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   As the determinants of yield products, rice panicle traits are important targets for breeding. Despite their importance in grain filling and subsequent yield productivity, knowledge on the organ distribution pattern in rice panicles is limited owing to the lack of objective evaluation methods. In this study, we developed a method for quantifying rice panicle organ distribution patterns. To validate our method for practical application in biology, we integrated this method into a quantitative trait locus (QTL) analysis and identified QTLs for panicle organ distribution patterns in rice. Interestingly, Grain number 1 (Gn1), a major QTL of organ number, was not identified as a QTL for distribution pattern, indicating that the number and distribution of panicle organs are independently controlled. This study provides insight into rice panicle organ distribution patterns that will help improve breeding targeting rice panicle architecture.
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   1. Introduction.

 Panicle is the inflorescence of rice and has a complicated architecture consisting of several types of organs (Ikeda et al., 2004) ( Figure 1A ). The primary and higher-order branches can directly generate spikelets, which are the flowers of rice. When a spikelet is pollinated and receives enough source for filling, it becomes a grain, which is the yield product.

  

 Figure 1 | Method for the quantitative description of organ distribution patterns in rice panicle. (A) Schematic representation of the rice panicle architecture. (B) Schematic representation of the method used to describe the organ distribution pattern using a cubic smoothing spline. (C) Panicle morphologies of Koshihikari and Habataki. (D) Boxplots for phenotypic values of Koshihikari and Habataki. Box edges represent 0.25 and 0.75 quantiles with median values indicated by bold lines. Whiskers extend to data no more than 1.5 times the interquartile range, and remaining data are indicated by dots. (E) Smoothing curves of organ distribution patterns drawn for Koshihikari (yellow solid lines) and Habataki (blue dashed lines). The shaded areas represent the 95% confidence bands. 

 

 Rice panicle architecture is an important target in genetics, molecular biology, and breeding studies (Xing and Zhang, 2010; Li et al., 2021). For example, a natural allele of Grain number 1 (Gn1) increases the number of spikelets (Ashikari et al., 2005). ABERRANT PANICLE ORGANIZATION 1 (APO1) was first identified as a gene involved in inflorescence meristem activity and longevity via mutant analyses (Ikeda-Kawakatsu et al., 2009). Later, the natural allele Harvest Index 1 (HI1)/STRONG CULM2 (SCM2) was identified as a quantitative trait locus (QTL) for the number of spikelets (Ookawa et al., 2010; Terao et al., 2010).

 In addition to the number of organs, grain-filling efficiency is another essential factor for rice yield because poor grain filling results in low yield, even if the panicle has a large number of spikelets (Yang and Zhang, 2010; Ohsumi et al., 2011; Parida et al., 2022). Breeders and geneticists have found variations in the organ distribution patterns of the rice panicle (Matsuba, 1991; Yamaki et al., 2010), and many studies have reported the relationship between grain-filling efficiency and distribution pattern of organs (Seki et al., 2011; Yoshinaga et al., 2013). Thus, the number of organs and their distribution patterns affect the sink capacity and source allocation, respectively. Therefore, the design of organ distribution patterns is an important breeding target for achieving high grain-filling efficiency and yield (Xu et al., 2005; Peng et al., 2008). However, the organ distribution pattern has rarely been genetically analyzed because of the absence of a quantitative description method.

 Similar to the organ distribution pattern in rice panicle, there are plant phenotypes that are difficult to describe in quantitative manner. One representative is the shape of organs (e.g., leaves and roots) (Bucksch et al., 2017). Morphometric descriptors, such as elliptic Fourier analysis, can be used for quantitative description (Iwata and Ukai, 2002). In this approach, the contour of the shape was mathematically described using Fourier series expansions. Subsequently, the coefficients of expansions were used as the descriptors. Another example is the density distribution or histogram of measurements from a sample (e.g., grain weight distribution). A mixture of probability densities is useful for describing such phenotypes (Yabe et al., 2018). Due to the difficulty in understanding the original shape using raw descriptors, summary variables or principal component scores are used to recognize patterns that the descriptors represent (Yoshioka et al., 2005). The application of such approaches has contributed to various biological studies, including identification of genetic factors for organ development (Chitwood et al., 2014), molecular functional analysis of developmental pattern dynamism (Chitwood et al., 2012), and genomic prediction of organ shape (Iwata et al., 2010). However, there have been no reports of such morphometric approaches enabling the identification of agronomically important QTLs.

 In this study, we developed a method for quantifying rice panicle organ distribution patterns. To validate our method for practical application in biology, we integrated this method into a quantitative trait locus (QTL) analysis and identified QTLs for panicle organ distribution patterns in rice.

 
  2. Materials and methods.

  2.1. Plant materials.

 We used Koshihikari (Oryza sativa ssp. japonica) and Habataki (O. sativa ssp. indica) as genetic resources in this study. A total of 75 backcrossed inbred lines (BILs) were developed via self-pollination after crossing Koshihikari/Habtaki F1 and Koshihikari. Near-isogenic lines (NILs) with introgression of the Habataki genome in the Koshihikari genetic background were developed via three to five rounds of backcrossing and marker-assisted selection (Ashikari et al., 2005; Ookawa et al., 2010).

 
  2.2. Genotyping.

 Total DNA was extracted from leaf samples using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). Genotyping was performed using the Illumina GoldenGate BeadArray technology platform (Illumina, Inc., San Diego, CA, USA) with single-nucleotide polymorphism markers provided by Nagasaki et al. (2010). The number of polymorphic markers were 878. The genotype data are given in supplementary material.

 
  2.3. Phenotyping.

 The plant materials were grown in a paddy field at the Togo Field for Science and Education at Nagoya University in 2015. Seeds were immersed in water for 2 days and then sown in a nursery bed. One-month-old seedlings were transplanted to a paddy field with a spacing of 20 × 35 cm. The panicle of the main culm of each plant was used for phenotyping. To evaluate the organ distribution patterns, the primary branch length, secondary branch number, and spikelet number on each primary branch were measured manually. The data are the average of three and five plants for BILs and others, respectively. The phenotype data are given in supplementary material.

 
  2.4. Description of the organ distribution pattern.

 To describe the organ distribution pattern in the panicle, the measured values were arranged along the order of the primary branches on the rachis ( Figures 1A, B ). To evaluate the organ distribution pattern regardless of the primary branch number, the order of the primary branches was adjusted from 0 (for primary branch at distal end) to 1 (for primary branch at proximal end) ( Figure 1B ). According to this adjusted primary branch position, the distributions of the primary branch length, secondary branch number, and spikelet number were interpolated using smooth modeling. For smooth modeling, we used a cubic smoothing spline:

  

 where yi  is a response variable (each primary branch length, secondary branch number, and spikelet number), xi  is a covariate (adjusted position of the primary branch) at the ith data point, bk () is the kth basis of the cubic spline ( Figure 1B ), α and βk  are coefficients ( Figure 1B ), and ε is a random error. The model was fitted separately for each trait (i.e., primary branch length, secondary branch number, and spikelet number). The degrees of freedom (df) of the smoothing spline function were selected from 3–5 by using the sum of global cross validation (GCV) values over all BILs in each trait. The maximum value of 5 was determined because this value was the minimum number of primary branches in the panicles analyzed in this study. The position of the knots was fixed among the panicles in the estimation trials with the same df to enable direct comparison of the coefficients from the same set of basis functions between the panicles. As a result of GCV, df was determined as 4, 5, and 5 for primary branch length, secondary branch number, and spikelet number, respectively. The calculations were performed using the function “gam” in the R package mgcv (Wood, 2011). To use the coefficients (α and β) as descriptors of the organ distribution pattern regardless of the size, we standardized the cumulative distribution function from 0 to 1 as 1. These adjusted coefficients were used as descriptors of the organ distribution pattern (i.e. phenotypic value). To provide an intuitive understanding of the organ distribution patterns, we also performed PCA using these adjusted coefficients as variables and used the principal component scores as feature quantities. PCA and derivation of the principal component scores were performed using the R basic function “prcomp” (https://www.r-project.org/). An R script used for these analyses is given in supplementary material.

 
  2.5. Heritability.

 The narrow-sense heritability ( ) was estimated using equation 2:

  

 where  and  are the genetic and error variances, respectively. These variance components were estimated by solving equation 3:

  

 where V is the phenotypic variance; I is an identity matrix; G is the genetic relationship matrix calculated by function “A.mat” in the R package rrBLUP version 4.3 (Endelman and Jannink, 2012). The solution of equation (3) was obtained by using function “mixed.solve” in the R package rrBLUP version 4.3 (Endelman, 2011).

 
  2.6. QTL mapping.

 QTL mapping was performed using functions in the R package qtl version 1.42-8 (Broman et al., 2003). The linkage map positions of the markers were estimated based on kosambi map function using the function “read.cross” with the arguments map.function=“kosambi”, BC.gen=1 and F.gen=7. QTL mapping was performed using function “scanone” with the arguments model=“normal” and method=“em.” The logarithm of the odds score significance threshold was determined using 1,000 permutations.

 
 
  3. Results.

  3.1. Description of the organ distribution pattern.

 For quantitative description, we described the organ distribution pattern in a rice panicle as a non-linear function using the order of primary branches along the rachis and the number or length of organs on each primary branch as the explanatory and response variables, respectively ( Figure 1B ). This method describes the organ distribution pattern as if it is smoothing the histogram of the number or length of organs on the relative position of primary branches ( Figure 1B ). For this method, cubic smoothing splines (Wood, 2011) were used. We used common basis functions to enable a direct comparison of the parameters from the panicles with different primary branch numbers. In addition, the smoothing curves were standardized to make the integral equal to 1 to eliminate the effect of size factors, such as the total number or length of organs. Using this method, we described the organ distribution patterns of two rice varieties, Koshihikari and Habataki ( Figures 1C–E ). Regarding the distribution patterns of primary branch length and spikelet number, Koshihikari and Habataki showed proximally and distally laid patterns, respectively ( Figure 1E ). In the distribution pattern of secondary branch number, Koshihikari and Habataki showed curvilinear and linear distribution patterns, respectively ( Figure 1E ).

 To investigate whether organ distribution patterns are under genetic control, we used BILs derived from a cross between Koshihikari/Habataki F1 and Koshihikari ( Figure 2A ). We performed principal component analysis (PCA) to summarize the information contained in the spline coefficients. In all traits of the distribution pattern (i.e., PCs of primary branch length, secondary branch number and spikelet number), the proportion of variance explained by PC1 and PC2 was explicitly high, with the cumulative contribution of these two PCs reaching 90% ( Figure 2A ,  Table 1 ). Therefore, we focused on PC1 and PC2 for further analyses. To recognize the effect of each PC, we recalculated the spline coefficients, letting the scores on a particular PC equal to the mean ± standard deviation, while fixing the other PC scores as the means, and reconstructed the smoothing curve ( Figure 2B ). PC1 and PC2 showed similar features for all traits. PC1 represented proximally or distally laid patterns similar to the differences in primary branch length and spikelet number between Koshihikari and Habataki ( Figure 1E ). PC2 represented a curvilinear or linear pattern that resembled the difference in the number of secondary branches between Koshihikari and Habataki ( Figures 1E ,  2B ). Indeed, the difference in PC2 between Koshihikari and Habataki was the largest in secondary branch number ( Figure 2A ). Then we estimated narrow-sense heritability of the traits analyzed in this study ( Table 2 ). The result suggested that organ distribution patterns are under genetic control.

  

 Figure 2 | Quantitative trait locus (QTL) analysis of organ distribution patterns. (A) Organ distribution patterns in backcrossed inbred lines (BILs) derived from Koshihikari and Habataki. (B) Effect of each principal component (PC). Estimated organ distribution patterns were recalculated for mean ± 2 standard deviations (SD) of the PC. (C) Chromosomal location of the QTLs detected in this study. Horizontal lines indicate the positions of DNA markers. The arrowheads and bars on the right side of each chromosome indicate the position of the highest peak and –2 logarithm of the odds (LOD) confidential interval, respectively. The arrows and bracket on the left side of each chromosome indicate the position of previously identified genes and a novel QTL, respectively. PBN, primary branch number; PBL, total primary branch length; SBN, total secondary branch number; SpN, total spikelet number; PBL_PCx, PCx of distribution pattern of primary branch length; SBN_PCx, PCx of distribution pattern of secondary branch number; SpN_PCx, PCx of distribution pattern of spikelet number. 

 

  Table 1 | Proportion of variance explained by each principal component (PC). 

 

  Table 2 | Estimated narrow-sense heritability. 

 

 
  3.2. QTL mapping.

 In QTL analysis of the number or length of organs, Gn1 was detected as a major QTL for total primary branch length, total secondary branch number, and total spikelet number (Ashikari et al., 2005) ( Figure 2C ,  Table 3 ). However, unlike previous studies (Ookawa et al., 2010; Terao et al., 2010), APO1 was not detected as a QTL for total spikelet number ( Figure 2C ). Alternatively, APO1 was detected as a QTL for the total primary branch length ( Figure 2C ,  Table 3 ). In addition to the QTLs identified in previous studies, we detected a novel QTL for the primary branch number on chromosome 1 ( Figure 2C ,  Table 3 ). In the QTL analysis for organ distribution patterns, we detected a QTL for PC1 of primary branch length in a region that included APO1 ( Figure 2C ,  Table 3 ). We refer to this QTL as APO1 hereinafter because the effects have been confirmed in NIL_APO1 (see the next section). The QTL on chromosome 8 was associated with PC2 of secondary branch and spikelet number ( Figure 2C ,  Table 3 ). We named this QTL qOdp8 (QTL for the organ distribution pattern on chromosome 8). As for the PC2 of secondary branch number, another QTL was detected on chromosome 3 ( Figure 2C ,  Table 3 ). Interestingly, Gn1 was not associated with organ distribution patterns despite its major effects on the number or length of organs ( Figure 2C ,  Table 3 ). Additionally, we detected a QTL involved in multiple traits on chromosome 2 ( Figure 2C ,  Table 3 ). This QTL region included hybrid breakdown 2 (hbd2), a gene involved in hybrid weakness (Yamamoto et al., 2007). Among the detected QTLs, we focused on three QTLs: Gn1, APO1, and qOdp8 ( Figure 2C ). Gn1 and APO1 were selected because these QTLs have been well analyzed in previous studies (Ashikari et al., 2005; Ookawa et al., 2010; Terao et al., 2010). In addition, qOdp8 was selected because the QTL was associated with two organ distribution patterns, namely the secondary branch and spikelet number, which convinced us that the QTL was not a false-positive. However, as we could not discern whether the effects of this QTL were side effects of hybrid weakness, we removed hbd2 from further analyses.

  Table 3 | Estimated effects of quantitative trait loci (QTLs). 

 

 
  3.3. Confirmation of QTL effects.

 To compare the estimated QTL effects and NIL phenotypes ( Figures 3A, B ), we recalculated the organ distribution patterns for each QTL by assigning the estimated allelic effects to the cubic smoothing spline functions ( Figures 3C, D ;  Table 3 ). The effect of APO1 on total primary branch length was confirmed in NIL_APO1 that was developed in a previous study (Ookawa et al., 2010) ( Figures 3A, B ). Unlike previous studies (Ookawa et al., 2010; Terao et al., 2010), APO1 was not detected in the total secondary branch and spikelet number in our QTL analysis ( Figure 2C ). However, an increase in secondary branches and spikelets was observed in NIL ( Figure 3B ). Reconstruction of the estimated APO1 effect on organ distribution pattern suggested that the Habataki-APO1 allele caused a distally laid primary branch length pattern ( Figure 3C ). NIL_APO1 showed higher values in the distal position of the primary branch length pattern than Koshihikari ( Figure 3E ). Thus, NIL_APO1 reproduces the estimated APO1 effect. In addition, NIL_APO1 affected the distribution pattern of secondary branches and spikelets, but these effects were not significant in QTL analysis ( Figures 2C ,  3E ). Although there were no significant associations between qOdp8 and total primary branch length and secondary branch number ( Figure 2C ), NIL_qOdp8 showed higher values for these traits ( Figure 3B ). The effects of reconstructed qOdp8 on the organ distribution patterns suggested that the Habataki-qOdp8 allele caused a distally laid secondary branch and spikelet pattern ( Figure 3D ). In the spikelet distribution pattern, the NIL_qOdp8 phenotype was consistent with the estimated effect ( Figure 3F ). As for the distribution pattern of secondary branches, NIL_qOdp8 showed a linear pattern, whereas Koshihikari showed a curvilinear pattern ( Figure 3F ). Because qOdp8 was detected for the PC2 of secondary branch distribution pattern ( Figure 2C ) and the feature represented by PC2 was linear or curvilinear ( Figure 2B ), the observation of NIL_qOdp8 confirmed that qOdp8 is a QTL for PC2. Moreover, in the distribution pattern of the primary branch length, 95% confidence bands of the curves overlapped in the entire region between Koshihikari and NIL_qOdp8 ( Figure 3F ). This result was consistent with the QTL analysis results that the effect of qOdp8 on the primary branch length distribution pattern was insignificant. Thus, the estimated qOdp8 effects on organ distribution patterns were confirmed in NIL_qOdp8. One of the most interesting findings of our QTL analysis was that Gn1 had little effect on organ distribution patterns despite its large impact on the number and length of organs ( Figure 3B ). To confirm these results, two comparisons were made. One was a comparison between Koshihikari and NIL_Gn1 that was developed in a previous study (Ashikari et al., 2005), and the other was between NIL_APO1+qOdp8 and NIL_APO1+qOdp8+Gn1 ( Figures 3A, B ). Because Koshihikari and NIL_APO1+qOdp8 have different organ distribution patterns, the use of these lines aids in determining whether the estimated effect of Gn1 is specific to an organ distribution pattern or the genetic background. In both comparisons, the addition of Gn1 did not significantly affect the organ distribution pattern (i.e., 95% confidential bands overlapped in the entire region,  Figures 3G, H ). These results confirm that Gn1 has little effect on the organ distribution pattern.

  

 Figure 3 | Confirmation of QTL effects using near-isogenic lines (NILs). (A) Graphical genotypes of NILs used in this study. Yellow and red areas indicate the genomic regions derived from Koshihikari and Habataki, respectively. (B) Boxplots of the phenotypic values of NILs. Box edges represent 0.25 and 0.75 quantiles with median values shown by bold lines. Whiskers extend to data no more than 1.5 times the interquartile range, and remaining data are indicated by dots. (C) Estimated effect of APO1 on the organ distribution pattern. (D) Estimated effects of qOdp8 on the organ distribution patterns. (E) Smoothing curves of organ distribution patterns for Koshihikari (yellow solid lines) and NIL_APO1 (red dashed lines). (F) Smoothing curves of organ distribution patterns for Koshihikari (yellow solid lines) and NIL_qOpd8 (red dashed lines). (G) Smoothing curves of organ distribution patterns for Koshihikari (yellow solid lines) and NIL_Gn1 (red dashed lines). (H) Smoothing curves of organ distribution patterns for NIL_APO1+qOpd8 (yellow solid lines) and NIL_APO1+qOpd8+Gn1 (red dashed lines). The shaded areas in C–H represent the 95% confidence bands. 

 

 
 
  4. Discussion.

 In this study, we developed a method to quantitatively describe the organ distribution patterns in rice panicles ( Figure 1 ). We performed QTL analysis to prove the validity of our method ( Figure 2 ). The effects of QTLs that were involved in organ distribution patterns were confirmed via phenotypic observation of the NILs ( Figure 3 ). While APO1 and qOdp8 affected the organ distribution patterns ( Figure 3 ), Gn1 showed little effect on organ distribution patterns despite its significant effects on the number and length of organs ( Figures 3B, G, H ). These results indicate that there are mechanisms that independently control the number of organs and distribution patterns. Although this study focused on the development of a method to describe organ distribution patterns and its application for QTL analysis, some molecular insights are also available from the natural allelic variants identified in the QTLs. Gn1 consists of several linked QTLs (Ashikari et al., 2005). Among these QTLs, Gn1a encodes a cytokinin degradation enzyme. The low activity of the Habataki-Gn1a allele results in increased cytokinin content in the inflorescence meristem, which subsequently increases meristem activity (Ashikari et al., 2005). The causal gene of APO1 is known to regulate inflorescence meristem activity and longevity (Ikeda-Kawakatsu et al., 2009). Because Gn1 showed little effect, while APO1 had a significant effect on the organ distribution patterns, the meristem longevity was suggested to be a key of organ distribution pattern in rice panicles, while meristem activity was not as important. Since organ distribution patterns are important for high grain-filling efficiency and yield, the method developed and the results of this study will be useful for future rice breeding (Xu et al., 2005; Peng et al., 2008; Parida et al., 2022). One drawback of our method is that it requires significant effort to measure the number and length of the organs. However, recent advances in high-throughput phenotyping technologies will make our approach feasible (Crowell et al., 2014).
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