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Abstract

:

Direct seeding is considered an efficient cultivation technology that reduces water use and labor costs. Mesocotyl length is one of the significant traits in cultivation; long mesocotyl is beneficial for the rate and uniformity of seedling emergence. In this study, we used a core collection of 137 rice accessions to identify quantitative trait loci (QTL) for mesocotyl elongation. A genome-wide association study (GWAS), combined with a principal component analysis (PCA) and a kinship matrix analysis, was conducted for the genotype analysis of 2 million, high-quality single nucleotide polymorphisms (SNPs). Through this GWAS analysis, 11 lead SNPs were confirmed to be associated with mesocotyl length, and a linkage disequilibrium (LD) decay analysis identified the 230 kb exploratory range for the detection of QTLs and candidate genes. Based on the gene expression database and haplotype analysis, five candidate genes (Os01g0269800, Os01g0731100, Os08g0136700, Os08g0137800, and Os08g0137900) were detected to be significantly associated with phenotypic variation. Five candidate gene expressions are reported to be associated with various plant hormone responses. Interestingly, two biotic stress response genes and two copper-containing redox proteins were detected as the candidate genes. The results of this study provide associated SNPs in candidate genes for mesocotyl length and strategies for developing direct seeding in breeding programs.
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1. Introduction


Rice (Oryza sativa L.) is one of the most important staple food crops grown worldwide. Rice cultivation based on transplanted seedlings sown on puddled soil is a process that requires a uniform and precise seeding rate. One of the other methods, direct seeding, involves sowing seeds directly on puddled or submerged soil [1]. The difference between the two rice cultivation methods is that the latter is a water efficient and labor-saving approach; direct seeding can reduce the cost of production by 50% [2,3]. Unlike transplant seedling, in direct seeding the seeds are exposed on the surface of a field without the seedling process that depends on difference traits.



Faster and uniform germination has been reported to affect plant growth and development; rice that is suitable for direct seeding should also be applied with high germination ability, seedling vigor, fast root growth, early tillering ability, and lodging resistance [1,4,5].



One of the traits, mesocotyl elongation, significantly affects the trait of rice seedling establishment [6].



The mesocotyl is an embryonic structure between the coleoptilar node and the basal part of the seedling, and it elongates to push the shoot tip above the soil surface during germination [7]. Previous studies have indicated that mesocotyl elongation is regulated by genetic factors and environmental signals, such as light, temperature, auxin, abscisic acid (ABA), and jasmonate (JA) [8,9,10,11,12,13].



Light is one of the significant factors affecting mesocotyl elongation that is immediately inhibited by light exposure and significantly promoted in the darkness. Temperature is also another factor regulating mesocotyl elongation, with optimum temperature playing a promoting role; conversely, either high or low temperature was reported to be injurious to mesocotyl elongation [9,12]. The transport of auxin from the coleoptile to the mesocotyl inhibited mesocotyl elongation, and ABA promoted an increase in the cell division activity of meristem but was inhibited by endogenous JA in rice. Therefore, mesocotyl elongation has great significance in rice direct-seeding production [8,10,11,13].



Generally, the indica variety, as compared with the japonica variety, shows a distinct mesocotyl elongation and a clearer variant [7]. In addition, the upland rice develops more longer mesocotyl as compared with paddy rice; moreover, the mesocotyl length of rice varieties in east Asia have longer length compared with rice varieties in west Asia [14,15,16].



The mesocotyl elongation trait is known to be controlled by quantitative trait loci (QTLs) and affected by many genetic and environmental factors [7]. Previously, several QTL studies have reported genetic information; their elongation shows significant variation across genotypes. Mesocotyl elongation is greater in indica rice than in japonica rice, whereas the coleoptile is longer in japonica cultivars than in indica cultivars under submerged conditions [7,17,18]. Among japonica cultivars, upland rice generally produces shorter coleoptiles and longer mesocotyls than lowland rice [14]. Quantitative trait loci (QTLs) associated with mesocotyl elongation in rice have been reported using various segregating populations. Five QTLs (qML1, qML2, qML3, qML6, and qML11) were reported for mesocotyl elongation on Chromosomes 1, 2, 3, 6, and 11 by using a recombinant inbred line (RIL) population derived from a cross between two japonica varieties [19]. Three QTLs (qMEL-1, qMEL-3, and qMEL-6) were detected on Chromosomes 1, 3, and 6 in a backcross inbred line (BIL) from a cross between Nipponbare and Kasalath [6].



Genome-wide association study (GWAS) based on linkage disequilibrium (LD) and single sequence repeat (SSR) markers or single nucleotide polymorphism (SNP) markers have been widely used to identify loci significantly associated with many traits in model plant species, including rice. Through a GWAS associated with mesocotyl elongation in rice, Wu et al. (2015) reported 13 loci on Chromosomes 1, 3, 4, 5, 6, and 9 for mesocotyl elongation based on a subset of 144,994 SNPs, a mini core collection of Chinese rice germplasm (170 accessions) and a set of variety collected (100 accessions) [20].



One important requirement of direct seeding cultivation is a yield above a certain amount, which is influenced by early establishment, efficiency of photosynthesis, planting density, nitrogen and sunshine concerning the number of panicle per area, disease or insect pests, meiosis, and temperature of the ripening stage [1,4].



Among the requirements of direct seeding cultivation, establishment rate is the most important factor for a secure yield. Establishment rate varies according to soil depth, mesocotyl elongation, low temperature germination ability, and competition against weeds. The establishment status of a crop can be evaluated based on the number of established plants or weight per seedling and can also be expressed as the ratio of survival seedlings to the number of sown seeds and total production per unit area. A study on direct seeding aptitude was carried out to evaluate the rice crop establishment using Vietnamese germplasm [21]. In order to provide genetic information on mesocotyl elongation for rice breeders and geneticists, here, we conducted a GWAS to suggest candidate genes associated with the mesocotyl elongation trait.




2. Materials and Methods


2.1. Plant Materials and Genomic Data


A core set of 137 rice accessions from the National Agrobiodiversity Center of the Rural Development Administration (RDA, Korea) was used to detect variations in mesocotyl elongation (Table S1). The 137 rice accessions were suggested by Kim et. al. (2007) as the Korean Rice Core Selection, which had been collected from 28 countries, selected from 25,604 rice accessions, and could be divided into 6 subgroups: tropical japonica (19 accessions), temperate japonica (62), indica (43), aus (8), aromatic (3), and admixture (2) [22,23]. The genomic data of the 137 rice accessions were obtained from an average coverage of approximately 8× on an Illumina HiSeq 2500 Sequencing Systems Platform (Illumina Inc., San Diego, USA). Raw reads were aligned against the rice reference genome (IRGSP 1.0) for genotype calling. To generate the genotype dataset, the following parameters were used for GWAS: missing value <1% and a minor allele frequency (MAF) >5% and a heterozygosis ratio <5%, as implemented using Plink software [24]. Finally, approximately 2 million high quality SNPs were obtained from 6.5 million raw data SNPs for the further GWAS [24,25,26].




2.2. Evaluation of Mesocotyl Length


To measure the variation of mesocotyl length in each accession, two biological replications were conducted. In each replication, 20 good quality seeds were disinfected in 70% ethanol and 1% hypochlorite for 5 min and 10 min, respectively. The seeds of each variety were put in 0.3% micro agar (Duchefa Bio, Haarlem, Netherlands) at a depth of 1 cm contained in Incu tissue (SPL, Pocheon, Korea). After sowing, the Incu tissues were wrapped in aluminum foil for dark germination and were kept in a plant growth chamber at alternating temperatures of 30 °C and 25 °C (14 h/10 h). At thirty days after sowing, six randomly selected seedlings from each hole were carefully excavated and washed for measuring mesocotyl elongation length using rulers, and the average of mesocotyl lengths from six seedlings were used in the GWAS analysis [27,28].




2.3. Population and Genotype Analysis


The population structure and cross-validation (CV) analysis of the 137 accessions were analyzed using ADMIXTURE version 1.3.0 [29], with subgroups assigned according to the delta K value. For each result, visualizations were performed in the Structure Plot V2.0 web application (http://omicsspeaks.com/strplot2/, accessed on 1 September 2021), and the R calculation of principal component analysis (PCA) based on the compressed mixed linear model (MLM) were conducted using the R package of Genomic Association and Prediction Integrated Tool (GAPIT) [30,31]. A PCA plot visualization was also performed in R software. Neighbor-joining trees (NJ-Tree) were analyzed using MEGA X [32], with the Newick format file output used for modified visualization in the Interactive Tree of Life (iTOL) website (https://itol.embl.de/, accessed on 1 September 2021) [33]. A linkage disequilibrium (LD) decay analysis to identify candidate regions was performed using PopLDdecay version 3.27 [34].




2.4. GWAS Analysis


A GWAS analysis was performed for analyzing associations between genotype and phenotype using the GAPIT package (version 3.0) in R [31,35]. In addition, the mixed linear model (MLM) was adopted and a principal component analysis (PCA) and kinship were also used to validate population stratification with the GAPIT. To screen significant SNPs, the genotype was filtered by software PLINK [24]. Noneffective SNPs were removed, and a total of 97,469 effective and independent SNPs remained. A genome-wide threshold was calculated using the formula: “−log10 (1/number of effective SNPs)”. Finally, markers with an adjusted –log10 (p-value) ≥ 9 were regarded to be the significant ones for identification of association loci and SNP markers located at locus peaks [36].




2.5. Haplotype Analysis


For the haplotype analysis, SNP markers, except missing and heterozygote SNPs, were used to perform the analysis. The average score and variety count were determined from phenotype data for each variety, and haplotypes were identified that were significantly associated with the phenotype. The linkage disequilibrium (LD) analysis was constructed using HaploView 4.2 [37]. The haplotype variation analysis was performed using PopART software [38]. The online tool Gene Structure Display Server 2.0 [39] was used for visualization of gene structure and SNP position.





3. Results


3.1. Phenotypic Variation of Mesocotyl Elongation


The following six rice subspecies encompassing 137 rice accessions were used for assessment of mesocotyl length: Tropical japonica, temperate japonica, indica, aus, aromatic, and admixture. A wide range of mesocotyl lengths in different rice accessions was observed in the dark germination experiments. Two biological replications were conducted. In the first replication, the mesocotyl lengths ranged from 0 to 44.2 mm with an average of 4.2 mm. In the second replication, the mesocotyl lengths ranged from 0 to 43.4 mm, with an average of 4.9 mm (Figure 1a). The results of these two replications showed a high positive correlation of 0.90 *** (Figure 1a). The aus group had substantially longer mesocotyl length than other groups, and the admixture and aromatic groups had slightly longer mesocotyl lengths than the tropical japonica, temperate japonica, and indica groups (Figure 1b,c).




3.2. Population Structure and LD Decay Analysis


The cross-validation (CV) analysis was conducted using ADMIXTURE version 1.3.0, which indicated K = 6 for the optimal population grouping and had the lowest error ratio compared with other K values (Figure 2a). The PCA analysis showed that the top two PCs each explained each 61.86% and 25.12%, which could explain most of the variation to select for visualization. Significant clusters belonging to the tropical japonica, temperate japonica, indica, and aus subspecies were observed in the PCA analysis (Figure 2b). The NJ-Tree analysis also represented similar results; most accessions clearly distinguished genetic distance and only accessions of admixture and aroma exhibited dispersion among diverse clusters (Figure S1). The population structure plot of 137 accessions was generated using Structure Plot V2.0, which was also divided into six groups that distinguished their subspecies. Temperate japonica was divided into Clusters 1 and 5, indica was divided into Clusters 3 and 4, admixture was divided into Clusters 2 and 3, and aromatic was divided into Cluster 2 and 6. Tropical japonica was dominant in Cluster 2, and aus was dominant in Cluster 6 (Figure 2c and Table S1). The estimate of genome-wide LD decay along physical distances was calculated using r2 of allele pairs between two loci for the 137 rice accessions. The maximal r2 value was 0.52, the threshold value was determined to be 0.26 half of the maximal r2 value, and the LD decay distance was about 230 kb for a genomic candidate region (Figure S2).




3.3. GWAS for Mesocotyl Length


The GWAS analyses for mesocotyl lengths with two replications were conducted separately using the GAPIT package in R. Manhattan plots for the SNPs significantly associated with mesocotyl lengths of two replications are shown in Figure 3. The threshold was set as -log(p) ≥ 9 at a significant level of 0.01 after Bonferroni multiple test correction for significantly associated SNPs. In the first replication, 23 lead SNPs were detected. In the second replication, 14 lead SNPs were detected (Figure 3).



Considering the size of the LD block, the lead SNPs located inside the 460 kbp were regarded as being overlapped. Among the 37 lead SNPs, we focused on the lead SNPs which were overlapped in both replicated experiments. Finally, 11 overlapped lead SNPs were detected as QTLs for mesocotyl length as compared with previously reported QTLs based on Gramene (http://archive.gramene.org, accessed on 3 September 2021) (Table 1). Three QTLs (qML3-2, qML6, and qML11) were overlapped with previously reported QTLs for mesocotyl length. Three QTLs (qML1-1, qML1-2, and qML2) were overlapped with previously reported QTLs for drought tolerance. Four QTLs (qML3-1, qML4, qML5-1, and qML5-2) were overlapped with previously reported QTLs for germination-related traits. One QTL (qML8) was overlapped with previously reported QTLs for submergence tolerance. For the 11 overlapped loci, all the annotated genes within the 460 kbp region encompassing the lead SNPs were extracted. A total of 340 genes are located in those regions based on the Rice Annotation Project Database (RAP-DB) (IRGSP 1.0). Since the target trait of mesocotyl length was highly associated with various plant hormones such as abscisic acid (ABA), brassinosteroid (BR), strigolactones (SLs), cytokinin (CTK), ethylene (ETH), jasmonic acid (JA), gibberellin (GA), and indole-3-acetic acid (IAA) [40], we searched the gene expression pattern of 340 genes in response to plant hormone treatment through the rice gene expression database of RiceXPro (https://ricexpro.dna.affrc.go.jp/, accessed on 3 September 2021) and the Transcriptome Encyclopedia of Rice (TENOR, (http://tenor.dna.affrc.go.jp/, accessed on 3 September 2021). Among the tested 340 genes, the expression of 33 genes in response to plant hormones were detected. Next, we conducted the haplotype analysis with those genes and detected statistically significant phenotype differences among the haplotypes in 33 candidate genes. On the basis of the phenotypic differences among haplotypes and the functional annotation of genes, we selected five candidate genes for mesocotyl length.




3.4. Haplotype Analysis


From the results of the haplotype analysis, five candidate genes showed significant differences among the groups of haplotypes (Supplementary Tables S1 and S2). Finally, these five genes were detected as candidate genes for mesocotyl length. One of these candidate genes, Os01g0269800, contained 12 SNPs in the exon region (Figure 4a), and the LD block showed significantly strong LD between each of the SNPs (Figure 4b). The haplotype analysis of the 136 accessions showed that the 12 SNPs divided into three haplotypes, with the maximum phenotypic mesocotyl length variation of 16.66 mm between haplotype 1 and haplotype 2 (Hap 1 and Hap 2) (Table 2). Mesocotyl length was significant with Hap 1 and Hap 3 but was not significant with Hap 2. This was expected, as the major constituents of this haplotype were the aus varieties (Figure 4c). The Os01g0731100 gene contained three SNPs in the 5′ untranslated region (UTR) (Figure 5a). The LD block had similar results with the Os01g0269800 gene, i.e., significantly strong LD between each of the SNPs (Figure 5b). Three SNPs were divided into three haplotypes with maximum phenotypic variations of 18.64 mm for mesocotyl length between Hap 2 and Hap 3 (Table 3). Hap 2 was the superior genotype in aus and a few other varieties (Figure 5c). Hap 2 of the Os01g0731100l gene was the superior genotype in the aus varieties. The Os08g0136700 gene contained three SNPs in the exon region (Figure 6a). Three SNPs were divided into four haplotypes with maximum phenotypic variations of 14.95 mm between Hap 1 and Hap 4 (Table 4). Hap 3 and Hap 4 showed the same significant level which included aus, indica, and a few other varieties (Figure 6b,c). The Os08g0137800 gene contained four SNPs in the 5′ UTR and 3′ UTR (Figure 7a); the LD block showed strong LD between all SNPs in this gene (Figure 7b). Four SNPs were divided into three haplotypes with maximum phenotypic variations of 18.28 mm between Hap 1 and Hap 3 (Table 5). Hap 1 was the superior genotype in aus, aromatic, and a few others (Figure 7c). The Os08g0137900 gene contained four SNPs in the exon and 3′ UTR (Figure 8a). Four SNPs were divided into four haplotypes with phenotypic variations of 10.62 mm, and the LD block showed strong LD between four SNPs (Figure 8b and Table 6). Hap 2 was the superior genotype in aus, temperate japonica, and a few others (Figure 8c).





4. Discussion


Direct seeding is an attractive method for reducing water use and labor costs in rice cultivation, because, generally, rice cultivation is based on transplanting to a puddled field but requires a large amount of water, labor, and energy costs in preparing the field and uprooting and transplanting the seedlings. In Europe, Australia, and the United States, direct seeding cultivation is highly mechanized, and it has also have been widely adopted in Asian, African, and South American countries [2,48].



Recently, GWAS and QTL analyses have identified several QTLs for mesocotyl length. Liu et al. (2020) used 208 rice accessions to identify the SNPs from a GWAS analysis and identified 16 unique loci associated with the mesocotyl length trait. Among 16 loci, five high candidate genes were confirmed from qRT-PCR analysis that showed significant expression differences between short and long mesocotyl length accessions [49]. Zhao et al. (2018) used 621 rice accessions to perform a GWAS analysis; 13 QTLs were detected to be associated with mesocotyl length, and two new major effect genes were named OsML1 and OsML2. Using the GWAS to identify traits can be useful to develop rice varieties for improving tolerance from environmental changes [50].



From our study, we detected five candidate genes for mesocotyl length based on a GWAS analysis, a bioinformatic analysis of gene expression pattern, and a haplotype analysis. The candidate gene, Os01g0269800, is located in the QTL of qML1-1; Os01g0731100 is located on the QTL of qML1-2; Os08g0136700, Os08g0137800, and Os08g0137900 are located on the QTL of qML8. Unexpectedly, the five candidate genes were not located on the QTLs that overlapped with those previously reported as mesocotyl length QTLs (Table 1). This result is possibly due to our approach in which we narrowed down the candidate genes to only those genes specifically expressed due to plant hormones. Thus, in addition to these five QTLs, other genes located on other QTLs also need to be evaluated for their possible role in mesocotyl length in future studies.



One of the candidate genes, Os01g0269800, contains an nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC) domain, which has been previously reported to be associated with plant defense. According to our database, expression of Os01g0269800 increased in root under the ABA treat condition (Figure S3a). The NB-ARC domain has been reported to play a crucial role in plant defense against pathogen attacks. The NB-ARC domain acts as a nucleotide-binding pocket and hydrolyzes adenosine triphosphate (ATP) to induce conformational changes in NB-LRR proteins and plays an important role in controlling protein activity. It has been reported that it controls several brown planthopper (BPH) resistance genes that are also defense-related phenotypes [51,52]. According to the known function of Os01g0269800 in plant defense mechanisms, it is not clearly understood that the association of Os01g0269800 is involved in mesocotyl elongation. The candidate gene of Os01g0731100 has been reported to have a similar pathogen-related protein and the expression increased in shoots under flooding conditions and JA treat conditions (Figure S3b). Similar to Os01g0269800 with the NB-ARC domain, the primary known function of pathogenesis-related (PR) proteins is their involvement in the plant defense system. Since the expression pattern of Os01g0731100 was increased under flooding conditions, it suggests that this gene is possibly involved in plant height elongation based on the typical morphological changes where plant height is increased under flooding or summer conditions [53]. In addition, an increase of PR protein (Os01g0731100) in anaerobic germination conditions has been reported [54]. The expression of Os08g0136700 from our database was increased in root under JA conditions and has been reported to have the DUF26 domain-containing protein (Figure S3c). This gene was confirmed to be concerned with germination in smoke conditions. Fire events create an important opportunity for plant regeneration by providing essential resources such as light, temperature, and nutrients; smoke also gives a chance for regeneration from a mixture of active phytochemicals and their breakdown products [55,56]. In smoke conditions, this gene has been reported to control responsive proteins such as GA and ABA to help germinate seeds [57]. The Os08g0137800 gene encodes the cupredoxin domain, which is a type I copper center involved in the intermolecular electron transfer reaction [58]. The Os08g0137900 gene encodes plantacyanin, which belongs to the phytocyanin family of blue copper proteins [59]. The Os08g0137800 and Os08g0137900 genes, in the family of blue copper proteins, are type-I copper-containing redox proteins whose role in plants is to shuttle electrons from an electron donor to an electron acceptor [60]. The expression of both genes is increased in roots under JA conditions (Figure S3a,e). It has been reported that Copper (Cu) is an essential mineral element for plant growth and development since it has been associated with proteins involved in redox reactions. Plantacyanin is known to be involved in electron transport chains of photosynthesis and control plant biomass and growth, chlorosis in young leaves, as well as reduced photosynthetic activity [61,62,63]. For tissue elongation, one of the plantacyanin genes in rice has been reported to regulate fertility by controlling pollen tube germination and growth [64].



All the SNPs showed a strong LD level in the Os01g0269800, Os01g0731100, Os08g0136700, Os08g0137800, and Os08g0137900 genes, which suggests that these genes contain a conserved function during diverse evolutionary or crossing processes. The haplotype analysis of the five candidate genes showed clear grouping by rice subspecies of indica, temperature japonica, and aus. This result suggested that migration to new environments and climate alterations may have increased the variation between subspecies and enhanced the variation in mesocotyl length phenotypes, but this trait is a consequence of complicated biological processes, and its mechanism remains unclear; further research is needed to address this hypothesis.




5. Conclusions


In this study, the mesocotyl length was surveyed, and a GWAS was conducted for 137 rice accessions, which identified 11 QTLs significantly associated with mesocotyl length in dark germination, and five candidate genes were identified on Chromosomes 1 and 8. A haplotype analysis of the five characterized genes revealed diverse haplotypes associated with mesocotyl length phenotypic variation. The five candidate gene expressions have been reported to be associated with various plant hormone responses. Interestingly, two biotic stress response genes and two copper-containing redox proteins were detected as candidate genes. The association among biotic stress response proteins, copper-containing redox proteins, and mesocotyl elongation is not clearly explained in this study. Previous studies have reported on their roles in submerging responses and pollen tube elongation; therefore, it is highly worthwhile to conduct future studies to evaluate the molecular mechanism of these genes in mesocotyl elongation. In addition to these five candidate genes, other genes located on the 11 QTLs detected in this study will be evaluated in future studies. Here, we provide candidate genes and a list of rice germplasm showing high mesocotyl elongation ability to be useful in further studies and future breeding programs.
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Figure 1. Statistical analysis of mesocotyl length (mm) in 137 rice varieties. (a) Summary of the phenotypic variations of mesocotyl length and correlations between one and two repetitions. Number in box is correlation coefficient (r), *** indicates the significance at p ≤ 0.001; (b, c) box plot of total mesocotyl length each repetitions according to subspecies. Adm: admixture, Aro: aromatic, Ind: indica, Tej: temperate japonica, Trj: tropical japonica. Letters: a, b, c, d represent different significance level at *** p < 0.001 (Duncan’s test). 
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Figure 2. Population structure analysis based on 137 rice accessions. (a) Cross-validation (CV) error of diverse groups (K). The dotted transverse line represents the lowest level; (b) Principal Component Analysis (PCA) (PC1 and PC2). red, blue, green, orange, purple, and black represent the Adm, Aro, Aus, Ind, Tej, and Trj rice subspecies, respectively; (c) Plot for population structure analysis at K = 6. 
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Figure 3. Manhattan plots for mesocotyl length in 137 rice vatieties. (a) GWAS of first repetition for evaluation of mesocotyl elongation length using the GAPIT. (b) GWAS of second repetition for evaluation of mesocotyl elongation length using the GAPIT. X axis indicates physically mapped chromosomes. Y axis indicates significance as calculated by −log10 (p). Blue bar indicates same position SNPs. Black arrows represent 11 overlapped lead SNPs detected in both replications. 






Figure 3. Manhattan plots for mesocotyl length in 137 rice vatieties. (a) GWAS of first repetition for evaluation of mesocotyl elongation length using the GAPIT. (b) GWAS of second repetition for evaluation of mesocotyl elongation length using the GAPIT. X axis indicates physically mapped chromosomes. Y axis indicates significance as calculated by −log10 (p). Blue bar indicates same position SNPs. Black arrows represent 11 overlapped lead SNPs detected in both replications.



[image: Agronomy 11 02527 g003]







[image: Agronomy 11 02527 g004 550] 





Figure 4. Haplotype analysis of Os01g0269800. (a) Schematic representation of gene structure and SNPs positions in Os01g0269800. Yellow block represents exon and blue vertical bars represent SNPs. (b) Linkage disequilibrium (LD) analysis of SNPs in Os01g0269800. D’ was used to indicate LD level, with LD blocks defined using the Confidence Intervals function in the analysis software. Red blocks indicate complete LD between each SNP. (c) Haplotype variation analysis. Colors indicate rice subspecies as indicated in the legend. Circle size indicates the number of varieties in each Hap. Traverse lines represent the extent of variation between three haplotypes. 
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Figure 5. Haplotype analysis of Os01g0731100. (a) Schematic representation of gene structure and SNPs positions in Os01g0731100. Yellow, blue blocks and gray line represent exon, untranslated region (UTR) and intron regions, blue vertical bars represent SNPs. (b) Linkage disequilibrium (LD) analysis of SNPs in Os01g0731100. D’ was used to indicate LD level, with LD blocks defined using the Confidence Intervals function in the analysis software. Red blocks indicate complete LD between each SNP. (c) Haplotype variation analysis. Colors indicate rice subspecies as indicated in the legend. Circle size indicates the number of varieties in each Hap. Traverse lines represent the extent of variation between three haplotypes. 
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Figure 6. Haplotype analysis of Os08g0136700. (a) Schematic representation of gene structure and SNPs positions in Os08g0136700. Yellow, blue blocks and gray line represent exon, untranslated region (UTR) and intron regions, blue vertical bars represent SNPs. (b) Linkage disequilibrium (LD) analysis of SNPs in Os08g0136700. D’ was used to indicate LD level, with LD blocks defined using the Confidence Intervals function in the analysis software. Red blocks indicate complete LD between each SNP. (c) Haplotype variation analysis. Colors indicate rice subspecies as indicated in the legend. Circle size indicates the number of varieties in each Hap. Traverse lines represent the extent of variation between four haplotypes. 
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Figure 7. Haplotype analysis of Os08g0137800. (a) Schematic representation of gene structure and SNPs positions in Os08g0137800. Yellow, blue blocks and gray line represent exon, untranslated region (UTR) and intron regions, blue vertical bars represent SNPs. (b) Linkage disequilibrium (LD) analysis of SNPs in Os08g0137800. D’ was used to indicate LD level, with LD blocks defined using the Confidence Intervals function in the analysis software. Red blocks indicate complete LD between each SNP. (c) Haplotype variation analysis. Colors indicate rice subspecies as indicated in the legend. Circle size indicates the number of varieties in each Hap. Traverse lines represent the extent of variation between three haplotypes. 
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Figure 8. Haplotype analysis of Os08g0137900. (a) Schematic representation of gene structure and SNPs positions in Os08g0137900. Yellow and blue blocks represent exon and untranslated region (UTR), blue vertical bars represent SNPs. (b) Linkage disequilibrium (LD) analysis of SNPs in Os08g0137900. D’ was used to indicate LD level, with LD blocks defined using the Confidence Intervals function in the analysis software. Red blocks indicate complete LD between each SNP. (c) Haplotype variation analysis. Colors indicate rice subspecies as indicated in the legend. Circle size indicates the number of varieties in each Hap. Traverse lines represent the extent of variation between four haplotypes. 
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Table 1. Genome-wide association loci with mesocotyl length and previously reported quantitative trait loci (QTLs).
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QTLs

	
Genomic

Region (Mbp)

	
Chromosome

	
−log10(p)

	
−log10(p)

	
Reported QTL

	
Reference of Previously

Reported QTL




	
(First

Replication)

	
(Second

Replication)

	
QTL

Accession

	
Related Trait






	
qML1-1

	
9.49

	
1

	
11.38

	
9.4

	
rfw1b

	
Drought tolerance

	
[41]




	
qML1-2

	
30.57

	
1

	
11.31

	
10.15

	
qLRC-1

	
Drought tolerance

	
[42]




	
qML2

	
22.97

	
2

	
10.93

	
9.39

	
qLRS-2

	
Drought tolerance

	
[42]




	
qML3-1

	
5.97

	
3

	
9.04

	
9.73

	
qTAA3-1

	
Germination rate and seedling growth

	
[43]




	
qML3-2

	
24.64

	
3

	
10.96

	
9.86

	
qMel-3

	
Mesocotyl length

	
[17]




	
qML4

	
4.25

	
4

	
9.08

	
9.15

	
qLTG-4-1

	
Low temperature germinability

	
[44]




	
qML5-1

	
1.38

	
5

	
9.64

	
9.52

	
qLTG-5-1

	
Low temperature germinability

	
[45]




	
qML5-2

	
18.55

	
5

	
10.69

	
9.12

	
qLTG-5

	
Low temperature germinability

	
[44]




	
qML6

	
15.32

	
6

	
9.79

	
9.03

	
qML6

	
Mesocotyl length

	
[19]




	
qML8

	
2.07

	
8

	
9.09

	
9.02

	
qLOE-8

	
Submergence tolerance

	
[46]




	
qML11

	
16.48

	
11

	
10.19

	
10.11

	
qml11

	
Mesocotyl length

	
[47]
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Table 2. Results of haplotype analysis of Os01g0269800.
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ID

	
SNP1

	
SNP2

	
SNP3

	
SNP4

	
SNP5

	
SNP6

	
SNP7

	
SNP8

	
SNP9

	
SNP10

	
SNP11

	
SNP12

	
Number of Accessions

	
First

Repetition

	
Second

Repetition




	
Region

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Exon1

	
Average Mesocotyl Length

(mm)

	
F-value

	
Average Mesocotyl Length

(mm)

	
F-value




	
Position

	
9316694

	
9316963

	
9316970

	
9316999

	
9317054

	
9317151

	
9317281

	
9317344

	
9317356

	
9317749

	
9317750

	
9317793




	
Allele

	
T/C

	
T/G

	
G/A

	
C/T

	
A/T

	
C/G

	
A/G

	
A/G

	
A/G

	
C/T

	
A/G

	
G/T




	
Ref.seq

	
T

	
T

	
G

	
C

	
A

	
C

	
A

	
A

	
A

	
C

	
A

	
G




	
Hap1

	
T

	
T

	
G

	
C

	
A

	
C

	
A

	
A

	
A

	
C

	
A

	
G

	
109

	
3.07 b

	

	
3.27 b

	




	
Hap2

	
T

	
G

	
G

	
C

	
A

	
C

	
G

	
G

	
G

	
C

	
G

	
G

	
8

	
19.73 a

	
35.09 ***

	
20.85 a

	
47.23 ***




	
Hap3

	
C

	
G

	
A

	
T

	
T

	
G

	
G

	
G

	
G

	
T

	
G

	
T

	
13

	
5.36 b

	

	
5.97 b

	








Hap: Haplotype. Letters: a, b represent different significance level at *** p < 0.001 (Duncan’s test).
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Table 3. Results of haplotype analysis of Os01g0731100.
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ID

	
SNP1

	
SNP2

	
SNP3

	
Number of accessions

	
First Repetition

	
Second Repetition




	
Region

	
5′UTR

	
5′UTR

	
5′UTR

	
Average Mesocotyl Length

(mm)

	
F-value

	
Average Mesocotyl Length

(mm)

	
F-value




	
Position

	
30513562

	
30513616

	
30513617




	
Allele

	
G/C

	
G/A

	
T/A




	
Ref.seq

	
G

	
G

	
T




	
Hap1

	
C

	
A

	
A

	
40

	
2.55 b

	

	
3.88 b

	




	
Hap2

	
C

	
G

	
T

	
8

	
20.03 a

	
37.1 ***

	
22.30 a

	
46.76 ***




	
Hap3

	
G

	
G

	
T

	
84

	
3.55 b

	

	
3.66 b

	








Hap: Haplotype. Letters: a, b represent different significance level at *** p < 0.001 (Duncan’s test).
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Table 4. Results of haplotype analysis of Os08g0136700.






Table 4. Results of haplotype analysis of Os08g0136700.





	
ID

	
SNP1

	
SNP2

	
SNP3

	
Number of Accessions

	
First Repetition

	
Second Repetition




	
Region

	
Exon1

	
Exon1

	
Exon1

	
Average Mesocotyl Length

(mm)

	
F-value

	
Average Mesocotyl Length

(mm)

	
F-value




	
Position

	
2063552

	
2063755

	
2063912




	
Allele

	
G/A

	
T/C

	
C/T




	
Ref.seq

	
G

	
T

	
C




	
Hap1

	
A

	
C

	
C

	
24

	
2.15 b

	

	
4.04 c

	




	
Hap2

	
G

	
T

	
C

	
90

	
3.11 b

	
13.66 ***

	
3.36 c

	
15.84 ***




	
Hap3

	
A

	
C

	
T

	
18

	
11.16 a

	

	
11.89 b

	




	
Hap4

	
A

	
T

	
T

	
2

	
17.10 a

	

	
21.2 a

	








Hap: Haplotype. Letters: a, b, c represent different significance level at *** p < 0.001 (Duncan’s test).
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Table 5. Results of haplotype analysis of Os08g0137800.






Table 5. Results of haplotype analysis of Os08g0137800.





	
ID

	
SNP1

	
SNP2

	
SNP3

	
SNP4

	
Number of Accessions

	
First Repetition

	
Second Repetition




	
Region

	
5′UTR

	
3′UTR

	
3′UTR

	
3′UTR

	
Average Mesocotyl Length

(mm)

	
F-value

	
Average Mesocotyl Length

(mm)

	
F-value




	
Position

	
2129695

	
2130465

	
2130532

	
2130566




	
Allele

	
G/A

	
T/C

	
A/G

	
G/T




	
Ref.seq

	
G

	
T

	
A

	
G




	
Hap1

	
G

	
C

	
A

	
G

	
9

	
20.67 a

	

	
21.78 a

	




	
Hap2

	
G

	
T

	
A

	
G

	
83

	
3.31 b

	
52.43 ***

	
3.51 b

	
53.26 ***




	
Hap3

	
A

	
C

	
G

	
T

	
39

	
2.39 b

	

	
3.95 b

	








Hap: Haplotype. Letters: a, b represent different significance level at *** p < 0.001 (Duncan’s test).
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Table 6. Results of haplotype analysis of Os08g0137900.






Table 6. Results of haplotype analysis of Os08g0137900.





	
ID

	
SNP1

	
SNP2

	
SNP3

	
SNP4

	
Number of Accessions

	
First Repetition

	
Second Repetition




	
Region

	
Exon1

	
Exon1

	
3′UTR

	
3′UTR

	
Average Mesocotyl Length

(mm)

	
F-value

	
Average Mesocotyl Length

(mm)

	
F-value




	
Position

	
2134167

	
2134171

	
2134402

	
2134431




	
Allele

	
T/C

	
G/A

	
G/T

	
T/C




	
Ref.seq

	
T

	
G

	
G

	
T




	
Hap1

	
C

	
A

	
G

	
C

	
31

	
6.2 b

	

	
3.95 b

	




	
Hap2

	
C

	
G

	
G

	
C

	
13

	
10.29 a

	
9.96 ***

	
11.32 a

	
9.46 ***




	
Hap3

	
T

	
G

	
G

	
T

	
64

	
3.82 bc

	

	
4.08 b

	




	
Hap4

	
T

	
G

	
T

	
T

	
18

	
1.68 c

	

	
1.7 b

	








Hap: Haplotype. Letters: a, b represent different significance level at *** p < 0.001 (Duncan’s test).
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