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Abstract

:

Exploiting new genetic resources is an effective way to achieve sustainable wheat production. To this end, we exposed wheat seeds of the “Punjab-11” cultivar to gamma rays. A total of 32 stable mutants (M7) were developed, followed by characterization by conducting multilocation trials over two seasons. Principal component analysis (PCA) showed that the first six components accounted for 90.28% of the total variation among the plant height, tillers per plant, 1000-kernel weight, grain yield, and quality traits. All mutants were grouped into three clusters based on high yield index values. The genotype by trait (GT) bi-plot revealed significant associations between yield and its components among the mutants. Positive correlations were estimated for tillers per plant, plant height, 1000-kernel weight, and grain yield; however, yield components showed negative associations with protein, moisture, and gluten contents. The mutant lines Pb-M-59 waxy, Pb-M-1272 waxy, Pb-M-2260, Pb-M-1027 waxy, Pb-M-1323 waxy, and Pb-M-1854 exhibited maximum grain yield, 1000-grain weight, and tillers per plant values. Likewise, Pb-M-2725, Pb-M-2550, and Pb-M-2728 were found to be the best mutant lines in terms of grain quality; thus, the use of gamma radiation is effective in improving the desirable traits, including yield and grain quality. It is suggested that these traits can be improved beyond the performance of corresponding traits in their parent genotypes. The newly produced mutants can also be used to explore the genetic mechanisms of complex traits in the future.
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1. Introduction


Spring wheat (Triticum aestivum L.), one of the major staple food crops, is grown worldwide over ~222 million hectares, with an annual production rate of 775.8 million tons [1]. Other than starch, it is a rich source of proteins, vitamins, and dietary fibers, which are required to maintain a healthy diet [2,3]. The present population growth rate demands sustained improvements in wheat production, particularly within the emerging context of climate change [4,5,6]; hence, there is a dire need to explore new genetic solutions for sustainable wheat production [7,8].



The existence of genetic variation within the germplasm ensures the development of improved wheat cultivars that can be grown under different agro-climatic conditions [9]. Morphological traits provide the basis for the classification of genetic wheat sources [10,11,12]. Genetic diversity can be estimated using morphological traits, as well as molecular assays, including DNA fingerprinting and whole-genome sequencing. Phenotypic characterization procedures can be used to differentiate wheat genotypes in the field [13]; therefore, the continuous development and availability of novel genetic resources are essential for improving wheat cultivars [14,15].



The primary goal of a plant breeder is to develop cultivars with stable high yields and of better quality. The stability of a cultivar is a very important criterion for wheat breeders and molecular geneticists when exploring the diversity present in complex traits, such as grain yield and quality traits [16,17]. Grain quality traits including protein contents are fundamental attributes of wheat quality. The variations in these traits are crucial for wheat improvement [18]. Protein contents are estimated from the composition of gluten molecules, which are conferred via storage proteins in wheat grain [19,20]. High protein and gluten contents are recognized as vital components in determining dough quality [21]. The dominant protein in flour is gluten, which contributes 80 to 85% of the total proteins [22]. Additionally, the grain moisture content plays an important role in determining wheat grain quality and is inversely related to dry matter loss [23]. Grain yield is a complex trait and the prime objective of plant breeders is understanding the basis of associations (both genetic and phenotypic) among grain yield and other traits, which helps breeders in enhancing wheat production.



Multivariate analysis helps in the identification of groups of genotypes, accessions, or varieties containing the desirable trait combinations that are useful in plant breeding programs. Principal component analysis (PCA) and cluster analysis can be used to summarize and explain the variations among wheat genotypes [24,25]. Principal component analysis can help in comprehending the variability present among the data by converting huge numbers of variables into smaller numbers, imparting sufficient information regarding genetic variation in the germplasm [26]. This tool has been used to characterize different traits in several crop species, including heat and drought tolerance in wheat [27,28,29,30], malting quality traits in barley [31], genotypic origin in coffee [32], drought tolerance in rice [33,34], agro-morphological traits in sugar beet [35], genetic diversity studies in sorghum [36], and morphological traits in maize [37]; therefore, the application of these statistical techniques will also be useful in delineating the variability in wheat genotypes and mutants.



A genotype by trait (GT) bi-plot assesses the GGE (main effect of a genotype, G) and its interaction with the environment (GE). The bi-plot technique has emerged as a potential tool that can be used to unravel the information about multiple traits simultaneously [38]. Compared with multivariate analyses, the GT bi-plot tool characterizes genotypes based on multiple traits and helps in the identification of superior genotypes possessing desirable combinations of variables, ultimately leading toward their utilization in crop breeding programs as commercial cultivars or even parents [39]. The GT bi-plot analysis can also be used to demonstrate the genetic associations among multiple traits [40,41]. Furthermore, valuable information about the efficient utilization of genotypes for production, for the identification of less desirable traits, and as the basis for indirect selection of target traits by identifying suitable features can be explored with this approach [42]. Since it was first reported by Gabriel [43], this approach has been applied to data from different crops to understand the effects of the genotype and environment on the relationships between agronomic, physiological, quality, and yield characteristics [44,45,46,47,48,49,50,51,52,53].



Knowledge of the genetic variability regarding morphological and quality traits is essential in achieving the goals of wheat breeding programs, including achieving high yield, wider adaptability, and desirable quality attributes [54]; therefore, we planned this experiment to study the mutagenic effects of gamma radiation on grain yield in terms of the performance, stability, and bread wheat quality of the “Punjab-11” variety. We also attempted to classify the bread wheat mutant lines into various groups, followed by the identification of genetically diverse mutants possessing desirable grain yield and yield components.



In the present study, 32 mutant lines and a wild type wheat cultivar “Punjab-11” were selected from the already developed M5 gamma-radiated mutant population. Variation patterns among wheat mutant lines were studied through PCA and GT bi-plot analyses. This study will provide insights into the genetic advances made in terms of the grain yield and quality of the selected mutants, and could be potential help in identifying mutant lines that can be utilized in future wheat breeding programs.




2. Materials and Methods


2.1. Mutant Population Development


Breeder seeds of Punjab-11 were treated with an optimized dose of gamma radiation (Cs 137 (250 k Gy)) for a duration of 25 min at ambient room temperature to induce mutagenesis. For surface sterilization, seeds were treated with sodium hypochlorite (5%) and ethanol (70%) followed by three to five washings with distilled water.



In total, ~7000 seeds of the wheat variety “Punjab-11” were treated with an optimum dose of gamma radiation. The M0 seeds of the parent Punjab-11 were grown at the field station at NIBGE, Pakistan, during 2012. We kept the rows 30 cm apart from each other, while the seeds were sown at 10 cm apart in each row. In total, 3700 M1 plants were germinated. Standard cultural practices were provided from sowing until harvesting. We bagged the spike of the main tiller of each plant to avoid cross pollination. The main spike from each M1 plant was then harvested and threshed separately followed by sowing of the M2 rows in 2013. In the next year (2014), the M3 row of each M2 plant was sown, followed by harvesting a single main spike from the first plant of each row. Then, M4 was sown in the off season for generation advancement. Next, a whole single plant containing 3–5 tillers was harvested separately and sown during 2015 to enable sowing of M5 rows. Again, the first single plant containing 3–5 tillers was harvested from each row. In 2016–2017, 3483 M6 families were planted in the field at NIBGE. At this stage, almost all mutant families exhibited homozygosity and uniformity. Out of these, a total of 32 stable mutant lines were selected based on their responses to rust diseases.




2.2. Experimental Design


The experiment was conducted at two locations, i.e., field stations of the National Institute for Biotechnology and Genetic Engineering (NIBGE) and Nuclear Institute for Agriculture and Biology (NIAB), during normal wheat growing seasons over the period 2018–2020. The field experiments were conducted by adopting a randomized complete block design (RCBD) using three replications for both the locations and years. Two-season testing was carried out to evaluate the genetic stability of the traits under field conditions. The distance between the rows and plants was kept to 30 cm and 10 cm, respectively. For each hill, only one plant was retained by removing the extra plants at the seedling stage. For collection of data, five plants were tagged in each row. Recommended fertilizers were applied, including urea (100 kg), phosphate (DAP) (100 kg), and potash (50 kg). Both potash and phosphate along with urea (50 kg) were applied at the time of sowing. In addition, the remaining urea was applied during the first and second irrigation stages (25:25 kg). Weeds were controlled by applying two sprays, namely Bromoxinal (300 mL/acre) after the first irrigation and Topik (100 g) after the second irrigation. The recommended agronomic practices were carried out from sowing until harvesting [55].




2.3. Data Collection


Data of different morphological traits such as plant height, number of tillers per plant, number of days to heading, spike length, number of spikelets per spike, 1000-kernel weight, and grain yield were recorded. The numbers of days to flowering were counted after the emergence of 50% heads. The plant height (cm) of each tagged plant was measured form the base of the plant to the tip of the spike using a meter stick. The spike length was also measured from the bottom to the spike tip without awns. Additionally, number of tillers per plant and number of spikelets per spike were counted at maturity. To measure the 1000-kernel weight, 1000 seeds of each mutant line were weighed using an electric balance (VWR® A-Series balances). The grain yield of each mutant line and wild type was also measured. Lastly, important seed quality attributes such as the protein, moisture, and gluten contents were estimated through OmegAnalyzer.




2.4. Statistical Analyses


Analysis of variance (ANOVA) [56] was performed for each trait for all generations to determine the extent of variation and significance among the mutant lines using SPSS16 software. The probability levels were kept to 1% and 5% to test the statistical levels of significance. Furthermore, minimum differences among the mean values were estimated via the least significant difference (LSD) test [57].



The PCA and cluster analyses were performed using NCSS 2020 software. Principal Component Analysis values were used to construct a dendrogram based on the Euclidean distance matrix. The mutant lines were grouped according to the Ward’s minimum variance method [58]. Additionally, GT bi-plot analysis was performed for estimation of the degrees of association among traits and mutant lines and for the identification of suitable mutant lines with desirable trait combinations using the GGE bi-plot tool [59].





3. Results


3.1. ANOVA and Descriptive Assessment


Highly significant differences were found for plant height, days to heading, and yield-related traits from the experimental fields sown at NIBGE (Table 1) and NIAB sites (Table 2) at p < 0.001. Genotypic variance declined gradually during successive generations. Furthermore, box plots also revealed variation for the studied traits in both generations (M7-M8) (Figure 1, Figure 2, Figure 3 and Figure 4).




3.2. Mean Values for Various Yield Components, Grain Yield, and Quality Traits


Significant variation was recorded among all mutant lines and the wild type for yield component, total yield, and grain quality parameters. At location NIBGE, the numbers of days to heading ranged from 91 to 102 for the M7 generation, while for the M8 generation it ranged from 91 to 99 days. Plant heights varied between 73.90 and 100.64 cm for the M7 generation, however, while a wide range of 70.04 to 89.52 cm was observed in M8. Spike lengths ranged from 10.10 to 14.62 cm in the M7 generation. Similar variation patterns were also obtained regarding other yield related parameters in both generations. Regarding grain quality traits, protein percentages varied between 10.65 and 14.35% in M7. Considerable amounts of variation were also recorded for moisture and gluten content (Table 3); hence, the studied mutant lines expressed genetic variation for all traits under study. These mutant lines could be explored in future wheat breeding programs.



At the NIAB location, the numbers of days to heading ranged from 89 to 101 for M7, while for the M8 generation it ranged from 91 to 99 days. Plant heights varied from 83.87 to 99.74 cm for the M7 generation; however, during M8, a wider range (73.02–91.44 cm) was measured. Spike lengths ranged from 11.22 to 13.50 cm in the M7 generation (Table 4). Similar variation patterns were observed for other yield components. For grain quality traits substantial differences among all the mutants and wild type were observed for both generations (M7 and M8). In M7, the protein content percentages varied between 11.50% and 15.95%. Significant variations were also observed in moisture and gluten contents for both generations (Table 4).




3.3. Mean Evaluation of Mutant Lines across Both Locations and Generations


The mean values of all traits under study for the selected 32 mutant lines and the wild type (Punjab-11) over two growing seasons and locations are presented in Table 5. The numbers of days to heading significantly differed for all mutants, which ranged from 90.46 to 98.25. Mutant lines Pb-M-1575, Pb-M-12 waxy, Pb-M-2041, and Pb-M-1802 showed the earliest heading times, whereas Pb-M-1027 waxy, Pb-M-2550, and Pb-M-59 waxy exhibited later heading times (Table 5). As early heading is a desirable character, mutant lines depicting lesser numbers of days to reach maturity are useful candidates for breeding early-maturing varieties. The plant heights of the mutant lines differed substantially (76.37 to 91.66 cm). The tallest plants belonged to Pb-M-1575, Pb-M-1064, and Pb-M-2041 lines, while the shortest plants were recorded for Pb-M-12 waxy, Pb-M-119 waxy, and Pb-M-2719 lines. The mean numbers of spikelets per spike were significantly different among the mutant lines and varied between 17.50 and 20.00. Furthermore, the 1000-grain weights were significantly different among the mutant lines, ranging from 17.60 to 28.42 g. The heaviest grain index values were observed for Pb-M-1027 waxy, Pb-M-59 waxy, Pb-M-1854, and Pb-M-1272 waxy, while the lightest grain index values were recorded for Pb-M-2728, Pb-M-12 waxy, and Pb-M-605. Correspondingly, substantial variations were observed for grain yields among the mutant lines, ranging from 1648.42 to 3269. 98 kg/ha. These mutant lines exhibited fluctuations in yield, i.e., Pb-M-59 waxy, Pb-M-1272 waxy, Pb-M-2260 produced the maximum grain yield, while Pb-M-12 waxy, Pb-M-2728, and Pb-M-1743 showed the lowest values. We observed significant differences for grain quality traits among all mutant lines. Protein contents varied from 12.19 to 13.68%, moisture contents ranged between 8.73 and 9.43%, while gluten contents ranged from 37.67 to 40.96 (Table 5). The mean values for all traits differed from the values for the wild type; however, the maximum fluctuation was found for the relative reductions in grain yield (34.36% for Pb-M-59 waxy and −29.25% for Pb-M-12 waxy), followed by TGW. The mean values for the mutants for gluten and moisture contents showed reductions compared to those for the wild type, except for two mutants (Table S1).




3.4. Cluster Analysis Based upon Yield Index


The yield index values for 32 mutant lines and the wild type were computed to classify the evaluated mutant lines according to their yield potential. The mutant lines were clustered into three groups using hierarchical clustering. Group “A” comprised two mutant lines with the lowest grain yields, while group “B” contained 18 mutant lines with high grain yield values; however, group “C” consisted of 13 mutant lines that had the highest grain yield values (Figure 5). Different colors represent different clusters in Figure 5.




3.5. Principal Component Analysis (PCA)


In the present study, PCA was used to categorize the traits into six main principal components (PCs). For all morphological and quality traits, 90.28% variation was contributed by the first six components showing Eigen values greater than 0.5. The first PC accounted for 35.99%, the second PC for 18.36%, the third PC for 12.50%, and the fourth PC for approximately 8.84% of the total variation (Table 6). Furthermore, the rotation component matrix revealed that each PC contained different combinations of morphological and quality traits. The first PC showed linkages between grain quality (protein, moisture, and gluten contents) and yield components, including plant height, tillers per plant, 1000-grain weight, and grain yield; thus, PC1 allowed the simultaneous selection of morphological and quality traits. Similarly, the second PC exhibited positive effects in terms of the spike length, number of spikelets per spike, number of tillers per plant, and plant height. The third PC explained the moisture content, number of days to produce heads, and number of spikelets per spike (Table 7).




3.6. Genotype by Trait (GT) Bi-Plot Analysis


3.6.1. Interrelation among Different Traits


The GT data presented in Tables S2 and S3 show trait means for each of the 32 mutant lines plus the wild type screened across two locations for the period 2018–2020. The GT bi-plot based on trait-standardized data shows that the cosine of the angles between morphological trait vectors estimates the degree of correlation between them; hence, the angles < 90° (acute angles) show positive association, the angles > 90° depict the negative correlations, and exact angles of 90° indicate the absence of correlation between traits [60].



The GT bi-plot of the mean performance of all the mutant lines explained 49.1% of the total variation for the NIAB location (Figure 6). Based on the relationships between traits, different groups for the traits under study were identified, with different responses in terms of discriminating the mutant lines. Across the 32 mutant lines plus the wild type, plant height, 1000-grain weight, and grain yield values were positively associated (acute angles); however, these traits were negatively correlated with grain quality parameters such as protein, moisture, and gluten contents (obtuse angles); and were independent of the numbers of tillers per plant (near right angles). These relationships suggest that it is possible to combine higher yield, plant height, 1000-grain weight, and tillers per plant in a single mutant line (Figure 6).



The mutant line Pb-M-59 waxy produced the maximum grain yield and kernel weight; however, it exhibited a lower gluten content and protein percentage. As such, it is an ideal mutant line for incorporating high yield potential and protein contents. It is also indicated in Figure 6 that Pb-M-1854 combined all favorable traits, as it had a high grain yield and 1000-grain weight, as well as good protein content, moisture, and gluten content levels. Other mutant lines such as Pb-M-2778, Pb-M-2453, Pb-M-1743, Pb-M-334 waxy, Pb-M-2637, and Pb-M-2302 were located opposite to the origin of Pb-M-59 waxy and Pb-M-1854 relative to the bi-plot origin because their trait profiles were opposite. They had the highest numbers of spikelets per spike, spike lengths, days to heading, and intermediate numbers of tillers per plant. These mutant lines might be good candidates for studying the genetic determination of spike length and number of spikelets per spike in bread wheat. For grain quality parameters, Pb-M-2725, Pb-M-2550, Pb-M-2728, and Pb-M-2719 might be good mutant lines for studying the genetic basis of gluten, moisture, and protein content in mutant wheat population. In addition, many other relationships can be inferred (Figure 6), for example Pb-M-1272 waxy, Pb-M-2041, Pb-M-2260, Pb-M-1575, Pb-M-1530, and Pb-M-1323 waxy constituted a group of mutant lines sharing the same trait profiles, while Pb-M-2061, Pb-M-1027 waxy, and Pb-M-1917 formed another group. It would be logical to guess that the mutant lines within each group might harbor the same or similar alleles for the respective traits. Finally, it can be concluded that higher yield is negatively correlated with grain quality parameters.



For location NIBGE, the GT bi-plot of the mean performance of all the mutant lines explained 50.8% of the total variation. Across the 32 mutant lines and the wild type, 1000-grain weight, plant height, and grain yield values were positively associated, as an acute angle was present between these traits. These three traits were negatively correlated with other traits such as protein content, gluten content, and days to heading (obtuse angles), and they were independent of the number of spikelets per spike (near right angles) (Figure 7). Total grain yield was also positively correlated with plant height, number of tillers per plant, and the number of spikelets per spike. Additionally, number of spikelets per spike, plant height, number of tillers per plant, and moisture content were positively correlated; however, spike length was negatively correlated with gluten content, protein content, and number of days to heading (an obtuse angle) (Figure 7). These relationships suggest that it is possible to combine higher yield, plant height, 1000-kernal weight, and tillers per plant in a single wheat mutant line.



The mutant lines Pb-M-1323 waxy and Pb-M-1027 waxy exhibited the highest grain yields and 1000-grain weights, lower gluten and protein contents, and required lower numbers of days to reach maturity. Additionally, it is also evident that Pb-M-2453 accumulated all favorable traits, as it had a high yield and 1000-grain weight, as well as good protein, moisture, and gluten content levels (Figure 7). Other mutant lines such as Pb-M-2260, Pb-M-2453, Pb-M-2061, Pb-M-1946, Pb-M-1854, and Pb-M-1272 waxy showed the highest plant heights, numbers of tillers per plant, numbers of spikelets per spike, and moisture content levels. These observations suggest that mutant lines are useful for the genetic determination of yield-dependent attributes in wheat mutant populations. For grain quality parameters, mutant lines Pb-M-1575 and Pb-M-2728 could be explored to study the genetic basis of grain quality traits in bread wheat. All of the mutant lines showed varying degrees of association with multiple traits separately. For instance, Pb-M-2041, Pb-M-1575, Pb-M-334 waxy, Pb-M-2302, and Pb-M-2728 constituted a group of mutant lines with similar trait profiles, while Pb-M-1027 waxy, Pb-M-1323 waxy, and Pb-M-2768 constituted a different group of mutant lines sharing the same trait profiles (Figure 7). As demonstrated in the NIAB site experiment, grain yield and quality (protein and gluten contents) were also found to be negatively correlated at the NIBGE site, confirming the existence of a negative correlation between both traits.




3.6.2. Genotype by Trait Profiles


The polygon view of the bi-plot helps in the identification and selection of mutant lines having the highest values for one or multiple traits. The mutant lines present at the vertex can be characterized for particular traits, while genotypes close to the bi-plot origin can be evaluated for a wide range of traits. Based on the trait associations, different groups of traits with different responses formed the basis of the mutant line discrimination. The vertex mutant lines in this investigation were Pb-M-59 waxy, Pb-M-1854, Pb-M-2550, Pb-M-2728, Pb-M-2453, and Pb-M-1575 (Figure 8). The vertex mutant lines were the most genetically diverse for some or all traits owing to having the longest distance from the origin of the bi-plot. Total grain yield and 1000-grain weight values fell in the Pb-M-59 waxy sector (Figure 8), suggesting that Pb-M-59 waxy had the highest or nearly the highest values for these traits. Similarly, other mutant lines such as Pb-M-1854 had high values for moisture content, Pb-M-2550 had a high gluten content, and Pb-M-2725 showed a high protein content. The bi-plot analysis did not explain all of the variation; thus, these predictions may vary for the observed numbers [61]. As illustrated in Figure 8, Pb-M-59 waxy had a vector length higher than the remaining mutant lines, showing the maximum values in terms of grain yield, 1000-grain weight, and good protein content; therefore, it is a suitable mutant line for improving the yield and quality of wheat. In addition, mutant lines having higher vector lengths, such as Pb-M-2041, Pb-M-1272 waxy, and Pb-M-1027 waxy, also presented high values for grain yield and 1000-grain weight. Likewise, the maximum numbers of spikelets per spike and spike lengths were recorded for Pb-M-2778, Pb-M-1743, and Pb-M-2453.



Regarding the polygon plot of the NIBGE location, the vertex mutant lines were Pb-M-59 waxy, Pb-M-12 waxy, Pb-M-1027 waxy, Pb-M-1575, and Pb-M-1272 waxy (Figure 9). The grain yield and 1000-grain weight traits fell in the Pb-M-1027 waxy sector, suggesting that Pb-M-1027 waxy had the highest or nearly the highest values for these traits. Likewise, Pb-M-1272 waxy showed the highest values in terms of plant height, tillers per plant, and moisture content. Pb-M-1575 showed high values in terms of protein content and days to heading, while Pb-M-12 waxy showed high gluten content. As illustrated in Figure 9, Pb-M-1027 waxy had the longest vector length, followed by Pb-M-12 waxy and Pb-M-59 waxy. Likewise, the highest values in terms of plant height, moisture content %, and tillers per plant were obtained for Pb-M-1272 waxy, Pb-M-1946, and Pb-M-1854 (Figure 9).






4. Discussion


The characterization and screening of bread wheat cultivars based on variations in agro-morphological traits are fundamental objectives in wheat breeding programs for the development of high-yielding wheat varieties [62]. The current study evaluated the potential of gamma-irradiated wheat mutant lines in terms of inducing morpho-quality traits, as well as their associations with yield.



4.1. Morphological Traits


Studying the variations in various morphological traits is important for characterizing diverse wheat genetic recourses, and these variations can be exploited in wheat breeding programs. Analysis of variance and other related genetical tools can help in designing suitable breeding criteria, which together can make a crop improvement program effective [63]. The evaluated mutant lines expressed substantial variations in plant height, spike length, and 1000-kernel weight for two consecutive years (Table 1 and Table 2, Figure 1 and Figure 2). The variations in morphological traits showed that the newly developed mutant lines can be used to develop genetically diverse and improved wheat varieties. For instance, a wide range of variations in yield-related traits was recorded. Such commonalities in terms of inducing mutations in complex traits controlling yield through physical mutagens have been reported [64,65,66,67,68], which are consistent with our observations. Similarly, highly significant levels of divergence for different morpho-quality traits among wheat cultivars were also reported in earlier studies [69,70,71,72,73], suggesting that the evaluation of mutant lines based on morpho-quality traits is a suitable criterion, as proven in the present study.




4.2. Multivariate Analysis


In the present study, 32 mutant lines and a wild type were grouped into three clusters based on the yield index (Figure 5). No duplicates were identified for grain yield among the mutant lines, elucidating the occurrence of genetic diversity in terms of grain yield. In accordance with the current findings, diversity among wheat genotypes was estimated using cluster analysis [74,75,76,77,78]. The grain yield is a very complicated trait, and continuous efforts are ongoing around the world in terms of identifying various mechanisms conferring different yield components. The present study provides a basis for breeders and geneticists seeking to add these mutants to their genetic resource bin, which will complement future studies aiming to unravel the secrets of the corresponding traits.



The present study also highlighted the degrees of association and dependence among grain yield, yield component, and quality parameters for the mutant lines. In the PCA, six major components were extracted for all traits; however, the first three components with Eigen values > 1 accounted for 66.84% of the total variability. Morphological traits, e.g., plant height, days to heading, tillers per plant, number of spikelets per spike, and grain yield, exhibited the maximum loading values contributing positively towards the entire variation. Our findings are in accordance with some earlier studies demonstrating that certain agronomic traits such as days to heading and maturity, plant height, and 1000-grain weight were strong correlated with grain yield [79]. It is suggested that the extent of genetic variation induced through mutations follows the same pattern of associations among the traits, as was reported for the recombinant breeding wheat populations. In the current study, the first two PCs covered multiple traits, including grain yield, 1000-grain weight, and quality traits, which contributed 54.34% of the total variation. Similar findings were also reported by Meena et al. [80], whereby the grain yield potential of recombinant inbred lines was evaluated using PCA, showing that 63.6% of the variation was contributed by the first two components containing grain yield, 1000-kernel weight, and quality traits. Furthermore, similar results were reported for wheat in earlier studies [81,82], indicating the reliability of our findings. Our study revealed that for the genetic improvement of grain yield, breeders could select the mutant lines expressing superior performance for 1000-grain weight, tillers per plant, number of spikelets per spike, and plant height. Among these, grain yield and yield components are the most important traits, which may lead to achieving higher grain yields.



In conclusion, indirect selection using plant height, number of tillers per plant, spike length, number of spikelets per spike, and 1000-kernel weight parameters can be exercised for the genetic improvement of wheat grain yield. Along with yield components, some important quality traits such as protein and moisture contents could be targeted to improve wheat quality.




4.3. GT Bi-Plot Analysis


A complete understanding of the associations among multiple traits and genotypes helps in designing breeding goals that pave the way for exercising indirect selection of other traits [83]. In the current study, the bi-plot grouped the traits under study, which exhibited varying degrees of correlation with each other. Positive correlations were found among 1000-kernel weight, plant height, number of spikelets per spike, number of tillers per plant, and grain yield, as indicated by the acute angles between their respective vectors (<90°). Additionally, different mutant lines depicted associations with different groups of traits; thus, the bi-plot exhibited excellent discrimination ability in selecting a specific genotype with a particular trait and in recommending a genotype for a particular trait. By adopting this technique, we are able to propose that mutant lines Pb-M-59 waxy and Pb-M-1027 waxy are suitable candidates for improving wheat yield, while Pb-M-2728 and Pb-M-2550 are suitable for enhancing grain quality. A similar approach was described in previous studies, showing that an assessment of visual comparisons can be made by producing a GT-bi plot, meaning the best-performing genotypes can be identified [84,85,86,87,88].



In the current investigation, the GT bi-plot explained 49.1% and 50.8% of the total variation for the NIAB and NIBGE locations, respectively. Strong associations among plant height, grain weight, and grain yield were found during both seasons at both locations. It was also shown that yield is positively correlated with yield components but negatively correlated with grain quality traits. The negative associations between grain yield and quality (protein and gluten contents) at both study locations should be considered in the selection of parents or mutants of either trait. Such associations were also reported in earlier studies [89,90].



Selection for high-yielding wheat mutant lines can be undertaken by exercising indirect selection for yield components, as found in the bi-plot analysis. The mutant lines showing long vector lengths are high yielding. For example, mutant line Pb-M-59 waxy and Pb-M-1854 depicted higher vector lengths than the other mutant lines. These mutants showed the highest values for grain yield, 1000-grain weight, and above-medium protein content; therefore, these mutant lines are suitable candidates for improving wheat yield and quality, as well as for conducting molecular genetic experiments. These propositions are based on the fact that the vector length has been found to be the most reliable criterion for selecting a high-yielding genotype [91]. These genotypes can be released as commercial varieties or can at least be utilized in wheat breeding programs.



The “which-won-where” polygon graph serves as a useful tool for assessing the trait profiles of individual genotypes [92]. The polygon plot also helps in identification and selection of genotypes having superior performance for particular traits that can be used in wheat improvement programs [93]. In the current study, an irregular polygon was formed by interconnecting all of the mutant lines with the longest vector lengths in all possible directions. Each side of the polygon comprised different sectors with different yield–trait combinations; each sector comprised a vertex mutant line. As such, mutant lines occurred at Pb-M-59 waxy, Pb-M-1027 waxy, and Pb-M-1854 vertices, among others, which showed better performance for yield–trait combinations as compared to the other mutant lines. The GT Bi-plot analysis used to differentiate genotypes based on multiple traits and to find kinship among the traits has been used in many crops, such as safflower [94], mung bean [95], barley [96], cotton [97], dry beans [98], durum wheat [99], maize [100], and rice [101].



In summary, it can be stated that the GT bi-plot analysis has been proven to be an effective tool for visualizing genotype and trait data for mutant wheat lines. It also provided the basis for visual comparisons and revealed interrelations among multiple traits and genotypes. Overall, these observations suggest its greater utility in wheat improvement programs and molecular genetics studies.





5. Conclusions


Achieving maximum grain yield is required to meet the increasing global food demands. Here, highly productive mutants were identified, which can be used for breeding and or direct cultivation. The analysis of data for multiple traits using the genotype by trait (GT) bi-plot methodology revealed that the GT bi-plot facilitated visual comparisons and the selection of wheat mutant lines. The GT bi-plot analysis of 32 mutant lines and a wild type showed a wide range of associations among traits and indicated that the most important traits for improving wheat varieties are grain yield, 1000-grain weight, number of tillers per plant, number of spikelets per spike, and plant height. It was also evident from the present findings that considerable variation was present among the mutant lines. It is also suggested that it is possible to develop mutant lines with contrasting traits that can be used to enhance genetic wheat resources. Mutant lines Pb-M-59 waxy, Pb-M-1027 waxy, Pb-M-1854, Pb-M-2728, and Pb-M-2550 can be targeted as potential candidates to improve wheat yield and grain quality. The methodology described in the present study is a useful assay for selecting high-yielding wheat genotypes with high grain quality. These mutants can be used in wheat improvement programs, as well as in exploring the genetic mechanisms of useful traits in wheat and other crops.
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Figure 1. Boxplots showing median, minimum, maximum, and mean values (a) days to heading; (b) plant height; (c) spike length; (d) 1000-grain weight at the NIBGE location; * represents outliers. 
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Figure 2. Box plots showing median, minimum, maximum, and mean values: (a) grain yield; (b) protein%; (c) moisture%; (d) gluten content at NIBGE location; * represents outliers. 
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Figure 3. Boxplots showing the median, minimum, maximum, and mean values: (a) days to heading; (b) plant height; (c) spike length; (d) 1000-grain weight at the NIAB location; * represents outliers. 
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Figure 4. Box plot showing median, minimum, maximum, and mean values: (a) grain yield; (b) protein%; (c) moisture%; (d) gluten content at the NIAB location; * represents outliers. 
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Figure 5. Cluster dendrogram of 32 mutant lines and the wild type based upon mean yield index values calculated for both generations (M7 and M8) and locations (NIBGE and NIAB). 
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Figure 6. Genotype by trait bi-plot showing the associations among morphological and quality traits of 32 mutant lines and the wild type in M7 and M8 generations at the NIAB location. 
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Figure 7. Genotype by trait bi-plot showing the associations among morphological and quality traits of 32 mutant lines and the wild type in M7 and M8 generations at the NIBGE location. 
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Figure 8. Polygon view of the GT bi-plot of 32 mutant lines and the wild type sown at the NIAB location. 
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Figure 9. Polygon view of the GT bi-plot of 32 mutant lines and the wild type at the NIBGE location. 
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Table 1. Mean square values for all traits of 32 mutant lines and the wild type in M7 and M8 generations at the NIBGE location.
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Generations

	
Trait

	
Genotypes

	
Error

	
Total






	

	
Df

	
64

	
32

	
98




	
M7

	
Days to heading

	
19.05 **

	
2.79

	
24.11




	
Plant height

	
99.65 **

	
6.61

	
107.30




	
Tillers per plant

	
1.56 **

	
0.39

	
4.50




	
Spike length

	
4.41 **

	
42.95

	
47.73




	
Number of spikelets per spike

	
4.79 **

	
2.06

	
7.62




	
1000-grain weight

	
21.13 **

	
2.51

	
44.95




	
Grain yield

	
510,874 **

	
30,347

	
614,024




	
Df

	
32

	
33

	
65




	
Protein content

	
1.45 **

	
0.01

	
1.45




	
Moisture content

	
0.07 **

	
0.01

	
0.15




	
Gluten content

	
3.15 **

	
0.35

	
7.88




	

	
Df

	
64

	
32

	
98




	
M8

	
Days to heading

	
11.95 **

	
0.03

	
12.07




	
Plant height

	
53.72 **

	
1.90

	
58.65




	
Tillers per plant

	
0.96 **

	
0.63

	
2.17




	
Spike length

	
1.86 **

	
1.34

	
3.41




	
Number of spikelets per spike

	
2.06 **

	
1.44

	
5.48




	
1000-grain weight

	
35.34 **

	
0.35

	
36.31




	
Grain yield

	
958,408 **

	
10,662

	
969,070




	
Df

	
32

	
33

	
65




	
Protein content

	
2.69 **

	
1.25

	
3.95




	
Moisture content

	
0.50 **

	
0.33

	
0.83




	
Gluten content

	
21.05 **

	
7.59

	
28.61








Df denotes the degree of freedom, ** indicates p-value < 0.01.
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Table 2. Mean square values of all traits calculated for 32 mutant lines and the wild type in M7 and M8 generations at the NIAB location.
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Generations

	
Trait

	
Genotypes

	
Error

	
Total






	
M7

	
Df

	
32

	
64

	
98




	
Days to heading

	
20.04 **

	
5.85

	
59.36




	
Plant height

	
34.19 **

	
6.65

	
69.37




	
Tillers per plant

	
0.54 **

	
0.34

	
0.89




	
Spike length

	
1.02 **

	
0.75

	
10.40




	
Number of spikelets per spike

	
2.68 **

	
1.89

	
14.75




	
1000-grain weight

	
34.14 **

	
2.03

	
46.33




	
Grain yield

	
585,260 **

	
27,621

	
624,181




	
Df

	
32

	
33

	
65




	
Protein content

	
1.30 **

	
0.03

	
1.33




	
Moisture content

	
0.087 **

	
0.01

	
0.10




	
Gluten content

	
2.57 **

	
0.20

	
2.76




	

	
Df

	
64

	
32

	
98




	
M8

	
Days to heading

	
10.81 **

	
0.52

	
14.29




	
Plant height

	
49.14 **

	
1.51

	
54.85




	
Tillers per plant

	
0.35 **

	
0.32

	
1.05




	
Spike length

	
4.55 **

	
0.35

	
5.09




	
Number of Spikelets per spike

	
2.15 **

	
1.41

	
5.14




	
1000-grain weight

	
67.35 **

	
0.30

	
68.04




	
Grain yield

	
2,111,692 **

	
1977

	
2,113,669




	
Df

	
32

	
33

	
65




	
Protein content

	
0.44 **

	
0.02

	
0.46




	
Moisture content

	
0.18 **

	
0.01

	
0.19




	
Gluten content

	
1.85 **

	
0.52

	
2.36








Df denotes the degree of freedom, ** indicates p-value < 0.01.
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Table 3. Descriptive statistics of all traits calculated for 32 mutant lines and the wild type in M7 and M8 generations at the NIBGE location.






Table 3. Descriptive statistics of all traits calculated for 32 mutant lines and the wild type in M7 and M8 generations at the NIBGE location.





	
Generation

	
Trait

	
Min

	
Max

	
Mean

	
SD

	
CV (%)

	
LSD






	
M7

	
Days to heading

	
91.00

	
102.00

	
96.87

	
2.51

	
1.73

	
2.73




	
Plant height (cm)

	
73.90

	
100.64

	
91.99

	
5.76

	
2.79

	
4.19




	
Tillers per plant

	
4.00

	
7.00

	
5.30

	
0.73

	
12.25

	
1.02




	
Spike length (cm)

	
10.10

	
14.62

	
12.49

	
1.21

	
6.56

	
1.34




	
Number of spikelets per spike

	
15.00

	
21.00

	
18.52

	
1.73

	
7.74

	
2.34




	
1000-grain weight

	
21.65

	
32.52

	
26.23

	
2.65

	
6.05

	
1.29




	
Grain yield (kg/ha)

	
2026.30

	
4098.40

	
3041.30

	
412.66

	
5.73

	
284.15




	
Protein content (%)

	
10.65

	
14.35

	
12.46

	
0.84

	
0.95

	
0.24




	
Moisture content (%)

	
7.65

	
8.55

	
8.25

	
0.19

	
1.02

	
0.17




	
Gluten content

	
37.00

	
42.00

	
39.87

	
1.32

	
1.49

	
1.20




	
M8

	
Days to heading

	
91.00

	
99.00

	
95.24

	
1.95

	
0.18

	
0.27




	
Plant height (cm)

	
70.04

	
89.52

	
81.92

	
4.23

	
1.68

	
2.25




	
Tillers per plant

	
5.00

	
7.00

	
6.06

	
0.61

	
12.92

	
1.30




	
Spike length (cm)

	
11.01

	
13.78

	
12.53

	
0.79

	
9.23

	
1.89




	
Number of spikelets per spike

	
15.00

	
19.00

	
17.85

	
1.12

	
6.82

	
1.96




	
1000-grain weight

	
15.49

	
32.93

	
22.86

	
3.43

	
2.59

	
0.96




	
Grain yield (kg/ha)

	
1806.30

	
4183.30

	
2592.50

	
534.91

	
4.66

	
168.43




	
Protein content (%)

	
11.50

	
15.95

	
13.79

	
1.16

	
8.12

	
2.28




	
Moisture content (%)

	
7.85

	
9.75

	
8.61

	
0.49

	
6.86

	
1.16




	
Gluten content

	
33.00

	
48.00

	
39.61

	
3.30

	
7.00

	
5.61








Min: minimum; Max: maximum; SD: standard deviation; CV: coefficient of variation; LSD: least significant difference.
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Table 4. Descriptive statistics of all traits calculated for 32 mutant lines and the wild type in M7 and M8 generations at the NIAB location.
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Generation

	
Trait

	
Min

	
Max

	
Mean

	
SD

	
CV (%)

	
LSD






	
M7

	
Days to heading

	
89.00

	
101.00

	
94.52

	
2.65

	
2.56

	
2.73




	
Plant height (cm)

	
83.87

	
99.74

	
91.67

	
3.38

	
2.81

	
4.19




	
Tillers per plant

	
4.00

	
6.00

	
4.64

	
0.60

	
12.50

	
1.02




	
Spike length (cm)

	
11.22

	
13.50

	
12.27

	
0.58

	
7.04

	
1.34




	
Number of spikelets per spike

	
17.00

	
21.00

	
19.00

	
1.50

	
7.38

	
2.34




	
1000-grain weight

	
13.83

	
26.95

	
19.08

	
3.27

	
7.47

	
2.59




	
Grain yield (kg/ha)

	
717.86

	
2309.40

	
1343.60

	
441.69

	
12.37

	
284.15




	
Protein content (%)

	
11.53

	
15.23

	
13.57

	
0.81

	
1.21

	
0.33




	
Moisture content (%)

	
8.10

	
8.87

	
8.32

	
0.18

	
1.08

	
0.18




	
Gluten content

	
37.67

	
42.33

	
40.29

	
1.02

	
1.10

	
0.90




	
M8

	
Days to heading

	
91.00

	
99.00

	
96.09

	
1.89

	
0.75

	
1.18




	
Plant height (cm)

	
73.02

	
91.44

	
82.89

	
4.05

	
1.58

	
2.00




	
Tillers per plant

	
6.00

	
7.00

	
6.61

	
0.50

	
8.68

	
0.93




	
Spike length (cm)

	
9.94

	
14.54

	
12.68

	
1.23

	
4.69

	
0.97




	
Number of spikelets per spike

	
17.00

	
21.00

	
19.30

	
1.42

	
6.33

	
1.94




	
1000-grain weight

	
13.85

	
36.55

	
25.47

	
4.74

	
2.14

	
0.89




	
Grain yield (kg/ha)

	
1244.50

	
5819.10

	
2951.20

	
838.39

	
5.49

	
72.52




	
Protein content (%)

	
11.05

	
13.20

	
12.26

	
0.47

	
1.10

	
0.27




	
Moisture content (%)

	
10.73

	
11.68

	
11.07

	
0.24

	
1.10

	
0.23




	
Gluten content

	
36.00

	
40.00

	
38.36

	
0.96

	
1.89

	
1.46








Min: minimum; Max: maximum; SD: standard deviation; CV: coefficient of variation; LSD: least significant difference.













[image: Table] 





Table 5. Mean performance of 32 mutant lines and the wild type for two generations (M7 and M8) and locations (NIBGE and NIAB).
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	Sr. #
	Genotypes
	DTH
	Plant Height
	TPP
	Spike Length
	Number of Spikelets Per Spike
	TGW
	Grain Yield
	Protein Content
	Moisture Content
	Gluten Content





	1
	Pb-11 parent
	96.25
	88.00
	5.57
	12.35
	18.00
	22.43
	2433.71
	12.22
	9.35
	40.25



	2
	Pb-M-1027 waxy
	90.46
	87.91
	6.33
	12.48
	19.00
	28.04
	3110.04
	12.19
	9.15
	37.88



	3
	Pb-M-1055
	95.88
	88.28
	5.28
	12.55
	18.50
	22.95
	2088.02
	12.85
	9.11
	39.67



	4
	Pb-M-1064
	94.83
	91.62
	5.86
	13.27
	18.50
	24.33
	2442.28
	13.65
	9.18
	40.13



	5
	Pb-M-119 waxy
	96.61
	81.20
	5.38
	12.25
	18.50
	21.00
	2091.18
	13.10
	9.10
	38.83



	6
	Pb-M-12 waxy
	98.23
	76.37
	4.90
	11.47
	18.00
	18.13
	1648.42
	13.29
	8.78
	40.96



	7
	Pb-M-1272 waxy
	97.46
	89.61
	5.86
	11.72
	19.00
	27.08
	3265.75
	12.94
	9.36
	38.71



	8
	Pb-M-1323 waxy
	93.75
	86.28
	5.76
	12.42
	20.00
	28.42
	3082.38
	12.86
	8.96
	39.29



	9
	Pb-M-1530
	96.75
	87.15
	5.67
	12.91
	18.50
	25.19
	2806.99
	12.74
	9.21
	38.17



	10
	Pb-M-1575
	98.25
	91.66
	5.68
	13.20
	18.00
	22.27
	2373.52
	13.45
	9.23
	39.11



	11
	Pb-M-1743
	96.79
	84.93
	5.33
	12.53
	19.00
	21.33
	1917.99
	12.96
	8.87
	39.21



	12
	Pb-M-1802
	97.55
	87.89
	5.69
	12.24
	18.00
	24.15
	2408.46
	12.73
	8.94
	38.92



	13
	Pb-M-1854
	96.00
	87.75
	5.92
	10.86
	18.00
	27.15
	3001.59
	13.12
	9.39
	39.17



	14
	Pb-M-1917
	97.42
	88.55
	5.10
	12.73
	18.00
	23.91
	2384.68
	12.94
	8.91
	38.42



	15
	Pb-M-1946
	96.08
	88.73
	5.90
	12.82
	20.00
	23.02
	2757.61
	12.76
	9.12
	39.38



	16
	Pb-M-2041
	97.79
	90.69
	5.39
	11.73
	18.00
	25.16
	2911.46
	12.96
	9.04
	38.04



	17
	Pb-M-2061
	94.75
	89.87
	5.60
	12.16
	19.00
	24.50
	2670.98
	12.81
	9.38
	38.87



	18
	Pb-M-2260
	96.34
	86.77
	6.00
	12.21
	20.00
	26.93
	3219.03
	12.40
	9.08
	37.67



	19
	Pb-M-2302
	97.50
	86.88
	5.46
	11.90
	18.50
	23.08
	2466.15
	12.95
	8.93
	39.88



	20
	Pb-M-2443
	95.75
	87.14
	5.50
	12.45
	19.00
	21.63
	2417.59
	13.08
	8.99
	39.75



	21
	Pb-M-2453
	95.08
	89.47
	6.32
	13.50
	20.00
	23.55
	2192.27
	13.23
	9.16
	39.96



	22
	Pb-M-2517
	95.25
	86.44
	5.29
	13.31
	18.50
	23.17
	2572.64
	12.90
	9.00
	40.19



	23
	Pb-M-2550
	92.92
	88.75
	5.29
	12.39
	18.50
	21.43
	2175.05
	13.68
	9.19
	39.08



	24
	Pb-M-2637
	94.49
	84.21
	5.18
	12.83
	18.50
	21.26
	2145.48
	12.38
	9.02
	39.45



	25
	Pb-M-2719
	94.17
	83.85
	5.34
	11.66
	18.50
	22.48
	2240.87
	13.28
	8.84
	40.00



	26
	Pb-M-2725
	96.50
	87.18
	5.71
	13.04
	19.00
	21.91
	2261.81
	13.21
	8.95
	39.55



	27
	Pb-M-2728
	96.67
	86.46
	5.90
	12.49
	18.50
	17.60
	1721.88
	13.50
	9.43
	39.25



	28
	Pb-M-2768
	94.42
	87.55
	5.63
	12.80
	18.50
	24.94
	2801.25
	13.16
	8.79
	38.42



	29
	Pb-M-2778
	95.33
	88.72
	5.71
	13.29
	19.00
	22.61
	2600.04
	12.82
	8.98
	39.92



	30
	Pb-M-334 waxy
	95.58
	86.78
	5.44
	12.08
	18.50
	21.97
	2118.48
	13.55
	8.90
	40.04



	31
	Pb-M-583
	94.71
	87.06
	5.49
	13.37
	18.00
	22.83
	2342.93
	13.42
	9.13
	39.50



	32
	Pb-M-59 waxy
	92.97
	84.38
	5.24
	12.00
	17.50
	27.42
	3269.98
	12.84
	8.81
	38.58



	33
	Pb-M-605
	95.17
	86.71
	5.35
	13.05
	19.50
	20.55
	1970.30
	13.65
	9.05
	40.97







DTH: number of days to heading; TPP: number of tillers per plant; TGW: 1000-grain weight.
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Table 6. Principal component analysis showing Eigen values, percentages of variance, and cumulative percentages for all traits.
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	Traits
	Principal Component (PC)
	Eigen Value
	Percent

Variance
	Cumulative Percentage





	Days to heading
	PC1
	3.5986
	35.99
	35.99



	Plant height
	PC2
	1.8355
	18.36
	54.34



	Tillers per plant
	PC3
	1.2496
	12.5
	66.84



	Spike length
	PC4
	0.8840
	8.84
	75.68



	Number of spikelets per spike
	PC5
	0.8125
	8.13
	83.8



	1000-grain weight
	PC6
	0.6463
	6.46
	90.27



	Grain Yield
	PC7
	0.4393
	4.39
	94.66



	Protein content
	PC8
	0.2842
	2.84
	97.5



	Moisture content
	PC9
	0.1825
	1.83
	99.33



	Gluten content
	PC10
	0.0671
	0.67
	100
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Table 7. Rotation component matrix of different traits with Eigen values > 0.5 in the first five components.






Table 7. Rotation component matrix of different traits with Eigen values > 0.5 in the first five components.





	PC1
	PC2
	PC3
	PC4
	PC5





	Grain yield
	Spike length
	Moisture content
	Number of spikelets per spike
	Days to heading



	1000-grain weight
	Number of spikelets per spike
	Days to heading
	__
	__



	Tillers per plant
	Plant height
	Number of spikelets per spike
	__
	__



	Gluten content
	Tillers per plant
	__
	__
	__



	Plant height
	__
	__
	__
	__



	Protein content
	__
	__
	__
	__



	Moisture content
	__
	__
	__
	__
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