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Extended Data Fig. 6 | ORF1L/RIA functions in the pollen development.  
a and b, Pollen fertility in F1 and RD23 carrying ORF1L/RIA transgene in T0 and T1 
generations, respectively. No significant difference in pollen fertility is observed 
between the transgenic lines harboring ORF1L/RIA and non-transgenic lines.  
c, The target site in ORF1L/RIA is indicated by a red arrowhead. The PAM sequence 
is highlighted in red, and insertion base is marked by a blue letter. d, Mutation 
in ORF1L/RIA leads to shorter and underdeveloped stamens, and reduced pollen 

fertility. Scale bar, 500 μm for stamens, 100 μm for pollen fertility. e, The orf1l/ria 
mutant shows high spikelet sterility. Scale bar, 5 cm. f, Quantification of pollen 
and spikelet fertility in NIL-S44 and NIL-S44-orf1l. g, Pollen germination rate of two 
parents, F1, orf1r/ris and orf1l/ria. In a, b, f and g, data are mean ± SD (n = 5 plants).  
**** P<0.0001. ns, not significant (one-way ANOVA, Tukey’s HSD test). For all  
P values, see Source Data.
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Extended Data Fig. 7 | Phenotype characterization of the orf1r/ris mutant.  
a, Observation of pollen grains from RD23 and the orf1r/ris mutant. The first 
column presents the morphology of mature pollen grains as analyzed by SEM, 
with representative samples from the orf1r/ris mutant including round and 
wrinkled (middle), and irregular shaped pollen grains (bottom). Scale bar, 
5 μm. The second column exhibits the transverse section of mature pollen 
grains from RD23 and the orf1r/ris mutant as observed by TEM. Pollen grains 
from RD23 are filled with starch granules (top), while few starch granules are 
observed in the orf1r/ris mutant (middle and bottom). Scale bar, 5 μm. The third 
column illustrates the mature pollen wall from RD23 and the orf1r/ris mutant by 
TEM. The pollen wall is thin and uniform in RD23 (top), whereas the pollen wall 
exhibits uneven thickening in orf1r/ris mutant (middle and bottom). Scale bar, 
500 nm. The final column depicts normal mitochondria in RD23 and abnormal 

mitochondria in the RD23-orf1r/ris mutant, Scale bar, 200 nm. n = 5 biological 
samples. Ex, exine; In, intine; Te, tectum; Ne, nexine; Ba, bacula; Ne, nexine;  
MI, mitochondria. b, Saturation pollination in the orf1r/ris mutant. A significant 
difference in seed set rate is observed among open self-pollination, bagged self-
pollination, saturation pollination with orf1r/ris pollen, and saturation pollination 
with RD23 pollen (from left to right). Scale bar, 5 cm. c, Quantitative analysis of 
seed set rate following saturation pollination assay in the orf1r/ris mutant. Data 
are mean ± SD (n = 5 plants), ****P<0.0001 by one-way ANOVA, Tukey’s HSD test. 
For all P values, see Source Data. d, Ovary and mature embryo sac phenotype. 
The number indicates fertility of the embryo sac. n = 5 spikelets for ovary 
observation, n = 30 embryo sacs for RD23 and n = 47 embryo sacs for  
RD23-orf1r/ris. Scale bar, 500 μm for ovary and 50 μm for embryo sacs.  
A, antipode; Pn, polar nuclei; Ec, egg cell; S, synergic.
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Extended Data Fig. 8 | Phenotype characterization of the orf1l/ria mutant. 
a, Observation of pollen grains from NIL-S44 and the orf1l/ria mutant. The first 
column presents normal and round mature pollen in NIL-S44 (top), and small 
wrinkle (middle) and mis-shaped grains (bottom) in the orf1l/ria mutant as 
analyzed by SEM. Scale bar, 5 μm. The second column shows transverse section of 
mature pollen grains from NIL-S44 and the orf1l/ria mutant by TEM. Pollen grains 
from NIL-S44 are filled with abundant starch granules (top), while few or no starch 
granules are observed in the orf1l/ria mutant (middle and bottom). Scale bar,  
5 μm. The third column illustrates the mature pollen wall from NIL-S44 and the 
orf1l/ria mutant by TEM. The pollen wall in NIL-S44 is thin and uniform, whereas 
an irregularly thickened pollen wall is observed in the orf1l/ria mutant. Scale bar, 
500 nm. The final column depicts normal mitochondria in NIL-S44 and  
abnormal mitochondria in the orf1l/ria mutant. n = 5 biological samples.  

Scale bar, 200 nm. Ex, exine; In, intine; Te, tectum; Ne, nexine; Ba, bacula; Ne, 
nexine; MI, mitochondria. b, Saturation pollination in the orf1l/ria mutant. 
The seed rates of open self-pollination, bagged self-pollination, saturation 
pollination with orf1l/ria pollen, and saturation pollination with RD23 pollen 
(from left to right) are showed. Scale bar, 5 cm. c, Quantitative analysis of the 
seed set rate following saturation pollination assay in the orf1l/ria mutant. 
Data are mean ± SD (n = 5 plants). **** P<0.0001 by one-way ANOVA, Tukey’s 
HSD test. For all P values, see Source Data. d, Ovary and mature embryo sac 
phenotype. The number indicates fertility of the embryo sac. n = 5 spikelets for 
ovary observation, n = 30 embryo sacs for NIL-S44 and n = 32 embryo sacs for 
NIL-S44-orf1l/ria. Scale bar, 500 μm for ovary and 50 μm for embryo sacs.  
A, antipode; Pn, polar nuclei; Ec, egg cell; S, synergic.
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Extended Data Fig. 9 | RNA in situ hybridization analysis of RIS/RIA, RID and 
RIR. a, The expression patterns of RIS and RIA at S6, S8 and S10 stages during the 
pollen development in RD23, NIL-S44 and their F1 hybrids are depicted. S6 stage in 
RD23 is hybridized with a sense probe as a negative control; other anther sections 
are hybridized with antisense probes. Scale bar, 50 μm. b, The expression pattern 

of RID at S6, S8 and S10 stages in NIL-S44 and F1 plants. Scale bar, 50 μm. c, The 
expression pattern of RIR at S6, S8 and S10 stages in NIL-S44 and F1 plants. Scale 
bar, 50 μm. S6, microspore mother cell stages; S8, meiotic stages; S10, bicellular 
stages. MMC, microspore mother cell; ML, middle layer; T, tapetum; Bp, bicellular 
pollen. In a, b, and c, n = 5 biological samples.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | S44 regulates mitochondrial activity. (a-f ), Detecting 
superoxide anion production by NBT staining from stages 6 to 11. a, RD23;  
b, NIL-S44; c, F1; d, NIL-S44-tRID; e, RD23-ris; f, NIL-S44-ria. n = 5 spikelets.  
Scale bar, 200 μm. (g-j), NAD+/NADH ratio in RD23, NIL-S44, and their F1 hybrids, 
NIL-S44 with exogenious tRID as well as ris/ria mutants. Data are presented as 

mean ± SD (n = 3 independent biological replicates). (k-n), ATP content in RD23, 
NIL-S44, and their F1 hybrids, NIL-S44 with exogenious tRID and ris/ria mutants. 
Data are presented as mean ± SD (n = 6 independent biological replicates).  
* P < 0.05, **P < 0.01, ***P <0.001, ****P < 0.0001 by one-way ANOVA, Tukey’s HSD 
test, respectively; ns, not significant. For all P values, see Source Data.
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