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Abstract

:

The shape of the rice flag leaf affects rice yield. Therefore, the detection of quantitative trait loci (QTLs) and alleles related to rice flag leaf shape is of great significance for rice yield improvement. Therefore, in 2019 and 2020, we carried out a genome-wide association study of flag leaf length (FLL), flag leaf width (FLW), flag leaf length–width ratio (FLR), and flag leaf area (FLA), considering 1.3 million single-nucleotide polymorphisms (SNPs) in 173 rice accessions, in order to investigate the effects of various genes on flag leaf shape. An abundance of phenotypic variation was found, with respect to the four flag leaf shape parameters of these accessions. We identified one significant SNP position associated with FLL and FLR on chromosome 5 and one significant SNP position associated with FLW on chromosome 2, which were detected in both of the two years of the study period through general linear model (GLM) and mixed linear model (MLM). Furthermore, three candidate genes—LOC_Os02g56760, LOC_Os05g34380, and LOC_Os05g34600—were found to possibly be significantly related to flag leaf shape in rice. Haplotype analysis indicated that LOC_Os05g34380 is highly associated with flag leaf length and flag leaf length–width ratio, LOC_Os05g34600 is highly associated with flag leaf length, and LOC_Os02g56760 is highly associated with flag leaf width. Our results provide important genetic information for the molecular improvement of rice flag leaf shape, laying the foundation for further cloning and molecular-assisted breeding of flag leaf genes.






Keywords:


rice; flag leaf shape; genome-wide association study; candidate genes; favorable haplotypes












1. Introduction


Rice (Oryza sativa L.) is an important staple food that feeds approximately half of the world’s population [1]. With an increasing global population, high yield has become one of the key targets in rice breeding. The yield of rice depends on the source–sink relationship of the top three leaves, where the flag leaf is the main source–sink organ of rice, providing more than half of the carbohydrates [2,3]. Therefore, rice flag leaf shape is one of the important characteristics in rice breeding, affecting rice yield in two aspects. First, a large flag leaf area, as determined by the flag leaf length and flag leaf width, can improve the net photosynthetic rate [4]. Secondly, the ideal flag leaf shape, determined by the flag leaf length to width ratio, is also an index of ideal plant type. The ideal flag leaf is long and straight and not only has a large area, but also does not shade other leaves, effectively improving the population transmittance [5]. Therefore, improving the flag leaf shape is of great significance for rice breeding and rice yield improvement.



Rice flag leaf length and width are typical quantitative traits, which are controlled by multiple genes and easily affected by the environment. In recent years, with the rapid development of molecular biology technology, many QTLs and genes related to flag leaf shapes have been mapped and cloned [6,7,8,9,10]; however, they have been much less cloned than other traits in rice. Chen et al. [11] have constructed a recombinant inbred line by crossing D50 (japonica rice varieties with narrow leaf type) with HB277 (indica rice variety with wide leaf type), and they mapped five QTLs related to the flag leaf width on chromosomes 1, 4, 7, and 10. Xiao et al. [12] have identified eight QTLs related to FLL, FLW, and FLA, which were mapped on chromosomes 1, 3, and 6 in back-cross recombinant inbred lines (BILs) of the japonica variety Koshihikari and the indica rice variety Kasalath. Jiang et al. [13] have analyzed QTLs affecting flag leaf length by applying F2 individuals derived from a cross between two japonica rice cultivars, SN265 and LTH, and the QTL was found between RM24,423 and RM24,434. Peng et al. [14] have constructed two populations of double haploid (DH) and recombinant inbred lines (RIL), and they detected 8 and 16 flag leaf-related QTLs in these two populations, respectively. Through genome-wide association analysis and linkage analysis, Wang et al. [15] have identified two QTLs related to flag leaf width, qFL2 and qFL10, in natural populations and recombinant inbred lines. Further analysis showed that LOC_Os10g20160 belongs to the S-domain receptor-like protein kinase gene, which might be a candidate gene for qFL10. Tang et al. [16] have constructed a chromosomal segment substitution line (CSSL) consisting of 143 strains. A total of 14 QTLs related to flag leaf length and 9 QTLS related to flag leaf width were detected. In the study of Xu et al. [5], 4, 4, and 6 QTLs related to flag leaf length, width, and area were identified, using 128 chromosome fragment substitution lines, 9311, and Nipponbare, respectively.



Studying rice mutants is an effective method for the identification and isolation of genes related to flag leaf [17,18]. To date, all five cloned genes of flag leaf shapes in previous studies have been obtained from rice mutants. Among them, three genes, including Nal1 [19], NAL7 [20], and OsSAUR45 [21], were associated with auxin. The flag leaf width-related gene Nal1, located on chromosome 4, encodes a specific plant protein. The gene Nal1 affects the polar auxin transport and vascular pattern of rice, which plays an important role in controlling lateral leaf growth. The gene NAL7 has been identified as a mutant gene from narrow leaf 7 (nal7). NAL7 encodes a family of riboflavin-containing mono-oxygenases. Mutations in this gene alter the content of endogenous auxin in plants and play important roles in leaf narrowing, regulation of vascular tissue development, and IAA biosynthesis. OsSAUR45 is involved in plant growth by inhibiting the expression of OsYUCCA and OsPIN genes, as well as by affecting auxin synthesis and transport. In over-expressed lines, the plants were dwarfed, the taproot became shorter, the number of accidental roots decreased, the root length became shorter, the leaves became narrower, and the seed setting rate decreased. Aside from the auxin-related genes, another two genes—NRL1 and the WOX family gene NAL2/3—have been cloned. NRL1 encodes a cellular-like synthase protein. Mutation of this gene leads to the number of veins in the leaves to be reduced, resulting in narrow leaf and roll-leaf phenotypes, and it also leads to varying degrees of dwarfing. The number of vascular bundles in the leaves and stems of nrl1 was significantly reduced, compared with the wild-type [22,23]. The narrow-curl leaf gene NAL2/3 encodes the OsWOX3A (OsNS) protein. Mutation of these two genes lead to reduced lateral axons, fewer longitudinal veins, and more bubble cells, resulting in narrow and curly rice leaves [24].



Although many flag leaf-related genes have been reported, the associated molecular and genetic basis is unclear, and the regulatory network requires further study. If linkage mapping is to be performed to construct a certain population, it will take a long time and only two alleles can be identified [25]. Therefore, more genes need to be mined for further studies. In this study, 173 rice germplasm resources were used as materials, and QTLs related to flag leaf shape were determined through a genome-wide association analysis. The objectives of this study were to (1) identify QTLs related to flag leaf shape, including flag leaf length (FLL), flag leaf width (FLW), flag leaf length–width ratio (FLR), and flag leaf area (FLA); (2) mine the genes associated with flag leaf shapes; (3) detect favorable haplotypes; and (4) provide excellent parents and molecular information for improving flag leaf shape through pyramiding breeding.




2. Materials and Methods


2.1. Material Distribution and Field Planting


The natural population for the GWAS consisted of 173 rice accessions, collected from the Heilongjiang (19), Tianjin (1), Henan (3), Yunnan (3), Hunan (10), Hubei (1), Sichuan (4), Guangdong (4), Hainan (2), Fujian (2), Jiangsu (79), Anhui (5) provinces and Shanghai (1) in China (134), as well as other countries, including Japan (11), Indonesia (4), the Philippines (2), and Vietnam (21). Detailed information of the rice accessions is given in Table S1 and Figure S1, including the name, country of origin, latitude, and longitude of the varieties.



The 173 germplasm accessions were collected, preserved, and provided by the State Key Laboratory of Crop Genetics and Germplasm Innovation of Nanjing Agricultural University. All 173 accessions were planted in the normal season (May to October), over two years (2019–2020). The accessions were planted at the Jiangpu Experimental Station of Nanjing Agricultural University in Nanjing of China. A randomized block design was used for both two-year experiments, with two replicates. In each plot, 40 varieties were planted in a total of five rows. Rice plants were spaced 20 cm × 17 cm, and they were managed in accordance with conventional agricultural management practices.




2.2. Phenotypic Characterization


Repeated experiments were conducted twice a year, and five plants were randomly selected for each replicate. A complete randomized block design was used in the field test. The flag leaf of the main panicle at the full heading time was selected to measure the flag leaf shape. The average values of five flag leaves per variety were obtained for each phenotypic value. The flag leaf width was measured at the widest part of the flag leaf, and the flag leaf length–width ratio and flag leaf area was calculated as follows:


   FLR = FLL / FLW ,   










   FLA = FLL   ×   FLW   ×   0   . 75  .  











The leaf area is given as: Leaf area (cm2) = K × length (cm) × width (cm), where K is a correction factor. The correction factor used for rice leaves ranges from 0.67 to 0.80, depending on the variety and growth stage. The value of 0.75, however, can be used for all growth stages, except the seedling stage and at maturity [2]. Therefore, we selected the value of 0.75 for K. Statistical analyses were performed in Excel 2010 (Microsoft) and the SPSS software (version 25.0). Welch’s two-sample t-test and ANOVA with Duncan’s multiple range tests were used to analyze the different phenotypes of the haplotypes in the candidate genes using the SPSS software.




2.3. SNP Access


For each of 173 accessions to be sequenced, two leaves were collected from a single plant at the tiller stage (1 month after seedling transplantation), and genomic DNA was extracted using a standard cetyltrimethylammonium bromide protocol [26]. According to the manufacturer’s instructions (Illumina, https://www.illlighta.com/, accessed on 26 April 2019), paired-end sequencing libraries were constructed using 5 μg of genomic DNA, with inserted fragments of approximately 350 bp. The Illumina HiSeq X10 platform was used to obtain the pair-ends of 150 bp reads, and the original sequence was further processed to remove adaptor contamination and low-quality reads, resulting in a total of 0.532 Tb of genome sequence data. The average of genome coverage of each accession was 5.48-fold. Library construction, sequencing, and sequence cleaning were all performed by Mega Genomics Beijing (http://www.megagenomics.cn/mobile.php/, accessed on 10 April 2019).



Raw reads were aligned against the Nipponbare genome sequence, downloaded from the International Rice Genome Sequencing Project (IRGSP-1.0, http://rapdb.dna.affrc.go.jp/, access on 3 August 2019), using the Bowtie 2 software. The parameter used for read mapping was bowtie2−x<bt2-ids> {−1<m1>−2<m2>|−U<r>}−S [<hit>]. The reads used for further SNP calling were required to have a unique mapping position in the Nipponbare genome and a mapping score of more than 60. Finally, 95% of the total reads were mapped to the scaffolds of the Nipponbare genome; the 3% of reads which did not map to any location or which mapped to multiple locations were removed. The mapping results were converted to VCF format using SAMtools (version 0.1.18) [27]. The HaplotypeCaller of GATK 3.8–0 (https://software.broadinstitute.org/gatk/, access on 25 September 2019) was used for SNP calling. SNPs whose minor allele frequency (MAF) was lower than 5% were removed from the population.



The annovar software [28] was used for SNP annotation of the Nipponbare genome sequence. The annotation results were divided into exons, introns, UTR, inter-gene, upstream, and downstream regions. The SNPs in the exon region could be divided into synonymous and non-synonymous. Base substitutions of non-synonymous SNPs led to amino acid changes, but the base substitutions of synonymous SNPs do not change the coding amino acid.




2.4. Population Genetic Analysis


Based on the SNPs of the 173 rice accessions, we calculated the genetic distance matrix using VCF2Dis (https://github.com/BGI-shenzhen/VCF2Dis, accessed on 6 October 2021). Construction and beautification of the neighbor-joining (NJ) tree were carried out using iTOL (https://itol.embl.de/, accessed on 7 October 2021). Principal component analysis was conducted using the GCTA (version 1.93.2) software [29] on Linux, and the two most significant principal components were plotted in R using the package “ggplot”. For the population structure, we used the STRUCTURE (version 2.3.4) software [30] on Linux. We used PLINK (version 1.9) [31] to filter SNPs, based on the LD (linkage disequilibrium) in order to retain unlinked SNPs, and converted it into STRUCTURE format. STRUCTURE was used to analyze the population structure of the accessions. The number of subgroups (K) was set to 1–10 and the number of random seeds was set to 1–3. The ‘define BURNIN’ was set as 5000 times and the ‘define NUMBERS’ was set as 50,000 times in the configuration file. We analyzed the STRUCTURE results using Evanno [32] with STRUCTURE HARVESTER [33]. In general, the true number of subgroups is determined by the maximum logarithmic likelihood; however, if the logarithmic likelihood increases with the number of subgroups, the change rate of logarithmic likelihood (ΔK), proposed by Evanno [32], was used to determine the appropriate number of subgroups. The kinship was calculated using Normalized_IBS in the TASSEL (version 5.2.40) software [34].



In this study, the r2 value [35] was used to measure the degree of linkage disequilibrium between loci across the whole rice genome. PLINK (version 1.9) [31] was used for Linkage Disequilibrium (LD) analysis of the genotype data on Linux, using the default parameters. The LD heatmap in GWAS was drawn using the R package “LDheatmap” [36].




2.5. Genome-Wide Association Mapping


In this study, we obtained 1,322,884 SNPs (MAF > 0.05) and four sets of phenotypic data. The SNPs and phenotype data were used to conduct GWAS in the TASSEL (version 5.2.40) [34] software, using a GLM and an MLM [37]. For the GLM, the threshold was set at p = 3.78 × 10−8 (i.e., 0.05/1,322,884) by the Bonferroni correction method. The false discovery rate (FDR) was calculated for significant associations using the Benjamini and Hochberg (1995) correction method, with 1.0 × 10−5 as the threshold for MLM. The SNPs in the same LD region were regarded as a QTL, and the SNP with the smallest p-value was regarded as the lead SNP. The Manhattan plot was drawn using the R package “CMplot”.




2.6. Identification of the Candidate Genes and Haplotype Analysis


Candidate regions on chromosomes were estimated based on genome-wide LD decay analysis. We focused on the associated non-synonymous SNPs which could induce amino acid changes and were significantly associated with the traits in the GWAS result by comparison with the reference genome sequence of Nipponbare (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/, accessed on 15 January 2022). Candidate genes were identified based on the predicted function from the rice genome annotation project. All non-synonymous SNPs in exons were selected, in order to narrow the range of candidate genes for haplotype analysis and selection of favorable haplotypes. Haplotypes distribution of candidate genes was analyzed according to geographical regions and subgroups. The haplotypes of candidate genes were also analyzed using the RFGB v2.0 database (https://www.rmbreeding.cn/, accessed on 25 July 2022). The data displayed in the database derive from the genome information of about 3000 rice accessions (3K rice genome) from 89 countries.




2.7. Prediction of Excellent Parents


The average positive (negate+ve) haplotype effect (AHE) within a gene locus was calculated as follows:


   AHE =  ∑    h c     n c    ,  








where hc represents the phenotypic value of the cth haplotype with a positive (negative) effect, and nc represents the number of haplotypes with positive (negative) effects within the gene locus.



The rice accessions with the highest positive haplotype effects on all flag leaf shape-related gene loci were predicted to be the most promising parents for flag leaf shape improvement in rice breeding.





3. Results


3.1. Phenotypic Variation of the Flag Leaf Shapes in the Natural Population


We selected ten accessions to represent the diversity of flag leaf length and flag leaf width among the 173 rice accessions, including the shortest FLL accession Huifeng2hao (14.7 cm), the longest FLL accession Chuan6xian (32.1 cm), the narrowest FLW accession Luohanhuang (1.2 cm), and the widest FLW accession GendjahGempol (2.4 cm) (Figure 1). The mean, standard error (SE), range, coefficient of variation (CV), and generalized heritability (HB2) of FLL, FLW, FLR, and FLA were derived in the natural populations. There were significant differences in FLL, FLW, FLR, and FLA values among the varieties in both 2019 and 2020, with CV ranging from 14.73% to 30.95% (Table 1). All traits had high generalized heritability. Among the 173 accessions, the FLL were 13.57–41.23 cm (2019) and 12.83–43.35 cm (2020), with a CV of 23.81% and 23.76%, respectively. FLW ranged from 1.16–2.44 cm (2019) and 1.08–2.42 cm (2020), with CVs of 14.79% (2019) and 14.73% (2020). The maximum values of FLR were 30.60 cm (2019) and 29.02 cm (2020), while the minimum values were 1.16 cm (2019) and 1.08 cm (2020), with CVs across the two years being 25.89% (2019) and 25.58% (2020). The ranges of FLA in 2019 and 2020 were 13.66–55.99 cm and 12.88–55.95 cm, with CVs of 30.90% and 30.95%, respectively.



The results above indicated abundant phenotypic variation in the natural population considered in this study. Statistical analysis showed that FLL, FLW, FLR, and FLA all conformed to normal distributions, indicating that these four traits were quantitative traits controlled by multiple genes (Figure 2). At the same time, variance analysis showed that the four traits significantly differed among varieties at the α = 0.01 level, demonstrating that these traits presented great genetic variation in the 173 rice accessions (Table S2).



FLR was negatively correlated with FLW and positively correlated with FLL. FLR had the highest correlations with FLL and FLW, being 0.703 ** and 0.881 **, respectively (Figure 3).




3.2. Genomic Variation at the SNP Level in the 173 Rice Accessions


A total of 950 million pairs of 150 bp paired-end reads with an average coverage depth of 4.36 times were obtained using an Illumina re-sequencing platform. We identified 1,322,884 SNPs after mapping from the Nipponbare reference genome sequence and excluding more than 18% of the missing data loci (Original data set 1). We observed 463,740 SNPs in various gene regions: 48,054 synonymous SNPs, 52,283 non-synonymous SNPs, 270,622 in introns, 621,813 in untranslated regions (UTRs), and 30,600 in 5′-UTR SNPs.




3.3. Population Structure and LD Analysis


Genetic structure analysis of the natural population was constructed from the 173 rice accessions and SNP markers (Figure 4 and Table S3). As the logarithmic likelihood value increased with an increase in K (Figure 4a), the appropriate subgroup number was determined by assessing ΔK. According to the results, when K = 2, the ΔK value was the highest (Figure 4b); therefore, the rice accessions were divided into two subgroups (Figure 4c). The number of rice accessions in the pop1 and pop2 subgroups was 61 and 112, respectively. The results of the neighbor-joining (NJ) tree (Figure 4d) and principal component analysis (Figure 4e) were consistent with the structural result, which further verified that the population was divided into two subgroups.



When r2 decreased to half of the maximum value, the corresponding distance was denoted as the LD attenuation distance. It can be seen, from the figure, that when r2 decreased to half of the maximum value, the corresponding attenuation distance was 112 kb (Figure 4f).




3.4. Genome-Wide Association Mapping for Flag Leaf Shapes


The GWAS of the 173 rice accessions was analyzed with respect to the GLM and MLMFigure 5 and Figure S2 show the Manhattan plot of the GWAS results. A total of 15 (3 for FLL, 1 for FLW, 10 for FLR, 1 for FLA) significant SNPs (QTLs) were significantly associated with FLL, FLW, FLR, and FLA. These SNPs were located on chromosomes 2–5, and 9–12, with PVE values ranging from 11.99–30.85%. There were 7 QTLs located in the two years and in the two models. For FLL, qFLL5 (Chr5_20,452,668) and qFLL9 (Chr9_15,134,940) were identified; while qFLW2 (Chr2_34,839,350) was identified for FLW. There were four QTLs for FLR, including qFLR4.1 (Chr4_28,859,732), qFLR4.2 (Chr4_29,302,234), qFLR4.3 (Chr3_31,016,407), and qFLR5 (Chr5_20,452,668). Chr5_20,452,668 (qFLL5, qFLR5) was found to be associated with FLL and FLR, simultaneously, in both 2019 and 2020. We consider that the derived SNP–trait associations were stable (Table 2). Eight QTLs were detected only in one year (Table S4). Therefore, we focused on the loci which were located in both the two years and the two models. Although qFLW2 was only detected for FLW, it was also detected in both years and two models. Finally, we conducted further studies on these three QTLs.




3.5. Identification of a Candidate Gene for qFLW2


A search for candidate genes playing putative roles in flag leaf shape was carried out by considering all the annotated genes included in the genomic regions indicated above, through screening of the Nipponbare genomic reference sequence (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/, accessed on 15 January 2022). After removal of genes encoding hypothetical proteins, retrotransposons, and transposon proteins, we obtained 32 candidate genes associated with significant SNP loci in the 34.5–35.2 Mb region on chromosome 2 (Figure 6a; Table S5). Non-synonymous mutations were found in 8 of the 32 genes (Table S6). We found two non-synonymous SNPs in LOC_Os02g56760, which encodes an F-box domain-containing protein, OsFBX66. A previous study has demonstrated that such proteins regulate plant growth and development [38]. For the gene LOC_Os02g56760, all accessions could be divided into four haplotypes, based on the SNPs in its cDNA (Figure 6b). The average FLW of HapA was 1.77 ± 0.22 cm, while that of HapB was 1.54 ± 0.26 cm, HapC was 1.74 ± 0.19 cm, and HapD was 1.74 ± 0.17 cm. Haplotype analysis for the whole population showed that the FLW of HapB was significantly lower than the other three haplotypes, while there were no significant differences between the FLWs of HapA, HapC, and HapD (Figure 6c,d), suggesting that LOC_Os02g56760 might be a candidate gene involved in flag leaf width.




3.6. Identification of Candidate Genes for qFLL5 and qFLR5.1


qFLL5 and qFLR5.1 were the same QTL, co-located in FLL and FLR. The 20.3–20.6 Mb region on chromosome 5 contained 34 genes, including 8 genes encoding proteins with unknown functions, 12 functionally annotated genes, 1 gene encoding a hypothetical protein, 9 genes encoding retrotransposons, and 1 gene encoding a conserved hypothetical protein (Figure 7a,b; Table S7). Non-synonymous mutations were found in 5 of the 13 genes (Table S8). LOC_Os05g34380 encodes a protein (cytochrome P450). A previous study has shown that CYP450 is involved in the synthesis of auxin precursors [39]. Accessions were divided into three haplotypes, based on the SNPs in the cDNA of LOC_Os05g34380 (Figure 7c). The average FLL of the three haplotypes ranged from 20.1 ± 4.92 cm to 26.8 ± 4.42 cm, while the average FLR of three haplotypes was from 12.8 ± 3.41 cm to 17.1 ± 3.38 cm. Haplotype analysis of the whole population showed that FLW and FLR significantly differed among the three haplotypes. For FLW, HapA was the highest and HapB was the lowest; meanwhile, the FLR of HapB was significantly higher than that of the other two haplotypes, which might be due to FLR being affected by FLW (Figure 7d,e).



In this candidate region, the gene LOC_Os05g34600 was a possible candidate gene for FLR. This gene encodes a no apical meristem protein, which plays an important role in plant growth and development [40]. Accessions were divided into two alleles, based on the SNPs in the cDNA of LOC_Os05g34600 (Figure 8a). The average FLLs of the two alleles were 21.8 ± 5.80 cm and 26.6 ± 3.73 cm, respectively. Analysis of variance showed that the FLL significantly differed among the two alleles, where that of the A allele was significantly higher than the B allele. However, there was no significant difference in FLR among the two alleles (Figure 8b,c). Therefore, these two genes were selected for further study.




3.7. Haplotypes Distribution of Candidate Genes


In order to further analyze the results of the haplotype analysis, we sorted out the haplotypes of candidate genes according to geographical regions and subgroups (Figure 9). The favorable haplotypes, HapA, HapC, and HapD, of LOC _Os02g56760 are mainly distributed in the subgroup of indica and the low-latitude regions such as southern China (SC) and southeast Asia (SEA). For the HapB of LOC _Os02g56760, we found that it is mainly distributed in accessions collected from high-latitude regions, such as northeastern China and eastern China (EC), and FLW decreases with the increase of latitude (Figure 9). Similar situations were observed in the favorable haplotypes of other candidate genes, in which the favorable haplotypes HapA and HapB of LOC_Os05g34380 and favorable A allele of LOC_Os05g34600 were mainly distributed in accessions collected from SC and SEA. Therefore, the accessions with longer and wider flag leaves were mainly distributed in subgroups of indica and low-latitude regions, which is basically consistent with the results of the haplotype analysis in the 3K rice genome (Table S9). In 3K rice, Hap1 and Hap4 for LOC_Os05g34380 and Hap1, Hap2, and Hap3 for LOC_Os05g34600 are mainly distributed in indica rice, which have the longer flag leaf length (Table S9). And the favorable haplotypes of three candidate genes for FLW are mainly distributed in japonica rice (Table S9).




3.8. Excellent Parental Combinations Predicted for Flag Leaf Shapes


According to the measured phenotypic data and the results of the haplotype analysis, three haplotypes of the three genes showed negative effects and six haplotypes showed positive effects (Table S10). Ten excellent parents were predicted for improvement of the flag leaf shape (Table 3). As shown in the Table 3, both indica and japonica rice contain HapA of LOC_Os05g34380 and HapA of LOC_Os05g34600, and these two haplotypes were the superior haplotypes of these two genes, respectively. For FLW, there was no significant difference in HapA, HapC, and HapD in the 173 rice accessions. Taking Xiangchuanwuxinbaimi (japonica) as an example, the FLA of the superior haplotype containing these three genes could be theoretically increased by 0.18 cm2. Similarly, other species were predicted.





4. Discussion


Although only 173 rice accessions were used in this study, these germplasm resources were selected from 13 provinces in China and four other countries in Asia. The phenotypic variation was high in these germplasms, with coefficients of variation ranging from 14.73% to 30.95%, similar to those reported in other studies, including: Peng et al., who have used 280 recombinant inbred lines for flag leaf phenotypic identification, with CVs ranging from 20.16% to 25.92% [41]. Li et al., who have used a back-cross population for flag leaf phenotypic identification, with CVs ranging from 5.00% to 22.80% [42]. Zhu et al., who have used 1016 rice accessions to identify flag leaf phenotypes, with CVs ranging from 17.03% to 42.59% [43].



In the study of Rohila, J. S. et al. [44], they used the USDA rice mini-core collection (URMC) with an average sequencing depth of 1.5× for GWAS, and 14 highly salt-tolerant accessions, 6 novel loci, and 16 candidate genes in their vicinity were identified. These results may be useful in breeding for salt stress tolerance. Wu et al. [45] have mapped candidate genes that might be related to the mesocotyl length of rice using 2.5× and 5× average genome coverage of a mini-core collection of Chinese rice germplasm with water-saving and drought-resistant rice (WDR). Wang et al. [46] have conducted a comparison with deeper sequencing, and found that low-coverage sequencing provides a powerful and cost-effective alternative for GWAS in rice. Therefore, the 4× sequencing depth per genome used in our study was sufficient for GWAS, allowing us to map candidate genes in rice.



There are many ways to build an evolutionary tree, each of which has its own advantages and disadvantages. Neighbor-Join (NJ) algorithm [47] has the advantages of fast speed and elegance, and it ensures that the right tree is generated when accurate distances are given; however, when the sequence length is limited, it cannot guarantee efficiency or unbiased behavior [48]. Maximum parsimony focuses on minimizing the total character states during phylogenetic tree construction, but only the main distinguishing characteristics are considered in maximum parsimony. Maximum likelihood is very appropriate when analyzing a simple data set containing genetic information. When the degree of variance among the genetic data is low, the maximum likelihood scores are reliable. In comparison to the advantages mentioned above, this method is a slow and intense process. Furthermore, in the absence of a single data set, the error output may be high [49]. Bayesian has a strong connection to the maximum likelihood method, and may be faster than maximum likelihood; however, it is difficult to determine whether the Markov Chain Monte Carlo (MCMC) approximation has run long enough [50]. Although the NJ method is not the best, it is convenient, saves time for analysis, and is easier to operate than other methods. Therefore, it was considered suitable for the needs of our study.



GWAS analysis has been widely used worldwide, and regression models are generally constructed to test whether there exists a correlation between markers and phenotypes. Population structure is usually represented by the proportion of subpopulations that individuals belong to, also known as the Q matrix. Because the subsets in the Q matrix has fixed effect fitting, a general linear model (GLM) is used to test genetic markers (S) [51,52]. This model can be conceptually expressed as y = Q + S + e, where y and e are phenotypes and residues, respectively. This model is also known as the Q model, which will cause serious overestimation of the site effect value and produce false positive results when we solve it. Mixed linear model (MLM) can effectively correct the population structure and complex genetic relationships within populations. A mixed linear model (MLM) can be expressed as y = Q + K + S + e, also known as a Q + K model. Previous studies have shown that Q and Q + K models control false positives better than simple models, such as t-tests. The MLM is better than the simple models [37,53], which was well-reflected in our results. Therefore, we used both MLM and GLM to ensure the accuracy of our results.



The LD distance in our study was similar to those reported previously. In the study of Wang et al. [15], the LD decay distance was 109 kb. Li et al. [54] have used natural populations to explore alkali-tolerance genes in rice, and their LD decay distance was 109.77 kb. In the study of Huang et al. [55], the rice genome of the LD generally decayed at 100 kb. By comparing the detected QTLs of leaf shapes in our study with the QTLs obtained in previous studies, we found that 4 QTLs were similar to those reported in previous studies, while the remaining 11 QTLs found in our study were novel QTLs with MLM (Figure 10). qFW2, detected in our study, was located on Chr2 (34.7–35.0 Mb), which was close to qFL2-3 (33.1–33.5 Mb), which regulates flag leaf length [16], and qFLA2, which regulates flag leaf area [10]. The qFLR5 (Chr5: 20.3–20.6 Mb) was near to qFLW5.1 (19.7–20.0 Mb), reported in the study of Xu et al. [5]. Wang et al. [10] have detected two QTLs—qFLA4.2 (21.8–34.0 Mb) and qFLA9.1 (16.6–16.7 Mb)—using an RIL population. In our study, the QTLs qFLR4.1, qFLR4.2, qFLR4.3, and qFLR9 were found to overlap with qFLA4.2 and were close to qFLA9.1. The QTL qFLW2 in this study was located near the cloned gene OsGRF1, which encodes a transcription factor. OsGRF1 RNAi plants have short leaves, while over-expressed plants have enlarged leaves [56]. NAL9 [17] encodes a protein homologous to the ClpP6 subunit of Arabidopsis thaliana L; and mutant nal9 exhibits a narrow leaf phenotype throughout the growth period, which was found to be located near qFLR3. Mutations in NAL1, which encodes trypsin-like serine/cysteine proteases, significantly reduce auxin polar transport activity, which was found to be located near qFLR4.3 [19]. OsCesA9, located near qFLR9, is a catalytic subunit of cellulose synthase, which is involved in cellulose synthesis; notably, OsCesA9 mutants present smaller leaves [18]. NRL1 [22], which was found to be located near qFLR12.2, encodes the cellulose synthase-like protein D4. Mutants of nrl1 showed decreased leaf width, semi-coiled leaves, and different degrees of a dwarf phenotype.



The qFLW2 (LOC_Os02g56760) of FLW, which was detected in both of the two years in this study, was selected for further analysis. The gene LOC_Os02g56760 encodes an F-box domain containing protein. Previous studies have shown that F-box proteins can regulate plant growth and development, as well as responding to stress by integrating plant hormone signaling pathways [38,57], which play an important role in regulating various developmental processes and stress responses [58,59]. In the study of Baute, J. et al. [38], the ectopic expression of ZmFBX92, which encodes an F-box protein, was shown to affect the leaf size of Arabidopsis. This is mainly due to the influence of the F-box protein FBX92 on cell division, resulting in different cell numbers and, ultimately, affecting leaf size. Therefore, we may speculate that the gene LOC_Os02g56760 is most likely a candidate gene for flag leaf width in rice.



qFLL5 and qFLR5.1 were in the same QTL, which were both detected for FLL and FLR in the two years. Through functional annotation and haplotype analysis, two genes—LOC_Os05g34380 and LOC_Os05g34600—were selected as candidate genes for FLL and FLR. LOC_Os05g34380 encodes a cytochrome P450 protein, a broad-spectrum biocatalytic enzyme which is widely distributed throughout the biological world and is involved in a variety of metabolic reactions. The CYP450 protein not only participates in the metabolism of endogenous substances [60,61], but also plays an important role in the degradation of exogenous substances [62]. Cytochrome P450 has also been shown to be involved in glucosinolate and auxin biosynthesis. CYP79B2 and CYP79B3 of Arabidopsis can catalyze Trp to synthesize indoleacetaloxime (IAOx), which is a precursor of glucosinolate and a precursor of auxin [39,63]. The other gene, LOC_Os05g34600, encodes a no apical meristem (NAM) protein. The NAM family of plant-specific transcription factors belongs to the NAC transcription factor superfamily, which plays an important role in plant growth and development, physiological metabolism, and the response to various stresses [40,64]. The family of no apical meristem (NAM) proteins is plant development proteins. Mutations in NAM resulted in a failure to develop a shoot apical meristem in petunia embryos. NAM proteins have been indicated as playing a role in determining the positions of meristems and primordials [65]. One member of this family, NAP (NAC-like, activated by AP3/PI), is encoded by the target genes of the AP3/PI transcriptional activators and functions in the transition between growth by cell division and cell expansion in stamens and petals [66]; therefore, LOC_Os05g34600 may be one of the candidate genes affecting rice flag leaf shape.



The FLA of rice could be increased by using the optimal alleles detected in this study. Among the ten predicted parents, indica rice theoretically improved flag leaf area more than japonica rice. The performance of all predicted superior parents on flag leaves needs further verification in the production contexts.




5. Conclusions


Two SNP loci significantly related to flag leaf shape were detected on chromosomes 2 and 5 through a study conducted during 2019 and 2020. The gene LOC_Os02g56760 was identified as the candidate gene for FLW, while LOC_Os05g34380 and LOC_Os05g34600 were identified as candidate genes for FLL and FLR. These genes will be the focus of further studies. Ten rice accessions were predicted to be excellent parents that possess favorable alleles of the flag leaf shape genes detected in this study. The results of this study provide a molecular basis and information on optimal parents for flag leaf shape improvement in the rice breeding context.
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Figure 1. Phenotypes of flag leaf shapes in 10 rice accessions: (a) Flag leaf length; and (b) flag leaf width. Scale bar = 10 cm. 
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Figure 2. Histogram of the phenotypic frequency distribution of flag leaf shapes in 173 rice accessions: (a) Flag leaf length; (b) Flag leaf width; (c) Flag leaf length–width ratio; and (d) Flag leaf area. 
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Figure 3. Correlation analysis of flag leaf shape in 173 rice accessions. **, significant differences at p < 0.01. 
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Figure 4. Genetic structure analysis of natural population constructed from 173 rice accessions: (a) Change of logarithmic likelihood with subgroup number; (b) ΔK value variation with subgroup number; (c) Natural population structure (K = 2). Blue and red colors represent pop1 and pop2 in Figure 4b, respectively; (d) Neighbor-joining tree of natural rice population. Blue and red colors represent pop1 and pop2 in Figure 4b, respectively; (e) Principal component analysis of natural rice populations. Blue and red colors represent pop1 and pop2 in Figure 4b, respectively and (f) LD decay analysis of the whole genome in natural rice populations. 
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Figure 5. Manhattan plots of the genome-wide association studies for FLL, FLW, FLR, and FLA with MLM: (a) Manhattan plot for FLL in 2019; (b) Manhattan plot for FLW in 2019; (c) Manhattan plot for FLR in 2019; (d) Manhattan plot for FLA in 2019; (e) Manhattan plot for FLL in 2020; (f) Manhattan plot for FLW in 2020; (g) Manhattan plot for FLR in 2020; and (h) Manhattan plot for FLA in 2020. 
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Figure 6. Haplotype analysis of the candidate gene: (a) Local Manhattan plot (top) and linkage disequilibrium heatmap (bottom). The candidate region lies between the red solid lines; (b) Schematic representation of LOC_Os02g56760 structure and single-nucleotide polymorphisms in LOC_Os02g56760 cDNA between HapA, HapB, HapC, and HapD. Blue boxes indicate exons; (c) Box plots for FLL, FLW, FLR, and FLA in the four haplotypes of LOC_Os02g56760 in all accessions in 2019; (d) Box plots for FLL, FLW, FLR, and FLA in the four haplotypes of LOC_Os02g56760 in all accessions in 2020. The number of accessions (n) of each haplotype (Hap) in each panel is given under the x-axis. Boxes show the median and upper/lower quartiles. Whiskers extend to 1.5× the inter-quartile range, with any remaining points indicated with dots. **, p < 0.01; ***, p < 0.001 (ANOVA). Letters indicate significant differences, p < 0.05 (Duncan’s multiple comparison test). 
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Figure 7. Haplotype analysis of the candidate gene LOC_Os05g34380: (a) Manhattan plots for FLL and FLR. Dashed lines represent significance thresholds; (b) Local Manhattan plot (top) and linkage disequilibrium heatmap (bottom), candidate region lies between the red solid lines; (c) Schematic representation of LOC_Os05g34380 structure and single-nucleotide polymorphisms in LOC_Os05g34380 cDNA between HapA, HapB, HapC, and HapD. Blue boxes indicate exons; (d) Box plots for FLL, FLW, FLR, and FLA in the four haplotypes of LOC_Os05g34380 in all accessions in 2019; (e) Box plots for FLL, FLW, FLR, and FLA in the four haplotypes of LOC_Os05g34380 in all accessions in 2020. The number of accessions (n) of each haplotype (Hap) in each panel is given under the x-axis. Boxes show the median and upper/lower quartiles. Whiskers extend to 1.5× the inter-quartile range, with any remaining points indicated with dots. ***, p < 0.001 (ANOVA). Letters indicate significant differences, p < 0.05 (Duncan’s multiple comparison test). 
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Figure 8. Haplotype analysis of the candidate gene LOC_Os05g34600: (a) Schematic representation in LOC_Os05g34600 structure and single-nucleotide polymorphisms in LOC_Os05g34600 cDNA between the two alleles. Blue boxes indicate exons; (b) Box plots for FLL, FLW, FLR, and FLA in the four haplotypes of LOC_Os05g34600 in all accessions in 2019; (c) Box plots for FLL, FLW, FLR, and FLA in the four haplotypes of LOC_Os02g56760 in all accessions in 2020. The number of accessions (n) of each allele in each panel is given under the x-axis. Boxes show the median and upper/lower quartiles. Whiskers extend to 1.5× the inter-quartile range, with any remaining points indicated with dots. ***, p < 0.001; NS, not significant (Welch’s two-sample t-test). 
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Figure 9. Haplotypes of candidate genes in seven geographic groups and two subgroups. Red represents favorable haplotypes and the blue represents non-favorable haplotypes. Yellow box represents by regions and the green box represents by subgroups. SC, southern China; CC, central China; EC, eastern China; NEC, northeastern China; SWC, southwest China; JP, Japan; SEA, southeast Asia. 
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Figure 10. QTLs detected in natural populations in 2019 and 2020 with MLM. Blue and green colors represent genes and QTLs reported in previous studies, respectively. 
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Table 1. Descriptive statistics of flag leaf traits in 173 rice accessions.
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	Phenotype
	Year
	Mean ± SD (cm)
	Range (cm)
	CV (%)
	HB2 (%)





	FLL
	2019
	23.86 ± 5.68
	13.57–41.23
	23.81
	80.30



	
	2020
	23.38 ± 5.56
	12.83–43.35
	23.76
	66.15



	FLW
	2019
	1.69 ± 0.25
	1.16–2.44
	14.79
	91.82



	
	2020
	1.62 ± 0.24
	1.08–2.42
	14.73
	77.70



	FLR
	2019
	14.31 ± 3.71
	8.84–30.60
	25.89
	81.91



	
	2020
	14.65 ± 3.75
	9.03–29.02
	25.58
	69.85



	FLA
	2019
	30.62 ± 9.46
	13.66–55.99
	30.90
	84.09



	
	2020
	28.80 ± 8.91
	12.88–55.95
	30.95
	68.44
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Table 2. SNP Positions for FLL, FLW, and FLR identified by GWAS, the proportion of phenotypic variance explained (PVE), and p-value in 2019 and 2020.
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Trait

	
QTLs

	
Chr

	
SNP

	
Allele

	
2019

	
2020

	
Model




	
p-Value

	
FDR

	
PVE(%)

	
p-Value

	
FDR

	
PVE (%)






	
FLL

	
qFLL5

	
5

	
20452668

	
G/A

	
3.06 × 10−7

	
1.84 × 10−6

	
16.03

	
2.74 × 10−7

	
3.15 × 10−6

	
16.18

	
MLM




	

	

	
5

	
20452668

	
G/A

	
9.05 × 10−11

	
8.71 × 10−10

	
16.07

	
7.04 × 10−11

	
6.86 × 10−10

	
16.63

	
GLM




	

	
qFLL9

	
9

	
15134940

	
C/A

	
6.96 × 10−6

	
8.51 × 10−6

	
14.38

	
5.22 × 10−6

	
8.58 × 10−6

	
14.76

	
MLM




	

	

	
9

	
15134940

	
C/A

	
1.89 × 10−10

	
1.57 × 10−9

	
17.03

	
6.28 × 10−11

	
6.36 × 10−10

	
18.20

	
GLM




	
FLW

	
qFLW2

	
2

	
34839350

	
G/A

	
5.57 × 10−6

	
5.57 × 10−6

	
15.09

	
3.48 × 10−6

	
3.48 × 10−6

	
15.71

	
MLM




	

	

	
2

	
34839350

	
G/A

	
2.93 × 10−8

	
2.93 × 10−8

	
14.49

	
1.64 × 10−8

	
4.09 × 10−8

	
15.14

	
GLM




	
FLR

	
qFLR4.1

	
4

	
28859732

	
C/T

	
1.98 × 10−8

	
9.5 × 10−7

	
20.06

	
3.17 × 10−8

	
2.88 × 10−6

	
19.45

	
MLM




	

	

	
4

	
28859732

	
C/T

	
2.72 × 10−14

	
2.69 × 10−11

	
27.81

	
8.08 × 10−15

	
5.73 × 10−12

	
28.89

	
GLM




	

	
qFLR4.2

	
4

	
29302234

	
T/A

	
6.53 × 10−7

	
4.03 × 10−6

	
17.92

	
9.22 × 10−7

	
9.32 × 10−6

	
17.47

	
MLM




	

	

	
4

	
29302234

	
T/A

	
5.12 × 10−14

	
1.68 × 10−11

	
29.19

	
7.26 × 10−15

	
1.03 × 10−11

	
30.85

	
GLM




	

	
qFLR4.3

	
4

	
31016407

	
G/T

	
5.04 × 10−7

	
4.03 × 10−6

	
15.77

	
1.74 × 10−7

	
3.17 × 10−6

	
17.18

	
MLM




	

	

	
4

	
31016407

	
G/T

	
2.84 × 10−8

	
4.22 × 10−8

	
15.97

	
9.15 × 10−9

	
2.07 × 10−8

	
17.07

	
GLM




	

	
qFLR5

	
5

	
20452668

	
G/A

	
6.83 × 10−8

	
1.09 × 10−6

	
18.40

	
5.61 × 10−8

	
1.7 × 10−6

	
18.68

	
MLM




	

	

	
5

	
20452668

	
G/A

	
3.63 × 10−11

	
1.43 × 10−9

	
21.88

	
8.07 × 10−12

	
5.21 × 10−10

	
23.25

	
GLM








PVE, phenotypic variation explanation ratio.
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Table 3. Excellent parents predicted for flag leaf shape improvement.
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Best Predicted Parents

	
Predicted FLL Improvement (cm)

	
Predicted FLW Improvement (cm)

	
Total Predicted FLA Improvement (cm2)




	
LOC_Os05g34380

	
LOC_Os05g34600

	
LOC_Os02g56760






	
Xiangchuanwuxinbaimi (japonica)

	
HapA (3.17)

	
HapA (2.96)

	
HapC (0.08)

	
0.18




	
Tijin (japonica)

	
HapA (3.17)

	
HapA (2.96)

	
HapD (0.09)

	
0.21




	
Xiangjing 9407 (japonica)

	
HapA (3.17)

	
HapA (2.96)

	
HapD (0.09)

	
0.21




	
Shengtangqing (japonica)

	
HapA (3.17)

	
HapA (2.96)

	
HapD (0.09)

	
0.21




	
Nannongjing 1R (japonica)

	
HapA (3.17)

	
HapA (2.96)

	
HapA (0.12)

	
0.28




	
Yuedao 68 (indica)

	
HapA (3.17)

	
HapA (2.96)

	
HapA (0.12)

	
0.28




	
Yuetai B (indica)

	
HapA (3.17)

	
HapA (2.96)

	
HapA (0.12)

	
0.28




	
Yuedao 37 (indica)

	
HapA (3.17)

	
HapA (2.96)

	
HapA (0.12)

	
0.28




	
Yuedao 61 (indica)

	
HapA (3.17)

	
HapA (2.96)

	
HapA (0.12)

	
0.28




	
Yuedao 9 (indica)

	
HapA (3.17)

	
HapA (2.96)

	
HapA (0.12)

	
0.28
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