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Abstract

:

Grain size is a quantitative trait with a complex genetic mechanism, characterized by the combination of grain length (GL), grain width (GW), length to width ration (LWR), and grain thickness (GT). In this study, we conducted quantitative trait loci (QTL) analysis to investigate the genetic basis of grain size using BC1F2 and BC1F2:3 populations derived from two indica lines, Guangzhan 63-4S (GZ63-4S) and TGMS29 (core germplasm number W240). A total of twenty-four QTLs for grain size were identified, among which, three QTLs (qGW1, qGW7, and qGW12) controlling GL and two QTLs (qGW5 and qGL9) controlling GW were validated and subsequently fine mapped to regions ranging from 128 kb to 624 kb. Scanning electron microscopic (SEM) analysis and expression analysis revealed that qGW7 influences cell expansion, while qGL9 affects cell division. Conversely, qGW1, qGW5, and qGW12 promoted both cell division and expansion. Furthermore, negative correlations were observed between grain yield and quality for both qGW7 and qGW12. Nevertheless, qGW5 exhibited the potential to enhance quality without compromising yield. Importantly, we identified two promising QTLs, qGW1 and qGL9, which simultaneously improved both grain yield and quality. In summary, our results laid the foundation for cloning these five QTLs and provided valuable resources for breeding rice varieties with high yield and superior quality.
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1. Introduction


Rice (Oryza sativa L.) is one of the most important food crops worldwide, providing staple food for more than half of the world’s population [1]. Rice yield is largely determined by three major components: grain weight, number of grains per panicle, and number of effective tillers per plant [2]. Among these, grain weight exhibits a strong correlation with grain size [3]. Grain size is a crucial agronomic trait that has a major impact on the market values of rice grain produce [4,5].



Previous studies have uncovered several signaling pathways controlling grain size, including the guanine nucleotide-binding protein (G protein) signal pathway, the ubiquitin–proteasome pathway, the mitogen-activated protein kinase (MAPK) signaling cascade, the transcriptional regulators pathway, and the phytohormone signaling pathway [3,6,7,8]. G proteins have been demonstrated to regulate grain size in rice. GS3 is the first identified major QTL that negatively controls grain length and weight [9,10]. The GS3-3 allele has a longer grain and heavier weight than the GS3-4 allele [11,12]. GS3 reduces grain length by interacting with RGB1 [13]. Recently, the combination of OsMADS1lgy3, dep1, and gs3 simultaneously increased both grain yield and quality [14]. Furthermore, the ubiquitin–proteasome pathway could directly or indirectly regulate grain size. GW2 encodes a RING-type E3 ubiquitin ligase [15] and negatively regulates grain width, weight, and yield [16,17]. gw2.1, a new allele of GW2, affects grain size by causing cell proliferation, which could be used to improve grain yield and appearance in hybrid breeding [18]. WTG1 determines grain size by influencing cell expansion [19]. The combination of npt1 and dep1-1 has the potential to increase grain yield in rice [20]. In addition, the conserved module of the MAPK signaling cascade plays a key role in the regulation of grain size. The OsMKKK10-OsMKK4-OsMAPK6 cascade modulates grain size by promoting cell division [21,22,23,24,25]. OsWRKY53 can be phosphorylated by OsMAPK6, indicating a cascade of OsMKKK10, OsMKK4, OsMAPK6, and OsWRKY53 in grain size regulation [26]. Moreover, the QTL gene GLW7 could increase grain length, thickness, and weight by promoting cell expansion in the spikelet hull [27]. Similarly, GW8 [28,29], GS2 [30,31], GS9 [32], and GL6 [33,34] are all transcriptional regulators that regulate grain size. Additionally, many phytohormones play significant roles in determining grain size. GW5 was identified as a major QTL for grain width and weight [35]. The decreased expression of GW5 causes wide and heavy grains, resulting in improved yield [36]. OsPPKL1 is encoded by a major QTL for grain length, GL3.1 [37,38,39]. GL3.1 regulates grain size through interaction with OsGSK3 [40]. The qgl3 allele could increase grain yield without affecting grain quality [39]. The TGW6 loss-of-function allele enhances grain weight and yield without affecting grain quality [41]. qTGW3 negatively regulates grain size and weight [42,43,44]. A loss-of-function mutation in qTGW3 results in large and heavy grains, suggesting this locus has potential in breeding high-yield rice [44].



So far, numerous grain size QTLs have been identified, among which a few major QTLs have been cloned. However, the genetic basis of grain size is still not well elucidated, and mining novel QTLs for grain size is of great importance to gain a better understanding of regulation mechanisms and provide gene resources for breeding applications. In this study, we mapped QTLs for grain size using BC1F2 and BC1F2:3 populations derived from the cross between GZ63-4S and W240. A total of twenty-four QTLs were identified, among which five major QTLs were confirmed and further fine mapped. Scanning electron microscopic analysis and expression analysis revealed the cytological basis underlying the five major QTLs on grain size. What is more, an investigation of yield- and quality-related traits demonstrated the potential of these QTLs for breeding rice with high yield and superior quality.




2. Results


2.1. Phenotypic Variation and Correlation in the BC1F2 and BC1F2:3 Populations


The BC1F2 and BC1F2:3 populations, as well as the two parents, exhibited great phenotypic variation in grain size. Compared with GZ63-4S, W240 exhibited greater grain size (Table S1). In two years of repeated field trials, GL ranged from 8.64 mm to 10.27 mm in the BC1F2 population and from 8.58 mm to 10.23 mm in the BC1F2:3 population, respectively (Figure 1A). The ranges of GW were 2.37–2.98 mm and 2.43–2.92 mm (Figure 1B), LWR’s were 2.96–3.92 and 3.11–4.04 (Figure 1C), and GT’s were 1.92–2.19 mm and 1.94–2.22 mm (Figure 1D). Notably, all these traits exhibited normal distribution in both years, indicating typical patterns of quantitative variation. The results suggested that both BC1F2 and BC1F2:3 populations met the requirement for QTL mapping.



The correlation coefficients among the four grain traits in two years showed that both GL and GW exhibited weak to moderate correlations with LWR and GT in 2016 or 2017. LWR displayed no and weak correlation with GT in 2016 and 2017, respectively (Figure S1A,B). Moreover, GL16 and GL17, GW16 and GW17, LWR16 and LWR17, and GT16 and GT17 all displayed moderate correlation (Figure S1C–F).




2.2. QTL Mapping and Verification


To identify QTLs associated with GL, GW, GT, and TGW, 177 polymorphic markers were used to screen 327 plants from the BC1F2 population. We generated a BC1F2:3 population by propagating single plants from the BC1F2 populations for an additional generation. The phenotypic evaluation was conducted using mixed single plants from each family in the BC1F2:3 population, with the average phenotype serving as the phenotype for each individual. Subsequent QTL analysis revealed the presence of twenty-four QTLs, including eleven for GL, five for GW, six for LWR, and two for GT (Figure 2, Table 1).



Based on the above QTL mapping, qGW1, qGW5, qGW7, qGL9, and qGW12 were identified as significant contributors to grain size (Table 1). Five BC1F6 and BC1F7 populations developed from the BC1F2:3 line that were heterozygous in the target QTL region and homozygous for most of the other grain size QTLs were chosen to precisely evaluate their effects on grain size, respectively.




2.3. The Genetic Effect of qGW1


The grain width showed significant differences between NIL with homologous W240 (NIL-W) and NIL with homologous GZ63-4S (NIL-G) for qGW1 (Figure 3A,B and Figure S2). To fine map qGW1, we developed a BC1F8 population consisting of 2994 plants and subsequently identified 478 recombinants using markers RM128 and RM319. Eventually, we localized qGW1 to a high-resolution linkage map by progeny testing 36 recombinants and narrowed the qGW1 locus to a 231 kb region between markers R1344 and R1346 (Figure 3C).



Grain size is restricted by the spikelet hull, which is determined by cell division and expansion [45]. We conducted scanning electron microscopic (SEM) analysis to uncover the cytological basis underlying the regulation of grain size in qGW1. The values of cell width and the number of transverse cells were higher in NIL-WqGW1 than in NIL-GqGW1 (Figure 3D–I). Furthermore, we examined the expression of cell cycle and cell expansion genes in young panicles of NILs using qRT-PCR. Our findings indicated that four cell cycle related-genes (E2F2, CDKA1, CYCA3;1, and CYCT1), as well as four cell expansion related-genes (EXPA10, EXPA5, EXPA6, and EXPA7), were up-regulated in NIL-WqGW1, suggesting that qGW1 regulates grain width by promoting both cell division and cell expansion (Figure 3J and Figure 9).




2.4. The Genetic Effect of qGW5


Compared with NIL-WqGW5, the values of grain length were significantly higher in NIL-GqGW5 (Figure 4A,B and Figure S3). A progeny test of homozygous segregates further narrowed down the qGW5 locus to a 128 kb region between R5101 and R51142 (Figure 4C).



NIL-GqGW5 displayed significantly larger cell length and a higher number of longitudinal cells than that of NIL-WqGW5 (Figure 4D–I). Expression analysis revealed that five genes related to the cell cycle (E2F2, CDKA2, CYCA3;1, MAPK, and MCM3) and four genes related to the cell expansion (EXPA10, EXPA3, EXPA4, and EXPB7) showed higher expression levels in NIL-GqGW5. These findings revealed that qGW5 regulates grain length by influencing both cell division and expansion in the spikelet hull (Figure 4J and Figure 9).




2.5. The Genetic Effect of qGW7


The significant variations in grain width were observed among lines carrying different genotypes of qGW7 (Figure 5A,B and Figure S4). The qGW7 locus was ultimately mapped to a region of 444 kb between R7277 and R7281 using 1680 plants from the BC1F9 population (Figure 5C).



The NIL-WqGW7 spikelet hull had a wider cell size than NIL-GqGW7, while no difference was observed in cell number (Figure 5D–I). We further observed an up-regulation in the expression of six cell expansion related-genes (EXPA10, EXPA3, EXPA5, EXPA6, EXPA7 and EXPB7) in NIL-WqGW7, indicating that qGW7 regulates grain width through the alteration of cell expansion (Figure 5J and Figure 9).




2.6. The Genetic Effect of qGL9


NIL-GqGL9 had significantly larger grain length than NIL-WqGL9 (Figure 6A,B and Figure S5). Subsequently, we mapped the qGL9 to a 335 kb region between markers R9194 and R9197 in the BC1F9 generation, which included a total of 1584 plants (Figure 6C).



The number of longitudinal cells in the spikelet hull was higher in NIL-GqGL9 than in NIL-WqGL9. However, there was no difference in cell length between these two NILs (Figure 6D–I). Notably, NIL-GqGL9 exhibited up-regulated expression levels of fifteen genes related to cell cycle (CDC20, CDKA2, CDKB, CYCA2.1, CYCA3;2, CYCB1;1, CYCB2.2, CYCD1;1, CYCD4, CYCD6, H1, KN, MAPK, MCM2, and MCM4), resulting in increased cell division within the spikelet and ultimately leading to an increase in grain length (Figure 6J and Figure 9).




2.7. The Genetic Effect of qGW12


We constructed NIL-GqGW12 and confirmed that this allele could significantly increase grain width (Figure 7A,B and Figure S6). Subsequently, qGW12 was mapped within a 624 kb interval flanked by markers R12246 and R12252 (Figure 7C).



Analysis of the outer glume found that NIL-GqGW12 exhibited increased cell number and larger cell size in the grain-width direction, causing wider grain (Figure 7D–I). In addition, the expression levels of six genes related to cell cycle (CDKA1, CYCB1;1, CYCD1;1, CYCD3, CYCIaZm, and KN) and three genes related to cell expansion (EXPA6, EXPB4, and EXPB7) were higher in NIL-GqGW12 than in NIL-WqGW12. Thus, the up-regulation of both cell division and expansion genes was responsible for the increase in the grain width of NIL-GqGW12 (Figure 7J and Figure 9).




2.8. Investigation of Traits Related to Rice Yield and Quality in Five NILs


Finally, we performed phenotypic comparisons of yield- and quality-related traits among five NILs. The grain length of NIL-GqGW1, NIL-WqGW5, and NIL-WqGL9 exhibited significant reductions than their respective NILs, while no differences were observed in other NILs. Phenotypic variations were detected among the five NILs for grain width and length to width ration. Specifically, larger variations in 1000-grain weight and the number of tillers per plant were found in NIL-WqGW1 and NIL-WqGL9, whereas higher plant height and the number of filled grains per panicle were observed in NIL-GqGW7 and NIL-WqGW12. Grain yield per plant was significantly higher in NIL-GqGW1, NIL-GqGW7, NIL-GqGL9, and NIL-WqGW12 than that of their respective NILs. However, there were no differences in grain yield per plant between NIL-WqGW5 and NIL-GqGW5 (Figure 8A–H). These results suggested that the increased yield of qGW1 and qGL9 were primarily attributed to enhanced number of tillers per plant, while the increased yield of qGW7 and qGW12 were mainly due to enhanced numbers of filled grains per panicle.



There were no differences in albumin content among the five NILs. In contrast, three, four and five NILs exhibited remarkable variations in globulin, prolamin, and glutenin content, respectively. Compared with NIL-WqGW5, NIL-GqGW5 displayed higher total starch and amylose content, whereas no differences were observed in the other four NILs. NIL-WqGW5 and NIL-GqGL9 exhibited significant increases in gel consistency, while NIL-GqGW1, NIL-GqGW5, NIL-WqGW7, NIL-GqGL9, and NIL-GqGW12 showed huge improvements in taste score (Figure 8I–P). These findings indicated that the improved cooking and eating quality of qGW1 and qGL9 results from reduced globulin and glutenin content, whereas the improved quality of qGW7 and qGW12 derives from decreased prolamin and glutenin content. In addition, both decreased globulin and glutenin content and increased total starch content, amylose content, and gel consistency lead to an increase in the cooking and eating quality of qGW5. Usually, rice with lower protein content but higher amylose content and gel consistency exhibits superior cooking and eating quality [46].



In summary, negative correlations were observed between yield and rice quality for both qGW7 and qGW12. The impact of qGW5 on yield was negligible. Conversely, it exerted significant influences on quality-related traits, suggesting that this locus could enhance rice quality without compromising yield. Meanwhile, we provide two promising QTLs, qGW1 and qGL9, for breeding rice with a high yield and superior quality.





3. Discussion


3.1. QTL Mapping for Grain Size and Weight


In previous studies of QTL localization, mapping populations were typically constructed using parents with significant phenotypic and genetic disparities, resulting in the gradual cloning of dominant QTLs, such as GS3 [9,10], GS2 [30,31], GW2 [15], and GW5 [35,36].



As a primary isolated mapping population, the BC1F2 population offers the advantages of being relatively simple to construct, requiring less time, and providing rich genetic information. We generated a BC1F2:3 population by propagating single plants from the BC1F2 populations for an additional generation to address issues of offspring segregation and reproductive limitations caused by the BC1F2 population. Until now, many QTLs or genes have been reported from F2 and F2:3 populations, such as Rpsan 1, qPH9, FM1, Co-1HY, YrZ15-1949, qHBV4.2, qHBV6.1, qHBV11.1, and qHBV11.2 [47,48,49,50,51,52]. To identify novel QTLs controlling grain size, we developed BC1F2 and BC1F2:3 populations derived from W240 and GZ63-4S. A total of twenty-four QTLs for grain size were detected in this study (Figure 2, Table 1). By comparing chromosome positions and molecular markers, it was found that OsCKX1 exerts a negative regulatory effect on grain size within the same region as qGL1 [53]. GW2, which negatively controls grain width, was identified at the qGL2.2 locus [15]. Zhao et al. [54] detected two QTLs (qGL2.1 and qGW4) in regions similar to those of qGL2.1 and qGW4. Additionally, two other QTLs for grain length (qGL8.1 and qGL5) were, respectively, located in the vicinity of QTLs detected in previous studies [55,56].



Notably, we discovered five novel QTLs, qGW1, qGW5, qGW7, qGL9, and qGW12, which made significant contributions to grain size. Taken together, these results proved the reliability of using BC1F2 and BC1F2:3 populations for rice QTL mapping.




3.2. Validation and Fine Mapping of the Five QTLs


In previous studies, many genes controlling grain size have been cloned using the map-based cloning approach, such as GW2 [15], GS2 [30,31], and GL3.1 [37,38,39]. Therefore, QTL mapping, validation, and fine mapping are essential steps in the process of gene cloning.



In this study, we successfully validated five QTLs (qGW1, qGW5, qGW7, qGL9, and qGW12) that exert significant influences on grain size and narrow down their locations to regions ranging from 128 kb to 624 kb using a map-based cloning method. These results laid the foundation for the additional fine mapping of the five QTLs, the cloning of the candidate genes, and functional research to explore the genetic mechanisms underlying grain size.




3.3. Candidate Gene Analysis of the Five QTLs


According to the Nipponbare genome, LOC_Os01g59660 (MYBGA), LOC_Os01g59760 (OsbZIP09), and LOC_Os01g59780 are potential candidate genes for qGW1. Among these genes, LOC_Os01g59660, which encodes an MYB family transcription factor, has been shown to influence the development of floral organs, tiller number, and grain yield [57,58]. As we all know, MYB proteins play critical roles in development, metabolism, biotic stresses, and abiotic stresses [59,60]. Other members of the MYB family transcription factor, LOC_Os01g49160 (RGN1) and LOC_Os08g06110 (Nhd1), have been reported to affect rice gain size [61,62], while LOC_Os01g7402 (OsLUX) has been displayed to influence rice yield and heading date [63]. What is more, mutants of LOC_Os01g59760 (OsbZIP09), encoding a bZIP transcription factor, exhibited longer seeds compared with the wild type [64]. It has been reported that LOC_Os09g34880 (OsbZIP76), LOC_Os06g50600 (OsbZIP55), and LOC_Os06g15480 (OsbZIP47) function as regulators of grain size [65,66,67]. Furthermore, LOC_Os01g59780 encodes a protein that contains an AP2 domain. The homologous family genes, including LOC_Os07g47330 (FZP), LOC_Os05g03040 (RSR1), LOC_Os05g27930 (OsDREB2B), and LOC_Os07g13170 (OsSNB), have been studied for their role in controlling seed size in rice [68,69,70,71,72].



In the qGW5 interval, LOC_Os05g03020, a C2H2 zinc finger protein, could potentially be considered as a candidate gene. LOC_Os04g36650 (NSG1) and LOC_Os06g48530 (Du13), belonging to the C2H2 zinc finger family, have been found to determine grain size [73,74].



LOC_Os07g46460 (spl32) and LOC_Os07g46590 may be the candidate genes for qGW7. Compared with the wide type, the spl32 mutant exhibited a decrease in grain size [75]. Moreover, LOC_Os03g51230 (OsDDM1b), a homologous member of the gene family that contains LOC_Os07g46590, has been reported to regulate grain size [76].



There are three putative genes in the qGL9 region, which include LOC_Os09g32944 (OsSPL18), LOC_Os09g32740 (OsLMP1), and LOC_Os09g32948 (OsMADS8). Compared with the wild type, the mutant of OsSPL18 exhibited narrower and thinner grains [77]. Other members of the SPL family, such as OsSPL13, OsSPL12, and OsSPL16, played crucial roles in determining grain size [27,29,78]. Furthermore, LOC_Os02g14730 (LG1), a homologous member of the gene family containing LOC_Os09g32740, has been reported to positively control grain size [79]. What is more, MADS proteins play crucial roles in flower and fruit development [80]. Previous studies have demonstrated that OsMADS1, OsMADS34, and OsMADS56 exert significant influence on grain size [14,81,82].



LOC_Os12g40190 (OsXLG4), LOC_Os12g40570 (OsWRKY83), LOC_Os12g40460, and LOC_Os12g40830 are potential candidate genes for qGW12. Firstly, RGA1, a homologous member of the gene family containing LOC_Os12g40190 (OsXLG4), positively regulates rice grain size [83]. Secondly, OsWRKY36, a homologous member of the gene family containing LOC_Os12g40570 (OsWRKY83), has been reported to suppress grain size by inhibiting GA signaling [84]. Thirdly, DGS1, a homologous member of the gene family containing LOC_Os12g40460, played a positive role in regulating grain size by binding to OsBZR1 [85]. The mutant of FRRP1 resulted in an increase in rice grain length [86]. Finally, OsFRK3, a homologous member of the pfkB family containing LOC_Os12g40830, was identified as a positive regulator of grain width and thickness through its influence on sugar metabolism [87]. In the future, transgenic studies will be conducted on these five QTLs to further elucidate the molecular mechanisms underlying grain size.




3.4. Cytological Analysis of the Five QTLs


To elucidate the characterization and commonality of differentially expressed genes influencing cell number and size in qGW1, qGW5, qGW7, qGL9, and qGW12, we analyzed the association among these genes involved in cell division and expansion. Specifically, we identified one specific differential gene in qGW1, two in qGW5, ten in qGL9, and three in qGW12. The regulatory modules of qGW1-qGW5, qGW1-qGW12, qGW5-qGL9, and qGL9-qGW12 exhibited differential expression in cell cycle-related genes, including E2F2 and CYCA3;1; CDKA1; MAPK and CDKA2; and CYCD1;1, CYCB1;1, and KN, respectively (Figure 9A,B). These findings suggest that the regulation of grain width by qGW1 and qGW12 is mediated through the modulation of CDKA1, while the influence of qGW5 and qGL9 on grain length involves MAPK- and CDKA2-mediated mechanisms, thereby altering cell numbers. Moreover, the differential expression of cell expansion-related genes, such as EXPA5, EXPA10, EXPA6 and EXPA7; EXPA3, EXPA10, and EXPB7; EXPA10; and EXPA6 and EXPB7, were observed within the regulatory modules of qGW1-qGW7, qGW5-qGW7, qGW1-qGW5-qGW7, qGW1-qGW7-qGW12, and qGW5-qGW7-qGW12, respectively (Figure 9A,B), suggesting qGW1-qGW7-qGW12 influences cell size and grain width by altering the expression of EXPA6. Numerous QTLs and genes have been reported to regulate grain size by influencing the expression of cell division and expansion-related genes, such as qTGW2b [88], GLW7.1 [89], GL3.1 [38], and GS2 [90]. In addition, negative correlations were observed between gene expression and grain yield for both qGW1 and qGW7. Despite variations in the expression of cell cycle- and expansion-related genes, there was no alteration in the yield of qGW5. Notably, positive correlations were observed between gene expression and grain yield for both qGL9 and qGW12. Variations in the expression of genes associated with cell division and expansion not only impact grain size, but also influence grain yield [38,89,90].



Understanding the relationship between different genes involved in cell division and expansion is convenient for studying the shared characteristics and cytological molecular mechanisms underlying the influence of these five QTLs on rice grain size.




3.5. Potential Uses of the Five QTLs in Rice Breeding


High yield and superior quality are essential goals of rice breeders. Gene cloning and molecular breeding have become important techniques to breed high-yield and superior-quality varieties. The major genes that increase grain size, such as GW2 [15], GS2 [31], and GW5 [35,36], produce higher grain yield while simultaneously reducing grain quality. The gs9 allele has the potential to improve the appearance quality of milled rice without affecting grain yield [32]. Nevertheless, research advances have revealed several genes that could be utilized to help breeders develop new elite rice varieties with high yield and superior quality. The combination of the OsMADS1lgy3 allele with dep1-1 and gs3 alleles has the potential to simultaneously improve both grain yield and quality in rice [14]. GLW7.1 also represents a novel way to breed high-yield and superior-quality varieties [89].



In our study, negative correlations were observed between yield and rice quality for both qGW7 and qGW12. However, qGW5 exhibited the potential to enhance quality without compromising yield. Interestingly, qGW1 and qGL9 displayed positive correlations between grain yield and rice quality, indicating their pleiotropic effects in simultaneously improving both yield and quality. In summary, the identification of genetic resources, such as qGW5, qGW1, and qGL9, provides a theoretical foundation for breeding strategies aimed at enhancing grain yield and quality in rice. Our results laid the foundation for cloning these five genes. Additionally, such information will help breeders to improve grain yield and quality in rice.





4. Materials and Methods


4.1. Population Development and Field Experiment


The BC1F2 and BC1F2:3 populations were derived from two indica lines, GZ63-4S (the recurrent parent) and W240 (the donor parent). GZ63-4S is a photoperiod-thermo-sensitive genic male sterile indica rice line, carrying the infertility gene of TMS5 [91]. W240 is an indica variety with larger grain size. The BC1F2 and its derived BC1F2:3 populations were used for QTL mapping. To validate the genetic effects of qGW1, qGW5, qGW7, qGL9, and qGW12, five BC1F6 and BC1F7 populations were planted at the experimental station of Huazhong Agricultural University at Wuhan, Hubei province and Lingshui, Hainan province in 2020, respectively. The progeny tests were conducted in the BC1F8 and BC1F9 generations. The BC1F2, BC1F2:3, BC1F6, BC1F7, BC1F8, and BC1F9 populations were planted in 2016, 2017, 2020 (twice), and 2021 (twice). The detailed process of population development is shown in Figure S2. All rice plants with a density of 16 cm × 26 cm were grown under normal field management. Field management followed local practices. Ten plants were harvested from the middle of each row for trait measurement.




4.2. Trait Measurement


Harvested rice grains from each plant were air-dried and stored at room temperature for three months before testing. Grain length, grain width, grain number, grain yield, and 1000-grain weight were measured using the yield traits scorer (YTS) platform [92], whereas grain thickness was measured using vernier calipers. The plant height was measured from the main culm. The number of tillers per plant was counted as all fertile panicles in one plant. Additionally, flour ground from milled grain was used to determine the albumin content, globulin content, prolamin content, glutenin content, total starch content, amylose content, and gel consistency according to the NY/T 593-2013 standard published by the Ministry of Agriculture, China (http://www.zbgb.org/27/StandardDetail1476335.htm, accessed on 3 October 2019). Taste scores for milled rice were evaluated using a taste analyzer kit (Satake, RLTA10B-KC, Hiroshima, Japan) [93].




4.3. Genetic Map Construction and QTL Mapping


The parent varieties GZ63-4S and W240 were sequenced using the illumine HiSeq2000 (Illumina, San Diego, CA, USA), and the sequencing data were compared and assembled according to the rice reference genome (Rice Genome Annotation Project, http://rice.uga.edu/, accessed on 6 February 2022) [94]. All mapping primers were designed in reference to the sequencing data of two parents. A total of 67 polymorphic simple sequence repeat (SSR) markers, 103 insert and deletion (InDel) markers, and 7 Kompetitive allele-specific PCR (KASP) markers were evenly distributed across 12 chromosomes to genotype the 327 BC1F2 lines. According to the cetyltrimethylammonium bromide (CTAB) method, genomic DNA was extracted from leaves [95]. The genotyping was carried out using 4% Polyacrylamide gels (PAGE) migration, as previously reported by Panaud et al. [96]. DNA bands on PAGE gel were displayed by silver nitrate staining and NaOH-formaldehyde solution. Combining the genotype data from the BC1F6 lines and the phenotype data from both BC1F6 and BC1F7 lines, we employed the Kosambi mapping function of MapMaker/Exp3.0 program to construct a genetic linkage map [97]. QTL analysis was performed using the composite interval mapping method with Windows QTL cartographer 2.5 software (WinQTLCart 2.5) [98].



Refraining from considering the QTL of cloned genes, we selected five major QTLs that have higher LOD, Add, and PVE to study. The genotypes of the five BC1F6 and BC1F7 lines of qGW1, qGW5, qGW7, qGL9, and qGW12 were determined using two flanking markers within the mapping interval of QTLs. To fine map these QTLs, we developed five BC1F9 populations consisting of 1728, 2046, 1680, 1584, and 1440 individuals, respectively. Another 6, 5, 14, 5, and 6 specific markers were developed to genotype the recombinants of these QTLs. Relevant primer sequences are shown in Table S2.




4.4. Scanning Election Microscopy


Lemmas of spikelets at the heading stage were collected for scanning electron microscopy, fixed in FAA solution (50% ethanol, 5% glacial acetic acid, and 3.7% formaldehyde) at 4 °C for 24 h. The young panicles were sampled at the length of about 3 cm. Then the samples were coated with gold under vacuum conditions, and observed using a scanning electron microscope (JEOL, JSM-6390LV, Tokyo, Japan) under 10 kV acceleration voltage and a 30 nm spot size. Cell number and cell size were calculated at 50 × and 100 × magnification, respectively. The spikelet epidermal cell size was measured using Image J software (NIH), and cell number was counted manually. Scanning electron microscopy analysis involved at least three biological replications of mounted specimens.




4.5. RNA Extraction, Reverse Transcription, and qRT-PCR


Total RNA was extracted from young panicles using the TRIzol method (Invitrogen, 15596026, Shanghai, China), and then treated with RNase-free DNase I (Invitrogen, 15596026, Shanghai, China). First, strand cDNA was reverse-transcribed using the M-MLV Reverse Transcriptase kit (Promega, M170A, Madison, WI, USA). All procedures were carried out according to the manufacturer’s protocol. qRT-PCR was performed using ABI Real-Time PCR system with the SYBR Green I mix (TaKaRa, Shiga, Japan) according to the manufacturer’s instructions. OsActin gene was used as an internal control to normalize gene expression. The gene expression levels in three biological replicates and three technical replicates were calculated to evaluate the significance of differences between samples using the student’s t-test. Relevant primer sequences are given in Table S2.




4.6. Statistical Analysis


Differences between two sets of data were presented as the mean ± standard deviation and performed using the student’s t-test. We conducted differential expression analysis of differentially expressed genes using Cytoscape software (3.9.1) [99] and the Metware Cloud, a free online platform for data analysis (https://cloud.metware.cn, accessed on 1 January 2024).









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms25084149/s1, Figure S1: Correlation analysis of GL, GW, LWR, and GT in 2016 (A) and 2017 (B). Correlation analysis of grain length (C), grain width (D), length to width (E), and grain thickness (F) in two years; Figure S2: Development of the rice populations used in this study; Figure S3: Frequency distributions of qGW1 in the BC1F7 and BC1F8 populations; Figure S4: Frequency distributions of qGW5 in the BC1F7 and BC1F8 populations; Figure S5: Frequency distributions of qGW7 in the BC1F7 and BC1F8 populations; Figure S6: Frequency distributions of qGL9 in the BC1F7 and BC1F8 populations; Figure S7: Frequency distributions of qGW12 in the BC1F7 and BC1F8 populations; Table S1: The phenotypic performance of four grain size traits in W240 and GZ63-4S; Table S2: Primers used in this study.





Author Contributions


Y.Z. performed most of the experiments, including phenotypic correlation analysis, QTL mapping, verification, fine mapping, scanning electron microscopic analysis, expression analysis, and investigation of yield- and quality-related phenotypes. H.Y., E.L., M.A. and H.G. assisted with the experiments. R.L. participated in revising the manuscript. G.G., Q.Z. and L.X. participated in field management and logistics. Y.L. helped with phenotype. Y.H. designed and supervised the study. Y.Z. and Y.H. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Ministry of Science and Technology (2022YFD1200100, 2021YFF1000200), National Natural Science Foundation of China (U21A20211, 31821005), AgroST Project (NK20220501) and China Agriculture Research System (CARS-01-03).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


For materials, please contact the corresponding author’s email address.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



International Rice Genome Sequencing Project; Sasaki, T. The map-based sequence of the rice genome. Nature 2005, 436, 793–800. [Google Scholar] [CrossRef] [PubMed]

	



Xing, Y.; Zhang, Q. Genetic and molecular bases of rice yield. Annu. Rev. Genet. 2010, 61, 421–442. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Xu, R.; Duan, P.; Li, Y. Control of grain size in rice. Plant Reprod. 2018, 31, 237–251. [Google Scholar] [CrossRef] [PubMed]

	



Huang, R.; Jiang, L.; Zheng, J.; Wang, T.; Wang, H.; Huang, Y.; Hong, Z. Genetic bases of rice grain shape: So many genes, so little known. Trends Plant Sci. 2013, 18, 218–226. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Zhang, G.; Yang, Z.; He, G. Pyramiding QTL for yield-related traits and grain shape in rice using single-segment substitution lines. Indian J. Genet. Pl. Br. 2014, 74, 496–498. [Google Scholar] [CrossRef]

	



Fan, Y.; Li, Y. Molecular, cellular and Yin-Yang regulation of grain size and number in rice. Mol. Breed. 2019, 39, 163. [Google Scholar] [CrossRef]

	



Li, N.; Xu, R.; Li, Y. Molecular networks of seed size control in plants. Annu. Rev. Genet. 2019, 70, 435–463. [Google Scholar] [CrossRef] [PubMed]

	



Ren, D.; Ding, C.; Qian, Q. Molecular bases of rice grain size and quality for optimized productivity. Sci. Bull. 2023, 68, 314–350. [Google Scholar] [CrossRef]

	



Fan, C.; Yu, S.; Wang, C.; Xing, Y. A causal C-A mutation in the second exon of GS3 highly associated with rice grain length and validated as a functional marker. Theor. Appl. Genet. 2009, 118, 465–472. [Google Scholar] [CrossRef]

	



Fan, C.; Xing, Y.; Mao, H.; Lu, T.; Han, B.; Xu, C.; Li, X.; Zhang, Q. GS3, a major QTL for grain length and weight and minor QTL for grain width and thickness in rice, encodes a putative transmembrane protein. Theor. Appl. Genet. 2006, 112, 1164–1171. [Google Scholar] [CrossRef]

	



Mao, H.; Sun, S.; Yao, J.; Wang, C.; Yu, S.; Xu, C.; Li, X.; Zhang, Q. Linking differential domain functions of the GS3 protein to natural variation of grain size in rice. Proc. Nati. Acad. Sci. 2010, 107, 19579–19584. [Google Scholar] [CrossRef] [PubMed]

	



Takano-Kai, N.; Jiang, H.; Kubo, T.; Sweeney, M.; Matsumoto, T.; Kanamori, H.; Padhukasahasram, B.; Bustamante, C.; Yoshimura, A.; Doi, K.; et al. Evolutionary history of GS3, a gene conferring grain length in rice. Genetics 2009, 182, 1323–1334. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.; Wang, L.; Mao, H.; Shao, L.; Li, X.; Xiao, J.; Ouyang, Y.; Zhang, Q. A G-protein pathway determines grain size in rice. Nat. Commun. 2018, 9, 851. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Han, R.; Wu, K.; Zhang, J.; Ye, Y.; Wang, S.; Chen, J.; Pan, Y.; Li, Q.; Xu, X.; et al. G-protein βγ subunits determine grain size through interaction with MADS-domain transcription factors in rice. Nat. Commun. 2018, 9, 852. [Google Scholar] [CrossRef] [PubMed]

	



Song, X.J.; Huang, W.; Shi, M.; Zhu, M.Z.; Lin, H.X. A QTL for rice grain width and weight encodes a previously unknown RING-type E3 ubiquitin ligase. Nat. Genet. 2007, 39, 623–630. [Google Scholar] [CrossRef]

	



Choi, B.S.; Kim, Y.J.; Markkandan, K.; Koo, Y.J.; Song, J.T.; Seo, H.S. GW2 functions as an E3 ubiquitin ligase for rice expansin-like 1. Int. J. Mol. Sci. 2018, 19, 1904. [Google Scholar] [CrossRef] [PubMed]

	



Hao, J.; Wang, D.; Wu, Y.; Huang, K.; Duan, P.; Li, N.; Xu, R.; Zeng, D.; Dong, G.; Zhang, B.; et al. The GW2-WG1-OsbZIP47 pathway controls grain size and weight in rice. Mol. Plant 2021, 14, 1266–1280. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Chen, Z.; Lin, J.; Guan, B.; Chen, J.; Zhang, Z.; Chen, F.; Jiang, L.; Zheng, J.; Wang, T.; et al. gw2.1, a new allele of GW2, improves grain weight and grain yield in rice. Plant Sci. 2022, 325, 111495. [Google Scholar] [CrossRef] [PubMed]

	



Huang, K.; Wang, D.; Duan, P.; Zhang, B.; Xu, R.; Li, N.; Li, Y. WIDE AND THICK GRAIN 1, which encodes an otubain-like protease with deubiquitination activity, influences grain size and shape in rice. Plant J. 2017, 91, 849–860. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Wu, K.; Qian, Q.; Liu, Q.; Li, Q.; Pan, Y.; Ye, Y.; Liu, X.; Wang, J.; Zhang, J.; et al. Non-canonical regulation of SPL transcription factors by a human OTUB1-like deubiquitinase defines a new plant type rice associated with higher grain yield. Cell Res. 2017, 27, 1142–1156. [Google Scholar] [CrossRef] [PubMed]

	



Duan, P.; Rao, Y.; Zeng, D.; Yang, Y.; Xu, R.; Zhang, B.; Dong, G.; Qian, Q.; Li, Y. SMALL GRAIN 1, which encodes a mitogen-activated protein kinase kinase 4, influences grain size in rice. Plant J. 2014, 77, 547–557. [Google Scholar] [CrossRef] [PubMed]

	



Guo, T.; Chen, K.; Dong, N.Q.; Shi, C.L.; Ye, W.; Gao, J.; Shan, J.; Lin, H. GRAIN SIZE AND NUMBER1 negatively regulates the OsMKKK10-OsMKK4-OsMPK6 cascade to coordinate the trade-off between grain number per panicle and grain size in rice. Plant Cell 2018, 30, 871–888. [Google Scholar] [CrossRef] [PubMed]

	



Guo, T.; Lu, Z.; Shan, J.; Ye, W.; Dong, N.; Lin, H. ERECTA1 acts upstream of the OsMKKK10-OsMKK4-OsMPK6 cascade to control spikelet number by regulating cytokinin metabolism in rice. Plant Cell 2020, 32, 2763–2779. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Hua, L.; Dong, S.; Chen, H.; Zhu, X.; Jiang, J.; Zhang, F.; Li, Y.; Fang, X.; Chen, F. OsMAPK6, a mitogen-activated protein kinase, influences rice grain size and biomass production. Plant J. 2015, 84, 672–681. [Google Scholar] [CrossRef] [PubMed]

	



Xu, R.; Duan, P.; Yu, H.; Zhou, Z.; Zhang, B.; Wang, R.; Li, J.; Zhang, G.; Zhuang, S.; Lyu, J.; et al. Control of grain size and weight by the OsMKKK10-OsMKK4-OsMAPK6 signaling pathway in rice. Mol. Plant 2018, 11, 860–873. [Google Scholar] [CrossRef] [PubMed]

	



Tian, X.; Li, X.; Zhou, W.; Ren, Y.; Wang, Z.; Liu, Z.; Tang, J.; Tong, H.; Fang, J.; Bu, Q. Transcription factor OsWRKY53 positively regulates brassinosteroid signaling and plant architecture. Plant Physiol. 2017, 175, 1337–1349. [Google Scholar] [CrossRef] [PubMed]

	



Si, L.; Chen, J.; Huang, X.; Gong, H.; Luo, J.; Hou, Q.; Zhou, T.; Lu, T.; Zhu, J.; Shangguan, Y.; et al. OsSPL13 controls grain size in cultivated rice. Nat. Genet. 2016, 48, 447–456. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Li, S.; Liu, Q.; Wu, K.; Zhang, J.; Wang, S.; Wang, Y.; Chen, X.; Zhang, Y.; Gao, C.; et al. The OsSPL16-GW7 regulatory module determines grain shape and simultaneously improves rice yield and grain quality. Nat. Genet. 2015, 47, 949–954. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Wu, K.; Yuan, Q.; Liu, X.; Liu, Z.; Lin, X.; Zeng, R.; Zhu, H.; Dong, G.; Qian, Q.; et al. Control of grain size, shape and quality by OsSPL16 in rice. Nat. Genet. 2012, 44, 950–954. [Google Scholar] [CrossRef] [PubMed]

	



Duan, P.; Ni, S.; Wang, J.; Zhang, B.; Xu, R.; Wang, Y.; Chen, H.; Zhu, X.; Li, Y. Regulation of OsGRF4 by OsmiR396 controls grain size and yield in rice. Nat. Plants 2015, 2, 15203. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Wang, Y.; Fang, Y.; Zeng, L.; Xu, J.; Yu, H.; Shi, Z.; Pan, J.; Zhang, D.; Kang, S.; et al. A rare allele of GS2 enhances grain size and grain yield in rice. Mol. Plant 2015, 8, 1455–1465. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, D.; Li, Q.; Zhang, C.; Zhang, C.; Yang, Q.; Pan, L.; Ren, X.; Lu, J.; Gu, M.; Liu, Q. GS9 acts as a transcriptional activator to regulate rice grain shape and appearance quality. Nat. Commun. 2018, 9, 1240. [Google Scholar] [CrossRef] [PubMed]

	



Wang, A.; Hou, Q.; Si, L.; Huang, X.; Luo, J.; Lu, D.; Zhu, J.; Shangguan, Y.; Miao, J.; Xie, Y.; et al. The PLATZ transcription factor GL6 affects grain length and number in rice. Plant Physiol. 2019, 180, 2077–2090. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, S.; Xue, H. The rice PLATZ protein SHORT GRAIN6 determines grain size by regulating spikelet hull cell division. J. Integr. Plant Biol. 2020, 62, 847–864. [Google Scholar] [CrossRef] [PubMed]

	



Duan, P.; Xu, J.; Zeng, D.; Zhang, B.; Geng, M.; Zhang, G.; Huang, K.; Huang, L.; Xu, R.; Ge, S.; et al. Natural variation in the promoter of GSE5 contributes to grain size diversity in rice. Mol. Plant 2017, 10, 685–694. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Chen, J.; Zheng, X.; Wu, F.; Lin, Q.; Heng, Y.; Tian, P.; Cheng, Z.; Yu, X.; Zhou, K.; et al. GW5 acts in the brassinosteroid signalling pathway to regulate grain width and weight in rice. Nat. Plants 2017, 3, 17043. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Z.; He, H.; Zhang, S.; Sun, F.; Xin, X.; Wang, W.; Qian, X.; Yang, J.; Luo, X. A Kelch motif-containing serine/threonine protein phosphatase determines the large grain QTL trait in rice. J. Integr. Plant Biol. 2012, 54, 979–990. [Google Scholar] [CrossRef] [PubMed]

	



Qi, P.; Lin, Y.; Song, X.; Shen, J.; Huang, W.; Shan, J.; Zhu, M.; Jiang, L.; Gao, J.; Lin, H. The novel quantitative trait locus GL3.1 controls rice grain size and yield by regulating Cyclin-T1;3. Cell Res. 2012, 22, 1666–1680. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Wang, J.; Huang, J.; Lan, H.; Wang, C.; Yin, C.; Wu, Y.; Tang, H.; Qian, Q.; Li, J.; et al. Rare allele of OsPPKL1 associated with grain length causes extra-large grain and a significant yield increase in rice. Proc. Natl. Acad. Sci. USA 2012, 109, 21534–21539. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Zhang, J.; Zhang, X.; Zhou, J.; Jiang, Z.; Huang, P.; Tang, Z.; Bao, Y.; Cheng, J.; Tang, H.; et al. Rice qGL3/OsPPKL1 functions with the GSK3/SHAGGY-like kinase OsGSK3 to modulate brassinosteroid signaling. Plant Cell 2019, 31, 1077–1093. [Google Scholar] [CrossRef] [PubMed]

	



Ishimaru, K.; Hirotsu, N.; Madoka, Y.; Murakami, N.; Hara, N.; Onodera, H.; Kashiwagi, T.; Ujiie, K.; Shimizu, B.; Onishi, A.; et al. Loss of function of the IAA-glucose hydrolase gene TGW6 enhances rice grain weight and increases yield. Nat. Genet. 2013, 45, 707–711. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Z.; Lu, S.J.; Wang, M.; He, H.; Sun, L.; Wang, H.; Liu, X.; Jiang, L.; Sun, J.; Xin, X.; et al. A novel QTL qTGW3 encodes the GSK3/SHAGGY-like kinase OsGSK5/OsSK41 that interacts with OsARF4 to negatively regulate grain size and weight in rice. Mol. Plant 2018, 11, 736–749. [Google Scholar] [CrossRef] [PubMed]

	



Xia, D.; Zhou, H.; Liu, R.; Dan, W.; Li, P.; Wu, B.; Chen, J.; Wang, L.; Gao, G.; Zhang, Q.; et al. GL3.3, a novel QTL encoding a GSK3/SHAGGY-like kinase, epistatically interacts with GS3 to produce extra-long grains in rice. Mol. Plant 2018, 11, 754–756. [Google Scholar] [CrossRef] [PubMed]

	



Ying, J.; Ma, M.; Bai, C.; Huang, X.; Liu, J.; Fan, Y.; Song, X. TGW3, a major QTL that negatively modulates grain length and weight in rice. Mol. Plant 2018, 11, 750–753. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Li, Y. Signaling pathways of seed size control in plants. Curr. Opin. Plant Biol. 2016, 33, 23–32. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Wang, X.; Yu, C.; Lei, J.; Hu, P.; Wang, Z.; Li, M.; Zhu, C.; Liang, G. Correlation analysis of eating quality with quality characters of indica rice. J. Chin. Cereals Oils Assoc. 2012, 27, 1–5. [Google Scholar]

	



Lin, F.; Salman, M.; Zhang, Z.; McCoy, A.; Li, W.; Magar, R.; Mitchell, D.; Zhao, M.; Gu, C.; Chilvers, M.; et al. Identification and molecular mapping of a major gene conferring resistance to Phytophthora sansomeana in soybean ‘Colfax’. Theor. Appl. Genet. 2024, 137, 55. [Google Scholar] [CrossRef] [PubMed]

	



Xin, W.; Liu, H.; Yang, L.; Ma, T.; Wang, J.; Zheng, H.; Liu, W.; Zou, D. BSA-Seq and fine linkage mapping for the identification of a novel locus (qPH9) for mature plant height in rice (Oryza sativa). Rice 2022, 15, 26. [Google Scholar] [CrossRef] [PubMed]

	



Miyatake, K.; Saito, T.; Negoro, S.; Yamaguchi, H.; Nunome, T.; Ohyama, A.; Fukuoka, H. Detailed mapping of a resistance locus against Fusarium wilt in cultivated eggplant (Solanum melongena). Theor. Appl. Genet. 2016, 129, 357–367. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Wu, J.; Wang, L.; Mantri, N.; Zhang, X.; Zhu, Z.; Wang, S. Mapping and genetic structure analysis of the anthracnose resistance locus Co-1HY in the common bean (Phaseolus vulgaris L.). PLoS ONE 2017, 12, e0169954. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Liu, X.; Wu, L.; Zhou, K.; Yang, J.; Miao, Y.; Hao, M.; Ning, S.; Yuan, Z.; Jiang, B.; et al. Mapping of a recessive gene for all-stage resistance to stripe rust in a wheat line derived from cultivated einkorn (Triticum monococcum L.). In Plant Disease; The American Phytopathological Society: Merida, Mexico, 2024. [Google Scholar] [CrossRef]

	



Silva, A.; Montoya, M.; Quintero, C.; Cuasquer, J.; Tohme, J.; Graterol, E.; Cruz, M.; Lorieux, M. Genetic bases of resistance to the rice hoja blanca disease deciphered by a quantitative trait locus approach. G3-Genes Genom. Genet. 2023, 13, jkad223. [Google Scholar] [CrossRef] [PubMed]

	



Rong, C.; Liu, Y.; Chang, Z.; Liu, Z.; Ding, Y.; Ding, C. Cytokinin oxidase/dehydrogenase family genes exhibit functional divergence and overlap in rice growth and development, especially in control of tillering. J. Exp. Bot. 2022, 73, 3552–3568. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, D.; Li, P.; Wang, L.; Sun, L.; Xia, D.; Luo, L.; Gao, G.; Zhang, Q.; He, Y. Genetic dissection of large grain shape in rice cultivar ‘Nanyangzhan’ and validation of a grain thickness QTL (qGT3.1) and a grain length QTL (qGL3.4). Mol. Breed. 2017, 37, 42. [Google Scholar] [CrossRef]

	



Feng, Y.; Yuan, X.; Wang, Y.; Yang, Y.; Zhang, M.; Yu, H.; Xu, Q.; Wang, S.; Niu, X.; Wei, X. Validation of a QTL for grain size and weight using an introgression line from a cross between Oryza sativa and Oryza minuta. Rice 2021, 14, 43. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Shang, L.; Ruan, B.; Zhang, A.; Yang, S.; Jiang, H.; Liu, C.; Hong, K.; Lin, H.; Gao, Z.; et al. Development of three sets of high-throughput genotyped rice chromosome segment substitution lines and QTL mapping for eleven traits. Rice 2019, 12, 33. [Google Scholar] [CrossRef] [PubMed]

	



Kaneko, M.; Inukai, Y.; Ueguchi-Tanaka, M.; Itoh, H.; Izawa, T.; Kobayashi, Y.; Hattori, T.; Miyao, A.; Hirochika, H.; Ashikari, M.; et al. Loss-of-function mutations of the rice GAMYB gene impair alpha-amylase expression in aleurone and flower development. Plant Cell 2004, 16, 33–44. [Google Scholar] [CrossRef]

	



Wang, R.; Yang, X.; Guo, S.; Wang, Z.; Zhang, Z.; Fang, Z. MiR319-targeted OsTCP21 and OsGAmyb regulate tillering and grain yield in rice. J. Integr. Plant Biol. 2021, 63, 1260–1272. [Google Scholar] [CrossRef]

	



Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L. MYB transcription factors in Arabidopsis. Trends Plant Sci. 2010, 15, 573–581. [Google Scholar] [CrossRef]

	



Jin, F.; Ding, L.; Luo, J.; Nie, S.; Fang, Z. Research progress of MYB transcription factors in rice. J. Plant Genet. Res. 2023, 24, 917–926. [Google Scholar] [CrossRef]

	



Li, G.; Xu, B.; Zhang, Y.; Xu, Y.; Khan, N.; Xie, J.; Sun, X.; Guo, H.; Wu, Z.; Wang, X.; et al. RGN1 controls grain number and shapes panicle architecture in rice. Plant Biotechnol. J. 2022, 20, 158–167. [Google Scholar] [CrossRef]

	



Wang, F.; Han, T.; Song, Q.; Ye, W.; Song, X.; Chu, J.; Li, J.; Chen, Z.J. The rice circadian clock regulates tiller growth and panicle development through strigolactone signaling and sugar sensing. Plant Cell 2020, 32, 3124–3138. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Z.; Zhang, Y.; Tang, W.; Chen, X.; Lin, C.; Liu, Y.; Ye, Y.; Wu, W.; Duan, Y. LUX ARRHYTHMO interacts with ELF3a and ELF4a to coordinate vegetative growth and photoperiodic flowering in rice. Front. Plant Sci. 2022, 13, 853042. [Google Scholar] [CrossRef]

	



Wang, C.; Zhu, C.; Zhou, Y.; Xiong, M.; Wang, J.; Bai, H.; Lu, C.; Zhang, C.; Liu, Q.; Li, Q. OsbZIP09, a unique OsbZIP transcription factor of rice, promotes rather than suppresses seed germination by attenuating abscisic acid pathway. Rice Sci. 2021, 28, 358–367. [Google Scholar] [CrossRef]

	



He, Y.; Li, L.; Shi, W.; Tan, J.; Luo, X.; Zheng, S.; Chen, W.; Li, J.; Zhuang, C.; Jiang, D. Florigen repression complexes involving rice CENTRORADIALIS2 regulate grain size. Plant Physiol. 2022, 190, 1260–1274. [Google Scholar] [CrossRef] [PubMed]

	



Niu, B.; Deng, H.; Li, T.; Sharma, S.; Yun, Q.; Li, Q.; Zhiquo, E.; Chen, C. OsbZIP76 interacts with OsNF-YBs and regulates endosperm cellularization in rice (Oryza sativa). J. Integr. Plant Biol. 2020, 62, 1983–1996. [Google Scholar] [CrossRef] [PubMed]

	



Prakash, S.; Rai, R.; Zamzam, M.; Ahmad, O.; Peesapati, R.; Vijayraghavan, U. OsbZIP47 is an integrator for meristem regulators during rice plant growth and development. Front. Plant Sci. 2022, 13, 865928. [Google Scholar] [CrossRef] [PubMed]

	



Fu, F.; Xue, H. Coexpression analysis identifies Rice Starch Regulator1, a rice AP2/EREBP family transcription factor, as a novel rice starch biosynthesis regulator. Plant Physiol. 2010, 154, 927–938. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, L.; Ma, X.; Zhao, S.; Tang, Y.; Liu, F.; Gu, P.; Fu, Y.; Zhu, Z.; Cai, H.; Sun, C.; et al. The APETALA2-like transcription factor SUPERNUMERARY BRACT controls rice seed shattering and seed size. Plant Cell 2019, 31, 17–36. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Feng, F.; Zhang, Y.; Elesawi, I.; Xu, K.; Li, T.; Mei, H.; Liu, H.; Gao, N.; Chen, C.; et al. A novel rice grain size gene OsSNB was identified by genome-wide association study in natural population. PLOS Genet. 2019, 15, e1008191. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Z.; Jin, Y.; Wu, T.; Hu, L.; Zhang, Y.; Jiang, W.; Du, X. OsDREB2B, an AP2/ERF transcription factor, negatively regulates plant height by conferring GA metabolism in rice. Front. Plant Sci. 2022, 13, 1007811. [Google Scholar] [CrossRef] [PubMed]

	



Ren, D.; Hu, J.; Xu, Q.; Cui, Y.; Zhang, Y.; Zhou, T.; Rao, Y.; Xue, D.; Zeng, D.; Zhang, G.; et al. FZP determines grain size and sterile lemma fate in rice. J. Exp. Bot. 2018, 69, 4853–4866. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Zhang, W.; Fu, Y.; Shan, Z.; Xu, J.; Wang, P.; Kong, F.; Jin, J.; Yan, H.; Ge, X.; et al. Du13 encodes a C2H2 zinc-finger protein that regulates Wxb pre-mRNA splicing and microRNA biogenesis in rice endosperm. Plant Biotechnol. J. 2022, 20, 1387–1401. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Yu, H.; Xia, S.; Cui, Y.; Yu, X.; Liu, H.; Zeng, D.; Hu, J.; Zhang, Q.; Gao, Z.; et al. The C2H2 zinc-finger protein LACKING RUDIMENTARY GLUME 1 regulates spikelet development in rice. Sci. Bull. 2020, 65, 753–764. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Wang, Y.; Liu, L.L.; Wang, C.; Gan, T.; Zhang, Z.; Wang, Y.; Wang, D.; Niu, M.; Long, W.; et al. Isolation and characterization of a spotted leaf 32 mutant with early leaf senescence and enhanced defense response in rice. Sci. Rep. 2017, 7, 41846. [Google Scholar] [CrossRef] [PubMed]

	



Guo, M.; Zhang, W.; Mohammadi, M.; He, Z.; She, Z.; Yan, M.; Shi, C.; Lin, L.; Wang, A.; Liu, J.; et al. OsDDM1b controls grain size by influencing cell cycling and regulating homeostasis and signaling of brassinosteroid in rice. Front. Plant Sci. 2022, 13, 873993. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, H.; Qin, P.; Hu, L.; Zhan, S.; Wang, S.; Gao, P.; Li, J.; Jin, M.; Xu, Z.; Gao, Q.; et al. OsSPL18 controls grain weight and grain number in rice. J. Genet. Genom. 2019, 46, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Yang, C.; Lin, H.; Wang, J.; Xue, H. Rice SPL12 coevolved with GW5 to determine grain shape. Sci. Bull. 2021, 66, 2353–2357. [Google Scholar] [CrossRef]

	



Shi, C.; Ren, Y.; Liu, L.; Wang, F.; Zhang, H.; Tian, P.; Pan, T.; Wang, Y.; Jing, R.; Liu, T.; et al. Ubiquitin specific protease 15 has an important role in regulating grain width and size in rice. Plant Physiol. 2019, 180, 381–391. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, T.; Hirano, H. Function and diversification of MADS-box genes in rice. Sci. World J. 2006, 6, 1923–1932. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, P.; Ma, S.; Xiao, Z.; Li, F.; Wei, X.; Lin, S.; Wang, X.; Ji, Z.; Fu, Y.; Pan, J.; et al. Natural variations in grain length 10 (GL10) regulate rice grain size. J. Genet. Genom. 2022, 49, 405–413. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yu, H.; Liu, J.; Wang, W.; Sun, J.; Gao, Q.; Zhang, Y.; Ma, D.; Wang, J.; Xu, Z.; et al. Loss of function of OsMADS34 leads to large sterile lemma and low grain yield in rice (Oryza sativa L.). Mol. Breed. 2016, 36, 147. [Google Scholar] [CrossRef]

	



Cui, Y.; Jiang, N.; Xu, Z.; Xu, Q. Heterotrimeric G protein are involved in the regulation of multiple agronomic traits and stress tolerance in rice. BMC Plant Biology 2020, 20, 90. [Google Scholar] [CrossRef] [PubMed]

	



Lan, J.; Lin, Q.; Zhou, C.; Ren, Y.; Liu, X.; Miao, R.; Jing, R.; Mou, C.; Nguyen, T.; Zhu, X.; et al. Small grain and semi-dwarf 3, a WRKY transcription factor, negatively regulates plant height and grain size by stabilizing SLR1 expression in rice. Plant Mol. Biol. 2020, 104, 429–450. [Google Scholar] [CrossRef]

	



Zhu, X.; Zhang, S.; Chen, Y.; Mou, C.; Huang, Y.; Liu, X.; Ji, J.; Yu, J.; Hao, Q.; Yang, C.; et al. Decreased grain size1, a C3HC4-type RING protein, influences grain size in rice (Oryza sativa L.). Plant Mol. Biol. 2021, 105, 405–417. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.; He, W.; Deng, C.; Chen, X.; Gou, L.; Zhu, F.; Guo, W.; Zhang, J.; Wang, T. Flowering-Related RING Protein 1 (FRRP1) regulates flowering time and yield potential by affecting histone H2B monoubiquitination in rice (Oryza Sativa). PLoS ONE 2016, 11, e0150458. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Tan, J.; Chen, Y.; Sun, Z.; Yan, X.; Ouyang, J.; Li, S.; Wang, X. New fructokinase, OsFRK3, regulates starch accumulation and grain filling in rice. J. Agric. Food Chem. 2023, 71, 1056–1066. [Google Scholar] [CrossRef] [PubMed]

	



Shi, H.; Yun, P.; Zhu, Y.; Wang, L.; Li, P.; Lou, G.; Xia, D.; Zhang, Q.; Xiao, J.; Li, X.; et al. Fine mapping of qTGW2b and qGL9, two minor QTL conferring grain size and weight in rice. Mol. Breed. 2022, 42, 68. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Feng, Q.; Li, P.; Lou, G.; Chen, G.; Jiang, H.; Gao, G.; Zhang, Q.; Xiao, J.; Li, X.; et al. GLW7.1, a strong functional allele of Ghd7, enhances grain size in rice. Int. J. Mol. Sci. 2022, 23, 8715. [Google Scholar] [CrossRef]

	



Sun, P.; Zhang, W.; Wang, Y.; He, Q.; Shu, F.; Liu, H.; Wang, J.; Wang, J.; Yuan, L.; Deng, H. OsGRF4 controls grain shape, panicle length and seed shattering in rice. J. Integr. Plant Biol. 2016, 58, 836–847. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.; Zhou, M.; Yang, Y.; Li, J.; Zhu, L.; Jiang, D.; Dong, J.; Liu, Q.; Gu, L.; Zhou, L.; et al. RNase Z(S1) processes UbL40 mRNAs and controls thermosensitive genic male sterility in rice. Nat. Commun. 2014, 5, 4884. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Guo, Z.; Huang, C.; Duan, L.; Chen, G.; Jiang, N.; Fang, W.; Feng, H.; Xie, W.; Lian, X.; et al. Combining high-throughput phenotyping and genome-wide association studies to reveal natural genetic variation in rice. Nat. Commun. 2014, 5, 5087. [Google Scholar] [CrossRef] [PubMed]

	



Champagne, E.; Richard, O.; Bett, K.; Grimm, C.; Vinyard, B.; Webb, B.; McClung, A.; Barton, F.; Lyon, B.; Moldenhauer, K.; et al. Quality evaluation of U.S. medium-grain rice using a Japanese taste analyzer. Cereal Chem. 1996, 73, 290–294. [Google Scholar]

	



Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760. [Google Scholar] [CrossRef] [PubMed]

	



Murray, M.G.; Thompson, W.F. Rapid isolation of high molecular-weight plant DNA. Nucleic Acids Res. 1980, 8, 4321–4325. [Google Scholar] [CrossRef]

	



Panaud, O.; Chen, X.; McCouch, S. Development of microsatellite markers and characterization of simple sequence length polymorphism (SSLP) in rice (Oryza sativa L.). Mol. Gen. Genet. 1996, 252, 597–607. [Google Scholar] [CrossRef] [PubMed]

	



Lincoln, S. Constructing Genetic Maps with MAPMAKER/EXP 3.0; Whitehead Institute: Cambridge, MA, USA, 1992. [Google Scholar]

	



Silva Lda, C.; Wang, S.; Zeng, Z. Composite interval mapping and multiple interval mapping: Procedures and guidelines for using Windows QTL Cartographer. Methods Mol. Biol. 2012, 871, 75–119. [Google Scholar] [CrossRef] [PubMed]

	



Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.; Wang, J.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 04149 g001] 





Figure 1. Frequency distributions of GL (A), GW (B), LWR (C), and GT (D) in the BC1F2 and BC1F2:3 populations. The vertical axis represents the number of BC1F2 and BC1F2:3 plants, with black and gray bars, respectively. 
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Figure 2. Genetic linkage map of grain-size-related QTLs detected in the BC1F2 and BC1F2:3 populations. 
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Figure 3. Analysis of qGW1 influence grain width. (A) Grain morphology. Scale bar: 5 mm. (B) Grain width difference among three haplotypes in 2020. (C) Fine mapping of qGW1. The numbers below the bar are physical distance (Mb). (D,E) Scanning electron microscopy of the outer epidermal cells of NIL-WqGW1 and NIL-GqGW1. Scale bar: 100 µm. (F) Cell length. (G) Total number of longitudinal cells. (H) Cell width. (I) Total number of transverse cells. (n = 10). (J) qRT-PCR analysis of four cell cycle related-genes and four cell expansion related-genes between NILs of qGW1. Data are represented as mean ± s.e.m. (n = 9). Duncan’s multiple range tests were used to conduct statistical analysis (a, b and c indicate p < 0.01). The student’s t-test was used to produce p values (*, ** indicate significance at p < 0.05 and p < 0.01, respectively). 
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Figure 4. Analysis of qGW5 influence grain length. (A) Grain morphology. Scale bar: 5 mm. (B) Grain length difference among three haplotypes in 2020. (C) Fine mapping of qGW5. The numbers below the bar are physical distance (Mb). (D,E) Scanning electron microscopy of the outer epidermal cells of NIL-WqGW5 and NIL-GqGW5. Scale bar: 100 µm. (F) Cell length. (G) Total number of longitudinal cells. (H) Cell width. (I) Total number of transverse cells. (n = 10). (J) qRT-PCR analysis of five cell cycle related-genes and four cell expansion related-genes between NILs of qGW5. Data are represented as mean ± s.e.m. (n = 9). Duncan’s multiple range tests were used to conduct statistical analysis (a, b and c indicate p < 0.01). The student’s t-test was used to produce p values (*, ** indicate significance at p < 0.05 and p < 0.01, respectively). 
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Figure 5. Analysis of qGW7 influence grain width. (A) Grain morphology. Scale bar: 5 mm. (B) Grain width difference among three haplotypes in 2020. (C) Fine mapping of qGW7. The numbers below the bar are physical distance (Mb). (D,E) Scanning electron microscopy of the outer epidermal cells of NIL-WqGW7 and NIL-GqGW7. Scale bar: 100 µm. (F) Cell length. (G) Total number of longitudinal cells. (H) Cell width. (I) Total number of transverse cells. (n = 10). (J) qRT-PCR analysis of six cell expansion related-genes between NILs of qGW7. Data are represented as mean ± s.e.m. (n = 9). Duncan’s multiple range tests were used to conduct statistical analysis (a, b and c indicate p < 0.01). The student’s t-test was used to produce p values (*, ** indicate significance at p < 0.05 and p < 0.01, respectively). 
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Figure 6. Analysis of qGL9 influence grain length. (A) Grain morphology. Scale bar: 5 mm. (B) Grain length difference among three haplotypes in 2020. (C) Fine mapping of qGL9. The numbers below the bar are physical distance (Mb). (D,E) Scanning electron microscopy of the outer epidermal cells of NIL-WqGL9 and NIL-GqGL9. Scale bar: 100 µm. (F) Cell length. (G) Total number of longitudinal cells. (H) Cell width. (I) Total number of transverse cells. (n = 10). (J) qRT-PCR analysis of fifteen cell cycle related-genes between NILs of qGL9. Data are represented as mean ± s.e.m. (n = 9). Duncan’s multiple range tests were used to conduct statistical analysis (a, b and c indicate p < 0.01). The student’s t-test was used to produce p values (*, ** indicate significance at p < 0.05 and p < 0.01, respectively). 
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Figure 7. Analysis of qGW12 influence grain width. (A) Grain morphology. Scale bar: 5 mm. (B) Grain width difference among three haplotypes in 2020. (C) Fine mapping of qGW12. The numbers below the bar are physical distance (Mb). (D,E) Scanning electron microscopy of the outer epidermal cells of NIL-WqGW12 and NIL-GqGW12. Scale bar: 100 µm. (F) Cell length. (G) Total number of longitudinal cells. (H) Cell width. (I) Total number of transverse cells. (n = 10). (J) qRT-PCR analysis of six cell cycle related-genes and three cell expansion related-genes between NILs of qGW12. Data are represented as mean ± s.e.m. (n = 9). Duncan’s multiple range tests were used to conduct statistical analysis (a and b indicate p < 0.01). The student’s t-test was used to produce p values (*, ** indicate significance at p < 0.05 and p < 0.01, respectively). 
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Figure 8. Phenotypes of rice yield and quality comparison among qGW1, qGW5, qGW7, qGL9, and qGW12 identified in this study. (A–H) Grain length, grain width, length to width ratio, 1000-grain weight, plant height, number of tillers per plant, number of filled grains per panicle, and grain yield per plant in five NILs. (n = 12). (I–P) Albumin content, globulin content, prolamin content, glutenin content, total starch content, amylose content, gel consistency, and taste score. (n = 6). All phenotypic data in (A–P) were measured from paddy-grown NIL plants grown under normal cultivation conditions. Data are represented as mean ± s.e.m. The student’s t-test was used to produce p values (*, ** indicate significance at p < 0.05 and p < 0.01, respectively). 






Figure 8. Phenotypes of rice yield and quality comparison among qGW1, qGW5, qGW7, qGL9, and qGW12 identified in this study. (A–H) Grain length, grain width, length to width ratio, 1000-grain weight, plant height, number of tillers per plant, number of filled grains per panicle, and grain yield per plant in five NILs. (n = 12). (I–P) Albumin content, globulin content, prolamin content, glutenin content, total starch content, amylose content, gel consistency, and taste score. (n = 6). All phenotypic data in (A–P) were measured from paddy-grown NIL plants grown under normal cultivation conditions. Data are represented as mean ± s.e.m. The student’s t-test was used to produce p values (*, ** indicate significance at p < 0.05 and p < 0.01, respectively).



[image: Ijms 25 04149 g008]







[image: Ijms 25 04149 g009] 





Figure 9. The differential expression analysis of (A,B) cell number and size genes. 
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Table 1. QTLs for grain size in the BC1F2 and BC1F2:3 populations.
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QTL

	
Chromosome

	
Interval

	
2016

	
2017

	
Known Genes




	
LOD

	
Add

	
PVE (%)

	
LOD

	
Add

	
PVE (%)






	
qGL1

	
1

	
RM220

	
RM490

	
15.78

	
0.20

	
14.82

	
16.42

	
0.21

	
21.56

	
OsCKX1




	
qGL2.1

	
2

	
RM211

	
R2479

	
4.95

	
−0.05

	
0.42

	
7.98

	
−0.09

	
3.09

	




	
qGL2.2

	
2

	
R2746

	
R2100

	

	

	

	
2.60

	
−0.21

	
14.04

	
GW2




	
qGL2.3

	
2

	
R2100

	
R2178

	

	

	

	
2.54

	
−0.09

	
5.84

	




	
qGL2.4

	
2

	
R2198

	
RM262

	

	

	

	
3.62

	
0.07

	
8.92

	




	
qGL5

	
5

	
RM169

	
RM163

	
4.77

	
−0.07

	
1.50

	
3.28

	
−0.06

	
1.47

	




	
qGL8.1

	
8

	
R8354

	
R8464

	
2.73

	
−0.05

	
0.24

	
4.00

	
−0.06

	
1.81

	




	
qGL8.2

	
8

	
R8173

	
R8274

	
2.85

	
−0.03

	
0.06

	

	

	

	




	
qGL9

	
9

	
R9178

	
RM160

	
5.66

	
−0.13

	
11.87

	
9.07

	
−0.15

	
12.26

	




	
qGL11

	
11

	
RM21

	
R1126

	
4.74

	
−0.09

	
2.15

	

	

	

	




	
qGL12

	
12

	
R1224

	
R1226

	
4.46

	
−0.06

	
6.04

	

	

	

	




	
qGW1

	
1

	
RM128

	
RM319

	

	

	

	
2.63

	
0.20

	
13.24

	




	
qGW4

	
4

	
R4306

	
R4314

	
4.82

	
−0.04

	
5.71

	

	

	

	




	
qGW5

	
5

	
RM122

	
R5147

	
2.68

	
0.10

	
23.32

	
5.24

	
0.04

	
18.33

	




	
qGW7

	
7

	
RM234

	
RM248

	
4.15

	
0.04

	
6.27

	
2.68

	
0.07

	
15.01

	




	
qGW12

	
12

	
R1224

	
R1226

	

	

	

	
6.29

	
−0.05

	
8.95

	




	
qLWR1.1

	
1

	
RM220

	
RM490

	
3.67

	
0.05

	
3.31

	
3.37

	
0.04

	
2.72

	
OsCKX1




	
qLWR1.2

	
1

	
RM128

	
RM319

	

	

	

	
2.81

	
−0.03

	
1.71

	




	
qLWR5

	
5

	
RM122

	
R5147

	
3.23

	
−0.05

	
4.37

	
2.52

	
−0.04

	
3.10

	




	
qLWR8

	
8

	
R8173

	
R8274

	
2.78

	
−0.02

	
0.16

	

	

	

	




	
qLWR9

	
9

	
R9178

	
RM160

	

	

	

	
5.93

	
−0.04

	
2.99

	




	
qLWR12

	
12

	
R1224

	
R1226

	

	

	

	
4.02

	
0.04

	
8.81

	




	
qGT1

	
1

	
RM319

	
R1386

	

	

	

	
3.58

	
−0.01

	
7.67

	




	
qGT2

	
2

	
R2470

	
RM211

	
7.20

	
−0.03

	
21.23

	

	

	

	








qGL, QTL for grain length; qGW, QTL for grain width; qLWR, QTL for length to width ration; qGT, QTL for grain thickness. LOD, logarithm of odds. Add, additive effect of QTL. Positive value and negative value of additive effects indicated the W240 and GZ63-4S alleles, respectively. PVE, phenotypic variance explained by the QTL.
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