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SUMMARY

Plant height and flag leaf morphology critically affect plant yield because they determine above-ground
plant biomass and photosynthate production. However, few genetic basis analyses and gene mining studies
on plant height, flag leaf length, and flag leaf width have been performed, and there is little available infor-
mation about the evolution and utilization of the underlying natural alleles. This study conducted a
genome-wide association study (GWAS) using 689 rice accessions collected from diverse regions across the
globe. The GWAS identified 73, 159, and 158 significant loci associated with plant height, flag leaf length,
and flag leaf width, respectively. SD1"A"" and NAL7* were also identified as superior alleles that could be
used to improve plant architecture by reducing plant height and increasing flag leaf width, respectively.
LEAF1 and its elite allele LEAF1®, which simultaneously modulated plant height and flag leaf morphology,
were isolated, and the LEAF1 knockout lines showed reduced flag leaf length and plant height, whereas
LEAF1%-complementary lines in the LEAFT* background had the opposite phenotypes. The results also
showed that LEAF1® and SDT'P! evolved directly from wild rice and were mainly found in the Xian sub-
group, whereas NALT* might have originated from de novo mutation during domestication and was mainly
found in the Geng subgroup. A joint haplotype analysis revealed that pyramiding SD17A"", NAL7", and
LEAF1€ in Type | accessions optimized plant architecture, reduced plant height, and enlarged the flag
leaves. In addition, genomic regions and genes that had been convergently selected for these traits were
identified by combining a population genetics analysis with a GWAS. These findings provide valuable
genetic targets for molecular breeding that will improve plant height and flag leaf morphology in rice.

Keywords: plant height, flag leaf morphology, GWAS, LEAF1, rice.

INTRODUCTION L .
reduction in above-ground plant biomass caused by a

Plant height and leaf morphology are critical traits when
attempting to achieve high rice yields because they influ-
ence the formation of above-ground biomass and the pro-
vision of sufficient photosynthetic products (Lee et al.,
2020; Qu et al., 2017). In the 1960s, the green revolution,
which focused on semi-dwarf breeding, considerably
increased rice yields by reducing plant height and improv-
ing lodging resistance (Liu et al., 2021). However, the
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shorter plant height has led to difficulties when attempting
to breed super-high-yield rice varieties. Previous studies
on super hybrid rice and ideotype breeding have shown
that an appropriate plant height will increase rice yields
(Jiao et al., 2010; Zhang, Zhou, et al., 2017). Leaves are the
primary source of photosynthate and play a crucial role in
the grain filling process. Specifically, flag leaves are the
dominant suppliers of photosynthates after flowering and
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their length and width determine flag leaf morphology
(Acevedo-Siaca et al., 2021; Adachi et al., 2017). Longer
and wider flag leaves tend to droop and shield the lower
leaves, which reduce the photosynthetic efficiency of the
plant. However, shorter and narrower flag leaves will
reduce photosynthate production, which will negatively
impact yield (He et al., 2018; Rahman et al., 2013). There-
fore, an appropriate plant height and flag leaf shape can
improve the spatial distribution and the light-receiving
ability of the plant, which will increase the light energy and
space utilization rate. These improvements should subse-
guently increase rice yield.

Researchers have cloned a large number of genes that
modulate plant height, such as semi-dwarf 1 (SD1) (Sasaki
et al., 2002), gibberellin 20-oxidase 1 (0OsGA200x1) (Oikawa
et al., 2004), dwarf-1 (D1) (Ueguchi-Tanaka et al., 2000),
dwarf-2 (D2) (Hong et al., 2003), dwarf-35 (d35) (ltoh
et al., 2004), dwarf 11 (d11) (Tanabe et al., 2005), xyloglu-
can endotransglucosylases/hydrolases 8 (OsXTH8) (Jan
et al., 2004), GRETCHEN HAGEN3-2 (OsGH3-2) (Du et al.,
2012), SEEDLING BIOMASS 1 (qgSBM1) (Xu et al., 2021),
wall-associated kinases 10 (OsWAK10) (Cai et al., 2023) and
exportin 1 (0sXPO1) (Peng et al., 2023). The green revolu-
tion gene SD1 encodes gibberellin 20 oxidase-2 (GA200x2),
whereas loss-of-function SD7 suppresses gibberellin syn-
thesis and internode elongation, which reduces plant
height (Sasaki et al., 2002). OsGH3-2 encodes an indole-3-
acetic acid-amido synthetase that modulates free indolea-
cetic acid (IAA) levels by catalyzing the conjugation of IAA
to amino acids. OsGH3-2 overexpression plants mimic the
IAA deficiency phenotype, such as dwarfing and shorter
flag leaves (Du et al., 2012).

In contrast, there are only a few genes that use flag
leaf width as an index, such as narrow leaf 1 (NAL1) (Qi
et al., 2008), tandem zinc finger protein 1 (0sTZF1) (Zhang
et al., 2012), narrow leaf 9 (NAL9) (Li et al., 2013), ovate
family protein 1 (OFP1) (Xiao et al., 2017), narrow leaf 8
(NAL8) (Chen et al., 2019), narrow leaf 21 (NAL21) (Uzaira
et al., 2021), and wide leaf 1 (WL1) (You et al., 2022). NAL1
encodes for serine/cysteine protease and modulates leaf
width by affecting small vein pattern and polar auxin trans-
port (Qi et al., 2008), whereas NAL21 encodes a ribosomal
small subunit protein RPS3A. In nal21 mutants, decreases
in the numbers of free 40s ribosomal subunits, 80s ribo-
somes, and polysomes affected the protein translation effi-
ciency of several auxin response factors in the 5-UTR
region, which subsequently inhibited auxin-regulated leaf
cell division and expansion (Uzaira et al., 2021).

Gene mining for flag leaf length primarily focuses on
multiple quantitative trait loci (QTL). In recent years, many
QTLs have been mined by linkage mapping (LA) or
genome-wide association analyses (GWASs). For example,
a total of 295 rice varieties and two recombinant inbred
lines (RILs) were used to perform a GWAS and LA,

respectively, and detected 36 significant SNPs and 28 QTLs
associated with flag leaf size (Wang et al., 2022). Among
them, two pleiotropic QTLs, qFL2/qFWr2-3 and
qFL1/gFWr10, were identified as potentially containing the
candidate genes for flag leaf size. Although several genes
modulating plant height and leaf morphology have been
cloned, the majority were obtained by reverse genetics or
forward genetics approaches using mutant materials. The
lack of information about their natural variations in germ-
plasms has restricted the provision of highly valuable
genetic resources that could be used to breed varieties
with improved morphologies.

Significant morphological variations exist among dif-
ferent rice varieties, particularly between the two major
subgroups, Xian and Geng. They have accumulated abun-
dant genetic variations and have formed their own unique
plant morphologies during the long-term evolutionary pro-
cess. Previous studies revealed that Xian varieties have
significantly longer and wider flag leaves, thicker and
higher culms, longer panicles, and more spikelets per pani-
cle compared with Geng varieties (Wang et al., 2023). How-
ever, further research is needed to elucidate the primary
factors underlying the significant morphological differ-
ences among rice subgroups. Additionally, there is a corre-
lation between morphological traits and their genetic
basis. Therefore, analyzing the genetic basis of plant
height and flag leaf size will provide insights into the phe-
notypic variations between subgroups at the genome
level.

In this study, loci related to plant height and flag leaf
morphology were mined using a GWAS based on the vari-
ation information retained in rice germplasms. A total of
three superior alleles: SD1, NAL1, and LEAF1, were identi-
fied, and they modulated plant height, flag leaf width, and
flag leaf length, respectively. Pyramiding them could
improve plant architecture and grain yield. The genomic
regions that simultaneously modulate plant height and leaf
morphology were identified and could serve as target loci
for molecular design breeding.

RESULTS

Plant height, flag leaf length, and flag leaf width
phenotypic variations in rice germplasm

A total of 689 accessions, consisting of 452 Xian and 237
Geng accessions (200 temperate Geng (TeG) and 37 tropi-
cal Geng (TrG)) from major rice growing areas of the
world, were phenotyped in field trials in 2020 and 2021 to
identify the genetic basis of plant height and flag leaf mor-
phology (including leaf length and leaf width) in rice natu-
ral germplasm (Figure 1A; Figure S3; Table S1). The
observed variations in plant height, flag leaf length, and
flag leaf width ranged from 62.9 to 208.8 cm, 15.2 to
57.3 cm, and 0.85 to 2.44 cm, respectively (Figure 1B;
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Figure 1. Plant height, flag leaf length, and flag leaf width phenotypic variations in rice germplasm.

(A) Worldwide distribution of the germplasms.

(B) Variations in flag leaf length and flag leaf width. Bars, 4.5 cm.

(C-E) Distribution of the plant height (C), flag leaf length (D) and flag leaf width (E) in the total germplasm, Xian, and Geng in 2020.

(F-H) Comparison of the plant height (F), flag leaf length (G), and flag leaf width (H) among the total germplasm, Xian, and Geng in 2020. Data represent
means + SD (n > 157; P < 0.05; one-way ANOVA). The significance for the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05..

Table S2). A statistical phenotype analysis of these three the average plant heights and flag leaf lengths and widths
traits showed abundant phenotypic variation and a contin- of the Xian and TrG varieties were significantly greater
uous, positive distribution, indicating that they were modu- than those for TeG (Figure S2). However, the coefficient of

lated by multiple QTLs (Figure 1C-H; Figure S1). In detail, variation for TeG was higher than that for Xian and TrG,
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indicating that there may be inter-subspecies and
intra-Geng genetic differentiation among the three traits
(Table S2). In addition, the flag leaf lengths and leaf widths
for the 2021 germplasm were greater than those for the
2020 germplasm (Tables S2). Moreover, the positive flag
leaf width correlation between the different years was
higher than that for flag leaf length, indicating that flag leaf
width was more environmentally stable than flag leaf
length (Table S3). Meanwhile, plant height was more
strongly correlated with flag leaf length than flag leaf width
in 2020 and 2021 (Table S3). These results collectively indi-
cated that there were multiple loci modulating plant
height, flag leaf length, and flag leaf width.

Genetic basis of the natural variation in plant height, flag
leaf length, and flag leaf width revealed by the GWAS

To dissect the genetic basis of these 689 germplasms for
plant height and flag leaf length and width, 3 059 978
high-quality nucleotide polymorphisms (SNPs) were fil-
tered out from sequencing data with an average sequenc-
ing depth of 15x. The genome-wide linkage disequilibrium
(LD) decay of the total germplasm and the Xian and Geng
subspecies ranged from 167.6 to 286 kb, 20.3 to 29 kb, and
236.5 to 357.6 kb, respectively (Figure S4). A GWAS was
performed on the total germplasm and the Xian and Geng
subspecies to reveal the genetic basis of the natural varia-
tions in plant height, flag leaf length, and flag leaf width.
The quantile-quantile plot results led to the adoption of
the compressed mixed linear model because it better
reduced the level of false positives than the general linear
model (Figures S5 and S6). In total, 73, 159, and 158 signifi-
cant loci associated with plant height, flag leaf length, and
flag leaf width were identified, respectively, based on the
significance threshold (P < 0.0001) calculated by the per-
mutation tests (Figure 2A,B; Table S4; Figures S7-S10).
Among them, 39, 29, and 5 significant loci associated with
plant height; 43, 11, and 9 significant loci associated with
flag leaf length; and 39, 15, and 2 significant loci associated
with flag leaf width were identified in the total germplasms
and the Xian and Geng subspecies, respectively, in 2020,
whereas 54, 26, and 16 significant loci associated with flag
leaf length and 35, 35, and 32 significant loci associated
with flag leaf width were identified in the total germplasms
and the Xian and Geng subspecies, respectively, in 2021
(Figure S11A). Furthermore, 11 and 4 loci associated with
plant height, 2 and 7 loci associated with flag leaf length,
and 2 and 1 loci associated with flag leaf width were con-
sistently detected between the total germplasms and the
Xian or Geng subspecies in 2020 (Figure S11B-D), respec-
tively; 10 and 7 loci associated with flag leaf length and 6
and 7 loci associated with flag leaf width were consistently
detected between the total germplasms and the Xian or
Geng subspecies in 2021 (Figure S11E,F), respectively, and
8 and 15 loci associated with flag leaf length and flag leaf

width were consistently detected between 2020 and 2021,
respectively (Figure S11G,H). The 13 loci associated with
both plant height and flag leaf length, the 3 loci associated
with plant height and flag leaf width, and the 7 loci associ-
ated with flag leaf length and flag leaf width suggested
that these loci synergistically modulated these traits
(Figure 2C).

Determination of the SD7 and NAL1 superior alleles

The genes in highly significant loci that were consistently
detected across different populations or different traits
were screened to isolate the reliable loci conferring these
traits. For instance, the “Green Revolution” gene SD17 was
found in a significant plant height locus called
qPH1.14/qPH1.22 that was found in both the total germ-
plasms and the Xian subspecies (Figure 3A,B; Table S4).
The loss-of-function SD1 led to reduced plant height and
enhanced lodging resistance, which are characteristics that
have been widely used to increase rice yield (Liu
et al., 2021). The accessions were divided into four major
haplotypes based on the significant SNPs in the promoter
region and the significant non-synonymous SNPs in the
coding region and were named HAP1-HAP4 (Figure 3C,D).
There were four haplotypes in the Xian subgroup, and the
accessions containing HAP1 had significantly lower plant
heights than the accessions containing the other three hap-
lotypes. There were two haplotypes (HAP1 and HAP2) in
the Geng subgroup, and the plant heights of the acces-
sions containing HAP2 were slightly greater than the acces-
sions containing HAP1 (Figure 3E,F). These results implied
that SD17AP! was the superior allele and could improve
plant architecture by reducing plant height.

Another significant locus for flag leaf width,
qFLW4.3/gFLW4.5, was also consistently detected in the
total and the Xian germplasms and contained the flag leaf
width gene NALT (Figure 3G,H; Table S4). The accessions
could be divided into five haplotypes, namely, HAP1-HAP5,
based on the variations in the NAL7 promoter and coding
regions. HAP1 was mainly found in Xian, and HAP2 was
mainly found in Geng (Figure 3I,J). The accessions contain-
ing HAP2 had wider leaves than the accessions containing
the other haplotypes (Figure S12A,B). In addition, only one
significant non-synonymous SNP (31 212 801, G to A, Arg
to His), located on the third exon, was isolated (Figure 3l,
J). The Xian and Geng accessions with SNP-31212801-A in
HAP2 had significantly wider leaves than those with SNP-
31212801-G (Figure 3K,L). These results indicated that
NAL? was the superior allele and could improve yield by
increasing the flag leaf width.

Identification of LEAF1 modulating flag leaf length

In addition to the cloned genes mentioned above, one sig-
nificant locus for flag leaf length, qFLL8.1/qFLL8.6 on chro-
mosome 8, was consistently detected in the total and the
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Figure 2. Genetic basis of the natural variation in plant height, flag leaf length, and flag leaf width revealed by the GWAS.

(A) Distribution of the identified loci related to plant height, flag leaf length, and flag leaf width in 12 chromosomes.

(B) Number of loci identified in the total germplasm, Xian, and Geng for the years 2020 and 2021, respectively.

(C) Venn plot of co-loci across the plant height, flag leaf length, and flag leaf width. PH_CC20_Total, the plant height of the total germplasm in 2020;
PH_CC20_Xian, the plant height of Xian in 2020; PH_CC20_Geng, the plant height of Geng in 2020. FLL_CC20_Total, the flag leaf length of the total germplasm in
2020; FLL_CC20_Xian, the flag leaf length of Xian in 2020; FLL_CC20_Geng, the flag leaf length of Geng in 2020; FLL_CC21_Total, the flag leaf length of the total
germplasm in 2021; FLL_CC21_Xian, the flag leaf length of Xian in 2021; FLL_CC21_Geng, the flag leaf length of Geng in 2021. FLW_CC20_Total, the flag leaf
width of the total germplasm in 2020; FLW_CC20_Xian, the flag leaf width of Xian in 2020; FLW_CC20_Geng, the flag leaf width of Geng in 2020; FLW_CC21_To-
tal, the flag leaf width of the total germplasm in 2021; FLW_CC21_Xian, the flag leaf width of Xian in 2021; FLW_CC21_Geng, the flag leaf width of Geng in 2021.

Geng germplasms (Figure 4A,B; Table S4). A local LD anal- position where the significant SNPs were distributed in the
ysis was performed to determine the underlying candidate promoter or coding region of 10 genes. Therefore, these
genes, and the results showed that gFLL8.1 had been nar- genes were selected as potential candidate genes for fur-

rowed down to a 160 kb LD block at the 3.89-4.05 Mb ther analysis (Figure 4C; Figure S13A). The haplotypes of
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Figure 3. Determination of the SD7and NAL1 superior alleles.

(A, B) Manhattan plots of GWAS for the total germplasm (A) and Xian (B) in 2020. Red dots indicate loci containing cloned gene SD1.

(C) Local plot of SD1. Red dots are significant SNPs within SD1.

(D) Haplotype analysis based on the significant SNPs in the promoter region of SD1.

(E, F) The plant height among haplotypes of SD7 in Xian (E) and Geng (F). Data represent means + SD (n > 5; P < 0.05; one-way ANOVA). The significance for
the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05.
(G, H) Manhattan plots of GWAS in the total germplasm (G) and Xian (F) in 2020. Red dots contain cloned gene NALT.

(1) Local plot of NAL1. Red dots are significant SNPs within NALT.

(J) Haplotype analysis based on SNPs in the promoter and coding region of NALT.

(K, L) The flag leaf width between germplasms containing NALT* and NAL1¢ in Xian (K) and Geng (L). Data represent means + SD (n > 15; P < 0.05; one-way
ANOVA). The significance for the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05.

these genes were analyzed, and the gRT-PCR results
showed that there were no significant differences in their
expression levels among the different haplotype varieties
(Figures S13B-J and S14A; Table S5). However, only
LOC_0s08g07010, LOC_0s08g07030, and LOC_0Os08907040
contained significant non-synonymous SNPs in their func-
tional encoding regions (Figure S13A). LOC_0s08g07010
was predicted to encode an ABC-2 transporter protein,
whereas LOC_0s08g07030 and LOC_0s08g07040 were pre-
dicted to encode proteins with unknown functions. A tissue
expression analysis based on the RiceXpro database
revealed that LOC_0s08g07010 expression was greatest
in the leaves, roots, and stems (Figure S14B). In
addition, AtABCG14, the closest orthologous gene to
LOC_0s08g07010 in Arabidopsis (Figure S14C), was mainly
responsible for transporting cytokinins from the roots to
the leaves. Notably, loss-of-function mutants of AtABCG14
displayed reduced rosette leaf size (Ko et al., 2014). There-
fore, LOC_0s08g07010 was considered the most likely can-
didate gene for gFLL8.7 and was named LONGER FLAG
LEAF1 (LEAF1).

A total of five major LEAFT haplotypes, namely,
HAP1-HAP5, were identified based on 21 SNPs in the pro-
moter region and the non-synonymous SNPs in the coding
region (Figure 4D). The Xian accessions containing HAP1,
HAP2, and HAP3 had similar flag leaf lengths, whereas the
Geng accessions containing HAP1 had a significantly lon-
ger flag leaf than the accessions containing HAP4 and
HAP5 (Figure 4E,F). Moreover, a local LD analysis of LEAF1
showed that the linkage degree in the coding region was
greater than that in the promoter region. Two significant
SNPs (SNP-3928812, G to A, Gly to Ser and SNP-3932102,
G to A, Gly to Ser) were located in the coding region. SNP-
3928812 was the leader SNP and was located at the 350th
base downstream of the initiation codon for LEAF1
(Figure S15A). Additionally, the frequencies of the major
and minor alleles at each SNP in the different haplotypes
revealed that SNP-3928812 was the major allele in the long
flag leaf haplotypes (HAP1, HAP2, and HAP3) and the
minor allele in the short flag leaf haplotypes (HAP4 and
HAP5). The accessions with SNP-3928812-G had a signifi-
cantly longer flag leaf than those with SNP-3928812-A
(Figure 4G; Figure S15B). Taken together, these results

suggested that LEAFT could be the causal gene for
qFLL8.1.

The function of LEAFT was assessed using a
CRISPR/Cas9-mediated approach to generate knockout
mutants in the “Hexi 41" background (HAP1). This method
effectively generated two independent frameshift mutant
lines, namely, leafl-1 and leaf1-2, respectively (Figure
S16A). The leaf1-1 and leaf1-2 flag leaf lengths were signifi-
cantly shorter than those of the wild-type (WT) plants
(Figure 4J). In addition, the effects of LEAFT on other
important agronomic traits were investigated and the
results showed that /eafl-1 and leaf1-2 plants had lower
plant heights, narrower flag leaf widths, thinner stems,
shorter panicle lengths, decreased primary and secondary
branches and reduced grain numbers compared with WT,
which resulted in the decreased sink capacity and grain
yields, although the grain lengths, grain widths, and
1000-grain weights significantly increased (Figure 4J;
Figure S16B-0). Furthermore, the accessions with SNP-
3928812-G were significantly taller than those with SNP-
3928812-A (Figure S17). Subsequently, we complemented
the LEAFT® allele from the “Huanghuazhan” (HAP1) acces-
sion into the “ZhongHua 11" (HAP4) background. Pheno-
typic analysis revealed a significant increase in flag leaf
length in LEAF1-Com plants compared with the “Zhon-
gHua 11" control (“ZH11") (Figure S18). These results
implied that LEAFT was a pleiotropic gene that played a
critical role in rice development and that LEAF1® could be
a superior allele that confers a longer flag leaf.

Evolution and utilization of LEAF1 in breeding

A haplotype network was constructed for 76 wild rice and
471 cultivated rice accessions to investigate the LEAFT ori-
gin and evolution process during rice domestication. The
results showed that most Xian, TrG, and TeG accessions
that contained the LEAFT® allele with longer flag leaves
(Xian-FLL-L, TrG-FLL-L, and TeG-FLL-L) had directly
evolved from wild rice. Among them, Xian-FLL-L had
mainly evolved from Oryza nivara 2 (Niv2) and Oryza rufi-
pogon 2 (Ruf2) and TrG-FLL-L and TeG-FLL-L had evolved
from O. rufipogon 1 (Ruf1). The LEAFT* allele had directly
evolved from Ruf1 wild rice and was specifically preserved
in Xian and TeG accessions with short flag leaves (Xian-
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Figure 4. Identification of LEAF1 modulating flag leaf length.

(A, B) Manhattan plots of GWAS in the total germplasm (A) and Geng (B) in 2020. Red dots represent qFLL8.1/qFLL8.6 loci.

(C) Local manhattan plots and LD heatmap. Black inverted triangle represents an LD block region containing the Lead-SNP of gFLL8.1.

(D) Haplotype analysis based on the SNPs in the promoter region and the non-synonymous SNPs in the coding region of LEAF1.

(E, F) The flag leaf length among haplotypes of LEAF1in Xian (E) and Geng (F). Data represent means + SD (n > 10; P < 0.05; one-way ANOVA). The significance
for the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05.

(G) Comparison of flag leaf length between germplasms containing LEAFT* and LEAFTS. Data represent means + SD (n > 67; P < 0.05; one-way ANOVA). The
significance for the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05.

(H, 1) Flag leaf (H) and plant (l) morphology of WT, leaf1-1, and leaf1-2. Bars, 3.5 cm (H) and 10 cm (1).

(J, K) The flag leaf length (J) and plant height (K) of WT, leaf1-1, and leaf1-2. Data represent means + SD (n > 10; P < 0.05; one-way ANOVA). The significance
for the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05.

FLL-S, TeG-FLL-S) (Figure 5A). The nucleotide diversity and
Tajima’s D value for LEAF1 and its 100 kb flanking regions
were calculated to determine whether LEAF1 was selected
during evolution. On average, the LEAF1T nucleotide diver-
sity in Xian was higher (z = 0.00238) than in Geng (n =
0.00153) and in TrG (z = 0.00046) and TeG (r = 0.00158).
When the Geng accessions were further divided into
Geng-LEAFT® and Geng-LEAF1®, the = value for
Geng-LEAFT” (r = 0.00015) was much lower than that for
Geng-LEAF1® (z = 0.00095). Tajima’s D value was signifi-
cantly positive for LEAF1 in Xian (Tajima’s D = 4.334), but
was significantly negative in TrG (Tajima’s D= —1.896)
and Geng-LEAFT® (Tajima's D= —1.998) (Figure 5B,C;
Table S6). Taken together, these results indicated that bal-
ancing selection for LEAF1 occurred in Xian, whereas posi-
tive selection for LEAFT® occurred in TrG and for LEAFT*
occurred in TeG.

The LEAF1® and LEAFT* allele frequencies in the
improved varieties (IMPs) and landraces (LANs) were ana-
lyzed to investigate their potential utilization in breeding.
The results showed that the LEAF1® frequency was much
higher in both the IMPs and LANs of Xian and TrG than that
of TeG accessions, while the LEAF1” frequency was slightly
higher in the TeG IMPs compared with the LANs
(Figure 5D). The flag leaf lengths and widths of the IMPs
containing the Geng—LEAF1G allele increased from 26.7 to
35.3 cm and from 1.3 to 1.74 cm, respectively, compared
with the LANs containing the Geng-LEAFT* allele
(Table S7). The introgression line (IL) IL81 was also isolated.
It contained segments from TrG accession IRAT109 with the
LEAF1® allele in the background of the TeG accession
Yuefu, which contained the LEAF1* allele. The IL81 flag leaf
lengths and plant heights were significantly greater than
those for the Yuefu plants (Figure 5E-H), which suggested
that the LEAF1C allele could be used to increase flag leaf
length and improve the leaf architecture of TeG accessions.

Pyramiding of SD1, NAL1, and LEAF1 improves plant
architecture and grain yield

Haplotype networks for SD7 and NALT were constructed
and the results showed that SD1"PT directly evolved from
Niv2 and was selectively preserved in most Xian varieties
with relatively low plant heights (Xian-PH-L) (Figure S19A).

Furthermore, NAL1® directly evolved from different wild
rice types and was preserved in the TeG and most Xian
accessions, whereas NALT* was derived from a de novo
mutation (Figure S20A). Moreover, the frequency of the
SD1MAP1 allele increased in IMP varieties compared with
the LANs. However, it could potentially be utilized in Geng
(Figure S19B). Furthermore, the frequency of the NALTA
allele significantly increased in the Geng IMPs compared
with the LANs (Figure S20B). A joint haplotype analysis of
SD1, NAL1, and LEAF1 was performed and the results
showed that there were three main Xian types and four
main Geng types (Figure 6A). Among them, Xian types Il/llI
and Geng type Il directly evolved from wild rice, while
Xian type | and Geng types I/IV/V went through an addi-
tional NAL1® to NALT* mutation process (Figure 6B). Type
| was an aggregation of three elite alleles, namely,
SDTMAP! NAL1” and LEAF1°. The accessions harboring
Type | had significantly reduced plant heights and longer
and wider flag leaves (Figure 6E,F). In addition, an agro-
nomic traits analysis of Type | showed that the average
plant heights, flag leaf lengths, flag leaf widths, grain num-
bers, tiller numbers, and 1000-grain weights were
115.8 cm, 36.4 cm, 2.04 cm, 239, 10.4, and 24.1 g for Xian
and 101.4 cm, 32.6 cm, 1.77 cm, 179, 9.1, and 23.9 g for
Geng, respectively (Figure 61-N). Therefore, pyramiding
SD1HAP1 NAL1A and LEAF1° provides abundant genetic
resources and a preliminary reference for breeding ideal
plant heights and flag leaf morphologies.

Uncovering genomic regions simultaneously modulating
plant height and leaf morphology

The Xian and TrG accessions were taller and had longer
and wider flag leaves than the TeG accessions. Further-
more, the intra-TeG variations for these three traits were
larger than those for the Xian and TrG accessions
(Figure S2; Table S2). The differences in the genetic basis
underlying the variations in plant height and flag leaf mor-
phology for the different subspecies were investigated by
selecting 136, 160, and 150 Xian accessions; 16, 20, and 20
TrG accessions; and 47, 30, and 40 TeG accessions with
high plant heights (PH-H), long flag leaf lengths (FLL-L) or
wide flag leaf widths (FLW-W). These were then compared
with 65, 50, and 70 TeG accessions with low plant heights

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 5. Evolution and utilization of LEAF1 in breeding.

(A) Evolution relationship of LEAF1 revealed by a combined minimum spanning tree. TeG, temperate Geng; TrG, tropical Geng; Niv 1/2, Oryza nivara 1/2; Ruf
1a/1b/2, Oryza rufipogon 1a/1b/2. Red blank circle represents LEAF1C allele and black blank circle represents LEAFT” allele.

(B) The nucleotide diversity of LEAF1 and its flanking regions.
(C) The local nucleotide diversity of LEAF1.

(D) Allelic changes in LEAFT during rice breeding. LAN, landraces; IMP, improved varieties.
(E, F) Flag leaf (E) and plant (F) morphology of Yuefu and IL81. Bars, 5 cm (E) and 13.5 cm (F).
(G, H) The flag leaf length and plant height of Yuefu and IL81. Data represent means + SD (n > 15; **P < 0.01, ***P < 0.001; Student's t-test).

(PH-L), short flag leaf lengths (FLL-S) or narrow flag leaf
widths (FLW-N) (Table S1). The genetic differentiated
regions in them were then analyzed by calculating popula-
tion differentiation statistics (Fst). A total of 111, 96, and
117 genomic regions for plant height (Figures S21A, S22A
and S23A; Tables S8-S10); 105, 94, and 62 genomic
regions for flag leaf length (Figures S21B, S22B and S23B;
Tables S11-S13) and 108, 83, and 62 genomic regions for
flag leaf width (Figures S21C, S22C, and S23C; Tables S14-
S16) were found to be highly divergent between Xian and
TeG, TrG and TeG, and intra-TeG, respectively. These
regions were then compared with the QTLs regions iso-
lated by the GWAS, and 6, 7, and 11 overlapping regions
for plant height (Figure 7A; Table S17); 15, 11, and 17 over-
lapping regions for flag leaf length (Figure 7B; Table S18)
and 16, 12, and 9 overlapping regions for flag leaf width
(Figure 7C; Table S19) were identified between Xian and
TeG, TrG and TeG, and intra-TeG, respectively.

The nucleotide diversity () and Tajima’s D value were
calculated to explore whether these regions had been
selected. The results showed that the = value for TeG with
shorter plant heights (TeG-PH-L) was lower than that for the
TrG and TeG with higher plant heights (TrG-PH-H and TeG-
PH-H), but was larger than that for Xian with higher plant
heights (Xian-PH-H) (Figure S24A-C; Table S17). Tajima’s D
analysis consistently showed that Xian-PH-H and TeG-PH-L
were under directional selection, but most genetic regions
were under neutral evolution in TeG-PH-H (Table S17).
Moreover, the = value for TeG with shorter flag leaf lengths
(TeG-FLL-S) was lower than that of TrG, TeG, or Xian with
longer flag leaves (TrG-FLL-L, TeG-FLL-L and Xian-FLL-L)
(Figure S24D-F; Table S18). The Tajima’s D analysis also
showed that most genetic regions were under directional
selection in TeG-FLL-S, most were under balancing selec-
tion in TeG-FLL-L and most were under neutral selection in
Xian-FLL-L and TrG-FLL-L (Table S18). Similarly, the =
values for TeG with narrow flag leaf widths (TeG-FLW-N)
were lower than those TrG, TeG, or Xian with wider flag leaf
widths  (TrG-FLW-W, TeG-FLW-W and Xian-FLW-W)
(Figure S24G-1; Table S19). In addition, the Tajima’s D anal-
ysis showed that most genetic regions were under direc-
tional selection in TeG-FLW-N and Xian-FLW-W, most were
under balancing selection in TeG-FLL-W, and most were
under neutral selection in TrG-FLL-W (Table S19).

There were 71.17% (about 23.24 Mb), 70.27% (about
22.86 Mb), and 75.24% (about 25.69 Mb) overlapping

divergent regions between Xian and TeG for plant height
and flag leaf length, plant height and flag leaf width, or
flag leaf length and width, respectively, and 59.46% (about
19.89 Mb) had overlapping divergent regions across all
three traits (Figure 7D; Table S20). Similarly, there were
66.67% (about 22.49 Mb), 52.08% (about 17.71 Mb) and
64.89% (about 21.07 Mb) overlapping divergent regions
between TrG and TeG for plant height and flag leaf length,
plant height and flag leaf width, or flag leaf length and
width, respectively, and 45.83% (about 16.42 Mb) had over-
lapping divergent regions across all three traits (Figure 7D;
Table S20). There were 27.35% (about 9.36 Mb), 4.27%
(about 1.15 Mb) and 16.13% (about 4.84 Mb) overlapping
divergent regions intra-TeG for plant height and flag leaf
length, plant height and flag leaf width, or flag leaf length
and width, respectively, and 2.56% (about 0.55 Mb) had
overlapping divergent regions across all three traits
(Figure 7D; Table S20). Among these regions, OsGH3-2
was identified as being in the GWAS qPH1.10/qFLL1.33
QTL, and there were divergent regions between TeG-PH-L
and TrG-PH-H, and TeG-FLL-S and TrG-FLL-L (Figure 7E;
Figure S22A,B), which has been reported to modulate plant
height and leaf development in rice (Du et al., 2012). LEAF1
was identified as being in the GWAS gFLL8.1 QTL, and
there were divergent regions between TeG-PH-L and TeG-
PH-H, and TeG-FLL-S and TeG-FLL-L (Figure 7F;
Figure S23A,B). OsGH3-2 nucleotide diversity was lower in
TeG-PH-L and TeG-FLL-S than in TrG-PH-H and TrG-FLL-L
(Figure 7G) and LEAF1T nucleotide diversity was lower in
TeG-PH-L and TeG-FLL-S than in TeG-PH-H and TeG-FLL-L
(Figure 7H), indicating that OsGH3-2 and LEAF1 might have
undergone convergent selection for lower plant height and
shorter flag leaves during rice domestication. Together,
these results implied that these traits contained reliable
pleiotropic genomic regions.

DISCUSSION

The GWAS identified 73, 159, and 158 significant loci
associated with plant height, flag leaf length, and flag
leaf width, respectively. LEAF1, modulating flag leaf
length, and the elite alleles SD7 and NAL7 were also
identified in the natural germplasm. The superior alleles
LEAFT® and SDT'P' evolved directly from wild rice and
were utilized in Xian, while NALT® might be from de
novo mutation and was utilized in Geng during the
breeding process.

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 6. Pyramiding of SD1, NAL1, and LEAFTimproves plant architecture and grain yield.
(A) Joint haplotype analysis of SD1, NALT, and LEAF1in Xian and Geng subgroups. Data represent means + SD (n > 11; P < 0.05; one-way ANOVA). The signifi-
cance for the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05.

(B) Model of the breeding utilization of five main aggregation types.

(C-H) Differences in plant architecture among five main aggregation types in Xian and Geng subgroups, including plant height (C, E), flag leaf width (D, F), and
flag leaf length (G, H). Data represent means + SD (n > 11; P < 0.05; one-way ANOVA). The significance for the same lowercase letter is P> 0.05, while for the

different lowercase letters are P < 0.05.

(I-N) Grain yield performance of five main aggregation types, including grain number (I, L), panicle number (J, M), and thousand grain weight (K, N). Data represent
means + SD (n > 11; P < 0.05; one-way ANOVA). The significance for the same lowercase letter is P> 0.05, while for the different lowercase letters are P < 0.05.

The genomic regions that have the potential to be co-
selected for these three traits were identified. Previous
studies mainly focused on a single trait, such as plant
height or leaf morphology. The results from this study
showed that there was a positive correlation between plant
height and the leaf morphology traits (Table S2) and the
positive correlation between plant height and flag leaf
length was greatest; flag leaf length and width had a
medium positive correlation, and plant height and flag leaf
width had the lowest positive correlation. Among the loci
identified by the GWAS, 13 loci associated with plant
height and flag leaf length, 3 loci associated with plant
height and flag leaf width, and 7 loci associated with flag
leaf length and width were consistently detected
(Figure 2C). However, no loci affecting plant height, flag
leaf length, and flag leaf width were found, which might be
due to a lower positive correlation between plant height
and flag leaf width. Previous studies have shown that
genomic differentiation and selection play critical roles in
distinct morphological and physiological traits and the
regional distribution of the different subspecies (Wang
et al., 2022). Furthermore, Xian and TrG produced taller
plants with increased leaf morphology traits, but lower
coefficients of variation than those for TeG (Table S2;
Figure S2). Numerous highly divergent genomic regions
for the three traits were detected by the population differ-
entiation statistics analysis (Figure 7A-C) and the differ-
ences among these genomic regions might be the
underlying genetic basis for the plant morphology varia-
tions across subspecies. Among them, the proportion of
highly divergent genomic regions that overlapped among
the different traits between Xian or TrG and TeG was
higher than intra-TeG. This indicated that the highly diver-
gent genomic regions related to plant height, flag leaf
length, and flag leaf width between Xian or TrG and TeG
had a high degree of similarity; however, these regions
varied considerably among the different TeG accessions.
Moreover, the proportion of overlapping highly divergent
genomic regions between plant height and flag leaf length
was higher than that between flag leaf length and width
(Table S20). Plant height and flag leaf width had the lowest
proportion of overlapping highly divergent genomic
regions (Table S20). A comparison between these highly
divergent genomic regions and the loci identified by the
GWAS showed that parts of these regions might contain

genes that synergistically modulate different traits and that
there might also be a convergence trend between these
traits during the domestication process. The population
genetics analysis revealed that OsGH3-2 in qPH1.10/
gFLL1.33 and LEAFT in gFLL8.1 might be co-domesticated
genes for plant height and flag leaf length (Figure 7E-H).
OsGH3-2 overexpression lines have been shown to mimic
the IAA deficiency phenotype, such as dwarfism and
shorter flag leaves (Du et al., 2012). The LEAFT knockout
lines in this study had lower plant heights and shorter flag
leaves (Figure 4H-K; Figure S16) and some other cloned
genes related to plant height, flag leaf length, and flag leaf
width, such as OsGA200x1, OsXTH8, OsWAK10, OsXPO1,
OFP1, and OsTZF1, were located in these overlapping
divergent regions (Tables S17-S19). These genes might be
important regulatory genes for plant morphogenesis
development.

In general, Xian tends to have relatively greater plant
heights and longer or wider leaves (Figure S2). The pro-
duction of sufficient biomass and photosynthates
improves yield; however, excessive plant heights and large
leaves increase lodging and shielding. Geng has strong
lodging resistance due to its relatively lower plant height
and shorter or narrower leaves (Figure S2). However, the
lower biomass and photosynthate production reduce yield.
The evolution and utilization of SD1, NAL1, and LEAFT in
breeding were investigated to further understand how to
select suitable genetic resources for improving plant
aboveground morphology. All the SD7 and LEAFT alleles
and NAL7® had directly evolved from wild rice (Figure 5A;
Figures S19A and S20A), but NALT* was from a de novo
mutation (Figure S20A). These natural alleles were retained
in different improved varieties based on their different
functions. For example, the dwarfing SD1"AF" allele could
be utilized in Xian accessions with relatively high plant
heights (Figure S19B), while the SD77APZHAP4 gjgle could
be used in Geng with relatively low plant heights to main-
tain biomass and photosynthate production. The dominant
wide flag leaf NALT" allele has been mainly utilized in
Geng with a relatively narrower flag leaf (Figure S20B),
while the NAL1C allele could be used in Xian with a rela-
tively wider flag leaf to maintain flat and upright leaves.
Most of the improved Xian and TrG varieties contained the
long flag leaf LEAF1€ allele. This might be related to the
function that LEAFT maintains the growth and
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Figure 7. Uncovering genomic regions simultaneously regulating plant height and leaf morphology.
(A-C) Comparison of the divergent regions detected inter-subspecies and intra-TeG with loci associated with plant height (A), flag leaf length (B), and flag leaf

width (C) through GWAS.

(D) Distribution of the highly overlapped divergent genomic regions associated with plant height, flag leaf length, and flag leaf width across 12 chromosomes.
Overlapped loci from divergent regions are represented as follows: Brown circles, Xian-PH-H vs. TeG-PH-L; bright green circles, TrG-PH-H vs. TeG-PH-L; light
blue circles, TeG-PH-H vs. TeG-PH-L; orange upper triangles, Xian-FLL-L vs. TeG-FLL-S; red upper triangles, TrG-FLL-L vs. TeG-FLL-S; dark green upper triangles,
TeG-FLL-L vs. TeG-FLL-S; lavender lower triangles, Xian-FLW-W vs. TeG-FLW-N; pink lower triangles, TrG-FLW-W vs. TeG-FLW-N; dark blue lower triangles,

TeG-FLW-W vs. TeG-FLW-N.
(E, F) Genetic differentiation of OsGH3-2 (E) and LEAFT1 (F).

(G, H) The nucleotide diversity of OsGH3-2 (G) and LEAFT (H) and their flank regions. Red vertical lines indicate the positions of OsGH3-2 and LEAF1. Xian/TrG/
TeG-PH-H., Xian/TrG/TeG with higher plant height; TeG-PH-L., TeG with lower plant height; Xian/TrG/TeG-FLL-L., Xian/TrG/TeG with longer flag leaf; TeG-FLL-S.,
TeG with shorter flag leaf; Xian/TrG/TeG-FLW-W., Xian/TrG/TeG with wider flag leaf; TeG-FLW-N., TeG with narrower flag leaf.

development of rice through its effects on cytokinin trans-
port (Zhao et al., 2019). However, most TeG varieties con-
tained the LEAFT* allele, which might be associated with
dwarfing breeding.

The joint haplotype analysis of three genes suggested
that different combinations of the alleles could provide
abundant genetic resources for ideal plant height and flag
leaf breeding (Figure 6A). The only difference between
Type Il and Type lll plants was the SD1 allele. In Xian, the
Type Il plants, which carried the SD1"P" allele, had lower
plant heights and shorter flag leaves compared with Type
lll, which did not have the SD1"AF" allele (Figure 6C,G).
Similarly, in the Geng accessions, the Type | plants, which
contained the SDT""" allele, had lower plant heights and
shorter flag leaves relative to Type IV, which lacks the
SD1"AP1 allele (Figure 6E,H). Previous studies have shown
that SD7 encodes the biosynthesis enzyme GA200x-2,
which was strongly expressed in the leaf blade and stem,
and that the enzyme-defective sd7 mutants had shorter
leaves and stems (Sasaki et al., 2002). These results indi-
cated that SDT might also have a functional role in leaf
morphology. Although Types | and Il had lower plant
heights and shorter flag leaves, their yield-related traits
were comparable to those of Types Ill and IV (Figure 61-N).
Thus, pyramiding favorable alleles of different genes could
effectively improve multiple traits, and selecting appropri-
ate allele combinations will help achieve customized
breeding goals. Therefore, it is important to understand
the characteristics of the materials themselves and to con-
sider the relationship between plant height and leaf shape
when attempting to improve plant aboveground morphol-
ogy. This information could improve the selection of suit-
able genetic resources for effective improvement.

LEAF1 was a pleiotropic gene. Knockout lines of LEAFT1
had shorter and narrower flag leaves, lower plant heights,
thinner stems, shorter panicle lengths, decreased primary
and secondary branches, and reduced grain numbers
(Figure 4H-K; Figure S16). However, the introgression line
IL81 contained segments from TrG accession IRAT109 with
the LEAFTC allele in the background of the TeG accession
Yuefu, which contains the LEAFT allele. This line had longer
flag leaves and greater plant heights (Figure 5E-H). These
results indicated that the LEAFIC allele could be used to

improve leaf architecture in TeG. LEAF1 is essential for the
long-distance transport of root-derived cytokinins (Zhao
et al., 2019). We speculated that the transport of root-derived
cytokinins was significantly suppressed in the LEAFT knock-
out lines. The growth and development of aboveground
leaves, stems, and other source organs were inhibited due to
the lack of cytokinins, leading to the decreased accumulation
of carbohydrates at the vegetative growth stage. When the
plant changed from vegetative growth to reproductive
growth, the carbohydrates released by source organs, such
as flag leaves, through photosynthesis could not create an
adequate total sink storage capacity and tended to form a
panicle morphology that reduced grain numbers but
increased grain size. This suggested that LEAF1 could modu-
late the source-sink balance by maintaining the transport of
root-derived cytokinins to the aboveground organs. However,
this needs to be confirmed by future studies.

MATERIALS AND METHODS
Plant materials and growth conditions

A total of 689 cultivated rice accessions from 41 countries and
regions, including 452 Xian and 237 Geng (200 temperate Geng
and 37 tropical Geng) were used in this study. Among them, 655
accessions were planted in Nanning, Guangxi Zhuang Autono-
mous Region, in 2020, and 396 accessions were planted in Beijing
in 2021 with two duplicates, respectively. The detailed information
of these accessions was listed in Table S1.

Phenotyping

At the grain filling stage, the plant height, flag leaf length, and flag
leaf width corresponding to the highest three panicles were
selected to be artificially phenotyped. Plant height is defined as the
distance from the ground to the top of the panicle. Flag leaf length
measures the distance from the pillow to the tip of the leaf in a flat
position. Flag leaf width measures the distance between the left
and right edges of the broadest blade in flat. R packages “Perfor-
manceAnalytics” was used to perform correlation analysis.

Population structure analysis

Sequencing data were available from the 3000 Rice Genome Project
(3KRGP) with an average sequencing depth of 15x (Wang
etal., 2018). 305 998 SNPs evenly distributed throughout the genome
were screened and were used to construct a neighbor-joining tree in
MEGA version 7 with the bootstrap method and 1000 replicates
(Kumar et al., 2016). The genome-wide LD decay of the association

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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populations was determined using PopLDdecay version 3.4 with
parameters as follows: -maxdist 5000; -maf 0.05; -miss 0.25 (Zhang
etal., 2019). The LD decay distance was determined as the LD decays
to half of the maximum value (Zhao et al., 2018).

GWAS

A total of 3 059 978 high-quality SNPs (MAF >5%, missing rate <25%)
were used to perform GWAS using both the general linear model
and compressed mixed linear model in the GAPIT package operated
in an R environment (Tang et al., 2016). The population structure of
PCA and kinship was a cofactor when performing GWAS using the
CMLM model. The genome-wide significance threshold was deter-
mined by permutation tests with 1000 replications (Zhao et al., 2018).
A region with more than three consecutive significant SNPs and the
distance between two SNPs less than LD decay distance was consid-
ered a single significant associated signal (Guo et al., 2020). The SNP
with the minimum P-value within the significant associated signal
was designated as the lead-SNP. For the analysis of candidate genes
of the significant associated signal, the continuous region containing
SNPs closely linked with each other (> 0.6) was considered the
local LD interval (Yano et al., 2016).

Population genetics analysis

To clarify the differentiation and selection of plant height, flag leaf
length, and flag leaf width, the population differentiation statistics
(Fst), nucleotide diversity (n), and Tajima’s D were calculated by
using VCFtools software (Danecek et al., 2011). Fst and nucleotide
diversity were computed using 100-kb windows and 10-kb steps, and
Tajima’s D was calculated using 10-kb windows. Sliding windows
with the top 5% of Fst values were identified as divergent windows.
Regions with average Tajima’s D <—1 and Tajima’s D >1 might be
under directional or balanced selection (Qiu et al., 2017; Xia
et al., 2019). Tajima’s D of the gene and its 100 kb flanking region
were estimated by DnaSP 5.10 (Librado & Rozas, 2009).

Haplotype analysis

The haplotypes of candidate genes were constructed based on
SNPs in a 2 kb promoter and non-synonymous SNPs in the cod-
ing region. Plant height, flag leaf length, or flag leaf width of culti-
vated rice accessions in GWAS were used to make multiple
comparisons of phenotypes. The haplotypes contain more than
five or ten rice accessions that were retained for single gene or
joint haplotype analysis.

Evolutionary analysis

A minimum spanning tree among haplotypes was calculated
using Arlequin version 3.5 (Excoffier & Lischer, 2010) and drawn
in Hapstar-0.7 (Teacher & Griffiths, 2011).

Plasmid construction and rice transformation

To construct the CRISPR/Cas9 vector, two 20 bp targets from the
coding sequence of LEAFT were designed, respectively, for spe-
cific recognition and cloned into the vector pHUE411, as previ-
ously described (Xing et al., 2014). The coding sequence of LEAF1
without the stop codon from the “Huanghuazhan” (HAP1) acces-
sion was integrated into pSuper1300-MYC to construct the LEAF1
complementary vector. To produce transgenic plants, the corre-
sponding constructs were introduced into Agrobacterium tumefa-
ciens strain EHA105 and subsequently transformed into rice calli
from mature embryos via Agrobacterium-mediated transformation
(Hiei et al., 1994; Toki et al., 2006).

gRT-PCR

Total RNA was extracted from leaf tissues using the RNApure
Total RNA Kit (Aidlab, Beijing, China) following the manufac-
turer's protocol. The full-length cDNA was reverse transcribed
using HiScript Il Reverse Transcriptase (Vazyme, Nanjing, China)
according to the manufacturer's instructions. Quantitative PCR
(gPCR) was carried out using the TB Green Premix Ex Taq Il
(TaKaRa, Kyoto, Japan) as previously described (Zhang, Li, et al.,
2017). The OsACTIN gene was used as an internal control for nor-
malization (Livak & Schmittgen, 2001).

Primers

The relevant primers used are listed in Table S21.
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