthase 8 (OsTPS8), which positively regulates both grain 
chalkiness and seed vigor in rice. OsTPS8 inhibits OsTPS1 activity 
and negatively regulates the production of trehalose-6-phosphate 
(Tre6P), which functions as a signal to inhibit α-amylase activity. 
Furthermore, OsTPS8 has two haplotypes, OsTPS8ASO and OsTPS8IR24. 
Natural variation in the OsTPS8 promoter affects the binding ability 
of the transcription activator OsbHLH001. In addition, OsTPS8IR24 has 
undergone intensive selection during the domestication of indica rice 
in low latitudes because of its higher seed vigor. Our findings unveil 
an important role of OsTPS8 in Tre6P biosynthesis contributing to 
both grain chalkiness and seed vigor, and provides valuable targets 
for genetic improvement in rice.

Results
Chalkiness phenotype identification of CSSL50
We previously reported that CSSL50 (C50), derived from the chromo-
some segmental substitution lines (CSSLs) constructed by insertion 
of IR24 (an indica variety with high chalkiness) segments into ASO (a 
japonica variety with low chalkiness) background24, stably displayed 
high grain chalkiness and exhibited a white belly compared with the 
ASO in Nanjing (119° E, 32° N) and Hainan (110° E, 18° N) (Fig. 1a–d and 
Supplementary Table 1). There were no significant differences in other 

WCR1, underlying grain chalkiness with natural variations, have been 
characterized in rice12,13. Recently, a genome-wide association study 
(GWAS) identified OsbZIP60, which affects chalkiness formation by 
regulating the unfolded protein response (UPR)14. Notably, these three 
high chalkiness alleles are all from indica varieties, which is consistent 
with the notion that chalkiness levels in indica are notably higher than 
those in japonica15,16. However, little is known regarding the molecu-
lar mechanism underlying the divergence of chalkiness formation 
between indica and japonica subspecies.

Seed vigor, as an important trait in crop production, determines 
the potential for seed germination, seedling growth and stress toler-
ance17. High-vigor seeds possess the ability to germinate and establish 
seedlings rapidly and uniformly in the field, thereby enhancing weed 
competitiveness and reducing yield losses18. Previous studies identified 
many QTLs and genes affecting seed vigor19–21. Generally, indica rice 
displays higher seed vigor than japonica rice22,23. However, the genetic 
regulatory mechanism underlying the differential seed vigor between 
indica and japonica subspecies remains essentially unexplored. Moreo-
ver, the intrinsic relationship and connection between grain chalkiness 
and seed vigor have not been exploited.

In this study, we report the isolation of a grain chalkiness locus  
qPGWC-8 using a map-based cloning approach with a genetic  
population derived from the indica variety IR24 and japonica variety  
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Fig. 1 | Phenotypic characterization of the C50 grains. a, Observations of the 
mature grains of ASO and C50. b, Transverse sections of ASO and C50 mature 
grains. c,d, Chalky grain percentage (c) and degree of chalkiness (d) of ASO and 
C50 mature grains in 2020 at Nanjing (n = 5 plants). e, Observations on semi-thin 
sections of grain back and belly at different developmental stages of ASO and 
C50. Bottom: enlarged images of the boxed areas in the top sections. f,g, SEM 

observations of cross-sections of ASO (f) and C50 (g) mature grains. Right: 
enlarged images of the boxed areas on the left. The white arrowheads indicate 
the holes on the SGs. Values in c and d are presented as the mean ± s.d. Statistical 
significance was determined using a two-tailed, paired Student’s t-test  
(c,d). Scale bars, 5 mm (a), 0.5 mm (b), 20 µm (e), 10 µm (f,g).
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Fig. 2 | Map-based cloning and transgenic verification of qPGWC-8. a, Fine-mapping 
of the qPGWC-8 locus. The qPGWC-8 locus was firstly mapped between the molecular 
markers 8G-7 and 8G-9 on chromosome 8 (ref. 24); then, it was finely located to a 35-kb 
region between markers 8G-7 and 8G-32. b, Comparative expression pattern  
of OsTPS8 in ASO and C50 (n = 3 plants). c, Nucleotide sequence polymorphisms  
of OsTPS8 between ASO and C50. The SNPs marked in red are located in the exon 
region, resulting in two amino acid substitutions. d,e, OsTPS8 expression level,  
chalky grain percentage and degree of chalkiness of OsTPS8 transformants.  

The genomic sequences of OsTPS8 from ASO or C50 were driven by either the ASO or 
C50 promoter (d). The genomic sequences of OsTPS8 from ASO or C50 were driven by 
ASO promoter (e) (n = 3 plants). f,g, Mature grain appearance (f) and SEM images (g) 
of the OsTPS8 transgenic lines. The white arrowheads indicate the holes on the SGs. 
Values are presented as the mean ± s.d (b,d,e). Statistical significance was determined 
using a two-tailed, paired Student’s t-test (b). The different lowercase letters indicate 
significant differences (P < 0.05) based on a one-way ANOVA with Dunnet’s multiple 
comparisons test (d,e). Scale bars, 5 mm (f), 5 µm (g).
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major agronomic traits and storage substance accumulation between 
ASO and C50 (Supplementary Fig. 1).

To determine the cause of chalkiness, we examined the ultras-
tructure of grains at different developmental stages. At 15 days after 
flowering (DAF), starch grains in the belly of ASO grains developed 
typical turtle shell structures, while irregular starch grains with 
internal granules clearly separated from each other were readily 
observed in C50; many starch granules (SGs) were lightly stained, 
suggesting a compromised starch accumulation in C50 (Fig. 1e). Scan-
ning electron microscopy (SEM) observations showed that SGs in 
the mature endosperm were densely and regularly arranged in ASO 
grains, whereas in the opaque part of C50 grains, loosely packed, 
irregularly scattered spherical SGs with large spaces were observed. 
In addition, the abnormal SGs of C50 exhibited many holes on the sur-
face (Fig. 1f,g), which differed significantly from previously reported 
chalky or even floury grains25. Nevertheless, starch-synthesis-related 
enzymes showed similar accumulation patterns at both the mRNA 
and protein levels during grain filling stages between ASO and C50 
(Supplementary Fig. 2). These results indicate that the chalkiness of 
C50 originates from abnormal SGs.

Map-based cloning of qPGWC-8
Previously, the qPGWC-8 locus was mapped to a 142-kb physical region 
between the molecular markers 8G-7 and 8G-9 on chromosome 8 (ref. 24).  
To fine-map qPGWC-8, we narrowed down the interval to a 35-kb region 
between the markers 8G-7 and 8G-32, which harbors three putative 
open reading frames (ORFs) (Fig. 2a). The Plant Public RNA-Seq Data-
base predicted that ORF1 was barely expressed in all tissues tested. 
ORF2 and ORF3 were both constitutively expressed. ORF3 was highly 
expressed in grains and had higher expression in C50 than in ASO from 
9 DAF during grain filling (Fig. 2b and Supplementary Fig. 3). Therefore, 
we suspected that ORF3 (LOC_Os08g34580) most probably represents 
the candidate gene for qPGWC-8. LOC_Os08g34580 encodes a mem-
ber of the trehalose-6-phosphate synthase family (OsTPS8). There 
are multiple differences in the promoter region of OsTPS8 and three 
single-nucleotide polymorphisms (SNPs) in the coding regions, the 
latter two SNPs resulting in two amino acid substitutions in the OsTPS8 
protein between ASO and C50 (Fig. 2c).

To confirm whether OsTPS8 controls chalkiness formation, 
we transformed the genomic region of OsTPS8 derived from ASO 
(gOsTPS8ASO) or C50 (gOsTPS8C50) driven by their respective native 
promoter (pOsTPS8ASO or pOsTPS8C50) into ASO. All transgenic lines 
with elevated expression of OsTPS8 exhibited high grain chalkiness 
(Fig. 2d,e). Among them, the pOsTPS8C50::gOsTPS8ASO lines exhibited 
higher OsTPS8 expression levels and higher chalkiness than the pOs
TPS8ASO::gOsTPS8ASO lines, suggesting that variations in the OsTPS8 
promoter region in C50 contribute to its elevated chalkiness (Fig. 2d). 
Furthermore, despite the comparable expression levels of OsTPS8, 
the chalkiness of the pOsTPS8ASO::gOsTPS8C50 lines was significantly 
higher than that of the pOsTPS8ASO::gOsTPS8ASO lines, suggesting that 
the two amino acid substitutions of OsTPS8 in C50 may also contribute 
to its increased chalkiness (Fig. 2e). Notably, small holes were readily 
observed on abnormal SGs in mature grains of all transgenic lines 

(Fig. 2f,g). These results verify that OsTPS8 is the gene responsible 
for qPGWC-8.

OsTPS8 negatively regulates Tre6P synthesis through 
interacting with OsTPS1
Trehalose-6-phosphate synthase (TPS) catalyzes the synthesis of Tre6P 
from UDP-glucose and glucose-6-phosphate. Phylogenetic analysis 
showed that OsTPSs can be divided into two classes. OsTPS8 belongs to 
the class II TPS family and shares the highest homology with OsTPS5 and 
OsTPS9 (Supplementary Fig. 4). Observation of the protoplasts of the 
pOsTPS8::OsTPS8-green fluorescent protein (GFP) transgenic seedlings 
showed that OsTPS8ASO-GFP and OsTPS8C50-GFP were localized in the 
cytosol (Fig. 3a and Supplementary Fig. 5). Further differential centrifu-
gation with the pOsTPS8::OsTPS8-GFP developing grains confirmed the 
cytosolic localization of OsTPS8-GFP (Fig. 3b). Previous studies showed 
that only class I clade possesses TPS catalytic activity and that OsTPS1 
may form complexes with class II TPSs to potentially modify Tre6P 
levels26,27. To test whether OsTPS8 possesses TPS activity, we trans-
formed OsTPS8ASO or OsTPS8C50 into the yeast tps1 and tps2 mutants. Nei-
ther OsTPS8ASO nor OsTPS8C50 could rescue the glucose growth defects 
of the yeast tps1 mutant or the heat-sensitivity of the yeast tps2 mutant26 
(Supplementary Fig. 6a). Consistently, in vitro activity assays showed 
that OsTPS8 did not generate detectable levels of Tre6P, suggesting 
that OsTPS8 lacks typical TPS activity (Supplementary Fig. 6b).

To investigate whether OsTPS8 regulates OsTPS1 activity, we per-
formed yeast two-hybrid (Y2H) and luciferase complementary imaging 
(LCI) assays, confirming the interaction between OsTPS8 and OsTPS1. 
Notably, OsTPS8C50 exhibited stronger interactions with OsTPS1 than 
OsTPS8ASO (Fig. 3c,d). We further validated this interaction using a 
co-immunoprecipitation (co-IP) assay (Fig. 3e). Thus, we hypothesized 
that this interaction regulates OsTPS1 activity. To confirm this notion, 
we initially expressed OsTPS1 in Escherichia coli but failed, possibly 
because of its toxicity. Then, we transformed p35S::OsTPS1-GFP into 
protoplasts from the OsTPS8 knockout (KO) plants and immunopre-
cipitated the OsTPS1-containing protein complexes to determine its 
enzymatic activity in vitro (Supplementary Fig. 7). Intriguingly, Tre6P 
synthesis was gradually compromised with increasing amounts of 
GST-OsTPS8, suggesting that OsTPS8 inhibits the enzymatic activity 
of OsTPS1 complexes. Moreover, the inhibitory effect of OsTPS8C50 was 
significantly stronger than that of OsTPS8ASO (Fig. 3f).

Furthermore, we found that the Tre6P contents in C50 grains at 
different developmental stages were uniformly lower than those of 
ASO grains (Supplementary Fig. 8). Moreover, the Tre6P contents in 
mature grains of the above OsTPS8 transgenic lines were all decreased 
significantly, compared to the wild-type (WT) control (Fig. 3g), suggest-
ing that Tre6P could suppress chalkiness formation in rice grains. To 
verify this notion, we downregulated the expression of OsTPS1 via RNA 
interference (RNAi) using an endosperm-specific promoter (pGluC). 
These RNAi lines possessed decreased Tre6P content, increased chalki-
ness and abnormal SGs resembling those of the C50 grains (Fig. 3h–k 
and Extended Data Fig. 1). Collectively, these results indicate that 
OsTPS8 negatively regulates Tre6P biosynthesis, leading to elevated 
grain chalkiness.

Fig. 3 | OsTPS8 interacts with OsTPS1 to inhibit Tre6P synthesis. a, Subcellular 
localization of OsTPS8-GFP in rice protoplasts from the pOsTPS8::OsTPS8-
GFP transgenic lines. Scale bar, 10 μm. b, Subcellular fractionation and 
immunoblotting of OsTPS8 in the developing grains of the pOsTPS8::OsTPS8-GFP 
lines. T indicates the total protein extract. S2 and P2 are the supernatant and 
pellet obtained after centrifugation at 2,000g; S13 and P13 are the supernatant 
and pellet obtained after centrifugation at 13,000g; S100 and P100 are the 
supernatant and pellet obtained after centrifugation at 100,000g. Anti-
cFBPase and anti-H3 antibodies were used as cytoplasmic and nuclear markers, 
respectively. c, OsTPS8 interacts with OsTPS1 in the Y2H assay. BD, binding 
domain; AD, activation domain. d, LCI assay showing the interactions between 
OsTPS1 and OsTPS8. e, Co-IP assay showing that OsTPS8-GFP but not free GFP 

could be precipitated by OsTPS1-FLAG. f, The effect of OsTPS8 on the enzymatic 
activity of OsTPS1 complexes (n = 3 biological replicates). g, The contents of 
Tre6P in the mature grains of the ASO, C50 and OsTPS8 transgenic lines (n = 3 
plants). FW, fresh weight. h–k, Expression levels of OsTPS1 (h), Tre6P content 
(i), chalky grain percentage (j) and degree of chalkiness (k) in the pGluC::RNAi-
OsTPS1 lines in the ASO background (n = 3 plants). Values are presented as the 
mean ± s.d (f,g). Statistical significance was determined using a two-tailed, 
paired Student’s t-test (g–k). The different lowercase letters indicate significant 
differences (P < 0.05) based on a one-way ANOVA with Dunnet’s multiple 
comparisons test (f). The subcellular fractionation and immunoblotting, Y2H, 
LCI and co-IP assays were done independently three times with similar results.
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Fig. 4 | Higher α-amylase activity leads to elevated starch degradation.  
a, Expression levels of α-amylase genes in ASO and C50 grains at 15 DAF  
(n = 3 plants). b, The α-amylase activities of grains at different developmental 
stages (n = 3 plants). c, Expression level of OsMYBS1 in the ASO and C50 grains at 
different developmental stages (n = 3 plants). d, Transactivation of the  
OsAmy3D promoter by Tre6P treatment in rice protoplasts; 0–300 nM Tre6P 
treatments for 120 min were used in this assay (n = 3 biological replicates).  
e, Analysis of the expression level of endogenous OsMYBS1 in rice protoplasts 
after 150 nM Tre6P treatment for 0–120 min (n = 3 biological replicates).  
f, Transcription inhibition of the OsMYBS1 promoter by 150 nM Tre6P treatment 

for 0–120 min in rice protoplasts using the reporter plasmids pOsMYBS1::LUC 
(n = 3 biological replicates). g–j, OsTPS8 expression level (g), Tre6P content  
(h), OsMYBS1 expression level (i) and α-amylase activity (j) in the pOsTPS8:: 
OsTPS8-GFP transgenic plants (n = 3 plants). k, SEM observations of mature 
grains of α-amylase gene overexpression lines. The white arrowheads indicate 
the holes on the SGs. Scale bar, 10 μm. Values are presented as the mean ± s.d  
(a–j). Statistical significance was determined using a two-tailed, paired  
Student’s t-test (a–c,e,g–j). The different lowercase letters indicate significant 
differences (P < 0.05) based on a one-way ANOVA with Dunnet’s multiple 
comparisons test (d,f).
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Tre6P affects the transcription of α-amylase genes, resulting in 
altered starch degradation
Previous studies reported that the pin holes on the surface of SGs in 
chalky grain are caused by abnormal starch degradation mediated by 
the overexpression of α-amylase genes28, and that lower Tre6P acts as a 
signal for energy mobilization in seed germination, leading to enhanced 
transcription of α-amylase genes, a process positively regulated by 
OsMYBS1 (ref. 29). Thus, we postulated that the higher chalkiness phe-
notype of C50 might be underpinned by lower Tre6P levels, and higher 
expression levels of OsMYBS1 and α-amylase genes. Consistent with this 
notion, quantitative PCR with reverse transcription (RT–qPCR) and 
immunoblot analyses revealed higher expression levels of α-amylase 
genes and OsMYBS1, and higher α-amylase protein abundances and 
activities in C50 compared to ASO during grain development (Fig. 4a–c 
and Supplementary Fig. 9). To further test whether Tre6P affects the 
transcription of α-amylase genes through OsMYBS1, we conducted a 
transient expression experiment using rice protoplasts transformed 
with an amylase 3D promoter-driven LUC gene (pOsAmy3D::LUC) 
followed by treatment with several concentrations of Tre6P. When 
pOsAmy3D::LUC was transformed alone, Tre6P treatment reduced the 
LUC-to-Renilla (REN) LUC ratio, which was intensified with increasing 
Tre6P concentration (Fig. 4d). These observations suggest that Tre6P 
downregulates the expression of α-amylase genes in rice grains. In 
addition, endogenous OsMYBS1 transcripts in rice protoplasts were 
significantly downregulated when supplemented with 150 nM Tre6P 
(Fig. 4e). Moreover, Tre6P treatment significantly diminished the LUC 
activity of the OsMYBS1 promoter in protoplasts transformed with 
pOsMYBS1::LUC (Fig. 4f). Together, these results suggest that Tre6P 
inhibits the expression of OsMYBS1 and α-amylase genes. Furthermore, 
we observed decreased expression of α-amylase genes in 12 DAF grains 
of the OsMYBS1 KO mutants and increased expression of OsMYBS1 and 
α-amylase activity in the pOsTPS8::OsTPS8-GFP transgenic lines with 
reduced Tre6P content (Fig. 4g–j and Extended Data Fig. 2).

To further substantiate the association between abnormal 
starch degradation and chalkiness, we specifically overexpressed 
α-amylase genes, including Amy1A, Amy2A, Amy3A, Amy3D and 
Amy3E, driven by pGluC. Remarkably, the grains of positive transgenic 
lines of all five genes exhibited a chalky or even floury appearance 
(Extended Data Fig. 3). Interestingly, SEM observations revealed that 
these lines developed irregular SGs with many holes and pits on the 
surface, which was more severe than C50 (Fig. 4k). Taken together, 
these results suggest that the chalkiness phenotype in C50 is caused 
by reduced Tre6P content and increased starch degradation at the late 
stages of grain development.

OsbHLH001 differentially regulates OsTPS8 transcription
To determine functional variations of OsTPS8 contributing to chalki-
ness, we analyzed the genome variations of this gene with 331 Asian 
cultivated rice accessions (Supplementary Table 3). Single-gene 
association analysis shows that three tightly linked SNPs (-421, -645 
and -948 bp, where the hyphen indicates the distance upstream from 
the start codon of OsTPS8) in the promoter region were highly associ-
ated with grain chalkiness (Fig. 5a). Based on the three SNPs, these rice 

accessions could be classified into two haplotypes: OsTPS8ASO (with 
the A/G/G variations associated with lower chalkiness) and OsTPS8IR24 
(with the G/A/A variations associated with higher chalkiness) (Fig. 5b 
and Supplementary Fig. 10). Consistently, we found that the expression 
level of OsTPS8 was significantly lower in 16 accessions with OsTPS8ASO 
than 18 accessions with OsTPS8IR24 (Fig. 5c).

To further identify the functional variations of OsTPS8, we 
compared the putative transcription factor binding sites in promot-
ers using PlantPAN 4.0 (http://plantpan.itps.ncku.edu.tw). Analy-
sis of the OsTPS8 promoter region revealed the presence of many 
hormone-responsive elements (abscisic acid, auxin and methyl jas-
monate) and light-responsive elements (Supplementary Table 4). Strik-
ingly, we found that the functional SNP (A/G) at -645 bp in the OsTPS8C50 
promoter region resulted in an additional CANNTG motif, typically 
recognized by bHLH-type transcription factors. Notably, OsbHLH001 
was predominantly expressed in developing grains with increasing 
transcript levels during seed development30, thus it was selected as 
a candidate upstream regulator of OsTPS8 (Extended Data Fig. 4a). 
Consequently, a yeast one-hybrid (Y1H) experiment was performed to 
show that OsbHLH001 could indeed bind to the pOsTPS8C50 promoter 
(Fig. 5d). Furthermore, an electrophoretic mobility shift assay (EMSA) 
revealed that OsbHLH001 could bind to the CAAGTG motif (Fig. 5e). 
Consistently, transient expression assays in rice protoplasts showed 
that OsbHLH001 could activate the expression of pOsTPS8C50 and 
pTPS8ASOG-A (a site-directed mutation from G to A in the background 
of ASO), but not pOsTPS8ASO (Fig. 5f). Moreover, endosperm-specific 
overexpression of OsbHLH001 in C50 significantly elevated the expres-
sion level of OsTPS8 and ultimately led to even higher grain chalkiness 
compared to C50 (Fig. 5g,h and Extended Data Fig. 4b–e).

To further validate the effect of SNP (−645 A/G) on chalkiness, we 
performed a targeted base-editing mutation at this site in ASO (Fig. 5i). 
Seven positive gene-edited (PGE) plants were obtained with an aver-
age editing efficiency of 2% (Extended Data Fig. 4f,g). Compared with 
ASO, the expression levels of OsTPS8 in the grains of the PGE lines were 
significantly upregulated, accompanied by increased grain chalkiness 
(Fig. 5j). In summary, the −645 A/G SNP represents a major natural vari-
ation in the OsTPS8 promoter that affects the binding of OsbHLH001 
and the expression level of OsTPS8, consequently affecting the level 
of grain chalkiness.

OsTPS8IR24 is artificially selected during indica rice 
domestication
To determine whether OsTPS8 underwent selection during rice domes-
tication, we investigated the proportions of two OsTPS8 haplotypes 
using wild rice (Oryza rufipogon and Oryza nivara), landraces and Chi-
nese cultivars31. Our result revealed that OsTPS8IR24 preexists in wild 
rice at ~11%; its proportion increased dramatically in indica landraces 
and modern cultivars, reaching nearly 100%. However, this increase 
was not observed in japonica varieties, suggesting that OsTPS8 was a 
selective target during indica domestication (Fig. 6a). Furthermore, 
we validated the selection at the sequence level using FST, nucleotide 
diversity (π) and π ratio. Sequence comparison based on FST indicated a 
clear differentiation in the OsTPS8 region between indica and japonica 

Fig. 5 | Natural variation in the OsTPS8 promoter affects the binding of 
OsbHLH001. a, Natural variation and haplotype analysis of OsTPS8 in 331 Asian 
cultivated rice accessions. The black triangles represent natural variations; the 
red triangles represent functional natural variations between the OsTPS8ASO 
and OsTPS8IR24 haplotypes. NA indicates an unknown correlation coefficient 
with the TopSite. b, Chalky grain percentage comparison of 331 Asian cultivated 
rice accessions carrying OsTPS8ASO (n = 92 independent rice accessions) 
and OsTPS8IR24 (n = 239 independent rice accessions) haplotypes. c, Relative 
OsTPS8 expression levels of the rice accessions carrying the OsTPS8ASO (n = 16 
independent rice accessions) and OsTPS8IR24 (n = 18 independent rice accessions) 
haplotypes in 12 DAF grains. d, Y1H assay between OsbHLH001 and the OsTPS8 
promoter. e, EMSA of the OsbHLH001 protein with the CAAGTG motif in the 

OsTPS8C50 promoter. f, Transient expression assays of the transcriptional 
activity of OsbHLH001 on the -645 A/G site of the OsTPS8 promoter in vivo (n = 5 
biological replicates). g,h, Chalky grain percentage (g) and degree of chalkiness 
(h) of the pGluC::OsbHLH001 lines at the C50 background (n = 5 plants).  
i, Architecture of pH-APOBEC1-SpRY construct and the corresponding mutant 
type and single-guide RNA (sgRNA) sequences. j, OsTPS8 expression level, 
chalky grain percentage and degree of chalkiness of the PGE plants (n = 5 plants). 
Values are presented as the mean ± s.d (b,c,f–h,j). Statistical significance was 
determined using a two-tailed, paired Student’s t-test (b,c,g,h,j). The different 
lowercase letters indicate significant differences (P < 0.05) based on a one-way 
ANOVA with Dunnet’s multiple comparisons test (f). The Y1H, EMAS and transient 
expression assays were done independently three times with similar results.
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(Fig. 6b). The π value of the OsTPS8 region was significantly decreased 
in the indica population, leading to a higher π ratio compared to wild 
rice populations (Fig. 6c,d). These results indicate that OsTPS8IR24 is 
artificially selected during the domestication of indica rice.

To explore the possible driving force underlying the selection of 
OsTPS8IR24 in indica rice, we conducted an analysis of the geographical 

distribution of landraces and cultivars. The results revealed that  
OsTPS8IR24 was predominantly distributed at low latitudes, particu-
larly in regions such as Thailand, Malaysia, Vietnam and South China, 
which are usually direct seeding rice (DSR) growing areas32 (Fig. 6e). 
The most important characteristic of DSR is fast germination33. Previ-
ous studies showed that Tre6P integrates sugar signaling and hormone 
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Fig. 6 | The OsTPS8IR24 allele improves seed vigor in indica cultivars. a, The 
frequency of OsTPS8ASO and OsTPS8IR24 haplotypes in wild rice, landrace and 
cultivated rice accessions. b–d, FST (b), π (c) and π ratio (d) in wild rice and 
landraces across the 3-Mb genomic region of the OsTPS8 locus. e, Geographical 
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Chinese cultivars, depicted using the R package rnaturalearth with a base map 
sourced from Natural Earth (www.naturalearthdata.com). f, Germinated seeds of 
ASO and C50 at 3 and 5 DAI. g,h, Germination index (g) and germination potential 

(h) of ASO and C50 (n = 5 biological replicates). i, Observations of mature grains 
of Xiushui134 and the CSSL line XY-38. j,k, Chalky grain percentage (j) and degree 
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 l,m, Germination index (l) and germination potential (m) of Xiushui134 and  
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(g,h,j–m). Statistical significance was determined using a two-tailed, paired 
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pathways to regulate seed germination29,34. Thus, we reasoned that 
OsTPS8IR24 might have been selected because of its higher seed vigor. 
Consistently, β-glucuronidase (GUS) staining showed high expression 
of OsTPS8 in the embryo and embryonic roots during seed germination 
(Extended Data Fig. 5a). Phenotypic evaluation demonstrated that C50 
exhibited higher germination speed and seedling growth under normal 
conditions (Fig. 6f and Extended Data Fig. 5b–g). The germination index 
and germination potential of C50 were significantly increased; thus, 
C50 possesses higher seed vigor than ASO (Fig. 6g,h). Moreover, both 
transgenic lines with elevated expression of OsTPS8 and the PGE lines also 
exhibited higher seed vigor compared to WT, supporting the notion that 
OsTPS8 positively regulates seed germination (Extended Data Fig. 6).

To further verify this notion, we obtained one CSSL line (XY-38) 
that introgressed the indica allele of OsTPS8 from 9311 (OsTPS8IR24 
variety) into Xiushui134 (OsTPS8ASO variety). Compared to Xiushui134, 
XY-38 showed a significant increase in chalky grain percentage and 
degree of chalkiness (Fig. 6i–k), as well as higher seed vigor and seedling 
growth (Fig. 6l,m and Supplementary Fig. 11). Moreover, we randomly 
selected 83 rice accessions and tested their germination. The results 
showed that the OsTPS8IR24 varieties exhibited higher seed vigor than 
those harboring the OsTPS8ASO haplotype (Extended Data Fig. 7 and 
Supplementary Table 5). In summary, the OsTPS8 IR24 haplotype is 
responsible for high seed vigor.

To demonstrate whether the difference in seed vigor caused 
by OsTPS8 was also mediated by elevated starch degradation, we 
detected the soluble sugar content during seed germination. Our 
results showed that in the OsTPS8 overexpression lines, soluble sug-
ars were significantly higher than ASO at 24 and 48 h after imbibition 
(Extended Data Fig. 8a–c), although no significant differences were 
detected between the ASO, C50 and the PGE lines during germination, 
except for fructose at 48 h after imbibition (Supplementary Fig. 12). 
Consistently, we also found that the soluble sugar levels in germi-
nating seeds of rice varieties carrying OsTPS8IR24 at 48 h after imbibi-
tion were significantly higher than the varieties carrying OsTPS8ASO 
(Extended Data Fig. 8d,e).

Discussion
Indica and japonica rice are known to have distinct characteristics in 
grain chalkiness and seed vigor, two agronomic traits important for con-
sumption and rice production, respectively15,23. However, little is known 
about their relationship and regulatory mechanisms. In this study, we 
demonstrated that the natural variation in OsTPS8 confers differential 
regulation of grain chalkiness and seed vigor in the two subspecies of 
Asian cultivated rice. In this study, we propose a working model depict-
ing the differential regulation of these two traits (Extended Data Fig. 9). 
According to this model, rice varieties of the OsTPS8IR24 haplotype (pre-
dominantly indica) have higher expression of OsTPS8 because of dif-
ferential binding by OsbHLH001. Increased OsTPS8 transcripts in rice 
harboring the OsTPS8IR24 haplotype reduce the production of Tre6P, 
consequently resulting in higher expression of OsMYBS1 and α-amylase 
genes, leading to elevated starch degradation and ultimately high chalki-
ness in rice grains. On the other hand, elevated starch degradation in 
OsTPS8IR24 rice provides more energy (Extended Data Fig. 8) and thus 
promotes seed vigor during germination35. Therefore, our findings 
uncover an OsbHLH001-OsTPS8-Tre6P-α-amylase signaling cascade 
that has a dual role in regulating both grain chalkiness and seed vigor 
in the two subspecies of Asian cultivated rice.

It is widely conceived that Tre6P could function as a signal and 
regulator of sucrose levels to affect plant growth and development, 
and stress tolerance36–38. Nevertheless, how Tre6P levels are regulated 
in plants is largely unknown. In this study, we found that OsTPS8 nega-
tively regulates Tre6P production through interacting with OsTPS1 
and inhibiting its catalytic activity (Fig. 3). Moreover, we found that 
Tre6P affects chalkiness and seed vigor by regulating the expression 
of OsMYBS1 and α-amylase genes (Fig. 4). Nevertheless, how Tre6P 

exactly functions as a signal to regulate the expression of OsMYBS1 and 
α-amylase genes remains unclear. A previous study reported that SnRK1 
is necessary for the activation of OsMYBS1 and αAmy3 expression under 
glucose starvation39. Other studies have shown that Tre6P directly 
binds to KIN10 (a catalytic subunit of SnRK1) to inhibit the activation 
of SnRK1 (ref. 40). Thus, we speculate that the regulation of OsMYBS1 
and α-amylase gene expression by Tre6P may also entail SnRK1, a pos-
sibility awaiting to be investigated in future studies.

It is generally accepted that both indica and japonica rice were 
domesticated from the wild rice species O. rufipogon. During domestica-
tion, indica was adapted to the tropical regions in low latitudes, while 
temperate japonica rice was adapted to temperate regions at fairly high 
latitudes2,41. Our findings that almost all indica rice varieties carry the 
OsTPS8IR24 haplotype and that such rice germinates more rapidly than 
those with the OsTPS8ASO haplotype (Fig. 6 and Extended Data Fig. 7) 
suggest that OsTPS8IR24 was probably selected during indica rice domes-
tication because of its higher seed vigor, which allows more rapid seed 
germination, uniform seedling establishment and more effective com-
petition with weeds. Moreover, higher seed vigor is also a beneficial 
trait for DSR, which has been adopted as the principal rice establish-
ment method in the low latitudes of Southeast Asia and South China32. 
Our results also suggest that higher chalkiness in indica rice carrying 
the OsTPS8IR24 haplotype was probably intentionally neglected during 
domestication and breeding improvement at the cost of selecting 
for higher seed vigor. Notably, previous studies repeatedly identified 
QTLs for low-temperature germination traits near or even covering the 
OsTPS8 locus42,43, hinting at a possibility for retaining the OsTPS8ASO hap-
lotype in japonica rice for low-temperature germination. Typical indica 
rice has long grains and japonica rice has short and round grains. Dozens 
of studies demonstrated that an increase in the grain length-to-width 
ratio is associated with a decrease in chalkiness44,45. Therefore, pyramid-
ing slender grain genes such as gs3, gs5, GW5 and gw7 with OsTPS8IR24 is 
expected to reduce grain chalkiness and retain high seed vigor, while 
meeting the demands of both market and production. Our findings 
that the natural variation in the promoter of OsTPS8 contributes to the 
differentiation of grain chalkiness and seed vigor between indica and 
japonica subspecies provides a candidate gene for the improvement of 
both grain appearance quality and seed vigor in rice.
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Methods
Material growth and phenotyping
C50 was derived from the CSSL population constructed using IR24 
and Asominori. The experimental materials were all planted in Nan-
jing (119° E, 32° N) and Hainan (110° E, 18° N) experimental stations of 
Nanjing Agricultural University, China. The chalky grain percentage 
of brown rice was counted manually, and the degree of chalkiness 
was measured using a rice appearance quality detector ( JMWT12, 
SATAKE). Ten plants were selected for the investigation of agronomic 
traits. Determination of grain nutrients (starch, protein and lipid) fol-
lowed previously published methods46. For the single-gene association 
analysis, 331 Asian cultivated rice accessions were planted in 2019 and 
2020 in Hainan, China. All plant materials were grown under standard 
agronomic conditions.

Microscopic observation
For transmission electron microscopy, transverse sections of the 
mature grains were sputter-coated with gold powder and observed with 
a Hitachi Regulus 8100 scanning electron microscope. For semi-thin 
section observation, samples approximately 1-mm thick from the 
middle part of the developing endosperm were fixed, dehydrated and 
embedded in LR White resin (London Resin). Semi-thin (1-µm) sections 
were cut, stained with 1% iodine-potassium iodide and photographed 
with a light microscope (ECLIPSE80i, Nikon)46.

Map-based cloning
First, qPGWC-8 for the chalky grain percentage was located between 
8G-7 and 8G-9 on the long arm of chromosome 8 (ref. 24). Then, 
fine-mapping was conducted using 7,910 individuals, narrowing down 
the interval to a 35-kb region between 8G-7 and 8G-32. Progeny tests 
were performed on all recombinant individuals used for fine-mapping. 
The markers used in this study are listed in Supplementary Table 6.

Vector construction and rice transformation
For the transgenic vectors, a 2-kb promoter fragment of OsTPS8 was 
fused with the 5-kb genomic coding regions. The recombinant frag-
ments were inserted into the pCAMBIA1300 vector using homologous 
recombination. For GFP-tagged OsTPS8 transgenic plants, the coding 
sequence (CDS) of OsTPS8 was cloned into the pCAMBIA1305-GFP vector 
to generate the pOsTPS8::OsTPS8-GFP construct. For the spatiotemporal 
expression analysis, the promoter region of OsTPS8 (2 kb upstream of 
ATG) was recombined into pCAMBIA1381Z. For base editing, a tiled 
sgRNA was designed to target the promoter of OsTPS8. Annealed oli-
gonucleotides were inserted into BsaI-digested (New England BioLabs) 
pH-APOBEC1-SpRY vectors47. The OsTPS8 KO construct was prepared by 
inserting a 20-bp target sequence in the first exon into the CRISPR–Cas9 
vector. Recombinant vectors were transformed into the Agrobacterium 
tumefaciens strain EHA105 and used to infect the rice calli of ASO or 
C50. The primers used in this study are listed in Supplementary Table 6.

RNA extraction and RT–qPCR
Total RNA was extracted from several plant tissues using an RNA extrac-
tion kit (Tiangen Biotech). The first-strand complementary DNA was 
synthesized using the HiScript Ⅱ 1st Strand cDNA Synthesis Kit (cat. 
no. R212-02, Vazyme). RT–qPCR assays were performed on a T100TM 
real-time PCR system (Bio-Rad Laboratories) with the Genious 2X SYBR 
Green Fast qPCR Mix (cat. no. RM21204, ABclonal). The rice UBIQUITIN 
gene was used as an internal control. The relative gene expression level 
was calculated using the 2−∆∆CT method. P values were calculated using 
a two-sided paired Student’s t-test. The RT–qPCR primers used in this 
study are listed in Supplementary Table 6.

Subcellular localization
To determine the subcellular localization of OsTPS8, rice protoplasts 
were isolated from 10-day-old seedlings of the pOsTPS8::OsTPS8-GFP 

transgenic lines. Fluorescence signals were observed using a confo-
cal laser scanning microscope (TCS-SP8, Leica Microsystems). For 
fractionation, developing grains of the pOsTPS8::OsTPS8-GFP trans-
genic lines were used as described previously48. Nine DAF grains were 
homogenized on ice in buffer A (100 mM HEPES-KOH, pH 7.5, 0.3 M 
sucrose, 5 mM EGTA, 5 mM MgCl2 and protease inhibitor cocktail 
(cat. no. C600384, Sangon Biotech)). The homogenate was filtered 
through a magic filter cloth and centrifuged at 50g for 30 min to 
remove starch; the supernatant was retained as total protein (T). 
Subsequently, the supernatant was further centrifuged at 2,000g 
for 20 min at 4 °C to obtain the supernatant (S2) and pellet (P2) frac-
tions. Then, the S2 fraction was further centrifuged at 13,000g and 
100,000g to obtain the S13, P13, S100 and P100 fractions for the 
immunoblot analysis.

GUS staining
The vector containing the CDS of β-GUS driven by the OsTPS8 promoter 
was transformed into ASO. All plant tissues were stained according 
to the instructions of the GUS kit (cat. no. G3061, Solarbio). Stained 
samples were decolorized with graded alcohol and photographed with 
a stereoscope (Leica Application Suite 3.3).

Seed protein extraction, SDS–polyacrylamide gel 
electrophoresis and immunoblot analyses
The protein extraction and immunoblotting assays were conducted 
with slight modification as described previously48. Briefly, mature seeds 
or developing grains were crushed and then resuspended in lysis buffer. 
SDS–polyacrylamide gel electrophoresis analysis was performed using 
4–20% (v/v) precast gels (cat. no. M00655, Genscript), followed by 
staining with Coomassie brilliant blue or immunoblot analyses. Syn-
thetic peptides of OsTPS8 (LOC_Os08g34580; PSLPNSGDEGGA and 
RQEGPVPTAPAGKPRQ) and amylase (LOC_Os08g36900; PGRLYDL-
DASKYG and FEGGTPDGRLDWGP, two highly homologous peptides 
of the α-amylase protein family) were synthesized. The synthetic pep-
tides were injected to rabbits to generate polyclonal antibodies at 
ABclonal Biotechnology (www.abclonal.com.cn/). EF-1α was previously 
described in ref. 45. Anti-GFP (11814460001, Roche), anti-FLAG (cat. no. 
A8592, Sigma-Aldrich), anti-GST (cat. no. PM013-7, MBL Life Science), 
anti-H3 (cat. no. ab1791, Abcam) and anti-cFBPase (cat. no. AS04 043, 
Agrisera) antibodies are commercially available. Immunoblotting 
signals were detected with the ECL detection reagent (cat. no. 32209, 
Thermo Fisher Scientific).

Y1H experiment
The Y1H assay was performed according to previously described 
methods49. The OsbHLH001 CDS and OsTPS8 promoters of different 
haplotypes (~1 kb upstream of ATG) were connected to the pB42AD 
and pLacZi vectors, respectively. The SD-Trp-Ura medium was used 
to screen positive clones, which were cotransformed into the EGY48 
yeast strain. The positive transformants were transferred to SD-Trp-Ura 
plates with X-β-Gal to verify the interaction.

EMSA
The OsbHLH001 CDS was inserted into the pGEX-4T-2 vector and trans-
formed into the DE3 strain for prokaryotic expression. Expressed 
GST-OsbHLH001 fusion protein was purified according to the manu-
facturer’s instructions (cat. no. L00207, Genscript). For EMSA, a 5′ 
biotin-modified 24-bp sequence containing the CANNTG motif was 
selected as the probe; the unlabeled probe was used as the competi-
tive probe. Two mutant probes with sequences replaced with either 
CAAAAA or AAAAAA were used. The GST-OsbHLH001 fusion protein 
was purified for EMSA with the probes. The unlabeled competitive 
probe was added in onefold, twofold and fivefold molar excess. Gel 
migration was performed according to the manufacturer’s protocol 
(cat. no. 89880, Thermo Fisher Scientific).
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Dual-LUC reporter assay
For the promoter activity assay, the two parental promoters and A/G 
mutation-type promoters of OsTPS8 were cloned into the pGreenⅡ 
0800-LUC plasmid; OsbHLH001 was recombined into the pAN580 
vector. Various combinations of recombinant plasmids were cotrans-
formed into rice protoplasts, followed by incubation in the dark at 28 °C 
for more than 16 h. The firefly LUC and REN activities were measured 
according to the manufacturer’s instructions (cat. no. E1910, Promega 
Corporation) using a chemiluminescence detector (GloMax 20/20, 
Promega Corporation).

For the transcriptional repression of the α-amylase genes and 
OsMYBS1 by Tre6P, the promoter of OsAmy3D or OsMYBS1 was recom-
bined into the pGreenⅡ  0800-LUC plasmid (pOsAmy3D::LUC or 
pOsMYBS1::LUC). High-purity plasmids were transformed into rice 
protoplasts and cultured in the dark at 28 °C for 12 h. Subsequently, 
Tre6P was added at several concentrations and incubated for differ-
ent times. The LUC and REN values were determined according to the 
method described above. Extraction of protoplast RNA and RT–qPCR 
were conducted as described above.

LCI assays
The CDSs of OsTPS8 and OsTPS1 were cloned into the nLUC and cLUC 
vectors, respectively. These plasmids were transformed into A. tume-
faciens strain EHA105. Different combinations of these constructs 
were prepared and transformed into the leaf epidermal cells of Nico-
tiana benthamiana and cultured for 24–48 h. The fluorescence signals 
were collected with a fully automatic chemiluminescence imaging 
system (Tanon-5200).

Co-IP assays
The CDSs of OsTPS1 and OsTPS8 without stop codon were cloned into 
the pCAMBIA1305-GFP and pCAMBIA1300-221-Flag vectors, respec-
tively. These constructs were cotransformed into N. benthamiana for 
transient expression. Total protein was extracted with the NB1 buffer 
(Tris-MES, pH 7.4, 50 mM sucrose, 500 mM MgCl2, 1 mM dithiothreitol, 
5 mM EDTA, 10 mM Nonidet P-40 and 0.1% (v/v) and protease inhibitor 
cocktail). The protein extract was incubated at 4 °C for 30 min on a 
shaker. After centrifugation at 12,000g at 4 °C, the supernatant was 
incubated with FLAG-beads at 4 °C for 2 h. Then, the FLAG-beads were 
washed five times with extraction buffer. The FLAG-beads were boiled 
with protein loading buffer for 10 min and subjected to immunoblot 
assay as described above.

Determination of Tre6P content
Developing or mature grains were ground thoroughly with 80% metha-
nol. After vortexing for 5 min, the homogenate was ultrasonically 
extracted at 100 W and 20 °C for 20 min. The extract was centrifuged at 
12,000g at 4 °C for 20 min to obtain the supernatant, which was passed 
through a 0.22-μm water filter. The ACQUITY UPLC Ⅰ-Class PLUS 
(Waters) system coupled with the Xevo TQ-S Micro MS/MS (Waters) 
was used for sample determination with the ACQUITY UPLC HSSC18 
column (cat. no. 186002350). The mobile phase consisted of ultrapure 
water (A) and 100% methanol (B). The LC run time was 5 min using the 
following gradient elution profile: 0–0.2 min, 98% A solution, 2% B 
solution; 0.2–4 min, 100% B solution; and 4–5 min, 98% A solution, 
2% B solution. The flow rate was 0.2 ml min−1. The ion trap mass spec-
trometer was operated in the negative ion mode with a 2.5-kV capillary 
voltage and an ion source temperature of 150 °C. Tre6P was detected 
as deprotonated molecules at 421.05 > 78.863 m/z.

Yeast complementation assays
The specific experimental method has been described in a previous 
report26. The yeast strains used in this study include WT strain W303-1A 
as well as the tps1 and tps2 mutant strains. Specifically, the tps1 mutant 
strain was transformed only with the OsTPS8 or OtsA (positive control) 

genes and spotted on leucine-free minimal medium (SD-Leu) supple-
mented with 2% galactose or 2% glucose as indicated. Similarly, the 
tps2 mutant strain was transformed with the OsTPS8 or OtsB (positive 
control) genes. All yeast transformants were grown on SD-Leu contain-
ing 2% glucose at 30 °C and 38.6 °C. The WT strain was transformed 
with the pGAL vector.

Enzymatic activity assays
OsTPS1-GFP was expressed in the protoplasts of the OsTPS8 KO 
plants and purified by GFP magnetic beads. GST-OsTPS8 was puri-
fied as described above. The enzymatic activity of the TPS com-
plexes was assessed by measuring the content of Tre6P generated 
from glucose-6-phosphate. Purified proteins were added to the reac-
tion buffer (Tris-HCl, pH 7.5, 20 mM glucose-6-phosphate, 10 mM 
UDP-glucose, 0.04 mg heparin ml−1 and 10 mM MgCl2) and incubated at 
37 °C for 20 min. The sample was then boiled for 5 min. Denatured pro-
teins were removed using centrifugation. Tre6P contents were deter-
mined using liquid chromatography–mass spectrometry. α-Amylase 
activity was determined using the α-Amylase kit from Megazyme 
(K-CERA) according to the manufacturer’s instructions.

Evaluation of seed vigor
Thirty seeds per replicate of ASO, C50, transgenic lines and rice accessions 
were imbibed in 9-cm-diameter Petri dishes with 10 ml distilled water at 
30 °C for 7 days. Seed germination was defined as the coleoptile having 
emerged to the half-length of the seed. The traits of seed vigor, including 
germination potential and germination index, were tested according to 
ref. 50. The percentage of germinated seeds 3 days after imbibition (DAI) 
is referred to as the germination potential. The germination index is cal-
culated as follows: GI = ∑ (Gt/t), where Gt is the number of the germinated 
seeds on day t. Five replications were performed. Meanwhile, 30 seeds 
per replicate were sowed in soil under controlled conditions. They were 
cultivated in an artificial incubator under 16 h light and 8 h dark at 30 °C 
during the day and 25 °C at night. Seeds were collected and dried at 45 °C 
for 7 days to break seed dormancy.

Statistics and reproducibility
All quantitative data are presented as the mean ± s.d. from at least 
three independent experiments. Sample sizes (n) and P values are 
shown in each figure and figure legend. P values were derived using 
a two-tailed Student’s t-test. Statistical significance was determined 
using a one-way analysis of variance (ANOVA) with Dunnet’s multiple 
comparisons test using SPSS.

Different letters represent significant differences (P < 0.05). Results 
with a P < 0.05 were considered statistically significant. LUC reporter, 
Y1H, EMSA and Y2H assays, co-IP, GST pull-down, the LCI assay, subcel-
lular localization, confocal microscopy and two-phase partitioning were 
done independently at least three times with similar results. Single-gene 
association analysis was performed using the GWAS-rMVP R package 
with the GLM algorithm51. LDBlockShow v.1.40 was used to carry out the 
pairwise linkage disequilibrium analysis of the OsTPS8-related genomic 
region51. For the phylogenetic analysis of OsTPS8, the genomic sequences 
of 1,453 rice accessions were obtained from ref. 31; they consisted of 359 
wild accessions and 1,094 rice landraces31. Geographical distribution of 
the sampling sites were plotted using the R package rnaturalearth, based 
on a base map from Natural Earth (www.naturalearthdata.com). The π 
and FST in OsTPS8 and the flanking regions (~3 Mb) for each rice group 
were calculated using VCFtools (https://vcftools.github.io/), using a 
100-kb window with a step size of 5 kb. No statistical method was used to 
predetermine sample size. Data distribution was assumed to be normal, 
but this was not formally tested

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.
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Data availability
The data supporting the findings of this study are available in the 
article and its Supplementary Information. For the phylogenetic 
analysis of OsTPS8, the genomic sequences of 1,453 rice acces-
sions (359 wild accessions and 1,094 rice landraces) were obtained 
from Jing et al.31. The sequence data used in this study can be 
accessed at the GenBank/EMBL databases: OsTPS8/Os08g0445700 
(www.ncbi.nlm.nih.gov/gene/?term=LOC4345706), OsAmy1A/ 
Os02g0765600 (www.ncbi.nlm.nih.gov/gene/?term=LOC4330832),  
OsAmy1C/Os02g0765400 (www.ncbi.nlm.nih.gov/gene/?term= 
LOC4330830), OsAmy2A/Os06g0713800 (www.ncbi.nlm.nih.gov/
gene/?term=LOC4342055), OsAmy3A/Os09g0457400 (www.ncbi.nlm.
nih.gov/gene/?term=LOC4347262), OsAmy3B/Os09g0457600 (www.
ncbi.nlm.nih.gov/gene/?term=LOC9271949), OsAmy3C/Os09g0457800 
(www.ncbi.nlm.nih.gov/gene/?term=LOC4347265), OsAmy3D/ 
Os08g0473900 (www.ncbi.nlm.nih.gov/gene/?term=LOC4345814), 
OsAmy3E/Os08g0473600 (www.ncbi.nlm.nih.gov/gene/?term= 
LOC4345812), OsMYBS1/Os01g0524500 (www.ncbi.nlm.nih.gov/
gene/?term=LOC4323963) and OsbHLH001/Os01g0928000 (www.ncbi.
nlm.nih.gov/gene/?term=LOC4326959). The geographical distribution of 
sampling sites was plotted using the R package rnaturalearth based on a 
base map from Natural Earth (www.naturalearthdata.com). The code and 
source data for the bioinformatic analyses in this study have been deposited 
via Zenodo at https://doi.org/10.5281/zenodo.17393750 (ref. 52). Source 
data are provided with this paper.

Code availability
All software used in this study is publicly available as described in Meth-
ods and Reporting Summary. The customized scripts and codes used in 
the present study are available via Zenodo at https://doi.org/10.5281/
zenodo.17393750 (ref. 52).
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Extended Data Fig. 1 | Phenotypic characterization of the pGluC::RNAi-
OsTPS1 transgenic lines. a,b, Mature grains of ASO and the pGluC::RNAi-OsTPS1 
transgenic lines. Scale bars, 5 mm (a) and 1 mm (b). c, SEM observations of cross-

sections of mature grains from ASO and the pGluC::RNAi-OsTPS1 lines. White 
arrowheads indicate the holes on starch granules. Scale bars, 5 µm. L1, L2, and L3 
represent three independent transgenic lines.

http://www.nature.com/naturegenetics
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Extended Data Fig. 2 | Phenotypic characterization of the OsMYBS1 knockout 
lines. a, Genotyping of the OsMYBS1 knockout lines. osmybs1-1 carries a 17-bp 
insertion, while osmybs1-2 harbors a 51-bp deletion. b, Expression of α-Amylase 
genes in 12 DAF grains of Ninggeng7 and the OsMYBS1 knockout lines (n = 3 
plants). c, Mature grains of Ninggeng7 and the OsMYBS1 knockout lines. Scale 

bars, 1 cm. d,e, Chalky grain percentage (d) and chalkiness degree (e) of mature 
grains of Ninggeng 7 and the OsMYBS1 knockout lines (n = 5 plants). Values in  
b, d and e are means ± s.d. Statistical significance in b, d, and e was determined  
by a two-tailed Student’s t test.
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Extended Data Fig. 3 | Phenotypic characterization of α-amylase gene 
overexpression lines. a, Expression levels of α-amylase genes in 15 DAF 
grains of the overexpression lines (n = 3 plants). #1, #2, and #3 represent three 
independent transgenic lines. b, α-amylase activity assay using 15 DAF grains 

(n = 3 plants). c,d, Mature grains (c) and transverse sections (d) for α-amylase 
gene overexpression lines. Scale bars, 5 mm (c) and 0.5 mm (d). Values in  
a, b are means ± s.d. Statistical significance was determined by a two-tailed 
Student’s t test.

http://www.nature.com/naturegenetics
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Extended Data Fig. 4 | OsbHLH001 binds to the CAAGTG motif to exaggerate 
chalkiness. a, Spatiotemporal expression patterns of OsbHLH001 in ASO and 
C50 (n = 3 plants). b,c, Expression levels of OsbHLH001 (b) and OsTPS8 (c) in the 
pGluC::OsbHLH001 transgenic lines in the C50 background (n = 3 plants). L1, L2, 
and L3 represent three independent transgenic lines. d,e, Mature grains (d) and 
transverse sections (e) of C50 and the pGluC::OsbHLH001 positive lines. Scale 

bars, 5 mm (d) and 1 mm (e). f, Genotyping of the targeted base-editing mutations 
in the OsTPS8 promoter. L1, L2, and L3 represent three independent PGE lines.  
g, Morphology of ASO and three independent PGE lines at the grain-filling stage. 
Scale bars, 20 cm. Values in a-c are means ± s.d. Statistical significance was 
determined by a two-tailed Student’s t test.
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Extended Data Fig. 5 | Phenotypic differences in seed vigour between ASO and 
C50. a, Histochemical staining for βGUS activity in imbibed seeds. HAI, Hours 
after imbibition. Scale bars, 5 mm. b, Dynamic changes of germination rate 
between ASO and C50 (n = 5 biological replicates). DAI, days after imbibition. c,d, 
Root length (c) and shoot length (d) of ASO and C50 germinated seeds at 3, 5, and 

7 DAI (n = 20 seeds). e, α-amylase activities in seeds at different imbibition stages 
(n = 3 plants). f, Early seedling development of ASO and C50 grown in soil. Scale 
bars, 5 cm. g, Shoot length of ASO and C50 seedlings at 3, 5, and 7 DAI grown in 
soil (n = 20 seeds). Values in b-e, and g are means ± s.d. Statistical significance was 
determined by a two-tailed Student’s t test.
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Extended Data Fig. 6 | OsTPS8 positively regulates seed vigour. a, Dynamic 
changes in germination rate between ASO and OsTPS8 transgenic lines (n = 5 
biological replicates). b,c, Germination index (b) and germination potential (c) 
of ASO and OsTPS8 transgenic lines (n = 5 biological replicates). (d) Dynamic 
changes in germination rate between ASO and the PGE lines (n = 5 biological 

replicates). e,f, Germination index (e) and germination potential (f) of ASO and 
the PGE lines (n = 5 biological replicates). g, Representative images showing the 
differences in germination between ASO and the the PGE lines. Scale bars, 2 cm. 
Values in a-d, e, and f are means ± s.d. Statistical significance was determined by a 
two-tailed Student’s t test.
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Extended Data Fig. 7 | OsTPS8 haplotypes are associated with chalkiness and 
seed vigour. a-d, chalky grain percentage (a), chalkiness degree (b), germination 
index (c) and germination potential (d) in japonica and indica accessions 
harboring different OsTPS8 haplotypes. Sample sizes in (a-d) are 24, 27, 5, and 27 
independent rice accessions, respectively. The bold dashed line lines, median 

values; dashed lines, IQRs in violin plots. e, Seed germination of rice accessions 
with OsTPS8ASO and OsTPS8IR24 haplotypes at 3 days after imbibition. Scale bars, 
1 cm. Values in a-d are means ± s.d. Statistical significance was determined by a 
two-tailed Student’s t test.
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Extended Data Fig. 8 | Determination of soluble sugars in seeds during 
germination. a-c, Measurements of glucose (a), fructose (b), and sucrose  
(c) contents in seeds of ASO and the OsTPS8 transgenic lines at different HAI 
(n = 3 biological replicates). d,e, Determination of glucose, fructose, and sucrose 
contents in the brown rice of different rice accessions at 24 HAI (d), and 48 
HAI (e). The bold dashed line lines, median values; dashed lines, IQRs in violin 

plots. Sample sizes in d, e are 20, 20, 10, and 20 independent rice accessions, 
respectively. Values in a-e are means ± s.d. Different letters at the top of each 
column in a-c indicate a significant difference at P < 0.05 based on one-way 
ANOVA with Dunnet’s multiple comparisons test. Statistical significance in  
d, e was determined by a two-tailed Student’s t test.
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Extended Data Fig. 9 | A working model depicting the function of OsTPS8 
in regulating grain chalkiness and seed vigour. The natural variation -645 
A/G in the OsTPS8 promoter leads to different binding affinities for the 
transcription factor OsbHLH001, which has a stronger binding ability to 
the OsTPS8IR24 promoter than to OsTPS8ASO to activate OsTPS8 transcription. 

OsTPS8 then interacts with OsTPS1 to inhibit Tre6P production in grains. Low 
Tre6P level decreases its inhibitory effect on the expression of OsMYBS1 and 
α-amylase genes, enhancing starch degradation during the late stages of grain 
development, leading to chalkiness. Concurrently, elevated α-amylase activity 
promotes seed vigour.
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For evaluation of agronomic traits, at least 10 samples were investigated. 
For the expression level quantification of genes, 3 biological replicates were performed for each sample.  
For subcellular localization analysis, at least 3 biological replicates were observed. 
For LC-MS/MS analysis, 3 biological repeats were performed.  
For single gene association analysis, 331 Asian cultivated rice accessions were planted in 2019 and 2020 in Hainan, China. 
For phylogenetic analysis of OsTPS8, the genomic sequences of 1453 rice accessions were obtained from Jing et al, which consists of 359 wild 
accessions and 1094 rice landraces. 

Data exclusions No data excluded.

Replication All experiments in this study were repeated independently at least three times. For RT-qPCR three biologically independent samples were 
used each time. For subcellular localization, physiological and biochemical experiments, the results representative of three independent 
experiments.

Randomization For field experiments, the varieties and transgenic lines were grown in a completely-randomized block design with three replicates. We 
always randomly selected the samples based on the genotype for experiments.

Blinding For all experiments, we always performed three or more than three replicates or measurements without human interference, therefore, we  
did not perform blinding analysis.
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used 1. Anti-GFP (Roche, 11814460001, NA, 1:2000);  

2. Anti-cFBPase (Agrisera, AS04 043,NA, 1:3000 ) 
3. Anti-Histone H3(Abcam, ab1791, NA,1:5000 ) 
4. Anti-GST (MBL, PM013-7, NA,1:5000 ) 
5.Anti-Flag (Sigma-Aldrich, A8592, NA, 1:5000) 
6. Goat Anti-Rabbit (MBL, 458, NA, 1:5000) 
7. Goat Anti- Mouse (MBL, 330, NA, 1:5000) 
8. Anti-EF-1�, Anti-AGPL2, Anti-AGPS2b, Anti-SSIIa, Anti-GBSSI, Anti-SBEI, and Anti-PHOI were sourced from Abclonal Biotechnology, 
have been previously characterized in published research. (Wang, Y. et al. GOLGI TRANSPORT 1B regulates protein export from the 
endoplasmic reticulum in rice endosperm cells. Plant Cell 28, 2850-2865, (2016)) and Cai et, al. (Cai, Y. et al. OsPKp�1 encodes a 
plastidic pyruvate kinase that affects starch biosynthesis in the rice endosperm. J. Integr. Plant Biol. 60, 1097–1118. (2018)). 
9.The Anti-OsTPS8 and Anti-Amylase antibodies were generated by Abclonal Biotechnology using a peptide synthesis strategy.

Validation 1. Anti-GFP validation could be found in the website: https://www.sigmaaldrich.cn/CN/zh/product/roche/11814460001. 
2. Anti-cFBPase validation could be found in the website: https://www.agrisera.com/en/artiklar/cfbpase-cytosolic-fructose-16-
bisphosphatase-marker-for-cytoplasm.html 
3. Anti-Histone H3 validation could be found in the website: https://www.abcam.com/en-us/products/primary-antibodies/histone-
h3-antibody-nuclear-marker-and-chip-grade-ab1791 
4. Anti-GST validation could be found in the website: https://www.mblbio.com/bio/g/dtl/A/?pcd=PM013-7 
5.Anti-Flag validation could be found in the website: https://www.sigmaaldrich.cn/CN/zh/product/sigma/a8592 
6. Goat Anti-Rabbit validation could be found in the website: https://www.mbl-chinawide.cn/search012?
keyword=458&field=brand-46&order=&limit=100 
7. Goat Anti- Mouse validation could be found in the website: https://www.mbl-chinawide.cn/search012?
keyword=330&field=class-39&order=&limit=100 
8. Anti-EF-1�, Anti-AGPL2, Anti-AGPS2b, Anti-SSIIa, Anti-GBSSI, Anti-SBEI, Anti-PHOI, Anti-OsTPS8 and Anti-Amylase antibodies may 
be obtained by contacting the corresponding author, J.M.W.

Novel plant genotypes We used the CRISPR/Cas9 technology in generating genome-edited plants. For base-editing, a tiled sgRNA designed to target the 
promoter of OsTPS8. Annealed oligos were inserted into BsaI (New England BioLabs) digested pH-APOBEC1-SpRY vectors. 
Agrobacterium-based transformation was used to generate the overexpression lines and the genome-edited rice plants.  

Seed stocks All seeds were collected, stored, and supplied by the State Key Laboratory of Crop Genetics & Germplasm Enhancement and 
Utilization, Jiangsu Collaborative Innovation Center for Modern Crop Production, Nanjing Agricultural University, China.

Authentication PCR and Sanger sequencing was used to verify the genome edits generated at the designated genomic targets. RT-qPCR are used to 
verify the expression of the transgenic lines.  
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