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ABSTRACT

Hybridization between Xian/indica (XI) and Geng/japonica (GJ) rice combined with utilization of plant ideo-

types has greatly contributed to yield improvements in modern GJ rice in China over the past 50 years. To

explore the genomic basis of improved yield and disease resistance in GJ rice, we conducted a large-scale

genomic landscape analysis of 816 elite GJ cultivars representing multiple eras of germplasm from China.

We detected consistently increasing introgressions from three XI subpopulations into GJ cultivars since

the 1980s and found that the XI genome introgressions significantly increased the grain number per panicle

(GN) and decreased the panicle number per plant. This contributed to the improvement of plant type during

modernbreeding, changingmulti-tiller plants tomoderate tiller plantswith a largepanicle size and increasing

the blast resistance. Notably, we found that key gene haplotypes controlling plant architecture, yield compo-

nents, and pest and disease resistance, including IPA1, SMG1, DEP3, Pib, Pi-d2, and Bph3, were introduced

from XI rice by introgression. By GWAS analysis, we detected a GN-related gene Gnd5, which had been

consistently introgressed from XI into GJ cultivars since the 1980s. Gnd5 is a GRAS transcription factor

gene, and Gnd5 knockout mutants showed a significant reduction in GN. The estimated genetic effects of

genes varied among different breeding locations, which explained the distinct introgression levels of XI

gene haplotypes, including Gnd5, DEP3, etc., to these GJ breeding pedigrees. These findings reveal the

genomic contributions of introgressions from XI to the trait improvements of GJ rice cultivars and provide

new insights for future rice genomic breeding.
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INTRODUCTION

Asian cultivated rice (Oryza sativa), which can be divided into the

two major subspecies Geng/japonica (GJ) and Xian/indica (XI),

is one of the most important staple food crops worldwide

(Xing and Zhang, 2010), supporting 21% of the total calorie
Plant
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intake of the global population (Fitzgerald et al., 2009). China

is the largest producer of GJ rice in the world, holding the
Communications 3, 100325, May 9 2022 ª 2022 The Authors.
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largest planting area as well. In China, the planting area of GJ

rice is 9.87 million square hectometers (hm2), accounting for

about 32.9% of the total rice planting area (Tang and Chen,

2021). In recent years, with increasing demand for GJ rice,

there have been remarkable trends of ‘‘replace wheat with

rice’’ in the north of China and ‘‘switch to GJ rice from XI

rice’’ in the south of China (Zhang et al., 2013). Therefore,

breeding improvement of GJ rice to keep pace with growing

human needs is necessary for the expansion of GJ rice

cultivation into new areas. Continued global population

increases, climate and environmental changes, and a steady

decrease in arable land pose enormous challenges for

agriculture; new approaches for achieving genome-based

breeding by design are urgently needed to develop new GJ va-

rieties with higher productivity, better quality, stronger stress

tolerance, and higher nutrient use efficiency. The rational design

of breeding strategies based on genome-wide loci selection re-

quires more understanding of the genetic basis of improve-

ments in key agronomic traits of GJ rice cultivars.

Hybridization between XI and GJ rice combined with utilization of

plant ideotypes has greatly contributed to yield improvements in

modern GJ rice in China over the past 50 years (Chen et al., 2007).

Owing to long-term differentiation, selection, and adaptation,

both XI and GJ rice contain many favorable genes, most of

which are distributed in different subspecies or ecotypes in the

form of allelic variation. Therefore, combining the favorable

genes of the two subspecies, including those related to yield,

quality, resistance, adaptability, etc., by XI-GJ hybridization has

great value for creating genotypes with greater yield potential,

stronger stress resistance, and better quality (Gu, 2010). In

recent years, a series of high-yielding and good-quality GJ culti-

vars bred in northern China have been obtained from hybridiza-

tion of XI and GJ. These varieties show ideal shoot architecture

with reduced tiller number, few unproductive tillers, increased

panicle size, thick and sturdy culms, and improved grain yield

(Bai et al., 2018). The introduction of the XI pedigree has

expanded the gene pool of GJ cultivars and further increased

yield, but the genomic regions and genes of the XI genome that

have been introgressed into GJ cultivars in northern China are

unclear.

The genomic analysis of rice germplasm resources based on re-

sequencing is considered to be an efficient approach to address

this question and has been widely used to identify genetic loci

that have contributed to rice domestication (Xu et al., 2011;

Huang et al., 2012; Wang et al., 2018) and improvement (Xie

et al., 2015; Yano et al., 2016; Li et al., 2020). Several recent

studies reported that extensive introgressions between modern

GJ and XI rice varieties have been found during breeding, and

introgression from GJ into XI was much greater than

introgression from XI into GJ (Santos et al., 2019; Chen et al.,

2020; Zhang et al., 2021). This intersubspecific introgression is

likely to have increased within-population diversity and reduced

subspecific differentiation (Zhang et al., 2021). Researchers

also found extensive introgression loci between different

subspecies or subpopulations that may have contributed to

important agronomic traits; such loci include Hd3a and RFT1

for heading date, Waxy and ALK for grain quality, Pi-ta and Ptr

for rice blast resistance, Xa23 for bacterial blight resistance,

and BPH29 for brown planthopper susceptibility (McNally et al.,
2 Plant Communications 3, 100325, May 9 2022 ª 2022 The Author
2009; Zhao et al., 2010; Chen et al., 2020; Wei et al., 2021).

However, existing knowledge about the genomic contributions

of XI genome introgression to trait improvement in GJ rice is

still limited.

Here, 816 GJ rice varieties were collected and sequenced,

including 145 rice landraces and 671 improved varieties. The

improved varieties were divided into three groups on the basis

of their release date: early-stage varieties (released before

1980, hereafter B1980s), middle-stage varieties (released from

1980 to 1999, hereafter 1980s&90s), and late-stage varieties

(released after 2000, hereafter A2000s). We generated a whole-

genome atlas of introgression and selection during GJ breeding.

Using phenotypic data collected in multiple environments, we

identified loci/genes related to the improvement of

agronomic traits. The novel gene Gnd5, which was related to

grain number per panicle (GN), was identified as an introgression

target from XI into GJ. The superior XI haplotypes of Gnd5 signif-

icantly increased GN. The gnd5 knockout mutant showed a dra-

matic reduction in GN, which may have been caused by a

reduced level of cytokinin according to RNA sequencing (RNA-

seq) analysis. We investigated the haplotype usage pattern of

GN-related genes for three representative pedigrees and

analyzed their genetic effects in diverse genetic backgrounds.

Our work reveals the genomic contributions of introgressions

from XI to trait improvements in GJ rice and provides new insights

to guide molecular breeding by genome-wide design in the

future.

RESULTS

Genomic analysis of GJ rice population

Our selected set of 816 GJ rice accessions was composed of 145

landraces and 671 rice improved varieties (including elite varieties,

founder cultivars, and their derivatives) (Figure 1A and

Supplemental Table 1). We selected 318 representative

accessions and phenotyped eight key agronomic traits related to

yield components, plant architecture, and environmental

adaptation across six agro-ecologically diverse locations. Consis-

tent with previous reports (Zhou et al., 2019), the most significant

differences were observed in plant architecture, especially

panicle traits. GN increased from 108.8 to 137.6, panicle length

(PL) increased from 18.4 to 19.0 cm, and panicle number per

plant (PN) decreased from 15.3 to 13.0, indicating that the

panicle type had transitioned from the multi-panicle type to the

large-panicle type over the course of breeding (Figure 1B). Our

findings were consistent with previous reports that a series of

high-yielding GJ cultivars bred in recent years in northern China

showed ideal shoot architecture, with few unproductive tillers,

increased panicle size, thick and sturdy culms, and improved grain

yield (Bai et al., 2018). In addition, the grain length-to-width ratio

(LW) increasedgreatly from2.14 to 2.30. Notably, the susceptibility

to panicle blast (SPB) decreased significantly (Figure 1B). Other

yield component traits, including the seed setting rate (SSR) and

thousand grain weight (GW), did not show significant changes

during the breeding process (Supplemental Figure 1A and 1B).

Moreover, plant height (PH) first decreased and then increased

(Supplemental Figure 1C) because breeders were focused on

generating dwarf plants during early- to middle-stage breeding,

whereas they focused on increasing biomass during late-stage

breeding (Gu, 2010). The trend in heading date (HD) changes
s.
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Figure 1. Phenotypic divergence, population structure, and genetic diversity of GJ rice accessions.
(A) Geographic distribution and breeding stage division of 816 resequenced GJ rice samples. Japan, JAP; Liaoning, LN; Jilin, JL; Heilongjiang, HLJ;

Yunnan, YN; Jiangsu, JS; Xinjiang, XJ; Inner Mongolia, IM. B1980s, rice varieties released before 1980; 1980s&90s, rice varieties released from 1980 to

1999; A2000s, rice varieties released after 2000.

(B) Phenotypic distributions of GN, grain number per panicle; PN, panicle number per plant; PL, panicle length; LW, grain length to width ratio; and SPB,

susceptibility to panicle blast (from left to right) among different breeding stages. Different letters above the boxes indicate significant differences

(p < 0.05, Bonferroni correction) in multiple comparison testing. Violin plots show the distributions of these four agronomic traits.

(C) Maximum likelihood tree based on rice accessions consisting of landraces and improved varieties from three breeding stages.

(D) PCA plots of the first two components for rice cultivars. PC1 and PC2 indicate the scores of principal components 1 and 2, respectively.

(E) Population structure of rice cultivars (K = 4).

(F) Genetic diversity and subgroup differentiation in landraces and improved varieties from different breeding stages. The size of each circle and the

number in each circle represent the level of genetic diversity (p) of each subgroup, and the number on each dashed line represents the FST value between

the subgroups it connects.

(G) Genome-wide average linkage disequilibrium of rice accessions from different subgroups.
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during the breeding process was similar to that in PH

(Supplemental Figure 1C and 1D), consistent with the findings of

a previous study (Li et al., 2020).

To characterize the genetic basis of these phenotypic changes,

all 816 accessions were sequenced to an average depth of

21.23 (Supplemental Table 1), yielding 6 990 489 high-quality

single-nucleotide polymorphisms (SNPs) and 1 108 456 small

(<10 base pairs [bp]) indels after application of a strict filtering

pipeline (Supplemental Table 2). The phylogenetic tree

showed that the rice accessions B1980s tended to

cluster with landraces, whereas the improved varieties,

1980s&90s and A2000s, clustered together (Figure 1C). The
Plant
first two principal components (PCs) explained 25.9% of the

differentiation of the rice accessions; PC1 separated the rice

accessions released before the 1980s and after the 1980s,

and PC2 separated landraces and cultivars to some extent

(Figure 1D). Population structure analysis indicated that one of

the main genetic components of rice landraces (colored in

yellow) has nearly disappeared in modern cultivars, whereas

genetic components with low proportions (colored in blue)

have gradually expanded since the 1980s (Figure 1E,

Supplemental Figures 2 and 3).

To gain a deeper understanding of the genetic makeup of the 816

rice accessions, ancestry inference analysis was performed
Communications 3, 100325, May 9 2022 ª 2022 The Authors. 3
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using the integrated 5K-rice population as a reference (Huang

et al., 2010; Huang et al., 2011; Huang et al., 2012; Chen et al.,

2014; Genomes project, 2014; Yano et al., 2016). The 5K-rice

population includes the major Oryza subpopulations: wild rice;

aromatic; temperate GJ; tropical GJ; intermediate GJ; XI I, II,

and III; aus; and the mixed type. Most of the subpopulation

components of our rice accessions were found to originate

from temperate GJ, although components from tropical GJ and

XI I, II, and III were also detected, suggesting the existence of

gene flows from other subpopulations to GJ cultivars during

modern breeding (Supplemental Table 3 and Supplemental

Figure 4) or segregating standing variation, lineage sorting, and

ancestral population structure. Compared with the genetic

components from tropical GJ, the proportions of genetic

components from XI I, II, and III in our rice samples were

closely correlated with PC1 (XI I: R2 = 0.12, p < 0.0001; XI II:

R2 = 0.52, p < 0.0001; and XI III: R2 = 0.31, p < 0.0001),

indicating that population differentiation between different rice

breeding eras may be associated with XI genome introgression

(Supplemental Figure 5).

Rice landraces show higher genetic diversity than modern vari-

eties. A2000s varieties show greater genetic diversity (p =

9.74 3 10�4) than 1980s&90s varieties (p = 7.60 3 10�4) and

B1980s varieties (p = 6.353 10�4), suggesting that the introduc-

tion of germplasm from XI rice contributed to the genetic diversity

of GJ rice during modern breeding (Figure 1F). Linkage

disequilibrium (LD) decayed within 360 kb for rice landraces.

For B1980s, 1980s&90s, and A2000s cultivars, LD decayed

within 480, 680, and 640 kb, respectively (Figure 1G), in general

agreement with results from a previous study (Li et al., 2020).
XI genome introgression to GJ cultivars contributes to
trait improvements

The ancestral components from admixture analysis were used as

a proxy for admixture proportion. The inference of admixture pro-

portions revealed that the proportion of XI (including XI I, II, and III)

genetic components was 0.069 for cultivars bred in A2000s,

whereas this proportion was 0.033 for those bred in 1980s&90s

and 0.017 for those bred in B1980s, consistent with the historical

time period of XI-GJ hybridization (Sun et al., 2012). With regard

to rice accessions from different geographic locations, the

average proportions of XI genome components were ranked as

follows (from maximum to minimum): Liaoning (0.100), Jilin

(0.052), Heilongjiang (0.024), and Japan (0.011) (Supplemental

Table 3). These results reveal that the use of intersubspecies

XI-GJ hybridization varied among different locations. Four-

taxon fd statistics were calculated to detect introgression regions

from XI into GJ cultivars in different breeding eras and geographic

locations (Figure 2A and Supplemental Figure 6). The most

introgression regions were detected from XI II into GJ rice bred

in A2000s and Liaoning, and this result was further supported

by TreeMix (Figure 2B and Supplemental Figure 7). For rice

accessions from A2000s, we detected 45.47, 51.82, and 36.02

Mb of introgression regions from XI I, II, and III, respectively

(Supplemental Table 4). In total, we found that 94.84 Mb of

introgression regions could be of XI origin. For rice accessions

from Liaoning, 56.51, 67.86, and 60.73 Mb of introgression

regions were identified from XI I, II, and III, respectively

(Supplemental Table 5).
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The proportion of XI genome introgressions was significantly

positively correlated with GN (XI I, r = 0.233; XI II, r = 0.489; XI

III, r = 0.186; p < 0.01), PL (XI II, r = 0.222; XI III, r = 0.326;

p < 0.01), and LW (XI II, r = 0.489; p < 0.01), whereas a

significant negative correlation was observed between the pro-

portion of XI genome introgressions and PN (XI I, r = �0.170; XI

II, r = �0.359; XI III, r = �0.213; p < 0.01) and SPB (XI I, r =

�0.186; XI II, r = �0.343; XI III, r = �0.166; p < 0.01)

(Supplemental Figure 8). Introgressions from the XI genome

may have contributed to improvements in yield-related traits

and rice blast resistance in modern GJ cultivars during

breeding. The introgression regions harbored a large number of

panicle-related genes (Supplemental Tables 6 and 7). For

example, the introgression region from XI I between 24.62 and

25.96 Mb on chromosome 8 contained the ideal plant

architecture gene IPA1 (Supplemental Figure 9A), which

influences rice plant architecture and yield (Jiao et al., 2010).

Haplotype analysis of IPA1 based on causal variants revealed

that the frequency of the superior XI haplotype Hap2 increased

during GJ rice breeding (Figure 2C–2F), suggesting IPA1 as an

introgression target during modern GJ rice breeding. We also

found that introgression regions from XI carried SMG1 and

DEP3, and the superior XI alleles (Supplemental Figures 10 and

11), which have been reported to improve yield by increasing

GN (Durand et al., 2011; Qiao et al., 2011; Xu et al., 2018),

increased during breeding. In addition, many other genes

related to plant type and yield components, including DLT (Tong

et al., 2012), Ghd7 (Xue et al., 2008), and GW5 (Liu et al., 2017),

were detected in introgression regions. Notably, the frequency

of the superior XI haplotypes of Gnd7 (Hap2, conferring

increased GN; GNHap1 = 105.7 and GNHap2 = 128.7; p < 0.01)

and GW5 (Hap2, conferring increased LW; LWHap1 = 2.18 and
LWHap2 = 2.49; p < 0.01) increased during GJ rice breeding.

In addition, we identified two rice blast resistance genes, Pib and

Pi-d2, on chromosome 2 and chromosome 6, as introgression

targets (Supplemental Figure 9B and 9C) (Chen et al., 2006; Li

et al., 2015; Vasudevan et al., 2016), which showed increases in

the frequency of the superior XI haplotype over time

(Figure 2C–2F). Other genes contributing to resistance to

stress, disease, and insects were also identified as potential

targets of introgression, including OsPIN3t (related to drought

tolerance) (Zhang et al., 2012); Pish (Takahashi et al., 2010), Pi5

(Cesari et al., 2013), and Pia (related to rice blast resistance)

(Okuyama et al., 2011); xa13 (Chu et al., 2006) and Xa21

(related to bacterial blight resistance) (Song et al., 1995); and

Bph3 (related to brown planthopper resistance)

(Kamolsukyunyong et al., 2013). Notably, genes controlling

pollen fertility were also identified in XI into GJ introgression

regions. For example, the superior haplotype of the hybrid

incompatibility-related gene DPL2 (Mizuta et al., 2010) was

found to have been introduced from XI into GJ, suggesting the

effort of developing intersubspecies hybrids.

Selection signatures in different GJ rice breeding stages

Weperformedagenomescanusingacross-populationcomposite

likelihood ratio (XP-CLR) approach to detect putative selected re-

gions from different rice breeding eras: B1980s versus landrace

(early-stage), 1980s&90s versus B1980s (middle-stage), and

A2000s versus 1980s&90s (late-stage). A total of 1362 potential

selected regions with an average size of 51.25 kb were detected
s.
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Figure 2. Identification of introgression signals from the XI genome into GJ rice cultivars in northeastern China.
(A) Distribution of the top fifth percentile fd value in cultivars from different breeding stages (left) and different geographic locations (right). Boxplots show

the median, box edges represent the first and third quartiles, and whiskers represent the 1.53 interquartile range.

(B) Maximum likelihood tree inferred by TreeMix allowing migration events from subgroups consisting of O. barthii, XI, and GJ samples from different

breeding stages (left) and different geographic locations (right).

(C)Haplotype network of IPA1 (left), Pib (middle), and Pi-d2 (right) based on 5K-rice as a reference. The size of each circle is proportional to the number of

samples for a given haplotype.

(D) Frequency distributions of IPA1 (left), Pib (middle), and Pi-d2 (right) haplotypes in different breeding stages.

(E) Frequency distributions of IPA1 (left), Pib (middle), and Pi-d2 (right) haplotypes in different locations.

(F) Boxplot of GN and PN for different haplotypes of IPA1 (upper) and SPB for different haplotypes of Pib and Pi-d2 (lower).
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Figure 3. Whole-genome screening for differential selection during modern GJ rice breeding.
(A–C) Genome-wide selective signals (XP-CLR score) of B1980s versus landrace (A), 1980s&90s verses B1980s (B), and A2000s verses 1980s&90s (C).

The horizontal dark blue lines represent the cutoffs used to define statistical significance. The red arrows indicate candidate genes with amino acid

exchange. The gray arrows with dashed lines indicate candidate genes with variants in regulatory region.

(D) Comparison of the identified selective sweeps between different breeding stages.

(E) Number of genes encompassed in the selective sweeps of different breeding stages.
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in at least oneof thecomparisons (Figure3A–3DandSupplemental

Table 8). Because of the possibility of population structure,

bottleneck, random drift, etc., we considered 286 common

selective sweeps that were detected in at least two comparisons
6 Plant Communications 3, 100325, May 9 2022 ª 2022 The Author
as important candidates for selection during breeding. Notably,

23.5% of our selective sweeps overlapped with previously

reported sweeps for improvement in GJ rice of central China

(Xiao et al., 2021), indicating that the genomic regions selected
s.
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duringmodern breeding are distinct among different rice cropping

regions, potentially owing to environmental differences.

Across stages and populations, 7463 genes were encompassed

in the selective sweeps (Figure 3E and Supplemental Table 8).

Gene ontology analysis revealed that these genes were

enriched in terms related to morphology, growth, and

development (Supplemental Figure 12). We selected an

additional subset of 1,401 genes containing amino acid

exchanges in coding regions and 4329 genes with variants in

regulatory regions that showed changes in allele frequency

across breeding stages. Because these variations in coding

regions and regulatory regions are likely to induce functional

alterations, we considered these genes to be particularly

intriguing candidates for selection during breeding.

As expected, many cloned genes controlling agronomically

important traits were identified in selective sweeps

(Supplemental Table 9). For example, Hd6, which influences the

HD of rice plants, was located in selective sweeps in early-

stage breeding. Previous studies confirmed that Hd6 has been

a major target of artificial selection during rice breeding because

of its beneficial effects on flowering time and reproductive fitness

during the northward expansion of rice cultivation (Nemoto et al.,

2018). In addition, genes related to HD, yield, and brown

planthopper resistance, including DTH2 (Wu et al., 2013),

OsMADS57 (Guo et al., 2013), FUWA (Chen et al., 2015), and

Bph26 (Tamura et al., 2014), were also detected in selective

sweeps. In middle-stage breeding, the pleiotropic genes NAL1

andDTH7were identified in selective sweeps. As reported in pre-

vious studies, NAL1 improved yield and altered the plant type by

increasing the leaf blade width, number of secondary branches

per panicle, GN, and grain yield per plant (Zhang et al., 2014),

and DTH7 greatly delayed rice heading and enhanced grain

productivity (Gao et al., 2014). Notably, both of these two

genes were also identified in selective sweeps for improvement

in GJ rice of central China (Xiao et al., 2021). Interestingly, the

domestication gene PROG1 was identified in our selective

sweeps. Previous studies reported that PROG1 is a pleiotropic

gene that can control tiller angle, GN, and PN (Tan et al., 2008).

In this study, we found that the frequency of the superior

haplotype (conferring increased GN) of PROG1 had increased

since the 1980s, indicating that this gene was a potential

candidate of selection to improve GN during breeding. As

expected, many other agronomically important genes, including

OsTB1 (Takeda et al., 2003), DEP2 (Li et al., 2010), ALK (Gao

et al., 2003), RSR1 (Fu and Xue, 2010), COLD1 (Ma et al.,

2015), and Xa25 (Liu et al., 2011), were also included in the

selective sweeps. In late-stage breeding, key genes related to

yield, disease resistance, and insect resistance were identified

as potential targets of selection, including LAX1 (Komatsu

et al., 2001), FZP (Bai et al., 2017), RAE2 (Jin et al., 2016), GS2

(Hu et al., 2015b), SMG2 (Xu et al., 2018), Pi56 (Liu et al., 2013),

and Bph32 (Ren et al., 2016). The frequency of the superior

haplotype of each gene increased during breeding, indicating

that these genes had undergone breeding pressure

(Supplemental Figure 13). Intriguingly, we found that some

genes (including DTH2, DEP2, SMG2, etc.) in selective sweep

regions were detected in at least two breeding stages and may

therefore have undergone consistent selection during GJ

breeding.
Plant
Genome-wide association study of agronomic traits in
GJ rice

We performed a genome-wide association study (GWAS) of eight

key agronomic traits using 318 representative accessions from all

breeding eras and identified a total of 250 significant loci (p <

1 3 10�4; Supplemental Figure 14 and Supplemental Table 10).

Among them, 100 significant loci overlapped with known

functional genes or previously reported quantitative trait

nucleotides (QTNs) (Supplemental Table 10). For example, NAL1,

DEP1, Ghd7, and GS3 (Fan et al., 2006) were successfully

identified in these GWAS peaks (Supplemental Table 11). We

also identified some new and highly promising associations,

such as OsFTL6 (Os04g0488400), which encodes a protein

homologous to Arabidopsis FT (flowering time) and was

associated with HD. In addition, we found that OsGA2

(Os02g0571300), encoding a protein homologous to Arabidopsis

GA2, which functions in the gibberellin biosynthetic pathway in a

manner related to regulation of PH, was associated with PH. For

each of these two loci, putative causal polymorphisms were also

identified in their coding regions. By combining the introgression

and selection analysis mentioned above, we found that OsFTL6

has been a potential selection target of GJ breeding, and OsGA2

showed evidence of introgression during the breeding process

(Supplemental Table 10).

The intersections of regions subject to introgression or selection

with GWAS peaks revealed loci related to trait improvement in

modern breeding. In total, 107 and 146 of the GWAS loci overlap-

ped with genomic regions showing evidence of introgression and

selection, respectively. Among the GWAS loci associated with

panicle traits, 41.2% (21/51) and 62.7% (32/51) (23 for PL, 17

for PN, and 11 for GN; Supplemental Table 10) showed

evidence of introgression and selection, respectively, which

were important for modern breeding. For example, a series of

genes with known functions were successfully identified in both

GWAS peaks and introgression regions, including OsLIC1

(Wang et al., 2008) and PHS9 (Garg et al., 2010) for GN.

Haplotype analysis further revealed that the frequency of the

superior XI haplotype Hap2 of these genes increased during GJ

rice breeding (Supplemental Figure 15), suggesting that these

genes were introgression targets during modern GJ rice

breeding. In addition, DTH7 and NAL1, which were related to

PH and PN, were identified in both GWAS peaks and selective

sweeps, and the frequency of their superior haplotypes

increased during GJ rice breeding (Supplemental Figure 13).
A novel GRAS transcription factor gene was identified
as an introgression target

We observed an SNP (GN_Chr05_Pos18409450; p < 1 3 10�4)

with a significant signal associated with GN on chromosome 5

from 18 241 644 to 18 409 696 within a large LD block (>300 kb)

(Figure 4A and 4B) that also showed strong evidence of

introgression by fd analysis in the middle stages of GJ breeding

(Supplemental Table 4). We further narrowed our focus to nine

genes with nonsynonymous variants in this block. A novel GRAS

transcription factor gene named Gnd5 (Os05g0378500) was

identified as a high-confidence candidate.

Previous studies have demonstrated that proteins in the GRAS

family are involved in gibberellin signal transduction, which plays
Communications 3, 100325, May 9 2022 ª 2022 The Authors. 7
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Figure 4. GWAS for grain number per panicle and identification of the novel gene Gnd5 on chromosome 5.
(A)Manhattan plot for GWAS results for grain number per panicle. The red arrow indicates the location of the candidate gene Gnd5. The red dashed line

represents the significance threshold (�log10P = 4).

(B) Local Manhattan plot (top) and LD heatmap (bottom) surrounding the peak on chromosome 5. Red dots indicate the position of missense variations in

Gnd5.

(C) Gene structure of Gnd5 and DNA polymorphisms in the coding region.

(D) Haplotype network of Gnd5 based on 5K-rice as a reference.

(E) Frequency distributions of Gnd5 haplotypes in different breeding stages (left) and different locations (right).

(F) Boxplot of GN for different haplotypes of Gnd5.

(legend continued on next page)
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critical roles in many biological processes during plant develop-

ment (Tian et al., 2004). Gnd5 encodes a GRAS protein that

belongs to the SCL3 subfamily (Supplemental Figure 16) (Niu

et al., 2019) and contains a 1683-bp open reading frame (ORF)

with only one exon. Among our 816 rice accessions, only two

nonsynonymous SNP variants were detected in the coding region

(Figure 4C). Haplotype analysis based on these two SNPs

revealed that the frequency of the superior haplotype (Hap2,

conferring increased GN) increased during GJ rice breeding.

Notably, this superior haplotype was introduced from XI rice

into GJ rice in the 1980s, indicating that Gnd5 has been an

introgression target during modern GJ rice breeding

(Figure 4D–4F). To validate the effect of Gnd5 on GN, we

assayed phenotypes using CRISPR-Cas9 knockout lines that

contained homozygous indels in exons (gnd5-1 and gnd5-2

had a 1 bp in-frame deletion or insertion at +627 bp of the

Gnd5 locus, respectively). GN was dramatically reduced in

gnd5-1 and gnd5-2 knockout mutants by 72.21% and 73.23%

(p < 0.01; Figure 4G–4I), demonstrating a critical role for Gnd5

in the regulation of GN.

We also performed RNA-seq analysis on young panicles from

gnd5 mutants and wild-type plants and identified 2975 putative

differentially expressed genes (DEGs), 1625 upregulated and

1350 downregulated (Supplemental Figures 17 and 18,

Supplemental Table 12). Gene ontology analysis revealed that

these DEGs were highly enriched in the term response to

hormone (p = 5.2 3 10�11), and most of the hormone response

genes were in the cytokinin signaling pathway, suggesting that

gnd5 was probably involved in the cytokinin signaling pathway

(Supplemental Figure 19). In the gnd5 mutants, we observed

increased expression of cytokinin-catabolism-related

genes such as Gn1a, OsRR6, DST, and D53 (Figure 4J), which

led to a reduction of cytokinins in reproductive meristem activity,

resulting in inhibition of cell division and reduced GN. As

reported previously, cytokinins and gibberellins play antagonistic

roles in the regulation of reproductive meristem activity, and the

balance between these two hormones is regulated by KNOX

proteins (Wu et al., 2016). We found increased expression levels

of KNOX genes (OSH1, OSH3, OSH6, OSH15, OSH43, and

OSH71) and decreased expression levels of gibberellin-

catabolism-related genes (OsGA2ox1, OsGA2ox2, OsGA2ox7,

OsGA2ox8, OsGA2ox9, OsGA2ox10, and OsGA3ox1) in gnd5

mutants, consistent with the reduced-GN phenotype, suggesting

that Gnd5 plays roles in gibberellin signaling.

Recent structural studies have shown that the conserved GRAS

domain mediates homodimerization (Hakoshima 2018). First, we

usedco-immunoprecipitation (co-IP) andbimolecularfluorescence

complementation (BiFC) assays to confirm that OsGnd5 showed

homomeric interactions in the nucleus and cytosol (Supplemental

Figure 20A and 20B). Notably, one of the amino acid substitutions

(S185A) was observed in Hap2 and Hap3 in the Leucine

heptad repeat I(LHRI) domains, and the other amino acid

substitution (T420I) was detected in Hap2 in the PFYRE domains.
(G) Knockout sequences of Gnd5 targeted by the CRISPR-Cas9 system.

(H) Image of panicles of wild-type plants (WT) and knock-out mutants (gnd5-

(I) Bar plot of GN for WT and knock-out mutants (gnd5-1 and gnd5-2).

(J) The heatmap of scaled expression scores of GA- and CK-related genes in

Plant
Intriguingly, both the single amino acid substitution (S185A) and

the double amino acid substitution (S185A and T420I) impaired

the homomeric interaction of OsGnd5, and this result was

confirmed by yeast two-hybrid and co-IP assays (Supplemental

Figure 20C and 20D). To further examine the impact of different

haplotype versions of Gnd5 on gene expression regulation of

panicles, we transiently expressed OsGnd5, OsGnd5S185A,

andOsGnd5S185A+T420I andexaminedwhether theyhaddistinctac-

tivities in the regulation of Gn1a, OsRR6, and DST. As shown in

Supplemental Figure 20E, OsGnd5S185A and OsGnd5S185A+T420I

showed higher activity in repressing the expression of Gn1a,

OsRR6, and DST. Taken together, these results indicate that the

amino acid substitution in Hap2 and Hap3 in the LHRI and

PFYRE domains reduced the homomeric interaction of OsGnd5,

further improving its repression activity towards genes related to

cytokinin catabolism and increasing GN.

Superior haplotype combinations were used differently
in three GJ breeding pedigrees

To explore the genetic factors that have affected trait improve-

ment in GJ rice breeding, we examined the haplotype usage pat-

terns of genes related to GN in three historical and representative

pedigrees of founder cultivars, including Liaogeng5 (LG5), Ji-

geng60 (JG60), and Hejiang20 (HJ20), which originated from

Liaoning, Jilin, and Heilongjiang, respectively (Figure 5A–5C).

The haplotype usage of 32 known functional genes related to

GN and the newly identified gene Gnd5 was calculated under

multiple environments. For most of the 33 genes, several

superior haplotypes, such as those of NAL1, Hd1, ASP1,

GNP1, Ghd7, and Ghd8, were widely used in all three

pedigrees. In particular, the superior haplotypes of Hd1 and

Ghd8 were found to be nearly fixed; however, some haplotypes

were used differently among the three selected pedigrees. For

example, the superior haplotypes of Gnd5, IPA1, PAP2, and

SP1 were widely identified in the LG5 pedigree, but they were

present in only a small number of accessions in the JG60 and

HJ20 pedigrees. The superior haplotypes of Gn1a and LAX1,

which are associated with increased GN, were found in most

accessions in the JG60 and HJ20 pedigrees. Many accessions

in the LG5 pedigree, such as Liaogeng5 and Shennong189,

lacked the superior haplotypes of Gn1a and LAX1. Notably, the

founder cultivar Jigeng60 and super rice cultivars, such as

Liaoxing1 and Jigeng88, are excellent donors for superior

haplotypes of Gn1a and LAX1, which improve GN.

The genetic effects of the 33 genes were calculated in the GJ cul-

tivars across three pedigrees and three geographic locations,

including Liaoning, Jilin, and Heilongjiang (Figure 5D and

Supplemental Figure 21A). In the LG5 pedigrees, large-effect

genes, such as NAL1, GAD1, OsLSK1, and Gnd5, accounted

for 10.14%, 10.08%, 8.12%, and 7.61% of the phenotypic varia-

tion, respectively. OsLSK1, APO1, DEP3, and OsMADS50 were

large-effect genes in the JG60 pedigree, whereas OsMADS50,

GSN1, andOsSHI1were large-effect genes in the HJ20 pedigree.

In addition, some large-effect genes, such as sped1-D, Gnd5,
1 and gnd5-2). Scale bar, 15.5 cm.

the WT and the gnd5 mutant.
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Figure 5. Usage pattern of 33 grain-number-related genes in three pedigrees and gene effects in different pedigrees.
(A–C) The phenotypes and haplotypes of 33 genes in rice accessions from the Liaogeng5 (A), Jigeng60 (B), and Hejiang20 (C) pedigrees. Generations

one to five represent the first to fifth filial generations of the founder cultivar, Liaogeng5, Jigeng60, or Hejiang20. Haplotypes are represented by different

colors. Genes harbored in the introgression region and selective sweeps are pointed out by red stars and blue triangles, respectively.

(D) Bar plot of the contribution to phenotypic variance for each gene from different pedigrees.

(E) The correlation between the cumulative effect of 33 grain-number-related genes and theGN in three pedigrees (from left to right: Liaogeng5, Jigeng60,

and Hejiang20).
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and ASP1, accounted for 12.24%, 11.22%, and 7.10% of the

phenotypic variation, respectively, in Liaoning. APO1, DEP3,

and OsMADS50 were identified as large-effect genes in Jilin,

and OsMADS50, PAP2, and Gnd5 were identified as large-
10 Plant Communications 3, 100325, May 9 2022 ª 2022 The Author
effect genes in Heilongjiang. Haplotype usage patterns were

consistent with the effects of genes such as NAL1, APO1, and

OsMADS50. Notably, the superior haplotypes of Gnd5 and

DEP3 were only specifically introgressed into LG5 and JG60
s.
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pedigrees, respectively. Therefore, estimating genetic effects in

different breeding locations can explain the distinct introgression

levels of XI gene haplotypes in the three GJ pedigrees. Notably,

the cumulative effect of the 33 genes was significantly positively

correlated with GN in three pedigrees and two locations

(Figure 5E and Supplemental Figure 21B). In future breeding

programs, genetic insights from existing pedigrees may enable

quantitative trait loci (QTL) pyramiding and breeding route

optimization in a wide rice genetic background.

DISCUSSION

Intensive selection during breeding often reduces the genetic di-

versity of crops, which may result in artificial genetic bottlenecks

and the discarding of many favorable genetic variations (Hyten

et al., 2006). Interestingly, our study showed increasing

nucleotide diversity in GJ cultivars during modern breeding, in

contrast to a previous study that reported reduced nucleotide

diversity in maize inbred lines during modern breeding (Hufford

et al., 2012) but consistent with a report of increased diversity

during Chinese wheat breeding (Hao et al., 2020). The reason

for the increased nucleotide diversity of modern GJ cultivars is

the wide use of XI-GJ hybridization after the 1980s, which intro-

duced XI haplotypes that were absent in GJ landraces and

early-stage varieties. It is well established that the XI and GJ ge-

nomes represent quite distinct gene pools owing to long-term

ecological adaptation (Gu, 2010), and, accordingly, XI and GJ

rice varieties show obvious differences in physiological

characteristics. Artificial crosses generated by breeding

programs have led to the introgression of XI haplotypes into GJ

cultivars and promoted the recombination of these two gene

pools, creating new recombinant blocks and improving the

agronomic traits of GJ cultivars. Hence, the genetic diversity of

GJ cultivars was enhanced during modern late-stage breeding.

This finding is consistent with previous research showing that in-

tersubspecific introgression was likely to have increased within-

population diversity (Zhang et al., 2021). Furthermore, we found

clear population differentiation between varieties bred before

the 1980s and varieties released after the 1980s, and this

differentiation was caused mainly by XI genome introgression.

Our findings imply that XI-GJ hybridization has made great con-

tributions to the enhancement of genetic diversity and population

differentiation in GJ cultivars.

Using a genome-wide scanning method, we found that modern

breeding has increased introgression from three XI subpopula-

tions into GJ cultivars. Notably, the proportion of XI genome intro-

gressions was significantly positively correlated with GN and rice

blast resistance, providing insight into the contribution of the XI

genome to the breeding of GJ cultivars. In the early, middle,

and late stages of breeding, the average genetic effects of intro-

gression for yield components (including GN, PN, and GW) were

43.79%, 50.81%, and 56.59%, respectively (Supplemental

Table 13). These results suggested that the contribution of XI

genome introgression to the genetic improvement of GJ

cultivars was consistently increasing during modern breeding.

In the early breeding stage of GJ rice, trait improvement was

achieved mainly through intrasubspecies hybridization and

artificial selection to pyramid and fix the superior alleles of key

genes, and the genetic background became narrower at the

same time. In the mid-to-late breeding stage, to broaden the ge-
Plant
netic basis of GJ cultivars and break the breeding bottleneck, su-

perior alleles from the XI rice genome were introduced into GJ

cultivars by crosses between XI and GJ subspecies and intensive

artificial selection. With continuous optimization of trait combina-

tions during the breeding process, superior haplotypes in both XI

and GJ genomes were aggregated, and a number of new vari-

eties with high yield, good quality, and strong resistance to dis-

eases and pests were cultivated.

Since XI-GJ hybridization and ideal plant type breeding strategies

have been widely exploited in modern rice breeding, superior

haplotypes of genes from XI rice, especially those related to plant

architecture and yield, have been introduced into GJ rice and

have played important roles in improving modern GJ cultivars

(Xing and Zhang, 2010). As expected, many haplotypes of key

genes associated with plant type and yield, including IPA1,

DEP3, SMG1, Ghd7, and GW5, were identified as potential

targets of introgression, and the frequency of the superior XI

haplotype for each gene increased during GJ rice breeding.

Moreover, a number of stress, disease, and insect resistance

controlling genes, including OsPIN3t, Pib, Pi-d2, Pia, xa13, and

Bph3, were also identified as potential targets of introgression.

These findings were consistent with a previous study in which

genes related to rice blast resistance (Pi-ta and Ptr) and

bacterial blight resistance (Xa23) were found in regions that had

undergone introgression from XI into GJ cultivars (Chen et al.,

2020). Although some superior haplotypes from XI have

successfully improved the plant architecture and yield of GJ

cultivars, others are underused or even unused. For example,

the superior haplotypes of IPA1 from XI were abundant in

accessions from Liaoning but scarce in accessions from

Heilongjiang. The same situation was observed for Gnd5, which

has huge potential for future breeding utilization. Superior XI

haplotypes of genes related to efficient fertilizer utilization,

abiotic stress, and biotic stress were also unutilized. For

example, the superior XI haplotypes of the nitrate transporter

gene NRT1.1B (Hu et al., 2015a) and the nitrate reductase gene

OsNR2 (Gao et al., 2019) could greatly promote nitrogen use

efficiency, but the inferior haplotypes of these two genes were

almost fixed in GJ cultivars. In addition, the superior XI

haplotypes of TOND1 (providing increased tolerance to nutrient

deficiency) (Zhang et al., 2015), OsLG3 (providing increased

tolerance to drought) (Yu et al., 2017), and LHCB5 (providing

increased blast resistance) (Liu et al., 2019) were also

underutilized in GJ breeding. Our results suggest that many

superior haplotypes of key genes related to fertilizer use

efficiency as well as abiotic and biotic stress traits are currently

underutilized in GJ rice, revealing the huge potential of

intersubspecific hybridization for genetic improvement of GJ

rice in the future. Our study not only sheds light on the genomic

contributions of introgressions from XI to trait improvements of

GJ rice cultivars but also provides useful information for

maximizing the level of XI-GJ hybridization in crop breeding.

METHODS

Plant materials and genome resequencing

A total of 816 GJ rice varieties were collected from China National Crop

Genebank, including 145 rice landraces and 671 improved varieties (con-

sisting of elite varieties, founder cultivars, and their derivatives). The vari-

eties were identified as GJ type both based on phenotype using Cheng’s

index method (Wang et al., 1987) and genotype using whole-genome
Communications 3, 100325, May 9 2022 ª 2022 The Authors. 11
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SNPs. Most of the accessions were collected in northeastern China and

Japan. Detailed information about each accession, including name,

geographic origin, release time, and subpopulation classification, can

be found in Supplemental Table 1.

We performed DNA isolation and genome resequencing of each rice

accession. The young seedlings of 816 rice accessions were collected,

and their genomic DNA was extracted with the cetyl trimethylammo-

nium bromide (CTAB) method (Murray and Thompson, 1980). The

genome sequencing libraries (Illumina TruSeq DNA) were sequenced

with an Illumina X Ten sequencer, yielding a total of 43.2 billion 150-

bp paired-end reads (6.5 tera-bases; Supplemental Table 1).

Sequencing coverage and depth for each sample were calculated

with mosdepth (Pedersen and Quinlan, 2018); the average

sequencing coverage for each sample was 90%, and the average

depth was 21.23 (Supplemental Table 1).

The integrated 5K-rice accession was gathered from six previously pub-

lished datasets: (1) a global collection of 533 diverse O. sativa accessions

generated by Chen et al. and downloaded from the NCBI Sequence Read

Archive under accession number PRJNA171289 (Chen et al., 2014); (2)

1083 worldwide rice varieties collected by Huang et al. and downloaded

from the European Bioinformatics Institute (EBI) European Nucleotide

Archive with accession numbers ERP000106 and ERP000729 (Huang

et al., 2011); (3) 446 diverse O. rufipogon accessions from Asia and

Oceania sequenced by Huang et al. and downloaded from the EBI

European Nucleotide Archive with accession numbers ERP001143(Huang

et al., 2012); (4) the 3000 rice genome project, composed of 2466

accessions from the International Rice Genebank Collection (IRGC) at the

International Rice Research Institute (IRRI) and 534 accessions from the

China National Crop Genebank (CNCGB), downloaded from the NCBI

Sequence Read Archive under accession number PRJEB6180 (Genomes

project, 2014); (5) 176 GJ rice varieties cultivated in Japan, collected by

Yano et al., and downloaded from the NCBI Sequence Read Archive

under accession number PRJDB4518 (Yano et al., 2016); and (6) 87 Oryza

barthii samples from the NCBI Sequence Read Archive under accession

number PRJEB21312 (Cubry et al., 2018).

Phenotyping

Three hundred and eighteen rice varieties were planted and phenotyped

across six different environments in 2017: the city of Shenyang in Liaoning

province, Beijing, Yinchuan in Ningxia province, Linyi in Shandong prov-

ince, Nanchang in Jiangxi province, andSanya inHainan province in China.

We collected the seeds from the same panicle of each rice variety for phe-

notyping and sequencing. A sequential experimental designwas used in all

six trials with two replications. Each plot consisted of three rows with 16

plants; each was plantedwith a 13.3-/26.7-cm spacing between the plants

and the rows. At least five plants in the middle of the plot were selected for

phenotyping of PH, PL, GN, PN, GW, SSR, and LW according to the stan-

dard evaluation system for rice (Han et al., 2006).

A total of 501 rice varieties were screened for panicle blast resistance un-

der natural conditions in the blast nursery at the experimental farm of

Donggang Agricultural Center in Liaoning province, China. The panicle

blast screening was conducted twice during the two wet seasons of

2017 and 2018 with two replications. Each plot contained three rows

with 15 plants per row. The row and column spacings were set to 30.0

and 13.3 cm, respectively. In addition, known susceptible checks (Meng-

gudao) were sown in borderlines as spreader rows and after each test va-

riety to promote uniform spread of the disease. Reactions of each variety

for panicle blast were scored according to the standard evaluation system

for rice (Han et al., 2006).

Read alignment and variant calling

fastp was used to trim adapters and filter low-quality reads (Chen et al.,

2018) with default settings except for a minimum read length of >70 bp.
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The clean paired-end reads were aligned to the rice reference genome

(Nipponbare reference no. IRGSP-1.0) (Kawahara et al., 2013) using

default parameters of BWA (v.0.7.12) with the MEM algorithm (Li and

Durbin, 2009). Reads with multiple hits were removed using SAMtools

(v.1.3) (Li et al., 2009), and only the uniquely mapped reads were

retained for variant detection. Potential PCR duplicates were marked

using Picard (v.2.1.1) with MarkDuplicates and then removed with

SAMtools. Alignments around small indels were remapped using

genomic analysis toolkit (GATK) (v.3.7) (McKenna et al., 2010) with

RealignerTargetCreator and IndelRealigner, and raw variants were

called based on the realigned BAM file. Consecutive steps using GATK

‘HaplotypeCaller’ with parameters ‘-stand_call_conf 30,

-stand_emit_conf 10’, SAMtools (v.1.3) ( Li et al., 2009), and BCFtools

(v.1.8) (Li, 2011) were also applied to each rice accession for

variant calling. To reduce the false discovery rate of the variants, the

variants were filtered using GATK VariantFiltration according to the

following threshold: QUAL <30, QD < 2, ReadPosRankSum < -8,

FS > 60. To correct base quality scores for systematic technical errors

based on the concordance variants detected by SAMtools and GATK,

the variants were further filtered with GATK ‘BaseRecalibrator’. After the

filtrations, all of the GVCF files from 816 resequenced rice accessions

were then merged. A total of 6 990 489 SNPs and 1 108 456 indels (small

insertions and deletions <10 bp) were identified from the analyses of the

genomes of 816 accessions. The variants with missing rate more than

0.2, minor allele frequency less than 0.05, and heterozygous genotypes

were excluded using VCFtools (v.0.1.13) (Danecek et al., 2011). SNP

annotation was performed using SnpEff (v.4.3) (Cingolani et al., 2012) on

the basis of the Nipponbare reference genome (v.7.0). The untyped

genotype data of the SNP sets used in the following analysis were

imputed with Beagle software (v.4.1) (Browning and Browning, 2007)

using a sliding window of 10 000 bp and a step length of 1000 bp.

Population genetic analysis

The PC analysis was estimated using PLINK (v.1.90) (Purcell et al., 2007)

pca. The genome-wide average r2 between two SNPs within 1-Mbp win-

dows was calculated using PLINK with the parameters –ld-window 99999

–ld-window-kb 1000 –ld-window-r2 0, and the distance of LD decay was

represented as the physical distance over which r2 dropped to half of the

maximum value. The sequence diversity statistics (p) and the population-

differentiation statistics (FST) were computed using a 10-kb window with

VCFtools (v0.1.13) (Danecek et al., 2011). An individual-based maximum

likelihood tree was constructed using the GTRGAMMA model in RAxML

software (v.8.2.X) (Stamatakis, 2014) with a subset of 124 299 SNPs.

This SNP subset was filtered by LD pruning with a window size of 10

kb, a window step of one SNP, and an r2 threshold of 0.8. The model-

based estimation of ancestry for the population was carried out using

ADMIXTURE (Zhou et al., 2011) with the evenly distributed SNPs with

default parameters.

Identification of introgression

A four-taxon fd statistic was used to identify the genomic segments intro-

gressed from the XI group (Durand et al., 2011).Oryza barthii (O) was used

to infer the ancestral (A) and derived (B) SNP allelic states in the

populations of XI (P3), GJ landrace (P1), and modern GJ cultivars (P2).

Inference of ancestral state is described above. Three previously

identified XI subpopulations were used as P3: XI I, XI II, and XI III.

Without gene flow, the ABBA and BABA allele configurations in the four-

taxa tree (((P1, P2), P3), O), should be equally frequent; gene flow between

GJ cultivars and XI rice would result in an excess of ABBA relative to BABA

that could be detected using the fd statistic. The fd statistic was calculated

in sliding windows of 100 000 kb with a step of 10 kb. Windows with fewer

than three informative SNPs (neither ABBA nor BABA) were ignored. Win-

dows with negative values of Patterson’s D statistic (closely related to the

fd statistic) and fd > 1 were ignored. TreeMix (v.1.12) (Pickrell and

Pritchard, 2012) was used to build the ancestry graphs assuming one

migration edge, the placement and weight of each being optimized by
s.
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the algorithm. TreeMix was run using the global option, and the sample

size correction was disabled. SEs were estimated in each block with

500 SNPs. The optimal number of migration edges on population trees

from TreeMix was estimated with the R package OptM (Fitak, 2021).

The haplotype network of candidate genes was constructed with

PopART (v.1.7) (Leigh et al., 2015) using the missense and nonsense

SNPs from the coding regions (if there was no missense or nonsense

SNP, SNPs within 5 kb upstream of genes from the regulatory regions

were used) (Supplemental Table 14).

Detection of selective sweeps

Whole-genome screening of selection was performed using XP-CLR

(v.1.0), amethod based onmodeling the likelihood ofmulti-locus allele fre-

quency differentiation between two populations (Chen et al., 2010). We

used the earlier breeding era as a reference and the later one as a query

to identify the potential breeding sweeps (B1980s versus landrace,

1980s&90s versus B1980s, and A2000s versus 1980s&90s). The

program XP-CLR was run with parameters ‘‘-w1 0.0005 100 100 1 -p1

0.7’’ for each chromosome. The XP-CLR score was calculated for each

100 bp, and the average XP-CLR score was obtained for each 10-kb

segment. Adjacent segments with an average of XP-CLR scores greater

than the 80th percentile of the genome-wide average XP-CLR were then

grouped as putatively selected regions. We then merged putatively

selected regions with distance less than 10 kb, and regions in the highest

20th percentile of these scores were considered to be selective sweeps.

We combined the SNP annotations from SNPeff (Cingolani et al., 2012)

and gene functional annotations to select an additional subset of 1401

genes containing amino acid exchanges in coding regions, as well as

4329 genes with variants in regulatory regions (5 kb upstream of the gene).

GO analysis

Genes harbored in the selection regions from different breeding stages

were submitted to agriGO v.2.0 for gene ontology (GO) enrichment anal-

ysis with default settings (Tian et al., 2017). Fisher’s exact test was used

to identify potentially significantly enriched GO terms (p < 0.05).

GWAS of key agronomic traits

A total of 1 204 026 SNPs (minor allele frequency [MAF] R0.05, missing

rate%0.2) in 318 rice accessions with phenotype data were used to carry

out GWAS. The missing genotypes were imputed using Beagle (v.4.1)

(Browning and Browning, 2007) with default parameters. We performed

GWAS for eight agronomic traits, GN, GW, HD, PH, PN, PL, LW, and

SSR, using the best linear unbiased prediction (BLUP) values (Bates

et al., 2014). The GWAS was conducted with a linear mixed model that

was implemented in the EMMAX package (Kang et al., 2010). The top

three PCs were used as covariates. We selected 1 3 10�4 (Benjamini–

Hochberg false discovery rate [FDR] <0.05) as the genome-wide signifi-

cance cutoff. We then enlarged the candidate region to 100 kb centered

on the GWAS signal peak to identify candidate genes.

Phylogenetic analysis of GRAS genes

The GRAS gene list was downloaded from the Plant Transcription Factor

Database (PlantTFDB v5.0). The sequences of GRAS proteins from Arabi-

dopsis and rice were downloaded from the Arabidopsis Information

Resource (https://www.arabidopsis.org/) and the Rice Genome Annota-

tion Project (http://rice.plantbiology.msu.edu/index.shtml), respectively.

Multiple alignments and neighbor-joining tree construction were per-

formed with MEGA software (v.7.0) (Kumar et al., 2016).

Targeted mutagenesis using the CRISPR-Cas9 system

The mutant was generated using CRISPR-Cas9 technology in Zhonghua

11. In brief, gene-specific single-guide RNAs (sgRNAs) were designed on-

line at http://skl.scau.edu.cn/targetdesign/, and each sgRNA cassette

was separately cloned into pYLCRISPR/Cas9Pubi-H. The resulting con-

structs were separately introduced into wild-type plants via Agrobacte-

rium-mediated transformation. The resulting plants were selected in
Plant
Yoshida’s culture solution supplemented with 50 mg L�1 hygromycin,

and all mutations were confirmed by Sanger sequencing. T1 seeds lacking

hygromycin resistance were used for subsequent experiments.

RNA-seq data analysis

We collected three biological replicate samples of 1-cm young panicles

from WT and gnd5, and RNA was extracted following the ZR Plant RNA

Miniprep (ZYMO). The samples were considered to be of adequate con-

centration and quality when the value of optical density (OD)260/280 was

greater than 1.9 and less than 2.1, with a concentration R200 ng/ml.

The quality-checked RNA was used to construct an RNA (polyA-selected)

Illumina library and sequenced using the HiSeq 2500 high-throughput

sequencing platform (Illumina, San Diego, CA, USA). The RNA-seq data

from the WT and gnd5 were processed with fastp (v.0.20.0) (Chen et al.,

2018) to trim adapters and filter low-quality reads with default settings,

except for a minimum read length of >70 bp. The clean paired-end

reads were aligned to the rice reference genome (Nipponbare reference

no. IRGSP-1.0) using STAR (v.2.7.9a) (Dobin et al., 2013). featureCounts

was used to obtain the mapped read counts for each gene (Liao et al.,

2014). DESeq2 (v.1.24.0) (Love et al., 2014) was used to identify the DEGs.

Co-immunoprecipitation (co-IP) assay

A FLAG-tagged construct and human influenza hemagglutinin (HA)-

tagged constructs were co-transfected into rice protoplasts. After incuba-

tion for 14 h, transfected protoplasts were lysed in extraction buffer

(100 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM EDTA, 5 mM EGTA,

2 mM DTT, 0.5% Triton X-100, and 13 Protease Inhibitor Cocktail

[Roche]). After sonication, the samples were centrifuged at 12,000 3 g

for 10 min at 4�C; 100 mL of supernatant was used as input, and the

remainder was incubated with anti-FLAG antibody (F3165; Sigma) for

3 h at 4�C. Protein G Agarose beads (Roche) were added to the mixture,

and the sample was rotated for an additional 3 h. The bead-bound pro-

teins were captured, washed three times, and then resolved by SDS–

PAGE and blotted onto a polyvinylidene difluoride (PVDF) membrane

(Millipore). The presence of Gnd5-HA protein was detected by anti-HA

(H6908; Sigma) with ECL Reagent (GE Healthcare).

Bimolecular fluorescence complementation assay

To perform the BiFC assay, Gnd5-nV or nV were co-transformed with

Gnd5-cV.NLS-RFPwas also transformed as a nuclear marker. After incu-

bation for 14 h, the yellow fluorescent protein (YFP) and red fluorescent

protein (RFP) signals were detected using a fluorescence microscope.

Similar results were observed in at least 50 cells from three independent

experiments.

Yeast two-hybrid assay

To perform the yeast two-hybrid assay, the Matchmaker Gold Yeast

Two-Hybrid System (Clontech, USA) was used. Full-length Gnd5,

Gnd5S185A+T420I, and Gnd5S185A were cloned into the pGADT7 vector

containing the GAL4 activation domain (AD) and the pGBKT7 vector

containing the GAL4 binding domain (BD). The AD and BD constructs

were transformed into yeast strains Y187 and Y2HGold, respectively.

All yeast transformants were grown on SD/-Trp/-Leu/-His/-Ade medium

for selection or interaction tests in the presence of 40 g ml�1 X-a-Gal.

Plates were incubated at 28�C for 3–4 d.

RNA isolation and RT-qPCR analysis

Total RNA was isolated from rice protoplasts using the TRIzol reagent (In-

vitrogen, catalog no. AM1912). RNA (2 mg) was used to prepare first-

strand cDNA using TransScript One-Step gDNA Removal and cDNA Syn-

thesis SuperMix (TransGen Biotech, catalog no. AU311-02). RT-qPCR

was performed using THUNDERBIRD SYBR qPCR Mix without Rox re-

agent (TOYOBO, catalog no. QPS-20(-)). Three biological replicates

were performed for each gene. Glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH) was used as the internal control. Primers for RT-qPCR are

listed in Supplemental Table 15.
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Estimation of the phenotypic variance explained by
introgression and selection

Estimation of the phenotypic variance of eight agronomic traits ex-

plained by introgression and selection was performed by GREML

(genome-based restricted maximum likelihood) analysis using

Genome-wide Complex Trait Analysis (GCTA) software with default set-

tings (Yang et al., 2011). In our analysis, the top three PCs were used as

covariates, and variance of the genetic factor was determined by

the genotypes of SNPs in the genomic introgression and selection

regions.

Analysis of gene effects on grain number per panicle

We collected 51 cloned genes and the newly identified gene Gnd5

related to GN and identified putative functional variations (mutations

that altered the amino acids or were located upstream of the gene) in

the 318 rice accessions with phenotype data. A subset of 33 candi-

dates with functional variations was included to conduct gene effects

analysis. To identify superior haplotypes, we referred to the QTN infor-

mation provided by Wei et al. (2021). For some genes without QTN

information, we analyzed the genetic effects of those genes that had

at least two haplotypes and corresponding phenotype data. We used

a t-test to identify significant phenotype differences between two

major haplotypes under at least one environment when defining

inferior and superior haplotypes (Li et al., 2020). The genetic effect of

each gene was estimated separately on the basis of a linear

regression model using the R package NOIA (Alvarez-Castro and

Carlborg, 2007) in three pedigrees (Liaogeng5, Jigeng60, and

Hejiang20) and locations (Liaoning, Jilin, and Heilongjiang).
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