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Abstract

:

Common buckwheat (Fagopyrum esculentum M.) is an important pseudo-cereal crop and contains an abundance of nutrients and bioactive compounds. However, the yield of buckwheat is low compared to that of other major crops. QTL mapping and candidate gene screening of grain size are very important for increasing production in common buckwheat through molecular breeding in the future. In the present study, an F1 segregating population with 217 individuals was established using a cross between Ukraine daliqiao (UD) and Youqiao 2 (YQ2) that showed a significant difference in grain size. The InDel and SSR primers were developed based on transcriptome sequencing between parents in the previous study. We constructed a genetic linkage map, including 39 SSR loci and 93 InDel loci, with a total length of 1398.33 cM and an average spacing of 10.59 cM. Combined with the grain size phenotype data of the F1 population, a total of 14 QTL were detected, including 6-grain length QTL, 3-grain width QTL, and 5 hundred-grain-weight QTL. QTL of grain width and hundred-grain weight were all detected near SWU_Fe_InDel086 and SWU_Fe_InDel076. Some putative candidate genes with the ex1pression or InDel difference between parents were screened within the QTL interval. This study would lay the foundation for map-based cloning and molecular mechanism of grain size and ultimately improvement of yield in common buckwheat.
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1. Introduction


Common Buckwheat (Fagopyrum esculentum Moench; 2n = 2x = 16), the family Polygonacease, genus Fagopyrum, was an annual crop and widely cultivated in temperate zones. As a minor and pseudo-cereal, common buckwheat had the characteristics of self-incompatibility, short growth period, strong adaptability, and high resistance to various environmental stressors [1]. Furthermore, buckwheat is also important in supporting the dietary health of humans [2,3] for containing high levels of flavonoids, protein, starch, and dietary fiber in the grain [4] and special nutrients that are not produced by major cereal crops, such as phytochemicals, soluble fiber, and rutin [5,6]. As a result, common buckwheat is currently attracting breeders and the attention of various stakeholders. However, common buckwheat has lower yields than the major cereals and shorter history of modern breeding. Therefore, it is necessary to establish efficient breeding programs for common buckwheat to increase grain production.



However, owing to heteromorphic self-incompatibility controlled by the S-locus [7,8], the breeding of common buckwheat is difficult. The efficiency of mass selection is lower, and the inbreeding depression seriously hinders genetic improvement [9,10]. Great advances in DNA marker technologies have provided new insights for improving common buckwheat. Based on the high-density molecular marker genetic linkage maps, quantitative trait loci (QTL) of yield and quality traits can be mapped, and the molecular markers tightly linked to the traits were selected for screening the genotypes for target traits. Therefore, combining conventional breeding methods and marker-assisted breeding will provide an effective approach to developing common buckwheat new cultivars with improved yield and quality.



Recently, various genetic molecular marker systems have been developed on common buckwheat, such as the RAPD marker [11,12,13,14], amplified fragment length polymorphism (AFLP) markers [15,16,17], SSR marker [18,19,20,21,22], expressed sequence tag (EST) markers [23], and SNP markers based on Next Generation Sequencing technology [24,25]. However, the number of molecular markers was fairly limited and did not span the entire genome due to the backward genetic study of common buckwheat.



The allogamous reproductive system of common buckwheat works as a barrier, which has hindered the construction of a suitable mapping population, such as the NIL, RIL, or NAM population. The heterozygous parents with relatively distant relatives were used for constructing the population mapping, which caused many isolated loci in the F1 population. The polymorphic loci in parents and 1:1 separation in F1 were selected to simulate the test crossing sites in inbred lines for plotting. This drawing method was called the pseudo-testcross strategy [26]. The method has been successfully applied to a variety of outcrossing plants, such as switchgrass [27], butterfly orchid [28], tea tree [29], sugarcane [30], apple [31], sage [32]. The pseudo-testcross strategy provided an effective method for constructing a genetic linkage map in common buckwheat. Based on microsatellite and AFLP markers, a linkage map of common buckwheat was constructed using a pseudo-testcross mapping strategy for 80 F1 individuals [19]. Likewise, by using the pseudo-testcross strategy, a high-density linkage map based on the array-based genotyping system was constructed with 178 F1 progeny, which was composed of 756 loci and included 8884 markers [24]. The above studies confirmed the usefulness of the pseudo-testcross mapping strategy for constructing the linkage maps, even for allogamous populations.



Currently, only a few studies about QTL mapping for agronomically important traits of common buckwheat have been reported. Yabe et al. [24] constructed a genome-wide linkage map with array-based markers (including 8884 markers, spanning 756 loci) onto eight linkage groups. They identified a QTL controlling main stem length, which had been successfully applied to genomic selection to increase the yield of common buckwheat [33]. In addition, to circumvent the complex genetic patterns caused by the cross-pollinating reproductive system, an F4 population derived from a cross between autogamous lines were used for QTL mapping controlling the photoperiod sensitivity of common buckwheat [23]. Three ear sprouting resistance buckwheat lines (KY29, KY28, and NF1) and a buckwheat self-compatible line KSC7 with easy ear sprouting were used to construct F2 populations, and three genetic linkage maps were constructed by NGS-BSA high-throughput sequencing technology to identify two major and two minor QTL for ear sprout [34,35]. Such studies suggested that QTL analysis will contribute to allogamous crop breeding via conventional MAS for major genes. In general, the genetic map of common buckwheat is small, and most of them have low density. The number of QTL is small, and the distance is far from their linkage markers, which cannot meet the requirements of molecular marker-assisted selection and map cloning.



Grain size is an important factor affecting grain yield. Big grain has always been one of the main goals of breeders. However, studies on the grain size of common buckwheat are rarely reported. In the early stage of the project, transcriptome sequencing was performed on the 5 and 10 days post-anthesis (DPA) grains of large grain buckwheat variety Ukraine daliqiao (UD) and small grain buckwheat variety Youqiao 2 (YQ2), and the different-expressed genes related to grain size were screened [36]. In this study, we selected UD and YQ2 as mapping parents and constructed a genetic linkage map using SSR markers and InDel markers to screen the QTL and candidate genes affecting grain size-related traits, which would lay the foundation for map-based cloning and the molecular basis of grain size and ultimately utilization for improvement of yield in common buckwheat.




2. Materials and Methods


2.1. Mapping Population and Grain Size Traits Evaluation


In this study, two common buckwheat varieties with grain size differences, Ukraine daliqiao (UD) and Youqiao 2 (YQ2), were used to produce the segregating population. The two parents were crossed in the winter of 2018 at Southwest University, Chongqing, China. An F1 population of 217 individuals in the mapping population and the two parental lines was planted in the autumn of 2019. All individuals from the F1 population and their parents were hand-harvested when 70–80% of total seeds changed their color from green to black. Seeds were air-dried for two weeks before measurement. Grain length, grain width, hundred-grain weight, and the ratio of length-width of each individual were measured.




2.2. Primer Development and Marker Validation


A total of 320 pairs of SSR primers and 336 pairs of InDel primers were employed in the present study. They were synthesized by Beijing Genomics Institute Co., Ltd. (Beijing, China) to construct a genetic map and QTL mapping. Among these primers, 224 SSR primers pairs and 24 InDel primers pairs were designed in our laboratory [37]. The other 100 SSR and 312 InDel primers were designed in this present study (Table S1) based on the transcriptome sequencing data, which was carried out on 5 and 10 days on grains of parents UD and YQ2, respectively (Fang et al., 2019, accession: PRJNA523295). In this study, MISA (MIcroSAtellite; http://pgrc.ipk-gatersleben.de/misa, 1 May 2019) and SAM tools [38] were employed for SSR mining and identification based on transcriptome data. The minimum number of repeats used to select the SSRs was ten for mono-nucleotide repeats, six for di-nucleotide repeats, five for tri-nucleotide repeats, and three for tetra-, penta-, and hexanucleotide repeats. SSR and InDel primers were designed by Premier 5.0 (PREMIER Biosoft International, Palo Alto, CA, USA) with the following criteria: GC content of 40–60%, primer lengths of 18–23 bases, an annealing temperature of 40–60 °C, and PCR product size of 100–300 bp.



Genomic DNA samples of the two parents and 217 F1 progeny individuals were extracted from young leaves according to the modified CTAB method [39]. All these primer pairs were first screened between two parents for polymorphism. The primer pairs, which showed clear polymorphism, were used to detect the genotype of F1 population individuals. PCR amplification and product test were performed as described by Zhang et al. [39]. Clear polymorphic DNA bands on the gels were used for genotyping. Loci were named with the primer name. For multiple polymorphic loci revealed by the same primer, an extra letter was added, followed by the primer name, such as a/b/c, indicating the molecular size from the smallest to the largest.




2.3. Genetic Map Construction and QTL Analysis


JoinMap 4.0 [40] was used for linkage analysis and map construction. As separate data sets, the linked loci or small groups were then recalculated to construct a new draft map. To avoid any possible errors, the positions or orders of some loci were suspicious, and gels of these loci were rescored, even re-run. Loci that could not be anchored to any linkage group were discarded. Map distances were calculated using Kosambi’s mapping function.



The multiple QTL mapping was performed by MapQTL 6.0 [41] to detect putative QTL and estimate their effects. The LOD threshold of significant QTL was calculated by 1000 permutation tests with a significance level of P at 0.05. The QTL with the LOD value > 2.5 were declared as putative QTL in the present study. Additive effects were defined concerning the alleles of UD. Therefore, the positive genetic effect of each QTL indicated that the allele of UD increased the phenotypic value. In contrast, the negative effect indicated that the allele of YQ2 increased the phenotypic value. QTL name was started with ‘q’, followed by a trait abbreviation (GW for grain width, GL for grain length, HGW for hundred-kernel-weight), linkage group number, and the number of QTL controlling the same trait on the same linkage group. The graphic representation of linkage groups and QTL bars was created using Map Chart 2.2 [42].




2.4. Validation of Candidate Genes by RNA-Seq


The RNA-Seq data was from our previous report [36]. RNA Samples were collected at 5 and 10 DPA grains of parents UD and YQ2 for cDNA library construction, respectively. Two replicates were used for each sample. The libraries were sequenced on an Illumina Hiseq platform, and paired-end reads were generated by Novogene Bioinformatics Technology Co., Ltd., Beijing, China (www.novogene.cn, 1 May 2019). Gene expression levels were estimated by RSEM for each sample. Differential expression analysis of two samples was performed using the DEGseq (2010) R package. In the present study, based on marker information in QTL location interval, Combined the differential expression analysis and NR annotation information of unigenes corresponding to the markers, the candidate genes related to the grain size of common buckwheat were screened and analyzed.





3. Results


3.1. The Phenotypic Data Analysis of Parents and F1 Population


The phenotype comparison of UD and YQ2 showed that the grain length, grain width, and grain weight of UD were significantly greater than that of YQ2, while the length-width ratio was slightly less than that of YQ2 (Figure 1). Compared with YQ2, UD showed a grain length that was increased by 35.47%, a grain width increased by 52.99%, and hundred-grain-weight increased by 48.37%.



Statistical analysis of grain size-related parental traits and the F1 population of 217 individuals were performed (Table 1). All traits were observed to segregate continuously. Compared with the parent, the maximum value of grain length, width, and hundred-grain weight in the F1 population is bigger than UD, and its minimum value is smaller than YQ2. Transgressive segregation was observed for all traits. The frequency histogram showed that these traits are all approximately normally distributed (Figure 2).




3.2. Development of Primer


At the early stage of the project team, a transcriptome sequence was carried out on 5 and 10 days grains of parent varieties UD and YQ2 to identify the differentially expressed genes related to grain size in common buckwheat [36]. In this study, 187,034 unigenes obtained by transcriptome sequencing were searched for SSR sites, and 24,609 EST-SSR sites were found from 21,376 unigene. The distribution frequency of SSR in the transcriptome was 13.16% (Table S2). A total of 18,968 pairs of EST-SSR primers were designed and developed by setting the length of primers to 18–23 bp and the size of amplification products to 100–300 bp (Table S3). Among these, 100 pairs of SSR primers were randomly synthesized for constructing a genetic linkage map.



The transcriptome data were analyzed by mutation detection software to search the InDel sites, and 31,225 InDel sites were found from 187,034 Unigene (Table S4). The InDel length 0–4 bp were most abundant (24,494), with a proportion of 78.44%, followed by 5–10 bp (4602, 14.74%), length 11–20 bp (1298, 4.16%), length ≥ 21 bp (831, 2.66%) (Table S2). To facilitate the analysis of PCR products by polypropylene gel electrophoresis, InDel sites with 5–10 bp were selected for primer design. A total of 312 pairs of InDel primers were designed and synthesized, with a product size of 100–300 bp.




3.3. Construction of Genetic Linkage Map


A total of 320 pairs of SSR primers and 336 pairs of InDel primers were screened between the two parents (UD and YQ2). A total of 80 pairs of polymorphism primers were obtained from EST-SSR primers with a polymorphism ratio of 25.0%, and 145 pairs of polymorphism primers were obtained from InDel primers with a polymorphism ratio of 43.2%. The marker genotypes of 217 individual strains in the F1 population (UD and YQ2) were detected by polymorphism primers, and 265 loci were obtained. According to JoinMap 4.0 requirements for the “CP drawing model” (Van Ooijen, 2006), the different segregation types are labeled as hk × hk, lm × ll, nn × np, ef × eg, ab × cd (Figure 3).



Among the 265 polymorphism loci, 166 loci conformed to the requirement of the pseudo-testcross mapping strategy (Table 2). Based on the linkage analysis of 166 loci, a genetic linkage map with 132 loci was constructed (Figure 4, Table 3). There were 8 linkage groups in total, including 39 SSR loci (including four double loci markers) and 93 InDel loci, with a total length of 1398.33 cM and an average spacing of 10.59 cM.




3.4. Preliminary Mapping of QTL Related to Grain Size Traits


Based on the phenotypic data of F1 generation, combined with its genetic linkage map of common buckwheat, QTL for grain size-related traits in common buckwheat were mapped. A total of 14 QTLs were detected for grain size-related traits, including 6-grain length QTL, 3-grain width QTL, and 5 hundred-grain-weight QTL (Figure 4). The percentage of phenotypic variance explained by each QTL for each trait ranged from 4.6 (qHGW4.2) to 11.9 (qHGW7). According to the statistical analysis, the QTL of grain width and hundred-grain-weight were all detected near SWU_Fe_InDel086 in group 2 and SWU_Fe_InDel076 in group 4 (Table 4).




3.5. Candidate Gene Screening


Based on the transcriptome sequencing data of the parents [36] (accession: PRJNA523295), the expression of unigenes corresponding to the markers located in the QTL region was analyzed (Table S5, Figure 5). There were no significant DEGs between parents UD and YQ2. However, the expression of Cluster-3342.67767 (SWU_Fe_InDel086), Cluster-28557.1 (SWU_Fe_InDel098), and Cluster-22733.0 (SWU_Fe_InDel278) had a high expression of grain, and there was more than a one-fold increase in the 5 DPA of UD, compared with YQ2. In addition, Cluster-3342.104850 (SWU_Fe_InDel323), Cluster-3342.75374 (SWU_Fe_InDel191), Cluster-3342.49496 (SWU_Fe_InDel169), and Cluster-3342.80450 (SWU_Fe_InDel113) had a higher expression in 5 DPA and 10 DPA grains of common buckwheat, even though there was no expression difference, but with an InDel difference between parents.





4. Discussion


4.1. Development of Molecular Markers in Common Buckwheat


Molecular markers play a very important role in the genetic diversity analysis for natural populations, genetic map construction, QTL mapping of major traits, and MAS breeding [43]. SSR markers are also the main types of molecular markers due to their wide distribution and simple application. So far, hundreds of plant species have constructed genetic maps containing SSR markers. Although the draft genome sequence of common buckwheat has been published [44], there are still few SSR markers available in common buckwheat [19,20,21,45]. In this study, 18,968 pairs of EST-SSR primers were developed by transcriptome sequencing and successfully used for genetic map construction. The large set of EST-SSR primers had a great value owing to their higher level of transferability to relate to species. They could often be used for constructing high-density genetic maps for positional gene cloning, association analysis, and detailed comparative mapping in Fagopyrum species.



Insertions and deletions (InDels) are the most abundant structural variation in genomes. They have been recognized as an important source of molecular markers due to their high density, ease of genotyping, and cost-effectiveness [46]. In recent years, the rapid development of high-throughput sequencing technology also provides convenience for the development and utilization of InDel markers. There have been more and more reports on the application of InDel markers in genetic map construction in watermelon [47], rice [48], soybean [49], Sichuan pepper [50]. In this study, 31,225 InDel loci were found in 187,034 Unigene, and 326 pairs of InDel primers were synthesized. A total of 133 pairs of polymorphic primers were obtained with a 39.58% polymorphism ratio. The low polymorphism may be due to the heterozygosity of the parents, and the omission of parental screening, such as hk × hk type. On the other hand, it may be that the transcriptome sequencing in this study was without reference, which was different from the sequence of buckwheat itself.




4.2. Construction of Genetic Map in Common Buckwheat


Since common buckwheat is self-incompatible, it is difficult to use conventional population (F2, BC1, RILs) and conventional methods for genetic map construction. The pseudo-testcross strategy provided an effective method for constructing a genetic linkage map for common buckwheat. Some studies have confirmed the usefulness of linkage maps, even for allogamous populations [15,19,24]. In the present study, we constructed a genetic linkage map of common buckwheat using the pseudo-testcross strategy, including 39 SSR loci and 93 InDel loci, with a total length of 1398.33 cM and an average spacing of 10.06 cM. Here, the genetic map constructed in the present study is the most detailed common buckwheat intraspecific map based on SSR and InDel markers to date, which could be used to construct a detailed consensus map or as a reference genetic map for common buckwheat genome assembly.



Although a draft genome sequence of common buckwheat (FES_r 1.0) with a total length of 1,177,687,305 bp has been published, this draft is fragmented and contains 387,597 scaffolds [44]. At present, there has not been a set of specific, efficient, and stable marker systems, and the lack of an accurate high-density genetic map seriously restricts the research of buckwheat genomics. In this study, all the molecular markers in the constructed genetic linkage map were anchored in scaffolds of the Common buckwheat genome sequence [44] and chromosome of the Tartary buckwheat genome sequence [51] (Table S6), and 132 marker sites were successfully anchored to 120 Scaffolds of the Common buckwheat genome. There were also seven scaffolds anchored by two markers and two scaffolds anchored by three markers. This is the first genetic linkage map of marker loci anchored by genome sequence in buckwheat, which is of great significance for the genomics of buckwheat and meta-analysis of QTL.




4.3. QTL Mapping and Candidate Genes Screening for Grain Size Related Traits


Buckwheat is grown worldwide and can withstand various environmental conditions, particularly a wide range of temperatures and photoperiods. As a newly-developing crop with rich nutritional value, the research progress of common buckwheat on molecular genetics and breeding is not as fast as that of other major crops. The development of molecular markers, the construction of genetic linkage maps, and the QTL mapping of main traits are lagging. The QTL mapping and candidate genes screening of yield traits is rarely reported. In the present study, 14 QTL of common buckwheat grain size-related traits were detected, including 6-grain length QTL, 3-grain width QTL, and 5 hundred-grain-weight QTL, which will be valuable for map-based cloning of yield traits and molecular breeding in high-yield common buckwheat.



More importantly, the expression of unigenes corresponding to the markers located in the QTL region was analyzed based on the transcriptome sequencing data of the parents [36]. Some putative candidate genes associated with grain size were identified within the QTL interval. Cluster-3342.67767 (SWU_Fe_InDel086) encoding histone acetyltransferase could be homologous to GW6a, which interacts with ubiquitin-interacting motif-type ubiquitin receptor HDR3 to control the grain size in rice [52]. OsCOMT (caffeic acid O-methyltransferase) increases rice grain yield through the dual regulation of leaf senescence and vascular development [53]. In the present study, Cluster-3342.49496 (SWU_Fe_InDel169) encodes methyltransferase and had higher expression in 5 DPA and 10 DPA grain, which could be involved in the grain size development in common buckwheat. In addition, the other unigenes could be involved in the grain size of common buckwheat owing to the InDel difference between parents, especially Cluster-3342.104850 (SWU_Fe_InDel323), Cluster-3342.80450 (SWU_Fe_InDel113), Cluster-28557.1 (SWU_Fe_InDel098), Cluster-22733.0 (SWU_Fe_InDel278) and Cluster-3342.113249 (SWU_Fe_InDel195), with high expression in grain and nearest markers. All the QTL and candidate genes will provide the theoretical reference for the further map-based cloning and molecular mechanism of grain size in common buckwheat.





5. Conclusions


Based on an F1 population segregated from a cross between UD and YQ that showed a significant difference in grain size, we constructed a genetic linkage map using the pseudo-testcross strategy, including 39 SSR loci and 93 InDel loci, which were developed from transcriptome sequencing between parents. A total of 14 QTL were detected, including 6-grain length QTL, 3-grain width QTL, and 5 hundred-grain-weight QTL. Marker-assisted breeding can be employed to transfer this QTL to improve grain size in common buckwheat. Seven putative candidate genes associated with grain size were identified within the QTL interval. Further investigation should be carried out to validate the exact gene for map-based cloning, the molecular mechanism of grain size, and utilization to improve the yield of common buckwheat.
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Figure 1. Comparison of mature grain size of parents. (A) Phenotypic observation. (B) Statistical analysis. GL for grain length, GW for grain width, HGW for hundred-grain weight, RLW for ratio of length-width. ** Significances with the probability levels of 0.01. 
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Figure 2. The frequency distribution of grain size traits in the F1 population. 
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Figure 3. Electrophoregram of PCR products for F1 individuals. P1: Youqiao2; P2: Ukraine daliqiao; 1–92: Individuals from the F1 population. (A) segregation type lm × ll; (B) hk × hk; (C) nn × np; (D) ef × eg. 
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Figure 4. The Genetic linkage map and QTL controlling grain size traits from (UD × YQ2) F1 population. The QTL controlling grain size traits and the bars representing 1-LOD likelihood intervals are beside the linkage group. QTL is shown as GL for grain length, GW for grain width, and HGW for hundred-grain weight. 
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Figure 5. Expression analysis of candidate genes corresponding to nearest markers located in QTL region. 
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Table 1. Phenotypic data analysis of grain size traits for the parents and F1 populations.
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Hundred-Grain-Weight (g)

	
Grain Length (mm)

	
Grain Width (mm)






	
Parent

	
UD

	
4.500 ± 0.06 **

	
8.02 ± 0.03 **

	
6.15 ± 0.01 **




	
YQ2

	
3.033 ± 0.09

	
5.92 ± 0.11

	
4.02 ± 0.08




	
F1

	
Mean

	
3.060

	
6.81

	
4.95




	
Max

	
4.767

	
9.43

	
7.30




	
Min

	
1.200

	
5.00

	
3.23




	
Skewness

	
−0.119

	
0.23

	
0.20




	
Kurtosis

	
0.052

	
0.94

	
0.97








** Significances with the probability levels of 0.01.
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Table 2. Loci number of the different segregation types.
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Segregation Types

	
EST-SSR Loci

	
InDel Loci

	
Total




	
Number

	
Proportion (%)

	
Number

	
Proportion (%)






	
hk × hk

	
33

	
29.20

	
80

	
70.80

	
113




	
nn × np

	
12

	
46.15

	
14

	
53.90

	
26




	
lm × ll

	
8

	
44.44

	
10

	
55.56

	
18




	
ef × eg

	
1

	
11.11

	
8

	
88.89

	
9




	
ab × cd

	
0

	
100.00

	
0

	
100.00

	
0
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Table 3. Distribution of loci on the linkage maps from the F1 population.
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	Group
	Length/cM
	Total of Loci
	No of EST-SSR
	No of InDel
	Average Intervals (cM)





	LG1
	243.75
	16
	9
	7
	15.23



	LG 2
	208.24
	25
	7
	18
	8.33



	LG 3
	173.37
	15
	3
	12
	11.56



	LG 4
	181.19
	18
	3
	15
	10.07



	LG 5
	185.76
	18
	2
	16
	10.32



	LG 6
	157.67
	18
	4
	14
	8.76



	LG 7
	133.27
	13
	8
	5
	10.25



	LG 8
	115.09
	9
	3
	6
	12.79



	Total
	1398.33
	132
	39
	93
	10.59
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Table 4. QTL controlling grain size traits identified from the F1 population.
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Traits

	
QTL

	
Group

	
Nearest Marker

	
LOD

	
Var%

	
A






	
Grain length

	
qGL1

	
LG1

	
SWU_Fe_InDel233

	
3.13

	
6.8

	
0.622




	
qGL2

	
LG2

	
SWU_Fe_InDel113

	
2.91

	
6.3

	
0.927




	
qGL3

	
LG3

	
SWU_Fe_InDel098

	
2.12

	
4.7

	
0.735




	
qGL5

	
LG5

	
SWU_Fe_InDel279

	
2.85

	
6.2

	
0.637




	
qGL6

	
LG6

	
SWU_Fe_InDel213

	
3.39

	
8

	
0.849




	
qGL7

	
LG7

	
SWU_Fe_InDel166

	
2.74

	
6

	
0.628




	
Grain width

	
qGW2

	
LG2

	
SWU_Fe_ InDel086

	
3.04

	
6.6

	
0.74




	
qGW4

	
LG4

	
SWU_Fe_InDel076

	
2.61

	
5.7

	
0.618




	
qGW5

	
LG5

	
SWU_Fe_InDel195

	
3.23

	
7

	
0.665




	
Hundred-grain-weight

	
qHGW1

	
LG1

	
SWU_Fe_InDel323

	
3.43

	
7.4

	
0.705




	
qHGW2

	
LG2

	
SWU_Fe_InDel086

	
5.04

	
10.7

	
0.795




	
qHGW4.1

	
LG4

	
SWU_Fe_InDel278

	
2.9

	
6.3

	
0.782




	
qHGW4.2

	
LG4

	
SWU_Fe_InDel076

	
2.09

	
4.6

	
0.618




	
qHGW7

	
LG7

	
SWU_Fe0303

	
5.66

	
11.9

	
0.847








Bold figures indicate the QTL was detected in more than two traits simultaneously. Var%, Phenotypic variation explained by a single QTL. A, additive effect.
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