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Abstract

:

Diversifying available natural resources to cope with abrupt climatic changes and the necessity to equalize rising agricultural production with improved ability to endure environmental influence is the dire need of the day. Inherent allelic variability regarding significant economic traits featuring both enhanced productivity and environmental adaptability is one such prominent need. To address this requirement, a series of analyses were conducted in this study for exploring natural diploid wheat germplasm resources. The current study involved 98 Recombinant Inbred Lines (RILs) populations developed by crossing two diploid ‘A’ sub-genome wheat species, Triticum monococcum and Triticum boeoticum, enriched with valuable alleles controlling, in particular, biotic and abiotic stresses tolerance. Their 12 phenotypic traits were explored to reveal germplasm value. All traits exhibited vast diversity among parents and RILs via multivariate analysis. Most of the investigated traits depicted significant (p < 0.05) positive correlations enlightening spikelet per spike, total biomass, seed weight per spike, number of seeds per spike, plant height, and days to heading as considerably focused traits for improving hexaploid wheat. Principal component analysis (PCA) exhibited 61.513% of total variation with three PCs for 12 traits. Clustering of genotypes happened in three clades, and the two parents were separated into two extreme clusters, validating their enrichment of diversity. This study provided beneficial aspects of parental resources rich in diverse alleles. They can be efficiently exploited in wheat improvement programs focusing on introgression breeding and the recovery of eroded genetic factors in currently available commercial wheat cultivars to sustain calamities of environmental fluctuations.
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1. Introduction


In this era of highly advanced technology, modern agricultural practices, mechanization policies as well as urbanization, all are challenging the biodiversity on this planet. Above all is the unwanted human action towards diminishing the global ecosystem [1]. The significant approach considered is the exploration of available resources to attain sustenance in food production via conservation of agriculture system. Unfortunately, an inadequate amount of efforts are conducted to conserve and enhance biodiversity of major food crops. A series of research results during the recent two decades, reviewed in this regard, exhibited an enormous amount of erosion in biodiversity residing in functional ecosystems [2]. Many significant research results in the previous scientific era reflected the diversification existence in plant communities that can endure and recuperate from abiotic and biotic stresses [3,4,5,6,7]. The prominent factors involved in the loss of biodiversity are habitat demolition and overexploitation, invasion of alien species, climate variation, extinction cascades, among others [1,8,9,10].



At the global level, wheat (Triticum aestivum) holds a backbone in feeding a significant proportion of world’s population. It delivers 20% of total proteins and diet calories of human nutrition [11,12]. The cytogenetics studies of T. aestivum revealed it as a hexaploid species harboring three sets of essential genomes: A, B, and D sub-genomes (each sub-genome encloses seven chromosomes, constituting n = 21). The chromosomes from three sub-genomes are organized in a homoeologous pairing pattern [13,14]. It is recognized in several previous studies that three notable diploid ‘A’ sub-genome ancestral species, i.e., Triticum monococcum (AmAm), Triticum boeoticum (AbAb), and Triticum urartu (AuAu) exist, with anchorage of several desirable genetic factors and with homology to the hexaploid ‘A’ sub-genome [15,16,17,18,19]. Hence, an event of desirable alleles transfer can efficiently occur from wild ‘A’ sub-genome chromosomes to the cultivated homolog without any linkage drag, as direct hybridization can be easily made between them [15]. Singh et al. developed a Recombinant Inbred Lines (RIL) population with hybridization between T. monococcum (acc. pau14087) and T. boeoticum (acc. pau5088) [20], and established a linkage map to identify variable alleles controlling economic traits.



Due to the utilization of cultivated einkorn for its beneficial genomic attributes in wheat, breeding is a significant need of the current time. It is mainly restricted due to the mutual incompatibility of diploid and hexaploid wheat and the formation of their sterile F1 hybrids [21,22,23,24,25]. The alternate approach that may be adopted for pyramiding beneficial genes is crossing diploid ancestors of bread wheat. Then, the generated amphiploids could subsequently be crossed with cultivated hexaploid bread wheat [26]. However, modern-day wheat varieties lack genetic diversity, compared to wild relatives or landraces, which are rich in variability and harbor potential alleles [27]. Hence, dissection of diploid or tetraploid landraces genetic factors underlying yield-related and agronomic traits can prove beneficial in wheat improvement programs [28,29].



The available hexaploid wheat germplasm is characterized by less genetic diversity, and lacks valuable alleles against biotic and abiotic stresses of the surrounding environment [30]. The prerequisite to broaden its genetic base includes exploratory studies on the genetic divergence of its genetic stock [31]. Thus, for this purpose, diploid species enriched with extraordinary elite alleles for economic traits, as well as against both biotic and abiotic stresses [32], were utilized in the experimental study. The acquaintance of knowledge about sufficient variability in the available germplasm resources, especially regarding yield component attributes, is the foremost step before initiating programs related to crop improvement [33,34]. It enables the plant breeder to correctly choose the best/appropriate parents to develop diverse populations by considering the morphological attributes as main criteria [35,36,37]. It would pave the way to generate superior parental genotypes to develop the best hybrid combinations. To ease the selection of desirable wheat genotypes, the wheat breeder must have information regarding the nature and extent of relationships among yield-related components [38]. Some powerful methods and strategies to analyze the degree of functional genetic divergence in the available germplasm include multivariate analysis [39,40,41]. Various statistical techniques, including correlation analysis, PCA, regression, cluster, and factor analyses, are at hand to the model yield of crops by accessing yield and its component features [42,43].



In the above perspective, the current study was undertaken (i) to determine the nature and extent of the relationship among studied attributes of experimental genotypes; and (ii) to evaluate the existence of diversity between the two parents investigated. The data were subjected to PCA and cluster analysis to exploit the diversity available in parental lines and RILs. The information generated in this study would be helpful to improve significant economic traits of bread wheat.




2. Materials and Methods


2.1. Plant Material and Experimental Design


The current study involved plant materials consisting of 100 accessions of diploid wheat (2n = 2x = 14), including 2 parents, namely T. monococcum and T. boeoticum, and their 98 Recombinant Inbred Lines (RILs) at F7:8 generations. The experiment was executed during winter 2011–2012 in the research area of the Department of Biotechnology, COMSATS University Islamabad, Abbottabad Campus, Pakistan. The experiment was conducted using a triplicated randomized complete block design (RCBD). Land preparations related practices were carried out under standard protocols and recommendations by following local extension department recommendations for the crop with East-West ridges, keeping in view the symmetry of plot and to acquire planting space, 30 cm p × p distance was maintained. Sowing was accomplished during the first week of October, following a dibbling method with 3–4 seeds per dibble. Space planting has been carried out to avoid issues in data collection and any bias due to plant interactions. After germination, thinning was carried out to maintain a single seedling in each dibble. Standard cultural, agronomic, and plant protection practices were carried out throughout the season following local recommendations for fertilizer application including nitrogen (N) 80 kg ha−1, phosphorus (P2O5) 50 kg ha−1, and potash (K2O) 60 kg ha−1, for wheat crops in the area for optimum crop growth and development.




2.2. Data Collection


The data of twelve phenotypic attributes including plant height (PH), days to heading (DH), flag leaf length (FLL), flag leaf diameter (FLD), peduncle length (PdL), number of tillers (Till), spike length (SpL), number of spikelets per spike (SpS), total biomass (TBM), Seed weight per spike (SWsp), number of seeds per spike (NSS), and grain yield (GY) were collected. The traits were measured according to the recommendations available at list of descriptors of wheat [44]. The data of these traits were recorded from 10 guarded plants which were randomly selected. Each of these selected plants had been harvested, threshed, and processed individually to obtain the grain yield (GY) for each plant in grams (gm).




2.3. Statistical Analysis


The recorded data against various morphological characters were subjected to a combined analysis of variance using standard least-square fit [45]. The multivariate analyses were performed including basic statistics, correlation analysis, principal component analysis (PCA), and cluster analysis, categorizing genotypes into corresponding groups. All the analyses were carried out using statistical software package SAS-JMP Pro 15 (SAS Institute Inc., Cary, NC, USA, 1989–2019).





3. Results


The higher genetic variability of traits among experimental genotypes is most desirable for the success of enhancement-based breeding programs. The summary statistics of studied characteristics are demonstrated in Table 1. There existed a vast diversity among the experimental genotypes regarding traits in question. DH revealed a maximum value of 161 and a minimum of 108, with a mean of 128.4, followed by PH showing a maximum of 158.2 and a minimum of 88.9, with an 118.0 mean value, while the least values were depicted by FLD with a maximum of 0.97 and minimum of 0.45, and a mean of 0.67; followed by SWsp with a maximum of 4.63 and minimum of 0.60, and a mean of 2.46 (Table 1). The maximum standard deviation was observed for TBM with 19.14, and the minimum found for FLD was 0.11. These results revealed a wide range of variability in the recombinant wheat genotypes, which acted as a base for performing further analyses.



A summary of effects and effect tests concluded in the form of ANOVA revealed significant values, as depicted by F-ratios coupled with Log worth, regarding variation in all the studied traits of experimental genotypes, and no differences among replications. The details are given in Table 2. These variations in genotypes regarding studied traits and non-significant replications were further validated by standard least-square fit-based surface profilers in Figure 1. These plots are depicting the existence of variation among genotypes regarding studied traits rather than in replications. This uniformity in replications supported the suitability of the experimental design used.



3.1. Pearson Correlation Coefficients


In Figure 2, the scatterplot matrix is presented to exhibit correlation among phenotypic traits and density distribution of RILs data. In the upper triangle matrix, correlation among all the attributes in question is displayed in circles with the gradient in size to show the correlation between that particular pair of traits. Almost all of the features under study revealed highly significant (p < 0.05) positive correlation among themselves, except non-significant negative correlations of PH with GY (−0.03) and PdL with GY (−0.05). SpS displayed maximum and highly positive correlation with TBM (0.89), followed by DH (0.88), and SWsp with NSS (0.87) (Figure 2, Table S1). The lower triangle matrix represents the density distribution plots against pairwise dependencies of investigated phenotype traits with ellipses and a central regression line. The narrower ellipse with more distribution on the mainline is more correlated with that particular pair of attributes. A round ellipse with no diagonally oriented distribution demonstrates less or no correlation. Our data showed three colors in density distribution plots in every cell, revealing three types of segregates in the whole RILs population.




3.2. Principal Component Analysis (PCA)


The yield principal component analysis (PCA) conducted via multivariate approach mainly focuses on dimension reduction across dependent and independent attributes contributing to the dataset. Based on correlation existing across 12 studied traits, PCA was carried out. A total of 12 PCs were extracted from data of 12 traits through this analysis, but three were observed with above 1 Eigenvalues (Table S2). Furthermore, Scree plot demonstrated that the first three PCs with above 1 Eigenvalues sufficiently covered 74.894% of the total variation out of these three PCs (Table S2). The summary plots of variables under study with magnitudes of variation contributed are presented in Figure 3. The Eigenvalue pareto plot manifested percentages of variation contributed by each PC (Figure 3a). All of the genotypes were distributed in three distinct groups in the score plot between PC1 and PC2 (Figure 3b). The loading plot between PC1 and PC2 significantly demonstrated that the variables are positively and highly correlated. The length of originating vectors is depicting the amount of correlation between variables and. DH and SWsp are significantly correlated with each other, lying in the direction of PC1 with the highest contribution. Similarly, FLL and FLD are highly correlated, and contribute minor variation projected between PC1 and PC2 (Figure 3c).



As per the results of PCA, 74.894% of the total variance was covered by the first three PCs. It is further elaborated by a factors map of squared coordinates/cosines. The long bars in the chart for a particular variable are a higher contribution of squared cosine against it. All the yield contributing traits covered PC1 with maximum contribution, except for two traits: PdL and GY. However, PdL and GY achieved maximum values in PC2 (Figure 4). Further distribution-related details of traits in the first three PCs were presented in Figure 5. Loading plots showed that DH, SWSp, SpS, and TBM lay close to each other in PC1 and PC2, depicting their correlation among themselves. In the loading plot of PC1 and PC3, FLL and FLD were lying closely with maximum contribution (Figure 5). The PC analysis revealed considerable variability regarding investigated traits in the wheat genotypes of the RILs population. Additionally, the biplots of genotypes distribution exhibited variability among 100 wheat genotypes of parents and the RILs population. The distribution biplots gave the detailed classification image by dividing the genotypes into three distinct colored clusters regarding studied phenotype traits. However, genotypes that lied close to each other may be more alike (Figure 5).




3.3. Cluster Analysis


The degree of similarity or dissimilarity residing among the parental genotypes and RILs was estimated via hierarchical clustering. These clustering methods are widely adopted and implemented due to their simplistic nature. A cluster tree or hierarchy was generated by utilizing the morphological data of genotypes through the agglomerative approach, based on the ‘bottom-up’ norm. This approach takes every observation as a separate cluster at the initial level. The observations are paired up successively, moving towards the next level, producing a hierarchy until forming a final single cluster. Here, we operated the squared Euclidean distance method to calculate the distances between every pair of genotypes. The genotypes were then clustered together via Ward’s method to generate a dendrogram. The two-way clustering approach was executed via the AHC method, which gave a two-way cluster diagram and constellation plots (Figure 6).



The dendrogram depicted that all of the experimental genotypes were separated into three clades. At the first node, the genotypes were divided into two clades, and then at the second node again, two clades were separated. Finally, three clades were generated with clades I and II at the first node. Clade I comprised 65 genotypes including a parent T. boeoticum and 64 RILs, and Clade II enclosed 14 RILs. The second node gave Clade III having a parent T. monococcum and 20 RILs, comprising 21 genotypes in total (Figure 6). Furthermore, to visualize the clade relationships among the experimental genotypes, we constructed the constellation plot of the dendrogram. The constellation plot is advantageous due to the spread of the clades. The plot arranged all of the experimental genotypes as endpoints, and each cluster joined as a new point, with lines drawn to connect the closest genotypes on a 2D plane. The multivariate analysis of variance enabled us to determine the number of optimal clusters (Figure 7).





4. Discussion


Alien species are more often considered an asset for increasing genetic diversity in crop plants [46,47]. In wheat, the wild and domesticated diploid ‘A’ genome species were found to have more variety of genes controlling best agronomic traits variations, and numerous biotic and abiotic stress resistance [48,49,50,51]. The T. monococcum (2n = 2x = 14, AmAm) einkorn wheat is the earliest cultivated wheat around 10,000 years ago [15,52]. The T. boeoticum (2n = 2x = 14) is a wild form of T. monococcum ssp. monococcum. Both T. monococcum and T. boeoticum have compatibility due to less differentiation in their genomes [53] and form their hybrids.



In this study, we evaluated 98 RILs and two parents regarding their 12 yield-related attributes. Observed significant variations in the studied 12 yield traits of recombinant genotypes are confirmed by values of means, range, and standard deviation. The higher variability attributes, DH and PH, varied greatly among genotypes, and lower values of variation exhibited by FLD and SWsp with the most miniature range are congruent with earlier reports [54,55,56,57]. Such a trend of high range and mean values in PH is typical in wheat landraces [58]. It enables the plant to support kernel development with higher stem reserves mobilization [59]. Furthermore, significant differences for DH, GY, and PH were previously reported [38,58,59]. Such a variability trend is essential for any breeding program aiming at germplasm improvement regarding resistance and tolerance to various biotic, abiotic stresses, quality, and yield improvement [60,61].



The correlation coefficient analysis exhibited several significant correlations among studied traits. PH showed a significant positive correlation with NSS, previously discovered in a study on wheat genotypes evaluation [62]. Till also showed a significant positive correlation with TBM and SpS, as reported earlier [63,64]. Significant positive correlation of SpL, SpS, and NSS were earlier observed in studies on diploid wheat T. urartu [65]. A strong positive phenotypic correlation has been found between SWsp and NSS, which was formerly discovered too [66]. In this study, FLL and FLD traits were observed in strong positive correlation with yield traits such as SpL, SWsp, NSS, and TBM, as reported earlier in a study on RILs population and wheat genotypes [29,67,68,69,70,71]. DH was observed in significant positive correlation with GY like earlier findings [64,72].



Both HCA and PCA are usual unsupervised multivariate methods. The clustering or display analysis of species enables us to explore their absence or closeness in the dataset and check for outliers without utilizing any information of class membership in calculations [73]. PCA, the term belonging to the factor analysis group, exhibits the degree of residing variation among the species by providing a qualitative image of data [74]. The visual display in 2D or 3D projections of species data is constructed utilizing axes as factors. One most widely used criterion for determining the number of PCs is based on the Kaiser rule [75], in which Eigenvalues greater than 1 are considered for finding powerful PCs. In this study, three principal component axes (PCAs) were retained as significant, with Eigenvalues more than 1 out of 12 PCs. As the first PC should cover most of the explained variance [76], our data revealed 52.8% of variance covered by PC1. The correlation between PCs and variables is connected with the concentrated quantity of data-related variation [76]. The maximum contributing factors to the total variation in PC1 among parents and RILs include ten traits: TBM, SWsp, NSS [77,78,79,80], DH [79], PH [79], SpS [78], SpL [78,81], FLD, Till, and FLL [77]. The traits of GY [82] and PdL were observed to be the main contributor to variation in PC2. The main focus of breeders in most of the crop improvement programs remained on yield, which could prove deceitful while selecting desirable genotypes. Hence, the yield contributing traits should be emphasized for improvement and selection of genotypes, and this study also revealed the yield contributing traits as main variation contributors.



Diploid wheat, renowned for harboring valuable genetic factors underlying resistance against stresses (biotic and abiotic), includes three notable species, namely T. monococcum, T. boeoticum, and T. urartu [83]. Our HCA clustering revealed three distinct groups of experimental genotypes comprising RILs of two diploid wheat species, T. monococcum, and T. boeoticum. Both the diploid parental species obtained a place in separate, distinct clades, with each cluster having one species. Their dissimilarity at the subspecies level, although having close relatedness, is already confirmed in the previous study based on clustering via principal coordinate analysis (PCoA) and AFLP fingerprinting [84]. This study claimed the two parents as a trustworthy resource of diversity, with T. boeoticum being significantly diverse. Such findings were presented formerly in a study on different landraces of T. boeoticum collected from various origins. Those genotypes were divided into three clusters, based on AFLP markers and PCo analysis [85,86]. The third group enclosing only the RILs is the interesting combination of distinct alleles from the two diploid species, which could beneficially be utilized in the breeding improvement programs. Further mechanistic studies encompassing MAS, QTL, and genomic studies could be a future perspective.




5. Conclusions


Plant breeding works on the principle of continuous selection regarding favorable alleles existent in the available germplasm for the improved performance of cultivars or elite lines against major biotic or abiotic stresses in their surroundings. There are maximum chances of unique and desirable allele contribution at different loci from wild or ancestral genotypes or landraces. The grouping of RILs and their parents via multivariate methods in the current study would be of significant practical value for scientists and breeders regarding the selection of germplasm. Understanding the distribution of RILs genotypes in distinct Clade II could provide an attractive feature of the study, and may prove essential in exploring and enhancing biological diversity and their further exploitation for crop improvement. T. boeoticum and T. monococcum anchor appropriate variability, fulfilling some of the future requirements of wheat breeding improvement programs. There is a need to allocate more resources regarding their conservancy and exploitation to be further utilized in current and future breeding programs for the maintenance of biodiversity, coupled with ample wheat crop performance.
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Figure 1. A panel of 3D Surface profilers on the basis of standard least-square fit model to validate non-significant differences among replications and significant differences among experimental wheat genotypes regarding studied morphological traits. 
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Figure 2. Scatterplot matrix to visualize several attributes by pairwise dependencies of twelve phenotypic traits. The upper triangle matrix is representing correlations among twelve studied traits. The lower triangle matrix is the revelation of bivariate density distribution with ellipses between each pair of attributes. The legends at the top right corner of the color gradient (red to blue), and the size of circles show the amount of correlation and log (p) values for the significance threshold, respectively. 
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Figure 3. Summary plots having (a) Eigenvalue Pareto plot depicting eigenvalues and a bar chart of variation percentage accounted for by each PC; (b) sore plot between PC-1 and PC-2 displaying the distribution of 101 wheat genotypes in three groups; (c) loading plot with correlations between variables and the selected two PCs. 
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Figure 4. Squared cosines associated with the principal components for twelve studied traits of 101 parental wheat genotypes and RILs. 
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Figure 5. The Scatterplot matrix of first three PCs arranging score plots (yellow background) and loading plots (blue background) for all studied traits of experimental wheat genotypes, including parents and RILs in one space. The loading-plots (blue background) showed the correlation between traits in question and the three PCs. The score plots (yellow background) are exhibiting the distribution of diploid wheat genotypes with colored dots for the representation of genotype groups. The red dots depicted Clade-I genotypes (with parent T. boeoticum), and green dots are for the representation of Clade-II genotypes, while the blue dots represent Clade-III genotypes (with parent T. monococcum). 
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Figure 6. Agglomerative hierarchical clustering (AHC) to calculate the Euclidean distance matrix of parental genotypes and 98 RILs. The plot was constructed in JMP pro. V. 16 (SAS Institute Inc., Cary, NC, USA) using Ward’s minimum variance on standardized data The horizontal axis and vertical axis represent clades formation based on the division of traits and genotypes, respectively, following the two-way clustering approach. 
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Figure 7. Constellation plot of the dendrogram generated via agglomerative hierarchical clustering (AHC) cataloging parental and RILs genotypes in discrete clusters. Clusters I, II, and III represent red, green, and blue points, respectively. Data for twelve phenotypic traits were appended to 100 parental genotypes and RILs correlation coefficients, and jointly submitted to principal component analysis followed by hierarchical clustering of the first three principal components. The corresponding dendrogram is illustrated in the form of a constellation plot in dimensionless units. The plot was constructed in JMP v 16 (SAS Institute Inc., Cary, NC, USA) using Ward’s minimum variance hierarchical clustering method on standardized data. 






Figure 7. Constellation plot of the dendrogram generated via agglomerative hierarchical clustering (AHC) cataloging parental and RILs genotypes in discrete clusters. Clusters I, II, and III represent red, green, and blue points, respectively. Data for twelve phenotypic traits were appended to 100 parental genotypes and RILs correlation coefficients, and jointly submitted to principal component analysis followed by hierarchical clustering of the first three principal components. The corresponding dendrogram is illustrated in the form of a constellation plot in dimensionless units. The plot was constructed in JMP v 16 (SAS Institute Inc., Cary, NC, USA) using Ward’s minimum variance hierarchical clustering method on standardized data.



[image: Agronomy 11 02339 g007]







[image: Table] 





Table 1. Summary Statistics for studied morphological traits of 98 RILS and parents of A-genome wheat.
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Pop

	
PH

	
DH

	
FLL

	
FLD

	
PdL

	
Till

	
SpL

	
SpS

	
TBM

	
SWsp

	
NSS

	
GY






	
Mean

	
Parents

	
122.2

	
130

	
12.6

	
0.81

	
46.6

	
36

	
19.4

	
16

	
26.25

	
2.34

	
37.00

	
15.90




	
RILS

	
118.0

	
128

	
13.2

	
0.67

	
48.0

	
36

	
16.1

	
17

	
42.78

	
2.39

	
36.24

	
15.28




	
Max

	
Parents

	
132.0

	
133

	
13.4

	
0.96

	
53.0

	
38

	
20.6

	
19

	
27.00

	
2.75

	
42.00

	
27.20




	
RILS

	
158.2

	
161

	
21.1

	
0.97

	
66.6

	
58

	
20.7

	
28

	
86.00

	
3.78

	
64.00

	
28.90




	
Min

	
Parents

	
112.4

	
127

	
11.8

	
0.66

	
40.1

	
34

	
18.1

	
13

	
25.50

	
1.93

	
32.00

	
4.60




	
RILS

	
88.9

	
108

	
7.1

	
0.45

	
36.8

	
23

	
11.2

	
10

	
10.83

	
1.22

	
18.00

	
2.50




	
SD

	
Parents

	
9.80

	
3

	
0.8

	
0.15

	
6.5

	
2

	
1.3

	
3

	
0.75

	
0.41

	
5.00

	
11.30




	
RILS

	
14.0

	
11.0

	
3.0

	
0.11

	
6.1

	
8

	
2.4

	
4

	
19.10

	
0.52

	
9.18

	
7.47








Mean Average value, SD: standard deviation, Min: minimum value, Max: maximum value. PH: plant height, DH: days to heading, FLL: flag leaf length, FLD: flag leaf diameter, PdL: peduncle length, Till: tillers per plant, SpL: spike length, SpS: number of spikelets per spike, TBM: total biomass, SWsp: Seed Weight per Spike, NSS: number of seeds per spike, GY: grain yield.
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Table 2. Analysis of variance (ANOVA) and summary of effects of least squares for studied morphological traits in A-genome wheat genotypes.
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Trait

	
Source

	
DF

	
Sum of Square

	
F-Ratio

	
Log Worth

	
Summary Graph

	
p Value






	
PH

	
Gen.

	
99

	
59,007.095

	
3.3718

	
12.730

	
 [image: Agronomy 11 02339 i001]

	
<0.0001 *




	
Rep.

	
2

	
868.505

	
2.4566

	
1.054

	
0.0883




	
DH

	
Gen.

	
99

	
36,247.237

	
7.0711

	
30.775
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<0.0001 *




	
Rep.

	
2

	
281.84700

	
2.7217

	
1.166

	
0.0682




	
FLL

	
Gen.

	
99

	
2658.4515

	
3.9113

	
15.757
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<0.0001 *




	
Rep.

	
2

	
4.6242000

	
0.3368

	
0.146

	
0.7145




	
FLD

	
Gen.

	
99

	
3.6148147

	
3.1578

	
11.495
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<0.0001 *




	
Rep.

	
2

	
0.0209040

	
0.9039

	
0.391

	
0.4066




	
PdL

	
Gen.

	
99

	
11,141.533

	
3.4734

	
13.310
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<0.0001 *




	
Rep.

	
2

	
90.825000

	
1.4016

	
0.604

	
0.2486




	
Till

	
Gen.

	
99

	
18,548.319

	
3.7377

	
14.798
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<0.0001 *




	
Rep.

	
2

	
217.09700

	
2.1655

	
0.930

	
0.1174




	
SpL

	
Gen.

	
99

	
1761.9510

	
3.2953

	
12.291
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<0.0001 *




	
Rep.

	
2

	
32.275700

	
2.9880

	
1.278

	
0.0527




	
SpS

	
Gen.

	
99

	
5231.9644

	
5.8634

	
25.553
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<0.0001 *




	
Rep.

	
2

	
43.038300

	
2.3875

	
1.025

	
0.0945




	
TBM

	
Gen.

	
99

	
108,816.51

	
6.5285

	
28.500
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<0.0001 *




	
Rep.

	
2

	
727.57000

	
2.1607

	
0.928

	
0.1180




	
SWsp

	
Gen.

	
99

	
79.446467

	
4.0812

	
16.682
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<0.0001 *




	
Rep.

	
2

	
0.0630190

	
0.1602

	
0.070

	
0.8520




	
NSS

	
Gen.

	
99

	
25,167.903

	
3.1422

	
11.404
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<0.0001 *




	
Rep.

	
2

	
263.84700

	
1.6306

	
0.702

	
0.1984




	
GY

	
Gen.

	
99

	
17,190.157

	
7.7570

	
33.500
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<0.0001 *




	
Rep.

	
2

	
111.46100

	
2.4897

	
1.068

	
0.0855








PH: plant height, DH: days to heading, FLL: flag leaf length, FLD: flag leaf diameter, PdL: peduncle length, Till: tillers per plant, SpL: spike length, SpS: number of spikelets per spike, TBM: total biomass, SWsp: seed weight per spike, NSS: number of seeds per spike, GY: grain yield, probability level: (* p < 0.05).
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