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Heading date (Hd) is one of the main factors determining rice production and regional adaptation. To identify the genetic factors involved in the wide regional adaptability of rice, we conducted a genome-wide association study (GWAS) with 190 North Korean rice accessions selected for non-precocious flowering in the Philippines, a low-latitude region. Using both linear mixed models (LMM) and fixed and random model circulating probability unification (FarmCPU), we identified five significant loci for Hd in trials in 2018 and 2019. Among the five lead single nucleotide polymorphisms (SNPs), three were located adjacent to the known Hd genes, Heading date 3a (Hd3a), Heading date 5 (Hd5), and GF14-c. In contrast, three SNPs were located in novel loci with minor effects on heading. Further GWAS analysis for photoperiod insensitivity (PS) revealed no significant genes associated with PS, supporting that this North Korean (NK) population is largely photoperiod-insensitive. Haplotyping analysis showed that more than 80% of the NK varieties harbored nonfunctional alleles of major Hd genes investigated, of which a nonfunctional allele of Heading date 1 (Hd1) was observed in 66% of the varieties. Geographical distribution analysis of Hd allele combination types showed that nonfunctional alleles of floral repressor Hd genes enabled rice cultivation in high-latitude regions. In contrast, Hd1 alleles largely contributed to the wide regional adaptation of rice varieties. In conclusion, an allelic combination of Hd genes is critical for rice cultivation across wide areas.
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INTRODUCTION
Rice (Oryza sativa L.), a major cereal crop, especially in Asia, consists of two subspecies: indica and japonica. As a facultative short-day (SD) plant, rice flowering can be promoted under SD conditions and repressed under long-day (LD) conditions (Li et al., 2020). Heading date (Hd), which involves the transition from vegetative to reproductive growth, is the most critical growth stage of rice and affects rice cultivation over a wide range of latitudes and the regional adaptability of rice plants (Izawa, 2007; Koo et al., 2013). Photoperiod sensitivity (PS) is the plant’s response to the length of the day, and its Hd can be determined by its vegetative phase (Yano et al., 2000; Fujino, 2003). The photoperiodic control of flowering is one of the most significant components of the interaction between plants and their environment, and many genes are involved in this photoperiodic response (Nayyeripasand et al., 2013).
Hd1 promotes heading under SD conditions and represses heading under LD conditions by regulating the expression of Hd3a, a florigen gene in rice (Yano et al., 2000; Kojima et al., 2002; Tamaki et al., 2007). Hd3a, which was identified as a quantitative trait locus (QTL) for flowering time, is a key activator of flowering in rice (Kojima et al., 2002). Many studies have suggested that FT/Hd3a represents a florigen-type mobile flowering signal (Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007; Lin et al., 2000; Kwon et al., 2014). Hd3a expression is regulated by Hd1 and Early heading 1 (Ehd1), a B-type response regulator that functions independently of Hd1 (Yano et al., 2000; Hayama et al., 2003; Doi et al., 2004). The Hd3a gene acts as a flowering signal under SD conditions (Komiya et al., 2008; Nayyeripasand et al., 2013), and its expression can be regulated by OsPRR37 (Hd2) to suppress flowering under LD conditions (Koo et al., 2013). Heading date 5 (Hd5) delays the heading date under both LD and SD conditions (Wei et al., 2010). Hd5, which encodes a putative HAP3 subunit of the HAP complex, controls rice photoperiod sensitivity by forming a complex that interacts with Ghd7. Hd5 was identified as a major effect locus affecting flowering, with the dual function of inhibiting flowering under LD conditions and promoting flowering under SD conditions by regulating Ehd1 and Hd3a (Wang et al., 2019).
Genome-wide association study (GWAS) has been widely used to identify single nucleotide polymorphisms (SNPs) that are significantly associated with various important agronomic traits in rice (Huang et al., 2011; Zhao et al., 2011). GWAS is an alternative mapping strategy that utilizes genetically diverse populations of unrelated individuals (Famoso et al., 2011). Hd is one of the traits extensively studied by GWAS in rice (Huang et al., 2011; Zhao et al., 2020). Hd3a and OsGI were detected in both indica and japonica populations, with 32 new signals associated with flowering time loci in 950 rice varieties worldwide (Huang et al., 2011). OsGI has also been identified by GWAS analysis in the African rice population for both early and late sowing (Cubry et al., 2020). A worldwide collection of 529 Oryza sativa accessions was analyzed by GWAS and identified three CCT genes (OsPRR59, OsP, and OsCMF10) and two MADS genes (OsMADS87 and OsMADS30) (Liu et al., 2021) for the Hd phenotype. Additionally, 69 accessions from the world rice core collection were analyzed using GWAS, and candidate genes associated with Hd and seed characteristics were detected (Tanaka et al., 2020).
The North Korean (NK) rice collection is a unique source of breeding materials since the NK rice collection has not been extensively utilized for genetic analysis. Thus, revealing the genetic basis of the NK rice collection would be beneficial for discovering new genetic factors associated with Hd and understanding its genetic composition. This study used 190 NK rice varieties selected from the NK rice collection for non-precocious flowering and normal growth in the low-latitude Philippines, indicating that these varieties are mainly photoperiod-insensitive (PIS). Here, we performed GWAS and haplotype analyses using the selected NK rice population and proposed significant genetic loci associated with Hd regulation and the genetic composition of this population by analyzing the allelic combination of the major Hd genes. The geographical distribution of these Hd allelic combinations was also discussed with respect to regional adaptation.
MATERIALS AND METHODS
Plant material and phenotype analysis
We used 190 NK rice cultivars selected for non-precocious flowering and normal growing from 4000 NK rice varieties in the experimental field of the International Rice Research Institute (IRRI), Los Baños, Philippines (14°35 N, 120°58 E) in 2010. Japonica rice varieties are typically grown in temperate countries with long photoperiods. The Democratic People’s Republic of Korea (DPRK or North Korea) (40.3399°N, 127.5101°E) is a country that cultivates japonica rice. NK rice accessions were deposited at the IRRI for germplasm conservation and domestication. The rice varieties were planted in the experimental area of Hankyong National University, Anseong-si, South Korea (37°0N, 127°16E), under natural LD conditions. The sowing date of the rice cultivars was 30 April 2018, and 2019 in Anseong Si, South Korea, and they were transplanted on 09 June 2018, and 24 May 2019. The average day length in South Korea was approximately 13.5 h, and the maximum temperature range was 27–39°C in Anseong-si (Supplementary Figure S1) Hd was recorded as the number of days from sowing to the day when the spikelet of the first panicle emerged, based on visual observation of each rice variety. The data for natural SD conditions were adapted from the IRRI; the emergence date was April 23 and 12 May 2010, and they were transplanted on May 29 and 9 June 2010, respectively. The maximum temperature ranged from 32 to 36°C, Supplementary Figure S1) (World weather online 2018) average day length is 12 h (short day). The PS data of each entry were calculated from the difference in Hd between the SD and LD (Wei et al., 2010). We used an additional reference of 25 rice accessions from the 3,000 Rice Genomes Project (3 K-RGP) for clear subspecies classification (TemJ, TroJ, Ind, Aro, Aus) (Supplementary Table S1). 3 K-RGP (additional 25 variety) data were only used for the NJ tree and PC analysis.
NGS analysis and genotyping
Genomic DNA was extracted from 190 NK rice varieties using the CTAB method (Murray and Thompson, 1980). Young leaves were collected with beads in a 2 ml tube and homogenized after freezing in liquid nitrogen and stored at -70°C until use in NGS. The DNA quality was analyzed using a UV spectrophotometer and the Gen5 2.07 program. The gDNA (1 mg) was sheared using an S220 ultrasonicator (Covaris). Library preparation was performed using the MGIEasy DNA library prep kit (MGI) according to the manufacturer’s instructions. Briefly, after the size selection of fragmented gDNA using AMPure XP magnetic beads, the fragmented gDNA was end-repaired and A-tailed at 37°C for 30°min and 65°C for 15 min. The indexing adapter was ligated to the ends of the DNA fragments at 23°C for 60 min. After cleanup of the adapter-ligated DNA, PCR was performed to enrich the DNA fragments with adapter molecules. Thermocycler conditions were as follows: 95°C for 3°min; seven cycles of 98°C for 20°s, 60°C for 15 s, and 72°C for 30°s; and a final extension at 72°C for 10 min. The double-stranded library was quantified using a QuantiFluor ONE dsDNA System (Promega). The library was circularized at 37°C for 30 min and then digested at 37°C for 30°min, followed by a cleanup of the circularization product. The library was incubated at 30°C for 25 min using the DNB enzyme to prepare a DNA nanoball (DNB). Finally, the library was quantified using the QuantiFluor ssDNA system (Promega). Sequencing of the prepared DNB was conducted using the MGI seq system (MGI) with 150 bp paired-end reads.
Genome-wide association mapping
GWAS analysis was performed using mixed linear models (MLM) (Zhang et al., 2010) and the fixed and random model circulating probability unification (FarmCPU) model implemented in GAPIT and rMVP (memory-efficient, visualization-enhanced, and parallel-accelerated R package) packages in R, respectively (Lipka et al., 2012). In our study, a total of 1,048,576 SNPs with minor allele frequency ≥0.05, missing data rate of ≤0.25, minimum genotype quality ≥30, and minimum depth ≥4 filtered by PLINK, were used for association analysis. Linkage disequilibrium (LD)-based SNP pruning was performed using PLINK v1.9 with the command (--Indep-pairwise “50 5 0.2”). Non-independent SNPs were removed, and 82,663 effective and independent SNPs remained. False positives in the GWAS were corrected using the Bonferroni test. Using the Bonferroni multiple test correction (0.05/number of independent SNP; at a 5% level of significance), the calculated threshold value was set as - log10 (p) = 6.05.
Population structure, linkage disequilibrium, and haplotype
Neighbor-joining (NJ) trees were constructed to infer genetic relationships using MEGA v7 (Kumar et al., 2018). LD analysis identified 100 kb–1 Mb around the lead SNPs as candidate genomic regions for gene identification. LD patterns between lead SNPs and other SNPs were evaluated using PLINK v1.9 with the R2 command to calculate pairwise genotype correlations (R2) (Purcell et al., 2007). Lead SNPs were defined as SNPs with the lowest p-value in the loci, including significant SNPs. Haplotype analysis was performed using raw, unfiltered genotype data to access all variants of the SNP and InDel calls. After the removal of heterozygotes and missing data, SNPs and InDels in the exon regions were used for LD and haplotype variation analyses. The target genomic regions for haplotyping were generated using the site-filtering options of the variant call format (vcf) (--from-bp and --to-bp). We scanned the genomic regions of the significant loci of the genomic pseudomolecules of japonica cv. Nipponbare from the Michigan State University (MSU) Rice Database using Annotation version 6.1. Among these genes, candidate genes were identified based on the LD and predicted function of genes in relation to Hd.
RESULT
Population structure of North Korean rice accessions
A total of 190 NK rice varieties were genotyped by NGS analysis, resulting in 1,048,576 high-quality SNPs. In total, 82,663 LD-pruned independent SNPs with a minor allele frequency (MAF) ≥ 0.05 were obtained for analysis of population structure. An additional 25 reference varieties consisting of various subspecies were selected from the 3 K-RGP database (Li et al., 2014). Their SNP data were used in the population structure analysis for clear subspecies classification. SNPs were uniformly distributed, covering the entire genome of the 12 chromosomes. Chromosome 10 possessed the highest SNP density, whereas chromosome one possessed the lowest SNP density (Figure 1A). Principal component analysis (PCA) was performed based on 82663 LD-pruned SNPs. Based on the PCA results, five subgroups [Temperate Japonica (TemJ), Tropical Japonica (TroJ), Aromatic (Aro), Aus, and Indica (Ind)] were clearly distinguished. PC1 and PC2 explained 56.7% and 16.3% of the total variance, respectively. The NJ tree analysis of genetic distance exhibited similar results, with most of the varieties, clearly clustered into one major TemJ group, and separated from the other subspecies, including TroJ, Ind, Aus, and Aro (Figure 1C). The NK population was clustered into TemJ (179), TroJ (5), and Ind 6) subspecies, but not into Aro and Aus. Phenotype frequencies of the NK varieties displayed an approximately normal distribution for Hd (74–110°days in AS18 and 75–115°days in AS19) with a positive skewness (Figures 1D,E) and a similar distribution (48–112°days in the Philippines) (Supplementary Figure S2). Additionally, one-way ANOVA revealed significant differences in the Hd trait for genotypes (Supplementary Table S2), indicating that diverse phenotypic variation in this NK population may provide the opportunity to discover candidate genes for the Hd trait via genetic analysis (Ma et al., 2016).
[image: Figure 1]FIGURE 1 | Population structure and phenotypic variation in North Korean rice accessions. (A) Chromosome-wise SNP density plot representing the number of SNPs within a 1 Mb window size. (B) PCA based on 215 varieties (190 NK and 3K-RGP derived 25 rice accessions). The two top principal components (PC1 and PC2) explained 73% of the genetic variation. Accessions are color-coded: orange, TemJ; light blue, TroJ; red, Aro; dark blue, Aus; green, Ind (C) Neighbor-joining tree. (D and E) Histograms showing phenotype distribution of heading date in 2018 (D) and 2019 (E) populations.
Genome-wide association mapping of Hd phenotype
To identify the genomic regions associated with the rice heading date phenotype, we performed a GWAS on 190 NK rice accessions. GWAS was performed using MLM (Figures 2A,B) and fixed and FarmCPU (Figures 2C,D) v2.07 models. A total of 10,994,201 SNPs were identified and only 1,048,576 SNPs that had the high quality with MAF ≥0.05 were included in the GWAS. The filtered SNPs were used for GWAS with phenotypic data. The heading date under natural LD conditions was recorded during the summer of 2018 and 2019 in Anseong, South Korea.
[image: Figure 2]FIGURE 2 | Manhattan and quantile-quantile plots for a GWAS of Hd phenotype in NK rice. (A–D) Manhattan plots of 2018 (A) and 2019 (B) in MLM model with GAPIT, and 2018. (C) and 2019. (D) in FarmCPU model with rMVP, respectively. Orange lines indicated significant SNPs correlated with Hd. Blue lines indicated major peaks not significantly correlated with Hd. Genome-wide significance threshold lines in MLM (p < 4.32 × 10–7) and FarmCPU model (p < 6.05 × 10–7) were shown as red dashed lines. Known and novel candidate genes are marked above lead SNPs. (E–H) Q-Q plot of 2018 (E) and 2019 (F) in MLM model with GAPIT and 2018 (G) and 2019. (H) in FarmCPU model with rMVP. For the Q-Q plots, the horizontal axis represents the expected -log10 (p), and the vertical axis is observed -log10 (p) of each SNP. The SNPs that had p-values deviated from the linear indicate reasonable positives.
We identified five significant loci for the Hd phenotype in NK rice populations grown in 2018 by GWAS analysis using the MLM model. These lead SNPs are located on chromosomes 4, 6, and eight; Chr4:15932637 (p = 3.19 × 10−7), Chr4:29201109 (p = 2.26 × 10−7), Chr6:2971050 (p = 1.88 × 10−7), Chr6:23991254 (p = 2.20 × 10−7), and Chr8:20407302 (p = 1.93 × 10−6). LD analysis was performed to determine candidate genomic regions for each peak. Of these, two loci were co-localized with the known Hd genes, Hd3a and GF14-c, and no known Hd gene was associated with the other three lead SNPs (Figure 2; Table 1). The details of these significant association signals are presented in Supplementary Table S3. SNP Chr6:2971050, the most significant SNP in 2018, was located close to the Hd3a/RFT1 gene (LOC_Os03g06320) (Figure 2A). This peak was also identified in the 2019 trial, although it was below the significance level (Figure 2B).
TABLE 1 | Significant SNPs associated with Hd and PS.
[image: Table 1]We also performed the FarmCPU models using rMVP for improved GWAS computation. FarmCPU and MLM were used iteratively to increase the statistical power of GWAS for detecting genetic loci associated with Hd. FarmCPU has higher statistical power than MLM for evaluating populations with either weak or strong population structures (Yin et al., 2021). With the FarmCPU model, we detected seven association signals (p < 6.05 × 10–7) for the 2018 and ten for 2019 trials (Figures 2E,F) (Supplementary Table S3). Three significant peaks were commonly detected in the 2 years, and a total of 14 peaks were identified in the FarmCPU model. Of them, two peaks, Chr8:4311475 (p = 1.50 × 10–12) and Chr6:2971050 (p = 6.74 × 10–16), were detected in both years, and were co-localized with the known Hd gene; the lead SNP Chr8:4311475 was located 22.3 kb away from the Hd5 gene. When comparing the significant and major peaks identified by the two different models, only three known genes, Hd3a, Hd5, and GF14-c, were repeatedly detected as major candidate genes for Hd in both the MLM and FarmCPU models.
Haplotype analysis of the three known Hd genes detected by GWAS
Haplotype and LD analyses identified known genes associated with rice Hd, such as Hd3a/RFT1, Hd5, and GF14-c. The haplotypes of the candidate genes were classified using non-synonymous SNPs and InDels in the coding sequence (CDS). Hd3a (LOC_Os06g06320), a major Hd gene in rice, was located approximately 28 kb away from the lead SNP Chr6:2971050 (p = 1.87 × 10–7) on chromosome 6 (Figure 3B). The genetic location of Hd3a included eight SNPs in the CDS, two SNPs in the 5′UTR, and one InDel in the intron region (Figure 3A). Hd3a was classified into five haplotypes. When comparing the mean Hd among haplotypes, the Hd of Hap three was significantly earlier than that of the other haplotypes. Haps one and two also showed intermediate Hd values, which were significantly earlier than those of Haps four and 5 (Figure 3C). Interestingly, we found an novel allele (Chr6:2942192) in Hap 3, which led to the amino acid substitution N145K (Asn/Lys) in the fourth exon of Hd3a. Fifteen rice accessions assigned to the Hap three group showed an extremely early heading phenotype (74–80 days) (Figure 3A). Hd3a promoter is a potential factor for generating diversity in flowering time (Takahashi et al., 2009). To test whether the Hap three allele is linked to the promoter allele variants, we analyzed approximately 2 kb of the promoter regions of Hd3a and identified three haplotypes. However, there was no significant association between the promoter sequence variants and the Hd phenotype (Supplementary Figure S3). We further investigated Hd3a expression levels in the leaves of heading plants. Hap three had a significantly higher Hd3a level than the other haplotypes (Supplementary Figure S4A). The primers used are listed in Supplementary Table S4. This result suggests that the Hap three allele may promote accelerated flowering by increasing Hd3a expression via an undetermined mechanism.
[image: Figure 3]FIGURE 3 | Haplotype analysis of the three known Hd genes (Hd3a, Hd5, and GF14-c) detected by GWAS. (A) Gene structure and haplotype analysis of Hd3a based on 11 significant SNPs and one InDel. A schematic diagram of Hd3a is shown on the top. (B) The LD plot shows association loci for Hd3a on chromosome 6. The color of each SNP indicates the r2 value for the correlation with the lead SNP. Red and green color intensities indicate stronger and weaker LD (0–1). (C) Phenotypic variation of the five haplotypes for Hd3a. (D) Three haplotypes were detected in Hd5 in CDS regions. (E) The LD plot shows association loci for Hd5 on chromosome 8. (F) Phenotypic variation of the three haplotypes for Hd5. (G) Haplotype analysis of the peak associated with the GF14-c gene. (H) The LD plot shows association loci for GF14-c on chromosome 8. (I) Phenotypic variation of the four haplotypes for GF14-c. Different letters indicate significant differences according to one-way ANOVA and Duncan’s least significant range test (p < 0.05).
The second known Hd gene, Hd5 (LOC_Os08g07740), was located about 22.3 kb away from the lead SNP Chr8:4311475 on chromosome 8 (Figure 3E). Hd5, consisting of only one exon, had 13 SNPs and one InDel in the coding region (Figure 3D). By haplotype analysis, Hd5 was classified into three haplotype groups. The eight NK varieties belonging to Hap two showed a significant early heading phenotype compared with the other two haplotype groups. Of these allele variants, a 19 bp deletion (chr8:4334626) resulted in a frameshift (FS), causing loss-of-function of the Hd5 gene (Figure 3F).
Another significant peak associated with Hd was detected on chromosome 8 (chr8:20408619) (Figures 2, 3H). GF14-c, acting as a negative regulator of flowering in rice (Purwestri et al., 2009), is located approximately 400 kb away from the lead SNP. The GF14-c (LOC_Os08g33370) haplotypes were constructed based on one SNP in a 5′UTR, one SNP in exon 1, three SNPs in the intron region, and three SNPs in the 3′UTR (Figure 3G). Four rice accessions were assigned to the Hap four group, which showed significantly delayed Hd (Figure 3I).
Haplotype analyses of novel candidate genes for Hd phenotype
Next, we performed LD and haplotype analysis for the three significant peaks identified in the MLM model in which Hd genes were not observed within the LD block (Chr4:15932637, Chr4:29201109, and Chr6:23991254) (Figure 2A). Haplotype analysis revealed a significant difference only between the haplotype groups associated with peak Chr6:23991254. Two unknown genes were identified 480–491 kb away from the lead SNPs Chr6:23991254 (Figure 4B). Of the two associated genes, LOC_Os06g37840.1 (a gene encoding a resistance protein) contains 11 SNPs and two InDels, and it was divided into four haplotype groups (Figure 4A). Haps two and four harbored a 19 bp deletion and two bp insertion in the first exon, and only Hap two showed a significant association with the early Hd phenotype (Figure 4F). The other gene, LOC_Os06g37790 (a gene encoding an expressed protein), had two SNPs in the second exon, and it was classified into three haplotypes (Figure 4C). Of these, Hap three was significantly associated with early Hd (Figure 4G).
[image: Figure 4]FIGURE 4 | Haplotype analysis and strong association signals in chromosomes six and seven for Hd. (A) Four haplotypes were detected in LOC_Os06g37840. (B) The LD plot shows association loci for LOC_Os06g37840 and LOC_Os06g37790 at chromosome 6. The color of each SNP indicates r2 (LD) for the correlation with the lead SNP. Red and green color intensities indicate stronger and weaker LD (0–1). (C) Two haplotypes were detected in LOC_Os06g37790. (D) Haplotype analysis and phenotypic differences between the HAPs of LOC_Os07g10110. (E) The LD plot shows association loci for LOC_Os07g10110 at chromosome 7. (F–H) Haplotype analysis of the LOC_Os06g37840 (F), LOC_Os06g37790 (G), and LOC_Os07g10110 (H). Different letters indicate significant differences, according to Duncan’s multiple range test (p < 0.05).
We analyzed another 15 major peaks, although they were not significantly associated with the Hd phenotype based on the threshold line in the MLM model (Figures 2A,B). However, some of them showed significance in at least one of the yearly trials analyzed by the FarmCPU model. LD and haplotype analyses revealed that none showed significant association with Hd except for one peak chr7:5456828 (p = 3.02 × 10−7) where the LOC_Os07g10110.1 (a gene encoding expressed protein) was located 34.7 kb from the lead SNP (Figure 4E). Three haplotype patterns of this gene were identified in the NK population (Figure 4D). Of these, Hap three varieties showed significantly early heading compared to the other haplotypes (Figure 4H). This regulation indicates that the gene encoding the expressed protein can be used as a candidate gene for Hd.
GWAS and haplotyping analysis for the PS phenotype
Since the selected NK population was mainly photoperiod-insensitive, we next performed a GWAS for the PS phenotype. The photoperiod sensitivity of the NK population was evaluated as the difference in Hd between natural LD (Korea) and natural SD (Philippines). No significant peak was observed in the GWAS analysis for the PS phenotype; however, two major peaks were identified at chromosomes 3 and 7, although they were not over the threshold line in MLM (Figure 5A). Two SNPs, chr3:10130737 (p = 5.45 × 10–7) and chr7:25296269 (p = 7.87 × 10–6), were located 504–890 kb away from the OsPhyB and OsMADS18 genes, respectively. OsPhyB delays heading in response to LD conditions (Lee et al., 2016), whereas OsMADS18 promotes early heading (Wang et al., 2013). Haplotype analysis revealed that OsPhyB and OsMADS18 could be classified into three main haplotypes (Figures 5C,E). There was no significant difference between haplotype groups for OsPhyB and OsMADS18 (Figures 5D,F). These results indicate that known major PS genes were not detected in the GWAS analysis, possibly because the selected NK accessions were largely insensitive to photoperiod.
[image: Figure 5]FIGURE 5 | GWAS and haplotype analysis for photoperiod sensitivity. Manhattan. (A) and Q-Q plot (B) for a GWAS of photoperiod sensitivity in NK rice. For Q-Q plots, the horizontal and vertical axes represent the expected -log10 (p) and observed -log10 (p) of each SNP, respectively. The SNPs with p-values that deviated from the linear indicate reasonable positives. (C) OsPhyB haplotypes in CDS regions with SNPs. (D) Phenotypic variation of OsPhyB haplotypes. (E) Gene structure and haplotype analysis of OsMADS18. (F) Phenotypic variation of OsMADS18 haplotypes. Different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05).
Allelic combination of the major Hd genes contributed to PIS of NK varieties
To further elucidate the genetic composition underlying PIS in the NK population, we examined the haplotypes of additional major Hd genes that were not identified as significant loci for the Hd phenotype by GWAS in this study. Thus, we first performed haplotyping using allelic variations in the coding regions of Hd1, OsGI, Ehd1, Hd2, Ghd7, and RFT1 (Figure 6). The allele types of each gene were divided into two groups, functional and nonfunctional alleles, based on their previously known protein functionality.
[image: Figure 6]FIGURE 6 | Haplotype analyses of the major Hd genes (Hd1 (A), Ehd1 (B), Hd2 (C), OsGI (D), Ghd7 (E) and RFT1 (F)) with allelic variance (SNPs and InDels) in the CDS regions. The allelic frequencies in each rice type are presented in the columns towards the rights of the tables. Reference, Nipponbare (MSU).
Hd1, one of the major PS-related genes, promotes flowering in SD, whereas it represses flowering under natural LD conditions (Yang et al., 2015). We found seven InDels and eight SNPs in the coding region of Hd1. Haplotype analysis classified the polymorphic loci of Hd1 into nine groups (Figure 6A). Interestingly, Haps 1, 2, and 5 with 126 assigned rice varieties were nonfunctional (Figure 6A). The previously reported Hd1 nonfunctional (NF) alleles were 43, 3, and four bp deletions in the CCT domain (Yano et al., 2000), and all of these alleles were identified in the NK varieties. The Hd of Hap nine occurred significantly earlier than that of the other haplotypes; however, only one variety belonged to Hap nine in the NK population (Supplementary Figure S5A).
Ehd1, a floral promoter under both SD and LD conditions, acts as a signal integrator that controls Hd3a and RFT1 (Shrestha et al., 2014). The haplotypes of Ehd1 were divided into five groups (Figure 6B). Only one NF allele (Chr10:17077589) was detected in Hap 2, and 13 varieties belonged to the NK population. Hap two showed a significantly delayed heading phenotype compared with the other haplotype groups (Supplementary Figure S5B).
Hd2 is a floral repressor gene located on chromosome 7 (Zhang et al., 2016). Using haplotype analysis, 15 SNPs and one deletion were identified and classified into seven haplotype groups. Of these, Hap three and Hap five had known NF alleles on exon seven or eight of Hd2 (Figure 6C). However, Hap five and Hap six showed a significantly early Hd phenotype compared to the other haplotypes (Supplementary Figure S5D). Ten and two varieties belonged to Hap five and Hap. 6, respectively. Based on this phenotype, it was inferred that Hap six might be an unknown NF allele of Hd2.
OsGI is a positive floral regulator of Hd1 expression under SD and LD conditions (Hayama et al., 2003). Using haplotype analysis, five SNPs were identified in the CDS region of the OsGI gene and classified into four haplotype groups. The sequence profiles of Hap two and Hap three showed non-synonymous amino acid changes (Figure 6D); however, there was no significant difference between haplotype groups for the Hd phenotype (Supplementary Figure S5C).
Ghd7 contained 11 SNPs and was classified into six haplotypes. Among the haplotypes, Hap three contained one NF allele that showed significantly earlier than that of the other haplotypes. (Supplementary Figure S5F). Among the rice accessions of NK, seven varieties had a Ghd7-0 allele caused by an SNP (Chr7:9154664), and the Hd was significantly earlier, by 22°days on average, than that of the varieties with a functional allele (Figure 6E).
Haplotype analysis of RFT1, a flowering promoter, identified nine polymorphic loci and classified these allelic variants into two haplotypes. Hap two harbored two NF alleles, a 70 bp insertion in an intron and SNP chr6:2928178, causing amino acid substitution Gly/Lys (E105K); however, no significant difference in Hd was observed between haplotypes (Supplementary Figure S5E).
Haplotype analysis of the major Hd genes for the Hd phenotype revealed that four Hd genes (Hd1, Ehd1, Hd2, and Ghd7) unexpectedly showed significant differences between haplotypes. These results indicate that some of the major Hd genes still regulate the Hd phenotype in this population; however, the allele effect of these Hd genes was not observed in GWAS because these were mostly rare alleles that were filtered out by the MAF parameters (≥0.05).
The Hd pathway is a complex mechanism that is explained by intergenic interactions. Thus, we further analyzed the allele combinations of eight major Hd genes to reveal the combined effect of Hd genes on PIS in rice. The allele of each Hd gene was functional and nonfunctional, and these allele combinations were classified into 20 different types (Figure 7A). The Hd patterns of each type were similar under the natural SD and LD conditions (Figures 7B,C). The PS value analysis revealed that all 20 types showed a low PS index value (PS < 0.3) in the NK population, indicating that all types were largely photoperiod-insensitive (Figure 7D).
[image: Figure 7]FIGURE 7 | Allelic composition of major Hd genes regulating days to heading in the 190 NK rice accessions. (A) Haplotype combination of major Hd genes. (B) Phenotypic variation between the types of Hd genes combination in NSD conditions. (C) Phenotypic variation between the types of Hd genes combination in NLD conditions. (D) Phenotypic variation between the types of Hd genes combination in PS.
The number of varieties carrying NF alleles was the largest for Hd1 (126 varieties), followed by Hd2 (21), Ehd1 (13), Hd5 (8), RFT1 (8), and Ghd7 (7) (Figure 7A). Of the 64 varieties that did not carry the Hd1 nonfunctional allele, 30 varieties harbored at least one of the NF alleles of the other major Hd genes. The other 34 varieties carried only functional alleles for eight major Hd genes. This result indicated that Hd1 mainly contributed, and other Hd genes, such as Hd2 and Ehd1, partially contributed to PIS in the NK population.
Type 1, carrying only functional alleles for the Hd genes, showed the second-most delayed Hd phenotype, with only type 10 showing an even later heading. This may be due to the NF allele of Ehd1, a floral promoter. Type 11, to which 98 cultivars (57% of the total) belonged, had a NF allele of Hd1 and showed late heading. It seems that the NF alleles of Hd2 (types 2, 5, 6, 8, 9, 12, 16, and 20), Hd5 (types 3, 5, 13, and 17), and Ghd7 (types 4, 7, 8, 14, and 18), which are floral inhibitory genes, mostly contributed to promoting heading compared to types 1 and 11. Notably, a new allele of Hd3a was observed in types 6–8 and 15–18, showing a remarkably early heading and suggesting that this is attributed to the novel allele of Hd3a. Type 8, which had a combination of NF alleles of Ghd7 and Hd2 and novel alleles of Hd3a, showed the earliest heading (70–72°days). Taken together, these results suggest that the allelic combination of major Hd genes, including floral inhibitory and promoting genes, contributed to days to heading, and PIS was mainly attributed to the NF alleles in the NK population.
Geographical distribution of the varieties with 20 different allelic combination types of the major Hd genes
We further investigated the geographical distribution of the 20 different allele combinations using 3 K-RGP (Mansueto et al., 2017). Among the 20 types, we mapped the geographical distribution of haplotypes 2, 10, 11, 12, and 19, which were found in 3 K-RGP, except for type 1, which harbored only functional alleles of the Hd genes (Figure 7A). Type 2 (harboring Hd2 NF allele) was found in 54 rice accessions in the 3 K-RGP and was mainly distributed in temperate regions (latitude, 270–55°), including China, Korea, and Nepal. Although not mapped in Figure 8 (Asian map), type 4 (harboring Ghd7 NF allele) and type 6 (harboring NF alleles of Hd2 and the novel allele of Hd3a) were mainly distributed in high latitude regions such as New Zealand, Bulgaria, and Hungary (latitude, 350–48°). These results indicate that varieties with NF alleles of floral repressor genes, such as Hd2 and Ghd7, were largely distributed in high-latitude regions. In contrast, the varieties belonging to type 11 with the Hd1 NF allele were found in 570 accessions of the 3 K-RGP and were widely distributed throughout Asia. Interestingly, type 12, which has both Hd1 and Hd2 NF alleles, is distributed at relatively high latitudes in mainland China, Taiwan, and Korea. This suggests that the Hd2 NF allele contributes to rice cultivation at high latitudes, irrespective of the presence of Hd1 allele. Therefore, the geographic distribution of a combination of major Hd gene haplotypes revealed that Hd1 NF allele contributed to broad area rice cultivation ranging from low to high latitudes. In contrast, NF alleles of floral repressors such as Hd2 and Ghd7 enabled rice cultivation at high latitudes.
[image: Figure 8]FIGURE 8 | Geographic distribution of cultivated rice varieties harboring different allelic combination types of major Hd genes in Asia. Each type is shown as different colors in the pie chart; Type 2 (orange), Type 10 (mustard), Type 11 (green), Type 12 (yellow), Type 19 (light green). The size of the circles represents the number of varieties in each country. In total, 3,000 rice varieties in the International Rice Genebank Collection Information System were used for allelic analysis.
DISCUSSION
We performed GWAS analysis using MLM and FarmCPU models for the Hd and PS phenotypes to elucidate the genetic composition of photoperiod-insensitive NK rice. As expected, most of the major Hd genes were not significantly identified as associated signals in the GWAS. However, several SNPs significantly associated with Hd traits were still identified near the Hd gene regions, such as Chr6:2971050 and Hd3a. Five significant loci linked to known Hd (Hd3a, Hd5, and Gf14c) or novel genes were identified for heading date. Haplotyping of candidate genes located within the LD of the major peaks, including non-significant peaks, revealed that three known Hd genes and three novel genes (derived from two major peaks) were significantly associated with the Hd phenotype. Through further GWAS analysis of the PS phenotype, we also found OsPhyB and OsMADS18 genes linked to two major peaks, but their haplotypes were not significantly associated with the PS trait. This may be attributed to the population stratification of NK varieties previously selected for normal heading dates and growth in natural SD conditions (Philippines).
Hd3a and Hd5 played an important role in Hd regulation in the selected NK rice population (Figures 2A–F). Using GWAS, Hd3a was detected as a major genetic factor associated with the Hd phenotype in both trials with the NK population. Hd3a was located 28 kb away from lead SNP Chr6:2971050 (Figures 2, ). The lead SNP in the locus correlated well with the SNP Chr6:2942192, located in exon four of Hd3a, which was previously presented as a novel allele (Li et al., 2020). The 15 varieties belonging to Hap three harboring this allele showed significantly earlier Hd than the other haplotypes, including the functional allele (Figures 3A,D), suggesting that this allele is hyperfunctional.
Since Hd3a expression levels are strongly correlated with flowering time (Takahashi et al., 2009), we compared mRNA expression levels of the Hd3a haplotypes. Hap three was significantly higher in Hd3a level compared to the other haplotypes (Supplemental figure S4A). Further comparison of Hd3a expression in the selected varieties of Hap one and Hap 3 with the same heading date (78 days to heading) revealed that Hap three varieties still showed significantly earlier heading than Hap 1 (harboring a functional allele) (Supplementary Figure S4B). This suggests that Hap three is the hyper functional haplotype of Hd3a. Since a promoter variation of the Hd3a gene was not significantly correlated with the Hd phenotype (Supplementary Figure S3), it is inferred that SNP (Chr6:2942192) resulting in the amino acid substitution N145K (Asp/Lys) allele could contribute to the upregulation of Hd3a expression through mechanisms that has not yet been elucidated, other than promoter variation. This merits a further functional study of this hyper-functional allele, SNP (Chr6:2942192), in the fourth exon of the Hd3a gene.
Another major gene, Hd5, a loss-of-function allele caused by a 19 bp deletion (chr8:4334626), was found in eight out of 190 NK varieties (Figure 4A). This NF allele causing early flowering has been extensively identified in rice varieties growing in Hokkaido, a northern region of Japan (Fujino et al., 2013). Hd5 acts as a floral repressor under LD conditions and delays flowering by downregulating the expression of Ehd1, Hd3a, and RFT1 (Wei et al., 2010). The NF alleles of Hd5 and hyper-functional alleles of Hd3a were found in 21 varieties (11% in frequency) in the NK population, causing an early heading date. PS and the transition from the vegetative to reproductive phase can be explained by different allele combinations of the major Hd genes in rice accessions. Several major genes that control Hd in response to photoperiod have been identified and described (Yamamoto et al., 1998). Three of them (Hd1, Hd2, and Hd5) have been shown to suppress flowering under LD conditions (Yano et al., 2000; Kojima et al., 2002; Xue et al., 2008; Wei et al., 2010; Yan et al., 2011; Fujino et al., 2013). It has been reported that PIS is generated by loss-of-function or weak alleles of Hd genes, enabling their distribution to specific environmental conditions, such as high latitudes (Gouesnard et al., 2002; Turner et al., 2005; Murphy et al., 2011; Goretti et al., 2017). NK varieties carried nonfunctional Hd1, Hd2, Ghd7, and Hd5 alleles, and those with a small PS index (<0.3) were less photoperiod-sensitive (Figures 7A,D). A photoperiod-sensitivity index close to zero is considered photoperiod-insensitive (Poonyarit, 1987).
Rice varieties carrying NF alleles of Hd1 can be cultivated in a wide range of regions because of the derepression of Hd3a. This allows flowering under a non-inductive photoperiod (Takahashi et al., 2009; Wu et al., 2020). The nonfunctional allele of Hd1 plays a major role in adaptation to various areas of rice cultivation (Fujino et al., 2013). The most frequent NF allele type in Hd1 was the 43 bp deletion (se1 type) (Yano et al., 2000), which was found in 65 NK varieties in this study. The second one was a four bp deletion in the exon (Takahashi et al., 2009), carried by 49 NK varieties (Figure 6A). A total of 126 varieties carried NF alleles of Hd1, indicating that 66% of the NK varieties were affected by the Hd1 allele and were less sensitive to photoperiods. This supports the hypothesis that the Hd1 nonfunctional allele plays an important role in the regional adaptation of rice.
The other major Hd genes, including Ehd1, Hd2, Ghd7, Hd5, and RFT1, also partially contributed to lower PS in the NK varieties. A total of 156 NK varieties carried at least one NF allele of these Hd genes. It is possible that the other minor Hd genes, which were not analyzed in our study, contributed to the lower PS of the 34 varieties carrying only functional alleles of major Hd genes.
A global map with the regional distributions of the five different allele combination types obtained from the 3 K-RGP showed that rice varieties with the Hd1 NF allele were widely distributed from low to high latitudes (Figure 8). Hd1 NF alleles may have occurred first in the insular region of Southeast Asia, introgressed to many local landraces, and moved to other regions (Wu et al., 2020). Kim et al. (2018) reported that NF alleles of Hd1 might enable the breeding of temperate Japonica varieties adapted to tropical regions. The NF allele Hd1 caused by the 43 bp deletion in exon 1, has been widely utilized in rice breeding in Japan, China, and Europe (Gómez-Ariza et al., 2015; Fujino et al., 2019; Leng et al., 2020). These results indicated that the NF alleles of Hd1 play an important role in rice cultivation over a wide range of latitudes.
Meanwhile, NF alleles of floral repressors were mainly found in high-latitude regions when analyzed with rice information obtained from the 3 K-RGP (Figure 8). It was previously reported that varieties with NF alleles of floral repressing genes are locally distributed in the northern regions of rice cultivation, including China, the Korean Peninsula, Japan, and Europe. Hd2 single or Hd2/Ghd7 double mutations were found in japonica rice cultivated in high-latitude regions of northeastern Asia (Koo et al., 2013). The NF allele of Ghd7 is important for extremely early heading in varieties from Hokkaido and Europe (Fujino and Sekiguchi, 2005; Nonoue et al., 2008; Xue et al., 2008; Shibaya et al., 2011). Furthermore, the NF allele of Hd5 (19 bp deletion) contributed to the adaptation of rice cultivars to the northern limit of rice cultivation in Hokkaido, Japan (Fujino et al., 2013). These reports indicate that NF alleles of floral repressors play an important role in rice adaptation to high latitudes. In conclusion, the allele combination of Hd1 and the other floral repressing Hd genes could contribute to the specific adaptation of rice cultivation to low-to higher-latitude regions with no limitation of photoperiod. The PIS of the NK rice population used in this study was mainly attributed to the NF allele of Hd1 and partially to the alleles of other floral repressors (such as Hd2, Hd5, and Ghd7) and floral accelerators (such as Hd3a, Ehd1 and RFT1). Further analysis of 34 varieties belonging to type 1 harboring only functional alleles of the Hd genes investigated would help reveal the role of the other Hd genes in the PIS of the NK varieties. The PIS NK varieties and their genetic information can be used as valuable materials for local adaptation to rice breeding in the future.
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