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Genome-edited ATP BINDING CASSETTE B1
transporter SD8 knockouts show optimized rice
architecture without yield penalty
In the 1960s, the use of semi-dwarf rice and wheat varieties ush- the high-density plots (560,000 plants/ha), sd8-1 mutants and
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Dear editor,

ered in the ‘‘Green Revolution,’’ leading to reduced lodging and

increased harvest index. In rice, essentially all modern semi-

dwarf varieties carry a specific null mutation or weak alleles of

Semi-Dwarf1 (SD1), which encodes a GA20-2 oxidase in the

gibberellin biosynthetic pathway (Monna et al., 2002; Sasaki

et al., 2002; Spielmeyer et al., 2002). In addition to gibberellins,

other plant hormones such as brassinosteroids, strigolactones,

and auxin also function in reducing rice height (Ferrero-Serrano

et al., 2019). However, many dwarf or semi-dwarf mutants have

not been widely used in rice-breeding programs because they

adversely impact grain yield (Ferrero-Serrano et al., 2019).

Moreover, the flag leaf has a higher photosynthetic capacity

than lower canopy leaves, which allows for greater interception

of light. Rice yield is closely related to the flag leaf because it

contributes about 50% of the assimilates used to fill the grain

with starch (Dong et al., 2018). Crops with erect flag leaves can

grow at higher plant densities without compensatory reductions

in photosynthesis, leading to increased grain yield. Therefore,

dwarfing and leaf erectness have been breeding targets for

several decades, as components of ideal plant architecture.

Identification of genes that moderately reduce rice height

(semi-dwarfing) and optimize rice architecture without yield

penalty is still highly desirable.

Using data from a previous genome-wide association study, we

analyzed single-nucleotide polymorphisms (SNPs) associated

with rice height in the 3000 rice genomes dataset (Alexandrov

et al., 2015; Wang et al., 2018) and successfully identified one

predicted open reading frame, Semi-Dwarf in chr8 (SD8,

LOC_Os08g45030), in a 50-kb interval (28,270,000–28,280,000)

of chromosome 8 (Figure 1A). Through phylogenetic analysis, we

found that SD8 encodes a putative ortholog of Arabidopsis

thaliana ATP Binding Cassette B1 (ABCB1)/P-glycoprotein1 (Noh

et al., 2003; Geisler et al., 2005). To investigate the biological

functions of SD8 in rice, we used CRISPR-Cas9-mediated gene

editing to obtain two knockout (KO) lines in the Nipponbare (NIP)

background (Figure 1B). Phenotypically, sd8-1 (one-bp insertion

mutant) and sd8-2 (two-bp deletionmutant) plants hadmoderately

reduced height due to shorter internode lengths, as well as a

smaller flag-leaf angle, and thus displayed optimized plant archi-

tecture (Figures 1B–1D; supplemental Figure 1). sd8 mutant

phenotypes could be rescued in transgenic complementation

lines (supplemental Figure 2). Notably, there were no significant

phenotypic differences between NIP and the two sd8 mutants in

seven yield-related traits (supplemental Figures 2E–2I and 3).

Because of the desirable possibility that the combination of

semi-dwarf height and leaf angle in sd8 could increase
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production yields under dense planting, we investigated yields of

NIP and sd8-1 in paddy-field plots at two planting densities. In

NIP plants showed yield increases of�20.6% and�10%, respec-

tively, compared with those grown in low-density plots. There was

no significant difference in yield between genotypes grown in the

low-density plots (280,000 plants/ha) (Figures 1E and 1F;

supplemental Figure 4). Collectively, these data revealed that

loss of SD8 function could optimize rice architecture by reducing

plant height and flag-leaf angle without yield penalty and that

SD8 KOs may even have the potential for increased yield under

high-density planting.

Consistent with sd8mutant phenotypes, b-glucuronidase reporter

assays and quantitative real-time PCR indicated that SD8was pri-

marily expressed in the internode (Figure 1G; supplemental

Figure 5A). SD8 also showed differences in expression among

seven japonica and indica cultivars (supplemental Figure 5B). We

observed that SD8 was localized in the plasma membrane

(supplemental Figure 5C). In plants, ABCB1 homologs are known

to mediate cellular efflux of indole-3-acetic acid (IAA) and to regu-

late polar auxin transport (Multani et al., 2003; Noh et al., 2003;

Geisler et al., 2005). We therefore measured the endogenous IAA

content in NIP, sd8-1, and sd8-2 seedlings. IAA levels were signif-

icantly lower in sd8 than inNIP seedlings (Figure 1H).Moreover, we

found that the shortened plant height and reduced leaf-angle

phenotypes of sd8 mutants could be rescued by applying

exogenous IAA (supplemental Figure 6). Consistent with the

observed reduction in auxin concentration, sd8 mutants had

reduced expression of genes in the auxin signaling pathway,

including OsPIN1a/1b/2 and OsIAA3/9/20 (Figure 1I).

To further investigate whether SD8 modulated auxin transport in

rice, wemeasured IAA flux speed in NIP and sd8-1 seedlings. IAA

efflux and influx currents were significantly lower in sd8-1 than in

NIP, both with and without IAA treatment (Figure 1J), suggesting

that loss of SD8 function affected IAA flux currents. In addition,

we used a previously reported assay to measure auxin

acquisition in the IAA-sensitive yeast strain yap1-1 (Yang et al.,

2020) and found that SD8 indeed promoted IAA accumulation

in yeast, resulting in a stronger suppression of IAA-induced

growth (Figure 1K).

To determine whether SD8 had similar biological functions and

loss-of-function mutant phenotypes in diverse rice varieties, we
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Figure 1. SD8 knockouts showed reduced plant height and flag-leaf angle without yield penalty.
(A) Identification of a putative open reading frame on chromosome 8 (LOC_08g45030) associated with plant height based on re-analysis of SNPs in the

3000 rice genomes dataset (Alexandrov et al., 2015).

(legend continued on next page)
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createdCRISPR-Cas9-editedSD8KOmutants in two key elite cul-

tivars in the japonica background, Jingeng818 (JG) and Long-

geng31 (LG). Similar to the SD8 KO plants in the NIP background,

we observed a remarkable decrease in height and flag-leaf angle

in JG-sd8 and LG-sd8 but no differences in the examined yield-

related traits (Figures 1L–1O; supplemental Figure 7). We

detected a considerable decrease in IAA content in these KO

lines, and auxin-responsive gene expression was reduced in JG-

sd8 and LG-sd8 (supplemental Figure 8). We also knocked out

SD8 in the indica rice cultivars 93-11, YexiangB (YX),

Nongxiang32, and Yuzhenxiang. Similar to the SD8 KO plants in

the japonica background (NIP, JG, and LG), the KO lines in

indica backgrounds also exhibited semi-dwarf phenotypes

(Figure S9) and significant decreases in IAA content (Figure S10).

Together, these results showed that loss of SD8 function in

different backgrounds could indeed reduce rice height and flag-

leaf angle, suggesting an essential role for SD8 in the optimization

of rice architecture.

Analyses of SNPs and haplotypes (Haps) have become a major

strategy for understanding evolutionary relationships and pheno-

typic variations, and thesemethods have breeding applications in

rice (Wang et al., 2018). In the 3000 rice genomes dataset

(Alexandrov et al., 2015), we identified 14 Haps using 16 SNPs

in SD8 (supplemental Figure 11A). The Hap frequencies differed

significantly between the indica and japonica subspecies

(supplemental Figures 11B and 11C). Next, we revealed

significant differences in rice height among the top five most

frequent Haps; Hap4 showed a significantly lower mean height

than the other four Haps (supplemental Figure 11D). Based on

Hap frequencies in SD8, we found that the japonica population

had significantly higher Tajima’s D and p (nucleotide diversity)

values than the indica population in the �2-Mb region flanking

SD8 (Figures 1P and 1Q). These data indicated that SD8 has

undergone strong balancing selection in the japonica

subpopulation, suggesting that there is considerable potential

for using SD8 to balance increased productivity and reduced

height.

The discovery of the semi-dwarfism gene SD1 enabled the intro-

duction of dwarfism to breeding programs in the 1960s, a major
(B) Gross phenotypes of SD8 KO lines in the Nipponbare (NIP) background ob

two knockout lines (sd8-1 and sd8-2). Bottom panels: height, flag-leaf angle,

(C and D) Comparison of plant height (C) and flag-leaf angle (D) between NIP

(E) Representative NIP and sd8-1 plants grown under different planting densitie

20 cm) planting densities.

(F) Grain yield of NIP and sd8-1 plants grown at high and low planting densiti

(G) Glucuronidase staining in roots of 7-day-old seedlings, internodes at the ea

heading stage. Scale bars: 1 mm.

(H) Gas chromatography–mass spectroscopy analysis of endogenous free IA

(I) Relative expression levels of OsIAA1/3/9/20 and OsPIN1a/1b/2 in aerial tis

(J) Time course analysis of IAA efflux and net influx in the primary root meristem

by the scanning ion-selective electrode technique. IAA influx was measured in

influx rates averaged over the entire 5-min observation window (±SE, n = 6–1

(K) SD8 functionality assays for auxin acquisition in the IAA-sensitive yeast str

vectors (pYES2 and pDR196) and SD8 on SD-U medium without uracil supple

spotted onto SD-U solid medium containing 2% galactose or glucose, then in

(L) Gross phenotypes of SD8 KO lines in the Jingeng818 and Longgeng31 ba

(M–O) Quantitative analysis of plant height and flag-leaf angle in wild-type an

(P and Q) Tajima’s D and nucleotide diversity (p) values for a �2-Mb genomic

(R) A model for loss of SD8 function with and without SD1 in which plant heig
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scientific advance for the rice Green Revolution. SD1 has under-

gone significant artificial selection in japonica and indica rice cul-

tivars (Asano et al., 2011), and different mutant alleles of SD1

have been used separately for rice breeding in the japonica or

indica background to produce semi-dwarf cultivars. The indica

cultivars contain loss-of-function SD1 mutations, and the

japonica cultivars contain weak alleles. Based on previous re-

ports, japonica cultivars NIP and LG contain weak sd1mutant al-

leles (sd1-EQ type), and indica cultivars YX and 9311 are consid-

ered to contain loss-of-function mutant alleles (sd1-d allele type

for YX, and dwarf sd1-9311 type for 9311) (Asano et al., 2011;

Wu et al., 2018). Despite the many advantages of sd1 as a

source of dwarfism and lodging resistance, its widespread use

has been revealed to have other associated negative effects. It

has been reported that mutation of SD1 has negative effects on

spikelet number per panicle, panicle length, and branch

number, eventually resulting in reduced yield (Murai et al., 2002;

Su et al., 2021). Like mutation of SD1 in modern indica and

japonica cultivars, we propose that genome editing of SD8 may

have similar potential for reducing the height of indica and

japonica rice cultivars (Figure 1Q). In addition, sd8 mutation

could also reduce flag-leaf angle without yield penalty. Thus,

we believe that SD8 could be an alternative dwarfing gene for

rice-breeding programs and that it has more potential to further

reduce rice height or even increase yield under high-density

planting. The application of sophisticated genome-editing

technology to SD8 enabled us to develop sustainable rice

varieties with optimized architecture and without yield penalty.

This approach has the potential to revolutionize direct-seeding

strategies for green-agriculture cultivation of rice.

The Arabidopsis abcb1 mutant does not show a dwarf pheno-

type, in contrast to the semi-dwarf and reduced flag-leaf-angle

phenotypes of sd8 in rice (Noh et al., 2003; Geisler et al., 2005).

Although mutation of ABCB1 homologs in the monocots maize

(br2) and sorghum (dw3) causes a severe dwarf phenotype, grain

yield is also severely reduced (Multani et al., 2003), which may

hinder the application of ABCB1 homologs to the breeding of

semi-dwarf plants. It will be crucial to determine whether

ABCB1 homologs have conserved functional effects on auxin

transport but different KO phenotypes in various plant lineages.
tained using CRISPR-Cas9 gene editing. Top panel: mutation sites in the

and panicle morphology in NIP, sd8-1, and sd8-2 plants.

, sd8-1, and sd8-2 plants.

s. Seeds fromNIP and sd8-1were grown at high (53 20 cm) and low (103

es. ns, not significant. *p < 0.01 (Student’s t-test).

rly heading stage, glumes at the early heading stage, and glumes at the late

A concentrations in NIP, sd8-1, and sd8-2 seedlings.

sues of 3-week-old NIP, sd8-1, and sd8-2 seedlings.

of 7-day-old NIP and sd8-1 seedlings asmeasured continuously for 5min

the presence of 10 mM exogenous IAA. Columns represent the mean net

0 plants). *p < 0.05 (one-way analysis of variance).

ain yap1-1. The growth status is shown for yap1-1 cells expressing empty

mented with 2, 3, 4, or 6 mM IAA. Serial dilutions (1:10) of yeast cells were

cubated at 30�C for 4 to 6 days.

ckgrounds.

d SD8 KO lines in the Jingeng818 and Longgeng31 backgrounds.

region flanking SD8 in the 3000 rice genomes dataset.

ht is reduced but yield is increased under high-density planting.
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SI Materials and Methods  54 

Plant materials and growth conditions 55 

In this study, seven cultivars of rice (Oryza sativa L.) were used for creating 56 

CRISPR/Cas9 gene-editing lines, namely, three japonica cultivars Nipponbare (NIP), 57 

Jinggeng818 (JG), and Longgeng31 (LG), and four indica cultivars 9311, YexiangB 58 

(YX), Nongxiang32 (NX), and Yuzhenxiang (YZX). For phenotypic analysis, the plants 59 

were spaced 30 cm apart and grown at the Chinese Academy of Agricultural Sciences 60 

in Beijing (39°54'N, 116°23'E), China, from May to October of each year. For hormone 61 

analysis, rice plants were planted in water-soaked sand for germination, and after 3 days 62 

seeds were transferred into normal culture solution. Rice plants were grown in growth 63 

chambers with 60–70% humidity and a light/dark cycle of 12/12 h at 30/24°C. 64 

Transgene constructs and targeted gene editing  65 

To generate knockout plants using CRISPR/Cas9 technology, single-guide RNA 66 

targeting 5′- GCTGGACGGCCACGACCTGA -3′ was cloned downstream of the OsU6 67 

promoter in the CRISPR/Cas9 binary vector BGK032 (Biogle Technology). These 68 

constructs were introduced into diverse rice backgrounds (two japonica varieties 69 

(Jingeng818 (JG) and Longgeng31 (LG)) and four indica varieties (Nongxiang32 (NX), 70 

93-11, YexiangB (YX), and Yuzhenxiang (YZX)) by Agrobacterium-mediated 71 

transformation using standard protocols. For complementation of the SD8-1 mutant, a 72 

DNA fragment containing the 2000 bp promoter and the full-length protein-coding 73 

sequence of SD8/OsABCB1 (CDS: 4,035 bp) was amplified and inserted into a binary 74 

vector p23A between KpnI sites. For SD8 overexpression, the full-length 75 
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SD8/OsABCB1 protein-coding sequence was amplified from NIP and cloned into the 76 

vector pBS-2, then introduced into the plant binary vector pCAMBIA1304 to generate 77 

the fusion pCaMV35S::SD8. The transgenic rice plants were confirmed by quantitative 78 

real-time PCR (qPCR) or PCR detection and direct sequencing. 79 

Subcellular localization 80 

A vector containing p35S::SD8-GFP was transiently expressed in rice protoplasts as 81 

described previously (Geng et al., 2020; Zhang et al., 2021). GFP fluorescence signals 82 

were observed and recorded using a Zeiss LSM 700 confocal laser-scanning 83 

microscope. 84 

Pro: SD8-GUS analysis 85 

The proSD8::GUS transgenic plants were grown in standard rice culture solution. GUS 86 

staining of tissues was carried out as described previously (Zhang et al., 2021). 87 

qRT-PCR assays 88 

Total RNA was prepared using RNeasy Plant Mini kit (Qiagen) and then contaminating 89 

genomic DNA was removed by digestion with recombinant DNase I (RNase-free, 90 

TAKARA) following the manufacturer’s instructions. qRT-PCR was performed using 91 

SYBR Green Supermix (TOYOBO) on an Applied Biosystems 7500 Fast real-time 92 

PCR system. Relative expression of the selected genes was analyzed using the 2-ΔΔCT 93 

method (Zhang et al., 2021). 94 

Quantification of IAA content and flux in rice plants 95 

Endogenous free IAA in rice plant 3 weeks seedling were quantified by gas 96 

chromatography-mass spectrometry (GC-MS) as described in Henrichs et al. (2012). 97 



 

5 

 

The measurements were carried out using a GC-MS system at the Central Laboratory 98 

of Biotechnology Research Institute, Chinese Academy of Agricultural Sciences. 99 

IAA fluxes were monitored non-invasively in the roots of plants grown for 7 days in 100 

hydroponic solutions using SIET (model BIO-003A; Younger USA Science and 101 

Technology, Falmouth, MA, USA, and Xu-Yue Science and Technology, Beijing, China; 102 

http://www.xuyue.net) containing an IAA-sensitive amperometric sensor based on a 103 

carbon nanotube-coated external oxidizing platinum microelectrode as described 104 

previously (Henrichs et al., 2012; Yang et al.,2020). The net influx current was defined 105 

as the difference between currents recorded in the absence and presence of exogenous 106 

10 mM IAA. Fluxes were measured in the roots of at least 6-10 individual plants in two 107 

independent experiments. 108 

SD8/OsABCB1 functionality assays for auxin acquisition in the IAA-sensitive 109 

yeast strain yap1-1 110 

The whole open reading frames of SD8 was amplified by PCR from cDNA of rice using 111 

forward primers SD8F (5'-CGGAATTCATGGAGGAGGAGATAAAGGG-3'), with an 112 

EcoRI site incorporated at the 5' end, and reverse primers SD8R (5'-CCG 113 

CTCGAGCTAGGTGCCGTGTGTTGTTGTTG-3'), with an XhoI site incorporated at 114 

the 3' end. After EcoRI and XhoI double enzyme digestion, the fragment was inserted 115 

between the EcoRI and XhoI sites of yeast expression vectors pYES2 and pDR196 116 

(Yang et al., 2014). Subsequently, plasmids of pYES2, pDR196, pYES2-SD8, and 117 

pDR196-SD8 were transformed into the IAA-sensitive mutant strain (S. cerevisiae) 118 

yap1-1 (Prusty et al., 2004) as described previously (Yang et al., 2014). Positive 119 

transformants were selected on glucose containing solid SD-U medium without uracil, 120 

and single colonies were grown in liquid SD-U medium supplemented with 2% 121 

http://www.xuyue.net/
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galactose or glucose. For functionality assays, transformants grown in liquid SD-U 122 

medium to an OD600 of approximately 0.6 were washed and diluted to OD600 in 123 

deionized water. Cells were diluted 10-fold three times, and 3 ml of each dilution was 124 

spotted onto an SD-U medium plate supplemented with the indicated concentrations of 125 

IAA. The plates were incubated at 30℃ for 3-5 days. The assays were performed with 126 

three independent transformants. 127 

Yield-related trait measurements 128 

All yield traits were measured when the plants had attained maturity. Panicle length, 129 

grain length, yield per plant, seed setting rate, and 1,000-grain weight were recorded. 130 

Yield per plant was scored as the total weight of grains from the entire plant. The 131 

number of tillers per plant was scored as the number of reproductive tillers for each 132 

plant. And 1,000-grain weight were measured using an automatic seed counting and 133 

analyzing instrument (Model SC-G; Wanshen). Plant height and panicle length were 134 

measured and analyzed. 135 

GWAS analysis 136 

The SNPs data on rice height (at the mature stage) were originated from previously 137 

reported 3k RG database (Wang et al., 2018). Briefly, we selected 3k RG 404k Core 138 

SNPs (MAF > 0.05 and missing rate <50%) to perform GWAS of plant height. The 139 

GWAS was conducted with a mixed linear model that was implemented in TASSEL 140 

v5.0 (Bradbury et al., 2007). We then selected p=2.78×10-5 (Benjamini–Hochberg FDR 141 

< 0.05) as the genome-wide significant cutoff followed by a previously conducted 142 

GWAS analysis (Duan et al., 2017).  143 

Population genetic analysis of SD8  144 
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The haplotypes of SD8 in the 3k RG were classified according to all SNPs with minor 145 

allele frequency>0.01 within the CDS region using the RFGB v2.0 database. The 146 

haplotypes in at least 100 rice accessions were used for comparative analysis of plant 147 

height traits, which were downloaded from the Rice SNP-Seek Database (Alexandrov 148 

N et al., 2015). One-way ANOVA followed by Duncan’s new multiple-range test was 149 

performed with the agricolae package in R. Haplotype networks were constructed using 150 

the pegas package in R. Nucleotide diversity (π) and Tajima’s D for each 50-kb window 151 

across the genome, with an overlapping 5-kb step size, were calculated for the 2-Mb 152 

region flanking SD8 with the Variscan software (v2.0.3) (Vilella A et al.,2005). 153 

Yield evaluation under different planting densities 154 

Paddy trials were performed at the Chinese Academy of Agricultural Sciences in 155 

Beijing (39°54'N, 116°23'E), China, from May to October of each year. For NIP and 156 

sd8-1 lines, each rice plant was grown in a paddy field at a distance of 20x10 cm 157 

(280,000 plants/ha), and 20x5 cm (560,000 plants/ha). Each treatment was performed 158 

in three individual plots with randomized blocks. A hundred rice plants were harvested 159 

and used for analysis from each plot excluding marginal plants. After harvest, the 160 

samples were dried for 14 days at 37℃ prior to measurements. 161 

 162 

 163 
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 164 

Supplementary Figure 1. SD8 knockout (KO) lines reduced the length of the main 165 

culms. 166 

(A) Main culms of wild-type (NIP) and SD8 knockout lines (sd8-1 and sd8-2). Arrows 167 

indicate nodes (scale bar:10 cm). 168 

(B) Longitudinal sections of the elongated regions of the uppermost internodes of NIP, 169 

sd8-1, and sd8-2 (Scale bars:50 μm for the longitudinal sections). 170 

(C) Statistical data of the cell length in the longitudinal sections in B. 171 

(D) Internode lengths of SD8 KO lines (sd8-1 and sd8-2) and NIP rice plants. Data 172 

indicate mean ± SD (n = 18). (**p < 0.01; *p < 0.05, Student’s t-test). 173 

 174 
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 175 

Supplementary Figure 2. Phenotypes of SD8 KO and complemented lines. 176 

(A) Plant architecture of mature stage NIP, sd8-1, sd8-2, and sd8-1-Com. (scale bar: 10 177 

cm). 178 

(B) The flag leaf angle in NIP, sd8-1, sd8-2, and sd8-1-Com plants. 179 

(C) The panicle morphology in NIP, sd8-1, sd8-2, and sd8-1-Com plants. 180 

(D) Comparison of plant height between NIP and sd8-1-Com. 181 

(E) Comparison of flag angle between NIP and sd8-1-Com.  182 

(F-J) Comparison of tiller number, flowering time, panicle length, grain number per 183 

spike, and 1,000-grain weight in NIP, sd8-1, sd8-2, and sd8-1-Com. Data represent 184 
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mean ± SD (n=24). (**p < 0.01; *p < 0.05, Student’s t-test). 185 

 186 

Supplementary Figure 3. SD8 KO lines did not cause significant differences in 187 

grain morphology compared to NIP. 188 

(A) Grain morphology of NIP, sd8-1, sd8-2, and sd8-1-Com. (Scale bar:0.5 cm). 189 

(B) Comparison of seed setting rate in NIP, sd8-1, sd8-2, and sd8-1-Com. Data 190 

represent mean ± SD (n = 24). 191 

 (C-D) Statistical data of the grain length (C) and width (D). (**p < 0.01; *p < 0.05, 192 

Student’s t-test). 193 

 194 

 195 

 196 
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 197 

Supplementary Figure 4. Statistical data of grain yield per plot and yield-related 198 

traits in NIP and sd8-1 under different planting density conditions.  199 

(A) Grain yield per plot at high and low densities. 200 

(B-E) Statistical data of yield-related traits in NIP and sd8-1 under different planting 201 

density conditions. Different characters indicate significant differences. (**p < 0.01; 202 

*p < 0.05, Student’s t-test). 203 

 204 

 205 

 206 

 207 

 208 

 209 
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 210 

 211 

Supplementary Figure 5. Expression pattern of SD8 and subcellular location of 212 

SD8. 213 

(A) Relative expression level of SD8 in each tissue of NIP at different growth stages. 214 

NIP was cultivated in normal culture solution for 3 weeks and transferred to the field. 215 

(B) Quantitative real-time PCR (qPCR) analysis of expression level of SD8 between 216 

indica (9311, YZX, NX, YX) and japonica (NIP, JG, LG) rice varieties. All qRT-PCR 217 

experiments were analyzed using three independent biological repeats. 218 

(C) Subcellular localization of SD8/OsABCB1 in rice protoplasts. (Scale bars:10 μm). 219 

 220 

 221 

 222 

 223 

 224 

  225 
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 226 

Supplementary Figure 6. Analysis of auxin response in NIP and sd8-1. 227 

(A) Phenotype of NIP and sd8-1 for 10-day-old seedlings under normal conditions (CK) 228 

and 10 μM IAA treatments 3 days. (Scale bars:2 cm). 229 

(B) Statistical data of shoot length in NIP and sd8-1 under 10 μM concentrations of 230 

IAA 3days. 231 

(C) Expression of SD8 in 10 μM IAA treatments at the indicated time intervals. 10-day-232 

old seedlings grown in normal culture solution were exposed to 10 μM IAA treatments 233 

until shoots were sampled at the indicated time intervals. qRT-PCR experiments were 234 

analyzed using three independent biological repeats. The OsACTIN gene was used as 235 

an internal control. 236 

(D) Phenotype of NIP and sd8-1 for 7-day-old seedlings under normal conditions (CK) 237 

and 10 μM IAA treatments 4 days.  238 

(E) Statistical data of leaf angle in NIP and sd8-1 under 10 μM concentrations of IAA 239 

4 days. Data represent mean ± SD (n=35). (**p < 0.01; *p < 0.05, Student’s t-test). 240 

 241 
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 242 

 243 

Supplementary Figure 7. Statistical data of plant height and 1,000-grain weight in 244 

wild type and SD8 KO lines in the indicated backgrounds.  245 

(A)  Statistical data of plant height in wild type and SD8 KO lines in JG and LG. 246 

(B) Statistical data of 1,000-grain weight in wild type and SD8 KO lines in JG and LG. 247 

(**p < 0.01; *p < 0.05, Student’s t-test). 248 

  249 
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 250 

Supplementary Figure 8. qRT-PCR analysis for auxin-responsive genes and the 251 

relative content of free IAA in JG, JG-sd8, LG, and LG-sd8 lines. 252 

(A-B) Relative expression levels of OsIAA1/3/9/20 and OsPIN1a/1b/2 in 3-week-old 253 

seedlings of JG, JG-sd8 (A), LG, and LG-sd8 lines (B) OsACTIN gene was used as an 254 

internal control. All qRT-PCR experiments were analyzed using three independent 255 

biological repeats. (**p < 0.01; *p < 0.05, Student’s t-test). 256 

(C-D) The relative content of free IAA in 3-week-old seedlings of JG, JG-sd8(C), LG, 257 

and LG-sd8 lines (D). 258 

  259 
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 260 

Supplementary Figure 9. SD8 KO lines in japonica rice variety Jingeng818 (JG), 261 

Longgeng 31 (LG) and indica rice variety 93-11, YexiangB (YX), Nongxiang32 262 

(NX), and Yuzhenxiang (YZX) backgrounds. 263 

(A) Phenotypes of SD8 KO lines in the indicated backgrounds. (Scale bars:2 cm). 264 

(B) Panicle phenotype of wild type and SD8 KO lines in NX, 9311, YX, and YZX 265 

backgrounds. (Scale bars:5 cm). 266 

(C) Statistical data of plant height in wild type and SD8 KO lines in 9311, YX, YZX, 267 

and NX. 268 
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(D) Statistical data of panicle length in wild type and SD8 KO lines in the indicated 269 

backgrounds. 270 

(E) Statistical data of 1,000-grain weight in wild type and SD8 KO lines in the indicated 271 

backgrounds. (**p < 0.01; *p < 0.05, Student’s t-test). 272 

  273 
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 274 

Supplementary Figure 10. The relative content of free IAA in wild type and SD8 275 

KO lines in the indicated backgrounds. GC-MS analysis of endogenous free IAA 276 

concentrations in wild type and SD8 KO lines in the indicated backgrounds. All 277 

experiments were analyzed using three independent biological repeats. (**p < 0.01; 278 

*p < 0.05, Student’s t-test). 279 
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 280 

Supplementary Figure 11. Genetic diversity of SD8 in the 3K RG dataset. 281 

(A) Haplotypes of SD8 (LOC_Os08g45030) in 1,978 accessions of 3K RG (rare 282 

haplotypes of <100 accessions are not shown) using 5 SNPs in the CDS region. 283 

Lowercase letters represent synonymous mutations, whereas uppercase letters indicate 284 

non-synonymous mutations. 285 

(B) Haplotype network of SD8 in 3K RG. 286 

(C) Haplotype frequency of SD8 in subpopulations of 3K RG. 287 

(D) Performance distribution of different haplotypes of SD8 in 3K RG. Different letters 288 

on plant height in 3K RG. Different letters on the boxplots indicate statistically 289 

significant differences (n = Hap number; p<0.01, Duncan’s new multiple range tests). 290 

 291 
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Table S1. The primers for qRT-PCR analysis of SD8, OsIAAs, OsPINs. 292 

Gene name Forward primer 5'-3' Reverse primer 5'-3' 

SD8 CTGTCCAGCACCTCTTCTGG GTCCTCCATGTCGAACCAGG 

OsIAA1 GCCGCTCAATGAGGCATT GCTTCCACTTTCTTTCAATCCAA 

OsIAA3 AACTGAACAACAACAAGAAGAA GCAATGAGGAGATGAGATGA 

OsIAA9 AAGAAAATGGCCAATGATGATCA CCCATCACCATCCTCGTAGGT 

OsIAA9 TTGTACGTGAACGGGATTATTTTG CATGCTTATGAAATTGCTGAAACA 

OsPIN1a TCATCTGGTCGCTCGTCTGC CGAACGTCGCCACCTTGTTC 

OsPIN1b TGCACCCTAGCATTCTCAGCA CCCTCCTCCCAAATTCTACTTC 

OsPIN2 CAGGGCTAGGAATGGCTATGT GCAAACACAAACGGGACAA 

 293 

  294 
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