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Editorial on the Research Topic 


Mining and utilization of favorable gene resources in rice


Agriculture has been evolving along with the development of human society. Agricultural germplasm resources play a crucial role in supporting the development of human civilization (Doebley et al., 2006; Tian et al., 2021). With the change of agricultural population structure, there are new requirements for germplasm resources (Yu and Li, 2021). Combined with global climate change, crops should also be able to cope with the challenges of environmental stresses and maintain a stable increase in production (Shahzad et al., 2021). Subsequently, rice has new breeding requirements in production, quality, and yield (Zeng et al., 2017). This Research Topic covers multiple approaches to exploit rice germplasm, excavate and utilize the key genes, and understand the molecular basis of yield component traits.




Mapping and cloning of new genes or revealing new functions

The classical mapping and cloning technique still play an important role in the discovery of new genetic loci. Kim et al. cloned the OsD2 gene by map-based cloning based on the previously reported quantitative trait locus (QTL) qLTG1 responsible for low-temperature germinability in rice. Lan et al. identified the hfr131 gene, which affects plant height and grain length in rice, through genetic analysis of introgression line. Yin et al. detected 16 QTL ranges for salt tolerance at bud stage in rice and a new candidate gene LOC_Os12g25200, using recombinant inbred line populations.

Interestingly, these works revealed new functions of known genes. OsD2 is allelic to DWARF2, which encodes a cytochrome P450 involved in brassinosteroid (BR) biosynthesis. Although most alleles of the dwarf2 mutant showed severe dwarfism with undesirable traits which reduced their breeding application value, the OsD2 allele improved low-temperature germinability without any harmful phenotype. As a new allele of the BR receptor OsBRI1, hfr131 affected rice plant height through the dn-type internode elongation pattern, which had not been reported previously in any BR biosynthesis- or OsBRI1-defective mutants. These findings suggest that the SNPs polymorphism may confer new functions to the known genes, and the discovery of new alleles is helpful to expand the diversity of gene function and mechanism.





Genome-wide association study facilitates mining of loci associated with complex agronomic traits

Complex agronomic traits of crops involve complex genetic loci, and genome-wide association study (GWAS) can significantly improve the identification efficiency of potential QTLs. Li et al. conducted GWAS using 211 rice accessions to determine salt tolerance germinability indices. A total of 43 QTLs were identified, 18 of which were co-localized with previous studies. According to the RNA-seq and haplotype analysis, rice varieties with elite haplotypes in LOC_Os03g13560, LOC_Os03g13840 and LOC_Os03g14180 genes had high salt tolerance germinability. Dai et al. detected high-quality loci responsible for high seed vigor from 346 diverse accessions. By GWAS, 51 significant SNPs were identified, which were further validated using chromosome segment substitution lines. Integrating gene expression, gene annotation, and haplotype analysis, 21 strong candidate genes were identified. The functions of LOC_Os01g11270 and LOC_Os01g55240 were further verified by CRISPR/Cas9. Xu et al. combined GWAS and linkage mapping to analyze the candidate intervals for seedling salinity tolerance of 295 japonica rice varieties. After identifying the lead SNP (Chr12_20864157), the candidate gene LOC_Os12g34450 was obtained by haplotype analysis, qRT-PCR, and sequence analysis.

Salt tolerant germinability, high seed vigor and seedling salinity tolerance correspond to the key problems affecting the yield of rice in agricultural production. By GWAS, these works verified the known genetic loci and found new functional genes, which provided a promising resource for solving the problems. In addition, the integration of multiple methods (chromosome segment substitution, linkage mapping, RNA-seq database, haplotype analysis, CRISPR/Cas9, etc.) can validate the results of GWAS and help identify candidate genes.





Functional expansion of key gene resources via phylogenetic analysis and reverse genetics

Functional expansion of known key genes is another effective pathway for favorable gene resources. Papain-like cysteine proteases (PLCPs) play a crucial role in plant growth and development. Li et al. constructed CRISPR/Cas9 lines and showed that a PLCP, an oryzain alpha chain precursor (OCP), negatively regulated resistance to blast disease. OCP interacted with OsRACK1A or OsSNAP32 and influenced the expression of many resistance-related genes. Zheng et al.‘s work was based on the cell cycle-associated transcription factors E2F (E2 promoter binding factor), and their downstream target gene the mismatch repair-related gene OsMSHs (Mutated S homologue). They systematically categorized six rice E2Fs, and constructed four msh mutants using the CRISPR-Cas9 technique. This study elucidated the mechanism of E2F and MSH for enhancing cadmium stress tolerance in rice. Zeng et al. focused on the glutamate-like receptor (GLR) genes, which play a crucial role in signal transduction and communication. An integrated approach involving phylogenetic analysis, phenotypic and functional characterization and comprehensive population genetic analyses was employed to understand the functionalities of 26 rice GLR genes. The results suggested that natural variations at most rice GLR loci had potential value in improving the productivity and tolerance to abiotic stresses. These studies expand our understanding of these known key gene functions, and genes in related biological processes and molecular networks are also worthy for the further exploration of effective gene resources.

Finally, one review article from Zhong et al. presented a comprehensive review on the recent breakthroughs in rice yield traits and molecular design breeding in China. The authors believed that the further mining of genes and gene regulatory networks, development and utilization of molecular markers, establishment of the high-throughput and low-cost genotype detection system, and rational aggregation of high-quality genes (genes related to yield traits, stress resistance traits and quality traits) to breed new varieties with high yield and superior quality, will be an inevitable trend in future rice research.





Perspectives

In summary, this Research Topic brought recent advances in the mining and utilization of rice germplasm resource. These studies indicated the new situations in the exploration of favorable gene resources. For example, crop yield breeding needs to balance the influence of environmental stress, and molecular design breeding needs to consider the pleiotropy between genes and complex regulatory networks among genes. Overcoming these problems will open the way to achieve a further breakthrough in the current yield level.
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Salt stress is one of the factors that limits rice production, and an important task for researchers is to cultivate rice with strong salt tolerance. In this study, 211 rice accessions were used to determine salt tolerance germinability (STG) indices and conduct a genome-wide association study (GWAS) using 36,727 SNPs. The relative germination energy (RGE), relative germination index (RGI), relative vigor index (RVI), relative mean germination time (RMGT), relative shoot length (RSL), and relative root length (RRL) were used to determine the STG indices in rice. A total of 43 QTLs, including 15 for the RGE, 6 for the RGI, 7 for the RVI, 3 for the RMGT, 1 for the RSL, and 11 for the RRL, were identified on nine chromosome regions under 60 and 100 mM NaCl conditions. For these STG-related QTLs, 18 QTLs were co-localized with previous studies, and some characterized salt-tolerance genes, such as OsCOIN, OsHsp17.0, and OsDREB2A, are located in these QTL candidates. Among the 25 novel QTLs, qRGE60-1-2 co-localized with qRGI60-1-1 on chromosome 1, and qRGE60-3-1 and qRVI60-3-1 co-localized on chromosome 3. According to the RNA-seq database, 16 genes, including nine for qRGE60-1-2 (qRGI60-1-1) and seven for qRGE60-3-1 (qRVI60-3-1), were found to show significant differences in their expression levels between the control and salt treatments. Furthermore, the expression patterns of these differentially expressed genes were analyzed, and nine genes (five for qRGE60-1-2 and four for qRGE60-3-1) were highly expressed in embryos at the germination stage. Haplotype analysis of these nine genes showed that the rice varieties with elite haplotypes in the LOC_Os03g13560, LOC_Os03g13840, and LOC_Os03g14180 genes had high STG. GWAS validated the known genes underlying salt tolerance and identified novel loci that could enrich the current gene pool related to salt tolerance. The resources with high STG and significant loci identified in this study are potentially useful in breeding for salt tolerance.

Keywords: salt tolerance germinability, rice accessions, GWAS, QTLs, haplotype analysis


INTRODUCTION

As the world's population continues to increase, researchers predict that food production must increase by at least 70% over the next 40 years to meet demand (Tilman et al., 2011). Rice is one of the world's most important food crops and feeds more than half of the world's population. Therefore, improving rice yields under conditions of limited arable land is an urgent problem for researchers to solve. The traditional rice transplanting mode is time-consuming and labor-intensive and has been gradually replaced in recent years by a direct seeding mode in many areas (Wang et al., 2011); at the same time, this development also means higher requirements for the germination ability of rice seeds in harsh environments.

Salt stress is one of the main factors that limits direct seeding of rice. Salinity alters the osmotic potential of the germination medium, enzyme activities in cells, and destroys cell structures so that seeds cannot germinate normally and establish stable stands of seedlings, which finally affects rice yields (Koyro, 2002; Khan and Weber, 2006; Gomes-Filho et al., 2008). Therefore, unraveling the genetic architecture for salt tolerance germinability and cultivating rice varieties with high STG are very important in accomplishing direct rice seeding.

To our knowledge, only a few genes have been reported to be involved in STG. Of those, OsHsp17.0 encodes heat shock proteins (Hsps), and its overexpression in plants demonstrated higher germination abilities than those of wild-type (WT) plants when subjected to NaCl (Zou et al., 2012). The basic helix-loop-helix (bHLH) transcription factor, OsbHLH035, is a salt-induced gene, and Osbhlh035 mutants exhibit delayed seed germination, especially under salt stress conditions (Chen et al., 2018). Under salt stress, qSE3 promoted the absorption of K+ and Na+, induced abscisic acid biosynthesis and abscisic acid signaling pathway gene expression, inhibited the accumulation of reactive oxygen species in seeds, and thus improved the salt tolerance of seeds during germination (He et al., 2019). NaCl promoted the expression of OsNAC45 in roots, and the knockout of OsNAC45 resulted in greater ROS accumulations in roots and increased the sensitivity of rice to salt stress (Zhang et al., 2020). Therefore, to obtain more causal genes, we must use more germplasm resources, identify more QTLs, and screen more candidate genes to better understand the genetic mechanism of STG.

Salt tolerance is a complex quantitative trait that is often controlled by multiple genes and the environment. To better understand the genetic mechanism of salt tolerance in rice at the germination stage, many QTLs have been identified by using traditional QTL mapping methods in biparental populations. A total of 16 QTLs were detected during the germination stage under 100 mM NaCl conditions from a RILs that were derived from a cross between Jiucaiqing (salt-tolerant) and IR26 (salt-susceptible; Wang et al., 2011); a total of 11 QTLs were identified for their salt tolerance (1.5% NaCl) at the germination stage by using linkage mapping from a BC2F2:3 population including 190 accessions that were derived from Dongnong 425 and Changbai 10 (Zheng et al., 2014); 17 QTLs that were related to germination traits under salt stress (80 mM NaCl) in an F2:4 population were detected, which were derived from a cross between the salt-tolerant variety “Gharib” and salt-sensitive variety “Sepidroud” (Mardani et al., 2014); 10 QTLs for five salt stress (0.01 mol L−1)-related traits were detected a population of backcross inbred lines, which was derived from a cross between Changhui 891 and 02428 with 3,057 bin markers (Luo et al., 2020); 13 QTLs were identified under H2O conditions and salt conditions (300 mM NaCl) by using a BC1F2 population that derived from a WJZ/Nip cross (Zeng et al., 2021); 23 QTLs for germination parameters were detected under 18 dS m−1 NaCl solution conditions by using a BIL population that was derived from a backcross of an African rice, ACC9, as the donor and indica cultivar Zhenshan97 (ZS97) as the recurrent parent (Nakhla et al., 2021). Biparental populations, although, have played an important role in the past to provide a resource for researchers to work with; construction of populations entails major investments in time, which has therefore limited the number of genes identified to date (Bian et al., 2010).

With the rapid development of NGS (next-generation sequencing) and the existence of high-density SNP markers obtained through resequencing, an increasing number of studies have used GWAS as an efficient strategy to replace the traditional QTL mapping method (Huang et al., 2012). In rice, some studies have applied this method to study rice STG indices. A total of nine significant markers were identified under salt conditions by using 276 indica accessions (Cheng et al., 2015); 11 QTLs were identified based on the stress-susceptibility indices (SSIs) of the vigor index (VI) and mean germination time (MGT) in 478 diverse rice accessions (Shi et al., 2017); six quantitative trait nucleotides (QTNs) that affect salt tolerance at the germination stage were identified by GWAS using a panel of 208 rice mini-core accessions (Naveed et al., 2018); 371 QTNs were identified by using six multilocus GWAS methods for the salt tolerance traits of 478 rice accessions at the seed germination stage (Cui et al., 2018); a total of 12 associated peaks were detected by using GWAS in 295 rice accessions during the germination stage (Yu et al., 2018); and 21 QTLs associated with salinity stress were detected in 498 highly diverse rice accessions (Islam et al., 2022). However, to our knowledge, there are still few studies on the identification of QTLs/genes, particularly for the salt tolerance in the germination stage using GWAS in rice. Here, we applied GWAS mapping and used 36,727 SNPs that covered all 12 rice chromosomes in a natural population that consisted of 211 rice accessions to identify QTLs/candidate genes that may contribute to salt tolerance during the rice germination stage with the aim of guiding the breeding of salt-tolerant rice varieties.



MATERIALS AND METHODS


Plant Materials

All materials used in this study were derived from Li et al. (2021). A set of 211 accessions of diverse germplasm accessions representing the major rice-growing regions in China was selected from the International Rice Research Institute (https://www.irri.org/) to comprise the materials used in this work. All data of 36,727 SNPs are published at https://snp-seek.irri.org/. This pool of germplasm accessions consists of two subpopulations, including 130 indica and 81 japonica, and these 211 rice accessions were divided into two subgroups by using principal component analysis and relationship analysis, which suggested that these germplasm resources had abundant genetic diversity, which was beneficial for performing GWAS.



Evaluation of Salt Tolerance Germinability

All of the yellow, ripe seeds from each accession were dried at 45°C for 2 days to break seed dormancy. The seeds were surface-sterilized with a 15% sodium hypochlorite solution for 15 min and then rinsed three times with sterile distilled water before the germination experiment. A total of 30 sterilized seeds from each accession were placed on two filter papers soaked with 10 ml of sodium chloride in Petri plates (9 cm) during the germination stage to screen the salinity tolerances, and the concentrations of the sodium chloride solutions were 60 and 100 mM. In the control treatment, the same number of seeds per line was placed on filter papers in Petri dishes that were soaked in 10 ml of distilled water. All Petri dishes were incubated under controlled conditions in a growth chamber at a temperature of 28°C with 12 h each of light and dark. The seed germination time was 7 days, and the numbers of seeds from each accession that germinated were recorded each day. On the 7th day, 10 seedlings from each accession were selected for calculations of shoot length (SL) and root length (RL), and the sodium chloride solutions in the Petri dishes were changed every 2 days. All experiments were repeated three times. The relative germination energy (RGE), relative germination index (RGI), relative vigor index (RVI), relative mean germination time (RMGT), relative shoot length (RSL), and relative root length (RRL) were calculated and subjected to a GWAS, and the calculation formula refers to Yu et al. (2018).

GE = Number of germinated seeds at 4 days/Total number of seeds tested × 100%.

GI = Σ(Gt/t), where Gt is the number of seeds that germinated on day t.

VI = GI × SL

MGT = Mean germination time (MGT) = ∑Dn/∑n, where n is the number of seeds that germinated on D day, and D is the number of days counted.

Relative value = Value under salt stress/control.

All phenotypic data are presented in Supplementary Table 1. Each index at the two concentrations is divided into five parts. The larger the RMGT value is, the lower the score, and the larger the values of other indices are, the higher the score. The total score of the 12 indices for each accession represents the STG of this accession, and the specific evaluation criteria are shown in Supplementary Table 2.



Genome-Wide Association Analysis

The Tassel 5.2.73 software and a mixed linear model (MLM) with a PCA matrix (the first five PCs were used) and kinship (K matrix) were used to determine the associations among SNP markers and the 12 phenotypic traits. To ensure data accuracy, the phenotypic data were standardized, and the SNP data (36,727 SNPs) were filtered (in Tassel 5.2.73, the genotypic data were first numerically analyzed, then SNPs with minor allele frequencies <0.05 were removed, and 33,777 SNPs were finally obtained and used for GWAS) before association mapping. Manhattan plots were generated using the Cloud platform (http://www.cloud.biomicroclass.com/).



Candidate Gene Analyses

The LD blocks were used to identify candidate gene regions using the Haploview 4.2 software (Barrett et al., 2005). The SNPs with the most significant associations in a block were identified as the leading SNPs, and LD blocks containing significantly associated SNPs were defined as candidate genomic regions. Differentially expressed genes were identified using the Plant Public RNA-seq Database (Yu et al., 2022). The expression patterns of the differentially expressed genes were analyzed using publicly available microarray data (http://www.genevestigator.com/). Haplotype analyses were performed using RiceVarMap V2.0 (Zhao et al., 2015). Information on candidate genes was collected and classified by the NCBI (https://www.ncbi.nlm.nih.gov/), China Rice Data Center (https://www.ricedata.cn/), and the Rice Genome Annotation Project (http://rice.uga.edu/index.shtml).



Quantitative Real-Time PCR Analysis

Embryos of seeds that were germinated in water and in 60 mM NaCl solutions for 2 days were collected for expression analysis. Total RNA was prepared using a MiniBEST Plant RNA Extraction kit (Takara, China). The corresponding sequences of these genes were obtained from the Rice Genome Annotation Project (http://rice.uga.edu/index.shtml). The primers (e.g., LOC_Os03g13560-F: CAGATTGTGATATGGTGTTCGGC; LOC_Os03g13560-R: GGAGACTGAGAAGCTGTCATCAT; LOC_Os03g13840-F: CTGGACAAGGTACTGGAGGAGTA; LOC_Os03g13840-R: CGTTCTTTCCAGACACCTCTACA; LOC_Os03g14180-F: AGGTGAGGATGCGGTTCG; and LOC_Os03g14180-R: CGCTCACAGGCTCACATCC) were designed based on the CDSs of the corresponding genes by using Primer3Plus (https://www.primer3plus.com/). OsActin was used as the internal control. Real-time PCR was carried out using the SYBR Green method, and the relative expression levels were calculated using the 2−ΔΔCT method.



Statistical Analysis and Mapping

The mean values and standard errors of the phenotypic data were calculated using Microsoft Excel 2010, and the correlation coefficients were calculated using the SPSS 26.0 software. Box plots were created using the OriginPro 2021 software.




RESULTS


Phenotypic Analysis of the 211 Rice Accessions and Correlations Among STG Indices

In this study, two sodium chloride concentrations (e.g., 60 and 100 mM) were selected to conduct an STG assessment. After 7 days of germination, the growth states of 211 rice varieties under the two salt solutions were inhibited compared with the control treatment, but the distribution of the inhibition degree among different varieties was different (Figure 1), which indicates that both sodium chloride concentrations are suitable for screening salt-tolerant and salt-sensitive varieties. The salt-tolerant rice varieties identified in this study can be used as excellent parent resources in subsequent breeding projects.


[image: Figure 1]
FIGURE 1. Comparison of growth status of two salt-tolerant rice varieties (JX 113 and JX 172) and two salt-sensitive rice varieties (JX 120 and JX 078) after 7 days of control treatment and 60 and 100 mM NaCl solution.


Six indices obtained under two sodium chloride concentrations were used to evaluate the STG in this natural population, and all of the indices showed large phenotypic variations among the rice accessions (Table 1). In particular, except for RMGT60 and RMGT100, the values of all indices were widely distributed, and the coefficients of variation were very large. This result suggested that these STG indices may be suitable for performing a GWAS. In addition, six STG-related indices were compared among different subgroups in the population (Figure 2; Supplementary Figure 1). Under the 60 mM NaCl condition, the RSL, RGE, RGI, and RVI values of the japonica group were significantly lower than those of the indica group (p < 0.01), but the RRL and RMGT values exhibited no significant differences between the two subgroups. On contrary, at an NaCl concentration of 100 mM, the RSL, RGE, RGI, and RVI values in the indica subgroup were higher than those in the japonica subgroup, but the RRL values in the japonica subgroup were higher than those in the indica subgroup, and there were no significant differences in the RMGT values between the two subgroups. We used these six indices to define a scoring standard to screen varieties with high STG, and the results showed that most indica rice varieties generally had greater STG than the japonica rice varieties (Figure 3).


Table 1. The distribution of STG indices in 211 rice accessions.
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FIGURE 2. Box plot for comparison of six indices between indica and japonica subgroups under 60 mM NaCl. The yellow box represents indica, the green box represents japonica, the black dot in the box represents the median, and the value range of the box is 25–75%, **Indicates significance at the 1% level.



[image: Figure 3]
FIGURE 3. Violin diagram of the distribution of STG values of indica and japonica subgroups. Boxes in violins range in value from 25 to 75%, with white dots representing the median.


To determine how the mean values of the different STG indices for each accession compared to each other, pairwise Pearson's correlation analysis was conducted (Figure 4). Under the 60 mM NaCl condition, the RSL, RRL, RGE, RGI, and RVI values were all positively correlated to varying degrees, and they were all significantly negatively correlated with the RMGT. However, the RSL had no correlation with RRL at a concentration of 100 mM, but both were significantly positively correlated with the RGE, RGI, and RVI values, and the RMGT was significantly negatively correlated with the other five indices. These results suggest that the RGE, RGI, RVI, and RMGT indices might share genetic pathways under both the 60 and 100 mM salt treatments. In addition, a correlation analysis between the two treatments was conducted. The results showed that there were significant positive correlations between the two, and the correlation coefficient was 0.568.


[image: Figure 4]
FIGURE 4. Heat map of correlation analysis between six indices under two different concentrations of salt solution. Blocks that tend to be red or blue indicate greater absolute values of the correlation coefficients.




Identification of QTLs for Salt Tolerance Germinability by GWAS

To investigate the possible genetic architecture of STG, a GWAS was conducted, and Manhattan plots were generated to illustrate the significant SNP associations with STG (Figure 5; Supplementary Figure 2). A total of 43 QTLs, including 15 for RGE, 6 for RGI, 7 for RVI, 3 for RMGT, 1 for RSL, and 11 for RRL, which were associated with STG, were identified in rice (Table 2). On chromosome 1, 10 QTLs were discovered for the first time, among which qRGE60-1-2 overlapped with qRGI60-1-1 and was located at 1.2 Mb, and qRVI60-1-2 and qRGI60-1-4 were co-localized at 3.5 Mb. In addition, nine QTLs were co-localized with those described in previous studies: qRRL-100-1 was located at 0.2 Mb and overlapped with OsCOIN (Liu et al., 2007); qRGE60-1-2, qRGI60-1-2 and qRMGT60-1-1 overlapped with each other, and a previously cloned gene related to salt stress, OsHsp17.0 (Zou et al., 2012), was located in this region; at ~3 Mb, three QTLs (e.g., qRGI60-1-3, qRVI60-1-1, and qRGE60-1-4) were co-located with each other, and OsDREB2A (Mallikarjuna et al., 2011) was located in this region; and two QTLs related to RRL, namely, qRRL60-1-2 and qRRL60-1-3, overlapped with OsPLDα1 (Shen et al., 2011) and OrbHLH001 (Chen et al., 2013), respectively. These QTLs had explained phenotypic variances (R2) ranging from 5.48% for qRGE60-1-2 to 9.76% for qRGE60-1-3. Only three QTLs were identified on chromosome 2, among which qRRL60-2-1 overlapped with a previously reported STG QTL, qGR-3d2 (Nakhla et al., 2021), and the peak SNP was chrA02_4380604. Seven QTLs mapped to chromosome 3 and qRGE60-3-1 and qRVI60-3-1 shared the same SNP peak at 7.66 Mb, three QTLs from two indices (e.g., qRGE60-3-3, qRGE100-3, and qRVI60-3-2) shared the same SNP peak at 9.85 Mb, while this QTL region contains OsMAPK5 (Xiong and Yang, 2003), a salt stress-related gene. These QTLs had explained phenotypic variances (R2) ranging from 7.46% for qRVI60-3-1 to 12.27% for qRGE60-3-3. In the remaining chromosomes, 5, 6, 7, 9, 10, and 11, five QTL regions were co-localized with previously reported salt-tolerant QTLs or genes (Park et al., 2010; Li et al., 2015; Nakhla et al., 2021), and the explained phenotypic variances (R2) ranged from 5.41% for qRVI60-5 to 10.14% for qRGE60-11. We noted that many RGE, RGI, RVI, and RMGT QTLs mapped to identical locations with the same peak SNPs. This supports our previous speculation that these four indices might share genetic pathways.


[image: Figure 5]
FIGURE 5. Manhattan plots of GWAS for RGE under 60 mM NaCl. The red arrow indicates QTLs detected from six indices.



Table 2. Summary of the significant SNPs detected by GWAS and the overlapping QTLs reported previously.
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Candidate Gene Prediction and Expression Profiling

One QTL, qRGE60-1-2 (qRGI60-1-1), which controls both RGE and RGI on chromosome 1, was identified by GWAS. According to the LD decay analysis, a 321-kb region was identified as the candidate region for qRGE60-1-2 (Figure 6A), which contained 52 genes, including 25 functionally annotated genes, 18 expressed proteins with unknown functions, four retrotransposon proteins, three transposon proteins, and two hypothetical proteins (Supplementary Table 3). To decrease the number of candidate genes, genes categorized as expressed proteins, hypothetical proteins, retrotransposons, and transposons were discarded. Among the 25 functionally annotated genes, nine genes were found to exhibit significant differences in their expression levels between the control and salt treatments according to the Plant Public RNA-seq Database (|logFoldChange| ≥ 1.5), among which seven genes were upregulated under salt stress, one gene was downregulated, and the other gene had different expression trends under the different projects (Supplementary Table 4).


[image: Figure 6]
FIGURE 6. LD block of candidate region estimation of two major QTLs, namely, qRGE60-1-2 (A) and qRGE60-3-1 (B).


Another QTL, qRGE60-3-1 (qRVI60-3-1), is also considered a candidate, which controls both RGE and RVI on chromosome 3. According to the LD decay analysis, a 489-kb region was identified as the candidate region (Figure 6B), and it contained 42 functionally annotated genes (Supplementary Table 3). According to the RNA-seq database (|logFoldChange| ≥ 1.5), the expression levels of seven genes were changed under salt stress, among which four genes were upregulated and three genes were downregulated (Supplementary Table 4).

To further decrease the number of candidate genes, the expression patterns of these 16 differentially expressed genes were identified by using Genevestigator. Fortunately, nine genes (e.g., LOC_Os01g02930, LOC_Os01g02940, LOC_Os01g03330, LOC_Os01g03340, LOC_Os01g03360, LOC_Os03g13560, LOC_Os03g13840, LOC_Os03g14050, and LOC_Os03g14180) were determined to be highly expressed in embryos (Figure 7; Supplementary Figure 3), which suggested that these nine genes are involved in rice seed germination under salt stress and could be candidates for STG.


[image: Figure 7]
FIGURE 7. Three differentially expressed genes (LOC_Os03g13560, LOC_Os03g13840, and LOC_Os03g14180) are highly expressed in embryos labeled by Geneinvestigator. The * represent discrete point.




Natural Allelic Variations of Candidate Genes Contribute to Salt Tolerance Germinability

As noted above, most indica rice varieties in our population had higher STG levels than japonica rice varieties, and we therefore investigated whether variations in the candidate gene alleles contributed to these differences. Haplotype analyses were performed using all non-synonymous SNPs within their ORFs by RiceVarMap v2.0. Finally, it was found that three genes had different haplotypes between indica and japonica. The LOC_Os03g13560 gene harbored a total of four non-synonymous SNPs, namely, vg0307328618 (G/T), vg0307330319 (A/G), vg0307331295 (C/T), and vg0307334743 (C/T). Four distinct haplotypes, including two major haplotypes, namely, Hap I and Hap II, were identified based on the four non-synonymous SNPs in cultivated rice and exhibited large genetic differences between indica and japonica (Figure 8A). There are five non-synonymous SNPs in LOC_Os03g13840, namely, vg0307499320 (C/T), vg0307500449 (G/C), vg0307501727 (G/A), vg0307503107 (C/A), and vg0307503164 (C/T). Six major haplotypes were observed at LOC_Os03g13840, which encodes a senescence-associated protein. Hap I was present in japonica, and Hap II, III, and IV were present primarily in indica (Figure 8B). Interestingly, Hap II was carried in ~16% of japonica accessions, which indicated that elite indica alleles had been introgressed into japonica accessions through breeding to the extent that a small percentage of the japonica accessions (such as JX172 and JX224) included in our population had high STG levels. A total of three non-synonymous SNPs [e.g., vg0307697206 (C/G), vg0307697461 (G/T), and vg0307697508 (C/T)] in LOC_Os03g14180 identified three haplotypes (Figure 8C). The vast majority of indica accessions were Hap III, while the japonica accessions were Hap I or Hap II. Taken together, these results indicate that the natural allelic variations in these three candidate genes appeared to be associated with the different STG levels observed among the 211 rice accessions.


[image: Figure 8]
FIGURE 8. Haplotypes of LOC_Os03g13560 (A), LOC_Os03g13840 (B), and LOC_Os03g14180 (C) are associated with STG in rice.


To further verify whether the three genes respond to salt stress and have indica–japonica specificity in the individuals examined in our population, quantitative real-time PCR (qRT-PCR) was performed with two salt-sensitive varieties (e.g., S1 and S2) and two salt-tolerant varieties (e.g., T1 and T2) under control and 60 mM NaCl conditions. The results showed that these three genes were differentially expressed under salt stress (Figure 9). For LOC_Os03g13560, the expressions in salt-sensitive cultivars were downregulated, while the expressions in salt-tolerant cultivars were upregulated under salt stress (Figure 9A). In addition, the downregulation times of S1 (indica) were much higher than those of S2 (japonica) in the two salt-sensitive varieties, and the upregulation times of T2 (japonica) were much higher than those of T1 (indica) in the two salt-tolerant varieties. The LOC_Os03g13840 gene was upregulated under salt stress in both salt-sensitive and salt-tolerant varieties, and the upregulated LOC_Os03g13840 expressions in the two indica rice varieties were higher than those in japonica rice (Figure 9B). The LOC_Os03g14180 gene responded to salt stress in all four rice varieties and was upregulated under 60 mM NaCl conditions (Figure 9C). Similarly, the changes in the expression levels of LOC_Os03g14180 were indica–japonica specific. After salt stress, the change times of S2 were higher than those of S1, and the change times of T1 were higher than those of T2.


[image: Figure 9]
FIGURE 9. Expression patterns of LOC_Os03g13560 (A), LOC_Os03g13840 (B), and LOC_Os03g14180 (C) under normal growth conditions and salt stress conditions. *Indicates significance at the 5% level, **Indicates significance at the 1% level.





DISCUSSION

Direct seeding of rice has become popular in many Asian countries because of its time-saving, labor-saving, and cost-effective advantages. However, to develop high-yield and high-quality rice varieties for use in the direct seeding mode, rice seeds must have strong germination abilities under various abiotic stresses and strong growth abilities after abiotic stresses. Therefore, cultivating rice varieties with high STG has become an inevitable trend. In our study, six indices containing four indices (e.g., RGE, RGI, RVI, and RMGT) associated with seed germination and two indices (e.g., RSL and RRL) associated with seed growth capacity after salt stress were used to evaluate STG levels. These indices have been used successfully in previous GWAS studies on salt tolerance at the rice germination stage (Shi et al., 2017; Yu et al., 2018). Our study showed that additions of salt solutions inhibited seed germination compared with the control treatment; that is, the GE, GI, VI, and MGT values of seeds decreased, and the inhibition degrees also increased with increasing salt solution concentrations (Table 1). Despite salt stress, nearly all rice accessions germinated successfully in the following days, but this does not mean that salt stress prolonged only the germination time and did not have other effects because after 7 days of salt stress, we found that the SL and RL values of rice were reduced compared to the control group, which suggested that salinity can influence the germination quality of seeds.

Different conclusions have been reached in different studies on the salt tolerance of different rice subgroups in the germination stage. According to Shi et al. (2017), japonica varieties had higher tolerance to salt stress at the germination stage than did the other subgroups, which was determined by measuring the SSIs of VI and GR at 10 days. However, Yu et al. (2018) and Islam et al. (2022) suggested that the salt tolerance levels during the seed germination stage are not well-correlated with rice subgroups. In our study, a scoring rule was developed based on six indices under two different salt solution concentrations to determine the STG level of each rice accession, and the results showed that the STG of indica rice was generally significantly higher than that of japonica rice. No significant differences in RMGT values were observed between the two subgroups at either salt solution concentration, but the RSL, RGE, RGI, and RVI values of indica for the two salt solution concentrations were significantly greater than those of japonica. There were no significant differences between the two subgroups under the 60 mM condition, but the RRL values of japonica were greater than those of indica under the 100 mM condition, which was probably because with the increased salt solution concentration, salt-sensitive rice varieties needed to extend their roots longer to increase their water uptake areas to survive.

The purpose of using a variety of indices to evaluate rice STG is to obtain a more comprehensive understanding of the genetic mechanisms of rice varieties subjected to salt stress in the germination stage. The correlations among the six indices were analyzed, and the results showed that the RGE, RGI, and RVI values were significantly positively correlated with each other and were negatively correlated with RMGT regardless of whether concentrations of 60 or 100 mM were used, which may indicate that the four indices are regulated by a consistent genetic pathway. This inference was confirmed by the subsequent GWAS analysis.

A total of 33 distinct QTL regions were identified by GWAS using six indices and two concentrations, among which 10 QTLs were found to be co-localized in the same or overlapping regions of previously reported salt stress QTLs/genes. The QTL qRRL-100-1 overlapped with OsCOIN, a gene encoding ring zinc finger protein that is located in the nucleus and plasma membrane, and OsCOIN is expressed in all organs of rice and is strongly induced by low temperatures, ABA, salt and drought. Overexpression of OsCOIN upregulated the expression of OsP5CS and increased intracellular proline contents, which ultimately significantly enhanced the resistance of transgenic rice to cold, salt, and drought (Liu et al., 2007). A small heat shock protein, OsHSP17.0, appeared in a QTL region that was repeatedly detected (e.g., qRGE60-1-3/qRGI60-1-2/qRMGT60-1-1) in our study. The germination capacities of OsHsp17.0-overexpressing transgenic lines in NaCl was stronger than that of wild-type plants, and phenotypic analysis showed that transgenic rice lines were more tolerant to salt stress than WT rice lines (Zou et al., 2012). An AP2/EREBP transcription factor, OsDREB2A, was located in a candidate region that contains three co-localized QTLs (e.g., qRGI60-1-3, qRVI60-1-1, and qRGE60-1-4). OsDREB2A expression was induced by high salinity stress (Dubouzet et al., 2003), and its overexpressed lines were significantly tolerant to osmotic stress, drought stress, salt stress, and dehydration stress, and their growth performance was enhanced (Cui et al., 2011; Mallikarjuna et al., 2011). Five RRL-related QTLs (e.g., qRRL60-1-2, qRRL60-1-3, qRRL60-2-1, qRRL60-6, and qRRL60-9) that were evaluated in our study were co-localized with previously reported salt stress QTLs/genes (e.g., OsPLDα1, OrbHLH001, qGR-3d2, qGR-7d6, and OsDSG1). OsPLDα1 is involved in the salt tolerance of rice by regulating the activity and expression of H+-ATPase (Shen et al., 2011). Overexpression of OrbHLH001, a putative helix-loop-helix transcription factor, causes increased expression of AKT1 and maintains ionic balance under salt stress in rice (Chen et al., 2013). qGR-3d2 and qGR-7d6 are two QTLs associated with germination rates that were detected in the germination stage (Nakhla et al., 2021). OsDSG1 is a gene that affects seed germination, and loss of this gene results in delayed seed germination, shorter plants, and greater tolerance to high salt and drought stresses (Park et al., 2010). A QTL containing three co-located QTLs (e.g., qRGE60-3-3, qRGE100-3, and qRVI60-3-2) on chromosome 3 explained the largest phenotypic variations in our study, and this QTL region contained a characterized salt-tolerant gene, OsMAPK5, which is a mitogen-activated protein that can positively regulate the tolerance of rice to drought, salt, and cold stresses (Xiong and Yang, 2003). Similarly, a QTL (e.g., qRGI60-9/qRVI60-9/qRVI100-9) is present in 17.19 Mb of chromosome 9 that explains the large phenotypic variations. This region contains a basic helix-loop-helix transcription factor called OsbHLH120, and the expression of OsbHLH120 in IL392 (an introgression line) roots was higher than that of Yuefu (parent) under PEG and salt stresses (Li et al., 2015). In addition, 23 new loci were identified in this study, among which three loci contained more than one QTL. These new QTLs detected by multiple indices will provide important genetic resources for identifying candidate salt genes.

Hence, the exact candidate intervals were determined by LD blocks for two new QTLs, qRGE60-1-2 and qRGE60-3-1, with high explained phenotypic variations, which were detected in multiple indices. According to a previous study (Neang et al., 2020), only 67 functionally annotated genes were retained in these two QTLs. We used multiple databases to determine the expression patterns of these functional annotation genes and whether they responded to abiotic stress. Finally, nine genes that respond to salt stress and are highly expressed in embryos were selected as candidate genes. Interestingly, the haplotype analysis suggested that the haplotypes of three candidate genes (e.g., LOC_Os03g13560, LOC_Os03g13840, and LOC_Os03g14180) exhibited some indica–japonica specificity, which was consistent with our phenotypic results that the STG levels of indica and japonica rice were significantly different. LOC_Os03g13560 encodes a hydroxyproline-rich glycoprotein family protein. A previous study revealed that hydroxyproline-rich glycoprotein family proteins may be involved in the chilling response of soybean (Xu et al., 2016). LOC_Os03g13840 encodes senescence-associated protein (SAP). A gene ontology classification was used to predict its function, and the results showed that there were two major GO accessions for this candidate gene, namely, GO:0009628 (response to abiotic stimulus) and GO:0006950 (response to stress). Ubaidillah et al. (2013) revealed that OsSAP was both highly and rapidly expressed in response to drought stress. LOC_Os03g14180 is a rice heat shock protein gene named OsHSP26.7. The transcript levels of OsHSP26.7 were also high in the imbibed seed embryos but were very low in other organs and were significantly induced by heat treatment and high salt stress (Zou et al., 2009). In conclusion, the identification of candidate genes and their elite haplotypes for QTLs provides important information to identify the causal genes and facilitate further validation and application of the identified QTLs in trait improvements.
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Supplementary Figure 1. Box plot for comparison of six indices between indica and japonica subgroups under 100 mM NaCl. The yellow box represents indica, the green box represents japonica, the black dot in the box represents the median, and the value range of the box is 25–75%, **Indicates significance at the 1% level.

Supplementary Figure 2. Manhattan plots of GWAS for RGI (A), RVI (B), RMGT (C), RRL (D), under 60 mM NaCl and RGE (E), RVI (F), RMGT (G), RSL (H), and RRL (I) under 100 mM NaCl. The red arrow indicates QTLs detected from six indices.

Supplementary Figure 3. Five differentially expressed genes (A–E) for qRGE60-1-2 and a gene LOC_Os03g14050 (F) for qRGE60-3-1 are highly expressed in embryos labeled by Geneinvestigator.
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In rice, low-temperature germinability (LTG) is essential for stable stand establishment using the direct seeding method in temperate and high-altitude areas. Previously, we reported that the quantitative trait locus qLTG1 is associated with LTG. qLTG1 is also associated with tolerance to several abiotic stresses, such as salt and osmotic conditions. In this study, map-based cloning and sequence analysis indicated that qLTG1 is allelic to DWARF2 (OsD2), which encodes cytochrome P450 D2 (LOC_Os01g10040) involved in brassinosteroid (BR) biosynthesis. Sequence comparison of the two parental lines, Hwaseong and Oryza rufipogon (IRGC 105491), revealed five single nucleotide polymorphisms (SNPs) in the coding region. Three of these SNPs led to missense mutations in OsD2, whereas the other two SNPs were synonymous. We evaluated two T-DNA insertion mutants, viz., overexpression (OsD2-OE) and knockdown (OsD2-KD) mutants of OsD2, with the Dongjin genetic background. OsD2-KD plants showed a decrease in LTG and grain size. In contrast, OsD2-OE plants showed an increase in grain size and LTG. We also examined the expression levels of several BR signaling and biosynthetic genes using the T-DNA insertion mutants. Gene expression analysis and BR application experiments demonstrated that BR enhanced the seed germination rate under low-temperature conditions. These results suggest that OsD2 is associated with the regulation of LTG and improving grain size. Thus, OsD2 may be a suitable target for rice breeding programs to improve rice yield and LTG.
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Introduction

Rice is one of the most important cereal crops in the world, and its production needs to be increased to meet the demands of an increasing population. However, resource limitations, such as decreased agricultural land, water supply, and poor soils, are major challenges in many rice producing countries (Kumar and Ladha, 2011).

Strong seedling vigor under low-temperature conditions is an important objective of rice breeding programs using direct seeding cultivation methods. The direct seeding method is widely used because it requires less labor, water, and energy than transplanted cultivation systems (Hyun et al., 2015). However, low-temperature stress retards seed germination in direct seeding cultivation, especially in temperate regions, tropical and subtropical areas at high altitudes, and areas that use cold irrigation water (Fujino et al., 2008). Germinability and early seedling growth are major components of seedling vigor, and improving germinability under low-temperature conditions can lead to improved seedling vigor (Iwata et al., 2010). A wide range of phenotypic variations of low-temperature germinability (LTG) has been observed in rice accessions (Wang et al., 2018).

It has been demonstrated that LTG is controlled by multiple genes, and over 30 LTG quantitative trait loci (QTL) have been identified using biparental mapping populations (Miura et al., 2001; Fujino et al., 2004; Chen et al., 2006; Li et al., 2013b; Jiang et al., 2017). Among these QTLs, the major QTL, qLTG3-1, was cloned using a population derived from a cross between Italica Livorno and Hayamasari (Fujino et al., 2008). The expression pattern of qLTG3-1 suggested that the qLTG3-1 protein may function to weaken the tissues covering the embryo during germination. OsSAP16 (stress-associated protein 16), which encodes a zinc finger domain protein, was cloned from a genome-wide association study (GWAS; Wang et al., 2018). Loss of function of OsSAP16 led to decreased LTG levels, and the expression level of OsSAP16 was correlated with LTG in the rice core collection. Although many other QTLs for LTG have been identified, knowledge of the molecular functions of QTL and gene characterization is still poor.

OsD2 (LOC_Os01g10040) has been previously cloned as ebisu dwarf 2 (d2) gene (Hong et al., 2003; Sakamoto et al., 2012; Li et al., 2013a; Fang et al., 2016). This gene encodes cytochrome P450 and functions in the brassinosteroid (BR) biosynthesis pathway. Two mutants (d2-1 and d2-2) with single nucleotide polymorphism (SNP) in the OsD2 exon region have been characterized, and these two d2 mutants showed reduced plant height with erect leaves (Hong et al., 2003). Many OsD2 mutants have been reported, but most of the mutant alleles cause unfavorable phenotypes, such as severe dwarf and small grain size, leading to a decrease in yield. The OsD2 mutants chromosome segment deleted dwarf 1 (csdd1) and small grain 11 (smg11) showed severe dwarf phenotype and small grain with mild dwarf phenotype, respectively, in a japonica background (Li et al., 2013a; Fang et al., 2016). An investigation of two independent T-DNA insertion mutants of OsD2 showed that T-DNA homozygous insertion led to the loss of function of OsD2, resulting in a severe dwarf phenotype (Li et al., 2013a).

Brassinosteroids are plant hormones that have pleiotropic effects; they regulate seed germination, plant growth and development, rhizogenesis, senescence, and leaf abscission (Anuradha and Rao, 2001). The positive effects of BR under stress conditions have been reported in monocot and dicot plant species. BR application ameliorated osmotic stress in germinating seeds and promoted seedling growth in three sorghum varieties (Vardhini and Rao, 2003). Similarly, exogenous BR treatment improved the germination rate of cucumber seeds under salinity stress (Wang et al., 2011). Treatment with 24-epibrassinolide and 28-homobrassinolide, increased the germinability of indica rice IR64 under saline conditions (150 mM NaCl; Anuradha and Rao, 2001). Although stress tolerance at the germination stage has been reported in many plant species, studies on the effect of BR on LTG are limited.

Previously, we identified five QTLs for LTG using a population derived from the interspecific cross between the Korean japonica cultivar “Hwaseong” and Oryza rufipogon (IRGC 105491; Nguyen et al., 2012). Oryza rufipogon alleles of the five QTLs increased germination rate under low-temperature conditions. Among these QTLs, O. rufipogon alleles at qLTG1 and qLTG3 additively increased LTG (Shim et al., 2020). qLTG1 was narrowed to a 167-kb region with 18 candidate genes for LTG (Shim et al., 2019). In the present study, we identified OsD2 (LOC_Os01g10040) as a candidate gene for qLTG1. Two T-DNA insertion mutants were used to confirm the association between OsD2 and LTG expression. OsD2 encodes a cytochrome P450 protein involved in BR biosynthesis. To determine the relationship between BR and LTG, BR-feeding experiments were conducted at the germination stage under low-temperature conditions. The expression levels of BR signaling and biosynthesis genes were examined to understand the molecular mechanisms of the BR pathway. Gene expression analysis and BR application experiments demonstrated that BR enhanced the seed germination rate under low-temperature conditions. These data suggest that OsD2 is associated with the regulation of LTG and that the O. rufipogon OsD2 allele is a suitable option for improving LTG in rice.



Materials and methods


Plant materials and growth condition

In a previous study, 96 introgression lines (ILs; TR1–96) were developed from an interspecific cross between the Korean japonica line Hwaseong and O. rufipogon (Yun et al., 2016). QTL analysis for LTG using these 96 ILs revealed five QTLs, including qLTG1 (Nguyen et al., 2012). To fine-map qLTG1, two introgression lines (TR5 and TR20) harboring the O. rufipogon qLTG1 allele in the Hwaseong background were crossed with Hwaseong, and 971 F2 plants were developed. The F2:3 line was used for substitution mapping of qLTG1. Two T-DNA insertion lines (PFG-3A-07238 and PFG-3A-07287) in OsD2 genic region were obtained from Kyung Hee University, Yongin, South Korea (Jeon et al., 2000; Jeong et al., 2006), and the T-DNA insertion was confirmed using two sets of PCR primers (Supplementary Table 1). From these T-DNA lines, we selected plants heterozygous at the T-DNA locus because plants homozygous for the T-DNA insertion showed a severe dwarf phenotype with no seed setting (Supplementary Figure 1). We tested the genotypes of 40 seeds from heterozygous plants and observed 1:2:1 ratio of no T-DNA insertion, heterozygous and homozygous insertion, respectively suggesting that there is no segregation distortion at this locus (χ2 = 0.105, 0.95 ≥ p ≥ 0.90). To investigate the sequence variations in OsD2, 96 rice accessions from the KRICE_CORE set were examined (Kim et al., 2016; Supplementary Table 2). Plant materials for fine-mapping and T-DNA insertion lines were sown in mid-April, and 30-day-old seedlings were transplanted into a paddy field at Chungnam National University, Daejeon, South Korea. Furthermore, 96 rice accessions from the KRICE_CORE set were grown in an experimental field at Chungcheongnam-do Agricultural Research and Extension Services (CNARES), Yesan, South Korea. Data of agronomic traits of Hwaseong, TR5, and TR20 were used from our previous study (Yun et al., 2016).



DNA extraction and genotype analysis

DNA was extracted from fresh leaf tissues using the method described by Causse et al. (1994). PCR was carried out as described by Jeon et al. (2018), with minor modifications: 95°C for 5 min, followed by 35 cycles at 95°C for 30 s, 55–58°C for 30 s, and 72°C for 30 s, and 5 min at 72°C for the final extension. PCR products were separated on a 2–3% agarose gel stained with StaySafe Nucleic Acid Gel Stain (RBC, New Taipei City, Taiwan). For qLTG1 fine-mapping, InDel markers were designed (Supplementary Table 1). T-DNA insertion genotyping was conducted using two sets of primers (Supplementary Table 1).



Evaluation of low-temperature germination

Germination tests were conducted as described by Nguyen et al. (2012) and Shim et al. (2019, 2020), with minor modifications. Seeds were harvested 45 days after flowering, and dried in a greenhouse for 2 weeks. Seeds from two T-DNA insertional heterozygous lines were harvested and used for germination test. To break dormancy, seeds were incubated at 55°C for 3 days. To confirm the breakage of seed dormancy, 20 seeds were germinated in duplicates at optimal germination temperature (28°C) and dark conditions. For the LTG test, 20 seeds were placed in a 60 mm petri dish with filter paper and filled with 5 ml of distilled water. Seeds were incubated in triplicates at 13°C and dark conditions. Seeds were considered germinated when the seed coat was broken and the white embryo emerged. Germinated seeds were counted, and the germination percentage (%) was calculated. All germination experiments were conducted three times.



OsD2 haplotype analysis

Haplotype analysis was carried out using KRICE_CORE set genotype data from the Kongju National University, Yesan, South Korea (Kim et al., 2016, Supplementary Table 2). LTG phenotype data were obtained from our previous study (Shim et al., 2020).



Feeding experiment

To examine germination under stress conditions, seed germination tests were conducted using Hwaseong, O. rufipogon, and TR5 under salinity (250 mM NaCl) and high-osmotic (500 mM mannitol) conditions. Seeds were incubated at 28°C for 7 days under each stress condition.

To determine whether BR is associated with LTG, low-temperature germination tests were carried out under 1 μM 24-epi-brassinolide (eBL; Sigma-Aldrich Co., MO, United States) and 1 μM brassinazole (BRZ; Sigma-Aldrich Co., MO, United States) treatment conditions. T-DNA insertion lines (OsD2-KD and OsD2-OE) were used for the BR treatment test, and 25 seeds were incubated in triplicates at 13°C for 7 days. Germinated seeds were counted, and the germination rate (%) was calculated daily after incubation. All germination experiments were repeated three times.



RNA isolation and real time quantitative reverse transcription PCR

Total RNA was isolated from seeds at the germination stage or from 7-day-old seedlings using a NucleoSpin RNA kit (Macherey Nagel, Deuren, Germany), according to the manufacturer’s instructions. Following reverse-transcription into the first-strand cDNA using SmartGene Mixed cDNA synthesis kit (SJ Bioscience, Daejeon, Korea), real-time PCR was performed using a CFX Connect Real-Time System (Bio-Rad, CA, United States). The real-time PCR protocol and conditions were as described by Jeon et al. (2021), with minor modifications: 15 min at 95°C to denature and activate the enzyme, followed by 40 cycles at 95°C for 20 s, 60–55°C for 40 s (depending on primer annealing temperature), and 72°C for 30 s. The quantitative reverse transcription PCR (qRT-PCR) data were analyzed using the 2–∆∆Ct method. Rice tumor-expressed protein (OsTMP) was used for normalization, and relative expression levels were compared using Student’s t-test. The primers used in this study are listed in Supplementary Table 1.



Statistical analysis

One-way ANOVA and Tukey’s test were carried out using Minitab19 software. Student’s t-test was performed using Microsoft Excel software.




Results


Comparison of germinability under stress conditions

Three accessions, Hwaseong, O. rufipogon, and the introgression line TR5 harboring qLTG1, were tested for germinability under three stress conditions. Initially, the germination rate was evaluated at 28°C to check seed dormancy. All lines showed a 100% germination rate 4 days after incubation (DAI), indicating that seed dormancy was broken (Figure 1A). Then, we compared LTG at 13°C, and O. rufipogon showed the highest LTG, followed by TR5 and Hwaseong (Figure 1B). Subsequently, germinability was evaluated under osmotic and salinity stress conditions at 28°C. In the 500 mM mannitol treatment, O. rufipogon and TR5 plants showed similar germination patterns, and their germination rates were higher than that of Hwaseong plants (Figure 1C). The highest germination rate was observed in O. rufipogon under the 250 mM NaCl treatment (Figure 1D). The germinability of TR5 was higher than that of Hwaseong but lower than that of O. rufipogon. These results indicate that the O. rufipogon qLTG1 allele increased germinability at low temperatures, as well as under osmotic and salinity stress conditions.
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FIGURE 1
 Seed germination under low-temperature and abiotic stress conditions using Hwaseong, Oryza rufipogon, and TR5. (A) Germination rate under optimal temperature (28°C); (B) Germination rate under low-temperature (13°C); (C) Germination rate under high osmotic stress (500 mM mannitol) at 28°C; and (D) Germination rate under high salinity stress (250 mM NaCl) at 28°C. Triangle, square, and circle indicate O. rufipogon, TR5, and Hwaseong, respectively. Data are presented as mean ± SD (n = 3). DAI, days after incubation.




Fine-mapping of qLTG1

To narrow down the qLTG1 locus, we fine-mapped the qLTG1 region using recombinant plants. Four recombinants with breakpoints between two markers, RM220 and RM6277, were observed in 971 F2 plants; these plants were then self-pollinated to produce F3 homozygous lines (Figure 2). To determine the exact breakpoint in the four recombinants, newly designed InDel markers (CRM1–40) were used. The line 4 was informative in determining the target region of the candidate genes because the LOC_Os01g10040 allele of line 4 was a hybrid between those of Hwaseong and O. rufipogon. This line showed significantly lower germination rate than TR5. Sequencing LOC_Os01g10040 of the line 4 revealed that the chromosome recombination point was between the fourth intron and the seventh intron suggesting that LOC_Os01g10040 of the line 4 allele was not as effective as O. rufipogon in LTG and this gene should be included as candidate gene for qLTG1. Finally, qLTG1 was delimited to a 30-kb region between CRM23 and CRM22. Based on the Nipponbare reference genome, this region contains four genes (Figure 2; Table 1).

[image: Figure 2]

FIGURE 2
 Substitution mapping of qLTG1. Germination percentage was measured at 7 days after incubation. Error bars indicate the SD of the mean. Different letters to the right of the bar graph indicate significant differences at p < 0.05, based on Tukey’s test.




TABLE 1 List of candidate genes in the qLTG1 region.
[image: Table1]



Candidate gene analysis

The fine-mapping results indicated the existence of four genes (LOC_Os01g10010, LOC_Os01g10020, LOC_Os01g10030, and LOC_Os01g10040) at the qLTG1 locus. Based on release 7 of the MSU Rice Genome Annotation Project on rice IRGSP-1.0 genome,1 annotations of these four genes were as follows: the prenylated Rab acceptor for LOC_Os01g10010, ectonucleotide pyrophosphatase/phosphodiesterase family member 1 for LOC_Os01g10020, hypothetical protein for LOC_Os01g10030, and cytochrome P450, BR biosynthesis, and regulation of plant architecture for LOC_Os01g10040 (Table 1). Four candidate genes have sequence variation between Hwaseong and O. rufipogon including synonymous and non-synonymous variations (Supplementary Tables 3, 4).

To select the candidate gene for qLTG1, gene expression levels were examined at four different time points during seed germination (0, 24, 48, and 72 h after incubation) at 13°C in Hwaseong, O. rufipogon, and TR5 (Supplementary Figure 2). Among the four genes, LOC_Os01g10040 displayed a consistent expression pattern during germination in the three lines. The expression of LOC_Os01g10040 in O. rufipogon and TR5 was higher than that in Hwaseong 24 and 48 h after incubation, whereas no significant difference was observed at 72 h. Compared with LOC_Os01g10040, the expression patterns of the other three genes were inconsistent. These results strongly suggest an association between LOC_Os01g10040 and LTG. Several studies have reported that LOC_Os01g10040 (OsD2) regulates several key agronomic traits, including plant height, leaf angle, and grain size (Hong et al., 2003; Li et al., 2013a; Fang et al., 2016). Based on these findings, OsD2 was chosen as the candidate gene for further analysis.



Sequence comparison of OsD2 between Hwaseong and Oryza rufipogon

The sequence of OsD2 was compared between Hwaseong and O. rufipogon (Supplementary Figure 3; Supplementary Table 4). The size of the OsD2 genomic sequence and coding sequence were 7,783 and 1,473 bp, respectively, and several sequence differences were observed between Hwaseong and O. rufipogon. Although many differences were detected in the genomic sequences, we focused only on the exon region. Five SNPs were found in the exon region; the SNPs were located on the first, fourth, and seventh exons. Among the five SNPs, three were non-synonymous; these SNPs (+76_A/G, +1706_C/T, and + 1726_G/A) changed amino acids from Gly, Leu, and Met (Hwaseong) to Ser, Pro, and Val (O. rufipogon), respectively (Supplementary Figure 3A). The first non-synonymous SNP (+76_A/G) was located on the membrane anchor domain, whereas the other two were not located on known protein domains (Supplementary Figure 3B). Additionally, 14 sequence variants were observed in the promoter region (Supplementary Table 4).



OsD2 controls LTG

To determine whether OsD2 regulates LTG, we obtained two T-DNA insertion lines (PFG_3A-07238 and PFG_3A-07287) from the Kyung Hee University. PCR analysis confirmed the T-DNA insertions in the third intron (Figures 3A,B). Homozygous plants with T-DNA insertion in PFG_3A-07238 showed severe dwarfism with no seed setting, whereas heterozygous plants displayed a non-dwarf phenotype (Figure 3D, Supplementary Figure 1). The qRT-PCR results showed that OsD2 expression in PFG_3A-07238 heterozygous plants was significantly lower than that in Dongjin plants (Figure 3C). On the other hand, PFG_3A-07287 heterozygous plants showed higher OsD2 expression levels than Dongjin plants (Figure 3C). OsD2 has two types of transcript form, OsD2a (LOC_Os01g10040.1) and OsD2b (LOC_Os01g10040.2). PFG_3A-07287 includes pGA2715 vector which harbors CaMV 35S enhancers which might have induced the overexpression of the OsD2b transcript, leading to higher expression of OsD2b in PFG_3A-07287. Therefore, we selected two heterozygous lines for OsD2-knockdown (OsD2-KD; line numbers: 9000-2 and 9011-14) and OsD2-overexpression (OsD2-OE; line numbers: 9002-6 and 9012-15). To check whether OsD2-KD and OsD2-OE make OsD2a or OsD2b transcript, PCR was conducted using cDNA of Dongjin, OsD2-KD, and OsD2-OE (Figure 3B). OsD2a transcript was observed in Dongjin while amplicon was not detected in OsD2-KD and OsD2-OE. OsD2b transcript was observed in all materials and OsD2-KD displayed lower expression of OsD2 transcript than Dongjin. OsD2-OE showed higher expression of OsD2b transcript than Dongjin and OsD2-KD. The two OsD2-KD lines showed erect plant architecture with smaller grain size than Dongjin plants, whereas the OsD2-OE lines displayed an open plant architecture with longer grains than Dongjin plants (Figures 3D,E, Supplementary Figure 4).
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FIGURE 3
 Characterization of T-DNA insertion lines. (A) Gene structure of OsD2 and T-DNA insertion sites in two lines. VB, vector border; LP, left primer; and RP, right primer. (B) PCR amplicons to confirm T-DNA insertion together with hygromycin resistant gene (HPTII) and PCR amplicons for transcript form confirmation of OsD2a and OsD2b using cDNA. M: 100-bp size marker, DJ: Dongjin. (C) Gene expression level of OsD2 in the T-DNA insertion lines. OsTMP was used for gene normalization. Error bars indicated SD. ** indicates a significant difference between each T-DNA insertion line and Dongjin based on the Student’s t-test at p < 0.01. (D,E) Phenotypic difference between Dongjin and T-DNA insertion lines.


The LTG test was performed using two T-DNA lines and wild-type Dongjin (Figure 4). At the optimal germination temperature, Dongjin, OsD2-KD, and OsD2-OE seeds showed 100% germination rates at three DAI (Supplementary Figure 5). The LTG of OsD2-OE was significantly higher than that of Dongjin and OsD2-KD. OsD2-OE (9002-6) started germination at four DAI, while the other lines started germination at 5 or 6 DAI, indicating that OsD2 plays a role in LTG regulation. However, OsD2-KD lines displayed a lower germination rate than Dongjin at 5 DAI, while the LTG differences between OsD2-KD lines and Dongjin were not significantly different except at 7 and 9 DAI. This is possibly due to the genetic background effects of seeds obtained from the heterozygous plants.

[image: Figure 4]

FIGURE 4
 Low-temperature germinability of OsD2 T-DNA insertion lines and Dongjin (DJ). Seeds of OsD2-KD (9000-2, 9011-4), OsD2-OE (9002-6, 9012-15), and Dongjin were incubated at 13°C for 10 days. Data are presented by mean ± SD (n = 3). * and ** indicate significant difference between each T-DNA insertion line and Dongjin at p < 0.05 and p < 0.01, respectively, based on the Student’s t-test.




Haplotype analysis for OsD2

To validate the allelic effects of OsD2, haplotype analysis was conducted using 96 rice accessions from the KRICE_CORE set (Supplementary Table 2). Four haplotypes (Hap1–4) were found when all five SNPs were considered (Figure 5). Hap1 contained 64 accessions, including 50 temperate japonica, 12 tropical japonica, one admixture, and one aromatic rice. Hwaseong was classified as Hap1, and this haplotype showed 40.3% LTG at 6 DAI. Hap2 had 13 accessions, including one tropical japonica, nine indica, two Aus, and one admixture. The rice accessions in Hap2 displayed an average of 54.6% LTG. Oryza rufipogon belonged to Hap3, along with seven indica, four indica (Tongil), and one Aus accession. Under low-temperature conditions, Hap3 had 56.0% mean germination rate. Seven indica accessions were classified as Hap4 and showed 61.1% mean germination rate at 13°C. ANOVA was performed to determine whether LTG was significantly different among the four haplotypes at p < 0.05 level. However, the difference was not significant, possibly because of a large amount of variation within the haplotypes (p = 0.087). We then evaluated the effects of each of the five SNPs to identify informative SNPs associated with the LTG variation. At three SNPs (+76_A/G, +1706_C/T, and +1726_C/T), the four haplotypes were classified into two groups (Hap1 and Hap2–4). At the second SNP (+1188_G/T), two haplotype groups, Hap1–3 and Hap4, were formed. Hap2 formed one group, and the other three haplotypes, Hap1, 3, and 4, formed the other group based on the fifth SNP (+2970_A/G). ANOVA showed that the difference in LTG between the two groups was significant (p = 0.011) at three SNPs (+76_A/G, +1706_C/T, and + 1726_C/T), but not significant at the second or fifth SNP (Figure 5). Therefore, Hap1 and Hap2–4 were formed as new haplotype group as HapA and HapB based on the three significant SNPs, respectively (Figure 5). These results indicate that three SNPs (+76_A/G, +1706_C/T, and + 1726_C/T) are informative in explaining the LTG variation, and these SNPs could be used in rice breeding programs for selecting parents with enhanced LTG.
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FIGURE 5
 Haplotype analysis of OsD2 using 96 rice accessions from the KRICE_CORE set. 1) Germination rate was presented as mean ± SE. 2) TEJ, temperate japonica; TRJ, tropical japonica; IND, indica; IND (Tongil), indica Tongil; Aus, Aus; Adm, admixture; and Aro, aromatic. * indicates significant difference at p < 0.05 based on one-way ANOVA.




BR is associated with low-temperature germination

OsD2-KD and OsD2-OE plants showed several differences in plant architecture compared to Dongjin plants (Figures 3D,E). OsD2-KD plants flowered 1 week later than the control Dongjin plants, had erect leaves with a narrow leaf angle, and did not show dwarfism. In contrast, OsD2-OE plants were shorter in plant height than Dongjin plants and had bent leaves, indirectly implying a higher amount of BR.

To determine whether BR content variation was responsible for the improved LTG in OsD2-OE, a feeding experiment was conducted. We investigated LTG following seed treatment with exogenous eBL and BRZ (a BL biosynthesis inhibitor; Figure 6). The low-temperature germination rates of Hwaseong, TR5, Dongjin, OsD2-KD (9000-2 and 9011-4), and OsD2-OE (9012-15) increased under eBL treatment, whereas the germination rates of O. rufipogon and OsD2-OE (9002-6) at low temperatures were not significantly different from the control condition. In contrast, BRZ treatment decreased the low-temperature germination rate of all lines. This experiment showed that the exogenous application of BR promoted LTG, whereas the application of a BR biosynthesis inhibitor decreased LTG. These results indicate that BR is associated with LTG.
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FIGURE 6
 Comparison of the low-temperature germinability of eight plant materials under the exogenous brassinosteroid and brassinosteroid biosynthesis inhibitor treatment. Twenty-five seeds were incubated at 13°C with control (circle), 1 μM 24-epi-brassinolide (eBL; square), and 1 μM brassinazole (BRZ; triangle) for 7 days. Data are presented as mean ± SD (n = 3). DAI, days after incubation.




Expression patterns of BR biosynthesis and signaling genes

Endogenous BR concentration is a major factor regulating the expression of BR biosynthesis and signaling pathway genes. The plant architecture of OsD2-KD and OsD2-OE plants indirectly indicated the endogenous BR content. The expression patterns of genes involved in BR signaling and biosynthetic pathways were analyzed using transgenic plants (Supplementary Figure 6). The transcript levels of the receptor-like kinase BRASSINOSTEROID INSENSITIVE 1 (OsBRI1), co-receptor kinase BRI1-ASSOCIATED KINASE 1 (OsBAK1), BRASSINAZOLE-RESISTANT 1 (OsBZR1), and INCREASE LEAF INCLINATION 4 (OsILI4) were considerably lower in both OsD2-KD and OsD2-OE than in Dongjin (Supplementary Figure 6A). Lower expression of two GLYCOGEN SYNTHASE KINASE (OsGSK2 and OsGSK3) and DWARF and LOW TILLERING (OsDLT) genes was observed in OsD2-KD lines than in Dongjin, whereas the expression of the these three genes was higher in OsD2-OE lines than in Dongjin (Supplementary Figure 6A). Among the major BR biosynthesis genes, higher expression levels of OsD11, OsCPD1, and OsBR6ox were detected in the OsD2-OE lines than in Dongjin, whereas the BR-deficient gene, OsBRD1, was downregulated in the OsD2-OE lines (Supplementary Figure 6B). Conversely, the OsD2-KD lines showed lower expression of OsD11 and OsBRD1 than Dongjin. The different expression levels of BR signaling and biosynthesis genes in T-DNA insertion lines might be associated with the difference in endogenous BR content, leading to the variation in LTG, plant architecture, and seed size in the T-DNA lines.




Discussion

Low-temperature germinability is an important trait for direct-seeded rice cultivation. Because of the significance and complex nature of LTG in rice, many genetic approaches have been used to identify genes involved in LTG (Satoh et al., 2016; Wang et al., 2018; Yang et al., 2020). To date, two genes, qLTG3-1 and OsSAP16 have been characterized using biparental and GWAS approaches, respectively (Fujino et al., 2008; Wang et al., 2018). In this study, we demonstrated that the BR biosynthesis gene OsD2 is the causal gene for the LTG QTL, qLTG1. Two introgression lines, TR5 and TR20 (BC3F6), harboring the O. rufipogon qLTG1 allele, showed significantly enhanced LTG compared to Hwaseong (Shim et al., 2020). Map-based cloning enabled us to delimit the QTL to a ~30-kb region flanked by two markers, CRM23 and CRM22. The region has four genes: prenylated rab acceptor (LOC_Os01g10010), ectonucleotide pyrophosphatase/phosphodiesterase family member 1 (LOC_Os01g10020), hypothetical protein (LOC_Os01g10030), and cytochrome P450 (LOC_Os01g10040, OsD2). To identify the causal gene for qLTG1, gene sequencing, expression analysis, and transgenic approaches were employed. Gene expression analysis indicated that the O. rufipogon and TR5 seeds showed higher OsD2 expression than the Hwaseong seeds during germination, whereas the three lines (Hwaseong, O. rufipogon, and TR5) did not show any consistent expression pattern in the other three genes (LOC_Os01g10010–LOC_Os01g10030). Based on the gene expression analysis, OsD2 was selected as the candidate gene for qLTG1. Sequence comparison of OsD2 between Hwaseong and O. rufipogon revealed five SNPs in the exon region and 14 sequence variants in the promoter region. To confirm the association of OsD2 with LTG, we employed two T-DNA insertion lines: OsD2-OE and OsD2-KD plants in the Dongjin background. The LTG test using the two T-DNA lines and Dongjin showed that OsD2-OE had significantly higher LTG than Dongjin and OsD2-KD. To determine whether BR is responsible for the improved LTG in OsD2-OE, feeding experiments were conducted using exogenous eBL and BRZ (Figure 6). The low-temperature germination rates of Hwaseong, TR5, Dongjin, OsD2-KD (9000-2 and 9011-4), and OsD2-OE (9012-15) increased under eBL treatment, whereas the germination rates of O. rufipogon and OsD2-OE (9002-6) at low temperatures were not significantly different from the control condition. In contrast, BRZ treatment resulted in a decrease in the low-temperature germination rate of all lines. Studies have reported that LOC_Os01g10040 (OsD2) plays an important role in regulating plant height, grain size, and leaf angle (Hong et al., 2003; Li et al., 2013a; Fang et al., 2016). Our findings indicated that OsD2 is also associated with LTG variation in rice.

The ebisu dwarf (dwarf2 or d2), an OsD2 gene mutant, has been characterized, and several d2 alleles have been reported (Hong et al., 2003; Li et al., 2013a; Fang et al., 2016). Among these alleles, d2-3, d2-4, d2-6, and ccdd1 showed severe dwarfism with undesirable traits, making their utilization impractical in breeding programs. Although the d2-1, d2-2, and smg11 alleles of OsD2 displayed non-dwarf phenotypes, plants with these alleles had reduced plant height, small grains, and erect plant architecture (Hong et al., 2003; Fang et al., 2016). To date, many studies have reported the function of BRs as a class of plant steroidal hormones and have focused on the effect of BR on agronomic and morphological traits (Fujioka and Yokota, 2003; Wu et al., 2008). In contrast, we analyzed the association of OsD2 with germinability under stress conditions and found that the O. rufipogon OsD2 allele improved LTG in the cultivated rice background without any deleterious phenotypes such as dwarfism. In addition, two introgression lines TR5 and TR20 harboring the O. rufipogon qLTG1 allele showed improved agronomic traits, such as increased grain size, spikelets per panicle, 1,000-grain weight, and grain yield whereas their tall statue are unfavorable because of lodging (Yun et al., 2016, Supplementary Figures 7, 8). Although it is unclear whether these changes in agronomic traits are due to the pleiotropic effect of OsD2 or other tightly linked genes, these results support the fact that wild rice is a valuable resource for improving yield stability and widening genetic diversity in rice breeding programs (Xiao et al., 1996; Yeo et al., 2014; Yun et al., 2016; Shim et al., 2019).

Haplotype analysis of 96 rice accessions with five non-synonymous SNPs in OsD2 was performed to determine the association between haplotypes and LTG (Figure 5). When the five SNPs were combined, the 96 accessions were classified into four haplotypes (Hap1–4). However, the difference in LTG levels among the four haplotypes was not significant. Then, each of the five SNPs was considered individually, and the 96 accessions were classified into two haplotypes. At three SNP sites (+76, +1,706, and +1,726), Hap1 and Hap2–4 formed two different haplotypes (HapA and HapB), and two groups showed significant differences in LTG (p < 0.05, ANOVA). Interestingly, rice accessions in HapB shared the same genotype at +76, +1,706, and +1,726 SNPs, and three SNPs each showed significant differences in LTG based on ANOVA (p = 0.011; Supplementary Figure 3). It remains to be determined whether the amino acid sequence of OsD2 between the two lines is directly associated with LTG. However, the possibility that the sequence difference in the OsD2 promoter region is responsible for the variation in LTG cannot be ruled out. Although further studies on protein structure and enzymatic experiments are needed to answer this question, the molecular markers for +76, +1,706, and +1,726 SNPs would be useful in selecting high-LTG germplasms together with the previously designed qLTG3-1 functional markers (Shim et al., 2020). In addition, pyramiding two O. rufipogon alleles at qLTG1 and qLTG3 will be an effective strategy for developing direct-seeding varieties with high LTG.

Two T-DNA insertion lines were used for OsD2 characterization (Jeon et al., 2000; Jeong et al., 2006). Generally, homozygous T-DNA insertion lines are used to examine the effects of gene knockout or overexpression. However, in our study, we employed heterozygous T-DNA plants for phenotypic evaluation because the homozygous T-DNA insertion plants showed severe dwarfism and failed to set seeds. The absence of homozygous seeds made us to employ segregating seeds in the germination test and this could have affected the accuracy of the germination test. The seeds harvested from heterozygous plant will be segregating with 1:2:1, 3:1, or 1:3 ratio depending on the gene action (additive, dominant, or recessive). Therefore, 75% of seeds of heterozygous plants have at least one-copy T-DNA insertion and the number of seeds showing higher or lower OsD2 expression than the WT Dongjin would be different depending on the gene action. This might have affected the accuracy of the LTG test especially in OsD2-KD lines.

The heterozygous plants (OsD2-KD) showed lower OsD2 expression similar with other BR-deficient mutants phenotypes, such as d2-1 and d2-2, and displayed erect leaves with decreased plant height and grain size (Figure 3; Hong et al., 2003). The OsD2-OE plants showed a higher expression of OsD2, although the insertion site of T-DNA was located near the site for OsD2-KD. It is possible that the CaMV 35S promoter enhancer in the vector border may have activated the expression of OsD2b transcript form (Jeong et al., 2006; Li et al., 2013a). Similar studies using T-DNA insertion lines for overexpression and decreased gene expression have been reported. Two T-DNA insertion mutants, oswrky5-D and oswrky5 showed increased and decreased expression levels of OsWRKY5, respectively, and the expression of OsWRKY5 was positively associated with the leaf senescence phenotype (Kim et al., 2019).

Studies have reported that BRs play an important role in promoting seed germination (Leubner-Metzger, 2001; Steber and McCourt, 2001). Leubner-Metzger (2001) observed that brassinolide promotes tobacco seed germination under both light and dark incubation conditions. BR signaling is required to overcome the inhibition of germination by ABA, suggesting that BR stimulates seed germination (Steber and McCourt, 2001). It has been demonstrated that the exogenous application of BRs enhanced the seed germination rate under stress conditions in rice and cucumber (Anuradha and Rao, 2001; Wang et al., 2011). However, the effects of BR under low-temperature stress conditions have not yet been examined. In our feeding experiment, the application of 1 μM eBL improved the germination rate of Hwaseong, TR5, Dongjin, OsD2-KD (9000-2 and 9011-4), and OsD2-OE (9012-15) at low temperatures (Figure 6). In contrast, no significant difference was observed in in the germination rates of O. rufipogon and OsD2-OE (9002-6). This was possibly due to the high level of endogenous BR in the two lines, and the eBL treatment did not contribute to the increase in LTG compared to the control. On the other hand, BRZ treatment decreased LTG in all tested lines. These results clearly indicate that BR is associated with LTG.

In this study, the expression patterns of some BR signaling and biosynthesis genes were not consistent with those reported in previous studies. For example, the lower expression of OsILI4 (BRASSINOSTEROID UPREGULATED1, OsBU1), encoding Helix–loop–Helix protein involved in BR signaling, in both OsD2-KD and OsD2-OE is not consistent with previous reports. Sakamoto et al. (2012) reported that the relative OsBU1 expression levels in d2-1, d2-3, d2-4, and d2-6 mutants were not significantly different from their corresponding wild types. Tanaka et al. (2009) reported that OsBU1 overexpression plants showed enhanced bending of the lamina joint and enlarged grain size, which was not consistent with the characteristics of OsD2-OE lines in the present study. However, Li et al. (2013a) observed a decreased expression of OsBU1 in the OsD2 null mutant (csdd1), which is consistent with our observations. In our study, BR synthesis genes OsD11 and OsBRD1 which are regulated by the BR signaling gene RELATED TO ABI3/VP1-LIKE1 (RAVL1), showed significantly decreased expression in OsD2-KD lines (Supplementary Figure 6; Je et al., 2010). However, OsD2-OE lines displayed increased expression levels of OsD11 and decreased expression levels of OsBRD1. Li et al. (2013a) reported that the OsD2 null mutant csdd1 showed increased expression levels of OsD11 and OsDWARF (OsBRD1) compared to wild-type plants. This discrepancy in the expression pattern of genes involved in BR signaling and biosynthesis may be due to the use of heterozygous OsD2-KD and OsD2-OE plants.

Low-temperature stress is a challenge in crop cultivation. In this study, a new QTL, qLTG1, controlling LTG was detected in an introgression line (TR5) derived from a cross between the japonica variety “Hwaseong” and the wild rice (O. rufipogon). Using map-based cloning, transgenic approaches, and gene expression analysis, we demonstrated that the rice BR biosynthesis gene OsD2 is the causal gene for qLTG1. The O. rufipogon OsD2 allele improved LTG in the cultivar background without any deleterious phenotypes. These results will benefit rice breeding programs by assisting in developing strategies to maximize the exploitation of invaluable genes from interspecific or intraspecific crosses.
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Highly seed vigor (SV) is essential for rice direct seeding (DS). Understanding the genetic mechanism of SV-related traits could contribute to increasing the efficiency of DS. However, only a few genes responsible for SV have been determined in rice, and the regulatory network of SV remains obscure. In this study, the seed germination rate (GR), seedling shoot length (SL), and shoot fresh weight (FW) related to SV traits were measured, and a genome-wide association study (GWAS) was conducted to detect high-quality loci responsible for SV using a panel of 346 diverse accessions. A total of 51 significant SNPs were identified and arranged into six quantitative trait locus (QTL) regions, including one (qGR1-1), two (qSL1-1, qSL1-2), and three (qFW1-1, qFW4-1, and qFW7-1) QTLs associated with GR, SL, and FW respectively, which were further validated using chromosome segment substitution lines (CSSLs). Integrating gene expression, gene annotation, and haplotype analysis, we found 21 strong candidate genes significantly associated with SV. In addition, the SV-related functions of LOC_Os01g11270 and LOC_Os01g55240 were further verified by corresponding CRISPR/Cas9 gene-edited mutants. Thus, these results provide clues for elucidating the genetic basis of SV control. The candidate genes or QTLs would be helpful for improving DS by molecular marker-assisted selection (MAS) breeding in rice.
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Introduction

Rice direct seeding (DS) technology, in which seeds are directly sown in the field without seedling raising or transplanting, provides an advanced and simplified cultivation technology for mechanized rice production. With the decrease in the rural labor force, the rise in labor cost, and the development of mechanized rice planting technology, rice planting in Asia, the main rice-producing area, has a trend of developing from traditional or mechanical transplanting to mechanical direct planting due to its labor- and cost-saving. However, DS requires the strong seed vigor (SV) of cultivated rice varieties, including high and uniform seed germination rate, strong seedling establishment and growth capacity, and enhanced stress tolerances. Most transplanting rice varieties on the market, including conventional rice, hybrid rice, and super rice, cannot be used for DS due to their poor SV. Thus, it is urgent to develop high SV varieties suitable for rice mechanized direct seeding through molecular-assisted selective breeding and biotechnology breeding, which depends on understanding the regulatory mechanism of SV-related traits and identifying the essential genes underlying these traits.

SV is a comprehensive trait affected by genetic and environmental factors during seed development and maturation. At present, a large number of QTLs for SV-related characteristics, such as seed germination rate (Wang et al., 2010; Jiang et al., 2020; Najeeb et al., 2020), coleoptile/seedling length (Dang et al., 2014; Xie et al., 2014; Jin et al., 2018), and seedling weight (Zhang et al., 2017; Najeeb et al., 2020), have been found in rice. Most of these QTLs were identified by bi-parental mapping with traditional markers. However, due to the low density of traditional markers, only a few QTLs or genes for SV have been fine-mapped. For instance, Fujino et al. isolated qLTG3-1, a QTL associated with low-temperature germinability. It may accelerate vacuolization and weaken the tissues covering the embryo during seed germination, thereby reducing the mechanical resistance to the growth potential of coleoptile (Fujino et al., 2008). In addition, qSE3, a major QTL for rice seed germination and seedling establishment under salinity stress, was identified as a K+ transporter OsHAK21 (He et al., 2019a). Physiological analysis revealed that qSE3 improved seed germination and seedling establishment against salinity stress through mediating seed physiological states, including increasing K+ and Na+ uptake, promoting abscisic acid (ABA) biosynthesis, and reducing reactive oxygen species (ROS) accumulation. Very recently, OsHIPL1, which encodes a hedgehog-interacting protein-like 1 protein, was cloned as a causal gene for the major QTL qSV3 associated with rice SV (He et al., 2022). And OsHIPL1 may play its role by modulating ABA levels and OsABIs expression during rice seed germination.

Genome-wide association study (GWAS) has become an effective way to dissect complex traits and identify corresponding loci or candidate genes. Several QTLs or genes for SV have been detected via GWAS in rice. For example, four germination rate (GR)-related QTLs in rice were revealed by GWAS, and OsOMT, encoding the 2-oxoglutarate/malate translocator, was further validated as a causal gene for qGR11. OsOMT played an essential role in GR by modulating amino acid levels, and the processes of glycolysis and tricarboxylic acid cycle (Li et al., 2021a). Yang et al. identified 19 QTLs associated with rice seed germination by GWAS. They further found that OsPK5 was a positive regulator of rice seed germination by encoding a pyruvate kinase and thereby modulating glycolytic metabolism and abscisic (ABA)/gibberellins (GA) balance (Yang et al., 2022). In addition, OsCDP3.10, encoding a cupin domain protein, was identified from qSP3, a significant QTL for rice seedling percentage by GWAS (Peng et al., 2022). Functional analysis revealed that OsCDP3.10 affected rice SV mainly by modulating the levels of amino acids and H2O2 in the germinating seeds. These studies demonstrated that GWAS is an effective way to identify QTLs/genes for SV in rice.

However, so far, almost all studies on GWAS related to SV have been carried out in Petri dishes and under constant temperature conditions, which cannot fully simulate the natural environment of the field. Therefore, the present study intends to apply GWAS to identify QTLs/genes for rice SV in the field. We surveyed the GR, seedling shoot length (SL), and shoot fresh weight (FW) of 346 rice accessions in the field, and performed GWAS analysis to identify reliable loci responsible for rice SV. In total, six QTLs were detected, including one for GR, two for SL, and three for FW. Combining gene expression, gene annotation, and haplotype analysis, we screened 21 candidate genes significantly associated with SV from these QTLs, among which LOC_Os01g11270 and LOC_Os01g55240 were further validated by corresponding CRISPR/Cas9 gene-edited mutants. The detected QTLs and candidate genes will enhance our understanding of the genetic and molecular basis for SV and provide valuable resources for applying these potential elite loci in rice molecular breeding.



Materials and methods


Plant material and phenotyping

The 346 representative accessions distributed worldwide were selected for the GWAS panel, including 213 indica and 133 japonica rice accessions (Supplementary Table 1). All seeds of these accessions were harvested at their maturity stage in September and October 2020, dried, and stored in a refrigeration house. To break seed dormancy, these seeds were dried at 42 °C for seven days before sowing (He et al., 2019b; He et al., 2022). When seeds are sown, the waterlogged paddy field is silty and sticky without standing water. In May 2021, 50 well-filled seeds of each accession were evenly sown in a circular box (6.4 cm with a diameter) on the surface of the paddy field at China National Rice Research Institute (Hangzhou, Zhejiang, China), following a randomized complete block experimental design with three replications. One week after sowing, we began to slowly saturate the paddy field, maintaining a thin layer of water with a depth of 1-2 cm on the soil’s surface. After direct sowing for two weeks, the data of GR, SL, and FW were measured. The temperature during this period was 17 °C ~ 26 °C. The seed was regarded as germination when the coleoptile or radicle length was longer than 1 cm, and GR was defined as the ratio of the number of germinated seeds to the total number of seeds. Five plants for each accession were randomly selected to measure the SL and FW (shoot fresh weight of all five plants). The mean data of GR, SL, and FW were presented and obtained from the three replicates, including 344, 314, and 313 mean values for GR, SL, and FW, respectively (Supplementary Table 1). The lack of mean GR data for two accessions was due to the large SD of three replicates, which was considered inaccurate and consequently discarded. Similarly, the mean FW value of D188 accession, and SL and FW values of D299 accession were also discarded. In addition, to eliminate the influence of germination time on SL and FW, the SL and FW of 31 accessions with low GR (<38%) and shallow emergence rate one week after sowing were not recorded. These missing GR, SL, and FW data were marked as NA in Supplementary Table 1.

Chromosome segment substitution lines (CSSLs) used for qGR1-1, qSL1-1, qSL1-2, qFW1-1, qFW4-1, and qFW7-1 validation were constructed by a combination of backcross and molecular maker-assisted selection (Dai et al., 2020). After backcrossing four times, each CSSL has a genetic background with recurrent receptor parent 9311 and only carries a target chromosomal segment from the donor parent Nipponbare (NPB). After drying at 42 °C for seven days, 50 well-filled seeds per replicate of 9311 and CSSLs were directly sown in ddH2O at 30 °C for four days, then transplanted in a conventional Kimura B hydroponic medium at 30 °C for six days (maintain culture in ddH2O for GR). The GR, SL, and FW data for each CSSL and its recurrent parent 9311 were collected ten days after cultivation. Three biological replicates were performed for GR and FW, and ten replicates were used for SL.

The CRISPR/Cas9-mediated gene editing mutants for LOC_Os01g11270 and LOC_Os01g55240 were obtained from Weimi Biotechnology Co., Ltd. (Lu et al., 2017). And the cultivation and measurement methods are the same as those of the CSSLs.



Genome resequencing and SNP genotyping

The genomic DNA of each accession for the GWAS population was extracted by the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980). The resequencing library was constructed according to the manufacturer’s instructions (Illumina, San Diego, CA, USA). The paired-end reads in each library were generated by Illumina NovaSeq 6000 platform at Berry Genomics Company (http://www.berrygenomics.com/,Beijing,China). The clean reads were aligned to the NPB reference genome (IRGSP-1.0) with Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009). Genome Analysis Toolkit software (GATK) (Van der Auwera et al., 2013) was used for single nucleotide polymorphism (SNP) calling. The SNP annotations were analyzed by SnpEff (Cingolani et al., 2012) based on the GFF3 files of the NPB reference genome. A total of 2,748,212 high-quality SNPs with minor allele frequency (MAF) greater than 5% and a missing rate less than 20% were screened for further GWAS.



Population genetics analysis

We randomly selected 100,000 SNPs with a MAF > 5% and a missing rate < 20% to build a phylogenetic tree using SNPhylo (Lee et al., 2014; Li et al., 2021b; Feng et al., 2022), and plotted it with the R package of ‘ggtree’ (Yu et al., 2017). The Principal component analysis (PCA) and population structure analysis for all accessions were calculated by Plink (Purcell et al., 2007) and ADMIXTURE (Alexander et al., 2009).



Genome-wide association study

GWAS was conducted using vcf2gwas with a linear mixed model (Vogt et al., 2022). GR, SL, and FW values for 346 rice accessions were used as input data. Based on the Bonferroni-corrected method and previous reports (Yang et al., 2014; Li et al., 2021b; Feng et al., 2022), the P-value of the whole-genome significance cutoff was set as 1/n (n = the number of SNPs used in association analysis); that is, the threshold of -log10 (P) was about 6.4. Manhattan and quantile-quantile (Q-Q) plots were generated using the R package of Cmplot (https://github.com/YinLiLin/CMplot). Based on the previous report, the 200-kb upstream and downstream significant SNP site was regarded as a QTL region, and adjacent overlapped regions were merged into the same QTL (Li et al., 2022).



Haplotype analysis

The SNPs in the regions of 2-kb upstream, CDS, and 1-kb downstream sequence of each gene were selected for haplotype analysis. The rare haplotype with a frequency lower than ten were discarded. The top two or three haplotypes with the highest frequency were chosen for further phenotypic association analysis.




Result


Phenotypic variation of SV-related traits in 346 rice accessions

We observed significant variations of three SV-related traits (GR, SL, and FW) among 346 rice accessions. In detail, the GR ranged from 6.00 to 100.00%, with an average of 69.74% and a variation coefficient of 28.69% (Table 1). The SL changed from 8.40 to 26.20 cm, with a mean value of 15.42 cm and a variation coefficient of 22.65%. The FW varied from 0.1325 to 0.4800 g, with an average of 0.2592 g and a variation coefficient of 23.01%. These results indicate an extensive phenotypic variation (PV) in our experimental population. Furthermore, according to the kurtosis and skewness values, all traits showed skewed distribution, especially GR (Figures 1A, C, E; Table 1). We further analyzed the SV-related values in indica and japonica subpopulations. It revealed that the GR, SL, and FW of indica and japonica were 69.94% and 69.42%, 16.4 cm and 14.0 cm, 0.2722 g and 0.2391 g, respectively. Except for GR, a significant difference was observed for SL and FW between indica and japonica (Figures 1B, D, F). In sum, the GR, SL, and FW traits were suitable for subsequent GWAS mapping.


Table 1 | The SV-related traits in 346 rice accessions.






Figure 1 | The variation of SV-related traits in 346 rice accessions. (A) Distribution of GR values. (C) Distribution of SL values. (E) Distribution of FW values. (B) Comparison of GR values between indica and japonica. (D) Comparison of SL values between indica and japonica. (F) Comparison of FW values between indica and japonica. n indicates the number of accessions. The p-value is obtained from the T-test.





Population structure of 346 rice accessions

The 346 rice accessions were classified into two subgroups based on the phylogenetic tree, roughly corresponding to the classification of indica and japonica (Figure 2A). Similarly, PCA and the population structure base on the possible clusters (k) method also showed that these rice accessions could be divided into two subgroups as the phylogenetic tree classification (Figures 2B, C). Taken together, the category of population structure has a similar result compared to a previous study (Shi et al., 2021; Li et al., 2022).




Figure 2 | Population structure of 346 rice accessions. (A) Phylogenetic tree of 346 rice accessions. (B) PCA of 346 rice accessions. The first and second principal components are represented by PCA1 and PCA2, respectively. (C) Cluster analysis of 346 rice accessions. Blue and red colors correspond to indica and japonica accessions, respectively.





Mining loci associated with SV by GWAS

To explore the novel loci related to SV, we performed GWAS on GR, SL, and FW in 346 rice accessions, respectively. The Manhattan plots of GWAS showed 18, 30, and 3 significant SNPs were associated with GR, SL, and FW, respectively, and assigned as six QTLs (qGR1-1, qSL1-1, qSL1-2, qFW1-1, qFW4-1, and qFW7-1) according to their physical position in the genome (Figure 3; Table 2 and Supplementary Table 2). For GR and SL, 18, 2, and 28 significant SNPs were detected in qGR1-1, qSL1-1, and qSL1-2 on chromosome 1, contributing 7.76 ~ 10.53%, 7.92%, and 7.78 ~ 9.33% of the phenotypic variation explanation (PVE), respectively (Table 2, Supplementary Table 2). Whereas FW, qFW1-1, qFW4-1, and qFW7-1 located on chromosomes 1, 4, and 7 respectively, all contain only one associated SNP that explains 7.98 ~ 9.28% of the PVE (Table 2, Supplementary Table 2).




Figure 3 | GWAS for SV-related traits in 346 rice accessions. (A-C) Manhattan and quantile-quantile (Q-Q) plots of GWAS for GR (A), SL (B), and FW (C), respectively.




Table 2 | Six GWAS regions associated with SV.





Validation of GWAS-associated loci using CSSLs

To verify the GWAS-associated QTLs, we screened five CSSLs from the CSSL library with 9311 as recurrent parent and NPB as donor parent. We named them CSSL14 (containing qGR1-1), CSSL16 (containing qSL1-1 and qSL1-2), CSSL3 (containing qFW1-1), CSSL18 (containing qFW4-1), and CSSL15 (containing qFW7-1), respectively (Figure 4A). A comparison of SV-related traits between 9311 and corresponding CSSLs revealed significant differences in GR, SL, and FW, respectively. In detail, the GR of CSSL14 increased by 7.34% compared with that of 9311 (Figure 4B), while the SL of CSSL16 and FW of CSSL3, CSSL18, and CSSL15 decreased by 12.86%, 13.27%, 29.50%, and 22.08% compared with that of 9311, respectively (Figures 4C, D). These data suggest that the above GWAS results are reliable and imply that the NPB allele is the dominant allele of qGR1-1, whereas the allele from 9311 is the superior allele for qSL1-1, qSL1-2, qFW1-1, qFW4-1, and qFW7-1.




Figure 4 | Validation of six GWAS-associated QTLs using CSSLs. (A) The genotype diagrams of CSSLs. qGR1-1, qSL1-1, qSL1-2, qFW1-1, qFW4-1, qFW7-1 are represented by red, orange, green, blue, purple, and yellow lines, respectively. Line width indicates the size of QTL interval. (B) Comparison of GR between CSSL14 and 9311. Data represent mean ± SD (n=3). (C) Comparison of SL between CSSL16 and 9311. Data represent mean ± SD (n=10). (D) Comparison of FW among CSSL3, CSSL18, CSSL15, and 9311. Data represent mean ± SD (n=3). n indicates the number of replicates. The p-value is obtained from the T-test.





Identification of SV-related candidate genes in GWAS-associated loci

To search for the candidate genes in six QTLs, we excavated all 540 annotated genes, including 135, 60, 169, 59, 58, and 59 genes in qGR1-1, qSL1-1, qSL1-2, qFW1-1, qFW4-1, and qFW7-1, respectively (Supplementary Table 3). We used three strategies to narrow down the candidate genes: Firstly, 76 genes not expressed in seeds (for GR) or seeds and leaves (for SL and FW) were deleted based on the expression profile in Rice Expression Database (http://expression.ic4r.org/) (Supplementary Table 3). Secondly, 65 genes encoding retrotransposon or transposon protein were excluded based on their function annotations (Supplementary Table 3). Meanwhile, 28 genes considered highly related to the SV phenotype were screened from the remaining genes (Supplementary Table 3). The common feature of these 28 genes is that they and their homologs are at least associated with SV-related traits or involved in hormone metabolism or signaling pathways such as ABA and GA. Lastly, haplotype analysis was carried out using the SNPs in 346 accessions, and 21 candidate genes associated with significant SV-related phenotypic differences between their top two or three haplotypes were screened (Supplementary Tables 1, 3). Their distances from the nearest significant SNPs are shown in Supplementary Table 4. However, it is important to note that the phenotypic differences between haplotypes of some candidate genes may result from the phenotypic differences between indica and japonica subpopulations, since SL and FW differences exist in the two subspecies.

Among them, LOC_Os01g11270 located in qGR1-1 was annotated as a cytochrome P450 (CYP450) (Supplementary Table 3), and its homologs played a crucial role in hormone metabolisms, such as gibberellin (GA) (Zhu et al., 2005; Wu et al., 2014) and abscisic acid (ABA) (Zhu et al., 2009; Zhang et al., 2020). GA and ABA are two antagonistic phytohormones with positive and negative regulatory effects on seed germination and seedling establishment, respectively. Therefore, LOC_Os01g11270 is a strong candidate associated with GR. Haplotype analysis revealed that LOC_Os01g11270 has two major haplotypes according to an SNP located in its promoter (Figure 5A). Haplotype 1 (Hap1, reference sequence) was mainly found in japonica accessions, while Hap2 only occurred in indica accessions (Figure 5A; Supplementary Table 1). Comparatively, Hap1 had a lower GR than Hap2 (Figure 5B). To further validate the role of LOC_Os01g11270 in rice seed germination, we compared the GR of the LOC_Os01g11270 gene-edited mutant (KO#270) and its wild-type Zhonghua 11 (ZH11). In KO#270, an 8-bp deletion at base 799 to 806 in the LOC_Os01g11270 CDS caused a frameshift mutation (Figure 5C). The statistical result showed that the GR of KO#270 decreased by 15% compared to that of ZH11 (Figures 5C, D), suggesting a positive regulation effect of LOC_Os01g11270.




Figure 5 | Effect of LOC_Os01g11270 on rice seed germination. (A) The top two haplotypes of LOC_Os01g11270 in 346 rice accessions. The blue box represents the exon, the white box indicates 2-kb upstream region of the start codon or 1-kb downstream region of the stop codon, and the black line represents the intron. (B) Comparison of GR between accessions containing Hap1 and Hap2. (C) Comparison of seed germination status after imbibition for five days between LOC_Os01g11270 gene-edited mutant (KO#270) and its wild-type ZH11. (D) Comparison of GR between KO#270 and ZH11. Data represent mean ± SD from three replicates. The p-value is obtained from the T-test.



LOC_Os01g55240 in qSL1-2 was identified as a GA inactivation gene (Supplementary Table 3), encoding a gibberellin 2-beta-dioxygenase (OsGA2ox3) (Tong et al., 2014), and thus may control seedling growth. Haplotype analysis of OsGA2ox3 revealed two major haplotypes, Hap1 (reference sequence) and Hap2, that existed in 346 rice accessions (Figure 6A). The Hap1 associated with short SL was mainly found in japonica accessions, whereas Hap2 related to long SL only occurred in indica accessions (Figures 6A, B). To know whether the differential gene expression levels cause the SL variation in different haplotypes, we compared the transcripts of OsGA2ox3 between Hap1 and Hap2 accessions using the leaf tissues (the uppermost complete leaves from four 3-week-old plants) RNA-seq dataset from our laboratory. The result showed that there was no significant difference between the average gene expression levels of Hap1 and Hap2 (Figure 6C; Supplementary Table 1), suggesting that the SL difference between Hap1 and Hap2 was not caused by their differential gene expression levels. To further validate the effect of OsGA2ox3 in rice seedling growth, we compared the SL between the OsGA2ox3 gene-edited mutant (KO#240) and its wild-type ZH11. In KO#240, one bp insertion between base 104 to 105 in the OsGA2ox3 CDS resulted in a frameshift mutation (Figure 6D). It showed that the SL of KO#240 was 15% longer than that of the wild type (Figures 6D, E), suggesting a negative regulation effect of OsGA2ox3.




Figure 6 | Effects of LOC_Os01g55240 on rice seedling growth. (A) The top two haplotypes of LOC_Os01g55240 in 346 rice accessions. The blue box represents the exon, the white box indicates 2-kb upstream region of the start codon or 1-kb downstream region of the stop codon, and the black line represents the intron. (B) Comparison of SL between accessions with Hap1 and Hap2. (C) Comparison of gene expression in leaves between accessions with Hap1 and Hap2. The mean FPKM value of three replicates is represented as the gene expression value for each accession. (D) Comparison of seedling growth status after imbibition for ten days between LOC_Os01g55240 gene-edited mutant (KO#240) and its wild-type ZH11. (E) Comparison of SL between KO#240 and ZH11. Data represent mean ± SD from ten replicate. The p-value is obtained from the T-test.






Discussion

Seed vigor is crucial in determining the yield of direct seeding rice. Good SV contains strong and uniform seed germination, rapid seedling growth, and increased stress tolerance. In contrast, apart from without these advantages, the poor SV also leads to weed bloom due to the weak seedling competitiveness, which further reduces rice production (Rajjou et al., 2012). Therefore, deciphering the molecular regulatory mechanisms of SV, and identifying the causative genes underlying SV have been the focus of rice biology. In the past decade, GWAS has been widely used to detect the potential loci or alleles underlying complex agronomic traits in rice. This study used three indicators, GR, SL, and FW, closely related to seed germination and seedling growth, to evaluate SV and perform GWAS. The results revealed a considerable variation and nearly normal distribution of GR, SL, and FW in 346 accessions, respectively (Figures 1A, C, E; Table 1). In addition, the indica accessions may be more suitable for DS because they had larger SL and FW than japonica accessions (Figures 1D, F). A total of six QTLs (qGR1-1 for GR, qSL1-1 and qSL1-2 for SL, qFW1-1, qFW4-1, and qFW7-1 for FW) were identified through GWAS using the whole population (Figure 3; Table 2). Among them, we found two QTLs co-located with previously reported SV-related QTLs using the traditional mapping method, suggesting that our GWAS results are pretty reliable (Table 2). For instance, qGR1-1 corresponds to QAlGC1.2, a QTL for germination capacity under aluminum stress and mapped between markers RM14 and RM243 (Jahan et al., 2021). qFW1-1 shares the same location with qSWW1b, a major QTL for the wet seedling weight (Zhang et al., 2017). In addition, we also found qSL1-2 co-located with previously reported qASRI1c, a QTL for anaerobic salt response index (ASRI) of coleoptile identified by GWAS (Islam et al., 2022). However, other GWAS signals do not overlap with the previous GWAS results for SV-related traits (Li et al., 2021a; Peng et al., 2022; Yang et al., 2022). Besides the different rice accessions we used, one possible reason for the different results of GWAS is that phenotypic statistics of previous GWAS were mainly performed in Petri dishes and under constant temperature conditions. In contrast, we conducted phenotypic statistics in field conditions. In this study, we further used CSSLs to validate the GWAS-associated loci, and this strategy is relatively rare in GWAS studies.

By scanning the 540 annotated genes in six QTLs, we screened 21 strong candidate genes associated with SV (Supplementary Table 3). Based on functional annotations and literature review, these genes can be broadly classified into hormone homeostasis and signal-related, CYP450s, calcium signal-related, transcription factors, and so on. Here, we chose some representative ones for discussion. For example, LOC_Os01g11150 (OsGA2ox7), LOC_Os01g55240 (OsGA2ox3), LOC_Os07g34240, and LOC_Os07g34370 were annotated as gibberellin 2-beta-dioxygenase or putative gibberellin receptor (Supplementary Table 3). Therefore, they may influence SV by regulating GA activity or signaling pathway. In fact, OsGA2ox3 is mainly expressed in seedlings, and the OsGA2ox3-activated mutant or overexpression transgenic plant was severely dwarfed and maintained a vegetative growth (Lo et al., 2008; Takehara et al., 2020; Hsieh et al., 2021). In contrast, OsGA2ox3 CRISPR/Cas9 knockout mutant showed a taller plant height due to elongated internodes and leaves (Takehara et al., 2020; Hsieh et al., 2021). These results suggest that OsGA2ox3 is a negative regulator of plant height. Similarly, we also confirmed that OsGA2ox3 down-regulated SL using OsGA2ox3 CRISPR/Cas9 knockout mutant (Figures 6D, E). Furthermore, we found that the Hap2 in indica accessions was the dominant haplotype compared to Hap1 in japonica accessions (Figures 6A, B), implicating a great potential for improving SV-related traits in japonica accessions by OsGA2ox3. Compared with OsGA2ox3, OsGA2ox7 in qGR1-1 is an attenuated functional gene since its overexpression transgenic plants exhibited a semi-dwarf phenotype, whereas no phenotypic change on plant height was observed in osga2ox7 knockout mutant (Hsieh et al., 2021). Here, we found apparent differences in GR and SL between the two main haplotypes of OsGA2ox7 (Supplementary Figures 1A, B). Similarly, the SL and FW of the two main haplotypes of LOC_Os07g34240 and LOC_Os07g34370 in qFW7-1 also differ significantly (Supplementary Figures 1C–F). These results suggest that GA is a vital hormone for regulating SV, and there is a great potential to improve SV by targeting genes related to the GA pathway.

Auxin is a universal coordinator for plant growth and development and stress responses. It is well known to promote coleoptile elongation and seedling growth (Gallei et al., 2020). Of 21 strong candidates, LOC_Os01g54990 (OsARF3), LOC_Os01g10970, and LOC_Os01g55940 (OsGH3.2) were regarded as auxin response factor (ARF) or indole-3-acetic acid (IAA)-amido synthetase (conversion of active IAA to an inactive form) (Supplementary Table 3), and thus may control SV through modulating auxin homeostasis or signaling pathway. Actually, OsGH3.2 overexpression not only resulted in remarkable morphological changes in transgenic lines, such as dwarfism, shortened leaf length, and small panicles and internodes, but also showed increased cold stress tolerance and drought hypersensitivity through the modulation of IAA and ABA homeostasis. In contrast, no significant change in these phenotypes was detected in OsGH3.2-suppressed plants (Du et al., 2012). Recently, OsGH3.2 was demonstrated as a negative regulator of seed longevity by regulating the accumulation of ABA (Yuan et al., 2021). In this study, we observed significant differences in SV-related traits between the two main haplotypes of OsGH3.2 and OsARF3 in qSL1-2 and LOC_Os01g10970 in qGR1-1 (Supplementary Figures 2A–C). These data suggest that auxin acts as an essential factor in modulating SV.

LOC_Os01g11270, LOC_Os01g11280, and LOC_Os01g11340 in qGR1-1 were predicted as CYP450s (Supplementary Table 3), which are the biggest enzymatic protein family involved in NADPH- and oxygen-dependent hydroxylation reactions in plants (Pandian et al., 2020). As versatile catalysts, CYP450s play vital roles in the biosynthesis of primary and secondary metabolites, antioxidants, and phytohormones, thereby regulating plants’ growth and development, and protecting them from stresses (Xu et al., 2015; Pandian et al., 2020). CYP714D1, CYP714B1, and CYP714B2 act as the GA deactivating enzymes in rice, and their mutants and overexpressing transgenic plants showed tall and dwarfed phenotypes, respectively (Zhu et al., 2006; Magome et al., 2013). CYP90D2 encodes a brassinosteroid (BR) biosynthetic enzyme whose mutants were dwarfed (Hong et al., 2003; Fang et al., 2016). CYP96B4 modulates rice growth and stress tolerance by finetuning the balance of GA and ABA. cyp96b4 mutant showed pleiotropic abnormal phenotypes, including dwarfism, delayed germination and early growth, and enhanced tolerance to drought (Tamiru et al., 2015). In addition, CYP71D8L is a crucial regulator for GA and cytokinin (CK) homeostasis, thereby controlling multiple agronomic traits and stress responses (Zhou et al., 2020). These results imply that LOC_Os01g11270, LOC_Os01g11280, and LOC_Os01g11340 could influence SV by mediating phytohormones’ homeostasis. Here, significant variations in GR between the two main haplotypes of these three genes were detected (Figures 5A, B, Supplementary Figures 3A, B), which support the above speculation. And the effect of LOC_Os01g11270 on GR was further confirmed using its CRISPR/Cas9 knockout mutant (Figures 5C, D). In addition, the Hap2 with a higher GR may be an elite allele available for SV improvement.

Ca2+ acts as an essential nutrient and a universal second messenger for plants’ growth and development in normal and stressful conditions. The Ca2+ signals are decoded through the interactions between a unique set of Ca2+ sensors named calcineurin B-like proteins (CBLs) and the major downstream signaling components called CBL-interacting protein kinases (CIPKs). These CBLs-CIPKs interactions define the complexity of the Ca2+ signaling networks for the perception and transduction of stress signals under various environmental stresses (Tang et al., 2020). In rice, OsCIPK3, OsCIPK9, and OsCIPK23 are involved in cold, salinity, and drought stress responses, respectively (Xiang et al., 2007; Yang et al., 2008; Shabala et al., 2021). OsCIPK31 functions in seed germination and seedling growth under abiotic stress conditions (Piao et al., 2010). OsCIPK15 is related to rice germination and subflooding tolerance under oxygen deprivation (Lee et al., 2009; Kudahettige et al., 2011). Of 21 strong candidates, two CIPK genes, LOC_Os01g55450 (OsCIPK12) in qSL1-2 and LOC Os01g10870 (OsCIPK13) in qGR1-1 were observed (Supplementary Table 3). We found apparent variations in SL and GR between the two main haplotypes of OsCIPK12 and OsCIPK13, respectively (Supplementary Figures 4A, C). In addition, the longer SL in Hap2 of OsCIPK12 corresponds to the higher gene expression level, indicating that OsCIPK12 is a positive regulator of SL (Supplementary Figure 4B). Our results, combined with the overexpression of OsCIPK12 resulted in increased drought tolerance in seedlings (Xiang et al., 2007), suggesting that OsCIPK12 is a promising SV improvement gene.

As critical regulatory elements of gene expression, we identified three transcription factors (TFs) in qSL1-1 and qSL1-2, including one bZIP family TF (LOC_Os01g55150) and two OVATE family TFs (LOC_Os01g53160 and LOC_Os01g54570) (Supplementary Table 3). The bZIP family proteins have been shown to regulate a set of plant growth and development processes, such as photomorphogenesis, floral induction and development, and seed maturation and germination. They also involve stress responses (Nijhawan et al., 2008). Here, we observed that the Hap2 of LOC_Os01g55150 had longer SL, heavier FW, and higher gene expression than those of Hap1 (reference sequence) (Supplementary Figures 5A-C), implicating that LOC_Os01g55150 acts as a positive regulator. Compared with the bZIP family, the OVATE family with a conserved DUF623 domain is relatively small and poorly understood. In rice, several OVATE family proteins (OsOFPs) have been cloned and shown to regulate multiple aspects of plant growth and development, including seedling growth, plant architecture, leaf morphology, grain shape, and abiotic stresses (Schmitz et al., 2015; Yang et al., 2016; Ma et al., 2017; Xiao et al., 2017; Yang et al., 2018; Xiao et al., 2020). Among them, LOC_Os01g53160, also named OsOFP3, acts as a repressor of both BR biosynthesis and signal and incorporates into a TF complex to regulate BR signaling, thereby controlling the proper development of plants. In this study, we found apparent variations in SL and FW between the top two haplotypes of LOC_Os01g53160 and LOC_Os01g54570 (Supplementary Figures 5D–G). Furthermore, the larger values of SL and FW in Hap2 of LOC_Os01g54570 were associated with its higher gene expression level (Supplementary Figure 5H), implicating a positive role of LOC_Os01g54570 on SV.

In sum, we detected six QTLs for GR, SL, and FW traits by GWAS within 346 rice accessions, and screened 21 strong candidate genes with differential SV-related features between their top two haplotypes. Two genes, LOC_Os01g11270 and LOC_Os01g55240, were further validated. The identification of those candidate genes and their elite haplotypes provides a promising source for molecular breeding for high vigor seeds in rice.
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Cadmium is one of the most common heavy metal contaminants found in agricultural fields. MutSα, MutSβ, and MutSγ are three different MutS-associated protein heterodimer complexes consisting of MSH2/MSH6, MSH2/MSH3, and MSH2/MSH7, respectively. These complexes have different mismatch recognition properties and abilities to support MMR. However, changes in mismatch repair genes (OsMSH2, OsMSH3, OsMSH6, and OsMSH7) of the MutS system in rice, one of the most important food crops, under cadmium stress and their association with E2Fs, the key transcription factors affecting cell cycles, are poorly evaluated. In this study, we systematically categorized six rice E2Fs and confirmed that OsMSHs were the downstream target genes of E2F using dual-luciferase reporter assays. In addition, we constructed four msh mutant rice varieties (msh2, msh3, msh6, and msh7) using the CRISPR-Cas9 technology, exposed these mutant rice seedlings to different concentrations of cadmium (0, 2, and 4 mg/L) and observed changes in their phenotype and transcriptomic profiles using RNA-Seq and qRT-PCR. We found that the difference in plant height before and after cadmium stress was more significant in mutant rice seedlings than in wild-type rice seedlings. Transcriptomic profiling and qRT-PCR quantification showed that cadmium stress specifically mobilized cell cycle-related genes ATR, CDKB2;1, MAD2, CycD5;2, CDKA;1, and OsRBR1. Furthermore, we expressed OsE2Fs in yeasts and found that heterologous E2F expression in yeast strains regulated cadmium tolerance by regulating MSHs expression. Further exploration of the underlying mechanisms revealed that cadmium stress may activate the CDKA/CYCD complex, which phosphorylates RBR proteins to release E2F, to regulate downstream MSHs expression and subsequent DNA damage repairment, thereby enhancing the response to cadmium stress.




Keywords: cadmium, cell cycle, E2Fs, MSHs, DNA damage, RNA-seq



Introduction

Cadmium (Cd) is toxic to animals and plants. Extensive Cd contamination in soils can lead to cadmium accumulation in edible parts of crops, especially rice, threatening the food safety of rice consumption (Uraguchi and Fujiwara, 2012). To minimize the risk of soil Cd entering the food chain, understanding plants’ molecular response network to Cd and in-depth exploring the molecular mechanism of Cd stress have become an important direction in agriculture and environment studies (Pena et al., 2012; Wang et al., 2016; Chang et al., 2019).

The development of multicellular organisms relies on the orchestrated spatiotemporal regulation of cell division, including mitotic cell cycle and cell expansion. Therefore, cell cycles must be integrated into a complex histogenesis and organogenesis system (Mironov et al., 1997; Meijer and Murray, 2001; Stals and Inzé, 2001; Veylder et al., 2003). The plant cell cycle consists of four distinct phases: postmitotic interphase G1, DNA synthesis phase S, pre-mitotic interphase G2, and mitosis/cytokinesis phase M (Qi and Zhang, 2019). During the G1/S transition, the A-type cyclin-dependent kinase/Cyclin D (CDKA/CYCD) complex, via phosphorylating retinoblastoma-related (RBR) proteins, activates the S-phase E2 promoter binding factor (E2F). Activated E2F then regulates the expression of genes involved in DNA replication, cell cycle progression, and chromatin dynamics transition, thereby promoting the G1/S transition (del Pozo et al., 2006).

Both typical and atypical E2F transcription factors are key components of the cyclin D/RB/E2F pathway. Typical E2F proteins possess a homologous DNA-binding domain and form heterodimers with Dimerization part (DP) proteins to bind DNA via the leucine zipper in their dimerization region. In contrast, atypical E2F/DEL factors do not interact with DPs due to lacking a dimerization region. However, they have a homologous DNA-binding domain for replication, enabling them to bind DNA autonomously (Perrotta et al., 2021). In addition, typical E2F proteins also possess a conserved C-terminal transactivation domain that is absent in DPs and in atypical E2F/DEL proteins, allowing transcriptional activation of their target genes (Dimova and Dyson, 2005). Arabidopsis E2F/DP family includes three typical E2Fs (AtE2Fa, AtE2Fb, and AtE2Fc), three atypical E2Fs (AtE2Fd/DEL2, AtE2Fe/DEL1, and AtE2Ff/DEL3) and two DPs (Mariconti et al., 2002). Carrot E2F/DP family consists of four typical E2Fs, three atypical E2Fs, and three DPs (Perrotta et al., 2021). Yeast, which is widely used as an in vivo model to explore cell cycle response mechanisms, also utilizes E2F homologs MCB-binding factor (MBF) and SCB-binding factor (SBF) proteins to regulate G1/S transition and cell proliferation (Morshed et al., 2020). Previous studies have identified four E2Fs, three DPs, and two DP-E2F-like (DELs) in the rice genome, but little is known about their taxonomy and functions (Guo et al., 2007).

Proper cell division and cycling requires tight regulation of key cell cycle-related genes. RBR proteins act as negative regulators of E2F transcription factors and are crucial for E2F to function properly (Weintraub et al., 1992). The CDKA/CYCD complex regulates E2F/DP family activity via RBR proteins, which mediate G1/S transition. CDKA forms complexes with A, B, or D-type cyclins to drive G2/M transition (Gutierrez, 2009). The dramatic repression of Mitotic arrest deficient protein 2 (MAD2) expression may mediate G2/M arrest through a dual mechanism to regulate chromosome segregation (Cao et al., 2018). ATM and Rad3-related (ATR)is a key component of the G2/M checkpoint in plant cells and is activated by the mitogen-activated protein kinase (MAPK) signaling pathway via phosphorylation (Yoshioka et al., 2006).

Many replication- and mismatch repair-related genes in Arabidopsis contain conserved E2F binding sequences in their predicted promoter regions (Kosugi and Ohashi (2002); Vandepoele et al., 2005). Previous work on the Arabidopsis genome at E2F binding sites has identified over 180 potential E2F target genes associated with transcription, stress, DNA damage, plant defense, and signaling transduction, in addition to the cell cycle (Ramirez-Parra, 2003). Among them are genes related to mismatch repair (MMR), such as Mutated S homologue 3 (MSH3), Mutated S homologue 6 (MSH6), and Postmeiotic segregation increased 2 (PMS2). In addition, the putative rice homologs are listed.

The most important role of the MMR system is to identify and correct mispaired or unpaired bases (Schofield and Hsieh, 2003; Iyer et al., 2006). Eukaryotic cells rely on high-fidelity DNA replication to maintain genomic integrity and depend on DNA MMR to ensure proofreading of incorrect pairings. Thus, any deletion in MMR genes can lead to spontaneous mutations in organisms (Zhang et al., 2005). In addition to correcting base-base mismatches, MMR genes are involved in suppressing mutations and inducing protective responses to various types of DNA damage. MMR plays multiple roles in response to various DNA damage inducers, such as nucleotide methylation, oxidative DNA damage, and UV-induced DNA damage, among other degenerative damages (Ijsselsteijn et al., 2020). Interestingly, cadmium interacts with DNA repair systems, cell cycle checkpoints, apoptosis-related epigenetic factors, and factors controlling gene expression. Cadmium can bind directly to DNA at very low concentrations, inducing various DNA damages such as base-base mismatches, insertion/deletion loops, strand cross-links, and breaks (Filipic, 2012). DNAs under stress can induce both complex and precise repair mechanisms and signal transduction pathways in eukaryotic cells and a stage-specific arrest of the cell cycle process (Wang et al., 2013; Hu et al., 2016; Xiang et al., 2017). Mutated S α (MutSα), Mutated S β (MutSβ), and Mutated S γ (MutSγ) are three different MutS-associated protein heterodimer complexes consisting of MSH2/MSH6, MSH2/MSH3, and MSH2/MSH7, respectively. These complexes have different mismatch recognition properties and abilities to support MMR (Wang et al., 2020). In plants, Knockdown of OsMSH2 does not cause gene variants at other locations in the genome (Karthika et al., 2021). Mutated S homologue 2 (MSH2) preferentially activates ATR to trigger DNA damage responses (DDR), including regulation of cell cycle, endoreplication, cell death, and recruitment of other DNA repair, thereby enhancing plant tolerance to cadmium (Wang et al., 2020). OsMSH6 affects rice microsatellite stability and homologous recombination and plays an important role in ensuring genome stability and genetic (Jiang et al., 2020). MSH7 is a plant-specific protein similar to MSH6, and in rice OsMSH7 is able to interact with Meiotic chromosome association 1 (MEICA1) and play a role in meiotic recombination (Hu et al., 2017). AtMSH2 and AtMSH6 are involved in G2/M or G1/S transitions in Arabidopsis and soybeans. MSH2 and MSH6 may be the direct sensors of cadmium-mediated DNA damage. Expression of DNA mismatch repair-related genes AtMSH2, AtMSH3, AtMSH6, and AtMSH7 can be used as potential biomarkers for evaluating cadmium exposure in Arabidopsis seedlings (Liu et al., 2009).

In this study, we systematically classified E2Fs in rice, determined its relationship with downstream MSH target genes, and then explored the phenotype of rice E2F and MSH under cadmium stress. These conclusions combined with transcriptome and quantitative results, established a model hypothesis of E2Fs-MSHs.The study revealed that E2Fs co-participate in responses to cadmium stress by binding to MSHs during the cell cycle.



Materials and methods


Plant materials and growth conditions

Indica rice variety Huazhan (HZ) grains were obtained from the State Key Laboratory of Hybrid Rice. Osmsh2, Osmsh3, Osmsh6, and Osmsh7 knockout rice were established using the CRISPR-Cas9 technology via transformation, screened by hygromycin, and sequencing verified in each generation. The pure T3 generation seeds were obtained and used for subsequent experiments. All plant materials were grown in the transgenic test base, and seedlings were cultured in an artificial climate chamber (Hunan Changsha).

The Osmsh2 exon 4, Osmsh3 exon 2, Osmsh6 exon 1, and Osmsh7 exon 2 were selected as the target sites to construct the gene knockout vectors pYLCRISPR/Cas9-MT(I)-OsMSH2, OsMSH3, OsMSH6, and OsMSH7, respectively, using target connector primers Cas9-OsMSH2-F and Cas9-OsMSH2-R and the target-linked primers Cas9-F and Cas9-R. All primer pairs are listed in Supplemental Table 1. Accession numbers for all genes are listed in Supplementary Table 2.

Rice seeds were germinated at 37°C and 60% relative humidity after sterilization first in H2O2 (10% v/v) for 0.5 h and then in NaClO (0.1% v/v) for 1 day and transferred to 96-well nursery plates. Seedlings were cultivated in 1/4 nutrient solution as recommended by the International Rice Research Institute (Ponnamperuma, 1977). The 10-day-old seedlings were subjected to CdCl2 treatment at 0, 2, and 4 mg/L concentrations for 10 days. The seedling leaves were collected at 6 hours of treatment, snap-frozen in liquid nitrogen, and stored at -80°C for RNA extraction. Total RNAs were extracted from seedling leaves using an RNAprep pure Plant Kit (Magen, China) and reverse transcribed using a SuperScript II kit (TransGen, China). RNA concentration and quality were determined with a NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA). Each RNA sample was divided into two aliquots for RNA-seq and qRT-PCR, respectively.



Phylogenetic tree construction, gene structure, protein structure and expression pattern analysis

Clustal_W was used to compare the E2F sequences of Arabidopsis Thaliana and rice, and GeneDoc was used to output the amino acid alignment map. The phylogenetic tree was constructed using the adjacency method (NJ) of MEGA6.0 software, and the Bootstrap value was set to 1000. From the Ensembl the Plants get the length of the candidate genes or cDNA sequence, and CDS use GSDS 2.0 (http://gsds.cbi.pku.edu.cn/) to analyze E2F gene exon/embedded substructure, The conserved domain was analyzed using MEME tool (http://meme-suite.org/index.html). From the Rice Expression database IC4R (Information Commons for Rice; The expression levels of E2F genes in different tissues were obtained in http://ic4r.org, and then plotted with TBtools (Chen et al., 2020).



Dual-luciferase reporter assays

The full-length coding regions of OsE2Fa-1, OsE2Fa-2, OsE2Fa-3, OsE2Fc, OsE2Fe-1, and OsE2Fe-2 were amplified using specific primers listed in Supplemental Table 1 and cloned into a pGreen II 62-SK vector. After that, pGreenII 0800-LUC double-reporter vector was fused to the promoter fragments of OsMSHs. The above constructs were transferred into A. tumefaciens strain GV3101 (pSoup-p19) to generate pro35S:OsE2Fa-1, pro35S:OsE2Fa-2, pro35S:OsE2Fa-3, pro35S:OsE2Fc, pro35S:OsE2Fe-1, pro35S:OsE2Fe-2, proOsMSH2:LUC, proOsMSH3:LUC, proOsMSH6:LUC, and proOsMSH7:LUC recombinant strains. N. benthamiana leaves were co-infiltrated with pro35S:E2F and proOsMSH2/3/6/7:LUC and cultivated for 3 days in a growth chamber. N. benthamiana leaves infiltrated with proOsMSH2/3/6/7:LUC were used as the internal control. After inoculation and a transient incubation of 72 h, the relative LUC activity was measured using a dual-LUC reporter assay system (Promega), which included firefly LUC and Renilla (REN) LUC. Leaf discs with an area of 2 cm2 leaf were sampled and finely ground in 500 mL of Passive Lysis Buffer. Crude extracts (8 μL) were mixed with 40 μL of Luciferase Assay Buffer (Hellens et al., 2005), and the promoter activity was determined as the LUC/REN value using a luminometer (Modulus™, Promega). Each measurement included three independent biological replicates.



Heterologous OsE2Fs expression in yeasts

The full-length ORFs of OsE2Fs were amplified from Oryza sativa Nipponbare cDNA using primer pairs listed in Supplemental Table 1, digested with KpnI and BamHI and cloned into the corresponding sites of yeast expression vector pYES2 (Invitrogen). The resulting pYES2-OsMSHs constructs and the empty vector were transformed into yeast strain Δycf1 (BY4741; MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YDR135c::kanMX4) (Tan et al., 2019). Positive OsE2F transformants were selected on synthetic media lacking uracil. To analyze cadmium tolerance, individual transformant cultures were diluted, spotted on solid media containing 2% galactose and 0, 5, 10, or 20 μM CdCl2, incubated at 30°C for 4 days, and photographed.



Subcellular localization

Subcellular localization of OsMSHs was investigated by transiently overexpressing 35S:OsMSH2-GFP, 35S:OsMSH3-GFP, 35S:OsMSH6-GFP, and 35S:OsMSH7-GFP in tobacco (Nicotiana tabacum) leaves via Agrobacterium-mediated transformation (Sparkes et al., 2006). Nuclear marker (m-Cherry) and GFP signals were observed under a confocal scanning microscope (Model LSM 880, Zeiss, Jena, Germany).



Transcriptome sequencing analysis


RNA quality control, illumina library construction, and sequencing

mRNA samples were isolated using VAHTSTM mRNA Capture Beads (Vazyme Biotech) and analyzed using Qubit (Invitrogen) and bioanalyzer (Shanghai Furi Science and Technology) to determine their concentration and contamination. After that, RNA-sequencing libraries were established. Briefly, the 1st strand cDNAs were synthesized using the 1st strand buffer and enzyme mix, and the 2nd strand DNAs were subsequently obtained by adding the 2nd strand buffer and enzyme mix. Double-stranded DNAs were purified using 1.8×VAHTS™ DNA Clean Beads (Vazyme Biotech) and subjected to terminal repair and elongation with dA-tailing, as well as ligation with adaptors. The target fragments were size-selected by 0.7× and 0.1×VAHTS™ DNA Clean Beads (Vazyme Biotech), amplified as sequencing templates and sequenced on an Illumina HiSeq™ system (LC Sciences) following the manufacturer’s protocol. Clean reads were mapped to a reference genome (Oryza sativa Group 4.0, https://www.ncbi.nlm.nih.gov/nuccore/255672756?report=fasta), and gene expression levels were calculated by quantifying the cDNA fragments per kilobase of transcript per million fragments mapped (FPKM).



Quantitative real-time reverse transcription-PCR

Quantitative real-time reverse transcription-PCR (qRT-PCR) was performed in a 384-well plate using the SYBR premix Ex TaqTM kit (Vazyme, China) on a Roche LightCycler 480 II instrument. Relative gene expression levels were analyzed using the 2-ΔΔCt method (Livak and Schmittgen, 2001).



Differentially expressed genes and heatmap expression of FPKM of related genes

Differentially expressed genes (DEGs) were identified using the DESeq method based on negative binomial distribution with an absolute log2 (fold change) value ≥ 1 and the corresponding Q value ≤ 0.05 as the selecting thresholds. The Q value was a corrected p-value calculated using KOBAS 2.0 and the BH method (Mao et al., 2005). The FPKM values of the screened related genes were summarized as heatmap expression using TBtools (Chen et al., 2020).



Data analysis

Statistical analysis was performed using SPSS (version 20.0). Differential expression analysis was performed for each group of samples using the DESeq2 R package (1.20.0). One-way analysis of variance and the least significant difference test were used to detect significant differences between mutant and wild-type rice.





Results


Evolutionary analysis and tissue-specific expression profiles of the E2F family in Arabidopsis and rice

Six rice E2F genes were identified by screening and E2F candidate genes in the Arabidopsis and rice E2F transcription factor database using Arabidopsis and rice Pfam (PF02319) (Mariconti et al., 2002; Guo et al., 2007; Perrotta et al., 2021) and renamed according to the Arabidopsis nomenclature (Figure 1A). Their exon structure is similarly complex to that of Arabidopsis, with the least number of OsE2Fe-1 exons, 10. MEME(Motif-based sequence analysis tools) analysis of E2F proteins identified 15 conserved motifs, and their distributions in rice and Arabidopsis are shown in Figure 1B. Conservative motif analysis showed that most motifs clustered in the same phylogenetic taxon share a common motif composition, suggesting that most evolutionarily-related motifs may have the same physiological functions. The similarity of gene structures and motif compositions verifies that OsE2F branching and classification in this study are reliable. The expression patterns of each rice E2F gene in leaves, roots, stems, panicles and seeds were downloaded from the Rice Expression Database (http://expression.ic4r.org/) (Project ID: DRP000391) and presented as a heatmap (Figure 1C). It is obviously that the expression of OsE2Fe-1 and OsE2Fe-2 was extremely lower in rice leaves but very similar among other tissues. The amino acid sequence comparison revealed no significant difference in DNA binding-1, DNA binding-2, pRBR binding, leucine zipper, and marked box between Arabidopsis and rice E2F genes. Our findings (Figure S1) complement and refine the previous work, which only compared individual rice E2F genes Kosugi and Ohashi (2002).




Figure 1 | Phylogenetic tree, gene structure, conserved structural domains, and expression pattern analysis of rice and Arabidopsis E2Fs (A) On the left is the phylogenetic tree of the rice and Arabidopsis gene families. The gene structures are shown on the right. Exons and UTRs are indicated by boxes, while gray lines indicate introns of genes, respectively. (B) The distribution of motifs in the amino acid sequence. Patterns are indicated by different colored boxes. The scale at the bottom indicates the gene length. (C) Expression patterns of rice E2Fs in different tissues, with white indicating the lowest expression and red the highest.





E2F transcription factor can directly or indirectly activate MSH genes

To verify the activation status of MSHs gene by E2F transcription factor, possible transcription factor binding sites in the promoter regions of OsMSH2, OsMSH3, OsMSH6, and OsMSH7 were analyzed and predicted using Plant Care. All binding sites were formed into a tandem sequence as the target promoter and constructed into LUC vectors to examine their binding with E2Fs in 62SK (Hellens et al., 2005). The results showed that all E2Fs, except OsE2Fe-2, could directly or indirectly activate the target genes (Figure 2A). The tandem element was then split into OsMSH2 (TTTGCCGCTTTCCCGC), OsMSH3 (TTTCCCGC), OsMSH6 (TTTCCCGC), and OsMSH7 (GCGGGAAATTTCCCGC), and their binding with each E2F was determined separately. The results showed that OsE2Fa-1 and OsE2Fa-3 could directly or indirectly activate OsMSH2 (Figure 2B), OsE2Fa-2 and OsE2Fe-1 can activate OsMSH3 directly or indirectly (Figure 2C), OsE2Fa-1 activates OsMSH6 (Figure 2D), and OsE2Fa-1, OsE2Fc and OsE2Fe-1 activates OsMSH7 (Figure 2E). Taken together, most E2F transcription factors activate MSH7, while OsE2Fa-1 activates most MSHs. These results are consistent with the previous prediction for the E2F binding sites (Vandepoele et al., 2005).




Figure 2 | (A) LUC activation of OsE2Fs and MSHs. (B-E) LUC activation of OsE2Fs with OsMSH2,OsMSH3,OsMSH6 and OsMSH7, respectively. Transient dual luciferase reporter analysis indicates that E2Fs can activate MSHs. 62SK represents empty pGreenII 62-SK vector. 62SK-OsE2F represents the pGreenII 62-SK-OsE2F vector. pMSH-LUC represents pGreenII 0800-pMSH-LUC vector. Renilla luciferase (REN) was used for normalization. Results shown are means G SD (n = 9). Asterisks show significant differences from the control (Student’s t-test, p < 0.05). * indicates p<0.05, ** indicates p<0.01.





MSH genes are involved in cadmium stress response

Rice mutant materials Osmsh2, Osmsh3, Osmsh6, and Osmsh7 were created using the CRISPR-Cas9 system. Figure 3A shows the gene structures and editing types. To ensure the accuracy of the experiment and the consistency of variables, the height of wild-type and mutant rice seedlings without cadmium treatment were measured at the cycle point of rice growth till day 12 and showed no significant difference (Figure 3B). We also calculated the germination percentage of wild-type and mutant seeds before treatment. Treatment with 2 mg/L or 4 mg/L CdCl2 significantly reduced the height, root length, fresh weight, and dry weight of wild-type and mutant rice seedlings (Supplemental Table 3). After 10 days of 2 mg/L CdCl2 treatment, but not after 10 days of 4 mg/L CdCl2 treatment, the height of rice seedlings was significantly different between wild-type seedlings and Osmsh2, Osmsh3, Osmsh6, and Osmsh7 mutants. Moreover, the height of Osmsh2 mutant seedlings, but not that of wild-type and other mutant seedlings, was significantly different after 2 mg/L and 4 mg/L CdCl2 treatment (Figure 3C). Furthermore, the height of all mutant seedlings except Osmsh3 without CdCl2 treatment was significantly different from that after 4 mg/L CdCl2 treatment (Figure 3D). There were no statistically significant changes in root length, fresh weight, and dry weight between wild-type and mutant seedlings after 2 mg/L and 4 mg/L CdCl2 treatment (Figure S2D). These results indicate that OsMSH2, OsMSH3, OsMSH6, and OsMSH7 are involved in cadmium stress response in rice.




Figure 3 | Phenotype of rice mutant seedlings under cadmium stress. (A) Gene structure of the rice MSH gene and editing loci for mutants. (B) Growth curves of rice msh mutant and wild-type seedlings from the start of germination to the 12-day stage. (C) Statistics of plant height differences between rice msh mutant and wild-type seedlings under 2 mg and 4 mg stress. (Student’s t-test, p < 0.05). (D) Phenotypic photographs of rice msh mutant and wild-type seedlings under 2 mg and 4 mg stress(n = 5 Scale bars: 10 cm). * indicates p<0.05.





MSHs affect cell cycle progression under cadmium stress

The effects of MSH genes on cell cycle progression under cadmium stress in rice leaves were determined by RNA-seq analysis to identify cell cycle genes with differential changes and further verified by qRT-PCR. The results showed that the expression of all MSH genes was upregulated in wild-type rice leaves after cadmium treatment. The expression of cell cycle-related genes (CDKB2;1, ATR, MAD2, OsE2Fa-1, OsE2Fa-2, CycD5;2, and CDKA;1) in rice leaves under increasing cadmium stress showed an inverted “U” pattern, with a 1.0-2.5fold upregulation at 2 mg/L CdCl2 and a 0.8-1.9fold upregulation at 4 mg/L CdCl2. The expression of OsRBR1 was upregulated by 1.5-2.5 and 0.8-1.9 folds at 2 mg/L and 4 mg/L CdCl2, respectively. Unlike other genes, OsRBR1 showed a significant downregulation at 4 mg/L CdCl2 and no significant difference at 2 mg/L CdCl2. It is worth noting that OsMSH2, OsMSH3, OsMSH6, and OsMSH7 showed a stepwise increase in expression at 2 mg/L and 4 mg/L CdCl2. The expression of these genes was upregulated by 1.9-2.6 folds under 2 mg/L CdCl2 and 2.2-3.3 folds under 4 mg/L CdCl2, indicating that plants would activate the MMR system to avoid more serious damages when exposed to toxic cadmium (Figures S2A-C). Cadmium stress strongly activated the expression of ATR, CDKB2;1, MAD2, OsE2Fa-1, and OsE2Fa-2 in rice leaves deficient in OsMSH2, OsMSH3, OsMSH6, or OsMSH7 compared with controls, whereas the expression of CycD5;2 and OsRBR1 was dramatically reduced in leaves of cadmium-stressed rice (Figure 4). Expression of CDKA;1 was activated in leaves of Osmsh2 and Osmsh6 mutant rice.




Figure 4 | Differential expression profiles and quantitative validation of cell cycle-related genes in response to Cd stress in rice Osmsh2, Osmsh3, Osmsh6 and Osmsh7 mutant leaves. (A) Heat map representing some of the 12 cell cycle-related DEGs (P-adj≤ 0.05 and log2-fold change ≥ 1.5). Each row shows the relative expression levels of individual genes and each column shows the expression levels of individual samples. (B–M) The expression levels of the WT were set to 100% in the control by qRT-PCR analysis. Data were shown mean ± SD at least three independent experiments, and house-keeping gene Osactin was used as an internal control. * and # significantly statistical difference from the WT control and the corresponding mutant control, respectively (P < 0.05). ** and ## were significantly different from WT control and WT mutant control (P < 0.01).



The expression of OsMSH3 and OsMSH6 was significantly downregulated while OsMSH7 was upregulated in Osmsh2 mutant leaves under cadmium stress; In Osmsh3 mutant leaves, the expression of OsMSH2 and OsMSH6 was significantly downregulated and OsMSH7 was similarly activated; in Osmsh6 mutant, OsMSH2 and OsMSH7 expression was upregulated to some extent; in Osmsh7 mutant, OsMSH2 and OsMSH6 expression was slightly suppressed. The results of qRT-PCR were consistent with the trend of transcriptome sequencing, where most genes related to the cell cycle in each mutant were repressed under cadmium stress. Interestingly, the genes mobilized by cadmium stress included the key component genes of G1/S and G2/M, suggesting that cadmium stress affects cell cycle in rice. Venn diagram plots of DEGs showed that Osmsh2 mutant has the most downregulated genes under 4 mg/L CdCl2 treatment, 1.3 times more than the wild-type (Figure S3A), of which cell cycle-specific genes account for 31% of the total downregulated genes. Osmsh7 mutant has the most upregulated genes under 2 mg/L CdCl2, 1.7 times more than the wild-type, of which cell cycle-specific genes account for 57% of the total upregulated genes. Osmsh6 mutant has 1.3 times more cell cycle-specific upregulated genes under 4 mg/L CdCl2 than the wild-type and 1.3 times more cell cycle-specific upregulated genes than the wild-type under 4 mg/L CdCl2. The difference in number of DEGs between Osmsh3 mutant and wild-type was insignificant (Figure S3B).



E2F transcription factors can respond to cadmium stress

Experiments with cadmium-sensitive yeast mutant strains showed that without cadmium, E2F expression did not affect the growth of yeast strains. However, under 5 μM cadmium stress, yeast strains expressing OsE2Fa-1, OsE2Fa-2, and OsE2Fc grew better than those expressing no or other E2F transcription factors. Similar results were observed under 10 μM cadmium stress, indicating that the yeast expression system is stable and the response trend of each E2F gene of Cd-sensitive strains to different cadmium stress is consistent. Understandably, this difference caused by gene expression was no longer significant at 20 μM cadmium stress (Figure 5).




Figure 5 | Expression of rice E2F members in Cd ion-sensitive mutant strain Δycf1. The empty vector, the control was pYES2, was grown in SD-Ura medium with the PYES2 vector linked with different E2F genes of rice. Induction of different levels of Cd stress was achieved using 0, 5, 10 and 20 μM of Cd.





MSHs are localized in the nucleus

To determine the subcellular localization of OsMSH2, OsMSH3, OsMSH6, and OsMSH7, OsMSH2/3/6/7-GFP fusion proteins driven by the CaMV 35S promoter were transiently co-expressed with the nuclear marker AtWRKY25-mCherry in tobacco. Confocal microscopic observation indicated that GFP signal co-existed with AtWRKY25-mCherry signals, indicated that OsMSH2/3/6/7 proteins are localized in the nucleus (Figure 6).




Figure 6 | Subcellular localization of OsMSH2, OsMSH3, OsMSH6 and OsMSH7. (A) 35S::GFP control vector. (E) 35S::OsMSH2::GFP. (I) 35S:: OsMSH3::GFP. (M) 35S:: OsMSH6::GFP. (Q) 35S:: OsMSH7::GFP. (B–R) AtWRKY25-mCherry: a marker anchored in the cell nucleus. (C–S) Bright field. (D–T) Merged images. Scale bars: 20 μm.






Discussion

The E2F transcription factor is a key component of the RB/E2F pathway, which is controlled by cyclin-dependent kinases and regulates cell-cycle progression in plants and animals (Perrotta et al., 2021). Plant homologues of E2F have been tentatively identified in rice and Arabidopsis (Kosugi and Ohashi (2002); Mariconti et al., 2002), In this report, we extend the information on E2F factor in rice and conclusively confirmed the previous prediction (Ramirez-Parra, 2003; Vandepoele et al., 2005) that E2Fs can target and bind to MSHs, MutS is a key link in the MMR system. Plants lacking MutS will bypass MMR-mediated DDR, thereby reducing the tolerance of plants to cadmium. This has been shown in soybeans and Arabidopsis (Cui et al., 2017; Cao et al., 2018; Zhao et al., 2020), our study further revealed that E2F improves rice’s tolerance to cadmium stress by binding to MSH, indicating that E2F together with MSHs responds to cadmium stress in the cell cycle. To the best of our knowledge, this is the first study on the relationship between E2F/MSH and cadmium stress in rice. The model developed here provides a preliminary explanation of the response mechanism of the E2F/MSHs pathway to cadmium stress in rice and a theoretical basis for creating cadmium-tolerant rice varieties.

Through the evolutionary tree analysis and amino acid sequence comparison of rice and Arabidopsis E2F transcription factors, we found that rice OsE2Fa-1, OsE2Fa-2, OsE2Fa-3, and OsE2Fc are functional transcription factors belonging to typical E2Fs (Figure 1), which, like AtE2Fs, have conserved C-terminal trans-activation domains and can specifically recognize E2F cis-elements and activate downstream target genes. By contrast, rice OsE2Fe-1 and OsE2Fe-2 are atypical E2Fs that possess DNA binding sites but lack transcriptional activation domains and cannot activate downstream gene expression. This further illustrates the complex regulatory mechanism of E2F transcription factors in rice cells (Rossi and Varotto, 2002).

Our LUC results showed that the tandem sequence consisting of cis-elements could bind to four typical transcription factors (OsE2Fa-1, OsE2Fa-2, OsE2Fa-3, and OsE2Fc) and atypical OsE2Fe-1, which also confirms that atypical E2F does not affect DNA binding in the absence of the transcriptional activation domain. Our activation assays showed that other rice E2F can directly or indirectly activate s OsMSH2, OsMSH3, OsMSH6, and OsMSH7, except OsE2Fe-2. These results confirmed the prediction that the cis-acting element of each gene could bind to 1-3 transcription factors and validated previous microarray analysis of the predicted target loci. In addition to the previously predicted OsMSH3 and OsMSH6, our results suggest that OsMSH2 and OsMSH7 are also the targets of E2F (Vandepoele et al., 2005).

OsE2Fa-1 activates to OsMSH2, OsMSH6, and OsMSH7 (Figure 2), where OsMSH2 and OsMSH6 form MutSα heterodimers. MutSα recognizes single base mismatches such as polymerase errors, small insertion/deletion loops, and oxidative mismatches and methylation mismatches, which may be caused by translocation synthesis (TLS), (Zhang et al., 2002; Iyer et al., 2006; Campregher et al., 2008; Lippard, 2009). MSH2 and MSH7 form MutSγ heterodimers, which mainly recognize single base mismatches, including G/G, G/A, A/A, and C/A mismatches (Culligan and Hays, 2000; Wu et al., 2003; Gomez and Spampinato, 2013). In addition, MSH2 and MSH3 form MutSβ heterodimers, which sense insertion/deletion cycles and inter-strand cross-links (ICLs) (Marti et al., 2010). All of these suggest that OsE2Fa-1 is a key transcription factor that activates MMR-related genes in canonical E2F. Other canonical E2F genes such as OsE2Fa-2 activation of OsMSH3 and OsE2Fc activation of OsMSH7 also fully demonstrate that canonical E2F does not act alone and needs to cooperate with other MMR genes in MutSα, MutSβ, and MutSγ heterodimers.

The cadmium stress tests of the mutant and wild-type rice showed that the height of plants without cadmium stress and under 2 mg/L cadmium stress differed the most, possibly because rice leaves were most sensitive to 2 mg/L CdCl2. At CdCl2 > 2 mg/L, plants’ defense system against cadmium stress was damaged, leading to no significant difference (Figure 3). The differences in plant height between wild-type and mutant rice under different cadmium stresses reflected the important roles of OsMSH2, OsMSH3, OsMSH6, and OsMSH7 in rice response to cadmium stress, indicating that MutS is involved in rice cadmium stress response. In Arabidopsis, the root growth of MSH2 or MSH6-deficient seedlings under Cd stress (1.25-4.0 mg/L) was much more inhibited than that of wild-type seedlings, which was consistent with our results (Cao et al., 2018).

Yeast heterologous expression assays of E2F genes showed significant differences in the growth of E2F-expressing yeast strains under 5 μM and 10 μM cadmium treatments, with yeast strains expressing OsE2Fa-1, OsE2Fa-2 and OsE2Fc growing slightly better than those expressing other genes, possibly because they are typical E2Fs with transcriptional activation domains that bind to downstream target genes (Figure 5). The results of LUC assay of E2F binding to the downstream MSHs gene and the phenotype of each msh mutant seedling under cadmium stress further indicate that E2F responds to cadmium stress in yeast by mobilizing its downstream MSH components.

Cadmium disturbs epigenetic modification and induces DNA damage in mouse preimplantation embryos and soybeans (Zhao et al., 2020; Cheng et al., 2021; Zhu et al., 2021). Cadmium exposure can affect oxidative stress, cell cycle arrest, DNA damage, and apoptosis in green crabs (Scylla paramamosain). Once cadmium-induced DNA damage is detected in plants, DDR is triggered. DDR is a cellular response to DNA damage, including regulation of DNA damage recognition and recruitment of DNA repair factors. Inhibition of cell cycle regulatory genes during DDR contributes to cell proliferation arrest (Jackson and Bartek, 2009; Schade et al., 2019). Therefore, genes related to mismatch repair and cell cycle regulation are, in principle, located in the nucleus. Our experiments demonstrated that OsMSH2/3/6/7 are localized in the nucleus and function together with cell cycle regulatory genes in response to cadmium stress (Figure 6).

Adaptation to changes in cellular nutrition and external environments is a fundamental cellular property. This adaptation requires the coordination of multiple networks among metabolic, growth, and cell cycle regulators, including the CDKfamily, members of the RBfamily, and E2F transcription factors (Huber et al., 2021). In response to external growth stimuli, including plant hormones, the abundance of specific G1 cell cycle proteins increases (Riou-Khamlichi et al., 2000). The CYCD-CDKA;1 complex phosphorylates RBR at multiple conserved sites, releasing activator E2F from bound RBR, thereby inducing the expression of downstream cell cycle genes (Nakagami et al., 2002; Magyar et al., 2012). Our qRT-PCR further confirmed the RNA-seq results, showing significant upregulation of CDKA;1 and CYCD as the front end of G1/S activation, significant downregulation of RBR as the response to being phosphorylated, and significant upregulation of OsE2Fa-1 and OsE2Fa-2 due to being released from RBR (Figures S2B, C). All the results of LUC assay, yeast spot plate assay, and qRT-PCR indicated that the mobilization of E2F transcription factors is the key factor responsible for significant upregulation of OsMSH2, OsMSH3, OsMSH6, or OsMSH7 under cadmium stress. OsMSH2, OsMSH3, OsMSH6, or OsMSH7 were significantly downregulated in rice leaves in response to cadmium stress, contrary to their expression patterns in Arabidopsis roots. This discrepancy is possibly because cadmium stress induces different damages in rice leaves and Arabidopsis roots or because rice and Arabidopsis have different regulation patterns in response to cadmium stress. As shown in Figure S2A, the rice MMR system was not damaged, and MSH2/3/6/7 was upregulated to repair DNA damage. A fully functional MMR system can regulate the G2/M phase by upregulating G2/M regulatory proteins and/or by activating p53, ATM, and ATR signaling pathways in human cells in response to exogenous and endogenous stresses. Therefore, we selected key G2/M genes (CDKB and MAD2) and other DNA stress sensors that coordinate stress responses with cell cycle checkpoint ATR genes (Wang et al., 2013). We found that both CDKB and MAD2 were significantly downregulated after the knockdown of either MSH genes (Figures 4L-M) and significantly upregulated under cadmium stress, suggesting that MSH genes are also involved in the cell cycle regulation of G2/M. OsMSH2 is significantly downregulated in Osmsh3, Osmsh6, and Osmsh7 mutant rice, indicating an important role of OsMSH2 in MutSα, MutSβ, and MutSγ complexes. OsMSH3, OsMSH6, and OsMSH7 expression levels are altered in all mutant rice, indicating that the MutS system is a comprehensive complex involving the whole body (Figures 4B-E). Interestingly, CycD5;2 expression was significantly upregulated in wild-type rice under cadmium stress and significantly downregulated in all mutants. Moreover, their expression was further significantly downregulated in the leaves after exposure of the mutants to cadmium stress. The expression of CYCD-CDKA genes was also changed under cadmium stress, as shown in transcriptome and qRT-PCR analyses. Therefore, we speculate that CYCD-CDKA may directly target and regulate MSH genes in G1/S for DNA damage repair in addition to activating downstream RBR phosphorylation (Figures 4B-E). However, this speculation needs to be proven by additional tests at a later stage. Based on our findings, we propose that the CDKA-RBR-E2F-MSH pathway may be the primary mechanism for enhancing cadmium stress tolerance in rice by mobilizing cell cycle factors of downstream key mismatch repair genes (Figure 7).




Figure 7 | Model of Cd-induced cell cycle regulation in rice leaves. The solid line represents the critical pathway, the dashed line represents the possible pathway, and the technical route to the model is explained on the left.



In conclusion, we systematically categorized and analyzed rice E2F genes by bioinformatics and demonstrated that rice E2F transcription factor can activate MSHs target genes. The cadmium stress experiments in rice seedlings and the yeast heterologous expression system demonstrated that E2F transcription factors and MSHs can respond to cadmium stress and elucidated the specific link between E2F and MSHs from transcriptomic and quantitative perspectives. Furthermore, our study provided a preliminary theoretical basis for revealing the intrinsic mechanism of E2F transcription factors responding to cadmium stress by binding to MSH mismatch repair genes E2F in the cell cycle. Next, we will take this as a breakthrough to further explore the relationship between E2F factor and cadmium stress in rice, and study the relationship between E2F and MSH in rice and other crops from multiple perspectives and layers. Our work paved a novel way for expanding the theoretical basis of the plant cell cycle and provided a theoretical reference for the study of the mechanism responding to cadmium stress in rice.
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Supplementary Figure 2 | Expression profiles of cell cycle-related genes in response to Cd stress in wild-type leaves of rice and statistics of rice root length differences after Cd stress. (A–C) Statistics of differential expression of cell cycle-related genes in rice wild-type leaves under 2 mg and 4 mg Cd stress. Data were shown mean ± SD at least three independent experiments, and house-keeping gene Osactin was used as an internal control. * and # significantly statistical difference from the WT control and the corresponding mutant control, respectively (P < 0.05). (D) Statistics of root length differences between rice msh mutant and wild-type seedlings under 2 mg and 4 mg stress. (Student’s t-test, p < 0.05).

Supplementary Figure 3 | Statistical analysis of the number of differenced genes in rice wild-type and MSH mutants under 2mg and 4mg cadmium stress (A) Overall statistics of the number of up and down-regulated genes (B) Venn diagram statistics of differential gene intersections and non-intersections between specific wild types and individual mutants
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Papain-like cysteine proteases (PLCPs) play an important role in the immune response of plants. In Arabidopsis, several homologous genes are known to be involved in defending against pathogens. However, the effects of PLCPs on diseases that afflict rice are largely unknown. In this study, we show that a PLCP, an oryzain alpha chain precursor (OCP), the ortholog of the Arabidopsis protease RD21 (responsive to dehydration 21), participates in regulating resistance to blast disease with a shorter lesion length characterizing the knockout lines (ocp-ko), generated via CRISPR/Cas9 technology. OCP was expressed in all rice tissues and mainly located in the cytoplasm. We prove that OCP, featuring cysteine protease activity, interacts with OsRACK1A (receptor for activated C kinase 1) and OsSNAP32 (synaptosome-associated protein of 32 kD) physically in vitro and in vivo, and they co-locate in the rice cytoplasm but cannot form a ternary complex. Many genes related to plant immunity were enriched in the ocp-ko1 line whose expression levels changed significantly. The expression of jasmonic acid (JA) and ethylene (ET) biosynthesis and regulatory genes were up-regulated, while that of auxin efflux transporters was down-regulated in ocp-ko1. Therefore, OCP negatively regulates blast resistance in rice by interacting with OsRACK1A or OsSNAP32 and influencing the expression profiles of many resistance-related genes. Moreover, OCP might be the cornerstone of blast resistance by suppressing the activation of JA and ET signaling pathways as well as promoting auxin signaling pathways. Our research provides a comprehensive resource of PLCPs for rice plants in defense against pathogens that is also of potential breeding value.
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Introduction

The most destructive disease of cultivated rice is blast, caused by the fungus Magnaporthe oryzae (Zhai et al., 2022), which results in severe yield losses of about 30% (Yin et al., 2021). To defend against pathogens, plants have evolved complex immune systems, one is the basal defense defined by pattern recognition receptors, and the other is the immune response mediated by Resistance (R) genes (Yu et al., 2021). It is widely accepted that generating rice germplasm resources with R genes is the most economical and eco-friendly strategy to defend crops against blast (Xiao et al., 2020). Therefore, it is imperative we discover new R genes for controlling blast disease. Some blast-resistance genes have been cloned already and applied in crop breeding for disease resistance (Li et al., 2020). For example, Pita (pyricularia oryzae resistance-ta), encoding a major R-gene type, confers resistance to M. oryzae races containing the corresponding avirulence gene AVR-Pita (Bryan et al., 2000). The pi21 (pyricularia oryzae resistance 21), encoding a proline-rich protein, is a non-race specific recessive gene that maintains resistance permanently, although this trait is incomplete in comparison with that triggered by R genes (Fukuoka et al., 2009; Nawaz et al., 2020; Tao et al., 2021). Moreover, there are some non-R genes in rice that can participate in blast resistance. Transgenic lines featured increased blast resistance when the SNAP25-type gene OsSNAP32 was overexpressed, which encodes a soluble N-ethylmaleimide-sensitive-factor attachment protein receptor, whose expression is induced by blast fungus inoculation in rice seedlings (Bao et al., 2008; Luo et al., 2016). OsSYP121 (i.e., syntaxin of plants 121) can interact with OsSNAP32 and VAMP714/724 (vesicle-associated membrane protein 714/724) to form a complex that mediated host resistance to rice blast (Cao et al., 2019). Besides, many transcription factors and enzymes also are involved in blast resistance, such as OsWRKY45 (WRKY gene 45) (Shimono et al., 2007) and OsPAL1 (phenylalanine ammonia-lyase 1) (Zhou et al., 2018), to name two. Nevertheless, due to the diversity and complexity of pathogenic populations, it is difficult for rice blast resistance-related genes to effectively maintain their resistance or, if they do, it only applies to limited regions (Tao et al., 2021). Accordingly, it is necessary to continuously uncover more R genes to blast for rice crop improvement.

Cysteine proteases function critically in plant growth and development, of which the PLCPs are notable for being involved in protein maturation and degradation, plant senescence, seed germination, and programmed cell death (PCD) (Grudkowska and Zagdanska, 2004; Liu et al., 2018). Moreover, PLCPs play key roles in plant immune systems by inducing systemic immunity and degrading the pathogen-effector protein (Perez-Lopez et al., 2021). For example, in Arabidopsis, the rd21a mutants were more susceptible to the fungal pathogen Botrytis cinerea (Shindo et al., 2012), and knocking out rd21a inhibited flg22-triggered stomatal closure, which led to lowered resistance to Pseudomonas syringae (Liu et al., 2020). Null XCP1 (xylem cysteine peptidase 1) or XCP2 (xylem cysteine peptidase 2) mutants display increased resistance to pathogens (Zhang et al., 2014; Perez-Lopez et al., 2021). In tomato, C14/CYP1, targeted by the Phytophthora infestans effector AvrBlb2, plays a role in pathogen defense in that silencing C14 increased susceptibility to P. infestans (Kaschani et al., 2010; Misas-Villamil et al., 2016). For rice, there are few reports about how PLCPs affect its growth and development. OsCP1 (cysteine protease 1), a cysteine protease gene, was shown to influence pollen development and regulate PCD (Lee et al., 2004; Li et al., 2011). Yet whether and how the PLCPs function in rice immunity remains unclear.

Here we identified a PLCP, an oryzain alpha chain precursor (OCP), which is capable of negatively regulating rice blast resistance. Knocking out OCP resulted in the accumulation of mRNA for defense-related genes and shortened the lesion length of transgenic plants (ocp-ko) inoculated with blast isolates when compared with TP309. We find that OCP is highly conserved in plants and possesses the cysteine protease activity. By screening a yeast library, two rice proteins related to blast resistance were obtained, namely OsRACK1A and OsSNAP32. Many blast resistance genes are up-regulated in ocp-ko plants, which meant that OCP probably negatively regulates blast resistance by repressing the related gene expression. Therefore, this study not only fills the knowledge gap of PLCPs in disease resistance of rice but also provides effective and promising gene resources for use in future rice breeding.



Materials and methods


Plant materials and growth conditions

The Japonica rice cultivar TP309 was used for the transgenic experiments. All plants were cultivated in the experimental field of the Institute of Genetics and Developmental Biology, Chinese Academy of Sciences. To generate gene overexpression, the coding sequence (CDS) of OCP was amplified from the cDNA of TP309 and cloned into the vector UBI-pCAMBIA1300; the knockout mutants were created using the CRISPR/Cas9 system. All the constructs were transformed into rice calli via Agrobacterium-mediated transformation.



Structural analysis and construction of the phylogenetic tree of orthologous proteins

Amino acid sequences of the plant species and corresponding accession numbers were retrieved from the NCBI (https://www.ncbi.nlm.nih.gov/), RGAP (http://rice.uga.edu/index.shtml), and WheatOmics 1.0 (http://wheatomics.sdau.edu.cn/). The structures of orthologous proteins were drawn with SMART (http://smart.embl-heidelberg.de/). Based on the alignment of the amino acid sequences with the Muscle program, and using 1000 bootstrap replicates, a neighbor-joining tree was constructed in MEGA7 software. Multiple sequence alignment of the proteins was carried out by MEGA7 and the results were edited by GeneDoc software.



Blast inoculation assays

For the blast fungal spray inoculation assays, the plants were grown in a greenhouse at 28°C under a 12-h light/12-h dark photoperiod for 14 days. The assay was performed as described by Chen et al. (2018). The spore concentration was adjusted to 1 × 105 cfu/mL with 0.2% Tween-20, and the inoculated rice seedlings were kept in a dark chamber at 28°C for 24 h, and then moved into the greenhouse. The injection method for testing blast resistance in the field was followed (Lv et al., 2013). The seedlings at the tillering stage were injected with spore suspension, and the leaf status was observed 7 days after inoculation.

For the punch inoculation assays, 40-day-old rice plants were inoculated by following a previously described methodology (Park et al., 2012), albeit with slight modifications. The rice leaves were lightly wounded with 10-μL pipette tips on a 1.5-cm scale and put on the surface of 6-Benzylaminopurine, and the spore suspension was added onto the wound site. The ensuing lesion length was measured at 8 days post-inoculation in the greenhouse. The M. oryzae isolates 97-27-2, JL021605, and ZB13 were used in this study.



GUS staining

GUS activity was analyzed in transgenic plants via histochemical staining with 5-bromo-4-chloro-3-indolyl-b-Dglucuronicacid (X-Gluc), as described previously (Dong et al., 2021). The rice tissues were incubated for 16 h at 37°C in a staining buffer (100 mM sodium phosphate [pH 7.0], 10 mM EDTA, 0.5 mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, 0.1% [v/v] Triton X-100, and 1 mM X-Gluc), and then decolorized in 100% ethanol before photographing them.



Rice protoplast preparation and transformation

Rice protoplasts were prepared from 2-week-old seedlings of TP309 that had been grown in darkness. Protoplasts were transformed as described previously (Bart et al., 2006). Plasmid constructs were transformed into the rice protoplasts, which were then kept at 28°C for 16 or 18 h. After that, we detected the fluorescence or extracted proteins.



Subcellular localization

The coding region of OCP was fused with the green fluorescent protein (35S::OCP-GFP) and enhanced yellow fluorescent protein (35S::OCP-eYFP), and then transformed into TP309 calli and rice protoplasts to express the fusion proteins, respectively. For subcellular co-localization, we fused the coding region of OsRACK1A or OsSNAP32 with the mCherry tag and then transformed them into rice protoplasts alone or with 35S::OCP-eYFP. The fluorescent signal was visualized using the Zeiss LSM 710 NLO microscope (Carl Zeiss, Oberkochen, Germany) after incubation at 28°C for 16 h.



Yeast hybrid assays

The coding region of OCP was introduced into the pGBKT7 vector (BD-OCP) as bait and co-transformed with the rice cDNA library for the screening of interacting proteins on SD/-Leu-Trp-His-Ade selected plates. For specific interactions, the truncations of OCP were cloned into the pGBKT7 vector and the full-length coding region of OsRACK1A and OsSNAP32 were cloned into the pGADT7 vector (respectively yielding AD-OsRACK1A and AD-OsSNAP32), and then co-transformed into the yeast strain Gold Y2H. The transformants were grown on SD/-Trp-Leu medium at 30°C for 3 to 5 days and the interaction was confirmed by colony growth on SD/-Ade-His-Leu-Trp (AD/-A-H-L-T) medium with X-α-gal.

For the yeast three-hybrid (Y3H) assays, the coding region of OCP was cloned into the multiple cloning site (MCS) 2 of pBridge (pBridge-OCP), and the coding region of OsSNAP32 was introduced into MCS1 of pBridge (pBridge-OsSNAP32 and pBridge-OsSNAP32-OCP). Each of these vectors was then co-transformed into Gold Y2H with AD-OsRACK1A. The transformants were grown on (SD)/-Met-Trp-Leu medium at 30°C for about 5 days, and the interaction was confirmed by colony growth on SD/-Ade-His-Leu-Met-Trp (SD/A-H-L-M-T) medium with X-α-gal for about 5 days. Specific primers used are listed in Supplementary Table 1.



Bimolecular fluorescence complementation assays

The full-length coding region of OCP was cloned into the pVYCE vector (cYFP-OCP), and OsRACK1A and OsSNAP32 were introduced into the pVYNE vector (nYFP-OsRACK1A and nYFP-OsSNAP32). The ensuing constructs were transformed into the Agrobacterium tumefaciens strain EHA105, and then allowed to infect 5-week-old Nicotiana benthamiana leaves. Fluorescent signals were detected and photographed using Zeiss LSM 710 NLO microscope (Carl Zeiss, Oberkochen, Germany) after infiltration for 3 or 4 days (Cao et al., 2019).



Co-immunoprecipitation assays

To verify the interaction of OCP with OsRACK1A and OsSNAP32 in vivo, the recombinant vectors OCP-Myc, OsRACK1A-mCherry, and OsSNAP32-mCherry were generated. These construct pairs were transiently co-expressed in rice protoplasts. After 18 h, the protoplasts were collected by centrifugation at 150 × g and rinsed three times with a wash buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl). The total proteins were extracted using a lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% Triton X-100, 0.5% Nonidet P-40 [NP-40], 1 μM MG132, and 1 × Protein Inhibitor Cocktail). After its 1-h incubation on ice, the lysate was centrifuged at 4°C with 15 000 × g. Lysates containing the target proteins were incubated with 20 μL of Myc tag-Nanoab-Agarose Beads by tumbling them for 2 h at 4°C. Next, the beads were rinsed thrice with the wash buffer and boiled for 5 min with an SDS loading buffer. The proteins were analyzed by running a Western blot assay using anti-Myc and anti-mCherry.



Cysteine protease activity profiling

Procedures for cysteine protease activity profiling were largely followed as described previously (van der Hoorn et al., 2004). L-cysteine, E-64, and DCG-04 were purchased from Lablead (Beijing, China), Bioss (Beijing, China), and MedKoo (Morrisville, USA), respectively. Proteins were extracted from Escherichia coli and purified. About 30 μg of protein was mixed with 50 mM sodium acetate buffer (pH 6), to which was added 10 mM L-cysteine and 2 μM DCG-04; 0.4 mM E-64 was held in another tube as the control. The samples were incubated at room temperature for 5 h. Then proteins were precipitated by adding 1 mL of ice-cold acetone and collected by centrifugation (for 1 min, at 10 000 × g). Proteins were washed twice with 70% acetone and dissolved in 30 μL of TBS, boiled in 30 μL of SDS sample buffer, and finally separated on 10% SDS gels.



Protein stability tests

EGFP-His, GST-OsRACK1A, and GST-OsSNAP32 were extracted from E. coli. The proteins of the same quality were mixed and treated at room temperature for 30 min and 60 min. The fusion protein was detected by the corresponding antibody.



Transcriptome analysis

Total RNA was extracted from ocp-ko1 and TP309 for transcriptome sequencing. The Volcano plot and KEGG enrichment analyses were completed using Majorbio (https://cloud.majorbio.com/). Heatmaps were generated using TBtools.



Total RNA isolation and qRT-PCR analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen, Waltham, MA, USA) by following the manufacturer’s protocol, after which cDNA was synthesized using the ReverTra Ace 1 qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). The qRT-PCR was performed using 2 × T5 Fast qPCR Mix (SYBR Green I, Tsingke, Beijing, China) according to the manufacturer’s instructions. The rice OsActin gene served as an internal control for the data normalization in the formal analysis. The results are presented as the mean ± SD in triplicate. Bar graphs were generated using GraphPad Prism 9. The specific primers used are listed in Supplementary Table 2.




Results


Structure and evolution analysis of OCP and its orthologous proteins in various plant species

The OCP contains four main domains, namely signal peptide, inhibitor I29, pept_C1, and GRAN (Figure 1A). The signal peptide started at position 1 aa (amino acid) and ended at position 21 aa. Inhibitor I29 was the cathepsin propeptide inhibitor domain (40–100 aa). Pept_C1 was the enzyme active domain, belonging to the papain family of cysteine proteases (129–344 aa). GRAN, granulin, is probably released by post-translational proteolytic processing carried out at 367 to 424 aa. Based on the consistency of amino acid sequence with OCP of at least 50% and all above four domains being present, we selected 28 amino acid sequences of five species to build a phylogenetic tree, as shown in Figure 1B. There were three orthologous proteins of OCP in rice, of which OsCP1 was reported to affect pollen development, seed germination, and plant height (Lee et al., 2004; Li et al., 2011). In A. thaliana, there were three proteins, including RD21B and RD21A, whose sequence alignment consistency with OCP was 68.13% and 67.59%, respectively (Figure 1C). Of three orthologous proteins in tomato, only CYP1 has been studied (Kaschani et al., 2010; Misas-Villamil et al., 2016), and its sequence alignment consistency with OCP was 62.5%. Six and 12 proteins were found in maize and wheat, respectively. Hence, we concluded OCP is highly conserved in plants.




Figure 1 | Evolutionary analysis of OCP and its orthologous proteins. (A) Structures of OCP. (B) Phylogenetic tree of OCP and its orthologous proteins in five plant species. Based on a shared amino acid sequence identity greater than 50% with OCP, 27 amino acid sequences were collected from NCBI. The neighbor-joining tree was built using the Muscle program, with 1000 bootstrap replicates, in MEGA7. Protein structure was analyzed by SMART. All the proteins contained the same four domains, signal peptide, inhibitor I29, pept_C1, and GRAN. (C) Comparison of the amino acid sequences of OCP with RD21B, RD21A, and CYP1. The black coloring shows the same amino acids present in the four proteins. The * indicates the amino acid position number, 10, 30, 50......





Knockout of OCP enhances rice blast resistance

In order to explore the specific effects of OCP on rice growth and development, we constructed OCP knockout vectors with the sgRNA located at the first, second, and fourth exon, these distributed in the inhibitor I29, pept_C1, and GRAN domains, respectively, by using the CRISPR/Cas9 genome editing approach. The OCP overexpression vector was driven by the 35S promoter. These vectors were transformed into TP309 calli via Agrobacterium-mediated transformation. Through screening, 20, 11, and 5 edited plants of T0 progeny were obtained for three editing sites, respectively. Next, we found that the ocp-ko plants were mainly characterized by insertion or deletion of one or more bases. Most editing forms consisted of a single base insertion, and the insertion sites were unified. These mutant types led to an open-reading frame code shift for OCP and the premature termination of its translation (Figure 2A). To identify the overexpressing plants, we conducted quantitative real-time PCR (qRT-PCR) assays, by extracting total RNA from the T1 leaf. These results confirmed there were differences in expression levels among individual lines, with the highest level found for OCP-OE#10 (~27-fold change) and the lowest level for OCP-OE#1 (~1.8-fold change). Five independent transgenic lines had an expression level of OCP that was 15 times greater than that of wild-type plants (Figure 2B). Finally, ocp-ko1, ocp-ko2, ocp-ko3, OCP-OE#7, and OCP-OE#10 lines were chosen for further study.




Figure 2 | Mutant types and blast resistance identification of OCP. (A) Three kinds of allelic variations induced by CRISPR/Cas9 in different regions. CDS are shown in the black boxes. Untranslated regions (UTR) and introns correspond to the white sections. The sgRNA1, sgRNA2, and sgRNA3 were located in Exon 1, Exon 2, and Exon 4, respectively, corresponding to three domains of OCP, inhibitor I29, pept_C1, and GRAN. Red bases indicate the protospacer adjacent motif (PAM) recognition sites. Blue bases show the insert location. In gray are the altered amino acid residues due to mutation. The * indicates the terminate codon. (B) Relative transcript levels of 10 overexpression lines (OCP-OE#1 to OCP-OE#10) in T1 of OCP. (C) Punch inoculation of wild-type rice TP309 and OCP mutant lines with the blast isolate 97-27-2, JL021605, and ZB13. This experiment was repeated twice. (D–F) Lesion lengths (mean ± SEM, n ≥ 8) of the tested lines according to the results in (C). Asterisks indicate statistical significance compared with TP309 (** P ≤ 0.01, t test).



Cysteine proteases participate in plant immune responses (Shindo et al., 2012; Ormancey et al., 2019). To clarify the response of OCP to pathogens, we inoculated the wild-type TP309, ocp-ko1, ocp-ko2, ocp-ko3, and OCP-OE#10 with six Xanthomonas oryzae pv. oryzae (Xoo) isolates. These results revealed no significant difference in disease among these tested plants (Supplementary Figure 1). Thus OCP was not involved in the resistance to bacterial blight. Then we inoculated these lines with M. oryzae isolates (97-27-2, JL021605, and ZB13) to assess their resistance to blast. Compared with TP309, the ocp-ko mutants exhibited a significantly shorter lesion length (Figure 2C). For all inoculated M. oryzae isolates, there was no significant size difference between the lesions of TP309 and OCP-OE lines, but those of ocp-ko lines were significantly reduced. For example, ocp-ko1 plants had 0.54 ± 0.02 cm, 0.51 ± 0.02 cm, and 0.50 ± 0.02 cm lesions, corresponding to the three isolates, while TP309 had 0.98 ± 0.06 cm, 0.94 ± 0.05 cm, and 0.87 ± 0.05 cm, respectively (Figures 2D–F).

Then we validated the resistance to blast of the tested lines (TP309, ocp-ko1, and OCP-OE#10), by conducting spray inoculation assays. The lesion numbers of ocp-ko1 were dramatically reduced with isolates 97-27-2, JL021605, and ZB13, whereas they were much more abundant for TP309 and OCP-OE#10 (Supplementary Figure 2). In addition, we inoculated TP309, ocp-ko1, and OCP-OE#10 with JL021605 in the field, finding that ocp-ko1 plants featured a shorter lesion length when compared to TP309 (Supplementary Figure 3). Altogether, these results show that the OCP knockout enhances the resistance to blast but not bacterial blight in rice.



Expression pattern and protease activity analysis of OCP

The temporal and spatial expression pattern of the OCP gene was investigated in different tissues of TP309 by qRT-PCR. The gene was expressed in rice various tissues examined, albeit at a higher level in the seedling and at lower levels in the stem, panicle, and axillary bud, and at intermediate levels in the root, node, leaf, and sheath (Figure 3A). To further confirm the expression levels of OCP, transgenic plants were generated with the expression of a β-glucuronidase (GUS) driven by the promoter of OCP in TP309. Strong GUS activity was detected in the root, leaf, and sheath of seedling (Figure 3B), supporting well the qRT-PCR results.




Figure 3 | Expression pattern and cysteine protease activity analysis of OCP. (A) OCP RNA expression pattern obtained by qRT-PCR in rice TP309 (mean ± SEM, n = 3). (B) GUS activity of OCP in different rice tissues. a, node; b, axillary bud; c, leaf; d, root; e, sheath; f, stem; g, panicle; h, leaf and sheath of seedlings. Scale bars: a = 5 mm; b = 2 mm; c–h = 10 mm. (C) Subcellular localization of OCP in rice root tips and rice protoplasts. Scale bar = 10 μm. (D) Protease activity profiling of OCP in vitro. E-64 was an effective inhibitor of cysteine proteases, and DCG-04 was a biotinylated derivative of E-64. The biotinylated protease could be detected on a protein gel blot using a conjugate of streptavidin with HRP (strep.-HRP). OCP-His was detected with Anti-His.



To determine the subcellular localization of OCP, we fused the OCP coding region with the green fluorescent protein (GFP) and the enhanced yellow fluorescent protein (eYFP) driven by the cauliflower mosaic virus 35S promoter at the C terminus and expressed the fusion proteins in rice plants and protoplasts. Laser confocal microscopy revealed that the signal of the GFP-tagged OCP protein was excluded from the nucleus; meanwhile, the GFP signal alone was expressed in both the nucleus and cytoplasm in the roots of transgenic plants. In rice protoplasts, the green fluorescence emitted by the fusion protein was detected exclusively in the cytoplasm (Figure 3C). Therefore, OCP is located in the cytoplasm.

As the orthologous gene of RD21, OCP encodes a cysteine protease; hence, we further profiled protease activity by Western blotting in vitro. The method used followed one describe before (van der Hoorn et al., 2004). DCG-04 is a biotinylated derivative of the E-64 cysteine protease inhibitor. Active cysteine protease cleaves protein substrates through a covalent intermediate state, in that the biotinylation of active proteases by DCG-04 occurs because the cleavage mechanism is locked in a covalent intermediate state. Biotinylated proteases can be detected on SDS-PAGE gel using streptavidin conjugated to HRP. Firstly, the protein of OCP was expressed in E. coli, and we found that the protein mainly existed in the supernatant and only a small part occurred in the sediment (Supplementary Figure 4), which facilitated collection of the target protein. Then we treated the same content protein with DCG-04 and E-64 (as a control). These results showed that it was detected with streptavidin-HRP when OCP was treated with DCG-04 alone, and excess E-64 inhibited the binding of DCG-04 and OCP (Figure 3D). In addition, more protein remained in the sample with E-64 detected with anti-His. Taken together, our results demonstrated OCP has cysteine protease activity, and that E-64 can effectively delay the degradation of OCP.



OCP physically interacts with OsRACK1A and OsSNAP32

To identify the interaction partners of OCP, we performed a yeast two-hybrid (Y2H) screen using a cDNA library of rice. The coding region of OCP was cloned into the bait vector (BD-OCP), and no autoactivation and toxicity of OCP were proven (Supplementary Figure 5). Then, BD-OCP was co-transformed with a cDNA library into yeast cells. Forty-four clones were isolated from the quadruple dropout media (-L-T-H-A) (Supplementary Table 3), and their sequences were analyzed via amplifying and sequencing. Two possible interacting proteins, OsRACK1A and OsSNAP32, participating in rice blast resistance (Nakashima et al., 2008; Luo et al., 2016), were thus obtained. Next, the CDS of OsRACK1A and OsSNAP32 were fused to the GAL4 activation domain (AD-OsRACK1A and AD-OsSNAP32), and each co-transformed with BD-OCP into yeast cells. These cells grew well on the quadruple dropout media containing BD-OCP and AD-OsRACK1A or AD-OsSNAP32, while those transformed with the corresponding control did not (Figure 4A). To clarify the domains interacting with OsRACK1A or OsSNAP32, we divided the protein of OCP into five segments (Figure 4A). Interestingly, BD-OCP-3 and BD-OCP-5 interacted with the empty vector AD, and 20 mM 3-AT was then used to verify the actual interaction (Supplementary Figure 6). Lastly, we found that BD-OCP-2 and BD-OCP-4 grew well on the screening medium with AD-OsRACK1A or AD-OsSNAP32, which demonstrated that pept_C1 was effective for their interaction.




Figure 4 | OCP physically interacts with OsRACK1A or OsSNAP32. (A) OCP and its truncations interact with OsRACK1A or OsSNAP32 in Y2H. AD, pGADT7; BD, pGBKT7; BD-OCP, full length of OCP; BD-OCP-1, 1–110 amino acid (aa) of OCP; BD-OCP-2, 111–348 aa; BD-OCP-3, 349–458 aa; BD-OCP-4, 1–348 aa; BD-OCP-5, 111–458 aa. 20 mM 3-amino-1,2,4-triazole (3-AT) was added to BD-OCP-3 and BD-OCP-5. (B) BiFC assay showing the interaction of OCP with OsRACK1A or OsSNAP32 in tobacco leaf epidermal cells. nYFP+cYFP-OCP was the negative control. Bar = 20 μm. (C) Co-immunoprecipitation assays to verify the interaction of OCP with OsRACK1A or OsSNAP32 in rice protoplasts. OCP-Myc+mCherry was the negative control. OsRACK1A-mCherry and OsSNAP32-mCherry were detected with Anti-mCherry.



To further verify the interaction between OCP and OsRACK1A or OsSNAP32, we conducted a bimolecular fluorescence complementation (BiFC) assay to produce the fusion proteins cYFP-OCP and nYFP-OsRACK1A or nYFP-OsSNAP32 in N. benthamiana leaves via Agrobacterium-mediated transformation. These results showed that OCP interacted with OsRACK1A or OsSNAP32, with the associated fluorescence detected in the cytoplasm predominantly (Figure 4B). Meanwhile, co-immunoprecipitation (Co-IP) assays to test the interaction in vivo were carried out, co-expressing the fusion proteins OCP-Myc and OsRACK1A-mCherry, OsSNAP32-mCherry, or mCherry alone in the rice protoplasts. A band was detected for OCP-Myc and OsRACK1A-mCherry or OsSNAP32-mCherry in their IP sample, but no band was discernible in the OCP-Myc and mCherry IP samples when using an anti-mCherry antibody (Figure 4C). Together, these results suggested that OCP interacts with OsRACK1A or OsSNAP32 physically, in vitro and in vivo.



OsRACK1A and OsSNAP32 cannot form a complex via OCP

To clarify the co-expression of OCP and its interacting proteins, subcellular localization assays were carried out. The results indicated that OsRACK1A was located in the cytoplasm, agreeing with a previous study (Zhang et al., 2018), whereas the OsSNAP32 was located in the cell membrane as well as the cytoplasm (Figure 5A). Subcellular co-localization showed that both OCP and OsRACK1A or OsSNAP32 are expressed in the cytoplasm (Figure 5B), which makes their interaction possible. Then the CDS of OsSNAP32 was joined to pGBKT7 (BD-OsSNAP32) and co-transformed into yeast cells with AD-OsRACK1A via the Y2H system. These results indicated a non-interaction between OsRACK1A and OsSNAP32. Yet OCP interacted separately with both OsRACK1A and OsSNAP32, raising the question, could they form a complex? To answer this, yeast three-hybrid (Y3H) assays were conducted. OsSNAP32 and OCP were respectively inserted into the multiple cloning site (MCS) 1 (pBridge-OsSNAP32) and MCS2 (pBridge-OCP) of the Y3H vector pBridge, and also simultaneously (pBridge-OsSNAP32-OCP). We transformed the combinations with AD-OsRACK1A to yeast cells, which did not grow well on the SD/-Ade-His-Leu-Met-Trp medium. The results indicated that OsRACK1A and OsSNAP32 could not interact with each other when OCP acted as a bridge in the Y3H system (Figure 5C). Analyzing the transcript levels by qRT-PCR, we found that OsSNAP32 mRNA accumulated to a significantly higher level (~10-fold) in ocp-ko1 than in TP309, whereas the changed transcript levels of OsRACK1A was not significant (Figure 5D). We then examined the effect of OCP on the stability of OsRACK1A and OsSNAP32, finding it similar between the control and corresponding treatment, suggesting that OCP did not affect the stability of OsRACK1A and OsSNAP32 (Figure 5E). These results collectively show that OCP cannot form a complex with OsRACK1A and OsSNAP32, nor does it affect their stability, but it can suppress the expression of OsSNAP32.




Figure 5 | OCP is unable to form a complex with OsRACK1A or OsSNAP32, or affect the stability of either. (A) Subcellular localization of OsRACK1A and OsSNAP32 in rice protoplasts. Scale bar = 10 μm. (B) Subcellular co-localization of OCP and OsRACK1A or OsSNAP32 in rice protoplasts. Scale bar = 10 μm. (C) Yeast two-hybrid assays showing the non-interaction of OsRACK1A and OsSNAP32; pGBKT7-53 and pGADT7-T were used as positive controls, while pGBKT7-Lam and pGADT7-T were used as negative controls. Yeast three-hybrid assays showed that OCP, OsRACK1A, and OsSNAP32 could not form a complex. (D) Relative transcript levels of OsRACK1A and OsSNAP32 in ocp-ko1 and TP309 were assessed by qRT-PCR (mean ± SD, n = 3). This experiment was repeated twice, ** P ≤ 0.01, t test. (E) Detection of the influence of OCP on the stability of OsRACK1A and OsSNAP32. EGFP-His served as the negative control. GST-OsRACK1A and GST-OsSNAP32 were detected with Anti-GST.





Analysis of differentially expressed genes related to the immune response between ocp-ko1 and TP309

To confirm OCP’s participation in the immune response of rice, we conducted RNA sequencing assays. The sequencing and mapping data are summarized in Supplementary Table 4. A total of 6956 DEGs were identified in the transcriptional profiles (having a fold-change ≥ 2 and p-adjusted value < 0.05), of which 4169 DEGs were up-regulated and 2787 DEGs were down-regulated in ocp-ko1 vis-à-vis TP309 (Supplementary Figure 7). KEGG enrichment analysis revealed that the up-regulated DEGs were chiefly involved in phenylpropanoid biosynthesis, plant–pathogen interaction, flavonoid biosynthesis, MAPK signaling pathway-plant, and so on (Supplementary Figure 8). The down-regulated DEGs were enriched in terms of ribosome, DNA replication, plant hormone biosynthesis, signal transduction, and so on (Supplementary Figure 9). We found 71 DEGs responsive to plant-pathogen interaction and 47 DEGs functioning in the MAPK signaling pathway (Supplementary Figure 8), which are related to plant tolerance of biotic stress (Xiong and Yang, 2003; Chang et al., 2022). We divided these DEGs into several categories, namely those related to disease, transcription factor, calmodulin, proteinase, hormone, and protein kinase (Figures 6A–F).




Figure 6 | Detailed analysis of differentially expressed genes (DEGs) related to disease resistance in rice between ocp-ko1 and TP309. (A–F), heat map of DEGs. (A) Defense-related gene. (B) Calmodulin. (C) Proteinase or enzyme. (D) Hormone. (E) Transcription factor. (F) Protein kinase. The color legend insets indicate the log2 (FPKM) value.



Phytohormones play pivotal roles in plant defense responses. In this study, we identified some genes related to jasmonic acid (JA), ethylene (ET), auxin, and abscisic acid (ABA) (Figure 6D). OsAOS2 (allene oxide synthase 2), OsAOS3 (allene oxide synthase 3), OsOPR7 (OPDA reductase 7), and JIOsPR10 (jasmonate inducible pathogenesis-related class 10), all of which figure prominently in the biosynthesis of JA, were up-regulated dramatically, which could be viewed as resistance response to pathogens (Wang et al., 2021). SIT1 (salt intolerance 1), OsERF101 (ethylene response factor 101), OsERF62 (ethylene response factor 62), Sub1C (submergence1C), OsETR2 (ethylene response 2), OsACS2 (ACC synthase 2), and OsACO5 (ACC oxidase 5), which participate in ethylene (ET) biosynthesis and response (Helliwell et al., 2016), were increased significantly at the transcript level. Auxin response factors (OsARF2, auxin response factor 2; OsARF11 auxin response factor 11; etc.) and auxin efflux transporters (OsPIN1a, pin-formed1a; OsPIN1d, pin-formed1d; etc.) were strongly down-regulated; in stark contrast, the auxin influx carrier OsAUX1 (auxin transporter 1) and IAA synthetase gene OsGH3-2 (gretchen hagen 3-2) were both up-regulated. Inducing the expression of OsGH3-2 is known lower the auxin content, leading to an auxin deletion phenotype and enhanced resistance to rice blast (Fu et al., 2011). Concerning ABA (Spence et al., 2015), some genes related to it were up-regulated; for instance, ONAC022 (NAC domain-containing protein 022), OsABA8OX1 (ABA 8’-hydroxylase 1), OsAP2-39 (APETALA-2-like transcription factor), OsNCED3 (9-Cis-epoxycarotenoid dioxygenase 3), and OsREM4.1 (remorin group 4 member 1) were found up-regulated, while others were down-regulated, namely MODD (mediator of OsbZIP46 deactivation and degradation), OsbZIP62 (bZIP transcription factor 62), and OsABI5-1 (abscisic acid insensitive 5). Some genes can respond to more than one hormone at once; for example, OsERF2 (ethylene responsive factor 2) (Xiao et al., 2016), an ethylene response factor, was evidently required for the control of the ET- and ABA-responses with its transcripts declining in ocp-ko1. The transcript levels of pi21, Pi42(t) (Magnaporthe grisea resistance-42(t)), Pita and Piz (Magnaporthe grisea resistance-z), the executive genes of rice blast resistance, were substantially increased (Figure 6A). Most transcription factors (NAC17, NAC domain-containing protein 17; OsWRKY53, WRKY gene 53; etc.), proteinases (OsPAL1; SPL1, sphingosine-1-phosphate lyase 1; etc.), and protein kinases (OsFLS2, flagellin sensitive 2; OsMAPK3, mitogen-activated protein kinase; etc.) were up-regulated in ocp-ko1, when compared with TP309 (Figures 6C, E, F). Intriguingly, the transcript levels of many calmodulin genes (OsCML4, calmodulin-like 4; OsCML8; OsCML10; etc.) and calcium-dependent protein kinase genes (OsCPK4, calcium-dependent protein kinase 4; OsCPK5; OsCPK8; etc.) were drastically increased (Figures 6B, F). These results suggested that OCP could regulate blast resistance by influencing the expression of defense-related genes.

To verify the RNA sequencing results of ocp-ko1 and TP309, we designed primers for qRT-PCR to compare the turnover rate of genes’ mRNA related to blast (Figures 7A–C). All tested genes presented a difference and reached a significant level. The response of many genes response to auxin changed significantly (Figure 7A). The blast resistance genes pi21 and Pita were up-regulated more than twice and eight-fold, respectively. The mRNA of OsPAL1 and OsMAPK3, which enhance resistance to blast when overexpressed, accumulated in ocp-ko1. Both OsPR1a (pathogenesis-related 1a) and OsFLS2, which trigger an immune response in response to pathogen inoculation, were up-regulated about 13 and 8 times, respectively. Moreover, OsCPK4, OsCPK10, OsCPK20, and OsCPK21, all of which encode calcium-dependent protein kinases, were expressed more in ocp-ko1, and these genes’ up-regulation conferred enhanced immunity upon pathogen infection (Figure 7B). Finally, OsABA8ox1, OsAP2-39, and OsREM4.1 were up-regulated while both MODD and OsbZIP62 were down-regulated (Figure 7C). The above qRT-PCR results were consistent with those of the transcriptome analysis, which suggested OCP may regulate the blast resistance by affecting various pathways in rice.




Figure 7 | Relative transcript levels of (DEGs) related to disease resistance in rice between ocp-ko1 and TP309 validated by qRT-PCR. (A) Relative transcript levels of auxin-related genes. (B) Relative transcript levels of blast-related genes. (C) Relative transcript levels of ABA-related genes (mean ± SD, n = 3). This experiment was repeated twice.






Discussion

Our study focused on the PLCP gene OCP, which was involved in regulating the rice response to the blast-causing fungus M. oryzae. We selected three loci distributed in different domains of OCP for editing, and the pathogen inoculation results showed that the OCP knockout lines presented resistance to blast isolates 97-27-2, JL021605, and ZB13, whereas the OCP overexpression lines and TP309 did not and responded similarly (Figures 2C-F). OCP possessed cysteine protease activity, and it interacted with OsRACK1A and OsSNAP32 physically in vitro and in vivo. Accordingly, it is worthwhile to study the genetic relationship between OCP and OsRACK1A or OsSNAP32. Further, OCP influenced the expression of some genes related to blast resistance.


OCP has pleiotropic effects on rice development and resistance

In the study, ocp-ko lines showed increased resistance to M. oryzae, but not to Xoo, whereas OCP-OE was susceptible to both phytopathogens. Therefore, OCP negatively influences plant defense against fungal pathogens. In Arabidopsis, the rd21 null mutants were more susceptible to the necrotrophic fungal pathogen (Shindo et al., 2012); conversely, null XCP1 or XCP2 mutants displayed enhanced resistance (Zhang et al., 2014; Perez-Lopez et al., 2021). Therefore, genes harboring the same functional domains do not necessarily function in the same way.

The homologous gene RD21 of OCP in A. thaliana responds to biotic and abiotic stressors (Kikuchi et al., 2008; Rustgi et al., 2017), and OsCP1 in rice is known to affect pollen development (Lee et al., 2004). Here, we found that knocking out OCP led to shorter plant height and lower fertility than TP309. The plant height of ocp-ko1 was significantly reduced to 103.9 ± 0.89 cm, while TP309 was taller, at 119.5 ± 0.79 cm (Supplementary Figure 10). Compared with TP309, the panicle length of ocp-ko1 was shorter and it had more empty grains, mainly due to the abnormal pollen development of ocp-ko1 that resulted in its significantly decreased seed setting rate (Supplementary Figure 11). Therefore, OCP is a pleiotropic gene, which modulated blast resistance yet also influenced plant height and pollen development. In further research, we will aim to identify the mechanism by which OCP regulates plant height and fertility.



OCP negatively regulates blast resistance via multiple pathways

PLCPs play key roles in the growth and development of plants, as well as the immune responses to pathogens (Avci et al., 2008; Liu et al., 2018). Yet, further investigation is required to uncover the protease substrates and functional pathways (Demir et al., 2018). We found OCP located in the cytoplasm interspersed with OsRACK1A and OsSNAP32 (Figure 5A); not surprisingly, perhaps, these two proteins physically interacted with OCP (Figure 4). Nevertheless, the yeast hybrid results showed that OsRACK1A and OsSNAP32 did not interact with each other, and they could not form a ternary complex with OCP (Figure 5C). In vitro, we proved that OCP possessed cysteine protease activity (Figure 3D). Expression analysis found that many genes related to disease resistance, such as pi21, Pi42(t), OsSNAP32, and OsMAPK3 (among others), were up-regulated in ocp-ko1. Therefore, it is quite plausible that OCP negatively regulates blast resistance by influencing the expression of OsSNAP32 and other disease-resistance genes.

During immune responses, phytohormones act as signals to trigger and mediate defense responses in plants against enemies (Yang et al., 2013). JA functions critically in the basal defense of rice, especially against necrotrophic pathogens (Browse, 2009). ET regulates disease resistance positively or negatively depending on the different pathogens and local environmental conditions (Broekaert et al., 2006; van Loon et al., 2006), and exogenous application of an ET generator could increase rice blast disease resistance (Singh et al., 2004). Auxin, being a widespread important hormone in plants, is involved in almost all developmental processes. The accumulation of auxin content in the model plants Arabidopsis and rice leads to their increased susceptibility to disease (Yang et al., 2013). Regarding ABA, its application to rice suppresses resistance to blast (Koga et al., 2004; Yang et al., 2013). In our study, the expression of particular genes known to participate in hormone synthesis and metabolism was changed in ocp-ko1 plants (Figure 6B, Figures 7A, C). Often, hormones interplay and engage in hormonal crosstalk to defend plants against pathogens (Kazan and Lyons, 2014). In addition to the above, many other DEGs, transcription factors, protein kinases, and so forth, were proven to respond to M. oryzae. Importantly, some calmodulin genes were up-regulated significantly; hence, it is possible that OCP suppresses blast resistance via multiple pathways, wherein calmodulin might play a crucial role. To better understand the molecular mechanisms of OCP-mediated blast resistance in rice, further investigations are needed to clarify the signaling pathways of OCP vis-à-vis other factors in the plant immune response.




Conclusion

OCP negatively regulates blast resistance in rice, because all ocp-ko1, ocp-ko2, and ocp-ko3 lines have enhanced resistance to M. oryzae. OCP is expressed in all rice tissues and located mainly in the cytoplasm, interacting with OsRACK1A and OsSNAP32 in vivo and in vitro, but they could not form a complex. The transcriptome analysis shows that the expression of many factors responsive to M. oryzae are changed in ocp-ko1 significantly, including the phytohormones JA, ET, auxin, and ABA, which suggests that OCP could affect host resistance to rice blast in multiple ways and plays a fundamental role. Therefore, this study’s findings provide the basis for exploring the molecular mechanism of cysteine protease in the disease resistance of rice. Further, in screening many potential interaction proteins of OCP, this work can assist in comprehensively investigating the effects of OCP on rice growth and development.
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Soil salinization has a serious influence on rice yield and quality. How to enhance salt tolerance in rice is a topical issue. In this study, 120 recombinant inbred line populations were generated through nonstop multi-generation selfing using a male indica rice variety Huazhan (Oryza sativa L. subsp. indica cv. ‘HZ’) and a female variety of Nekken2 (Oryza sativa L. subsp. japonica cv. ‘Nekken2’) as the parents. Germination under 80 mM NaCl conditions was measured and analyzed, and quantitative trait locus (QTL) mapping was completed using a genetic map. A total of 16 salt-tolerance QTL ranges were detected at bud stage in rice, which were situated on chromosomes 3, 4, 6, 8, 9, 10, 11, and 12. The maximum limit of detection was 4.69. Moreover, the qST12.3 was narrowed to a 192 kb region on chromosome 12 using map-based cloning strategy. Statistical analysis of the expression levels of these candidate genes under different NaCl concentrations by qRT-PCR revealed that qST12.3 (LOC_Os12g25200) was significantly down-regulated with increasing NaCl concentration, and the expression level of the chlorine-transporter-encoding gene LOC_Os12g25200 in HZ was significantly higher than that of Nekken2 under 0 mM NaCl. Sequencing analysis of LOC_Os12g25200 promoter region indicated that the gene expression difference between parents may be due to eight base differences in the promoter region. Through QTL mining and analysis, a plurality of candidate genes related to salt tolerance in rice was obtained, and the results showed that LOC_Os12g25200 might negatively regulate salt tolerance in rice. The results provide the basis for further screening and cultivation of salt-tolerant rice varieties and have laid the foundation for elucidating further molecular regulation mechanisms of salt tolerance in rice.
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Introduction

Soil salinization is a global problem that severely restricts the cultivation of rice and is one of the predominant abiotic stresses affecting the rice crop yield (Munns and Gilliham, 2015; Yang and Guo, 2018). According to reported statistics, about 100 million hm2 of the world’s land is affected by salinization. About 10 million hm2 of this land is in China, accounting for about 10% of global soil salinization regions, which severely limits food productivity in China (Hu et al., 2018; Liu et al., 2021; Zou et al., 2021). Rice (Oryza sativa L.), a salt-sensitive crop, is a gramineous plant and one of the three most essential staple crops in China and throughout the world (Tian et al., 2011; Ganie et al., 2019). It is most susceptible to salt stress at the seedling stage and heading stage (Zou et al., 2021). Salt tolerance is a complicated physiological process. When under salt stress, the rice in cellular salt content disturbs the cells’ ionic and osmotic stability, having an effect on the health and productivity of plants. At this time, plant cells try to maximize the dynamic stability of ions, and thus plant health, by inducing gene expression (Wu et al., 2013; Singh et al., 2021). Those attempting to increase the yield and quality of rice face new challenges (Rao et al., 2020), and efforts to enhance the salt tolerance of rice will assist in maximizing the use of saline-alkali land, and hence, improve crop yields (Radanielson et al., 2018; Wang et al., 2019). Therefore, exploring the mechanisms of rice salt tolerance is anticipated to provide a theoretical groundwork that will lead to a realistic way to cultivate salt-tolerant rice types, enhancing rice yield in saline land and, consequently, securing food production in China and other parts of the world.

Seed germination is critical, in which the catabolism of proteins, starches or oils accumulated by seeds during maturation supports the growth of early seedlings. Therefore, seed germination is also the basis for the total biomass and total production of plants throughout their life cycles (Bewley, 1997; Penfield, 2017). In the process of seed germination, the high salt environment will lead to the disorder of various metabolic pathways in plants, change the enzyme activities, and the leakage of high solutes, resulting in the reduction of K+ efflux, and hinder the activity of α-amylase (Gomes-Filho et al., 2008). Some studies identified about 50 loci have been identified for seed germination under salt stress by genome-wide association studies (GWAS) (Shi et al., 2017; Yu et al., 2018). He et al. (2019) located a QTL qSE3 during the germination and seedling stage of rice seeds under salt stress, cloned and isolated qSE3 and found that it encoded the K+ transporter OsHAK21. qSE3 significantly enhanced the uptake of Na+ and K+ by germinating seeds under salt stress. Zeng et al. (2021) identified 13 QTLs from the local cultivar Wujiaozhan, and a major salt-tolerance specific QTL qGR6.2 was precisely mapped. These studies provided information on the genetic basis of marker-assisted selection to improve rice seed germination under salt stress.

Salt tolerance in rice is a complex quantitative trait regulated by multiple genes, and the expression of these related genes is closely related to the environment (Qi et al., 2008; Tiwari et al., 2016). Salt stress can cause changes to the activity of electron transport chains in mitochondria and chloroplasts and destroy the dynamic balance between the generation and removal of reactive oxygen species (ROS), leading to protein oxidation, membrane damage, and DNA fragmentation, and other disruptions (Mishra et al., 2013). At present, QTL mapping studies have found the highest number of genes related to salt tolerance on chromosomes 2 and 6, and the fewest genes related to salt tolerance on chromosomes 10, 11, and 12 (Hu et al., 2018). Abdur et al. (Razzaque et al., 2011) found that high salt stress affected the balance of Na+, K+, and Cl- in the roots of rice plants. Na+ was the main ion that caused harm to rice under salt stress (Munns and Tester, 2008), and Na+ transporters such as HKTs, NHXs and ROS scavengers play key roles in maintaining cell homeostasis under salt stress and positively affect the ability of plants to cope with increased salinity. High concentrations of Na+ prevent the normal functioning of rice biofilms, affect the normal absorption of nutrients, and lead to physiological metabolic disorders (Bharathkumar et al., 2016). A high concentration of Cl- was shown to affect the normal growth and development of the rice plant. The influencing mechanisms for this might be anion mediation of the periodic regulation and inhibition of ribosomal enzymes that catalyze protein synthesis by cells (Geilfus, 2018). Joo et al. (2014) found that CatA, CatB, and CatC were all involved in the regulation of plant abiotic stress. Some results indicated that the Cat protein was also involved in the response of plants to salt stress (Nagamiya et al., 2007). Zhou et al. (2018) found that the receptor-like cytoplasmic kinase STRK1 phosphorylated and activated CatC which then positively regulated the salt tolerance of rice, which has a practical significance in rice yield and quality.

In this study, recombinant inbred line (RIL) populations constructed using Huazhan (HZ) and Nekken2 rice varieties as parents were used to locate and analyze QTL for salt tolerance. This was achieved by examining the response of rice seeds to salt stress at the germination stage and creating a high-density single nucleotide polymorphism (SNP)-based molecular marker map. Candidate genes were screened and expression was analyzed for QTL clusters with high effector values to ascertain the identity of additional QTL and genes related to the regulation of salt stress and provide a molecular research basis and theoretical support for the screening of salt-tolerant rice germplasm resources.



Materials and methods


Experimental materials

Huazhan (Oryza sativa L. subsp. indica cv. ‘HZ’) is a kind of super rice variety, which has strong adaptability, better resistance to adversity and stress than ordinary varieties, and better resistance to diseases and pests. It belongs to the varieties with high and stable yield. Nekken2 (Oryza sativa L. subsp. japonica cv. ‘Nekken2’) is a kind of rice with strong affinity and strong spectral affinity, and its F1 seed setting rate is up to 80%, which has important utilization value in Chinese rice breeding of super high yield (Sun et al., 1992). In this experiment, an HZ plant was used as the male parent to hybridize with Nekken2, used as the female parent, and obtain the F1 generation. The F1 generation was bagged and selfed via the single-seed descent method, and 120 stably inherited recombinant inbred lines were obtained after continuous selfing for 12 generations to form the RIL population (Wang et al., 2020).



Rice cultivation and management

For each strain of rice seed, 60 seeds were taken from each of the 120 strains of F12 and both parents, rinsed 2-3 times with 70% alcohol, and surface-disinfected with 10% sodium hypochlorite solution. The seeds were then rinsed well with deionized water. After 1 month, 24 seedlings of each strain were selected and transplanted in the experimental field, with each strain planted in four rows of six plants. Routine water and fertilizer management and insect pest and weed control strategies were carried out during this period.



Salt stress tolerant treatments

Sixty full-seeded seeds of HZ, Nekken2, and each hybrid strain were selected, hulled, disinfected with 70% alcohol for 2 minutes, disinfected with 30% sodium hypochlorite solution for 20-30 minutes, rinsed with distilled water, inoculated onto 1/2 MS medium containing 80 mM NaCl (Zhang, 2012), and incubated in an artificial climate incubator for 10 days. The germination rate of each strain was determined (germination standard: Refer to GB 5520-85 for the germination standard of rice seeds: the young roots should reach the seed length, and the young buds should reach at least half the length of the grain) (Meng et al., 2022). Three replicates were set up for each group. The incubator conditions were light/dark (14 h/10 h), 30°C, and 70% humidity.



Genetic mapping construction

DNA from the biparental HZ and Nekken2 and 120 recombinant self-inbred line populations were extracted and the genomes re-sequenced. The genome sequencing results were sorted to obtain 4858 molecular markers evenly distributed throughout 12 chromosomes for the construction of the genetic map (Wang et al., 2020).



QTL localization

Using a high-density SNP molecular marker linkage map method already established in the laboratory, interval mapping was used to analyze the QTL for seed germination rate separately using Mapmaker/QTL1.1B software. An LOD setting of 2.5 was applied as the threshold value to determine the presence of the QTL and we following the rules proposed by Mccouch et al. (1997) to name the QTL.



The development of CSSLs and fine mapping for qST12.3

To obtain Chromosome Segment Substitution Lines (CSSL) for qST12.3, the plants carrying HZ genotype at the flanking region of qST12.3 were selected to backcross with Nekken2 for 3 rounds. The SSR markers RM101 and RM1337 were simultaneously used to identify the plants containing HZ genotype in backcross lines. A set of 124 SSR markers (Supplementary Table S1) uniformly distributed on a previous linkage map were used to select the individual plants containing the least HZ DNA in BC4F1 lines. It contained a small amount of HZ DNA in its genetic background, and carried a homozygous introgression across the entire qST12.3 region and without any introgression across qST3, qST4.1, qST4.2, qST6, qST8, qST9, qST10.1, qST10.2, qST11.1, qST11.2, qST11.3, qST11.4, and qST11.5 regions on chromosomes 3, 4, 6, 6, 9, 10, and 11 respectively. Then, a total of 186 selected plants from 770 BC4F2 progenies were cultivated in the paddies to gain enough seeds for the salt stress tolerant evaluation and further fine mapping.



Candidate gene expression analysis

Using the Total Plant RNA Extraction Kit (Axygen), total RNA was extracted from HZ and Nekken2 leaves, and 1 μg of total RNA was aspirated to reverse transcribe into cDNA using the cDNA Reverse Transcription Kit (Toyobo). Candidate genes were predicted based on the QTL localization results combined with the Rice Genome Annotation Database (http://rice.plantbiology.msu.edu/). In qRT-PCR, the SYBR Green Realtime PCR Master Mix (Toyobo) and the primers (Supplementary Table S2) were used to detect the expression levels of candidate salt-tolerance-related genes, with rice OsActin as the internal reference gene.

The total volume of the qRT-PCR reaction system was 10 μL, including 2 μL of cDNA template, 5 μL of SYBR qPCR Mix (Toyobo), 1 μL each of upstream and downstream primer (10 μmol/L-1), and 1 μL of ddH2O.

The qRT-PCR reaction program was 95°C for 30 s, 95°C for 5 s, 55°C for 10 s, 72°C for 15 s, and 45 cycles. Three replicates were set up for each reaction and relative quantification was performed using the 2-ΔΔCT method (Livak and Schmittgen, 2001). The data obtained were analyzed for significant differences using Excel for t-tests and GraphPad Prism 6 software for graphical analysis. P<0.05 indicates a significant difference, while P<0.01 indicates a highly significant difference.



Salt gradient stress treatment

Sixty seeds of each parent, HZ and Nekken2, were sterilized and inoculated onto 1/2 MS medium containing 0 mM, 60 mM, 80 mM, or 100 mM NaCl for 14 days. Candidate genes were analyzed for expression. Based on difference in the expression of candidate genes between the parents, candidate genomic DNA fragments were amplified from both parents using high-fidelity DNA polymerase KOD-Plus-Ver.2 (Toyobo) and the PCR products were sequenced.




Results and analysis


Phenotypes of both parents and RIL groups

The results of salt-tolerant treatments of both parents showed that there was a significant difference between HZ and Nekken2 (Figure 1). The germination rates (GR) of seeds after salt treatment were found to be 0% for Nekken2 and approximately 33.33% for HZ, the latter of which was presumed to be more salt tolerant than Nekken2 at a concentration of 80 mM NaCl (Figures 2, S1). The germination rate data for each strain of the RIL population under salt stress showed a continuous normal distribution, and several strains showed super parental germination rates. In addition, the genetic characteristics of the quantitative traits were consistent with the requirements of QTL interval mapping.




Figure 1 | Germination rate distribution of rice recombinant inbred lines under salt treatment.






Figure 2 | Phenotype diagram of germination rate of Huazan and Nekken2 under 80mM salt stress, bar=5cm.





Salt tolerance QTL localization analysis

A total of 16 QTLs related to salt tolerance were detected on chromosomes 3, 4, 6, 8, 9, 10, 11, and 12 using the molecular linkage map established in our laboratory. The highest LOD value was 4.69 and was located with the genetic distances 23.86 cM and 24.48 cM on chromosome 10 (Table 1; Figure 3).


Table 1 | Mapping of QTL for salt tolerance in rice.






Figure 3 | Mapping of QTL for salt tolerance in rice. The red gene number is the cloned salt tolerance gene screened in the salt tolerance interval.





Functional analysis of candidate genes

Based on the results of the QTL localization analysis and fine mapping, the location of the salt tolerance interval was determined, and the functions of the genes in each QTL interval were analyzed in conjunction with the rice gene database (http://rice.plantbiology.msu.edu/). The functions of and physiological information on these genes were briefly summarized (Table 2). Eight of these genes were cloned, including LOC_Os03g12730 (OsRLK1), LOC_Os03g12820 (OsSRO1c), and LOC_Os03g12840 (OsITPK2) on chromosome 3, LOC_Os09g37949 (OsRPK1) and LOC_Os09g38000 (OsNAC109) on chromosome 9; LOC_Os10g01480 (OsITPK1) on chromosome 10, LOC_Os11g10590 (OsDT11) on chromosome 11, LOC_Os12g12860 (OSIPK) and LOC_Os12g24800 (OsNCED2) on chromosome 12 (Table 2; Figure 3). Moreover, the qST12.3 was fine-mapped to a 192 kb region on rice chromosome 12 using map-based cloning strategy.


Table 2 | Functional analysis of candidate genes in QTL mapping interval.





Candidate gene expression level analysis

Analysis of salt tolerance candidate genes by qRT-PCR after 14 days of treatment with 0, 60, 80 or 100 mM salt stress of both parents, HZ and Nekken2, revealed (Figures 4A–D) that, at 0 mM NaCl, LOC_Os03g12730, LOC_Os03g12820, LOC_Os03g12840, LOC_Os10g01480, LOC_Os11g10590, LOC_Os11g10640, LOC_Os12g10740, LOC_Os12g12860, LOC_Os12g13570, LOC_Os12g24800, and LOC_Os12g25200 were significantly differentially expressed in the two parents; at 60 mM NaCl, LOC_Os03g12820 and LOC_Os12g24800 were significantly differentially expressed in the two parents, and LOC_Os03g12840, LOC_Os09g37949, LOC_Os09g38000, LOC_Os10g01760, LOC_Os11g10590, LOC_Os12g10740, LOC_Os12g12860, and LOC_Os12g13570, LOC_Os12g25200 were very significantly differently expressed in the two parents; at 80 mM NaCl concentration, LOC_Os03g12730, LOC_Os12g12860 had significantly different in expression in the two parents, and LOC_Os03g12820, LOC_Os03g12840, LOC_Os09g37949, LOC_Os09g38000, LOC_Os10g01480, LOC_Os10g01760, LOC_Os11g10640, LOC_Os12g10660, LOC_Os12g24800, and LOC_ Os12g25200 were very significantly different in expression in the two parents; and at 100 mM NaCl concentration, LOC_Os09g37949, LOC_Os10g01480, LOC_Os12g12860, and LOC_Os12g13570 were expressed significantly differently between the two parents, and LOC_Os03g12730, LOC _Os03g12820, LOC_Os03g12840, LOC_Os11g10590, LOC_Os11g10640, LOC_Os12g10660, LOC_Os12g25200 were significantly differentially between the two parents.




Figure 4 | Expression of candidate genes for salt tolerance in rice under different concentrations of NaCl. (A) Expression of candidate genes at 0 mM NaCl concentration. (B) Expression of candidate genes at 60 mM NaCl concentration. (C) Expression of candidate genes at 80 mM NaCl concentration. (D) Expression of candidate genes at 100 mM NaCl concentration. * indicates significance at P ≤ 0.05 by Student’s t test, ** indicates significance at P ≤ 0.01 by Student’s t test.



Under 0 mM NaCl, the expression of LOC_Os12g25200 in HZ was significantly higher than that in Nekken2. After treatment with 60, 80, or 100 mM NaCl, the expression of this gene decreased significantly in HZ. The expression of this gene decreased sequentially with the increase in salt concentration and reached the lowest expression at 100 mM NaCl. The quantitative results showed that, with increasing salt concentration, the resistance of the plants to salt stress was maintained by a decrease in LOC_Os12g25200 expression in HZ, which maintained the normal growth and development of the plants.



Sequence analysis of the candidate gene LOC_Os12g25200

Analysis of the effects of stress treatment with the different concentrations of salt via quantitative qRT-PCR showed that the expression of LOC_Os12g25200 was significantly higher in HZ than in Nekken2 in the absence of salt stress, while expression of this gene gradually decreased with increasing salt concentration, suggesting this may be a novel gene that negatively regulates salt tolerance in rice. Therefore, the LOC_Os12g25200 gene in HZ and Nekken2 was sequenced and analyzed for locus differences, and a total of four single-base differences were found in the exons (Figures 5A–E), located at 1073 bp (G in HZ vs T in Nekken2), 1139 bp (G in HZ vs T in Nekken2), 1959 bp (G in HZ va C in Nekken2), and at 2352 bp (G in HZ vs A in Nekken2). Among these, the single-base differences at 1073 bp and 1139 bp caused amino acid changes, located at position 60 (glycine in HZ vs valine in Nekken2) and position 82 (tryptophan in HZ vs leucine in Nekken2), respectively, while in the protein, the other two single-base differences did not cause amino acid changes. Therefore, it was speculated that the difference in the expression of the LOC_Os12g25200 gene in HZ and Nekken2 may be caused by differences in the amino acid sequences encoded by their genes, which in turn leads to differences in salt tolerance between HZ and Nekken2. In order to further explore the reasons for the difference in the expression level of this gene between parents, we sequenced the first 2200 bp promoter sequence of LOC_Os12g25200 initiation codon and a total of eight single-base differences were found in the exons (Supplementary Figures S2A–H), located at 733 bp (C in HZ vs A in Nekken2), 937 bp (A in HZ vs T in Nekken2), 1005-1006 bp (Nekken2 is deficiency G and A), 1058 bp (C in HZ vs T in Nekken2), 1119 bp (G in HZ vs A in Nekken2), 1174 bp (C in HZ vs T in Nekken2), 1605 bp (C in HZ vs T in Nekken2) and at 1979 bp (A in HZ vs G in Nekken2). We speculated that the single base differences in the eight promoter regions above might lead to the differences in gene expression levels between parents.




Figure 5 | Sequence analysis of LOC_Os12g25200 gene. The black region is the exon region, where single base mutations occur. (A) DNA loci difference analysis of LOC_Os12g25200 gene. (B) Site difference at 1073 bp. (C) Site difference at 1139 bp. (D) Site difference at 1959 bp. (E) Site difference at 2352 bp.





Substitution mapping of qST12.3 and analyzing candidate genes

Three lines from the RIL population were selected to backcross with Nekken2 for 4 rounds. According to the QTL analysis and a previous genetic linkage map, the SSR markers RM101 and RM1337 were used in marker-assisted selection for segregating the progenies carrying qST12.3 during every generation of backcross. After 4 rounds of backcrosses with Nekken2, the BC4F1 and BC4F2 generations were scanned with a set of 124 SSR markers, which were uniformly distributed on a previous linkage map (Supplementary Table S1). The plant CSSL12 containing a small amount of HZ DNA was selected. It carried a homozygous introgression across the entire qST12.3 region, but without any introgression across qST3, qST4.1, qST4.2, qST6, qST8, qST9, qST10.1, qST10.2, qST11.1, qST11.2, qST11.3, qST11.4, and qST11.5 regions on chromosomes 3, 4, 6, 8, 9, 10, and 11, respectively (Figure 6). The GR of CSSL12 was significantly higher than that of its recurrent parent Nekken2, but was much more similar to that of HZ (Figure 7).




Figure 6 | Graphical genotype of CSSL12 (a substitution line of chromosome 12). Black bar indicates the genome fragment from HZ; the other parts were from Nekken2.






Figure 7 | The germination rate for Nekken2, HZ and CSSL12.



The target region contains 2 predicted genes (LOC_Os12g24800 and LOC_Os12g25200) based on the Rice Genome Annotation Website (http://rice.plantbiology.msu.edu/). The LOC_Os12g24800 (OsNCED2) has been demonstrated by Sandra et al. (Oliver et al., 2007) to increase the ABA level in anthers of Doongara rice after low temperature treatment, which proved that LOC_Os12g24800 can regulate endogenous ABA in plants under cold stress. We performed a quantitative reverse transcription-PCR (qRT-PCR) analysis, the results show that LOC_Os12g24800 and LOC_Os12g25200 indicated significantly different expression levels in HZ and CSSL12 compared with Nekken2 (Figures 8A–D). The expression levels for LOC_Os12g25200 decreased with the increase of salt stress concentration. In conclusion, LOC_Os12g25200 is likely to be the candidate genes for qST12.3.




Figure 8 | The qRT-PCR analysis of predicted genes in Nekken2, HZ and CSSL12. (A) Expression of candidate genes at 0 mM NaCl concentration. (B) Expression of candidate genes at 60 mM NaCl concentration. (C) Expression of candidate genes at 80 mM NaCl concentration. (D) Expression of candidate genes at 100 mM NaCl concentration. * indicates significance at P ≤ 0.05 by Student’s t test, ** indicates significance at P ≤ 0.01 by Student’s t test.






Discussion

Salt tolerance in rice is a quantitative trait regulated by multiple genes. After treating HZ and Nekken2 with different concentrations of salt, analysis using qRT-PCR revealed significant differences in the expression of candidate genes in the two parents. Different treatments, such as the different growing environments of rice, differences between parents, and the determination of the germination rate at each salt concentration could affect the results of the QTL localization to varying degrees. In this experiment, we used salt stress tolerance as the only indicator for QTL detection. Based on the results of QTL interval localization, we combined with qRT-PCR and mapping of substitution lines, we explored and analyzed possible genes involved in regulating salt stress tolerance in rice to provide a theoretical basis for expanding the use of land with high soil salinity and improving the yield and quality of rice under this condition.

In this study, QTL localization was performed using a population of RILs composed of HZ and Nekken2 hybrids based on germination rate statistics under salt treatment conditions, resulting in 16 QTL intervals associated with salt tolerance, of which six QTL loci overlapped with those described by previous studies. Singh et al. (2021) located QTL intervals associated with salt tolerance at the seedling and reproductive stages of rice by meta-QTL, mQTL4.7 on chromosome 4 at 83.2 cM, mQTL11.2 on chromosome 11 at 40.96 cM, and mQTL12.3 on chromosome 12 at 60.06 cM are similar to the loci on chromosomes 4, 11, and 12 found in this study. Gimhani et al. (2016) showed mQTL12.3 which was associated with the salinity survival index (SSI) and percent damaged shoots (PDS) under salt stress, was located at the uppermost 0.63 cM region of chromosome 10, and this partially overlaps with qST4.2, qST11.4, and qST12.3 which were respectively localized to chromosomes 4, 11, and 12 in this study. The loci qSSI10 and qPDS10 associated with the SSI and PDS respectively, partially overlap with qST10.1 on chromosome 10 in this study. Ziyan Xie (2020) used the BC2F7 backcross introgression population constructed from MingChuan 63 (salt-tolerant, recurrent parent) and 02428 (salt-sensitive) to characterize chromosome 12 qSHL12.2, qSHW12.4, and qRW12.2 and metabolite-related qM16-12.1, qM27-12, qM28-12, qM39-12, qM47-12.1, qM57-12, qM58-12.1, qM61-12, qM72-12, qM76-12.1, qM79-12.1, qM85-12, and qM87-12 intervals. Of these, qM47-12.1 and qM58-12.1 contributed 43.0% and 34.7%, respectively, and these partially overlap with the qST12.2 interval localized on chromosome 12 in this study. Tiwari et al. (2016) used a population of RILs composed of CSR11/M148 to identify a salt tolerance gene encoding a rice MYB transcription factor within the qSSIGY8.1 interval localized to chromosome 8, which is adjacent to the qST8 interval localized to chromosome 8 in the present study.

Based on the previous studies, the present study has yielded several new loci for salt tolerance, including qST3, which is localized in the interval 28.90–30.16 cM on chromosome 3; qST4.1 in the interval 73.40–75.45 cM on chromosome 4; qST9 in the interval 92.88–94.02 cM on chromosome 9; qST10.2, in the interval 23.86–24.48 cM on chromosome 10, with an LOD value of 4.69, indicating the likely presence of salt tolerance-related master genes; qST11.1, qST11.2, qST11.3, and qST11.5 on chromosome 11; and qST12.1 on chromosome 12 in the interval of 23.55–26.68 cM.

Analysis in conjunction with the Rice Gene Database (http://rice.plantbiology.msu.edu/) revealed that LOC_Os12g25200, a functional gene contained on QTL interval qST12.3 encoding a chloride transporter protein of the chloride channel protein family overlaps with the interval locus reported by Singh et al. (Tian et al., 2011) The LOC_Os12g25200 gene, which may be involved in osmotically regulating the transport of anionic chloride ions in rice and is associated with the regulation of salt tolerance in rice. Combined with qRT-PCR analysis of the expression of this gene in HZ and Nekken2 under different salt stress conditions, our results suggested that LOC_Os12g25200 showed significant differences in expression between the two parents, and the expression of LOC_Os12g25200 in HZ was significantly higher than that in Nekken2 under 0 mM NaCl stress. After treatment with 60, 80, or 100 mM NaCl stress gradients, the expression of LOC_Os12g25200 decreased significantly in HZ and declined sequentially with increasing salt stress concentrations, reaching the lowest expression at 100 mM NaCl. Golldack et al. (2003) compared transcriptional changes in the salt-sensitive rice strain IR29 and the salt-tolerant strain Pokkali and identified the expression of OsCLC1 in rice as a means to investigate Cl- homeostasis under salt stress conditions. Analysis of the transcripts revealed that anion channels may also be involved in the uptake of anions by cells. The above findings indicate that OsCLC1 plays an important role in the coordinated regulation of anion and cation homeostasis in rice under abiotic salt stress, suggesting an osmoregulatory function for OsCLC1 in high salt stress environments. This has some similarities with the function of the protein encoded by LOC_Os12g25200 found in our study, suggesting that LOC_Os12g25200 may be involved in a similar mechanism in HZ, reduction in the expression of this gene improved the salt tolerance of rice. The above findings need to be further verified by subsequent relevant experiments.

To further verify the molecular mechanisms of LOC_Os12g25200 in improving salt stress tolerance in rice, we sequenced the gene and analyzed changes in the gene sequence. Sequencing LOC_Os12g25200 revealed four single-base differences between HZ and Nekken2 at exons 1073 bp, 1139 bp, 1959 bp, and 2352 bp, respectively, with “G to T” changes occurred at 1073 bp and 1139 bp, respectively. The amino acids encoded at positions 60 and 82 both showed “glycine to valine” changes, while the remaining two single-base differences did not cause amino acid changes. Meanwhile, we sequenced the promoter region of this gene and found that there were 8 base differences between HZ and Nekken2 at 733 bp, 937 bp, 1005–1006 bp, 1058 bp, 1119 bp, 1174 bp, 1605 bp and 1979 bp within the first 2200 bp of the start codon. It is speculated that these differences may lead to the difference in the expression of this gene in parents. The above sequencing results indicate that single-base differences the DNA sequences and promoter sequences of the LOC_Os12g25200 candidate gene indeed lead to changes in the encoded amino acids, and these differences may be important to differences in gene expression and thus the salt stress tolerance in HZ and Nekken2. Previous studies have indicated that Yin et al. (2022) measured the QTL interval localization related to root traits without NaCl treatment, and the QTL interval that they mapped did not overlap with the one in this study. These results indicated that the QTL interval mapped in this study was caused by the treatment with 80 mM NaCl, and further ruled out the difference in interval location caused by the genotype. This also laid the foundation for the subsequent cloning of salt tolerance genes.

In this study, qST12.1, qST12.2 and qST12.3 related to salinity tolerance at three seed bud stages were reported, which a potential qST12.3 controlled GR. The QTL on chromosome 12 partially overlaps with results from previous studies (Livak and Schmittgen, 2001). Based on the QTL interval mapped by RIL population, candidate genes were screened out for real-time fluorescence quantitative analysis of their expression changes under salt stress. Furthermore, the CSSL12 substitution line was constructed based on qST12.3, and the results showed that it was a salt tolerance QTL controlling seed germination on chromosome 12 of rice. At the same time, we found that LOC_Os12g25200 was a novel gene, and the expression of CSSL12 was different between the parents and the substitution line according to the gene transcription level. A candidate gene LOC_Os12g25200 for a chloride transporter in a family of chloride channels was identified. Therefore, additional tests are needed to test whether LOC_Os12g25200 is a major gene for qST12.3 tolerance in seed germination.

The reaction mechanism of rice plants to salt stress is complex. Osmotic stress is one of the main stresses that plants face in the early stage of salt stress (Ahmed et al., 2015). Although some QTLs have been applied to high-yield rice varieties to improve salt tolerance, salt tolerance in rice is a complex trait controlled by multiple genes and affected by environmental factors. At present, there is no explanation for this complex regulatory mechanism, and improvement progress is slow. Therefore, the identification and cloning of major genes related to salt tolerance in rice will help to explain the unknown mechanism of salt tolerance and apply it to breeding.



Conclusion

Using a population of RILs composed of HZ and Nekken2 hybrids in this study, several new salt tolerance loci were located, among which a gene encoding a chloride transporter protein, with chloride channel family function, was found in the qST12.3 interval, a locus that overlapsd with those described in previous studies. It was found that the expression of LOC_Os12g25200 decreased significantly with increasing salt concentration and was less experessed in Nekken2 than HZ, by constructing the CSSL12 substitution line population, we further proved that there was a major gene controlling salt tolerance in the major effect interval of qST12.3, suggesting that this gene may play an important role in negatively regulating salt stress tolerance in rice and may be the main reason for the difference in salt stress tolerance between the two strains. The results of this experiment further uncovered QTL loci related to salt tolerance and confirmed the functions of genes related to salt stress tolerance in rice, the study provides a new theoretical basis and has application value for elucidating the mechanism of salt stress tolerance in rice. The results of this research may be applicable to practical rice molecular breeding and could provide key genetic loci that can be used to improve the ability of rice to tolerate salt stress. This can ultimately greatly icrease the land area that can be used for food production, greatly enhance the yield and quality of rice, and has important practical significance for the screening and breeding of excellent rice varieties.
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Plant height and grain size are important agronomic traits affecting rice yield. Various plant hormones participate in the regulation of plant height and grain size in rice. However, how these hormones cooperate to regulate plant height and grain size is poorly understood. In this study, we identified a brassinosteroid-related gene, hfr131, from an introgression line constructed using Oryza longistaminata, that caused brassinosteroid insensitivity and reduced plant height and grain length in rice. Further study showed that hfr131 is a new allele of OsBRI1 with a single-nucleotide polymorphism (G to A) in the coding region, leading to a T988I conversion at a conserved site of the kinase domain. By combining yeast one-hybrid assays, chromatin immunoprecipitation-quantitative PCR and gene expression quantification, we demonstrated that OsARF17, an auxin response factor, could bind to the promoter region of HFR131 and positively regulated HFR131 expression, thereby regulating the plant height and grain length, and influencing brassinosteroid sensitivity. Haplotype analysis showed that the consociation of OsAFR17Hap1/HFR131Hap6 conferred an increase in grain length. Overall, this study identified hfr131 as a new allele of OsBRI1 that regulates plant height and grain length in rice, revealed that brassinosteroid and auxin might coordinate through OsARF17–HFR131 interaction, and provided a potential breeding target for improvement of rice yield.




Keywords: plant height, grain length, brassinosteroid, auxin, OsARF17, OsBRI1, rice





Introduction

Rice is among the most important food crops worldwide, providing staple food for more than half of the world’s population (Qiao et al., 2021; Huang et al., 2022). However, the global population is growing rapidly and is forecast to attain 9.7 billion by 2050 and 10.4 billion by 2100 (Economic and Social Affairs, 2022). Furthermore, with ongoing economic development, the environment is deteriorating, and the arable land area is decreasing. Therefore, it is particularly important to increase the rice yield per unit land area to keep pace with the projected population growth (McClung, 2014).

Plant height and grain size are two important factors affecting rice yield. An excessively high or low plant height will affect rice yield. A plant that is too tall has poor lodging resistance, whereas if the plant is too short, the plant will produce smaller grains, an increased number of ineffective tillers, and have poor resistance to disease (Liu et al., 2018). Therefore, an appropriate plant height is essential to improve rice yield. This is comparable to the “Green Revolution” wave of semi-dwarf breeding in the 1960s, which doubled food production in much of the world (Hargrove and Cabanilla, 1979; Khush, 1999). The yield per plant of rice is directly affected by three factors: panicle number, number of grains per panicle, and thousand-grain weight. The thousand-grain weight is positively associated with grain size, including grain length, grain width, grain thickness, and degree of grain filling (Xing and Zhang, 2010). Thus, grain size is among the most agronomically important traits in rice breeding.

Plant hormones play crucial roles in the regulation of plant height and grain size in rice, among which brassinosteroids (BRs) are particularly important. Similar in structure to mammalian steroid hormones, BRs are a class of polyhydroxysteroid plant hormones and are involved in multiple biological processes in growth and development (Clouse, 2011). Many BR-related genes have been reported in rice, and most affect both plant height and grain size. The BR synthesis-associated mutants brd2, d11, d2, and brd1 have a reduced plant height and grain size to different degrees (Mori et al., 2002; Hong et al., 2003; Hong et al., 2005; Tanabe et al., 2005). OsBRI1, the rice ortholog of Arabidopsis BRI1, encodes the receptor of BR in rice. Loss-of-function of OsBRI1 results in dwarf culms, reduced grain size, erect leaves, and insensitivity to BR (Yamamuro et al., 2000; Morinaka et al., 2006). OsBAK1 interacts with OsBRI1 to promote BR signal transduction downstream. Overexpression of OsBAK1 increases sensitivity to BR, however, reduces plant height and grain size, which may be caused by repressing GA level (Li et al., 2009; Tong et al., 2014). OsGSK1–OsGSK4, which are homologs of AtBIN2, belong to the GSK3-like kinase family and play an important role in the regulation of BR signaling (Yoo et al., 2006). Loss-of-function of one or several OsGSK genes has revealed that the gsk2, gsk1,2, gsk2,3, and gsk2,4 mutants show increased plant height, whereas the gsk2,3,4 mutant has decreased plant height and that of the gsk1,2,3,4 mutant is not changed significantly. However, the grain length and thousand-grain weight of all types of mutants is significantly increased (Liu et al., 2021). The mutant or knockout lines of the BR-associated transcription factors OsBZR1, OsLIC, and DLT/GS6 all show significant dwarfing; however, the grain size and yield of the mutant or knockout lines of OsBZR1 and OsLIC are significantly decreased, whereas those of the gs6 mutant are significantly increased (Bai et al., 2007; Wang et al., 2008; Tong et al., 2009; Sun et al., 2013; Zhu et al., 2015). Other BR regulators, such as OsBU1 and SG1, are also involved in the regulation of plant height and grain shape (Tanaka et al., 2009; Nakagawa et al., 2011). BR plays an important role in the regulation of multiple phenotypes in rice, such as plant height, grain size, seed germination, etc, involved in complex molecular regulatory networks (Xiao et al., 2020; Niu et al., 2022; Xiong et al., 2022), which is worth of further study. In addition, multiple hormones regulate the plant height and grain size of rice, but how BR coordinates with other hormones requires further study.

In this study, we identified a gene, HFR131, that regulates plant height and grain length in rice. Further study of the hfr131 mutant demonstrated that hfr131 is a new allele of OsBRI1. The replacement of amino acids in the kinase domain of HFR131 caused dwarfing and reduced grain length in the near-isogenic line NIL-hfr131. The auxin response factor OsARF17 was found to regulate plant height and grain length through BR signaling by binding to the promoter of HFR131 and thereby regulating its expression. In addition, the consociation of OsAFR17Hap1/HFR131Hap6 was confirmed to increase the grain length.





Materials and methods




Plant materials and growth conditions

Using wild rice Oryza longistaminata as the donor parent (♀) and indica restorer rice ‘187R’, cultivated by Guangxi Academy of Agricultural Sciences, as the recipient parent (♂), the BC4F1 population was obtained through hybridization and backcrossing with 187R (♂) for four successive generations and the BC4F4 population was obtained by selfing the BC4F1 population for three successive generations. Then we identified the genotype of BC4F4 population with genetic markers and a set of introgression lines were constructed (Figure 1A). Among these lines, by phenotype identification, we identified an introgression line, IL-hfr131, that exhibited significantly reduced plant height, small grain size and erect leaf. The alleles in IL-hfr131 and 187R were therefore designated hfr131 and HFR131, respectively. Subsequently, we backcrossed IL-hfr131 (♀) with its recurrent parent 187R (♂) for four successive generations and selfed for one generation, then identified the genotype of the offspring with genetic markers, obtaining a near-isogenic line, NIL-hfr131, with an introgression fragment on the long arm of chromosome 1 (Supplementary Figure 1). Next, NIL-hfr131 was used to construct a F2 population comprising approximately 4000 plants for fine-mapping and phenotypic analysis (Figure 1A). The plant height (n = 13), leaf angle (n = 10), internode length (n = 13) and panicle length (n = 13) of 187R and NIL-hfr131 were measured. For grain length, grain width and grain weight, each variable was measured on three groups with 50 seeds per group.




Figure 1 | Phenotypes of rice ‘187R’ and NIL-hfr131. (A) Construction of infiltrating lines and F2 population. (B–D) Plant architecture, plant height, and the third leaf angle of 187R and NIL-hfr131. (E–G) Internode morphology (bar = 10 cm), internode length, and internode elongation pattern of 187R and NIL-hfr131. (H) Panicle length of 187R and NIL-hfr131. (I, J) Longitudinal sections of the stem and internode cell length (L, M, and R refer to the left, middle, and right side of the section, respectively) of 187R and NIL-hfr131 (bar = 200 μm). (K–N) Grain morphology (bar = 1 cm), grain length, grain width, and thousand-grain weight of 187R and NIL-hfr131. * P < 0.05, ** P < 0.01, NS non-significant.



All rice materials in this study were planted in Shanghai (31°20′26″ N, 121°30′26″ E) in summer and in Hainan (18°18′52″ N, 109°03′05″ E) in winter. Standard field management practices were applied for all lines.





Histological analysis

The second internode of rice stems was sampled and fixed with 50% FAA solution (50 mL anhydrous ethanol, 10 mL 37% formaldehyde, 5 mL glacial acetic acid, 35 mL ddH2O). Histological sections of the samples were prepared by the Wuhan Misp Biotechnology Co., Ltd. (Wuhan, China). The internode cell length of the left, middle, and right side of the section were measured and three layers of cells were measured in each region.





BR treatment

Rice seeds were cultured in 0.5% agar semi-solid medium containing 0 or 1 μM/L 24-epibrassinolide (24-eBL) (Zhang et al., 2015), which is commonly used to test the responsiveness of plants to BR, for 1 week in a greenhouse at 26 °C under shading. The coleoptile length and root length were then measured (n = 10). The change in root length was calculated as a measure of the degree of inhibition of root elongation (n = 10) using the following formula: (root length with 1 μM/L 24-eBL treatment − root length without 24-eBL treatment)/root length without 24-eBL treatment.





Map-based cloning

Total DNA was extracted from leaf samples. The corresponding markers were amplified by PCR, and the PCR products were separated by polyacrylamide gel vertical electrophoresis. The primers used for fine mapping are listed in Supplementary Table 3.





RNA isolation and quantitative real-time PCR

Total RNA from rice samples was extracted using the FastPure® Plant Total RNA Isolation Kit (Vazyme, Nanjing, China). First-strand cDNA was generated by reverse transcription using the PrimeScript™ RT Reagent Kit (Takara, Otsu, Japan). Quantitative real-time PCR (qPCR) was conducted using TB Green Premix Ex Taq II (Tli RNaseH Plus) (Takara) and a CFX96 Real-Time PCR Detection system (Bio-Rad, Hercules, CA, USA). The reactions were conducted with 40 cycles of 95°C for 5 s and 60°C for 30 s. Melting curves were prepared and analyzed. OsActin or OsUBQ5 was used as an internal reference gene. Three biological replicates were performed for each sample. The primers used are listed in Supplementary Table 3.





Dual-luciferase reporter assay

The promoter fragment of HFR131 in the same region of 187R (3500 bp) and NIL-hfr131 (3067 bp) was cloned and inserted into the pGreenII 0800-LUC vector using seamless cloning technology to construct the recombinant vectors proHFR131-LUC and prohfr131-LUC. Seeds of rice ‘9311’ were germinated on wet napkins at 37 °C for 14 days. The stem of the seedlings was cut into thin slices and protoplasts were prepared by hydrolyzing the cell walls with cellulase and macerozyme. The recombinant vectors were transferred into the ‘9311’ protoplasts using 40% polyethylene glycol solution and cultured at 28 °C for 12–16 h. The protoplast lysate was collected and the promoter activity of the HFR131 promoter was tested using the Dual-Luciferase® Reporter Assay System (Promega, Madison, WI, USA) and a Synergy™ 2 Multi-Mode Reader (BioTek, Winooski, VT, USA). The activation efficiency of luciferase was expressed as the ratio of firefly luciferase (LUC) to Renilla luciferase (REN); the higher the ratio, the stronger the promoter activity. Three technical replicates were performed for each sample. The primers used are listed in Supplementary Table 3.





Transcriptome analysis

Total RNA was extracted from young panicles (n = 3) before heading date of 187R and NIL-hfr131 using the FastPure® Plant Total RNA Isolation Kit (Vazyme). The extracted RNA was used as the template for construction of cDNA libraries, which were sequenced using a MGI MGISEQ-2000 platform by Sangon Biotech (Shanghai, China). The relative gene expression level was calculated and normalized to fragments per kilobase of transcript per million mapped reads. Differentially expressed genes (DEGs) were annotated and classified according to their putative or proven function. The transcriptome datasets were submitted to the GEO database as accession nos. GSE224118.





Construction of transformation lines

Overexpression lines of HFR131 were based on the NIL-hfr131 mutant background. For the coding sequences (CDSs) of OsARF17 and the promoter sequences of HFR131 in ‘ZH11’ and 187R were consistent, respectively, and ZH11 had high seed setting rate, which helped us investigate the phenotype of the grains well, we construct OsARF17 knockout and overexpression lines based on ZH11 background. CRISPR/Cas9 knockout lines of OsARF17 were generated by BIOGLE GeneTech (Jiangsu, China), and the target sequence was 5′- CCAATTATCCTAACTTGCCTCCACAACTTATTTGCCAACTTCACAATGTGACG-3′. All knockout lines of the target sequence were cloned by PCR and sequenced. Regarding the overexpression lines, the CDSs of OsARF17 (LOC_Os06g46410.1) and HFR131 (LOC_Os01g52050.1) were cloned and inserted into the PCHF-FLAG vector to construct the overexpression vectors CaMV35-OsARF17-FLAG and CaMV35S-HFR131-FLAG using a seamless cloning technique. CaMV35S-OsARF17-FLAG was transformed by BIOGLE GeneTech and CaMV35S-HFR131-FLAG was transformed by BioRun (Wuhan, China). All transformed lines were verified by qPCR, and eight biological replicates were performed for OsARF17 overexpression lines (T2 generation) and three technical replicates were performed for HFR131 overexpression lines (T0 generation). The primers used are listed in Supplementary Table 3. The plant height, grain length and grain width of transformation lines were measured. Ten biological replicates were performed for T3 generation of OsARF17 knockout lines and T2 generation of OsARF17 overexpression lines. For the grain length and thousand-grain weight of T0 generation of HFR131 overexpression lines, each variable was measured on three groups with 20 seeds per group.





Yeast one-hybrid assay

Eight 150–300 bp DNA fragments containing an auxin response element (AuxRE) in the 3500 bp promoter region of HFR131 were cloned and inserted into the pAbAi vector. The recombinant vectors were transferred into the yeast strain Y1H Gold, and cultured and screened on SD−Ura solid medium. The positive clones were detected by colony PCR using the primers Y1-test and pAbAi (Supplementary Table 3). The positive colonies were diluted and cultured in SD−Ura solid medium containing aureobasidin A (ABAr) at different concentrations ranging from 0 to 1000 ng/ml. The culture with the optimal concentration of ABAr was selected to eliminate self-activation. The CDS of OsARF17 was cloned by PCR and inserted into the pGADT7 vector to construct the AD-ARF17 recombinant vector, which was transformed into yeast Y1H Gold containing one of the DNA fragments mentioned above. The transformed Y1H Gold cells were cultured on SD−Leu solid medium containing the selected ABAr concentration. The empty pGADT7 vector, KAD, was transformed as a negative control. The Yeastmaker Yeast Transformation System 2 (Clontech) was used following the manufacturer’s instructions. The primers used are listed in Supplementary Table 3.





ChIP-qPCR

Approximately 2.5 g rice seeds were weighed, soaked in water at 37 °C for 24 h, and then sown in nutrient soil 48 h after germination. The seeds were incubated at 26 °C for 14 days and then used for chromatin immunoprecipitation–quantitative real-time PCR (ChIP-qPCR). The experimental procedure followed the method of Wang et al. (Wang et al., 2018). The antibody used in this study was the FLAG antibody and the magnetic beads used were protein A/G magnetic beads. OsActin was used as an internal standard for data normalization. Three technical replicates were performed for each sample. The primers used are listed in Supplementary Table 3.





Haplotype analysis

A haplotype network for HFR131 and OsARF17 based on pairwise differences between two adjacent gene–CDS–haplotypes (gcHaps) was constructed using the pegas R package. The gcHaps data used for building the network were downloaded from the Rice Functional Genomics and Breeding (RFGB) database (https://www.rmbreeding.cn). The 3K Phenotype data were downloaded from RFGB (https://www.rmbreeding.cn/Phenotype). One-way analysis of variance (ANOVA) of the gcHap data was conducted for three agronomic traits (plant height, grain length, and thousand-grain weight), followed by Duncan’s multiple-range test for multiple comparisons using the R package agricolae (v.1.3-5). Two-way ANOVA of the gcHaps data was conducted for analysis of grain length, followed by Duncan’s multiple-range test for multiple comparisons using the R package agricolae (v.1.3-5). The probability level P < 0.05 was considered to be statistically significant. The multiple comparisons and the distribution of gcHaps among the five major populations, Aus, Bas, XI, GJ and Adm, were visualized using the R package ggplot2 (v.3.4.0) as boxplots and stacked barplots. The single-nucleotide polymorphism (SNP) dataset used for calculation of nucleotide diversity (π) and Tajima’s D was downloaded from the Rice SNP-Seek Database (https://snp-seek.irri.org/_download.zul). Nucleotide diversity (π) at each window in the target region was estimated using VCFtools (v.0.1.15) with the “–window-pi” and “–window-pi-step” options, and the average value was used as its p-value. Tajima’s D for the target region was calculated using VCFtools (v.0.1.15) with the “–TajimaD” option.






Results




The near-isogenic line NIL-hfr131 exhibited reduced plant height and grain length

Compared with cultivated rice, wild rice has a larger gene pool, which allows adaptation to different environments and is a valuable resource for gene functional research in rice. In this study, we identified an introgression line, IL-hfr131, with significantly reduced plant height and grain size using wild rice Oryza longistaminata as the donor parent (♀) and indica restorer rice 187R as the recipient parent (♂) (Figure 1A), and further constructed a near-isogenic line, NIL-hfr131, containing the gene hfr131 (Supplementary Figure 1). Subsequently, a F2 population containing approximately 4000 plants was constructed using NIL-hfr131 (♀) and 187R (♂) (Figure 1A).

Phenotypic investigation showed that the ratio of dwarf and small-grained plants to high and big-grained plants in the F2 population was close to 1:3, indicating that hfr131 was a recessive gene. Compared with 187R, NIL-hfr131 showed a dwarf plant height accompanied by erect leaves (Figures 1B–D). To determine the direct cause of the plant height reduction, we measured the length of the first four internodes (counting the internode directly connected to the panicle as the first internode) and the panicle length of 187R and NIL-hfr131. The results showed that each internode of NIL-hfr131 was significantly shortened to equal proportions (Figures 1E–G). However, there was no significant difference in panicle length between 187R and NIL-hfr131 (Figure 1H), indicating that the reduced plant height of NIL-hfr131 was caused by the equally proportional shortening of the internodes. The length of the internode is directly related to the growth and development of the internode cells. To further clarify the mechanism of internode shortening of NIL-hfr131, longitudinal sections of the internodes of NIL-hfr131 and 187R were prepared. The results showed that the stem cell length of NIL-hfr131 was significantly shortened both externally and internally (Figures 1I, J), indicating that the reduced internode length of NIL-hfr131 was mainly caused by shortening of the cell length in the stem. Although the panicle length of NIL-hfr131 was not changed significantly, the grain size was significantly decreased. Compared with 187R, the grain length and thousand-grain weight of NIL-hfr131 were significantly decreased, but there was no significant difference in grain width (Figures 1K–N). Taken together, these results showed that the reduced plant height and grain size of NIL-hfr131 was caused by shortening of the internodes and grain length, respectively.





NIL-hfr131 is insensitive to brassinosteroid

Given that NIL-hfr131 plants were reduced in height and had erect leaves, which is similar to the mutant phenotype of genes associated with the BR synthesis and signaling pathways (Hong et al., 2005; Nakamura et al., 2006; Tong et al., 2009), we speculated that HFR131 may be involved in the BR synthesis or signaling pathways. To test this hypothesis, we conducted a BR treatment assay. The results showed that the coleoptile length of 187R was significantly increased after 24-eBL treatment, whereas NIL-hfr131 showed no significant change (Figures 2A, B). Furthermore, after 24-eBL treatment, the root length of 187R was extremely reduced (Figure 2A). Although the root of NIL-hfr131 also showed significant shortening, the inhibitory effect of 24-eBL on NIL-hfr131 was weaker than on 187R (Figures 2A–C). In conclusion, NIL-hfr131 was insensitive to BR, suggesting that HFR131 was involved in the BR signaling pathway rather than the BR synthesis pathway.




Figure 2 | Responses of rice ‘187R’ and NIL-hfr131 to 24-epibrassinolide (24-eBL). (A) Effect of 24-eBL on coleoptile and root elongation in seedlings. The arrows indicate the top of the coleoptile. Bar = 1 cm. (B) Coleoptile length of 187R and NIL-hfr131 seedlings in the presence or absence of 1 μM/L 24-eBL. (C) Inhibition of root elongation of 187R and NIL-hfr131 in response to 1 μM/L 24-eBL. ** P < 0.01, NS non-significant.







hfr131 is a new allele of OsBRI1

To map the location of the HFR131 locus, we constructed two pools comprising 36 dwarf small-grained plants (DS; recessive plants) and 36 tall large-grained plants (HB; dominant plants), selected from the F2 population, and analyzed the two pools using simple sequence repeat (SSR) markers distributed on chromosome 1. The markers RM1297 and RM5931 showed polymorphism between the pools, and exhibited markedly different banding patterns between recessive individuals and dominant individuals (Supplementary Figure 2), indicating the two markers were closely linked to HFR131. Combining these two markers and neighboring SSR markers for further analysis, we preliminarily narrowed the effective locus to the interval between markers RM5931 and RM1152 (Figure 3A).




Figure 3 | Identification of HFR131. (A) Linkage map of HFR131. (B) Fine mapping of HFR131 using almost 4000 F2 plants. The number of recombinants between adjacent markers is indicated under the linkage map. (C) Gene structure of OsBRI1 in rice ‘187R’ and NIL-hfr131, and the corresponding protein structure redrawn from Nakamura et al. (Nakamura et al., 2006). Positions of the 433 bp deletion are presented by base number before the ATG. (D) Transgene expression level of OsBRI1/HFR131. OsActin was used as an internal reference. (E) Grain length and thousand-grain weight of NIL-hfr131 and HFR131 overexpression lines (T0 generation). (F) Plant architecture (Bar = 10 cm) and grain morphology (Bar = 1 cm) of NIL-hfr131 and HFR131 overexpression lines (T0 generation). The plant height of NIL-hfr131, HFR131OE1 and HFR131OE2 is 50.9 cm, 68 cm and 66 cm, respectively. ** P < 0.01.



To fine map HFR131, we used RM5931 and RM1152 to screen 926 recessive plants selected from the F2 population of almost 4000 plants, and 193 recombinants were identified. The SSR marker RM7514, located between RM5931 and RM1152, was used to analyze the 193 recombinants. The HFR131 locus was located in the region between RM7514 and RM1152. In addition, Indel 64 was designed based on sequence differences between 187R and NIL-hfr131, and was found to co-segregate with NIL-hfr131 (Figure 3B), indicating that HFR131 was located at or adjacent to the site of Indel 64. From a BLAST search of the National Center for Biotechnology Information databases (https://www.ncbi.nlm.nih.gov/), we found that Indel 64 was located in the promoter region of OsBRI1, implying that OsBRI1 may be the candidate gene for HFR131.

We then sequenced the promoter and coding regions of OsBRI1 of 187R and NIL-hfr131. Two main mutant sites were found. One mutation was a 433 bp deletion in the promoter region, and the other was a SNP (G to A transition) in the coding region, converting threonine to isoleucine at position 988 in the kinase domain of OsBRI1 (Figure 3C). These results indicated that HFR131 may be OsBRI1.

To investigate whether OsBRI1 correspond to the phenotypic change in NIL-hfr131, we overexpressed the wild-type OsBRI1, cloned from 187R, in NIL-hfr131 (Figure 3D). The results showed that, compared with NIL-hfr131, the plant height, leaf angle, grain length, and thousand-grain weight of the overexpression lines (HFR131OE1 and HFR131OE2) were significantly increased (Figures 3E, F), indicating that HFR131 is OsBRI1 and that hfr131 is a new allele of OsBRI1.





Amino acid non-synonymous substitution in the HFR131 kinase domain resulted in the reduction of plant height and grain length

Given that there were two mutation sites in hfr131, to determine which of the sites (the SNP in the coding region or the 433 bp deletion in the promoter region) was responsible for the height reduction and short grain length of NIL-hfr131, we first detected the expression levels of HFR131 in the stem and leaf of 187R and NIL-hfr131 by qPCR. Deletion of large fragments in the promoter region often leads to a significant reduction in the gene transcript level, resulting in abnormal gene function. Interestingly, compared with 187R, expression levels of HFR131 in the stem and leaf of NIL-hfr131 were not decreased, but in both were up-regulated significantly (Figure 4A). To further verify whether the 433 bp deletion in the HFR131 promoter enhanced the promoter activity, we conducted a dual-luciferase reporter assay. We constructed two recombinant vectors, proHFR131-LUC and prohfr131-LUC, and transferred them into rice protoplasts. The empty vector was transferred as a negative control. The results showed that the luciferase activation efficiency of the prohfr131-LUC construct was significantly higher than that of the proHFR131-LUC construct (Figure 4B). This result suggested that the 433 bp deletion in the HFR131 promoter region did enhance the promoter activity.




Figure 4 | Analysis of the effective mutation site. (A) Expression level of HFR131 in the stem and leaf of 187R and NIL-hfr131. (B) Detection of promoter activity. Activation efficiency was calculated as LUC/REN. (C) Alignment of a portion of the kinase domain of Arabidopsis thaliana, rice, tomato, pea, and barley BRI family members. The arrow indicates the mutation site. * P < 0.05, ** P < 0.01.



To determine which mutation site was the direct factor causing the phenotypic effects of NIL-hfr131, we considered the following three points. First, hfr131 is a recessive gene. Generally, an increase in the expression of a recessive gene does not cause phenotypic effects. Second, we compared the amino acid sequence of HFR131 in NIL-hfr131 with homologous proteins of Arabidopsis, rice, tomato, pea, and barley, and found that the threonine at position 988 of HFR131 is highly conserved (Figure 4C). The mutation site is located in the kinase domain of HFR131, a domain critical to BR signal transduction. However, the amino acid at position 988 of HFR131 was changed to isoleucine in NIL-hfr131, a residue with a quite different structure and physical properties to threonine, implying that this site was the target site causing the phenotypic change of NIL-hfr131. Third, the overexpression of HFR131 in NIL-hfr131 resulted in a significant increase in plant height and grain length (Figures 3E, F), indicating that the increased expression level caused by the deletion of 433 dp in the promoter region of HFR131 was not the direct cause of the decrease in plant height and grain length of NIL-hfr131. In conclusion, the amino acid non-synonymous substitution in the kinase domain of HFR131 was the effective site that led to the decrease in plant height and grain length.

To determine how hfr131 affects plant height and grain length, we selected young panicles before heading date of NIL-hfr131 and 187R for transcriptome analysis and 2444 differentially expressed genes (DEGs) were detected. Among the DEGs, we found that the expression levels of D2, D11, and BRD1, which are associated with BR synthesis, were significantly increased (Supplementary Table 1), which was consistent with the hypothesis of Yamamuro et al. (2000) that plants could compensate for the defects caused by decreased BR sensitivity by increasing BR synthesis. We also observed that genes associated with plant height and grain size showed a significant change in expression level. The positive regulators of grain length GS2 (Hu et al., 2015) and OsLG3 (Yu et al., 2017) were significantly down-regulated. The negative regulators of plant height and grain length OML4 (Lyu et al., 2020) and OsREM4.1 (Gui et al., 2016) were significantly up-regulated. The expression level of OsAP2-39 (Yaish et al., 2010) and OsCYP96B4 (Ramamoorthy et al., 2011), elevating whose expression level would result in dwarf plant height, was significantly upregulated, whereas the expression of LHD2 (Xiong et al., 2006), a positive regulator of plant height, was significantly decreased (Supplementary Table 1). These genes may be the response genes downstream of HFR131 involved in regulating plant height and grain length.

In addition, hormone-related genes were differentially expressed; for example, the gibberellin (GA)-related gene OsGA2ox10 (Lo et al., 2008) was significantly up-regulated and the auxin-related genes OsPIN1d, OsPIN8, and OsAUX2 (Wang et al., 2009; Yu et al., 2015) were significantly down-regulated (Supplementary Table 1), indicating that HFR131 regulated plant height and grain length by coordinating with other hormones.





OsARF17 is involved in the regulation of plant height and grain length by the BR signaling pathway through regulating the expression of HFR131

OsARF17 plays an important role in the regulation of rice architecture, such as leaf angle and tiller angle (Chen et al., 2018; Li et al., 2020; Huang et al., 2021), suggesting that OsARF17 may be an important target gene in rice breeding. However, whether OsARF17 is also involved in the regulation of plant height and grain size, two important agronomic traits, has not been reported. It has been reported that OsARF11 and OsARF19 can regulate the expression of OsBRI1 (Sakamoto et al., 2013; Zhang et al., 2015), so we speculated that OsARF17 may regulate plant height and grain size through HFR131.

We constructed two OsARF17 knockout (KO1 and KO2) and overexpression lines (OE1 and OE2), respectively (Figures 5A, B). Phenotypic observation showed that OsARF17 knockout lines were significantly reduced in plant height compared with ZH11, but OsARF17 overexpression lines did not show the opposite phenotype (Figures 5C, D), which may be related to the interaction of OsARF17 with other proteins in the ARF family, such as OsARF19, whose overexpression lines showed a reduced plant height (Zhang et al., 2015). Whatever, this result showed that OsARF17 was necessary for the maintenance of plant height in rice. Compared with ZH11, the OsARF17 knockout lines had significantly shorter grains and decreased thousand-grain weight, whereas OsARF17 overexpression lines had significantly longer grains and increased thousand-grain weight (Figures 5E–G). These results suggested that OsARF17 affected both plant height and grain length, which was similar to HFR131, indicating that OsARF17 may regulate plant height and grain length through HFR131.




Figure 5 | Relationship between OsARF17 and HFR131. (A) Target site in the OsARF17 sequence of rice ‘ZH11’ in the OsARF17 knockout lines. (B) Transgene expression level of OsARF17. OsActin was used as an internal reference. (C, D) Plant architecture and plant height of OsARF17 knockout lines and overexpression lines. (E) Grain morphology of OsARF17 knockout lines and overexpression lines. Bar = 1 cm. (F, G) Grain length and thousand-grain weight of OsARF17 knockout lines and overexpression lines. (H) Positions of 10 auxin response elements in the HFR131 promoter. (I) Yeast one-hybrid assays to detect interaction between OsARF17 and the promoter of HFR131. (J) ChIP-qPCR analysis to detect interaction between OsARF17 and the promoter of HFR131. Fold change is relative to ZH11. OsActin was used as an internal reference. A5, A6, and A7 corresponding to the fragments indicated in Figure 5A. (K) Relative expression level of HFR131 in OsARF17 overexpression lines. OsUBQ5 was used as an internal reference. (L) Effect of 24-eBL on coleoptile and root elongation in seedlings. The arrows indicate the top of the coleoptile. Bar = 1 cm. (M) Coleoptile length of ZH11 and OsARF17 knockout-line seedlings in the presence or absence of 1 μM/L 24- epibrassinolide (24-eBL). (N) Inhibition of root elongation in ZH11 and OsARF17 knockout lines under 1 μM/L 24-eBL treatment. * P < 0.05, ** P < 0.01, NS non-significant.



To verify whether OsARF17 can regulate HFR131, we searched for TGTCT(A/C)C auxin response elements (AuxREs), which are bound by auxin response factors (ARFs) and confer auxin responsiveness (Wang et al., 2007; Shen et al., 2010), within 3500 bp region of HFR131 promoter and 10 AuxREs were found (Figure 5H). We divided the 10 AuxREs into eight fragments with lengths of 150–300 bp (A1–A8) (Figure 5H) and verified by yeast one-hybrid assay and ChIP-qPCR. The yeast one-hybrid assay showed that yeast co-transformed with ProHFR131-A6 and AD-ARF17 grew strongly in the selective medium, whereas yeast co-transformed with ProHFR131-A6 and KAD grew weakly (Figure 5I). The ChIP-qPCR analysis showed that the A6 fragment of the HFR131 promoter was significantly enriched in the two overexpressed lines (Figure 5J). These results indicated that OsARF17 could bind to the A6 fragment of the HFR131 promoter. A qPCR analysis revealed that the expression level of HFR131 was significantly increased in OsARF17 overexpression lines compared with that of the control ZH11 (Figure 5K). These results showed that OsARF17 could bind to the promoter of HFR131 and positively regulated the expression of HFR131.

To further verify whether OsARF17 was involved in the regulation of HFR131, we conducted a BR treatment assay. The results showed that, after treatment with 1 μM/L 24-eBL, root elongation was inhibited more slightly in OsARF17 knockout lines than in the control ZH11. The length of the coleoptile of ZH11 was significantly increased, whereas no significant change was observed in the OsARF17 knockout lines (Figures 5L–N), indicating that plant sensitivity to BR was decreased after OsARF17 knockout. These results indicated that OsARF17 was involved in BR response.

Based on these results, we concluded that OsARF17 could regulate plant height and grain length through regulating the expression of HFR131, that OsARF17 may participate in BR response through HFR131, and that OsARF17–HFR131 interaction provides a bridge for communication between auxin and BR.





Evolutionary correlation analysis of HFR131 and OsARF17

To further understand the relationship between HFR131 and OsARF17 in regulating plant height and grain length, we downloaded the gcHap data for HFR131 and OsARF17 from the RFGB and conducted a haplotype analysis. Eight major Haps (≥30 rice accessions) (Zhang et al., 2021) were resolved based on 20 SNPs distributed among the CDS region and the 3′ untranslated region of HFR131, and a haplotype network was constructed (Figures 6A, B). Xian/Indica (XI) accessions predominantly harbored Hap1, Hap4, Hap7, and Hap8, whereas Geng/Japonica (GJ) accessions predominantly carried Hap2, Hap3, and Hap6, indicating that there was a strong XI–GJ differentiation of HFR131 Haps (Figures 6B, C). Nucleotide diversity (π) among different populations revealed that GJ harbored higher diversity than XI, not only in the gene region of HFR131, but also in the ~500 kb upstream/downstream regions of HFR131 (Figure 6D). Furthermore, HFR131 has not evolved neutrally; the gene was subject to balancing selection in GJ, and directional selection or population expansion in XI (Figure 6E), which indicated that HFR131 may have contributed to XI domestication.




Figure 6 | Haplotype analysis of HFR131 and OsARF17. (A) Haplotypes of HFR131/OsBRI1. An uppercase letter in the haplotype sequence indicates a nonsynonymous mutation compared with Hap2. (B) Evolutionary network of HFR131 haplotypes. (C) Frequency of HFR131 haplotypes among subgroups of rice accessions. (D, E) Nucleotide diversity (π) and Tajima’s D for ∼1 Mb genomic region flanking HFR131. The red arrow indicates the position of HFR131. (F) Distribution of plant height, grain length, and thousand-grain weight among rice accessions with different HFR131 haplotypes. (G) Grain length of rice accessions with different haplotypes of HFR131 and OsARF17 Aus, Bas, XI, and GJ refer to different subgroups of rice and  Adm (admix) is a fully mixed group. XI-1A, XI-1B, XI-2, XI-3, and XI-adm belong to the XI group. GJ-tmp, GJ-trp, GJ-sbtrp, and GJ-adm belong to the GJ group. Different letters on the boxplots indicate statistically significant differences at P < 0.05 based on Duncan’s multiple range test.



We then investigated the potential associations of major Haps with plant height, grain length, and thousand-grain weight by one-way ANOVA followed by Duncan’s multiple-range tests. Hap3 was associated with the highest average plant height (127.64 ± 18.21 cm), whereas Hap2 was associated with the shortest average plant height (106.18 ± 21.3 cm). Both grain length and thousand-grain weight showed low and high values in Hap5 and Hap6, respectively, inferring that the thousand-grain weight of Hap5 and Hap6 was mainly determined by grain length. Hap7 and Hap8 were not included in the haplotype–trait analysis because the samples with phenotype data for the selected traits were too small (nine and four, respectively) (Figure 6F).

As a regulator of HFR131, we chose two major haplotypes (Hap1 and Hap2) of OsARF17 (≥600 rice accessions) to further investigate its influence on HFR131. OsARF17Hap1 and OsARF17Hap2 were present in 2680 rice accessions and also showed an unequal distribution between XI and GJ (Supplementary Figure 3A). OsARF17Hap1 was present mostly in XI, whereas OsARF17Hap2 was predominantly in GJ, especially in GJ-tmp (GJ from East Asian temperate) and GJ-trp (GJ from Southeast Asian tropical) accessions (Supplementary Figures 3A, B). We performed two-way ANOVA followed by Duncan’s multiple-range test to determine the consociation between HFR131 and OsARF17, and we observed that a significant consociation only existed when considering grain length. Both HFR131Hap2/OsARF17Hap1 and HFR131Hap6/OsARF17Hap1 showed an “a” level in multiple comparisons with long grain length (Figure 6G). However, the HFR131Hap2/OsARF17Hap1 group consisted of only two samples and the grain length of these two samples was divergent (12.7 mm and 7.1 mm, respectively). The grain length of HFR131Hap6 and OsARF17Hap1 was 9.391 mm and 8.567 mm, respectively; however, the grain length of HFR131Hap6/OsARF17Hap1 increased to 9.9 mm (Figure 6G, Supplementary Figure 3C), revealing that the consociation of OsAFR17Hap1/HFR131Hap6 conferred a longer grain length, and thus improved rice yield.






Discussion




The mutation of conserved amino acid in the kinase domain defects the function of OsBRI1

In Arabidopsis thaliana, BRI1 is a receptor of BR, containing a leucine-rich repeat (LRR) domain, a transmembrane domain, and a kinase domain, of which the kinase domain is crucial for the transduction of BR signals (Li and Chory, 1997). BR binds to the extracellular LRR domain of BRI1, and induces association and transphosphorylation between the kinase domains of BRI1 and the co-receptor kinase BAK1. BRI1 activates BAK1 by phosphorylating the activation loop of BAK1, and BAK1 phosphorylates the juxtamembrane and kinase domains of BRI1 to enhance BRI1 signaling in turn. The BR signal is then transmitted downstream (Wang et al., 2012). It has been reported that OsBRI1 and OsBAK1 have a similar structure and function to BRI1 and BAK1, respectively (Yamamuro et al., 2000; Song et al., 2008; Li et al., 2009). In rice, 11 OsBRI1-associated mutants (d61-1 to d61-10 and Fn189) have been reported, among which the Fn189, d61-1, d61-4, and d61-10 mutants harbor mutations in the kinase domain of OsBRI1 (Yamamuro et al., 2000; Nakamura et al., 2006; Zhao et al., 2013). In the present study, we identified a new allele of OsBRI1, hfr131, in which a new mutation site, T988I, in the kinase domain of OsBRI1 was detected, causing significant reductions in plant height and grain length. We compared the protein sequences of the BR receptor and its homologous genes in Arabidopsis thaliana, rice, tomato, pea, and barley, and determined that the mutation site is located in a highly conserved region (Figure 4C), indicating that the site is critical for the function of the OsBRI1 kinase domain and therefore for the function of the gene. Serine/threonine and tyrosine residues are the common phosphorylation sites in BRI1 and BAK1 (Wang et al., 2012). However, T988 in the kinase domain of OsBRI1 was changed to I, an amino acid that cannot be phosphorylated, in NIL-hfr131, indicating that this change may affect the phosphorylation of OsBAK1 to OsBRI1, thus hindering transduction of the BR signal.

The plant height of rice mainly depends on the elongation of internodes. Dwarf mutants can be categorized into six types according to the elongation pattern of the upper four or five internodes, namely N-type (wild type), dn-type, dm-type, d6-type, nl-type, and sh-type (Yamamuro et al., 2000). Mutants defective in BR synthesis or signaling are often of the dm-type or d6-type. The d2, d11, and d61-1 mutants exhibit the dm-type internode elongation pattern (Supplementary Table 2), showing a specific shortening of the second internode. The brd2, d61-2, and Fn189 mutants show the d6-type internode elongation pattern (Supplementary Table 2), in which all the internodes are extremely shortened except for the first internode. However, brd1 failed to elongate any internodes (Supplementary Table 2). The T988I conversion in the kinase domain of OsBRI1/HFR131 caused reduction in plant height with equally proportional shortening of all internodes (Figure 1G), which represented the dn-type internode elongation pattern and had not been reported previously in BR synthesis- or OsBRI1-defective mutants (Supplementary Table 2).





hfr131 confers the dn-type internode elongation pattern by coordinating different hormones

The formation of different internode elongation patterns may be associated with differences in the main regulatory hormones at different internodes. GA is considered to play an important role in the elongation of the first internode in rice. The first internode of the GA synthesis-defective d35 mutant is shortened to a significantly greater degree than the other internodes (Itoh et al., 2004). HOX12 and EUI influence elongation of the first internode by regulating the contents of active GAs (Luo et al., 2006; Zhu et al., 2006; Gao et al., 2016). All phenotypic effects of BR result from BR synthesis and perception. BR-synthesis and OsBRI1-related mutants will assist in providing an improved understanding of the role of BR in rice internode regulation. All BR-synthesis and OsBRI1-related mutants reported to date show severe shortening or non-elongation of the second internode, with dm- or d6-type elongation patterns (Supplementary Table 2), indicating that elongation of the second internode may be mainly determined by BR. For the lower internodes, auxin may be the primary functional hormone. Loss-of-function of BR2, which functions in indole-3-acetic acid export (Knöller et al., 2010), disrupts polar auxin transport in the maize stalk, resulting in a reduced plant height with compact lower-stalk internodes (Multani et al., 2003). These findings confirmed that the distribution of auxin plays a crucial role in regulating the lower internodes. In the present study, NIL-hfr131, harboring a new allele of OsBRI1, hfr131, showed a dn-type internode elongation pattern rather than the d6- or dm-type, indicating that this allele can coordinate different hormones. It was further confirmed by transcriptome analysis that OsGA2ox10, which participates in the GA catabolic pathways (Lo et al., 2008), was significantly up-regulated and that OsPIN1d, OsPIN8, and OsAUX2, which are auxin transporters (Wang et al., 2009; Yu et al., 2015), were significantly down-regulated (Supplementary Table 1), implying that there may be coordination between different hormones.

We noticed that the location of HFR131/OsBRI1 was closed to the famous “Green Revolution” gene SD1 (Monna et al., 2002; Sasaki et al., 2002; Su et al., 2021), both of which were located on the long arm of chromosome 1, and the distance of them was nearly 8500 kb (Supplementary Figure 1). Either SD1-mutant or NIL-hfr131 showed a semi-dwarf plant height, but the expression pattern of them were different. SD1 was widely expressed in different organs especially in leaf blades (Monna et al., 2002; Sasaki et al., 2002; Su et al., 2021), however, OsBRI1 was strongly expressed in shoot apex but hardly in leaf blades (Yamamuro et al., 2000), indicating that they regulated plant height through different pathway, also implying that hfr131 may be another useful dwarfing gene resource after sd1.





OsARF17-HFR131 links brassinosteroid and auxin signaling during regulation of plant height and grain length

Auxin and BR coordinate to regulate many aspects of plant growth and development, such as root and bud development (Mazzoni-Putman et al., 2021), and several studies have shown that there is crosstalk between BR and auxin; for example, exogenous auxin improves the sensitivity of rice to BR (Fujioka et al., 1998), and BR affects the transport of auxin (Symons et al., 2007). With extension of the research scope, ARF family proteins were found to be important factors communicating between the BR and auxin signaling pathways. In Arabidopsis thaliana, ARF2, ARF7, and ARF19 are involved in BR and auxin communication through different mechanisms (Vert et al., 2008; Sun et al., 2010; Cho et al., 2014). In rice, OsARF11 and OsARF19 can bind to the OsBRI1 promoter and promote the expression of OsBRI1, thus enhancing the rice response to BR and regulating leaf angle (Sakamoto et al., 2013; Zhang et al., 2015). However, how the BR and auxin communication affects plant height and grain size in rice is poorly understood. In the present study, we confirmed that OsARF17 may be involved in the response to BR through HFR131. OsARF17 can bind to the promoter region of HFR131 and positively regulate the expression of HFR131 (Figures 5I–K). OsARF17 knockout lines showed decreased sensitivity to BR (Figures 5L–N). OsARF17 and HFR131 defective and overexpression lines showed a similar phenotype. Both OsARF17 knockout lines and NIL-hfr131 showed a reduced plant height and grain length, whereas both overexpression lines of OsARF17 and HFR131 exhibited an increased grain length, indicating that BR and auxin regulate plant height and grain length synergistically through OsARF17–HFR131 interaction. In addition, HFR131Hap6/OsARF17Hap1 in combination conferred a longer grain length than both HFR131Hap6 and OsARF17Hap1 individually. This may be the result of efficient coordination of the BR and auxin signaling pathways between the two haplotypes, and highlights the importance of breaking through the limitation of traditional single-gene breeding to increase rice yield.

In summary, this study identified a new allele of OsBRI1, hfr131, which caused a significant decrease in plant height and grain length of rice. It was further found that OsARF17 could regulate the plant height and grain length of rice, and affect the sensitivity of rice to BR, by regulating the expression of HFR131. In addition, the OsAFR17Hap1/HFR131Hap6 consociation was confirmed to contribute to longer grain length. These findings are of great importance for improvement of rice yield by molecular breeding in the future.
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Background

Salinity tolerance plays a vital role in rice cultivation because the strength of salinity tolerance at the seedling stage directly affects seedling survival and final crop yield in saline soils. Here, we combined a genome-wide association study (GWAS) and linkage mapping to analyze the candidate intervals for salinity tolerance in Japonica rice at the seedling stage.





Results

We used the Na+ concentration in shoots (SNC), K+ concentration in shoots (SKC), Na+/K+ ratio in shoots (SNK), and seedling survival rate (SSR) as indices to assess the salinity tolerance at the seedling stage in rice. The GWAS identified the lead SNP (Chr12_20864157), associated with an SNK, which the linkage mapping detected as being in qSK12. A 195-kb region on chromosome 12 was selected based on the overlapping regions in the GWAS and the linkage mapping. Based on haplotype analysis, qRT-PCR, and sequence analysis, we obtained LOC_Os12g34450 as a candidate gene.





Conclusion

Based on these results, LOC_Os12g34450 was identified as a candidate gene contributing to salinity tolerance in Japonica rice. This study provides valuable guidance for plant breeders to improve the response of Japonica rice to salt stress.





Keywords: Japonica rice, GWAS, linkage mapping, salinity tolerance, seedling stage





Introduction

Soil salinity is an important limiting factor affecting high and stable resistance in rice and expansion areas for the economically important crop (Ouhibi et al., 2014). Salt stress inhibits plant protein synthesis, reduces photosynthetic efficiency, causes ion imbalances and high osmotic stress, and leads to plant wilting and apoptosis (Ma et al., 2017). This stress response significantly reduces crop yield and has become an important environmental factor affecting crop growth and development. But at present, due to unreasonable irrigation methods and excessive fertilization, the salinization of soil is becoming more and more serious (Qadir et al., 2014). Rice can effectively help people by ensuring food security and advancing sustainable agriculture development. Growing rice on saline land can improve the utilization of saline soils and the soil conditions of the land. Rice is a moderately salt-sensitive crop, and its seedling salinity tolerance is a key factor determining its final yield. Therefore, its fine positioning can not only reveal its molecular mechanism, but also provide a theoretical basis for improving salt-tolerant varieties of rice.

Multiple rice genes control the complex quantitative trait known as salinity tolerance (Liang et al., 2015), and scientists have made a series of important research advances in cloning salt stress genes (Lin et al., 2004; Bimpong et al., 2014; Yu et al., 2017; Li et al., 2022). For example, SKC1, rice’s first salinity tolerance QTL, encodes a transporter protein of the HKT family. Previous studies have shown that SKC1 protein is a sodium (Na+)-selective transporter protein that can effectively regulate the aboveground sodium and potassium (Na+/K+) balance and improve salinity tolerance (Ren et al., 2005). Meanwhile, Huang et al. (2009) reported a rice drought and salinity tolerance gene, DST, which negatively regulates salinity tolerance. The functional deletion of DST directly down-regulates the expression of genes related to hydrogen peroxide metabolism, reduces water evaporation under drought stress and Na+ entry into the plant, and ultimately improves the salinity tolerance of rice. Li et al. (2014) identified a lectin receptor-like kinase SIT1 in rice, which mediates the salt-sensitive response in rice, and its rapid increase in response to high salt stimulation activates the downstream effectors MAPK3 and MAPK6, which in turn increases ethylene content by activating ethylene synthase and causing an increase in reactive oxygen species, resulting in reduced survival under salt stress. Zhou et al. (2018) identified a receptor-like cytoplasmic kinase gene, STRK1, significantly improving salinity tolerance in rice. The STRK1 protein undergoes autophosphorylation upon salt stress and significantly increases its activity by phosphorylating and activating CatC, thereby degrading the large amount of hydrogen peroxide produced by salt stress.

Cloning salinity tolerance genes has produced important breakthroughs in the molecular mechanism elucidation of important complex traits in rice, which have become a reference for studying the genetic mechanisms behind complex traits in rice. This work has significant application value and lays the foundation for identifying and cloning salinity tolerance genes in crops. Combining GWAS and QTL mapping for gene mining can significantly improve the efficiency of QTL identification, and the results can be verified against each other, resulting in stable and reliable QTLs. For example, Zhang et al. (2019) identified a candidate gene, GmCDF1, which is closely linked to soybean salinity tolerance on chromosome 8 through linkage and association analysis. Wu et al. (2016) combined GWAS and linkage analysis to identify 125 QTLs regulating maize male inflorescence size. Tang et al. (2021) used linkage localization and GWAS analysis to locate one QTL region controlling rice grain length, further identifying OsGASR7 as a functional gene within this QTL interval. Therefore, combining the two methods is important for mining candidate genes for target traits.

This study explored the genetic mechanism of salinity tolerance as assessed by GWAS and linkage mapping using Na+ concentration in shoots (SNC), K+ concentration in shoots (SKC), Na+/K+ ratio in shoots (SNK), and seedling survival rate (SSR) at the rice seedling salt treatment. We identified Chr12_20864157 and qSK12 on chromosome 12 by GWAS and linkage mapping, identifying an overlapping region of the 195-kb as a candidate region. Using haplotype analysis, qRT-PCR, and sequence analysis, LOC_Os12g34450 was considered the most likely functional gene associated with salinity tolerance. The results procured by this study provide novel insights for improving salinity tolerance in Japonica rice.





Materials and methods




Plant materials

It consists of 295 Japonica rice varieties widely grown at home and abroad, of which domestic materials are mainly from Heilongjiang, Jilin, Liaoning, and Ningxia provinces, and foreign varieties were mainly from Korea, Russia, and Japan. The 195 RILs that comprised the linkage mapping population were a cross between the salt-sensitive Kongyu131 and the salt-tolerant Xiaobaijingzi. The salinity tolerance phenotypes of KY131 and XBJZ were shown in Figure 1. All rice varieties have been studied previously (Li et al., 2019; Li et al., 2020; Duan et al., 2022).




Figure 1 | Phenotypes of KY131 and XBJZ seedlings under contral and salt stress. (A) Represent under control conditions. Bar = 5 cm. (B) Represent under salt stress conditions. Bar = 5 cm.







Salinity tolerance evaluation at the seedling stage

The experiment was divided into two groups, named group T1 and group T2, and set up for three repetitions. In group T1, twenty-four uniformly germinated rice seeds of each variety were sown. One seed was placed in each hole and hydroponically grown with Yoshida nutrient solution. The germinated seeds were transferred to an artificial climatic chamber and incubated at 25 and 23°C with 14h light and 10h dark cycles, respectively. When seedlings grew to two leaves and one heart, salt stress treatment was performed with a pre-treatment sodium chloride (NaCl) concentration of 50 mmol/L.

After 3 days of pre-treatment, formal treatment was performed with a NaCl concentration of 120 mmol/L for 7 days. The shoot of each sample was dried at 120°C for 30 min and at 80°C to a constant weight. Weigh 0.1 grams (g) of the dry samples, add 5 ml of 1 mol/L HCl to the tube, and put it into a water bath for 6 h at 70°C in a constant temperature water bath shaker. The SNC and SKC of the samples were measured using a flame photometer (Sherwood 410, Cambridge, UK) and the SNK was calculated. In group T2, 100 uniformly germinated seeds of each variety were grown with Yoshida nutrient solution, with the same salt treatment as the T1 group. The culture medium was replaced every day, and replaced with the same medium as the control group after 7 days. After 10 days, the survival rate statistics counted the number of plants with new leaf production.





GWAS for salinity tolerance

In total, 788,396 single nucleotide polymorphisms (SNPs) were used for genotyping 295 Japonica rice accessions for GWAS. The threshold for identifying significantly associated SNPs was set at –log10(P) > 5.26, according to a pre-laboratory study by Li et al. (2020). The Manhattan map was created using the R package ‘qqman’. Redundant SNPs with the smallest P values were filtered within a minimal distance interval and the LDBlockShow software was used to calculate the pairwise R2 value between any two SNPs in the interval of leading SNPs ± 2 Mb. In the interval of 1.5-2.0 Mb of leading SNPs, the average of the top 10% R2 values was recorded, plus 0.2 to define the LD attenuation interval of leading SNPs interval (Dong et al., 2021).





QTL mapping for salinity tolerance

The genetic linkage map constructed using 195 RILs contained 527 bin markers (Figure S1). QTL localization was performed using the composite interval mapping method with QTL ICIMapping 4.2 software, and the threshold value was set to LOD>2.5, according to a pre-laboratory study by Li et al. (2020).





Haplotype analysis of candidate gene

Non-synonymous mutant SNPs in the exonic regions of all genes in the candidate interval and SNPs in the promoter region (1.5 kb before ATG) were extracted from the RiceSNPSeekDatabase website (https://snp-seek.irri.org/_snp.zul) and haplotype analysis was performed using DnaSP software. Also, materials with different haplotypes needed to be greater than or equal to 10.





Identification of candidate genes by gene expression and sequence analysis

The expression levels of the four genes of KY131 and XBJZ were verified by qRT-PCR analysis under salinated and normal conditions. qRT-PCR analysis was performed using Roche LightCycler96. All primer sequences were shown in Table S3. The CDS and promoter regions of KY131 and XBJZ candidate genes were cloned using PCR. Sequences comparison were performed using DNAMAN.






Results




Phenotypic variation

In this study, we analyzed the phenotypes of 295 Japonica rice accessions and RIL lines at the seedling stage under salinity stress and evaluated four salinity tolerance indices: SNC, SKC, SNK, and SSR. Under the salinity stress treatment, the SNC, SKC, SNK, and SSR among the 295 rice accessions varied in range from 10.14–38.83 mmol/g, 5.21–32.82 mmol/g, 0.79–2.78, and 9.33–88.66%, respectively, and the coefficient of variation was 20.13%, 26.73%, 28.61%, and 28.12%, respectively (Table S1). The variation for SNC, SKC, SNK, and SSR in the RIL lines ranged from 8.12–29.56 mmol/g, 6.98–39.56 mmol/g, 0.46–2.19, and 8.66–89.33%, respectively, and the coefficient of variation was 20.48%, 40.58%, 37.01%, and 32.99%, respectively (Table S1). Phenotypic data indicate that this study’s natural and RIL populations have abundant phenotypic variation in rice seedling salinity tolerance. Meanwhile, the values of these four traits differed significantly between the two parents (Figures 2E–H; Table S1), the phenotype values of the four traits indicating that XBJZ was more salinity-tolerant than KY131. The SNC, SKC, SNK, and SSR phenotypic values in the 295 rice accessions and RIL lines were normally distributed, demonstrating that these indices are quantitative traits under the control of numerous factors (Figure 2).




Figure 2 | Phenotypic variation in the SNC, SKC, SNK, and SSR in 295 Japonica rice accessions and RIL lines. (A–D) Represent the SNC, SKC, SNK, and SSR of 295 rice accessions. (E–H) Represent the SNC, SKC, SNK, and SSR of RIL lines.







GWAS for salinity tolerance-related traits in a natural population

The 788,396 SNPs obtained from previous studies were used for GWAS analysis (Li et al., 2019; Zheng et al., 2022). Manhattan and quantile–quantile plots were shown in Figure 3. Fourteen lead SNPs significantly associated with SNC, SNK, and SSR were provided in Table 1. Three QTLs associated with SNC were detected and located on chromosomes 1, 4, and 12, with R2 values ranging from 9.20–10.36%. No QTL associated with SKC was detected, and eight QTLs associated with SNK were detected and located on chromosomes 1, 4, 6, 9, 10, and 12, with R2 values ranging from 9.05–10.30%. Meanwhile, three QTLs associated with SSR were detected and located on chromosomes 4, 8, and 10, with R2 values ranging from 9.76–12.02% (Table 1).




Figure 3 | Manhattan plots and quantile-quantile (Q-Q) plots of GWAS for the SNC, SKC, SNK, and SSR. (A–D) Manhattan plot for the SNC, SKC, SNK, and SSR. (E–H) Q-Q plot for the SNC, SKC, SNK, and SSR.




Table 1 | Lead SNPs for SNC, SNK, and SSR identified by GWAS.







Linkage mapping for salinity tolerance at the seedling stage

A total of five QTLs associated with SNC, SKC, SNK, and SSR were identified on chromosomes 1, 4, and 12 using linkage mapping (Table 2; Figure S1), with LOD values from 2.51–8.22 and proportions of phenotypic variation ranged from 5.49–18.27%. In addition, qSKC12 and qSNK12 were considered to be the same QTL because of the same interval, named qSK12 (chromosome 12) (Figure 4B), located in the physical region between markers C12_20029364 and C12_20873254 and explaining 11.54–18.27% of the phenotypic variation. The GWAS identified the lead SNPs, Chr12_20864157, associated with an SNK, which the linkage mapping detected as being in qSK12. The LD block region on chromosome 12 was predicted to be 20.718–20.905 Mb (186 kb) (Figure 4A). A 195-kb overlap region was filtered out based on the GWAS and the linkage mapping (Figure 4C).


Table 2 | QTLs for SNC, SKC, SNK, and SSR identified by linkage mapping analysis in 195 RILs.






Figure 4 | Identification of candidate genes by GWAS and linkage mapping. (A) The local Manhattan plot (top) and LD heatmap (bottom) surround the lead SNP. (B) Salinity tolerance-related QTLs were identified in 195 RILs and mapped to the interval between markers C12_20029364 and C12_20873254 by linkage mapping. (C) The physical location of the lead SNP (C12_20864157) on chromosome 12 was detected by the GWAS (LD decay = 186 kb). (D) The 195-kb region contained 35 genes.







Haplotype analysis of candidate genes

According to the Phytozome database, the 195-kb candidate interval did not include known salinity tolerance genes from previous studies. The 195-kb region on chromosome 12 contained 35 genes (Figure 4D; Table S2). We performed haplotype analysis of 35 genes and found that 4 genes (LOC_Os12g34320, LOC_Os12g34330, LOC_Os12g34450, and LOC_Os12g34460) within the overlapping interval were associated with significantly different haplotypes of SNKs. LOC_Os12g34320 and LOC_Os12g34450 were classified into two haplotypes by non-synonymous mutant SNPs in the exon region. One SNP located in the 5′ untranslated region of LOC_Os12g34330 formed two haplotypes, while no non-synonymous SNP was found in the exon region. The haplotype analysis of LOC_Os12g34460 indicated that 2 SNPs were identified in the promoter region and 4 non-synonymous SNPs were detected in the exon region (Figures 5A–D).




Figure 5 | Haplotype analysis of LOC_Os12g34320, LOC_Os12g34330, LOC_Os12g34450, LOC_Os12g34460. (A–D) Represent the gene structure and haplotype analysis of LOC_Os12g34320, LOC_Os12g34330, LOC_Os12g34450, LOC_Os12g34460. (The * and ** suggest significance of ANOVA at P < 0.05 and P < 0.01, respectively).







Identification of candidate genes by gene expression and sequence analysis

The two parents, KY131 and XBJZ, were treated with 120 mM NaCl for 0, 1, 3, 6, 12, and 24 h, respectively. The expression patterns of these four genes were assessed by qRT-PCR analysis. The mean results in triplicate were shown in Figure 6. Among these four genes, salinity stress did not increase the expression levels of LOC_Os12g34320, LOC_Os12g34330, or LOC_Os12g34460 (Figures 6A, B, D). LOC_Os12g34450 was significantly induced by salinity stress, and the expression levels were significantly different between KY131 and XBJZ, which showed opposite expression patterns. The expression level of LOC_Os12g34450 was more than 18-fold higher in KY131 than in XBJZ under 6 h of salinity stress (Figure 6C). Meanwhile, we performed qRT-PCR analysis of other functionally annotated genes within the 195-kb region, and the results of the four genes expressed between the two parents are shown in Figure S2, which were not differentially expressed between the two parents. After observing these results, we completed further sequencing of the promoter regions and genes of LOC_O12g34450 in the two parents KY131 and XBJZ. Compared with the sequence of KY131, LOC_Os12g34450 of XBJZ had a 2-bp deletion (A and C bases) and 2 SNPs (T→G, G→A) in the first exon of the CDS region, 1 SNP (T→C) in the third exon, and multiple SNPs in the promoter region containing 1 cis-element (TGA-element) related to auxin response (AACGAC→GACGAT) (Figure S3). Therefore, LOC_Os12g34450 was considered a functional gene associated with salinity tolerance. LOC_Os12g34450 encodes an auxin-binding protein 4 precursor gene, which has not been reported to affect salinity tolerance in rice in previous studies. In subsequent studies, transgenic plants will be examined for the biological function of their associated genomic variant’s responses to salinity tolerance in Japonica rice.




Figure 6 | Expression patterns of the four genes under normal growth conditions and salinity stress. (A–D) represent the gene expression of LOC_Os12g34320, LOC_Os12g34330, LOC_Os12g34450, LOC_Os12g3446 under normal growth conditions and salinity stress. (**P < 0.01, ***P  < 0.001, Students’t-test).








Discussion

Rice seedlings have poor salinity tolerance and are susceptible to salt stress, which seriously affects their planting and yield. Therefore, cultivating salinity tolerance in seedlings has great practical significance for agricultural production (Nam et al., 2015). This study selected SNC, SKC, SNK, and SSR as indicators to assess salinity tolerance in rice seedlings, which have also been used in previous studies (Rahman et al., 2016). Under salinity stress conditions, the Na+ content in rice seedling shoots and roots increases, and the K+ content decreases. This chemical change leads to a higher Na+/K+ ratio and disrupts the ionic balance by decreasing Mg, Zn, and Mn content (Tuncturk et al., 2008), also leading to osmotic stress and growth inhibition (Munns, 2011).

Salinity tolerance is a complex trait, and identifying such QTLs helps obtain relative salt tolerance genes for molecular-assisted breeding (Ganie et al., 2019). Eleven and three QTLs were identified by GWAS and linkage mapping, respectively, and these were close to or overlapped with the loci of some known genes and QTLs compared with the results of previous studies. For example, OsCLC-1, which encodes a voltage-gated chloride channel protein, could avoid ion toxicity by transporting chloride ions across the vesicle membrane to the vesicles (Nakamura et al., 2006); the lead SNP Chr4_21840798 identified by GWAS was approximately 45 kb closer to OsCLC-1. OsMYB9, encoding an R2R3-type MYB transcription factor that functions in the ABA-mediated signaling pathway, thereby improving the salinity tolerance of rice (Zhu et al., 2015), was within the qSNC12 identified by the linkage mapping. Additionally, Shen et al. (2017) found that OsNAC2, was able to regulate abiotic stress response, OsNAC2 overexpression plants showed reduced tolerance under salt stress, and OsNAC2 was within the qSSR4 identified by the linkage mapping.

Sabouri and Sabouri (2008) detected a salinity tolerance-associated QTL (qNAUP-1a) on chromosome 1, and the lead SNPs (Chr1_27088613 and Chr1_26805021), detected by GWAS, were located within qNAUP-1a. Islam et al. (2011) detected a salinity tolerance-related QTL (SalTol10-1) on chromosome 10, and the lead SNPs Chr10_7916859 and Chr10_16340314 detected by GWAS were both located within SalTol10-1. In addition, linkage mapping revealed that the QTL qSNC12 was within the salinity tolerance interval qSH12.1 (Wang et al., 2012), which supported our findings. In our study, GWAS and linkage mapping identified another salinity tolerance QTL, QSst12, containing Chr12_20864157 and qSK12.

The LOC_Os12g34450 was considered the most likely functional gene associated with salinity tolerance. The expression of LOC_Os12g34450 was significantly up-regulated in XBJZ and down-regulated in KY131 after salinity stress. Meanwhile, we found that LOC_Os12g34450 of XBJZ contained multiple SNPs in the promoter region, including a cis-element (TGA-element) related to auxin response (AACGAC→GACGAT), three non-synonymous mutation SNPs (T→G, G→A, T→C) in the CDS region, and a 2-bp deletion (A and C bases) in the first exon compared with the sequence of KY131. These SNPs and deletions result in a frameshift that leads to a premature stop codon, which leads to premature termination of the mRNA of the LOC_Os12g34450. LOC_Os12g34450 is predicted to encode an auxin-binding protein, and accumulating evidence in recent years supports an important role for auxin in abiotic stress responses in plants.

In Arabidopsis, the NTM2 plays an important role in regulating plant seed germination under high-salt stress (Jung and Park, 2011). Overexpression of OsmiR393 in rice resulted in the down-regulation of two auxin receptor gene homologs (OsTIR1 and OsAFB2), which reduced salinity tolerance in rice (Xia et al., 2012). Deng et al. (2022) found that RST1 encodes the growth factor response factor OsARF18 and that RST1 loss of function leads to up-regulation of OsAS1 expression, which improves nitrogen utilization, reduces Na+/K+ ratios, and decreases NH4+ overaccumulation by promoting asparagine synthesis, thereby improving salt tolerance and yield of plants.
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Rice, a major food crop in China, contributes significantly to international food stability. Advances in rice genome sequencing, bioinformatics, and transgenic techniques have catalyzed Chinese researchers’ discovery of novel genes that control rice yield. These breakthroughs in research also encompass the analysis of genetic regulatory networks and the establishment of a new framework for molecular design breeding, leading to numerous transformative findings in this field. In this review, some breakthroughs in rice yield traits and a series of achievements in molecular design breeding in China in recent years are presented; the identification and cloning of functional genes related to yield traits and the development of molecular markers of rice functional genes are summarized, with the intention of playing a reference role in the following molecular design breeding work and how to further improve rice yield.
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Introduction

With the development of urbanization and population growth, people have new demands for material living standards. As one of the main food crops for human survival, rice has new requirements in production, quality, and plant breeding (Zeng et al., 2017a). In modern breeding history, the effective utilization of dwarfing and heterosis resulted in two dramatic leaps in crop yield per unit area. Since the beginning of the 21st century, China’s rice production has faced serious challenges. As the world population’s need for higher grain yield and superior quality escalates, building upon our current successes to further enhance rice yield becomes essential. This endeavor necessitates a comprehensive analysis of the intricate regulatory networks governing genes associated with major yield traits in rice. Utilization of key yield-related genes, or quantitative trait loci (QTLs), coupled with the discovery of additional genes with the potential to increase rice yield, is crucial. By doing so, we can devise innovative breeding strategies that circumvent traditional breeding limitations, propelling our efforts toward meeting the escalating demand. The application of molecular marker-assisted selection in rice breeding has been conducted for many years in China, leading to the construction of multiple chromosome segment substitution lines (CSSLs) and the identification of many QTLs. With the completion of rice genome sequencing and the mapping and isolation of important yield genes, significant progress has also been made in the functional analysis of these genes, providing the foundation for the application of molecular design in rice breeding (Zhou Y. et al., 2017).

In the practice of genetic improvement of crop yield-related traits, the breakthrough in yield potential is to make new progress in plant type while ensuring a high grain weight. Specifically, crop yield can be increased by improving panicle morphology, tiller traits, leaf shape, and angle, in addition to increasing the field planting density of plants to improve the light energy utilization rate, thus changing the number of grains per panicle and 1000-grain weight to increase the crop yield. Therefore, the development of plant architecture and grain formation are key traits for current and future high-yield breeding, and the analysis of genetic regulatory networks provides an important basis for improving these traits. In the case of rice, the analysis of rice plant architecture development (e.g., tiller number, plant height, tiller angle, leaf shape, stem and leaf angle, and panicle type) and grain formation (e.g., flower/panicle completion and grain development), which affect rice yield and the molecular genetics, physiological, and biochemical regulatory networks of important biological processes closely related to them, proposes the molecular design and breeding theory of major rice yield traits, which can provide support for the cultivation of high-yield varieties of rice in China. Chinese scientists have made a series of achievements in the cultivation of high-yield and high-quality varieties of rice. In particular, the research achievements of Jiayang Li, Bin Han, and Qian Qian’s team, “Molecular mechanism and variety design of the formation of high-yield and high-quality traits of rice” won the first prize of the State Natural Science Award in 2017 - another breakthrough after the “green revolution” and “hybrid rice” in China, which is of great significance to the promotion of the development of molecular design breeding in China (Chen F. et al., 2018).

The current study classifies and summarizes the gene cloning and molecular design breeding of various important yield traits of rice in China in recent years and provides a prospective investigation on the future direction of molecular breeding of rice. Given the numerous accomplishments of Chinese researchers in rice genomics, there may have been unintentional oversights in compiling this review. This review of genes and gene regulatory networks is summarized as an example.





Research advances in rice yield traits

The complex quantitative traits that determine rice yield are governed by numerous genes and highly sensitive to environmental variables. The key determinants of rice yield encompass plant morphology, panicle structure, and grain type. These yield characteristics mutually supplement each other to collectively determine the overall yield. Research teams in China have discovered and cloned a series of genes associated with these yield traits and shed light on the gene regulatory networks that influence these traits (Figure 1), substantially advancing the progress of rice research in the country.




Figure 1 | Gene regulatory network for yield traits.







Cloning and genetic network analysis of key rice plant type genes

Rice plant type traits mainly include tiller number, tiller angle, and angle between stem and leaf, which are important agronomic traits that determine rice yield. Chinese breeders have carried out extensive research on the idealization of rice plant type, cloned a series of key genes that regulate plant type (Table 1), constructed relevant genetic regulatory networks, and cultivated many super rice varieties with ideal plant type characteristics.


Table 1 | Representative functional genes for the characteristics of rice plants.






Regulatory network for rice tiller numbers

The quantity of tillers in rice plants is a primary factor influencing yield. Moreover, it is a crucial agronomic attribute that determines tolerance to density and resistance to lodging. It has been demonstrated that the gene Ideal Plant Architecture1 (IPA1), one of the major rice genes responsible for ideal plant architecture, encodes a transcription factor called OsSPL14 (SOUAMOSA PROMOTER BINDING PROTEIN-LIKE 14), which is involved in the regulation of multiple growth and developmental processes (Jiao et al., 2010). In-depth research on the interaction protein system of the IPA1 protein revealed that it associates with IPA1 INTERACTING PROTEIN1 (IPI1), a nuclear-localized RING-finger E3 ligase that can ubiquitinate the IPA1 protein. Haiyang Wang, affiliated with the Chinese Academy of Agricultural Sciences, expressed his thoughts on this gene in the journal Molecular Plant. He indicated, “The loss of IPI1 function can increase the number of tillers and the size of panicles, which in turn can increase yield. This gene is expected to be applied in variety modification to increase yield by increasing tiller number” (Wang and Wang, 2017). In an article recently published in Cell Research, Reynante et al. argued that IPI1 is a candidate gene with yield-increasing potential that can improve panicle number without sacrificing the number of tillers (Ordonio and Matsuoka, 2017). Further biochemical analysis has revealed that the ubiquitination of IPA1 protein by IPI1 protein is tissue-specific, allowing fine regulation of IPA1 protein levels in different tissues. The natural allelic combination of different IPI1 genes results in different levels of IPA1 expression, which affect the number of tillers in a dose-dependent manner and allow for achieving a reasonably balanced number of tillers and the highest yield potential (Wang et al., 2017). Thus, rice breeders can create plant architecture characteristics that meet specific farming environments and genetic backgrounds to improve the controllability of breeding. In addition, Xiangdong Fu’s group screened an EMS mutant library with a background of the semidwarf cultivar 9311 and identified a nitrogen-insensitive gene, Nitrogen-mediated Tiller Growth Response5 (NGR5). This led to significant advances in the understanding of the gibberellin (GA) response to nitrogen in rice. Research has found that NGR5 positively regulates rice growth and development in response to nitrogen (agronomic traits such as plant height, tillering, and grains per panicle) and can negatively regulate the expression of tillering inhibitory genes, thereby promoting tillering in rice. Further research has found that the NGR5 protein can interact with GIBBERELLIN INSENSITIVE DWARF1 (GID1), which inhibits the growth of rice tillering by promoting the degradation of the NGR5 protein  (Wu et al., 2020). This study elucidated the key molecular mechanism of the intersection of the GA signaling pathway and nitrogen allocation and utilization. This finding provides a new target for advancing the high yield and efficiency goals of the “Green Revolution”. Professor Zichao Li from the College of Agriculture of China Agricultural University recently cloned a new rice tillering regulatory gene, Tiller Number1 (TN1), which encodes a functional protein containing the BAH and RNA recognition domains. It negatively regulates the establishment of rice tillering numbers. At the same time, the team also found that the natural variation in the TN1 protein would affect its interaction with TN1 INTERACTION FACTOR1 (TIF1). When the TIF1 gene was knocked out, the number of plant tillers increased. Therefore, TN1 and TNF1 have similar regulatory effects on the number of tillers in rice (Zhang et al., 2023). This research provides excellent gene resources and genetic information for designing the ideal type of rice plant. As a new type of hormone, strigolactone (SL) plays a key role in regulating the number of tillers in rice. Jiayang Li’s research group and Jianmin Wan’s research group published articles on the regulation of SL in rice tiller number in the journal Nature, revealing that Dwarf 53 (D53) is a negative regulatory factor in the SL signaling pathway and that SL can induce D53 degradation through the proteasome pathway, suppress lateral bud growth, and regulate the number of tillers in rice (Jiang et al., 2013; Zhou et al., 2013). In addition, Song et al. found that D53 interacts with the ideal plant type gene IPA1, jointly regulating the number of rice tillers (Song et al., 2017). Recently, there has been a new development in the study of SL regulation in the number of rice tillers. In the research by Zou et al., the TilleringI and Dwarf 1 (HTD1) gene, which encodes CAROTENOID CLEAVAGE DIOXYGENASE 7 (CCD7), negatively regulates the number of rice tillers, and IAA can upregulate the transcription of this gene to control them (Zou et al., 2006). Further research by Wang et al. has demonstrated a partial loss-of-function allele of the SL biosynthesis gene, HTD1HZ, which can increase the number and yield of rice tillers. At present, this gene and the semidwarf gene Semidwarf 1 (SD1) are jointly selected to be widely used, which has to some extent contributed to the green revolution in rice (Wang et al., 2020).





Regulatory network for rice tiller angles

An appropriate tiller angle is critical for the growth of rice and the formation of farmland yield. Recently, several genes controlling rice tiller angle have been identified, and their function in the network regulating rice plant architecture has been analyzed to some extent. Tiller Angle Control 1 (TAC1) is an important QTL previously reported for rice tillering angle regulation (Yu et al., 2007). The laboratory of Professor Chuanqing Sun at the China Agricultural University isolated a gene, TAC1, corresponding to the main QTL that controls rice tillering angle through positional cloning. The analysis of the plant architecture of TAC1-overexpressing and RNAi transgenic lines indicated that the upregulation of TAC1 resulted in an increased tiller angle, while its downregulation decreased the tillering angle. These findings document that the level of TAC1 mRNA determines the size of the tillering angle (Jiang et al., 2012). Another research team identified a Tiller Inclined Growth1 (TIG1) gene that affects tillering angle in wild rice and positively regulates cell elongation and tillering angle size. It encodes the transcription factors TEOSINTE BRANCHED1, CYCLOIDEA AND PCF (TCP) and is expressed on the paraxial side of the tillering base. After the artificial selection of the indica rice variety tig1, the natural variation of its promoter caused a significant decrease in the expression of the TIG1 gene, resulting in a decrease in cell length and tillering angle (Zhang et al., 2019). This achieved the transition of wild rice from inclined growth to vertical tillering growth and provided strong support for the design of the ideal rice plant type.

Recently, a research group used map-based cloning to identify a gene, known as LAZY2 (LA2), that controls tiller angle. This gene encodes a novel chloroplast protein that specifically governs starch in gravity-sensitive cells. By interacting with the starch biosynthetic enzyme, Oryza sativa plastidic phosphoglucomutase (OspPGM), LA2 regulates the tillering angle, indicating the importance of gravity response in shaping the tiller angle (Huang et al., 2021). Additionally, a group of researchers obtained dynamic transcriptome data by combining RNA-seq technology to study the dynamic development process of rice stem gravity response and excavated important nodal genes that regulate the formation of rice tiller angles, such as Heat Stress Transcription Factor2D (HSFA2D), LAZY1 (LA1), Wuschel Related HomeoboX6 (WOX6), and Wuschel Related HomeoboX11 (WOX11), and constructed a molecular network for the dynamic regulation of rice tillering angle at the whole genome level. Among them, LA1 is a previously identified classical tiller angle-regulating gene. Previous studies have confirmed that LA1 controls the gravitropism of the aboveground portion of the rice shoot and ultimately controls the size of the tillering angle by regulating the polar transport of auxin (IAA) (Li et al., 2007). Genetic evidence confirmed that LA1 and SL may co-participate in regulating aboveground gravitropism and tillering angle in the auxin transport pathway (Sang et al., 2014). HSFA2D, WOX6, and WOX11 are new regulatory genes implicated in the regulatory pathway mediated by LA1. HSFA2D is located upstream of the LA1-mediated auxin pathway and is a positive regulator of this pathway, implicating that HSFA2D can cause an unbalanced distribution of auxin by inducing the expression of LA1. Auxin promotes the asymmetric expression of the WOX6 and WOX11 genes, producing changes in the tiller angle (Zhang et al., 2018). Other genetic analyses show that the LA2 gene also causes the change in tillering angle by acting upstream of LA1 to mediate the lateral transport of auxin (Huang et al., 2021). In addition, Zhao et al. have made important progress in the research direction of polar transport of auxin to control the tillering angle of rice using map-based cloning technology. A novel gene, Plant Architecture and Yield1 (PAY1), which controls plant architecture and yield, was cloned, and it was found that its mutation alters the absorption and polar transport capacity of auxin, and then changes the polar distribution of auxin in vivo, which is an important reason for the change in tillering angle of PAY1. PAY1 is pleiotropic, and its overexpression enables smaller tillering angles, a lower number of tillers, increased plant height, thicker stalks, increased numbers of panicles, and higher yield (Zhao et al., 2015). This provides new ideas for research in this field by exploring an effective way to mine regulatory genes and regulatory pathways of the rice tiller angle.





Regulatory network for stem-leaf angle in rice

Leaf angle affects the light-receiving posture of plants, and the appropriate angle is beneficial to increase the light-receiving area of the leaves and improve the light energy utilization rate. Presently, the genes regulating leaf angle are mostly related to the synthesis and signaling pathways of brassinolide (BR) and IAA. Oryza sativa Brassinazole-resistant1 (OsBZR1), which encodes the BR-signaling factor, interacts with Small Organ Size1 (SMOS1) to enhance its transcriptional activity. SMOS1 encodes a transcription factor with an APETALA2 (AP2) DNA-binding domain, reduces the angle between rice stem and leaf, and plays an important role in BR signaling in rice (Qiao et al., 2017). Oryza sativa Brassinosteroid Insensitive1 (OsBRI1) is the orthologue of Arabidopsis thaliana Brassinosteroid Insensitive1 (AtBRI1) (Yamamuro et al., 2000). Several genes have recently been reported to interact with it, including Oryza sativa Pea Pra2 (OsPRA2), Oryza sativa receptor-like cytoplasmic kinase107 (OsRLCK107), Oryza sativa receptor-like cytoplasmic kinase57 (OsRLCK57), Oryza sativa receptor-like cytoplasmic kinase118 (OsRLCK118), and Oryza sativa receptor-like cytoplasmic kinase176 (OsRLCK176). OsPRA2 encodes a small GTP-binding protein, and its overexpression is characterized by a smaller leaf inclination and reduced sensitivity to exogenous brassinolide (Zhang et al., 2016). OsRLCK57, OsRLCK107, OsRLCK118, OsRLCK176, and other OsRLCKs encode receptor-like cytoplasmic kinases that interact with the BR receptor OsBRI1 to suppress BR signaling and affect leaf inclination (Zhou et al., 2016). Chen et al. showed that the Leaf Inclination 3 (LC3) gene, which controls the angle between the stem and leaf, encodes a transcriptional suppressor containing a SPOC domain and plays a role in suppressing IAA homeostasis and signal transduction. In addition to its involvement in regulating the stem-leaf angle mechanism, it also ensures the normal development of lamina joints (Chen SH. et al., 2018). Qu et al. found that microRNAs also play a certain role in regulating the angle between stems and leaves. This study shows that miR394 regulates the angle between stem and leaf by targeting the gene Leaf Inclination 4 (LC4), and IAA will affect the transcription of miR394 and LC4 (Qu et al., 2019). Other plant hormones such as GA, jasmonic acid (JA), abscisic acid (ABA), and ethylene (ETH) also participate in the regulation of the angle between rice stems and leaves (Li QF. et al., 2019), and all of them achieve the regulatory function by affecting the synthesis and signal transmission of BR (Gan et al., 2015). Zhao et al. obtained a Leaf Inclination 2 (LC2) gene that positively regulates the angle between stem and leaf through positional cloning and encodes a vernalization-insensitive 3-like protein. This gene is mainly expressed at the lamina joint, and its expression is influenced by GA, ABA, IAA, and BR (Zhao et al., 2010).






Cloning and genetic network analysis of key genes for rice panicle type

Panicle type is a key factor in rice yield. Genetic analysis shows that it is controlled by multiple genes, mainly by influencing the number of grains per panicle and panicle morphology (the number of spikelets) to affect rice yield. In recent years, scientists have made great progress in exploring panicle type genes (Table 2) and have analyzed the regulatory network of rice panicle type to some extent.


Table 2 | The representative functional genes for rice panicle type traits.






Regulatory network for rice grain number per panicle

The number of grains per panicle is important in determining rice yield. Wu et al. reported that the Grain Number per Panicle1 (GNP1) gene, which encodes GA 20-oxidase, can increase grain number and yield by upregulating cytokinin (CTK) activity in rice panicle meristems (Wu et al., 2016). Since then, researchers have identified a gene, Number Of Grains1 (NOG1), that affects the number of grains per panicle and rice yield. This gene is located on the long arm of chromosome 1 and encodes enoyl-CoA hydratase of the fatty acid β-oxidation pathway. A 12-bp transcription factor binding site in the NOG1 promoter region exhibits copy number variation, which can increase the gene expression level, decrease the concentration of fatty acids and JA in the plant, and increase the number of panicle grains and yield. Introducing NOG1 into the NOG1-deficient cultivar “Zhonghua 17” increases the yield by 25.8%, and overexpression of NOG1 in the high-yielding cultivar “Teqing” carrying this gene increases the yield by nearly 20% without affecting plant height, heading date, panicle number, grain weight, and other traits. The cloning of NOG1 provides an important new gene-based strategy for breeding high-yielding rice varieties and offers new insights into the molecular mechanisms underlying the regulation of traits that determine rice yield (Huo et al., 2017). Recently, it has been documented that rice yield is controlled by modulating the expression level of Frizzy Panicle (FZP). The manipulation of the FZP gene in rice leads to a surge in the number of grains per panicle, but with smaller grain sizes, whereas its overexpression triggers the growth of larger grains but decreases the number of grains per panicle (Bai et al., 2017; Ren DY. et al., 2018). The expression level of FZP determines the number of grains per panicle and the 1000-grain weight. Fine-tuning the balance between these two parameters to maximize yield by modulating FZP expression warrants further exploration. Further functional analysis showed that the trypsin-like serine protease encoded by Narrow Leaf 1 (NAL1) interacts with the FZP protein, promoting its degradation. Reducing the expression of FZP or elevating the expression of NAL1 in the cultivar Zhonghua 17 increases the number of secondary branches and grains per panicle, leading to a higher rice grain yield (Huang et al., 2018).





Regulatory network for rice spikelet number per panicle

Another critical factor influencing the formation of grains per panicle that is often overlooked is the number of spikelets in a panicle. A standard rice panicle comprises two pairs of glumes and one fertile floret, which directly contributes to grain yield. Zhang et al. reported a rice mutant, lateral florets1 (lf1). The spikelet of this mutant produces normal terminal florets, while the lateral floret meristem at the protective glume develops into relatively normal lateral florets. The LF1 gene is the first gene identified to regulate the growth of lateral florets in rice and encodes the HD-ZIPIII protein; its mutation induces ectopic expression of the meristem maintenance gene (Zhang et al., 2017). This study provides strong evidence for the “three flowered spikelets” hypothesis in rice. Ren et al. identified a rice mutant called double floret1 (df1) that develops an intact floret and produces normal seeds within a pair of nursing spikelets and the normal terminal florets. The DF1 gene encodes a lipase that regulates the determinacy of the spikelet meristem, and its mutation changes spikelet certainty to uncertainty or prolongs the spikelet determination phase, resulting in the formation of multiple grains (Ren et al., 2017). These findings provide an important basis for research aimed at increasing the number of grains per panicle in rice. In a recent study, Ren et al. discovered an important gene Floral Organ Number4 (FON4), which is involved in inflorescence and floral organ morphogenesis in rice. They identified a novel allelic mutant, fon4-7, which forms a lateral floret in addition to normal terminal florets, but different fon4 allelic mutants have different numbers of florets (Ren et al., 2019b). This study shows that mutations in FON4 provide the potential to form multiflowered spikelets, which in turn form multiple seeds.






Cloning and genetic network analysis of key genes for rice grain types

Rice grain type is an important trait that determines grain weight and affects rice yield and quality. To date, researchers have cloned a series of genes related to grain type (Table 3), revealing that these genes regulate multiple signaling pathways and have made some progress in balancing rice yield and quality.


Table 3 | The representative functional genes for rice grain type traits.






Regulatory network between rice grain type and signaling pathways

The latest reports show that the grain type of rice is regulated by signaling pathways such as BR, G-protein, and ubiquitin-proteasome (Li N. et al., 2019; Ren et al., 2023). Hu et al. successfully isolated and cloned an important gene, Grain Size2 (GS2), from a local Zhejiang rice variety, “Baodali”, which can significantly improve rice yield. The GS2 protein is localized in the nucleus and regulates the length and width of grains by promoting cell division and expansion (Hu et al., 2015). GS2 directly interacts with the negative regulator of the BR signal transduction pathway, and its transcriptional activation activity is inhibited. In addition, it was found that Grain Length2 (GL2) and GS2 were located at the same locus. The GL2 gene increased the grain size, and significantly increased the number of tillers and grains per ear, thus increasing the yield per plant (Che et al., 2015). Additionally, the gene Oryza sativa MicroRNA396 (OsmiR396) can cleave GS2, but the rare AA allele variation of GS2 will affect the binding site of OsmiR396, resulting in its inability to cleave GS2, thus increasing the expression of GS2. This indicates that the AA allelic variation of GS2 can increase grain size (Duan et al., 2015). These studies point to a new strategy that can be used to generate new high-yielding rice cultivars. Gγ subunits in rice, including G PROTEIN GAMMA SUBUNIT3 (GS3), G PROTEIN GAMMA SUBUNIT2 (GGC2), and DENSE PANICLE 1 (DEP1), are involved in the regulation of grain type. Among them, GS3 combines Gβ protein by competing with GGC2 and DEP1 genes to reduce grain length, while GGC2 and DEP1 genes are associated with Gβ protein interaction to increase grain length (Sun et al., 2018). In previous studies, the dominant gene at the DEP1 gene locus was caused by acquired mutations, which can promote cell division, increase the number of branches and grains per panicle, and thus promote an increase in rice yield. This gene has been widely used in rice yield-increasing varieties in China (Huang et al., 2009). Song et al. discovered a gene called Grain Width2 (GW2) that influences rice grain width and weight. This gene encodes an E3 ubiquitin ligase and is involved in the regulation of the ubiquitin-proteasome signaling pathway. Without functional GW2, the substrate that should undergo degradation is not specifically identified, leading to an increased cell number and a quicker filling rate. Consequently, this broadens the grain shape and enhances the grain weight of rice, ultimately boosting the overall yield of the rice crop (Song et al., 2007). Recent studies have found that the GW2-Wide Grain1 (WG1)-Oryza sativa Basic Leucine Zipper47 (OsbZIP47) pathway regulates rice seed size. WG1 encodes glutaredoxin, which controls seed size by promoting cell proliferation, while OsbZIP47 limits seed growth by reducing cell proliferation. Further research and analysis showed that GW2 can ubiquitinate WG1 and degrade it. This study provides a new target for understanding the mechanism of rice grain development and has an important reference value for improving rice yield (Hao et al., 2021). Additionally, some laboratories have shown that the MAPK cascade signaling pathway is an essential regulator of seed size and has potential value for improving crop yield. Xu et al. identified a grain size and number1 (gsn1) mutant, GSN1, which encodes the mitogen-activated protein kinase phosphatase Oryza sativa MAPK PHOSPHATASE1 (OsMKP1). When OsMKP1 loss-of-function results in larger but fewer grains, its overexpression produces smaller but more grains. The additional analysis documented that OsMKP1 interacts with the Oryza sativa MAPK PHOSPHATASE6 (OsMAPK6), leading to its dephosphorylation and inactivation. Further research found that OsMKP1 can also inhibit Oryza sativa MAPK PHOSPHATASE10 (OsMKKK10) and Oryza sativa MAPK PHOSPHATASE4 (OsMKK4) (Guo et al., 2018; Xu et al., 2018a; Xu et al., 2018b). Thus, these studies revealed that GSN1 determines grain size by inhibiting the MAPK signaling pathway and establishing the GSN1-MAPK module; it laid the foundation for revealing the mechanism of rice grain size regulation.





Regulatory network for rice grain type and quality

The yield and quality of rice cannot be achieved simultaneously, so balancing the relationship between the two to obtain high-yielding, high-quality varieties is a big challenge. Grain Length7 (GL7) is the major rice gene regulating grain length and width. The GL7 gene, which is responsible for controlling the shape and quality of rice grains, has been successfully isolated. By modifying the pattern of cell division, GL7 participates in regulating the longitudinal elongation of cells. Further meticulous genetic analysis demonstrated that a DNA fragment containing 17.1 kb of the GL7 locus in American long-grain rice varieties underwent tandem duplication, which increased the expression of the GL7 gene but also caused the down-regulation of the expression of its adjacent negative regulator. The above two conditions are jointly regulated to cause an increase in grain length, a decrease in chalk content, and chalkiness. These changes improve the appearance and taste of rice (Wang SK. et al., 2015; Wang YX. et al., 2015). It has been documented that an allelic variation of the Grain Width8 (GW8) gene in high-quality Pakistani Basmati rice, which changes the grain morphology to be more elongated, significantly improves rice quality but causes a 14% loss in rice yield (Wang et al., 2012). Grain Width7 (GW7) and GL7 are located at the same genetic locus. Further studies revealed that GW8 binds directly to the promoter of the GW7 gene and inhibits its expression. The GW7 gene undergoes allelic variation and becomes a semi-dominant allele GW7TEA, which can make its gene expression level not regulated by GW8. Therefore, controlling the GW8-GW7 module can significantly improve rice quality by ensuring that the yield does not decrease. The results also showed that applying optimal allelic variants of the GW7 and GS3 genes to indica rice, which produces a high yield in China, could significantly improve rice quality and yield (Wang SK. et al., 2015). The above study identified new genes with important implications for molecular module design and breeding of high-yielding and high-quality rice. It also provides a new clue to unraveling the molecular nature of synergistic genetic modification of rice quality and yield. In a news report in Nature on the results of this study, Professor Susan McCouch of Cornell University was quoted as saying that no one had taken into account both high yield and high quality in rice breeding, “which will be [SIC] a huge impact on research results. “ Academician Qian Qian’s team at the China Rice Research Institute also recently published a paper to discuss precise and efficient strategies for improving rice grain size and rice quality, with the aim of obtaining a germplasm resource bank of excellent seed diameter and grain quality genes and achieving both high yield and high quality of rice (Ren et al., 2023). Glumelles and lemmas are unique organs of graminoids that also determine grain size and quality. Recent studies have shown that Abnormal Hull2 (AH2) encodes an MYB domain protein and functions during glume and grain development. The grain of AH2 mutants is smaller, and its quality is changed due to decreased amylose content, gel consistency, and increased protein content. At the same time, a part of the glumes loses its outer silicified cells, resulting in a conversion from the outer rough epidermis to the inner smooth epidermal cells (Ren et al., 2019a). The analysis of the AH2 function helps to understand the potential mechanisms regulating rice grain shape and is important for improving rice yield and quality.






Research advances in molecular design breeding

Striking a balance between yield and quality in rice - much like the proverbial challenge of having both fish and bear’s paws - is an intricate task but critical for future global food security. The field of rice breeding is constantly evolving, fueled by rapid advances in molecular biology, genomics, and bioinformatics. The techniques and methods used in rice breeding have undergone continuous refinement and innovation, ranging from traditional crossbreeding and mutation breeding to more modern approaches such as molecular marker-assisted breeding molecular design breeding, and gene editing breeding. These technologies can combine different rice yield traits to produce high-yielding, high-quality varieties. At the same time, they can also combine various excellent characteristics, such as disease resistance, drought resistance, lodging resistance, and high-quality grain, leading to the cultivation of superior rice varieties and promoting sustainable agriculture. Many functional genes have been identified, and scientists have employed some of them to develop corresponding molecular markers (Table 4; Figure 2). This has resulted in the cultivation of numerous superior rice varieties, significantly boosting the efficiency of rice breeding and enabling the breeding of rice varieties that incorporate numerous advantages and benefits.


Table 4 | Functional gene molecular markers developed in China.






Figure 2 | Distribution map of functional gene molecular markers developed in China.







Advances in key technologies for molecular design breeding




CRISPR/Cas9 technology for gene editing and breeding

Rice genome editing technology refers to the precise modification of genes in rice to improve its characteristics (Voytas, 2013), such as increasing plant resistance to disease, stress, and yield, making it possible to cultivate excellent rice varieties. CRISPR/Cas9 genome editing technology has been widely used for rice fertility and to improve resistance, quality, and agronomic traits. It has developed into a mainstream gene editing system, which is important for future rice breeding. In recent years, many scientists have used CRISPR/Cas9 technology to perform genome editing and have obtained many high-quality rice germplasm resources. Song et al. used this technology to edit the ideal plant type gene, IPA1, and obtained a material, IPA1-Pro10, which can increase both the number of tillers and the number of grains per panicle, thus greatly promoting rice yield (Song et al., 2022). In terms of rice quality improvement, Huang et al. used this technology to edit the promoter of the Waxy (Wx) gene, which controls the amylose content (AC) in rice grains, and create novel Wx alleles with fine AC levels, improving eating and cooking quality (ECQ) (Huang et al., 2020). This technology balances beneficial complementary traits and greatly facilitates the process of cultivating high-quality germplasm.





Apomixis

The utilization of heterosis has markedly improved rice yield, but it is hampered by trait separation in hybrid offspring, and heterosis cannot be maintained. Based on this, the possibility has been advanced to transform the process of sexual reproduction of rice to apomictic reproduction so that hybrid offspring would have the same genotype as the parents and heterosis would be preserved. Apomixis is a plant that produces a clone of itself through asexual reproduction by seed, and this strategy could be revolutionary for agriculture (Liu et al., 2023). BABY BOOM (BBM), a member of the AP2 family of transcription factors specifically expressed in spermatids, continues to be expressed in zygotes after fertilization. Thus, this transcription factor may be necessary during the initiation of embryonic development (Horstman et al., 2014). Sundaresan’s research group demonstrated that BBM1 may play a crucial role in zygotic embryos and that ectopic expression of BBM1 allows female cells to bypass fertilization and form normal embryos through parthenogenesis. By editing three MiMe genes and ectopically expressing the BBM1 gene, the replacement of meiosis by mitosis was achieved, establishing an apomictic reproductive system in rice and allowing the asexual reproduction of rice seeds (Khanday et al., 2018). During the same period, the study performed by Kejian Wang’s team at the China National Rice Research Institute showed that the heterozygosity of F1 hybrid rice could be fixed. These researchers employed the Chunyou 84 hybrid rice cultivar as a parent to edit three genes using CRISPR/Cas9 technology, PAIR1, OsREC8, and OsOSD1, which are involved in the meiotic phase of rice, and the MATRILINEAL (MTL) gene, which is homologous to the maize haploid induction gene. The resulting tetraploid mutant rice replaced meiosis with a division process similar to mitosis, generating progeny with a genotype identical to that of the parents and achieving the fixation of heterozygous genotypes (Wang et al., 2019). Although both methods realize apomictic reproduction in rice, they affect rice fertility to a certain degree. Therefore, future research should focus on the improvement of apomictic reproduction to realize its application in rice farming.






Molecular design breeding for rice variety improvement

Molecular design breeding is a technology that uses gene editing, synthetic biology, and other modalities to directly manipulate DNA sequences. This approach expedites the breeding process and enhances its efficiency (Wang JK. et al., 2011). The rational aggregation of high-quality genes through molecular design methods is conducive to the breeding of superior new rice varieties (Figure 3). This technology has allowed researchers to consolidate numerous genes for breeding, marking a significant milestone in the history of rice breeding. Utilizing the established gene regulatory network for yield traits to conduct molecular design breeding holds great promise for enhancing crop yield and quality. High-quality genes from Japonica Nipponbare and Indica 9311 were used as desirable target gene donors to design 28 genes affecting rice yield, appearance quality, culinary quality, and ecological adaptability. With its inferior culinary quality, the ultra-high-yield cultivar “Teqing” served as a recipient of these desirable genes. After extensive periods of hybridization, backcrossing, and polymer selection, combined with directional selection using molecular markers, several exceptional offspring materials were produced. These offspring materials fully retained the genetic background and high-yielding characteristics of Teqing, while significantly improving the visual quality, culinary quality, taste, and flavor of the rice. The quality of the corresponding hybrid rice was also markedly enhanced (Zeng et al., 2017a). These findings embody an excellent transition from traditional crop breeding to efficient, precise, and directed molecular design breeding, and they are likely to inspire similar future efforts.




Figure 3 | Reasonable molecular design breeding strategy.



A significant research effort led to the construction of a pan-genomic dataset of the O.sativa-O.rufipogon complex, which was generated by deep sequencing and reassembly of 66 different cultivars. The genome comparison identified 23 million sequence variants in the rice genome. These sequence variants, including many known quantitative traits, will help identify novel causal variants that constitute complex traits. Most importantly, this pan-genomic dataset was used to analyze the entire set of coding genes, revealing many variants in different rice cultivars (Zhao et al., 2018). This pan-genomic resource will promote evolutionary and functional studies of plant architecture and grain development in rice, and provide a reference for rice design and breeding. In addition, the polygenic (GHD10-GS2-DEP1-IPA1) pyramiding effect was studied, and a pyramiding breeding model for high-yielding genes was designed using the cloned series of yield-affecting genes (Zeng et al., 2017b). The model elaborates the molecular breeding theory based on the utilization of heterosis between the indica and japonica subspecies and provides a theoretical basis for the future design of super hybrid rice, offering a feasible strategy to achieve the third leap in rice production yield.

The “Zhongke 804” and “Zhongkefa” series are landmark new rice cultivars developed by Jiayang Li, a member of the Chinese Academy of Sciences and a researcher at the Institute of Genetics and Developmental Biology of the Chinese Academy of Sciences. These cultivars were developed based on the theoretical foundation and design concept of “Molecular Mechanism and Cultivar Design of Rice High-yield and High-quality Traits,” and represent important achievements made with the support of the Class A Strategic Pilot Science and Technology Special Project “Innovation Systems of Molecular Module Design Breeding” of the Chinese Academy of Sciences. Compared with the main high-quality rice cultivar, “Daohuaxiang, “ farmed in Northeast China, the new japonica rice cultivars “Zhongke 804” and “Zhongkefa” series have the characteristics of high quality, high yield, blast resistance, lodging resistance, and better taste (Zeng et al., 2017a). Given the characteristics and production needs of the northeastern region of rice farming, the research group of Jiayang Li, in cooperation with the teams of Qian at the China National Rice Research Institute and Guomin Zhang at the Northern Japonica Rice Molecular Breeding Joint Research Center, have developed new varieties, “Zhongkefa 5” and “Zhongkefa 6”, which are characterized by high yield, high quality, and strong stress resistance (GUO et al., 2019). In addition, Jiayang Li’s research group also developed a new conventional early maturing soft japonica rice variety, “Zhongkefa 928,” based on excellent quality-related genes and blast resistance genes through in-depth analysis and molecular design, using new molecular design breeding techniques (Yu et al., 2018). As a typical example of the transition from scientific theory to production practice, these varieties will provide a higher level of sophistication to the field of variety design and breeding research and greatly promote the transition from traditional crop breeding to efficient breeding based on a precise and targeted molecular design.

Due to the pleiotropy between genes, potential genetic instability, and complex regulatory networks among genes, few gene resources are available for improving yield traits in rice varieties. When using molecular design techniques to aggregate excellent genes, it is also difficult to balance the expression of each gene. Therefore, further exploring the genes of excellent yield traits and revealing the regulatory networks and genetic mechanisms between each gene is significant for cultivating high-yielding and high-quality varieties and establishing excellent germplasm.





Prospects

In recent years, the challenge of ensuring national food security through the cultivation of high-yielding, high-quality rice varieties has been exacerbated by population growth and shrinking agricultural land. Chinese scientists have accomplished numerous significant breakthroughs in rice yield trait research. They have applied advanced breeding techniques like molecular markers and molecular design, cloned an array of rice yield trait genes, and amassed a wealth of excellent genes to breed several high-quality rice varieties. For instance, they have used CRISPR/Cas9 and apomixis technology for germplasm improvement and used molecular design breeding methods to cultivate superior rice varieties, such as the Zhongkefa series.

Based on the existing functional genes and regulatory networks, further mining of related genes and analysis of gene regulatory networks, developing and using molecular markers with application value, the establishment of a high-throughput and low-cost genotype detection system through multiple gene pyramiding, gene editing, and apomixis, the creation of excellent new breeding materials, and cultivating new rice varieties with high yield and quality will be an inevitable trend in future rice research.
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Glutamate-like receptor (GLR) genes are a group of regulatory genes involved in many physiological processes of plants. With 26 members in the rice genome, the functionalities of most rice GLR genes remain unknown. To facilitate their potential uses in rice improvement, an integrated strategy involving CRISPR-Cas9 mediated knockouts, deep mining and analyses of transcriptomic responses to different abiotic stresses/hormone treatments and gene CDS haplotype (gcHap) diversity in 3,010 rice genomes was taken to understand the functionalities of the 26 rice GLR genes, which led us to two conclusions. First, the expansion of rice GLR genes into a large gene family during evolution had gone through repeated gene duplication events occurred primarily in two large GLR gene clusters on rice chromosomes 9 and 6, which was accompanied with considerable functional differentiation. Secondly, except for two extremely conserved ones (OsGLR6.2 and OsGLR6.3), rich gcHap diversity exists at the remaining GLR genes which played important roles in rice population differentiation and rice improvement, evidenced by their very strong sub-specific and population differentiation, by their differentiated responses to day-length and different abiotic stresses, by the large phenotypic effects of five GLR gene knockout mutants on rice yield traits, by the significant association of major gcHaps at most GLR loci with yield traits, and by the strong genetic bottleneck effects and artificial selection on the gcHap diversity in populations Xian (indica) and Geng (japonica) during modern breeding. Our results suggest the potential values of the natural variation at most rice GLR loci for improving the productivity and tolerances to abiotic stresses. Additional efforts are needed to determine the phenotypic effects of major gcHaps at these GLR loci in order to identify ‘favorable’ alleles at specific GLR loci specific target traits in specific environments to facilitate their application to rice improvement in future.
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Introduction

Glutamate receptors (GLRs) are an important gene family that are known to play important roles in a variety of physiological processes of eukaryotes. In animals, GLRs are known to act as neurotransmitters that allow animals to respond external stimuli through ion channels (Lam et al., 1998). In plants, GLRs are known to play a role in a variety of physiological processes, including growth and development (Kang and Turano, 2003; Li et al., 2006; Michard et al., 2011; Vincill et al., 2013; Kong et al., 2015; Singh et al., 2016; Wudick et al., 2018), stress responses (Lu et al., 2014; Cheng et al., 2016; Cheng et al., 2018; Li et al., 2019; Philippe et al., 2019; Wang et al., 2019; Zheng et al., 2021), and pathogen defense (Mousavi et al., 2013; Shao et al., 2020; Liu et al., 2021; Xue et al., 2022; Yu et al., 2022). However, since GLR genes represent a large gene family that encodes membrane proteins embedded within the cell membrane, studying their functionalities in plants through traditional biochemical methods has been proven difficult.

In recent years, there has been growing interest to understand the molecular structure, expression patterns and functional roles of GLR genes in plants. Specially, technical advances in structural biology have enabled researchers to gain insights into the molecular structure of plant GLRs. One breakthrough study in this regard was the high-resolution structure of a glutamate receptor-like AtGLR3.4 resolved from the model plant Arabidopsis thaliana using a cryo-electron microscopy (cryo-EM) in which the tetrameric assembly of AtGLR3.4 subunits was revealed in a three-layer domain architecture that implies how GLRs transmit signals in plants (Green et al., 2021). In parallel, the expression patterns of plant GLR genes in response to different environmental cues such as abiotic stresses, pathogen infections and developmental transitions have recently been investigated. GLR genes have been shown to be essential for proper root growth and branching in Arabidopsis thaliana and rice, while plants with reduced GLR activity exhibit abnormal root growth (Li et al., 2006; Vincill et al., 2013; Singh et al., 2016). Plant GLR genes are also involved in plant responses to biotic and abiotic stresses. In particular, they have been shown to be vital for plant responses to salt, drought and chilling (cold) stresses (Lu et al., 2014; Cheng et al., 2016; Cheng et al., 2018; Zheng et al., 2021). In addition to their roles in abiotic stress tolerances, GLR genes also play an important role in plant defense systems against their pathogens. Cotton lines with CRISPR/Cas9-mediated GhGLR4.8 knockout become highly susceptible to the fungal pathogen, Fusarium oxysporum f. sp. vasinfectum (Fov) and lost the ability to induce the calcium influx in response to the secreted proteins of Fov (Liu et al., 2021). AtGLR3.3 and AtGLR3.6 were shown to trigger leaf-to-leaf systemic signaling and induce systemic defenses against its piercing-sucking insect, myzus persicae (green peach aphid) or its chewing insect, spodoptera litura (cotton leafworm) when under insect attack (Xue et al., 2022). These findings highlight the importance of GLR genes in sensing and responding to pest and disease erosions and suggest their potential uses in developing new strategies for enhancing plant resistance to pests and diseases. While the importance of GLR genes in plant growth/development, stress responses and pathogen defense are becoming increasingly clear, how different GLR genes are involved in these complex processes remains unclear. Thus, it remains an interesting subject regarding how these GLR receptors can be used as targets for improving crop production and sustainability.

As the most important cereal crop grown worldwide, rice is also known to be the model species of cereals for functional and population genomic research. Today, more than 4,600 rice genes have been cloned and functionally characterized at the molecular level (https://funricegenes.github.io/). Meanwhile, the 3010 diverse rice accessions (3KRG) from 89 countries worldwide have been sequenced, revealing extremely rich genomic diversity in the primary gene pool of this important species (Project, 2014; Wang et al., 2018; Zhang et al., 2021). Unfortunately, the rapid progresses in rice functional and population genomic research have not yet been widely applied to development of more efficient breeding technologies. This is because, three pieces of information are essential to most plant breeders, but generally lacking for virtually all cloned rice genes. First, the current information on phenotypic effect(s) of a cloned gene is incomplete because this information was obtained from typical molecular biology experiments using near isogenic lines in specific genetic backgrounds and environments and thus is irrelevant to target environments of most breeding programs. In other words, the genotype by environment interaction and genetic background effects on important agronomic traits are largely uncharacterized for most cloned rice genes. Secondly, although there is rich natural allelic variation at most gene loci in rice populations (Zhang et al., 2021), but it remains a huge challenge regarding how to determine and mine desirable allele(s) at the cloned rice gene loci from rice germplasm accessions for improving specific target trait(s). Third, the functionalities of most rice genes, such as most GLR genes, remain unknown. Thus, given the fact that the functionalities of most rice genes remain unknown, one important challenge is to obtain the required information on these uncharacterized genes for breeding application without going through the typical time-consuming gene cloning processes.

In this study, we employed an integrated approach that involved phylogenetic analysis of rice GLR genes alongside their counterparts in closely related plants, phenotypic and functional characterization of important rice GLR genes using CRISPR technology and transcriptomic analyses, as well as comprehensive population genetic analyses of their gene-CDS-haplotype (gcHap) diversity in rice populations. Collectively, we demonstrated a more efficient strategy to generate important information for large numbers of gene loci required for developing novel breeding technologies in future.





Materials and methods




The phylogenetic relations between plant GLRs and mammals iGluRs (ionotropic glutamate receptors)

To understand the relationships between the rice GLR genes and those in animals and other plants, we compared all GLR genes in the Os-Nipponbare-Reference-IRGSP-1.0 reference genome with those in other flowering plants (Simon et al., 2023), including Arabidopsis thaliana (At), Zea mays (Zm), Solanum lycopersicum (Sl), Gossypium hirsutum (Gh), and Raphanus sativus (Rs), as well as basal land plants such as the moss Physcomitrium patens (Pp), the liverwort Marchantia polymorpha (Mp), and the lycophyte Selaginella moellendorffii (Sm), compared to the invertebrate Caenorhabditis elegans (Ce) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), N-methyl-d-aspartate receptors (NMDARs), kainate receptors (KARs), and δ-receptors from mammals. Also included is the bacterial GluR0 from Synechocystis PCC 6803 and AvGluR1 from the freshwater rotifer Adineta vaga (Av). Sequences are available in the Supplementary Data 1. Phylogenetic analysis of all plant GLRs and mammals iGluRs was conducted using the MEGA7.0 software (Shi et al., 2022). Muscle sequence comparison, which is a logarithmic expected multi-sequence comparison method, was performed to compare the protein sequences of GLR proteins of the relevant species. Then, a Bootstrap method with 1,000 replicates using the neighbor-joining (NJ) method (with p-distance correction) was used to assess the robustness of all nodes in the tree. The resulting phylogenetic tree was visualized using the website iTOL (https://itol.embl.de/), which allowed for the interactive exploration and customization of phylogenetic trees.





The gene-CDS-haplotype (gcHap) diversity analyses

The construction method of gcHap dataset in the 3,010 rice genomes (3KRG, Wang et al., 2018) was referred to the Molecular Plant article of Zhang (Zhang et al., 2021). A total of 913,360 single nucleotide polymorphisms (SNPs) were identified within the coding sequence (CDS) regions of 42,497 of the 45,963 annotated genes in the Os-Nipponbare-Reference-IRGSP-1.0 reference genome. In the rice genome, no SNPs were found within the CDS regions of 3,466 genes, which were defined as house-keeping (HK) genes. Shannon’s equitability (EH) was used to evaluate the level of gcHap diversity at all rice GLR loci in specific rice populations or the whole species (Sheldon, 1969). Nei’s genetic identity ((INei) was used to measure the genetic similarity between two populations or individuals based on their gcHap frequencies at different GLR loci (Nei, 1972). The formula for calculating Shannon’s equability (EH) and Nei’s genetic identity (INei) were referred to the method used in this article by Zhang (Zhang et al., 2021). The GraphPad Prism 9 software was used for statistical analysis and picture plotting of the obtained data.





The gcHaps diversity of rice GLR genes in modern varieties (MVs) and landraces (LANs)

To understand how modern breeding during past decades has affected gcHap diversity of rice GLR genes, detailed information was gathered for the total of 3,010 rice accessions of 3KRG. Of these, 732 were identified as Xian (indica) landraces (LANs-Xian), 358 were identified as Geng (japonica) landraces (LANs-Geng), 328 were identified as modern Xian varieties (MVs-Xian), and 139 were identified as modern Geng varieties (MVs-Geng). The first step was to download the predominant gcHaps (with the highest frequency in 3KRG) of each GLR gene from the RFGB webpage (https://www.rmbreeding.cn/Index). The frequency shift of the predominant gcHap for each GLR gene between modern varieties (MVs) and landraces (LANs) was calculated based on an R script (available at website https://github.com/isaac-Tsang/gcHap_diversity_LANs_MVs-). Then, A comparison was made between the distribution of gcHaps in modern Xian and Geng varieties and their respective landraces. At the same time, the loss and emergence of gcHap diversity were also analyzed in modern Xian/Geng varieties. Finally, the above data was plotted using GraphPad Prism 9 software.





Determination of phenotypic effects of the major gcHaps of rice GLR genes

Firstly, we compiled a large-scale phenotypic data for 15 agronomic traits across 3010 Asia cultivated rice accessions. The study examined 15 agronomic traits, including Days to Heading (DTH, day), Plant Height (PH, cm), Flag Leaf Length (FLL, cm), Flag Leaf Width (FLW, cm), Panicle Number (PN, count), Panicle Length (PL, cm), Culm Number (CN, count), Culm length (CL, cm), Grain Length (GL, mm), Grain Width (GW, mm), Grain Length/Width Ratio (GLWR, ratio), Thousand Grain Weight (TGW, g), Leaf Rolling Index (LRI, %), Seedling Height (SH, cm) and Ligule Length (LL, mm). Phenotypic data for 15 rice traits were downloaded from the RFGB website (https://www.rmbreeding.cn/Index/). Next, the major gcHaps (with frequency ≥1% in 3KRG) of all rice GLR genes were obtained using an R script (https://github.com/isaac-Tsang/haplotype_network). Finally, the associations of major gcHaps with these agronomic traits across the diverse 3,010 rice accessions were achieved using an R script (https://github.com/isaac-Tsang/functional-importance-). The significance was calculated using one-way analysis of variance, and Tukey’s multiple comparison method was utilized to compare the significance among major gcHaps. The layout of the image is done in the Adobe Illustrator software (https://www.adobe.com/cn/products/illustrator.html).





Expression profiles analysis of rice GLR genes under normal and abiotic stress conditions

Firstly, we downloaded a rice expression database (RED), a repository of gene expression profiles for rice (Xia et al., 2017). The database includes rice gene expression data derived from RNA-Seq analysis of eight different tissues (aleurone, anthers, callus, leaves, panicles, pistils, roots, seeds and shoot) at different growth stages, as well as under a variety of biotic and abiotic treatments, including ABA, JA, Cd, drought, and cold treatment conditions. The expression profiles of all GLR genes are available in the Supplementary Data 2. The expression patterns of all rice GLR genes from the dataset were analyzed using the heatmap.2 function of the R language and the layout of the image was done in the Adobe Illustrator software (https://www.adobe.com/cn/products/illustrator.html).





Knockout and field phenotypic experiments of rice GLR genes

Based on their strong expression in more rice tissues and/or their strong responses to abiotic stresses, five rice GLR genes, OsGLR2.2, OsGLR9.8, OsGLR6.8, OsGLR4.1 and OsGLR7.1, were chosen for functional analysis using the CRISPR-Cas9 technology in three steps. First, we designed two target sequences and corresponding detection primers for each of the five GLR genes (Supplementary Data 3). Cloning and transformation of these GLR genes were commissioned by Wuhan Boyuan Biotechnology Co., Ltd, using a Geng variety, Nipponbare as a background material for genetic transformation. Screening of the transformants via PCR amplification and sequencing to determine those carrying the desired mutations for the five target GLR genes were described previously (Zeng et al., 2020). 2×Spark Taq PCR Master Mix (with dye) (Shandong Sparkjade Biotechnology Co., Ltd.) is used for PCR amplification. The PCR products were sent to Sangon Biotech (Shanghai, China) for Sanger sequencing. DNASTAR Lasergene software was used for sequence analysis and alignment (https://www.dnastar.com/software/lasergene/).

Field phenotypic experiments of these GLR gene knockout mutants were conducted in the short-day environment of Hainan (18°15’ N and 109°30’ E) from Nov. 25 of 2021 – April 10 of 2022 and in the long-day environment of Hefei (31°52’ N and 117°17’ E) from May 27 – Oct. 7 of 2022. Each homozygous GLR knockout mutant was planted in a 3-row plot with 8 plants per row at a spacing of 15 cm between individual plants and 20 cm between rows, with three replications for each of the knockout mutant lines and Nipponbare as the wild type check in the field experiments. Four agronomic traits, 1000-grain weight (TGW), seed setting rate (SR), panicle number (PN), panicle length (PL), and plant height (PH) were measured on the five middle plants in each plot. Statistical analyses of the phenotypic data of the experiments were performed using the GraphPad Prism 9 software, while the layout of the obtained picture plotting data was done using the Adobe Illustrator software (https://www.adobe.com/cn/products/illustrator.html).





Construction of gene CDS haplotype (gcHap) networks of rice GLR genes and association analyses of the major gcHaps at the GLR loci with yield traits in the 3KRG accessions

The construction of the gcHap networks containing major gcHaps with frequencies ≥1% in the 3KRG accessions or specific populations for each GLR gene was performed using the R package pegas (Paradis, 2010). The network of gcHaps for each GLR gene was produced using statistical parsimony algorithm, which is a method that connects the most closely related haplotypes first via the smallest number of mutations (Templeton et al., 1992). For more detailed steps, please refer to this Molecular Plant article of Zhang (Zhang et al., 2021). Finally, the layout of the image is done in the Adobe Illustrator software (https://www.adobe.com/cn/products/illustrator.html).






Results




The phylogenetic relations between plant GLRs and mammals iGluRs (ionotropic glutamate receptors)

We identified 26 GLR genes in the Os-Nipponbare-Reference-IRGSP-1.0 reference genome clustered primarily on chromosomes 2, 6, and 9. To understand the evolution and functional diversification of GLR genes, we performed a phylogenetic analysis to compare the rice GLR genes with their corresponding ones from various flowering plants, including Arabidopsis thaliana (At), Zea mays (Zm), Solanum lycopersicum (Sl), Gossypium hirsutum (Gh), and Raphanus sativus (Rs), three basal land plants, moss Physcomitrium patens (Pp), liverwort Marchantia polymorpha (Mp), and lycophyte Selaginella moellendorffii (Sm), one invertebrate Caenorhabditis elegans (Ce) and four mammals, AMPARs, NMDARs, KARs, and δ-receptors (Figure 1). Obviously, there is a clear distinction between GLRs in plants and animals, indicating a distant genetic relationship between the two groups. This is not unexpected as plants and animals represent distinct evolutionary lineages that diverged from a common ancestor more than a billion years ago. Consistent with our previous results (Shi et al., 2022), the 26 GLR genes could be roughly classified into four groups (Figure 1).




Figure 1 | The phylogenetic relations between plant GLRs and mammals iGluRs (ionotropic glutamate receptors). The phylogenetic relations of glutamate receptors from Oryza sativa Geng (Os) based on the Os-Nipponbare-Reference-IRGSP-1.0 reference genome and other flowering plants that are described to show a conserved phenotype, including Arabidopsis thaliana (At), Zea mays (Zm), Solanum lycopersicum (Sl), Gossypium hirsutum (Gh), and Raphanus sativus (Rs), as well as basal land plants such as the moss Physcomitrium patens (Pp), the liverwort Marchantia polymorpha (Mp), and the lycophyte Selaginella moellendorffii (Sm), compared to the invertebrate Caenorhabditis elegans (Ce) and AMPARs, NMDARs, KARs, and δ-receptors from mammals (without prefix). Also included is the bacterial GluR0 from Synechocystis PCC 6803 and AvGluR1 from the freshwater rotifer Adineta vaga (Av). OsGLRs are shown in colored text for clarity. Sequences were aligned using MUSCLE software, and the phylogenetic tree was constructed using the neighbor-joining method. Sequences are available in the Supplementary Data 1. AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; KAR, kainate receptor; NMDAR, N-methyl-d-aspartate receptor; δ, δ-receptor.



Group I contains a single OsGLR gene, OsGLR6.1, related to two SlGLR genes. Group II comprises 10 OsGLR genes in three subgroups: subgroup II-1 (OsGLR9.1 – OsGLR9.6) related to maize ZmGLR16, subgroup II-2 (OsGLR9.8) closely related to maize ZmGLR4 and ZmGLR17, and subgroup II-3 (OsGLR9.7, OsGLR2.2 and OsGLR6.2) related to maize ZmGLR3, ZmGLR6, ZmGLR12 and ZmGLR13. Group III has seven rice OsGLR genes in three subgroups: subgroup III-1 (OsGLR6.11, OsGLR7.1 and OsGLR9.9) closely related to maize ZmGLR14 and ZmGLR15, subgroup III-2 (OsGLR6.12 and OsGLR7.2) related to maize ZmGLR5, ZmGLR9, ZmGLR8 and ZmGLR10, and subgroup III-3 (OsGLR4.1 and OsGLR2.1) related to maize ZmGLR1, ZmGLR2, ZmGLR7 and ZmGLR11. Group IV is unique and has eight GLRs (OsGLR6.4 – OsGLR6.10) found only in rice. The sequence differentiation of the 26 rice GLR genes suggested that the rice GLR genes had undergone unique evolutionary processes, including gene duplication events and functional differentiation that distinguished them from GLR genes in other species. The close relationships of most rice GLR genes with maize GLR genes suggest these rice GLRs might share similar functionalities with the maize ones, while the unique group IV GLRs clustered on rice chromosome 6 are the most interesting ones for future research focuses.





Functional differentiation and tissue specificity of rice GLR genes

To understand the functionalities of different rice GLR genes, we analyzed the expression levels of all GLR genes in eight different tissues of rice, including aleurone, anther, callus, leaf, panicle, pistil, root, seed and shoot tissues. Under the normal conditions, different GLR genes showed varied expression levels in different tissues of rice (Figure 2). Notably, OsGLR2.1, OsGLR4.1, OsGLR6.5, OsGLR6.8, OsGLR6.10, OsGLR6.12, OsGLR7.1, OsGLR7.2, and OsGLR9.8 were each expressed strongly (mean FPKM > 5) in more than one tissue, indicating their importance in rice growth and development. Among these genes, OsGLR4.1 had the highest expression levels in leaf and seed tissues (Figure 2). OsGLR2.2, OsGLR6.3 and OsGLR6.9 showed moderate levels of expression in one or more tissues, while the remaining ones (OsGLR6.1, OsGLR6.2, OsGLR6.4, OsGLR6.6, OsGLR6.9, OsGLR6.11, OsGLR9.7 and OsGLR9.9) showed low levels of expression (<1) in all tissues. Interestingly, four GLRs (OsGLR9.3 - OsGLR9.6) showed a moderate expression specifically in the pistil tissue but extremely low expression in other tissues. These results indicated that one important aspect in the functional differentiation of rice GLR genes was reflected in their tissue specificity, though it remains a mystery regarding how the expression pattern of each rice GLR gene related its functions in its specifically expressed tissues.




Figure 2 | The expression level of the OsGLR genes in different rice tissues under the normal conditions. The plant tissues mainly include aleurone, anther, callus, leaf, panicle, pistil, root, seed and shoot.







Expression profiles of rice GLR genes in response to abiotic stresses

In order to gain insights into the roles of rice GLR genes under different abiotic stress conditions, we conducted an integrative analysis of their expression profiles under abscisic acid (ABA), JA, cadmium (Cd), drought, and cold treatments. When treated with ABA, rice OsGLR6.5, OsGLR6.8, OsGLR6.10, OsGLR7.2 and OsGLR9.8 showed increased expression in both shoots and roots (Figure 3A), indicating that they might be involved in the ABA regulated pathways. Interestingly, OsGLR4.1 and OsGLR9.8 showed opposite expression patterns in shoot under the ABA treatment (Figure 3A), in which OsGLR4.1 showed gradually decreased expression in response to the ABA treatment over time, whereas OsGLR9.8 showed gradually increased expression over time (Figure 3A). Under three different Cd (cadmium) ion stress conditions, OsGLR2.1, OsGLR4.1, OsGLR6.5, OsGLR6.8, OsGLR7.1, OsGLR7.2 and OsGLR9.8 showed increased but varied expression (Figures 3B, C). Among them, OsGLR4.1 and OsGLR7.1 genes had the highest expression in both roots and shoots under different concentrations of Cd stress. Under the JA treatment, OsGLR2.1, OsGLR7.1, OsGLR7.2, OsGLR6.5, OsGLR6.8 and OsGLR6.10 showed significantly increased expression in either or both roots and shoots (Figure 3D), indicating they might be involved in the JA signaling pathways. Interestingly, OsGLR4.1 showed a similarly decreasing expression in shoots under the JA treatment as it did in response to the ABA treatment. Under the cold stress, OsGLR2.1, OsGLR2.2, OsGLR7.1, OsGLR7.2, OsGLR6.5, OsGLR6.10, OsGLR6.12, and OsGLR9.8, showed significantly increased but varied expression in either or both tissues (Figure 3E). Similarly, the expression of OsGLR2.1, OsGLR2.2, OsGLR7.1, OsGLR4.1, OsGLR6.12 and OsGLR9.8 was significantly upregulated by the drought treatment (Figure 3F). Taking together, ten rice GLR genes showed significantly increased expression in response to the five external treatments. Of these, OsGLR7.1, OsGLR2.1 and OsGLR9.8 were the most noteworthy ones. The expression of OsGLR7.1 in both roots and shoots and expression of OsGLR2.1 in roots were strongly upregulated in response to JA, Cd, drought and cold, suggesting their important roles in the JA signaling pathways involved in abiotic stresses. In contrast, the expression of OsGLR9.8 in shoots was strongly upregulated under the Cd, drought and cold stresses, indicating its important role in rice responses to abiotic stresses.




Figure 3 | Integrative analysis of the rice OsGLR gene family expression profiles under ABA (A), Cd (B, C), JA (D), cold (E), and dry (F) treatment conditions.







Functional determination of five rice GLR genes by knockout and phenotypic assessment

To assess the functional importance of rice GLR genes, five important OsGLR genes, OsGLR2.2, OsGLR9.8, OsGLR6.8, OsGLR4.1 and OsGLR7.1 were selected based on previous transcriptomic analyses for further gene knockout experiments using the CRISPR-Cas9 technology. Specifically, three independent homozygous mutants carrying different mutation sites for each of the GLR genes were obtained (Supplementary Figure 1) and assessed for 1000-grain weight (TGW), seed setting rate (SR), panicle number (PN), panicle length (PL) and plant height (PH) under the short-day and long-day environments of Hainan and Hefei. Three interesting observations were noted regarding the phenotypic differences for the measured traits between the GLR knockout mutants and the wild type (Figure 4). First, significant differences were observed between the knockout mutants of each GLR gene and the wild type for all the measured traits, but these differences varied greatly depending on the environments where these materials were assessed (Figures 4A–E). In other words, all five GLR genes showed huge genotype x environment interactions for their phenotypic effects on the measured traits, particularly for SR, PN and PH. When compared with the wild type, the mutant lines of all five GLR genes showed greatly reduced SR under the short-day environment of Hainan, but their SR was either significantly increased (OsGLR7.1 and OsGLR9.8), unchanged (OsGLR4.1 and OsGLR6.8) or varied (OsGLR2.2) in the long-day environment of Hefei (Figure 4B). The mutant lines of all five GLR genes showed greatly increased PN under the short-day environment of Hainan, but not in the long-day environment of Hefei (Figure 4C). More interestingly, the mutant lines of all five GLR genes showed significantly reduced PH under the short-day environment of Hainan, but significantly increased PH in the long-day environment of Hefei (Figure 4E). Secondly, one or more mutant lines of the GLR genes, except for OsGLR6.8 in Hainan, showed significant increased TGW in both environments (Figure 4A). Thirdly, the phenotypic differences between the mutant lines and wild type varied among different mutant lines of the same GLR genes, particularly for PL (Figure 4D), indicating that mutation sites in different GLR genes did make differences in generating phenotypically detectable mutants. These results led us to an important conclusion, i.e. obvious functional differentiation and functional redundancy regarding their phenotypic effects on the measured traits, the five rice GLR genes appeared to play an important role in contributing to the significant G x E interaction of agronomic traits in rice across the short-day and long-day environments.




Figure 4 | Phenotypic comparisons for five agronomic traits of knockout mutants of five rice OsGLR genes evaluated in two environments. (A-E) The agronomic traits represented by (A-E) are 1000-grain weight (g), seed setting rate (%), panicle number, panicle length (cm) and plant height (cm), respectively. *, **, *** and **** meant statistically significant at a level of 0.05, 0.01, 0.001 and 0.0001, respectively.







The rich genetic and allelic diversity at rice GLR loci in rice populations

Given the functional importance of the rice GLR genes, it is important to understand their genetic diversity in rice populations in order to facilitate their applications in rice improvement. Using the gene CDS haplotype (gcHap) data from the 3,010 rice genome project (3KRG), we obtained the Shannon’s equitability, EH, and number of gcHaps and major gcHaps (with frequency ≥1% in 3KRG) of the 26 GLR genes in four major rice populations (Supplementary Data 4, Figure 5). Of the 26 GLR genes, OsGLR6.2 and OsGLR6.3 are extremely conserved house-keeping (HK) genes with EH = 0, and gcHapN = 1 (Figure 5A), indicating all rice varieties share the same alleles at the two loci. For the remaining 24 polymorphic GLR genes, the average numbers of gcHaps (major gcHaps) and EH were 476.4 (8.4) and 0.368 in the 3KRG accessions. However, different GLR genes vary considerably in their genetic diversity. OsGLR9.4 has the highest genetic diversity with EH of 0.821 and 2,182 gcHaps (Figures 5C, D), followed by OsGLR9.2 with EH of 0.691 and 1,681 gcHaps, and OsGLR9.5 with EH of 0.649 and 1,374 gcHaps. OsGLR6.1 has the lowest diversity with EH of 0.050 and six gcHaps (Supplementary Data 4).




Figure 5 | Population diversity of OsGLR genes in 3010 Asia cultivated rice accessions. (A) OsGLR genes distribution of five diversity gene types (house-keeping (HK) genes without SNP variants, low-diversity genes (0 < EH < 0.05, EH = 0.020 ± 0.015, and gcHapN = 12 ± 10), medium- to low-diversity genes (0.05 ≤ EH < 0.3, EH = 0.171 ± 0.065, and gcHapN = 82 ± 67), medium- to high-diversity genes (0.3 ≤ EH < 0.7, EH = 0.444 ± 0.110, and gcHapN = 498 ± 305) and a high-diversity gene (0.7 ≤ EH≤ 1, EH = 0.804 ± 0.075, and gcHapN = 1767 ± 458), Shannon’s equitability (EH) takes into account both the number of species present (species richness) and the relative abundance of each species within the community. It ranges from 0 to 1, with values closer to 1 indicating a more even distribution of species abundance, and values closer to 0 indicating a less even distribution. (B) The relationship between Shannon’s equitability (EH) and gcHapN of OsGLR genes. (C) EH values of OsGLR genes in different population organization. (D) gcHap number (gcHapN) of OsGLR genes in different population organization. (E) The major gcHap (≥ 30 rice accessions) number of OsGLR genes.



Different rice populations also vary considerably in their diversity of the GLR genes. The mean EH of the 24 GLR genes were 0.367 in population Xian, 0.213 in population Geng, 0.409 in population Aus, and 0.352 in population Bas. The numbers of detected gcHaps and major gcHaps were 342.1 and 7.7 in population Xian, 76.2 and 4.8 in population Geng, 47.8 and 5.2 in population Aus, and 17.8 and 5.0 in population Bas (Supplementary Data 4). Clearly, the numbers of gaHaps and major gcHaps in different rice populations were largely determined by their population sizes, implying that most gcHaps are rare ones with very low frequencies in different rice populations (Figures 5C, D).

To understand how different GLR genes were differentiated among major rice populations, we estimated the Nei’s genetic identity (INei) of all GLR genes using the gcHap data of the 24 polymorphic OsGLR genes, except for OsGLR6.2, OsGLR6.3, between all pairwise populations. Except for OsGLR6.1, OsGLR6.5 and OsGLR6.11, strong Xian-Geng sub-specific differentiation (INei<0.35) was observed at 21 of the GLR genes, 20, 17 and 18 of which also showed strong Xian-Bas, Aus-Geng and Aus-Bas differentiation (Figure 6, Supplementary Data 5), indicating that the allelic differentiation at most GLR loci had contributed very strongly to the differentiation of major rice populations and expectedly to the adaptations of different rice populations to their environments.




Figure 6 | The Nei’s genetic identity (INei) of rice OsGLR genes between all pairwise populations calculated from the gcHap data.







Impact of modern breeding on gcHap diversity of rice GLR genes

To understand how modern breeding during past decades has affected gcHap diversity of rice GLR genes, we analyzed the diversity parameters of all the GLR genes in modern varieties (MVs) and landraces (LANs), including 732 Xian landraces (LANs-Xian), 358 Geng landraces (LANs-Geng), 328 modern Xian varieties (MVs-Xian), and 139 modern Geng varieties (MVs-Geng) (Supplementary Data 6). In population Xian, the average EH of the 24 GLR genes was 0.427 in MVs-Xian, a 13.3% increase compared to 0.377 in LANs-Xian (Table 1). Increased diversity in MVs-Xian was observed in eight GLR genes (OsGLR6.4, OsGLR6.5, OsGLR6.6, OsGLR6.9, OsGLR6.10, OsGLR9.7, OsGLR7.1 and OsGLR7.2) out of the 24. No GLR loci showed reduced diversity. Interestingly, MVs-Xian had an average of 85 gcHaps/locus, significantly lower than the 156.7 gcHaps/locus in LANs-Xian. Detailed examination revealed that the MVs-Xian lost average 134.4 gcHaps/locus and 1.6 major gcHaps/locus that were present the LANs-Xian, but absent in MVs-Xian, which resulted apparently from the genetic bottlenecks during modern breeding (Table 1, Figure 7A).


Table 1 | Comparisons in genetic diversity of the 26 GLR genes between the landraces and modern varieties.






Figure 7 | The lost, new and unchanged gcHap variation of rice 26 OsGLR genes during modern breeding. (A) Heatmap of the numbers of lost, newly emerged, and unchanged gcHaps. (B) The comparative analysis of the numbers of lost, newly emerged, and unchanged gcHaps. (C) The frequency comparison of lost, newly emerged, and unchanged gcHaps. The Tukey’s multiple comparison method was used. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and n.s., not significant.



Additionally, the proportion of newly emerged gcHaps observed in modern varieties is significantly lower than that of lost gcHaps (Figures 7B, C). MVs-Xian gained average 62.8 new gcHaps/locus and 2.2 new major gcHaps that were absent in the LANs-Xian. The new gcHaps were apparently generated by intra-genic recombination during breeding, while all new major gcHaps were rare ones in the LANs-Xian but became major ones with significantly increased frequencies in the MVs-Xian (Table 1). We noted four GLR loci (OsGLR9.2 - OsGLR9.5) in a large cluster on chromosome 9 (Figure 7A), each of which had a huge number of gcHaps and showed more dramatically changes in gcHapN, suggesting genetic drift and unequal crossing-over occurred more frequently among duplicated GLR genes in the GLR gene clusters. The increased diversity and reduced gcHapN observed at many of the GLR loci suggested that significant frequency shifts in major gcHaps had occurred at these GLR loci in population Xian during breeding. Indeed, significant shifts in frequencies of the predominant gcHaps, F(P), were observed at 13 of the 24 GLR loci, including significantly reduced F(P) at nine of the GLR loci and significantly increased F(P) at four of the GLR loci (Supplementary Data 7). Notably, at OsGLR7.1 locus, the predominant allele (Hap1) had an F(P) of 0.60 and 0.34 in populations LANs-Xian and MVs-Xian, or a major reduction in F(P) by 0.25 in MVs-Xian (Supplementary Figure 3), accompanied by significantly increased F(P) of five newly major gcHaps, all of which were rare gcHaps with frequencies <0.01 in the LANs-Xian but became major gcHaps in the MVs-Xian. Similar observations were noted on four other loci (OsGLR6.11, OsGLR9.1, OsGLR6.5 and OsGLR6.4) where significantly reduced F(P) was accompanied by emergences of 1-2 new major gcHaps in the MVs-Xian from rare ones in the in the LANs-Xian. The remaining 11 loci showing no significant differences in F(P) between LANs-Xian and MVs-Xian included the four GLR loci (OsGLR9.2 - OsGLR9.5) where no or few predominant gcHaps were present.

In population Geng, the average EH of the 24 GLR genes was similar in the MVs-Geng (0.262) to 0.257 of the LANs-Geng (Supplementary Data 6). However, significant reduced diversity in the MVs-Geng was observed at only two GLR loci (OsGLR6.4 and OsGLR6.6), while significantly increased diversity was observed at OsGLR2.2, OsGLR7.1 and OsGLR9.7 genes. Similarly, the MVs-Geng had an average of 20.6 gcHaps/locus, significantly less than 42.6 gcHaps/locus in the LANs-Geng (Figure 7; Table 1). In fact, the MVs-Geng lost an average 35.3 gcHaps/locus and 2.8 major gcHaps/locus that were present in the LANs-Geng but absent in the MVs-Geng, while the MVs-Geng gained an average 13.5 new gcHaps/locus and 3.0 new major gcHaps that were present in the MVs-Geng but absent in the LANs-Geng (Table 1). The new gcHaps were apparently generated by intra-genic recombination during breeding, while the new major gcHaps were all come from minor rare gcHaps in the population LANs-Geng. Significant shifts in frequencies of the predominant gcHaps, F(P), were observed at 12 of the 24 OsGLR loci, including significantly reduced F(P) at OsGLR6.7, OsGLR6.9, OsGLR7.1 and OsGLR9.7 and significantly increased F(P) at OsGLR6.4, OsGLR6.5, OsGLR6.6, OsGLR6.8, OsGLR6.10, OsGLR9.2, OsGLR9.5 and OsGLR7.2 (Supplementary Data 7). It should be pointed out that populations Xian and Geng have different predominant gcHaps at all polymorphic GLR loci, except for OsGLR6.1 and OsGLR9.4. This was because there is only a single predominant in both populations Xian and Geng at OsGLR6.1 while there is absence of any gcHaps at OsGLR9.4 whose frequency was higher than 1% in population Xian.





Associations of the major gcHaps at rice GLR genes with important agronomic traits

To provide additional evidence for the functional importance of the 24 polymorphic GLR genes, we constructed the gcHap networks of the major alleles at 24 GLR genes in the four major rice populations, and analyzed the associations between the major gcHaps at each of the 24 GLR gene loci with phenotypic values of four agronomic traits, plant height (PH), panicle length (PL), panicle number per plant (PN) and thousand grain weight (TGW) in 3KRG (Figure 8; Supplementary Figures 4-7). Strong (P < 10-7) associations were observed in 61 (63.5%) of the 96 (24 x 4) cases and major alleles at many of the GLR gene were strongly associated with trait values of one or more traits. Notably, major alleles at OsGLR2.2, OsGLR4.1, OsGLR7.1, OsGLR6.8 and OsGLR9.8 were strongly associated with trait values of all four traits, except for PL in two cases (Figure 8), consistent with the results from above knock-out experiments (Figure 4). In particular, major alleles at ten GLR loci (OsGLR6.4, OsGLR6.5, OsGLR6.6, OsGLR6.7, OsGLR6.8, OsGLR6.9, OsGLR6.10, OsGLR6.12 OsGLR7.1 and OsGLR7.2) were strongly associated with trait values of all four traits (Figure 8; Supplementary Figures 4-7). In contrast, no associations were detected for major alleles at OsGLR6.1 and OsGLR9.1 with the trait values of the four traits, largely because of too few major gcHaps present at the three loci (Supplementary Data 4).




Figure 8 | Haplotype networks of five GLR genes with CRSPR-9 mediated knocking-out and their associations with four agronomic traits in 3KRG. (A) Based on gcHap diversity and contribution to subspecific/population differentiation, the rice OsGLR2.2 is classified as the other gene. (B) The OsGLR4.1 is classified as a X-G divergent gene. (C) The OsGLR7.1 is classified as a X-G divergent gene. (D) The rice OsGLR6.8 is classified as the other gene. (E) The OsGLR9.8 is classified as a X-G divergent gene. Within each haplotype network, two adjacent gcHaps are separated by mutational changes with hatching line indicating differences between the two most related haplotypes. The right side of each gene haplotype network corresponds to the phenotypic variation among the haplotypes. Boxplots are shown for the following four traits: plant height (PH), panicle length (PL), panicle number (PN) and 1000-grain weight (TGW). The P values under trait names indicate differences between the haplotypes assessed by two-way ANOVA, with different letters on the boxplots indicating statistically significant differences at P < 0.05 based on Duncan’s multiple range test. The bar charts on the right show the differences in frequency of the predominant gcHaps between landraces (LANs) and modern varieties (MVs) in Xian and Geng. Chi-square tests were used to determine significant differences in the proportions of the same gcHap between the different populations with ****P < 0.0001, ***P < 0.0001, **P < 0.01, *P < 0.05, and n.s., not significant.







Comparison of trait values between the predominant and ‘unfavorable’ gcHaps of GLR genes in rice

In contrast to the predominant gcHap (with highest frequency) at a GLR locus in a rice population would be considered to be favored by natural selection during evolution, the major gcHap with the lowest frequencies in the population would more likely to be the ‘unfavorable’ one. To test if this scenario was holding true, we compared the phenotypic differences between the predominant gcHap and ‘unfavorable’ one at each of the 24 GLR loci for 15 agronomic traits. Of the total 24 x 15 = 360 comparisons, significant differences were detected in 149 (41.4%) cases between the predominant gcHaps and unfavorable at all GLR gene loci except for OsGLR6.8, OsGLR9.7 and OsGLR9.8 (Supplementary Figure 8-31; Supplementary Data 8). Of the 15 traits, DTH was detected at 16 (66.7%) of the GLR loci, followed by PN at 14 (58.3%) of the GLR loci, consistent with the result of the gene knockout experiments that the five knockout GLR genes had large and consistent effects on PN and their phenotypic effects were influenced strongly by the two environments of contrasting day-lengths that are known to great influence on DTH of different rice varieties (Figure 4). Across the 24 GLR loci, significant differences in mean trait values between the predominant gcHap and unfavorable one were detected for almost all traits for OsGLR9.1 (14 traits), OsGLR9.9 (14 traits), and OsGLR9.2 (13 traits), indicating these three GLR genes were more likely affecting more traits than other GLR loci (Supplementary Data 8).





Mining ‘favorable’ allele(s) of rice GLR loci for improved productivity

As described above, there were significant differences between or among the major gcHaps at most rice GLR loci regarding their effects on traits of agronomic importance. Thus, it is reasonable to assume the presence of ‘favorable’ gcHap(s) at most GLR loci for traits leading to increased productivity, even though the ‘favorable’ gcHap(s) may differ across different target environments. Thus, there should be one or more ‘favorable’ alleles, defined as the gcHap(s) associated with trait values for high productivity. Then, the frequencies of these most ‘favorable’ gcHaps in the MVs and different rice populations would of great interest for rice breeders. Figure 9 and Supplementary Figure 32 show the frequencies of the ‘favorable’ gcHaps at 24 rice GLR genes that affects PN, TGW, PH and PL in populations MVs-Xian and MVs-Geng and the four major rice populations of 3KRG. The general observation was that the ‘favorable’ allele frequency varied considerably across different yield traits, different GLR loci, and across populations MVs-Xian and MVs-Geng or different rice populations. For example, the Hap3 at OsGLR9.2 and Hap5 at OsGLR6.12 were associated with the highest PN in 3KRG accessions, which reached fixation in MVs-Xian, but had low frequencies in MVs-Geng (Figure 9). The same was true for eight GLR loci (OsGLR9.2 - OsGLR9.6, OsGLR6.7, OsGLR6.8 and OsGLR6.12) with the highest TGW. In contrast, Hap1 at OsGLR2.2, Hap12 at OsGLR6.5, Hap6 at OsGLR6.9, and Hap5 at OsGLR6.10 were associated with the highest PN in 3KRG accessions, which reached fixation in MVs-Geng, but had low frequencies in MVs-Xian. This was consistent with the empirical observation in rice breeding that the extremely high values for any specific yield components may not generally result in the highest productivity. This result also suggested that the ‘favorable’ alleles for different yield traits could be very different across the two rice subspecies or genetic backgrounds and possibly across different environments.




Figure 9 | Frequencies of the favorable gcHaps of all rice GLR genes affecting important agronomic traits (PN and TGW) in Xian/indica (XI) and Geng/japonica (GJ) modern varieties and different rice subpopulations. The favorable gcHap of a gene is defined as the gcHap associated with the highest trait value. “#accession” indicates the number of accessions that possess the favorable gcHap. Five subpopulations of XI (XI-1A, XI-1B, XI-2, XI-3, and XI-adm) and four subpopulations of GJ (temperate GJ: GJ-tmp, subtropical GJ: GJ-sbtrp, tropical GJ: GJ-trp, and GJ-adm) were classified by Wang et al. (Wang et al., 2018).








Discussion

Although glutamate receptors are specialized proteins that perform a crucial role in signal transduction and communication in both animals and plants. Present as a large gene family in the rice genome, the molecular properties and functional characteristics of most rice GLR genes remain largely unknown. The phylogenetic analysis based on sequence similarity classified the 26 rice GLR genes into four major groups with groups II and III closely related to maize GLR genes, while group IV containing eight GLR genes clustered on rice chromosome 6 was unique ones only present rice only (Figure 1). In this study, we demonstrated an integrated strategy by limited experimental efforts plus comprehensive data mining and analyses to understand the functionalities of the rice GLR genes, focusing on the phenotypic characterization and genetic diversity of rice GLR genes because of their importance for potential utilization in rice improvement. In this regard, our results revealed several important properties of the rice GLR genes that led us to several conclusions on the functionalities and evolutionary history of rice GLR genes.

Our first conclusion was that the expansion of the rice GLR genes into a large gene family during evolution had gone through repeated gene duplication events evidenced by the presence of two large GLR gene clusters on rice chromosomes 9 and 6, and their greater gcHap diversity and rapid evolutionary rates (Table 1), and this expansion of the rice GLR genes had been accompanied with considerable functional differentiation, evidenced by their different tissue expression specificities (Figure 2), by their differentiated responses to different combinations of abiotic stresses and hormone treatments (Figure 3), and by their associations with different combinations of agronomic traits (Supplementary Figures 8-31).

Secondly, rice GLR genes may have played an important roles in rice sub-specific and population differentiation during evolution, evidenced by their very strong sub-specific and population differentiation at most rice GLR loci (Figure 6), by the great differentiated responses to day-length, the major factor determining rice subspecific adaptations to their environments (Figure 4), and by their differentiated responses to different abiotic stresses (Figure 3). In fact, the observed population differentiation at most GLR loci were far stronger than most of the 3,000+ cloned rice genes or genomewide SNPs analyzed previously (Wang et al., 2018; Zhang et al., 2021).

Thirdly, many rice GLR genes may have played an important role in rice improvement, suggested by the strong and large phenotypic effects of the five GLR gene knockout mutants on rice yield traits (Figure 4), by the significant shifts of the predominant gcHaps and diversity changes at many rice GLR loci (Figures 5–7, Table 1), and by their strong associations of the major gcHaps with agronomic traits at many GLR loci (Figures 8–9; Supplementary data 8). This is not surprising since acting as signal receptors, GLR genes are expected to play important regulatory roles involved in many processes of rice growth and development and their responses to environmental cues. However, it remains to be elucidated in future how different rice GLR genes are involved in these important processes at the molecular level.

Fourthly, the observed diversity increases at some of the GLR loci during breeding were somehow unexpected since modern rice breeding is believed by many to cause reduced diversity in MVs. For example, the convergent phenotypic selection during breeding for similar phenotypes associated for high productivity in virtually all breeding programs, which include more compact plant type (erect leaves and smaller culm and leaf angles), large panicles (more), moderate sizes of TGW, high SR, more PN, and tolerance/resistance to the common abiotic/biotic stresses, etc. Also, the fact that only a very small portion of germplasm accessions maintained in genebanks worldwide have been utilized as parents in specific breeding programs would expected to result in severe genetic bottleneck and thus reduced genetic diversity at most gene loci. Indeed, we observed average losses of 39.3% (20.8%) of gcHaps (major gcHaps) at the 24 GLR loci during Xian breeding, which were accompanied with the emergences of 62.8 (18.4%) and new gcHaps per locus and 2.2 (28.6%) new major gcHaps/locus in MVs-Xian (Figure 7). The average losses of gcHaps (major gcHaps) at the 24 GLR loci reached were pronounced during Geng breeding, reaching 46.3% (58.3%), which were accompanied with an average emergences of 13.5 (17.7%) new gcHaps/locus and 3.0 (62.5%) new major gcHaps/locus during Geng breeding. In other words, the losses of gcHaps from the genetic bottleneck effects during modern breeding were more severe for MVs-Geng than MVs-Xian. This was expected since line hybridization is a common practice of modern breeding, which would result in greatly increased recombination as compared to the extremely low outcrossing rate in rice landraces. The much greater numbers of gcHap losses/gains observed in the two large GLR clusters on chromosomes 9 and 6 (Table 1) strongly suggest that more frequently occurred unequal crossing-over events in the large gene clusters would not only generate gene copy number variation but also new alleles of the duplicated GLR genes. More interestingly, significant reduced frequencies of the predominant gcHaps, losses of a few major gcHaps and the emergences of new major gcHaps in MVs-Xian and MVs-Geng from the rare ones in LANs-Xian and LANs-Geng at specific GLR loci would suggest cases that the predominant and/or major gcHaps favored by natural selection were against by the artificial selection during modern breeding. This also implies that many rare gcHaps might be of value in rice improvement. Taken together, modern breeding activities in the past had the greater impact on the GLR gene loci than the 3,000+ cloned genes analyzed previously (Zhang et al., 2021), implying again the greater importance of the GLR genes in rice improvement.

Finally, our results would suggest the potential values of the natural variation at most rice GLR loci for improving the productivity and tolerances to abiotic stresses. All rice GLR genes, except for OsGLR6.2, OsGLR6.3, OsGLR6.1 and OsGLR9.1, are potential values to be utilized in rice trait improvement. Specifically, OsGLR2.1, OsGLR2.2, OsGLR4.1, OsGLR6.12, OsGLR7.1 and OsGLR9.8 could potentially be used for improving rice tolerances to abiotic stresses, while others can potentially be used for improving rice yield traits. However, challenges remain in the identification of ‘favorable’ alleles at specific GLR loci for improving specific yield traits because of the greater G x E interaction of most rice GLR genes on yield traits observed in this study. Thus, additional efforts are needed to obtain the required information in order to facilitate their application to improving rice productivity in future.
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Supplementary Data Sheet 1 | Sequence information of plant and animal GLR genes.

Supplementary Figure 1 | Gene structures of knockout mutants of five rice OsGLR genes. (A-E) The genes represented by (A-E) are OsGLR2.2, OsGLR9.8, OsGLR6.8, OsGLR4.1 and OsGLR7.1.

Supplementary Figure 2 | Classification of gene categories of rice OsGLR genes based on their gcHap diversity and contribution to subspecific/population differentiation, with conserved genes (EH < 0.3 in 3KRG and INei ≥  0.8 between pairwise populations) and the Xian-Geng (X-G) divergent genes (EH < 0.3 in both Xian and Geng and INei ≤ 0.2 between Xian and Geng).

Supplementary Figure 3 | Frequency shifts in the predominant gcHaps at 24 OsGLR genes between the landraces and modern varieties.

Supplementary Figure 4 | Haplotype networks of five overexpressed OsGLR genes and their associations with four agronomic traits in 3KRG. Within each haplotype network, two adjacent gcHaps are separated by mutational changes with hatching line indicating differences between the two most related haplotypes. The right side of each gene haplotype network corresponds to the phenotypic variation among the haplotypes. Boxplots are shown for the following four traits: plant height (PH), panicle length (PL), panicle number (PN) and 1000-grain weight (TGW). The P values under trait names indicate differences between the haplotypes assessed by two-way ANOVA, with different letters on the boxplots indicating statistically significant differences at P < 0.05 based on Duncan’s multiple range test. The bar charts on the right show the differences in frequency of the predominant gcHaps between landraces (LANs) and modern varieties (MVs) in Xian and Geng. Chi-square tests were used to determine significant differences in the proportions of the same gcHap between the different populations with ****P < 0.0001, **P < 0.01, *P < 0.05, and n.s., not significant.

Supplementary Figure 5 | Haplotype networks of four GLR genes and their associations with four agronomic traits in 3KRG. Within each haplotype network, two adjacent gcHaps are separated by mutational changes with hatching line indicating differences between the two most related haplotypes. The right side of each gene haplotype network corresponds to the phenotypic variation among the haplotypes. Boxplots are shown for the following four traits: plant height (PH), panicle length (PL), panicle number (PN) and 1000-grain weight (TGW). The P values under trait names indicate differences between the haplotypes assessed by two-way ANOVA, with different letters on the boxplots indicating statistically significant differences at P < 0.05 based on Duncan’s multiple range test. The bar charts on the right show the differences in frequency of the predominant gcHaps between landraces (LANs) and modern varieties (MVs) in Xian and Geng. Chi-square tests were used to determine significant differences in the proportions of the same gcHap between the different populations with ****P < 0.0001, **P < 0.01, *P < 0.05, and n.s., not significant.

Supplementary Figure 6 | Haplotype networks of five OsGLR genes and their associations with four agronomic traits in 3KRG. Within each haplotype network, two adjacent gcHaps are separated by mutational changes with hatching line indicating differences between the two most related haplotypes. The right side of each gene haplotype network corresponds to the phenotypic variation among the haplotypes. Boxplots are shown for the following four traits: plant height (PH), panicle length (PL), panicle number (PN) and 1000-grain weight (TGW). The P values under trait names indicate differences between the haplotypes assessed by two-way ANOVA, with different letters on the boxplots indicating statistically significant differences at P < 0.05 based on Duncan’s multiple range test. The bar charts on the right show the differences in frequency of the predominant gcHaps between landraces (LANs) and modern varieties (MVs) in Xian and Geng. Chi-square tests were used to determine significant differences in the proportions of the same gcHap between the different populations with ****P < 0.0001, **P < 0.01, *P < 0.05, and n.s., not significant.

Supplementary Figure 7 | Haplotype networks of remaining GLR genes and their associations with four agronomic traits in 3KRG. Within each haplotype network, two adjacent gcHaps are separated by mutational changes with hatching line indicating differences between the two most related haplotypes. The right side of each gene haplotype network corresponds to the phenotypic variation among the haplotypes. Boxplots are shown for the following four traits: plant height (PH), panicle length (PL), panicle number (PN) and 1000-grain weight (TGW). The P values under trait names indicate differences between the haplotypes assessed by two-way ANOVA, with different letters on the boxplots indicating statistically significant differences at P < 0.05 based on Duncan’s multiple range test. The bar charts on the right show the differences in frequency of the predominant gcHaps between landraces (LANs) and modern varieties (MVs) in Xian and Geng. Chi-square tests were used to determine significant differences in the proportions of the same gcHap between the different populations with ****P < 0.0001, **P < 0.01, *P < 0.05, and n.s., not significant.

Supplementary Figure 8 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR2.1.

Supplementary Figure 9 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR2.2.

Supplementary Figure 10 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR4.1.

Supplementary Figure 11 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.1.

Supplementary Figure 12 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.4.

Supplementary Figure 13 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.5.

Supplementary Figure 14 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.6.

Supplementary Figure 15 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.7.

Supplementary Figure 16 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.8.

Supplementary Figure 17 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.9.

Supplementary Figure 18 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.10.

Supplementary Figure 19 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.11.

Supplementary Figure 20 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR6.12.

Supplementary Figure 21 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR7.1.

Supplementary Figure 22 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR7.2.

Supplementary Figure 23 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.1.

Supplementary Figure 24 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.2.

Supplementary Figure 25 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.3.

Supplementary Figure 26 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.4.

Supplementary Figure 27 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.5.

Supplementary Figure 28 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.6.

Supplementary Figure 29 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.7.

Supplementary Figure 30 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.8.

Supplementary Figure 31 | Comparison and analysis of 15 agronomic traits among the predominant gcHap, unfavorable gcHap, and major gcHaps of OsGLR9.9.

Supplementary Figure 32 | Frequencies of the favorable gcHaps of all rice OsGLR genes affecting important agronomic traits (PH and PL) in Xian/indica (XI) and Geng/japonica (GJ) modern varieties and different rice subpopulations. The favorable gcHap of a gene was defined as the gcHap associated with the highest trait value. “#accession” indicates the number of accessions that possess the favorable gcHap. Five subpopulations of XI (XI-1A, XI-1B, XI-2, XI-3, and XI-adm) and four subpopulations of GJ (temperate GJ: GJ-tmp, subtropical GJ: GJ-sbtrp, tropical GJ: GJ-trp, and GJ-adm) were classified by Wang et al. (Wang et al., 2018).
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Grain type ~ GS2/GL2  growth-regulating factor grain size and length (Che et al,, 2015; Hu et al,, 2015)
OsmiR396  microRNA grain size (Duan et al., 2015)
GS3 heterotrimeric G-protein y subunit grain length
GGC2 heterotrimeric G-protein y subunit grain length (Sun et al,, 2018)
DEPI1 heterotrimeric G-protein y subunit grain length
Gw2 RING-type E3 ubiquitin ligase grain width and weight (Song et al., 2007)
WG1 glutathione grain size
(Hao et al., 2021)
OsbZIP47 ~ bZIP transcription factor grain size
GSN1 mitogen-activated protein kinase phosphatase grain size (Guo et al,, 2018)
GW7/GL7  Arabidopsis thaliana LONGIFOLIA homologous proteins » grain length and width (Wang SK. et al,, 2015; Wang YX. et al., 2015)
GW8 squamosa promoter binding protein-like grain length and width (Wang et al,, 2012)

AH2 MYB family transcription factor grain size (Ren et al, 2019a)
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Regulatory

Coding product EEE
phenotype
Plant - ; i
tpe IPA1 transcription factor OsSPL14 ideotype (Jiao et al., 2010)
P11 RING-finger E3 ligase :‘1171;' numberandpanicle | o v gand Weng 2017)
NGR5 AP2-domain transcription factor tiller number (Wu et al,, 2020)
o Z\:)l::lai;)“nal protein with a BAH domain and an RNA recognition e e (Zhang et al, 2023)
D53 a substrate of the SCFD3 ubiquitination complex tiller number (2](;::(3; el 2013; Zhou ersl.,
HTDI1 carotenoid cleavage dioxygenase 7 tiller number (Zou et al., 2006)
HTDI" carotenoid cleavage dioxygenase 7 tiller number (Wang et al,, 2020)
SD1 gibberellin 20-oxidase plant height (Wang et al., 2020)
TACI specific proteins of graminaceous plants tiller angle (Yu et al,, 2007)
TIG1 TCP transcription factor tiller angle (Zhang et al,, 2019)
LA2 a novel chloroplastic protein tiller angle (Huang et al,, 2021)
LAL a novel and unique protein ‘ tiller angle (Li et al,, 2007)
HSFA2D heat shock transcription factor tiller angle
WOX6 ‘WUSCHEL-related homeobox domain-containing protein tiller angle (Zhang et al., 2018)
WOX11 ‘WUSCHEL-related homeobox domain-containing protein tiller angle
PAY1 containing a peptidase $64 domain :‘lll;;enumber andtler (Zhao et al,, 2015)
OsBZR1 BR-signaling factor leaf angle
(Qiao et al,, 2017)
SMOS1 AP2-domain transcription factor leaf angle
OsPRA2 small GTP-binding protein leaf angle (Zhang et al,, 2016)
OsBRI1 BR receptor kinase leaf angle
OsRLCK107  receptor-like cytoplasmic kinase leaf angle
[ OsRLCK57 receptor-like cytoplasmic kinase leaf angle
(Zhou et al., 2016)
OsRLCK118  receptor-like cytoplasmic kinase leaf angle
OsRLCK176  receptor-like cytoplasmic kinase leaf angle
LC3 a SPOC domain-containing transcription suppressor leaf angle (Chen SH. et al,, 2018)
LC4 F-box protein leaf angle (Qu et al., 2019)
LC2 a vernalization-insensitive 3-like protein leaf angle (Zhao et al., 2010)
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Gene ID Func Cloned or not
LOC_0s03¢12730 3 Leucine-rich repeat receptor-like protein kinases Have been cloned
LOC_0s03g12820 3 (SRO) SRO protein; SNACI target gene; Callus Browning Have been cloned
LOC_0s03¢12840 3 1,3,4-phosphoinositol 5/6-kinase gene Have been cloned
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LOC_Os1225200 12 Chlorine transporters, a family of chlorine channels Not cloning
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Q Physical distance (bp) of support (cM)

4ST3 3 6743718~7034710 28.90~30.16

gST4.1 4 17123204~17600552 73.40~75.45 3.32
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