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Uncovering the genetic basis of yield-related traits is important for molecular improvement of wheat cultivars. In this study, a genome-wide association study was conducted using the wheat 55K genotyping assay and a diverse panel of 384 wheat genotypes. The accessions used included 18 founder parents and 15 widely grown cultivars with annual maximum acreages of over 667,000 ha, and the remaining materials were elite cultivars and breeding lines from several major wheat ecological areas of China. Field trials were conducted in five major wheat ecological regions of China over three consecutive years. A total of 460 significant loci were detected for eight yield-related traits. Forty-five superior alleles distributed over 31 loci for which differences in phenotypic values grouped by single nucleotide polymorphism (SNP) reached significant levels (P < 0.05) in nine or more environments, were detected; some of these loci were previously reported. Eleven of the 31 superior allele loci on chromosomes 4A, 5A, 3B, 5B, 6B, 7B, 5D, and 7D had pleiotropic effects. For example, AX-95152512 on 5D was simultaneously related to increased grain weight per spike (GWS) and decreased plant height (PH); AX-109860828 on 5B simultaneously led to a high 1,000-kernel weight (TKW) and short PH; and AX-111600193 on 4A was simultaneously linked to a high TKW and GWS, and short PH. The favorable alleles in each accession ranged from 2 to 30 with an average of 16 at the thirty-one loci in the population, and six accessions (Zhengzhou683, Suzhou7829, Longchun7, Ningmai6, Yunmai35 and Zhen7630) contained more than 27 favorable alleles. A significant association between the number of favorable alleles and yield was observed (r = 0.799, p < 0.0001), suggesting that pyramiding multiple QTL with marker-assisted selection may effectively increase yield of wheat. Furthermore, distribution of superior alleles in founder parents and widely grown cultivars was also discussed here. This study is useful for marker-assisted selection for yield improvement and dissecting the genetic mechanism of important cultivars in wheat.
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Introduction

Bread wheat (Triticum aestivum L.) is one of the most important staple crops globally. In the last decade, wheat yield and total production have increased signiﬁcantly due to the release and utilization of new cultivars worldwide, however the current yield gain trends are still insufﬁcient to feed a global population of 9 billion by 2050 (Ray et al., 2012). In particular, some authors (Reif et al., 2005; Tian et al., 2005) have suggested that the genetic diversity of wheat has been increasingly narrowed; thus, it is very important to discover more genetic loci controlling yield-related traits to broaden the genetic variation and accelerate varietal improvement in future wheat breeding.

Most important agronomic traits in plants are controlled by multiple genes and are significantly influenced by the environment. The method most widely used way to identify quantitative trait loci (QTLs) in plants generally depends on bi-parental population-based linkage analysis. To date, many QTLs in wheat such as those associated with yield-related traits (Cui et al., 2014), quality (Cabrera et al., 2015), preharvest sprouting tolerance (Kulwal et al., 2005) and ﬂag leaf traits (Wu Q. et al., 2015) have been identified using linkage mapping studies. However, genes identified by this method are restricted to one bi-parental experimental population, and the limited number of reorganization events occurring at genetic loci during the development of the mapping population leads to QTLs with low resolution (Holland, 2007). Common QTLs across different mapping populations are also rarely defined or explored (Cui et al., 2014). Therefore, there is limited potential for these detected QTLs to be used in practical plant breeding.

Alternatively, association mapping is a population-based survey method used to identify trait-marker relationships based on linkage disequilibrium (LD). Compared with traditional linkage analysis, association studies of natural diversity panels can provide higher resolution in terms of defining the genomic position of a gene or QTL. Early association studies in plants used the candidate gene approach to identify specific single nucleotide polymorphisms (SNPs) or genes controlling traits of interest, such as the Glu-B1-1 and Glu1Bx genes in wheat (Ravel et al., 2006), dwarf8 gene in maize (Zea mays L.) (Thornsberry et al., 2001), flowering time genes in barley (Hordeumvulgare L.) (Stracke et al., 2009) and Arabidopsis (Aranzana et al., 2005), and genes governing seed oil concentration in soybean (Glycine max L. Merr.) (Eskandari et al., 2013). Subsequently, because of the multiallelism and higher level of polymorphism at simple sequence repeat (SSR) loci than at other types of markers, a genome-wide association study (GWAS) has successfully been carried out in a few studies using SSR markers. Breseghello and Sorrells (2006) found that 14 and 6 SSR markers were associated with kernel size and milling quality in a collection of hexaploid winter wheat from the eastern USA. Wang et al. (2012); Zhang et al. (2012); Guo et al. (2015), and Yao et al. (2009) detected dozens of SSR loci associated with yield-related traits using different association populations. Kollers et al. (2013) identified 794 significant marker-trait associations (MTAs) involving 323 SSR alleles controlling Fusarium head blight resistance in a panel of 372 European wheat varieties. However, the density of markers in these association studies was relatively low.

With the rapid development of next-generation sequencing and high-density marker genotyping techniques, GWAS has become an increasingly popular and effective method for studying complex traits in various plant species such as wheat (Liu et al., 2017; Sun et al., 2017), maize (Tian et al., 2011), rice (Oryza sativa L.) (Wu J. et al., 2015), soybean (Hwang et al., 2014), barley (Kraakman et al., 2006), Aegilopstauschii (Liu et al., 2015), and cotton (Gossypium spp.) (Gapare et al., 2017). Recently, diversity array technology (DArT) markers were used to identify associations with different traits (Yu et al., 2011; Bordes et al., 2014). For example, Crossa et al. (2007) used 813 DArT markers to identify associations with resistance to stem rust, leaf rust, yellow rust, and powdery mildew was well as grain yield in five historical wheat international multienvironment trials at the International Maize and Wheat Improvement Center (CIMMYT). Gouis et al. (2012) detected 62 markers individually associated to earliness components corresponding to 33 chromosomal regions in a 227-wheat accessions. Three hundred and eighty-five significant MTAs were reported by Neumann et al. (2011) in 96 wheat accessions. At present, high-density SNP genotyping arrays including 9K, 90K, 660K, and 820K SNP assays have been developed in wheat (Rasheed et al., 2017), and some of them have been used to perform a GWAS in a few studies. For instance, the 90K wheat SNP chip has been used to study the genetic control of yield-related traits in a panel of 66 elite wheat accessions derived from Xiaoyan6 and identify a total of 803 significant MTAs that explain up to 35.0% of the phenotypic variation (Ma et al., 2018). A GWAS of 163 bread wheat cultivars from the Yellow and Huai Valley of China using the 90K SNP genotyping chip identified dozens of loci controlling 13 agronomic traits that explained approximately 20% of the phenotypic variation on average (Sun et al., 2017). Four QTLs for grain colour and 12 QTLs for preharvest sprouting resistance were identified in at least two environments in a panel of 185 U.S. elite breeding lines and cultivars using the wheat 9K and 90K SNP arrays (Lin et al., 2016). Recently, a newly developed wheat 55K SNP genotyping assay was designed by the Chinese Academy of Agricultural Sciences based on the wheat 660K SNP array, and it is genome-specific with higher polymorphism and informativeness and is highly cost-effective with a wide range of potential applications.

China is the largest wheat producer in the world, and the annual wheat production shares total approximately 20% of global wheat production (He, 2001). Recently, GWASs were performed for yield-related traits in 163 wheat cultivars from the Yellow and Huai Valley of China (Sun et al., 2017) and for quality-related traits in 192 wheat lines from southwest China using the 90K SNP genotyping chip, for agronomic traits in Chinese wheat landraces using DArT markers (Liu et al., 2017), and for phosphorus-deficiency tolerance traits in Aegilopstauschii using a 10K SNP array (Liu et al., 2015). In this study, a GWAS for yield and yield-related traits in 15 environments across five main agro-ecological zones was performed in a diverse panel of 384 wheat cultivars and excellent germplasm collections from several major wheat ecological areas by using the newly developed wheat 55K genotyping assay. Our main objectives were to identify some major stable SNPs with superior alleles for yield-related traits and to investigate the genetic difference between founder parents and widely planted cultivars. This study is useful for marker-assisted selection for yield improvement and dissecting the genetic mechanism of important cultivars in wheat.



Materials and Methods


Plant Material and Phenotyping

A set of 384 diverse wheat cultivars was used in this study (Table S1). Three hundred and thirty-eight of them originated from eleven Chinese provinces, namely Hebei (65), Henan (62), Jiangsu (56), Shaanxi (53), Gansu (23), Shandong (20), Sichuan (15), Shanxi (12), Hubei (12), Heilongjiang (10), and Fujian (10). Twenty foreign varieties were also included. These cultivars included 18 founder parents and 15 widely grown cultivars with annual maximum acreages of over 667,000 ha (Zhuang, 2003). These accessions were planted in randomized complete blocks with two or three replicates in five major wheat ecological regions, including Yangling (108.08°E, 34.27°N) in Shaanxi Province, Tai′an (117.09°E, 36.21°N) in Shandong Province, Shijiazhuang (114.52°E, 38.05°N) in Hebei Province, Chengdou (104.08°E, 30.66°N) in Sichuan Province, and Yangzhou (119.42°E, 32.40°N) in Jiangsu Province in the 2007, 2008, and 2009 planting seasons. Each plot consisted of 200 plants that were grown in ﬁve rows 2 m long and spaced 30 cm apart. Ten plants from the centre of each plot were measured to investigate the following traits: plant height (PH), spike length (SL), fertile spikelet number per spike (FSNS), total spikelet number per spike (TSNS), kernel number per spike (KNS), spike number per plant (SNPP), 1,000-kernel weight (TKW), and grain weight per spike (GWS). The yield (YD) of each plot was also surveyed. However, not all the traits were recorded in all environments (Table S2). Broad sense heritability was calculated based on the ANOVA model as described by Ma et al. (2018).



SNP Genotyping

Genomic DNA of each accession was extracted using the method from Saghai-Maroof et al. (1984). The DNA was genotyped with the high-density Illumina Infinium iSelect 55K SNP array. Markers with a minor allele frequency of less than 5% or showed more than 10% missing values were removed from the data set. Finally, 50,374 SNP markers were used for association analysis.



Population Structure

Population structure was characterized using 8,000 SNPs distributed evenly on 21 wheat chromosomes in STRUCTURE2.3.4 (Pritchard et al., 2000). The number of presumed subpopulations (K) was 2 to 19 and an admixture model and correlated allelic frequencies were assumed. Ten runs of STRUCTURE were performed with 50,000 replicates for a burn-in and 10,000 replicates for Markov chain Monte Carlo (MCMC) analysis. The number of subpopulations and the best output were determined following the ΔK method (Evanno, 2005). A neighbour-joining tree was also constructed by TASSEL3.0 software.



Association Study

Association analysis was conducted between SNP markers and phenotypic data in individual environments and best linear unbiased prediction (BLUP) values across all environments with TASSEL3.0 software. The mixed linear model (MLM) with population structure and kinship coefﬁcients was applied. The threshold for the P value (1.98 × 10-5) was calculated based on the number of the markers (P = 1/n, n = total number of SNPs used) according to the method reported by Li et al. (2013). For multiple comparison adjustment, false discovery rate (FDR)-adjusted P values (q values) were also calculated for each trait (Storey, 2002).




Results


Agronomic Traits and Population Structure

The investigated traits in the association population showed abundant variation in the surveyed environments, as shown in Table S3. The average CV of all traits across all environments was 0.16, indicating that trait values differed between cultivars. The Pearson’s correlation coefficients based on the average values across all environments for the eight agronomic traits and yield ranged from 0.056 to 0.919 (Table S4). SNPP was negatively correlated with all other traits except for PH. KNS and GWS simultaneously showed positive correlations with SL, YD, and TSNS. Broad sense heritability of the eight traits and yield ranged from 0.77 for YD to 0.98 for PH.

The cluster analysis showed that the genotypes were classified into two groups (Figure 1A), which was also supported by the structure analysis. The number of subpopulations (k) was plotted against the delta k calculated from STRUCTURE software. The peak of the broken line graph was observed at k = 2, indicating that the 384 accessions could be divided into two subpopulations (Figures 1B, C). The group I (257) was composed of eight founder parents (Funo, Xiaoyan6, Fan6, Abbondanza, Nanda2419, Wuyimai, Orofen and Aimengniu), and most of the remaining accessions were their derivatives. The group II (127) contained 10 other founder parents used in this study, and the remaining accessions were dominated by the lines with Beijing8, Bima4, Early Piemium, Mazhamai, Yanda1817, and Lovrin10 background.




Figure 1 | Population structure of 384 wheat accessions based on 8,000 single nucleotide polymorphism (SNP) markers across whole genome. (A): Neighbor-joining tree of the 384 accessions; (B): Number of subpopulations estimated by delta K; (C): Genetic structure produced by the STRUCTURE software.





Marker-Trait Associations

A total of 1,566 MTAs mapping to 460 loci were detected for eight yield-related traits using 50,374 SNPs (Table S5, Figure 2). Out of these, 19.0% of the MTAs were found only in a single environment and the remaining 81.0% were repeatedly detected in two or more environments. The phenotypic variation explained (PVE) by each marker ranged from 4.9% to 32.0%, with an average of 8.7%. The maximum number of significant SNPs was detected for SNPP (157), followed by SL (109), TSNS (107), and GWS (81). Forty-three, 41, 34, and 13 significant markers were identified for PH, FSNS, KNS, and TKW, respectively. Chromosome-wise, more significant SNPs were detected on chromosome 7D for SL, TSNS, and GWS. Distribution of the significant SNPs for eight agronomic traits on 21 wheat chromosomes was showed in Table S6.




Figure 2 | Manhattan and Q-Q plots for 1,000-kernel weight (TKW) and kernel number per spike (KNS). The blue horizontal line indicates threshold for significance. For TKW, the red dots on 4A and 7D represent markers AX-111600193 and AX-108838800, which showed positive effects in 12 and 10 environments, respectively. For KNS, the dot on 2D represents the marker AX-110982403, which showed a positive effect in 15 environments.





Allelic Effects on Agronomic Traits

The allele effects of the significant markers associated with at least two environments were estimated. The markers for which differences in phenotypic values grouped by SNP polymorphism simultaneously reached significant levels (P < 0.05) in nine or more environments were considered as important genetic loci in this study. Finally, a total of forty-five superior alleles mapping to 31 loci (two alleles at the same SNP locus might have showed positive effects for different traits) were selected (Table 1 and Table S7). The percentages of cultivars with superior alleles at the 31 loci for the six traits were showed in Figure 3.


Table 1 | Comparison of important SNP loci between this study and previous studies.







Figure 3 | The percentage of cultivars with superior alleles at different significant loci for six traits.



For TKW, three genetic loci, namely, AX-111600193, AX-109860828, and AX-108838800 on 4A, 5B, and 7D, respectively, had superior alleles. The three superior alleles showed percentages greater than 70%, implying that they had large advantages in increasing the TKW of wheat. At each of the three loci, cultivars carrying the AA allele showed a higher TKW than cultivars with the GG or CC allele in all 15 environments. The two hundred and four cultivars containing the three superior alleles showed an average TKW of 39.21 g (ranging from 36.13 to 42.90 g), and the 95 cultivars containing two of the three superior alleles showed an average TKW of 38.37 g (ranging from 35.84 to 41.82 g). In contrast, the 66 cultivars containing only one superior allele and 19 cultivars without any superior alleles displayed an average TKW of 37.14 g (ranging from 34.40 to 40.77 g) and 34.71 g (ranging from 31.76 to 38.51 g), respectively. A significant association between the number of favorable alleles and TKW was observed (r = 0.971, p = 0.029). The average TKW in cultivars with a varying number of superior alleles were showed in Figure 4.




Figure 4 | The mean 1,000-kernel weight (TKW) of cultivars with 0–3 superior alleles in 15 environments.



For KNS, only one marker, AX-110982403 on 2D, showed a positive effect. One hundred and forty-four (37.5%) of all the used accessions contained the superior TT allele at this locus and showed an average KNS of 54.12 (ranging from 35.28 to 59.93), while 214 accessions with the inferior GG allele showed an average KNS of 45.90 (ranging from 31.51 to 54.65), suggesting that more attention should be paid to this locus to improve KNS.

For TSNS, nine markers had superior alleles across 14 environments surveyed, which were located on 1B, 1D, 2D, 3A, 4D, 5A, 5B, 7B, and 7D. Three accessions (Wilhelmina, Kehan2 and Long90-05634) contained all nine superior alleles and showed an average TSNS of 22.88 (ranging from 19.51 to 26.67), whereas the five accessions without any superior alleles showed an average TSNS of 20.85 (ranging from 16.66 to 23.78). Most cultivars (68) had five superior alleles, followed by 65, 65, 53, and 50 cultivars with 6, 4, 3, and 1 superior alleles, respectively. The number of favorable alleles in each accession was approximately correlated with TSNS (r = 0.614, p = 0.059). At four (AX-110627624, AX-110967909, AX-110589268, and AX-111541781 on 1D, 7D, 3A, and 5B, respectively) of the nine loci, cultivars with superior alleles showed a percentage of less than 40% in the accessions surveyed, indicating that they should be paid more attention in the improvement of TSNS.

For GWS, fourteen markers have superior alleles across 15 environments surveyed, which were located on 3B, 4A, 5A, 5B, 5D, 6B, 6D, 7B, and 7D. The interval between markers AX-111600193 and AX-110630537 on 4A was only 5.76 Mb. Between markers AX-110913995 and AX-110967909 on 7D, the physical distance was only 21.02 Mb. The four cultivars (Zhengzhou683, Longchun7, Wanya2, and E31846) containing all 14 superior alleles showed an average GWS of 2.20 g (ranging from 1.56 to 3.01 g), whereas the three cultivars without any superior alleles showed an average GWS of 1.48 g (ranging from 0.85 to 1.97 g). Most cultivars (63) had ten superior alleles, followed by 45, 43, 38, and 32 cultivars with 9, 8, 6, and 11 superior alleles, respectively. A significant association between the number of favorable alleles and GWS was also found (r = 0.988, p < 0.0001). Further analysis indicated that cultivars with superior alleles at AX-109084084 and AX-110630537 on 6B and 4A, respectively, were prevalent; however, cultivars with superior alleles at the other three loci (AX-111600193, AX-89703681, and AX-95152512 on 4A, 7B, and 5D, respectively) were very rare (< 15%), indicating that the three loci should be paid more attention in increasing GWS.

For PH, nine markers had superior alleles across 15 environments surveyed, which were located on 1B, 2D, 4A, 5B, 5D, 7B, and 7D. The twelve accessions containing all nine superior alleles showed an average PH of 96.03 cm (ranging from 84.89 to 108.67 cm), whereas the two cultivars without any superior alleles showed an average PH of 126.11 cm (ranging from 109.90 to 138.00 cm). Most cultivars (84) had seven superior alleles, followed by 80, 73, 41, and 40 cultivars with 6, 8, 5, and 4 superior alleles, respectively. A negative correlation was detected between the number of favorable alleles and PH (r = −0.941, p < 0.0001). Further analysis indicated that four superior alleles played important roles in regulating the PH of cultivars due to their percentage of more than 70% in the accessions surveyed. However, cultivars with superior alleles at AX-95152512 and AX-111132985 on 5D and 2D, respectively, were very rare (< 20%), indicating that they should be further applied to decrease PH in wheat breeding.

For SNPP, at nine of the 31 superior loci, there was a negative relationship between the SNPP effect versus the effect on the traits mentioned above, i.e., the alleles associated with an increased SNPP were always related to a decreased GWS, TSNS, or TKW, or an increased PH. The two cultivars (Mazhamai and Yutong286) containing all nine superior alleles showed an average SNPP of 10.52 (ranging from 4.53 to 15.66), whereas the seven cultivars containing eight of the nine superior alleles showed an average SNPP of 11.89 (ranging from 5.25 to 22.46). Forty-three cultivars without any superior alleles showed the minimum of 8.02 (ranging from 4.61 to 12.42). Most cultivars (72) had three superior alleles, followed by 66, 56, and 55 cultivars with 2, 4, and 1 superior alleles, respectively. Similarly, the number of favorable alleles in each accession was correlated with SNPP (r = 0.899, p = 0.0004). The percentage of cultivars with the superior allele of AX-89703681 was only 13.5% in the accessions surveyed, indicating that this locus should be paid more attention in improving the SNPP, whereas the opposite effect on other traits should be taken into account.

In general, the favorable alleles in each accession ranged from 2 to 30 with an average of 16 at the thirty-one loci in this association panel. The favorable alleles in 74.5% of all cultivars varied from 13 to 25 (Figure 5). The cultivar Zhengzhou683 had the largest number of favorable alleles (30) followed by Suzhou7829 (29). Each of four cultivars (Longchun7, Ningmai6, Yunmai35, and Zhen7630) had 28 favorable alleles. The cultivars with more than 20 favorable alleles and their traits were showed in Table S8. Moreover, mean yields of accessions were gradually increased with a varying number of favorable alleles at thirty-one loci (Figure 5). The accessions that contained only two favorable alleles had a mean yield of 805.96 g, whereas those accessions containing more than 27 favorable alleles had an average of 1,120.63 g. A significant association between the number of favorable alleles and yield was observed (r = 0.799, p < 0.0001), suggesting that pyramiding multiple QTL with marker-assisted selection may effectively increase yield of wheat.




Figure 5 | Mean yield and the number of accessions with a varying number of favorable alleles at thirty-one loci.





Pleiotropic Effects Revealed by GWAS

Eleven of the 31 markers were found to be associated with more than one trait based on GWAS. At four of these loci, the superior alleles showed a positive effect for two or three traits. That is, the superior AA allele of AX-111600193 on 4A was simultaneously associated with an increased TKW and GWS, and a decreased PH. The TT allele at AX-110967909 on 7D was simultaneously associated with increased GWS and TSNS. The superior AA allele of AX-109860828 on 5B regulated a high TKW and short PH, and the superior CC allele of AX-95152512 on 5D regulated a high GWS and short PH. However, the alternative GG allele at AX-111600193 and TT allele at AX-110967909 increased the SNPP. In addition, seven markers (AX-109084084, AX-109306202, AX-110033504, AX-110142073, AX-110586945, AX-110913995, and AX-89703681) were associated with increased GWS, whereas all of them showed negative allelic effects on SNPP.



Distribution of Superior Alleles in Founder Parents and Widely Grown Cultivars

The phenotypic variation in the eight surveyed traits and yield was compared between 18 founder parents and 15 widely grown cultivars (Table 2). Significant differences were found between the groups of cultivars for all traits except for SL and YD. Widely grown cultivars displayed a higher TKW and GWS and shorter PH than founder parents, whereas founder parents showed a greater TSNS, KNS, and SNPP than widely grown cultivars.


Table 2 | The phenotypic variation in eight traits and yield between founder parents and widely grown cultivars.



The superior alleles at the 31 loci mentioned above were compared between founder parents and widely grown cultivars (Figure 6). For TKW, the percentages of 3 superior alleles reached 93.3%, 66.7%, and 73.3% in widely grown cultivars, which were higher than those (50.0%, 38.9%, and 44.4%, respectively) in founder parents. For KNS, the superior allele of AX-110982403 showed a higher frequency (44.4%) in founder parents than in widely grown cultivars (33.3%). For GWS, TSNS, PH, and SNPP, the percentages of superior alleles in these two groups were diverse at different loci. In general, for GWS and PH, the average frequencies of the superior alleles in widely grown cultivars were slightly higher than those in founder parents. For TSNS and SNPP, higher proportions of superior alleles were detected in founder parents than in widely grown cultivars. Overall, the percentage (49.7%) of superior alleles in widely grown cultivars was slightly higher than that (45.2%) in founder parents across all 31 loci. The distribution of superior alleles and their yield in widely grown cultivars and founder parents were showed in Figure 7.




Figure 6 | The percentage of cultivars with superior alleles at different significant loci for six traits in widely grown cultivars and founder parents.






Figure 7 | The distribution of superior alleles in widely grown cultivars and founder parents and the variation of yield. Green indicates the distribution of favorable alleles, red and blue histogram represent the mean yield of 18 founder parents and 15 widely grown cultivars, respectively. The number of favorable alleles for each cultivar is in parentheses.



To illustrate the important role of the 31 superior loci for yield in founder parents and widely grown cultivars, ten high yield accessions (mean yield > 1,100 g) and 10 low yield accessions (mean yield < 1,000 g) were selected. In general, the frequencies of favorable alleles in the high yield accessions were higher than in the low yield accessions across all 31 loci except AX-110982403 and AX-111082615 (Figure 8). Of the 31 superior loci, 15 had a frequency equal or higher than 0.60 in the high yield accessions, indicating that they possibly play an important role in modulating yield of wheat. However, the frequencies of superior alleles at only two loci (AX-111132985 and AX-111082615) were higher than 0.60 in the low yield accessions, indicating that they are important to increase wheat yield in these accessions.




Figure 8 | Frequencies of favorable alleles in the high yield accessions and the low yield accessions across all 31 loci.






Discussion


Population Construction and Structure

In this study, the population panel included 384 accessions from more than eleven Chinese provinces. By comparison, the sample size used in our study is larger than used in the previous studies (Liu et al., 2017; Sun et al., 2017). The evaluation of yield-related traits in 15 environments also showed wide variations. These results indicated that this population panel is suitable for association analysis of quantitative traits. Additionally, the evaluation of population genetic structure is a prerequisite of genome-wide association studies to reduce false associations between markers and traits. The cluster and model-based analysis in STRUCTURE affirmed the presence of two subpopulations in the population panel. In addition, in this study, the MLM approach, which takes into account population structure and genotype relationship and is widely used in association mapping in previous studies, could effectively control false positives (Edae et al., 2014).



Discovery of Superior Alleles and Applications in Wheat Breeding

GWAS is an important tool for detecting favorable alleles for various traits in many plants (Rafalski, 2010). In this study, the diversity panel used was planted in five major wheat ecological regions of China over three consecutive years. The phenotyping data obtained here improved the accuracy in identifying stable genomic regions controlling interesting traits. The association study resulted in the identification of a large number of MTAs; however, the major focus of the discussion is on the identified superior alleles which may play a key role in modulating the agronomic traits of wheat cultivars (Table 1). Our study identified thirty-one superior allele loci, particularly the superior alleles at four loci (AX-95152512, AX-109860828, AX-111600193 and AX-110967909), each of which simultaneously showed a positive effect for two or three traits. The potential molecular functions of the signiﬁcant markers need be researched.

Uncovering superior allele loci were beneﬁcial to pyramid breeding. Although the associated markers may individually explain minor phenotypic variance, the assembling of favorable alleles from different marker loci into one recipient parent can exhibit much larger effects and may result in elite cultivars (Cai et al., 2014). Indeed, our study also found that the number of favorable alleles in each accession was significantly associated with TKW, GWS, TSNS, PH, and yield, respectively. Therefore, the superior alleles for yield-related traits should be integrated properly by marker-assisted selection in order to increase wheat yield. Additionally, in the present study, a total of 124 accessions were found, each of which carried more than 20 favorable alleles. Of these, the cultivar Zhengzhou683 had as much as 30 favorable alleles. The agronomic traits of these accessions were also showed in Table S8, and they can be selected as parents in wheat breeding.



Marker-Trait Associations and Comparison With Previous Studies

In the present study, the GWAS identified only six significant markers associated with TKW in at least two environments. Three of these loci mapping on 4A, 5B, and 7D showed a positive effect. By BLAST-searching against the genome sequence from Chinese Spring wheat (IWGSC V1.0) (http://www.wheatgenome.org/), the significant SNPs detected in our study were compared with those reported previously. The three wheat chromosomes were found to harbour factors affecting TKW. In the current study, AX-111600193, which was associated with TKW, was located on 4A at position 642.4 Mb. Jiang et al. (2015) reported a TKW-associated gene, TaCWI, on 4A at position 607.9 Mb, and the physical distance between the TaCWI gene and AX-111600193 was 34.5 Mb. Reif et al. (2011) identified an SSR locus, Xgwm160, related to TKW on 4A at position 719.3 Mb. McCartney et al. (2005) identified a TKW-associated gene, QGwt.crc-4A, near position 129.3 Mb. In our study, AX-109860828, which was associated with TKW, was located on 5B at position 422.0 Mb. Ramya et al. (2010) and Ain et al. (2015) identified one SSR locus, Xgwm371, related to QTkw.ncl-5B.2 and four SNPs (between wsnp_Ex_rep_c66651_64962429 and IAAV4074) associated with TKW on 5B at position 447.2 Mb and in the interval 403.8–430.5 Mb, respectively, and the physical distances between AX-109860828 and QTkw.ncl-5B.2 and between AX-109860828 and the SNP IAAV4074 were only 25.2 Mb and 8.5 Mb, respectively. In addition, Wang et al. (2011) and Sun et al. (2017) identified a QTL and three significant SNPs associated with TKW in the interval 670.7–685.0 Mb and near 700.8 Mb on 5B, respectively. Groos et al. (2003); Reif et al. (2011) and Cui et al. (2014) also identified genomic regions related to TKW on 5B. Similarly, our results indicated that AX-108838800, which was related to TKW, was located on 7D at position 524.7 Mb, and some QTLs linked to TKW were previously detected on 7D (Reif et al., 2011; Cui et al., 2014).

Earlier studies reported eight well-known reduced height (Rht) genes, namely, Rht-B1b, RhtD1b, Rht4, Rht5, Rht8, Rht9, Rht12, and Rht13 on chromosomes 4BS, 4DS, 2BL, 3BS, 2DS, 5AL, 5AL, and 7BS, respectively (Ellis et al., 2005). In this study, a total of 118 MTAs mapping to 43 loci, which were distributed on all chromosomes except 2A and 3D, were detected for PH in 15 environments. Nine of these loci showed a positive effect, and some were previously reported to have significant effects on PH. For example, AX-111132985, which was significantly related to PH and located on 2D at position 8.7 Mb in this study, may be linked to the Rht8 dwarfing gene, because the marker Xgwm261 linked to the gene Rht8 has a chromosome location (19.6 Mb) near that of AX-111132985. In addition, Chai et al. (2018) detected two novel QTLs linked in the coupling phase on 2DS with pleiotropic effects on PH and SL in the same genomic interval as Rht8. Other QTLs for PH were also reported on 2D in previous studies (McCartney et al., 2005; Griffiths et al., 2012; Sun et al., 2017). Nevertheless, further research is needed to identify whether these genes are identical. Similarly, in this study, AX-111531574 was found to affect PH and to be on 1B at position 554.5 Mb, which was consistent with the result obtained by Griffiths et al. (2012) who identified QTLs controlling PH between SSR markers Xgwm456 and Xgwm124 in the region 464.9–638.9 Mb. Ma et al. (2018) also detected a different QTL related to PH on 1B at position 111.0 Mb. In addition, a SNP (Tdurum_contig27385_131) linked to PH was also found in multiple environments on the same chromosome by Sun et al. (2017). Three markers, namely, AX-109272207, AX-111600193, and AX-108745433 on 4A, were associated with PH in this study. At a similar location to AX-111600193 (642.4 Mb), marker Kukri_c77040_87 (625.9 Mb) on 4A affecting PH was reported by Ain et al. (2015). Similarly, marker AX-95152512, which was related to PH, was identified on 5D at position 14.4 Mb in our study, and a QTL controlling PH at a nearby position was reported by Cui et al. (2011). Marker AX-111568844, which was related to PH, was identified on 7B at position 505.4 Mb in this study. McCartney et al. (2005) also reported an SSR locus, Xgwm333, linked to PH on 7B at position 475.6 Mb. In addition, Huang et al. (2003) and Liu et al. (2011) also detected different QTLs related to PH on 7B.

Similarly, 14, 9, and 9 superior alleles associated with GWS, TSNS and SNPP, respectively, were found in our study, of which three (AX-110630537, AX-110586945, and AX-95009966 on 4A, 5B, and 6D, respectively), one (AX-111541781 on 5B), and one (AX-110142073 on 3B) may have corresponded to previously mapped QTL regions because they had similar chromosome locations (Table 1). Furthermore, some superior alleles identified in this study with significant effects on TKW, GWS, TSNS, PH, and SNPP, for which no information has previously been reported in the literature for these genomic regions, may be novel QTLs. For example, nine markers (AX-110142073, AX-111600193, AX-110033504, AX-95152512, AX-109084084, AX-109306202, AX-110913995, AX-110967909, and AX-110446329) associated with GWS were consistently identified in all 15 environments in our results. More work is needed to confirm these detected loci.



Distribution of Superior Alleles in Founder Parents and Widely Grown Cultivars

Founder parents and widely grown cultivars have played particularly crucial roles in the improvement of wheat breeding and production worldwide. For example, more than 2,000 wheat cultivars were developed from 1949 to 2000 in China, most of which can be tracked to only 16 ancestral founder parents, and 59 of them have an annual maximum acreage over 667,000 ha (Zhuang, 2003). Previous studies have identified many QTLs associated with important traits in widely planted cultivars of crops such as wheat (An et al., 2006), maize (Ordas et al., 2009) and rice (Tian et al., 2006). Moreover, a dozen of important chromosomal regions that underwent rigorous selection during breeding and may be associated with advantageous traits have been detected in founder parents of wheat (Pestsova and Roder, 2002; Han et al., 2009; Li et al., 2012), barley (Christopher et al., 2006), soybean (Lorenzen et al., 1995), potato (Solanumtuberosum L.) (Simko et al., 2004) and sorghum (Sorghum bicolor L.) (Jordan et al., 2004). However, little information is available on the difference between founder parents and widely grown cultivars, which may be useful for future wheat improvement and breeding. In this study, the widely grown cultivars showed a higher TKW and GWS, and shorter PH than the founder parents (Table 2), possibly because the former had more superior alleles for these traits than the latter (Figure 6). Similarly, Chang et al. (2018) investigated the genetic characteristics of a founder parent (Bima4), a widely planted cultivar (Bima1) and four other sibling lines that were derived from the same cross. The authors found that the widely planted cultivar Bima1 showed a higher TKW than the founder parent Bima4, and phenotypic and genomic comparisons indicated that both Bima1 and Bima4 were superior to the remaining sibling lines. We also found that the widely grown cultivars showed higher average yields than the founder parents, although the difference was not significant between them. It may be that the percentage (49.7%) of superior alleles in widely grown cultivars was slightly higher than that (45.2%) in founder parents across all 31 loci.




Data Availability Statement

All datasets generated for this study are included in the article/Supplementary Material.



Author Contributions

XL designed the experiments, analyzed all data, and wrote and extensively revised this manuscript. XX participated in phenotype measurement and data analysis. WL, XQL and XY guided data analysis. ZR and LL guided the experiment. All authors approved the final version of the manuscript.



Funding

This study was supported by a grant from the Natural Science Foundation of China (No. 31571752) and the Project of Henan Provincial Youth Backbone Teachers (No. 2019GGJS246).



Acknowledgments

The authors acknowledge the help of Dr. Rui Wang from the Department of Plant Sciences, University of Idaho, Aberdeen, ID, USA for the analysis of multiple comparison adjustment.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00175/full#supplementary-material



References

 Ain, Q., Rasheed, A., Anwar, A., Mahmood, T., Imtiaz, M., Mahmood, T., et al. (2015). Genome-wide association for grain yield under rainfed conditions in historical wheat cultivars from Pakistan. Front. Plant Sci. 6, 743. doi: 10.3389/fpls.2015.00743

 An, D., Su, J., Liu, Q., Zhu, Y., Tong, Y., Li, J., et al. (2006). Mapping QTLs for nitrogen uptake in relation to the early growth of wheat (Triticum aestivum L.). Plant Soil 284 (1-2), 73–84. doi: 10.1007/s11104-006-0030-3

 Aranzana, M. J., Kim, S., Zhao, K., Bakker, E., Horton, M., Jakob, K., et al. (2005). Genome-wide association mapping in Arabidopsis identifies previously known flowering time and pathogen resistance genes. PloS Genet. 1 (5), e60. doi: 10.1371/journal.pgen.0010060

 Bordes, J., Goudemand, E., Duchalais, L., Chevarin, L., Oury, F. X., Heumez, E., et al. (2014). Genome-wide association mapping of three important traits using bread wheat elite breeding populations. Mol. Breed. 33 (4), 755–768. doi: 10.1007/s11032-013-0004-0

 Breseghello, F., and Sorrells, M. E. (2006). Association mapping of kernel size and milling quality in wheat (Triticum aestivum L.) cultivars. Genetics 172 (2), 1165–1177. doi: 10.1534/genetics.105.044586

 Cabrera, A., Guttieri, M., Smith, N., Souza, E., Sturbaum, A., Hua, D., et al. (2015). Identification of milling and baking quality QTL in multiple soft wheat mapping populations. Theor. Appl. Genet. 128 (11), 2227–2242. doi: 10.1007/s00122-015-2580-3

 Cai, D., Xiao, Y., Yang, W., Ye, W., Wang, B., Younas, M., et al. (2014). Association mapping of six yield-related traits in rapeseed (Brassica napus L.). Theor. Appl. Genet. 127 (1), 85–96. doi: 10.1007/s00122-013-2203-9

 Chai, L., Chen, Z., Bian, R., Zhai, H., Cheng, X., Peng, H., et al. (2018). Dissection of two quantitative trait loci with pleiotropic effects on plant height and spike length linked in coupling phase on the short arm of chromosome 2D of common wheat (Triticum aestivum L.). Theor. Appl. Genet. 131 (12), 2621–2637. doi: 10.1007/s00122-018-3177-4

 Chang, L., Li, H., Wu, X., Lu, Y., Zhang, J., Yang, X., et al. (2018). Genetic characteristics of a wheat founder parent and a widely planted cultivar derived from the same cross. J. Integr. Agr. 17 (4), 775–785. doi: 10.1016/s2095-3119(17)61710-6

 Christopher, M., Mace, E., Jordan, D., Rodgers, D., McGowan, P., Delacy, I., et al. (2006). Applications of pedigree-based genome mapping in wheat and barley breeding programs. Euphytica 154 (3), 307–316. doi: 10.1007/s10681-006-9199-z

 Crossa, J., Burgueno, J., Dreisigacker, S., Vargas, M., Herrera-Foessel, S. A., Lillemo, M., et al. (2007). Association analysis of historical bread wheat germplasm using additive genetic covariance of relatives and population structure. Genetics 177 (3), 1889–1913. doi: 10.1534/genetics.107.078659

 Cui, F., Li, J., Ding, A., Zhao, C., Wang, L., Wang, X., et al. (2011). Conditional QTL mapping for plant height with respect to the length of the spike and internode in two mapping populations of wheat. Theor. Appl. Genet. 122 (8), 1517–1536. doi: 10.1007/s00122-011-1551-6

 Cui, F., Zhao, C., Ding, A., Li, J., Wang, L., Li, X., et al. (2014). Construction of an integrative linkage map and QTL mapping of grain yield-related traits using three related wheat RIL populations. Theor. Appl. Genet. 127 (3), 659–675. doi: 10.1007/s00122-013-2249-8

 Edae, E. A., Byrne, P. F., Haley, S. D., Lopes, M. S., and Reynolds, M. P. (2014). Genome−wide association mapping of yield and yield components of spring wheat under contrasting moisture regimes. Theor. Appl. Genet. 127 (4), 791–807. doi: 10.1007/s00122-013-2257-8

 Ellis, M. H., Rebetzke, G. J., Azanza, F., Richards, R. A., and Spielmeyer, W. (2005). Molecular mapping of gibberellin-responsive dwarfing genes in bread wheat. Theor. Appl. Genet. 111 (3), 423–430. doi: 10.1007/s00122-005-2008-6

 Eskandari, M., Cober, E. R., and Rajcan, I. (2013). Using the candidate gene approach for detecting genes underlying seed oil concentration and yield in soybean. Theor. Appl. Genet. 126 (7), 1839–1850. doi: 10.1007/s00122-013-2096-7

 Evanno, G. (2005). Detecting the number of clusters of individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14, 2611–2620. doi: 10.1111/j.1365-294X.2005.02553.x

 Gapare, W., Conaty, W., Zhu, Q.-H., Liu, S., Stiller, W., Llewellyn, D., et al. (2017). Genome-wide association study of yield components and fibre quality traits in a cotton germplasm diversity panel. Euphytica 213 (3), 66. doi: 10.1007/s10681-017-1855-y

 Golabadi, M., Arzani, A., Mirmohammadi Maibody, S. A. M., Sayed Tabatabaei, B. E., and Mohammadi, S. A. (2010). Identification of microsatellite markers linked with yield components under drought stress at terminal growth stages in durum wheat. Euphytica 177 (2), 207–221. doi: 10.1007/s10681-010-0242-8

 Gouis, J., Bordes, J., Ravel, C., Heumez, E., Faure, S., Praud, S., et al. (2012). Genome-wide association analysis to identify chromosomal regions determining components of earliness in wheat. Theor. Appl. Genet. 124 (3), 597–611. doi: 10.1007/s00122-011-1732-3

 Griffiths, S., Simmonds, J., Leverington, M., Wang, Y., Fish, L., Sayers, L., et al. (2012). Meta-QTL analysis of the genetic control of crop height in elite European winter wheat germplasm. Mol. Breed. 29 (1), 159–171. doi: 10.1007/s11032-010-9534-x

 Groos, C., Robert, N., Bervas, E., and Charmet, G. (2003). Genetic analysis of grain protein-content, grain yield and thousand-kernel weight in bread wheat. Theor. Appl. Genet. 106 (6), 1032–1040. doi: 10.1007/s00122-002-1111-1

 Guo, J., Hao, C., Zhang, Y., Zhang, B., Cheng, X., Qin, L., et al. (2015). Association and validation of yield-favored alleles in Chinese cultivars of common wheat (Triticum aestivum L.). PloS One 10 (6), e0130029. doi: 10.1371/journal.pone.0130029

 Han, J., Zhang, L., Li, J., Shi, L., Xie, C., You, M., et al. (2009). Molecular dissection of core parental cross ‘Triumph/Yanda 1817’ and its derivatives in wheat breeding program. Acta Agron. Sin. 35 (8), 1395–1404. doi: 10.3724/SP.J.1006.2009.01395

 He, Z. H. (2001). “Wheat Quality Requirements in China,” in Wheat in a Global Environment. Developments in Plant Breeding, vol. 9 . Eds.  Z. Bedö, and L. Láng (Dordrecht: Springer).

 Heidari, B., Sayed-Tabatabaei, B. E., Saeidi, G., Kearsey, M., and Suenaga, K. (2011). Mapping QTL for grain yield, yield components, and spike features in a doubled haploid population of bread wheat. Genome 54 (6), 517–527. doi: 10.1139/g11-017

 Holland, J. B. (2007). Genetic architecture of complex traits in plants. Curr. Opin. Plant Biol. 10 (2), 156–161. doi: 10.1016/j.pbi.2007.01.003

 Huang, X. Q., Coster, H., Ganal, M. W., and Roder, M. S. (2003). Advanced backcross QTL analysis for the identification of quantitative trait loci alleles from wild relatives of wheat (Triticum aestivum L.). Theor. Appl. Genet. 106 (8), 1379–1389. doi: 10.1007/s00122-002-1179-7

 Hwang, E., Song, Q., Jia, G., Specht, J. E., Hyten, D. L., Costa, J., et al. (2014). A genome-wide association study of seed protein and oil content in soybean. BMC Genomics 15, 1. doi: 10.1186/1471-2164-15-1

 Jiang, Y., Jiang, Q., Hao, C., Hou, J., Wang, L., Zhang, H., et al. (2015). A yield-associated gene TaCWI, in wheat: its function, selection and evolution in global breeding revealed by haplotype analysis. Theor. Appl. Genet. 128 (1), 131–143. doi: 10.1007/s00122-014-2417-5

 Jordan, D. R., Tao, Y. Z., Godwin, I. D., Henzell, R. G., Cooper, M., and McIntyre, C. L. (2004). Comparison of identity by descent and identity by state for detecting genetic regions under selection in a sorghum pedigree breeding program. Mol. Breed. 14 (4), 441–454. doi: 10.1007/s11032-005-0901-y

 Kollers, S., Rodemann, B., Ling, J., Korzun, V., Ebmeyer, E., Argillier, O., et al. (2013). Whole genome association mapping of Fusarium head blight resistance in European winter wheat (Triticum aestivum L.). PloS One 8 (2), e57500. doi: 10.1371/journal.pone.0057500

 Kraakman, A. T. W., Martínez, F., Mussiraliev, B., van Eeuwijk, F. A., and Niks, R. E. (2006). Linkage disequilibrium mapping of morphological, resistance, and other agronomically relevant traits in modern spring barley cultivars. Mol. Breed. 17 (1), 41–58. doi: 10.1007/s11032-005-1119-8

 Kulwal, P. L., Kumar, N., Gaur, A., Khurana, P., Khurana, J. P., Tyagi, A. K., et al. (2005). Mapping of a major QTL for pre-harvest sprouting tolerance on chromosome 3A in bread wheat. Theor. Appl. Genet. 111 (6), 1052–1059. doi: 10.1007/s00122-005-0021-4

 Li, X. J., Xu, X., Yang, X. M., Li, X. Q., Liu, W. H., Gao, A. N., et al. (2012). Genetic diversity among a founder parent and widely grown wheat cultivars derived from the same origin based on morphological traits and microsatellite markers. Crop Pasture Sci. 63 (4), 303–310. doi: 10.1071/cp11302

 Li, H., Peng, Z. Y., Yang, X. H., Wang, W. D., Fu, J. J., Wang, J. H., et al. (2013). Genome-wide association study dissects the genetic architecture of oil biosynthesis in maize kernels. Nat. Genet. 45 (1), 43–50. doi: 10.1038/ng.2484

 Lin, M., Zhang, D., Liu, S., Zhang, G., Yu, J., Fritz, A. K., et al. (2016). Genome-wide association analysis on pre-harvest sprouting resistance and grain color in U.S. winter wheat. BMC Genomics 17 (1), 794. doi: 10.1186/s12864-016-3148-6

 Liu, G., Xu, S., Ni, Z., Xie, C., Qin, D., Li, J., et al. (2011). Molecular dissection of plant height QTLs using recombinant inbred lines from hybrids between common wheat (Triticum aestivum L.) and spelt wheat (Triticum spelta L.). Chin. Sci. Bull. 56 (18), 1897–1903. doi: 10.1007/s11434-011-4506-z

 Liu, Y., Wang, L., Deng, M., Li, Z., Lu, Y., Wang, J., et al. (2015). Genome-wide association study of phosphorus-deficiency-tolerance traits in Aegilops tauschii. Theor. Appl. Genet. 128 (11), 2203–2212. doi: 10.1007/s00122-015-2578-x

 Liu, Y., Lin, Y., Gao, S., Li, Z., Ma, J., Deng, M., et al. (2017). A genome-wide association study of 23 agronomic traits in Chinese wheat landraces. Plant J. 91 (5), 861–873. doi: 10.1111/tpj.13614

 Lorenzen, L. L., Boutin, S., Young, N., Specht, J. E., and Shoemaker, R. C. (1995). Soybean pedigree analysis using map-based molecular markers: I. Tracking RFLP markers in cultivars. Crop Sci. 35 (5), 1326–1336. doi: 10.2135/cropsci1995.0011183x003500050012x

 Ma, F., Xu, Y., Ma, Z., Li, L., and An, D. (2018). Genome-wide association and validation of key loci for yield-related traits in wheat founder parent Xiaoyan 6. Mol. Breed. 38 (7), 91. doi: 10.1007/s11032-018-0837-7

 Mason, R. E., Mondal, S., Beecher, F. W., Pacheco, A., Jampala, B., Ibrahim, A. M. H., et al. (2010). QTL associated with heat susceptibility index in wheat (Triticum aestivum L.) under short-term reproductive stage heat stress. Euphytica 174 (3), 423–436. doi: 10.1007/s10681-010-0151-x

 McCartney, C. A., Somers, D. J., Humphreys, D. G., Lukow, O., Ames, N., Noll, J., et al. (2005). Mapping quantitative trait loci controlling agronomic traits in the spring wheat cross RL4452 x ‘AC Domain’. Genome 48 (5), 870–883. doi: 10.1139/g05-055

 Neumann, K., Kobiljski, B., Dencic, S., Varshney, R. K., and Borner, A. (2011). Genome-wide association mapping: a case study in bread wheat (Triticum aestivum L.). Mol. Breed. 27 (1), 37–58. doi: 10.1007/s11032-010-9411-7

 Ordas, B., Malvar, R. A., Santiago, R., Sandoya, G., Romay, M. C., and Butron, A. (2009). Mapping of QTL for resistance to the Mediterranean corn borer attack using the intermated B73 x Mo17 (IBM) population of maize. Theor. Appl. Genet. 119 (8), 1451–1459. doi: 10.1007/s00122-009-1147-6

 Pestsova, E., and Roder, M. (2002). Microsatellite analysis of wheat chromosome 2D allows the reconstruction of chromosomal inheritance in pedigrees of breeding programmes. Theor. Appl. Genet. 106 (1), 84–91. doi: 10.1007/s00122-002-0998-x

 Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of population structure using multilocus genotype data. Genetics 2 (155), 945–959.

 Rafalski, J. A. (2010). Association genetics in crop improvement. Curr. Opin. Plant Biol. 13 (2), 174–180. doi: 10.1016/j.pbi.2009.12.004

 Ramya, P., Chaubal, A., Kulkarni, K., Gupta, L., Kadoo, N., Dhaliwal, H., et al. (2010). QTL mapping of 1000-kernel weight, kernel length, and kernel width in bread wheat (Triticum aestivum L.). J. Appl. Genet. 51 (4), 421–429. doi: 10.1007/BF03208872

 Rasheed, A., Hao, Y., Xia, X., Khan, A., Xu, Y., Varshney, R. K., et al. (2017). Crop breeding chips and genotyping platforms: progress, challenges, and perspectives. Mol. Plant 10 (8), 1047–1064. doi: 10.1016/j.molp.2017.06.008

 Ravel, C., Praud, S., Murigneux, A., Linossier, L., Dardevet, M., Balfourier, F., et al. (2006). Identification of Glu-B1-1 as a candidate gene for the quantity of high-molecular-weight glutenin in bread wheat (Triticum aestivum L.) by means of an association study. Theor. Appl. Genet. 112 (4), 738–743. doi: 10.1007/s00122-005-0178-x

 Ray, D. K., Ramankutty, N., Mueller, N. D., West, P. C., and Foley, J. A. (2012). Recent patterns of crop yield growth and stagnation. Nat. Commun. 3, 1293. doi: 10.1038/ncomms2296

 Reif, J. C., Zhang, P., Dreisigacker, S., Warburton, M. L., van Ginkel, M., Hoisington, D., et al. (2005). Wheat genetic diversity trends during domestication and breeding. Theor. Appl. Genet. 110 (5), 859–864. doi: 10.1007/s00122-004-1881-8

 Reif, J. C., Gowda, M., Maurer, H. P., Longin, C. F., Korzun, V., Ebmeyer, E., et al. (2011). Association mapping for quality traits in soft winter wheat. Theor. Appl. Genet. 122 (5), 961–970. doi: 10.1007/s00122-010-1502-7

 Saghai-Maroof, M. A., Soliman, K. M., Jorgensen, R. A., and Allard, R. W. (1984). Ribosomal DNA spacer-length polymorphisms in barley: mendelian inheritance, chromosomal location, and population dynamics. Proc. Natl. Acad. Sci. U. S. A. 81 (24), 8014–8018. doi: 10.1073/pnas.81.24.8014

 Simko, I., Haynes, K. G., and Jones, R. W. (2004). Mining data from potato pedigrees: tracking the origin of susceptibility and resistance to Verticillium dahliae in North American cultivars through molecular marker analysis. Theor. Appl. Genet. 108 (2), 225–230. doi: 10.1007/s00122-003-1448-0

 Storey, J. D. (2002). A direct approach to false discovery rates. J. R. Stat. Soc Ser. B Stat. Methodol. 64, 479–498. doi: 10.1111/1467-9868.00346

 Stracke, S., Haseneyer, G., Veyrieras, J. B., Geiger, H. H., Sauer, S., Graner, A., et al. (2009). Association mapping reveals gene action and interactions in the determination of flowering time in barley. Theor. Appl. Genet. 118 (2), 259–273. doi: 10.1007/s00122-008-0896-y

 Sun, X., Marza, F., Ma, H., Carver, B. F., and Bai, G. (2010). Mapping quantitative trait loci for quality factors in an inter-class cross of US and Chinese wheat. Theor. Appl. Genet. 120 (5), 1041–1051. doi: 10.1007/s00122-009-1232-x

 Sun, C., Zhang, F., Yan, X., Zhang, X., Dong, Z., Cui, D., et al. (2017). Genome-wide association study for 13 agronomic traits reveals distribution of superior alleles in bread wheat from the Yellow and Huai Valley of China. Plant Biotechnol. J. 15 (8), 953–969. doi: 10.1111/pbi.12690

 Thornsberry, J. M., Goodman, M. M., Doebley, J., Kresovich, S., Nielsen, D., and Buckler, E. S. (2001). Dwarf8 polymorphisms associate with variation in flowering time. Nat. Genet. 28, 286–289. doi: 10.1038/90135

 Tian, Q. Z., Zhou, R. H., and Jia, J. Z. (2005). Genetic diversity trend of common wheat (Triticum aestivum L.) in China. Genet. Resour. Crop Evol. 52, 325–331. doi: 10.1007/s10722-005-5716-5

 Tian, F., Li, D. J., Fu, Q., Zhu, Z. F., Fu, Y. C., Wang, X. K., et al. (2006). Construction of introgression lines carrying wild rice (Oryza rufipogon Griff.) segments in cultivated rice (Oryza sativa L.) background and characterization of introgressed segments associated with yield-related traits. Theor. Appl. Genet. 112 (3), 570–580. doi: 10.1007/s00122-005-0165-2

 Tian, F., Bradbury, P. J., Brown, P. J., Hung, H., Sun, Q., Flint-Garcia, S., et al. (2011). Genome-wide association study of leaf architecture in the maize nested association mapping population. Nat. Genet. 43 (2), 159–162. doi: 10.1038/ng.746

 Wang, J., Liu, W., Wang, H., Li, L., Wu, J., Yang, X., et al. (2011). QTL mapping of yield-related traits in the wheat germplasm 3228. Euphytica 177, 277–292. doi: 10.1007/s10681-010-0267-z

 Wang, L., Ge, H., Hao, C., Dong, Y., and Zhang, X. (2012). Identifying loci influencing 1,000-kernel weight in wheat by microsatellite screening for evidence of selection during breeding. PloS One 7 (2), e29432. doi: 10.1371/journal.pone.0029432

 Wu, J., Feng, F., Lian, X., Teng, X., Wei, H., Yu, H., et al. (2015). Genome-wide Association Study (GWAS) of mesocotyl elongation based on re-sequencing approach in rice. BMC Plant Biol. 15, 218. doi: 10.1186/s12870-015-0608-0

 Wu, Q., Chen, Y., Fu, L., Zhou, S., Chen, J., Zhao, X., et al. (2015). QTL mapping of flag leaf traits in common wheat using an integrated high-density SSR and SNP genetic linkage map. Euphytica 208 (2), 337–351. doi: 10.1007/s10681-015-1603-0

 Yao, J., Wang, L. X., Liu, L. H., Zhao, C. P., and Zheng, Y. L. (2009). Association mapping of agronomic traits on chromosome 2A of wheat. Genetica 137 (1), 67–75. doi: 10.1007/s10709-009-9351-5

 Yu, L. X., Lorenz, A., Rutkoski, J., Singh, R. P., Bhavani, S., Huerta-Espino, J., et al. (2011). Association mapping and gene-gene interaction for stem rust resistance in CIMMYT spring wheat germplasm. Theor. Appl. Genet. 123 (8), 1257–1268. doi: 10.1007/s00122-011-1664-y

 Zhang, D., Hao, C., Wang, L., and Zhang, X. (2012). Identifying loci influencing grain number by microsatellite screening in bread wheat (Triticum aestivum L.). Planta 236 (5), 1507–1517. doi: 10.1007/s00425-012-1708-9

 Zhuang, Q. S. (2003). Chinese wheat varieties and their genealogics analysis. (Beijing: China Agricultural Press)



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Li, Xu, Liu, Li, Yang, Ru and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-11-00175-g004.jpg
FELEEETELEE LS

P e

3 superior allees
~+- 2 superior alleles
1 superor allele
o~ 0 superior alleles





OEBPS/Images/fpls.2020.00175_cover.jpg
’ frontiers
in Plant Science

Dissection of Superior Alleles for
Yield-Related Traits and Their
Distribution in Important Cultivars
of Wheat by Association Mapping





OEBPS/Images/table1b.jpg
Ax111600103
AX110033504
110586945
100084084
Ax-109006202
Axs0703681

110913995
AX-110067909

BEES

7
7
™

24
214
5847
s67.7
5687

281
4491

ADIC344 (710.4) ~ Xwanceel
QSnpp-aA1
1980049209_1302 (698.0)

Xowc24s - Xoarcso

R

Wengetal WO1T)
Cuetal. 019)
Anetal 2015)

Wang et 011)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dissection of Superior Alleles for Yield-Related Traits and Their Distribution in Important Cultivars of Wheat by Association Mapping

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Plant Material and Phenotyping

          



          		

            SNP Genotyping

          



          		

            Population Structure

          



          		

            Association Study

          



        



        



        		

          Results

        

          		

            Agronomic Traits and Population Structure

          



          		

            Marker-Trait Associations

          



          		

            Allelic Effects on Agronomic Traits

          



          		

            Pleiotropic Effects Revealed by GWAS

          



          		

            Distribution of Superior Alleles in Founder Parents and Widely Grown Cultivars

          



        



        



        		

          Discussion

        

          		

            Population Construction and Structure

          



          		

            Discovery of Superior Alleles and Applications in Wheat Breeding

          



          		

            Marker-Trait Associations and Comparison With Previous Studies

          



          		

            Distribution of Superior Alleles in Founder Parents and Widely Grown Cultivars

          



        



        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-11-00175-g001.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-11-00175-g007.jpg
é

Vi @)





OEBPS/Images/fpls-11-00175-g005.jpg
;} L





OEBPS/Images/table2.jpg
Trait Widely grown cultvar Founder parent

Min Max Mean Min Max Mean
P €000 872 10094 2 253" 6820 14600 10901 2 1900
st 551 2100 9252208 550 1595 9012155
TSNS 120 2833 19532271 850 2553 20132235
NS 1300 2600 18201 208 1300 2030 18692 204
NS 2085 0450 45042970~ 1318 8650 480621178
mow 1849 5500 3951 250 1800 5300 34951668
NP 387 20 9612396 440 3108 10392 464
aws. 058 396 182 049 028 334 1.71 2053
o 8667 1838.42 106177 £ 357.18 22886 179667 1000.46  350.41

TRV, 1000-1arel it KNS, kamel e por sk TSNS, 0al ikt amber per sk FSNS, ot s pmberpor sk IS, Gran woigh por ik PH. plant g
SNPP. solke mumbar per ot YO\ seit P <008 =P < 001,






OEBPS/Images/fpls-11-00175-g003.jpg
L LA

WP






OEBPS/Images/fpls-11-00175-g008.jpg
== Low yeld

=+ High yieild

fouanbasy






OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/table1a.jpg
Trait

Marker

AXA11600196

AX-100860828.

7108838800

110082408

Ax110142073
AX-111600193
AX-110630837

AX-110033504
AX110018131
110586915

Axosis2512
AX109084084
95000065

109306202
89703881

110913905
AX-110967909
AX110446329
108028321
110627624
Ax-100508662
110589268
169837600
AX-108844453
Ax-111541781
111082615

AX110067900
AXATI831574

Ax111132985

10272207
AX111600196
AX108745435
X 109650825

95152512
AxTI68880

100526545
AX-110142073

che

8%% 38

388

8553

38

Physical
position (M)

24

20

247

5259

6613
i24
481

214
7022
5817

144
5677
681
5687
698
a1
491
5548
5410
400
2474
7500

4539
w773
435

491
5545

87

1831
i2a
7086
220

144
5054

2076
613

Loci or genes and the position (Mb) previously reported
on the same chromosome

Xgum160 7103)
Xguma94 - Xgumi62 (1203

Tacwng07.9)

Kidi_G37442_662 (353.0) - wenp_ Bx 056329904112
@76

X0arCS9 (670.7) - Xoarc243 (685.0)
Excalbu_c23901_115 (700.2) ~ BS00060460.51 (7013
Xgumaos (577.1)

Xguma71 (4472)

wenp_Ex_10p_ 8665164962420 (403.9) ~ AAVAOTA
308

Xgumsés (17.6)

o6

OThw-70.1, QTR 702
Xeldd4 (608.6) - Xgum49 (629.6)
Qknps 202

Ra_c72517_961

Xemc7 (640.2) Xwmed2e (778.7)
Xpspc2s (17.5)

Qkupp-aA1

Xoarc170 (607.9)

Xgum291 (698.2) Xoarc151 (583
Xgumisa (21.0) - Xoarc180 G503)
X2 (649.5) - Xgu750a
Houmaoe (577.1)

OKinpp 5D

Xguma25 (€0.0)

Xemo622 (149) - XS4 (503.5)
Xgum126 (671.4) - Xgum291 (658.2)
Xoarc74 (402.8) - Xoare340 (42.0)
Xoarc278 (595.1) - Xoarc1 181 (650.1)
Xme517 (651.5) - Xme31 (6009)
XCI0B8 (174.8) - Xoarc252 (191.1)
Xgumass (464.9) - Xgam124 (636.9)
Tdurum conig27385_131

RACST5 c48706.148

e

XcloS3 23.0)

Xguma20 (6443 ~ 29t
BE497718.260

Xemc24 (27.3) - Xesmiz0

Kb c77040_87 (625.9)

Xemc2s9 (656.2) ~ Xoaro140 (598.0)

BS00000611_51

Xames40 (666.8)

Xgum190 87) - oarc28.2

Xgumas (158.1)

g3 ~ XoaroS0 (172.4), Xcau130 ~ XgumS37 (26.8)
Xgum3s3 @75.6)

Xqwm264b (145.7)

Literature.

Ref otal 011)
McCartney ot a. (2005)
Jang otal. 2015)
Maetal 2018)

Wang etal. 2011)
Snetal @017)
Ref et al 2011)
Ramya et . 2010)
Ainetal. 2018)

Huang ot a. (2009)
Rof etal. 2011)
Cuietal 2014)
Wang ot al. 2011)
Cuietal 2014)
Sunetal o17)
Masonet . 2010)
Hoigar ot al. 2011)
Cuetal 014
Mason et . 2010)
Mason et . 2010)
Snetal (2010)
Heidai o al. 2011)
Golabads et . (2010)
Cuiatal 2014)

Mason et . (2010)

Wang etal 2011)
Wang et al. 2011)
Wang otal. 2011)
Wang etal. 2011)
Wang etal. 2011)
Wang etal. 2011)
Gifths ot a. 2012)
Swetal 017)
St o17)
Pestsova and Roder (2002)
Chaieta. (2018)
Gfiths ot a. 2012)
MCartney et a. (2006)
Lueta. (2011)
Anetal @015)

Gifths ot . 2012)
Anetal. 2015)
McCartnoy et a. (2005)
Cuetal 2011
Huang et a. (2009)
uetal @ot1)
McCartne et . (2005)

Huang et al. (2003)





OEBPS/Images/fpls-11-00175-g006.jpg





OEBPS/Images/fpls-11-00175-g002.jpg
~ W

67

Observed -logu(P)
0123453

A TR 13 5h 2 %k 30 4n 4o 40%h £ 50 04 b 0 A T8 70 ©1 2 3 4 5 ¢
Chromosomes 7 Expected -logi(P)

s

1234867

Observed -logi?)

o

1o 10 A% 3k 00480 % 06 6 0TATh D 012 34 5 67
Ontanssiies Ebacted Jacidny





