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Abstract

:

In order to ensure an ongoing and long-term breeding progress of soybean, stable sources of major quality traits across multi-environments need to be identified. Here, a panel of 135 soybean genotypes was tested in three different Chinese environments, including Beijing, Anhui, and Hainan during the 2017 and 2018 growing seasons to identify stable genotypes for cultivation under varying environmental conditions. The weighted average of absolute scores biplot (WAASB) for the best linear unbiased predictions of the genotype-environment interaction and multi-trait stability index (MTSI) were utilized to determine the stability of the soybeans for seven seed composition traits viz; protein content, oil content, and five fatty acids (palmitic, stearic, oleic, linoleic, and linolenic acids). Based on the WAASB index, the following genotypes were identified as stable genotypes for some specific traits; ZDD12828 and ZDD12832 for protein content, WDD01583 and WDD03025 for oil content, ZDD23040 for palmitic acid, WDD00033 for stearic acid, ZDD23822 for oleic acid, ZDD11183 for linoleic acid, and ZDD08489 for linolenic acid. Furthermore, based on MTSI at a selection intensity of 10%, 14 soybean genotypes were selected for their average performance and stability. Overall, the MTSI was shown to be a powerful and simple tool for identifying superior genotypes in terms of both performance and stability, hence, identifying stable soybean genotypes for future breeding programs of quality traits.
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1. Introduction


Soybean is presently acknowledged as one of the leading crops due to its viable source of vegetable protein and oil, making it an additional source of healthy food [1]. Soybean is recognized as the food legume with the greatest protein content (40%) and is second only to peanut regarding oil content (20%). When compared to other vegetable proteins, soy protein has an outstanding amino acid balance [2] and is deemed complete because it contains sufficient levels of amino acids necessary by the body for tissue growth and repair [2]. Moreover, soybean provides 28% of the world’s oilseed production for edible oil [3]. Soybean oil is composed of 12% palmitic (16:0), 4% stearic (18:0), 23% oleic (18:1), 53% linoleic (18:2), and 8% linolenic (18:3) acids [4].



Climate change may make it more difficult to cultivate crops in the same way and regions as in the past. The impacts of climate change must be weighed against other changing elements that affect agricultural productivity, such as changes in farming techniques and technology [5,6]. Protein and oil contents in soybeans are two of the most important seed quality factors that soybean breeders, growers, and marketers take into account. It is thus important to investigate the stability of upcoming soybean varieties in terms of these quality parameters under such unprecedented rates of climate change impacts [5,7]. Soybean seed characteristics such as protein and oil are influenced by environmental and genetic variables, as well as their interactions [8]. Importantly, when selecting cultivars for breeding programs, genotype-environment interaction (GEI) is influential and it must be evaluated and taken into account [9]. As a result, to maintain positive trends and rebalance dietary sources of soybean in the future, intensive research is needed to develop such improved and highly stable soybean varieties which would appeal to matching the dietary standards requirement around the globe [10,11].



The impact of GEI on genotypes can be described by particular trait stability. Typically, phenotypic stability of distinct traits, either yield or quality traits, is the ability of a genotype to perform consistently in various environments [12]. It is worth noting that determining the stability pattern of genotypes is a prerequisite for understanding their response to different environments, identification of stable and widely adapted genotypes, and breeding new cultivars that could adapt to the different environments [12,13]. Thus, plant breeders’ always aim to select varieties with high performance across different environments. The differences observed in the stability of genotypes are usually a result of GEI [14]. However, the selection of highly stable varieties can be difficult when a breeder has to consider individual GEI of multiple traits under multiple environments. Notably, the GEI of quality characters of soybean has been studied previously by several investigators [12,15,16,17,18,19,20]. In the selection process, besides choosing the best statistical model to predict genetic values, plant breeders usually handle multiple traits simultaneously [21,22,23]. However, the simultaneous selection of soybean genotypes with high performance based on multiple traits can be a difficult task. So, the question now is how can we breed superior genotypes quickly enough to meet the expanding world population’s food demands?



To address such a question, in the advanced stages of the breeding process, multi-environment trial data are frequently used to make brilliant selections [24,25,26,27]. Recently, some improvements in this area include the multi-trait stability index (MTSI) which allows for selection based on both mean performance and stability [27,28,29]. Multi-environment trials analysis is often conducted with only one single trait [30,31,32]. However, when several traits are taken into account, the accuracy of genotype recommendations improves. In this regard, a rapid and new technique for analyzing multi-environment trials has been recently developed that integrates the simultaneous selection for the stability of multi traits into a single and easily interpretable index [23,27,28,29].



The theoretical basis of MTSI [27] depends on mean performance and stability selected simultaneously across multi environments trials. Lower MTSI scores suggest the stability of genotypes based on many variables. This strategy was used in a set of 22 oats (Avena sativa L.) genotypes [27] based on the weighted average of absolute scores biplot (WAASB) from the singular value decomposition of the matrix of best linear unbiased predictions index [29,33]. Thus, in the simultaneous selection of genotypes based on their mean performances and stabilities of several traits, the MTSI will be beneficial since it offers a strong and easy-to-use selection method that considers the correlation structure of the features. Moreover, the MTSI has been successfully used in selecting high-performing and stable soybean genotypes under two different conditions (drought and salinity), revealing the efficiency of implementing the method [28]. Furthermore, the MTSI has been used in the identification of stable and superior water-tolerant cassava genotypes [29]. From this literature, it is evident that the MTSI is a valuable tool to plant breeders for the selection of superior genotypes based on multi-traits and multi-environment data. Thus, the main objective of this study is to identify soybean genotype(s) with superior performance based on multiple seed composition traits and high phenotypic stability across multi-environment in China.




2. Materials and Methods


2.1. Plant Materials and Field Experiments


In the present study, 135 soybean accessions from three different countries (87 accessions from China, 43 accessions from the USA, and 5 accessions from Russia) were used. Information about accession number, origin, maturity groups, and other phenotypic characteristics are presented in Table S1. The plant material utilized in this research was provided by the soybean genetic resource research group of the Institute of Crop Sciences, Chines Academy of Agricultural Sciences (CAAS).



Field experiments were conducted at Changping, Beijing (40°13′ N, 116°12′ E), and Sanya, Hainan (18°24′ N, 109°5′ E) in 2017 and 2018, and Hefei, Anhui (33°61′ N 117°0′ E) in 2017. The accessions were planted on 12 June 2017 and 14 June 2018 in Changping; 14 November 2017 and 16 November 2018 in Sanya; and 5 June 2017 in Hefei. The experiment was laid out in a randomized incomplete block design with three replications in each location. The mean monthly temperature, rainfall, and sunshine of the five environments are presented in Table S2. Soybean seeds were sown in a 3-m single row plot at a spacing of 0.1 m within rows and 0.5 m between rows. After emergence, the plants were thinned and only uniform healthy plants were left. Plots were manually harvested when the plants reached physiological maturity. The harvest date of all accessions varied due to the differences in maturity group and location. The growing duration of soybean cultivars was 102–120 days at Changping, 101–119 days in Hefei, and 94–96 days at Sanya.




2.2. Determination of Soybean Seed Protein, Oil, and Fatty Acid Compositions


To evaluate the soybean seed protein, oil, and fatty acid contents, harvested soybean seeds of each cultivar were bulked and around 500 g of seeds were used. Near-infrared spectroscopy was used to determine the protein and oil contents [34]. For each sample, absorption of about 50 g of soybean seeds were determined using the transform near-infrared absorption spectroscopy (Bruker Fourier, Germany). The spectrum value of each sample is the average of triplicate measurements with absorption range between 4000 and 8000 cm−1. The spectra were used to estimate protein and oil contents by the Quant 2 method of Bruker’s OPUS 4.2 software. The soybean seeds fatty acid contents were quantified by the derivatization into their methyl esters and determined using gas chromatography (GC) [35]. The procedure for the extraction and determination of fatty acids has been previously reported [36]. The area normalization method was used to quantify the percentages of fatty acids using a GC 2010 workstation [35].




2.3. Data Analysis


2.3.1. Analysis of Variance


Individual analysis of variance (ANOVA) for each environment was conducted, followed by an analysis of joint variance according to the statistical model described in Equation (1):


Yijk = µ + B/Ejk + Gi + Ej + GEij + εijk



(1)




where Yijk represents the ith genotype in the jth environment and the kth block; µ is the overall mean; B/Ejk corresponds to the block within the jth environment and in the kth block; Gi is the effect of the ith genotype; Ej is the effect of the jth environment; GEij is the effect of the interaction of the ith genotype with the jth environment; and εijk is the effect of experimental error.




2.3.2. Mean Performance and Stability Indices Based on Multiple Traits


The genotypic stability of each genotype was quantified by the WAASB from the singular value decomposition of the matrix of best linear unbiased predictions for the GEI effects generated by a linear mixed-effect model [27], estimated as indicated in Equation (2):


    WAASB  i  =   ∑   k = 1    p   |    IPCA    ik        EP  k   |  ∕   ∑   k = 1    p    EP  k     



(2)




where WAASBi is the weighted average of absolute scores of the ith genotype; IPCAik is the score of the ith genotype in the kth interaction principal component axis (IPCA); and EPk is the amount of the variance explained by the kth IPCA. The genotype with the lowest WAASB value is considered the most stable, showing the least deviation from the average performance across environments [27].



To estimate the multi-trait stability index (MTSI) [27], Equation (3) below was used as follows:


    MTSI  i  =    [    ∑   j = 1  f     (   F  ij   −  F j   )   2   ]    0.5    



(3)




where MTSI is the multi-trait stability index for the ith genotype, Fij is the jth score of the ith genotype, and Fj is the jth score of ideotype. The genotype with the lowest MTSI is, therefore, closer to the ideotype and hence has a high mean performance and stability for all variables studied. The stability analyses of the multi-environment trial data using MTSI and WAASB indexes were conducted using the metan package [37] of the R 4.0.3 software [38].






3. Results


3.1. Mean Performance of 135 Soybean Accesions for Seed Composition Traits across Five Environments


The performance of the 135 soybean genotypes for seven seed composition traits for individual environment is shown in Table S3. The results showed highly significant differences (p < 0.001) among the five environments for the seed composition traits. The highest protein content (46.2%) was observed at Hainan in 2018, whereas the lowest protein content (40.3%) was recorded in Anhui in 2017. In contrast to protein content, the lowest oil content (18.3%) was observed at Hainan in 2018, while the highest oil content (20.3%) was recorded in Hainan in 2017. For fatty acid compositions, the highest contents of palmitic acid (13.5%), stearic acid (5.2%), oleic acid (22.9%), linoleic acid (57%), and linolenic acid (9.72%) were observed at Hainan in 2018, Beijing in 2018, Beijing in 2018, Beijing in 2017, and Hainan in 2018, respectively. The lowest values of palmitic acid (12.4%), stearic acid (4.1%), oleic acid (21.2%), linoleic acid (54.6%) and linolenic acid (7.7%) were recorded at Beijing in 2018, Hainan in 2017, Anhui in 2017, Beijing in 2017, and Anhui in 2017, respectively. The heritability values for the evaluated traits ranged from the lowest (h2 = 0.859) for stearic acid at Hainan in 2017 to the highest for protein content and oleic acid (h2 = 0.999) at Hainan in 2017 (Table S3).



For the mean performance of the genotypes across environments, genotypes ZDD12828 and ZDD11436 had the highest (52%) and lowest (35.7%) protein content, respectively. For oil content, WDD01583 and ZDD12828 recorded the highest and lowest content of 22% and 14.4%, respectively. For fatty acid composition, genotypes with highest value of palmitic, stearic, oleic, linoleic, and linolenic were ZDD09581 (15.2%), ZDD23915 (4.9%), ZDD10100 (28.6%), ZDD11183 (60.2%), and ZDD08489 (10.8%), respectively. In contrast, the lowest levels of palmitic, stearic, oleic, linoleic, and linolenic acids were recorded by WDD00033 (10.6%), WDD01632 (3%), ZDD09581 (13.5%), ZDD11235 (46.9), and ZDD23822 (5.9%), respectively.




3.2. Combined Analysis of Variance


The combined analysis of variance (Table 1) for seed protein and oil components showed that the genotype, environment, and GEI effects were highly significant (p < 0.001). The results also indicated that all the fatty acid compositions were significantly affected (p < 0.05) by genotype, environment, and GEI, except for palmitic and stearic acids which were not significantly influenced by the environment (Table 1).




3.3. AMMI Analysis of Variance for Studied Traits


The AMMI analysis showed highly significant effects (p < 0.001) of genotype and GEI for the seed composition traits (Table 2). In addition, the environment showed highly significant effects (p < 0.001) on protein, oil, oleic and linoleic acids, and a significant effect (p < 0.05) on linoleic acid, while palmitic and stearic acids were not significantly affected. The results further showed that the AMMI model explained the GEI and decomposed it into four interaction principal component axes (IPCAs), accounting for 100% of the total variation for all traits (Table 2). The four IPCAs fitted in the current study were all found to be significant (p < 0.001) for all the seed composition traits.



The partitioning of total phenotypic variance due to factors of genotype, environment, and GEI was also estimated. Collectively, the highest contribution to total phenotypic variation (as a relative contribution to the total sum of squares) was captured by genotypes in all measured seed compositions traits except for stearic acid. The genotype effect explained 42.1, 53.1, 36.9, 18.8, 34.6, 39.0, and 33.3% of the total phenotypic variance for protein, oil, palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid, respectively. The lowest environmental effect was captured by oleic acid (2.3%), while stearic acid was highly affected by the environment (16.9%).




3.4. Mean Performance and Stability of Selected Genotypes


The mean vs. WAASB shows the joint interpretation of the mean performance and stability of genotypes for the seed composition traits (Figure 1 and Figure 2). The results showed that genotypes ZDD12828 and ZDD12832 were highly stable (low WAASB index) with high protein contents of 51.9 and 50.6%, respectively, over the grand mean of all genotypes (Figure 1a). As for oil content, WDD01583 (22.9%), WDD03025 (22.7%), and WDD00573 (22.5%) with WAASB index of 0.132, 0.108, and 0.121, respectively were the most stable (Figure 1b).



For the stability of fatty acid composition (Figure 2a–e), ZDD23040 and ZDD12500 were the most stable genotypes with average palmitic acid contents of 14.2 and 14.1% and WAASB values of 0.119 and 0.108, respectively (Figure 2a). The most stable genotypes with high average stearic acid content were WDD00033 and ZDD24734 with 5.6 and 5.5% and WAASB index values of 0.163 and 0.188, respectively (Figure 2b). Highest levels of oleic acid were recorded by ZDD23822 (28.3%) and ZDD19107 (26.5%) with WAASB values of 0.412 and 0.308, respectively (Figure 2c). The most stable genotypes for linoleic acid were ZDD11183 (61%) and WDD01613 (60.1%) with WAASB values of 0.182 and 0.202, respectively (Figure 2d). For linolenic acid, higher levels than the grand mean coupled with high stability were recorded by ZDD08489 (11.5%), ZDD12463 (11.3%), and ZDD09581 (11.1%) with WAASB values of 0.199, 0.144, and 0.103, respectively (Figure 2e).




3.5. Multi-Trait Stability Index and Genotype Selection


The ranking of the 135 soybean genotypes based on MTSI values is presented in Table S4. The seven seed composition traits, i.e., protein, oil, palmitic acid, stearic acid, oleic acid, linoleic and linolenic acid were used to estimate the MTSI (Figure 3). Overall, the mean of MTSI values across all genotypes was 7.4, where the lowest value was recorded by ZDD12500 (5.42), while the highest value of MTSI (9.9), was recorded by WDD01583 indicating the most and least stable genotypes, respectively. According to the lowest MTSI values at a selection intensity of 10%, 14 soybean genotypes were identified (Figure 3). The selected genotypes with lowest MTSI values were ZDD12500 (5.42), ZDD04430 (5.62), ZDD24734 (5.78), ZDD12463 (5.8), ZDD16617 (5.92), ZDD18657 (5.93), ZDD08812 (6.03), ZDD12832 (6.07), WDD02292 (6.12), ZDD12828 (6.18), ZDD21171 (6.19), ZDD01412 (6.26), WDD00530 (6.31), and ZDD23040 (6.33). These genotypes represent the best soybean materials in terms of high stability and overall performance among the tested panel of 135 soybeans.



The mean of the selected genotypes (Xs) was higher than the original average (Xo) which included all the 135 soybean genotypes for all the measured traits except for oil, oleic, and linoleic components (Table 3). The selection differential (SD) was positive for all traits, except for oil, oleic acid, and linoleic acid compositions. The heritability ranged from 0.66 for stearic acid to 0.92 for oil content (Table 3). Moreover, the selection gain (SG) was positive for all studied traits except for oil, oleic acid, and linoleic acid compositions. The highest positive SG was 3.41% for protein content, whereas palmitic acid had the lowest SG value of 0.98%, while the negative SG ranged from −4.45% for oil content to −0.18% for linoleic acid content.





4. Discussion


Due to the narrow genetic base revealed by most soybean germplasm analyses [39,40], it became a necessity that breeders, researchers, and producers make such genetic diversity information available to secure genetic advance and improvement of such elite soybean germplasms in the future. Soybean’s genetic diversity may be successfully and extensively conserved by developing germplasm collections on both local and global scales as vital genetic resources [10]. This endeavor could provide a panel of soybean accessions characterized with not only promising high-seed yield but also high-quality characteristics.



To identify genotypes with wider adaptability and test their stability in terms of yield and quality traits, multi-environmental trials are among major foci for soybean breeding programs and are thus critical for such selection [28,41,42,43,44,45,46,47]. The current study showed varied responses of a set of diverse soybean genotypes for seed composition traits under different environments in China, demonstrating the need for determining the magnitude of genotype by environment interactions. The three Chinese agroecological regions where the soybean genotypes were evaluated represent three distinct latitudes with varying climatic variables such as temperature, rainfall, and sunshine duration [36,48]. These ecoregions further demonstrate major growing sites for Chinese soybean germplasm [49]. The current study was conducted using a diverse panel of 135 soybean genotypes to explore their overall stability coupled with high concentrations of seed protein, oil, and five essential fatty acids including palmitic, stearic, oleic, linoleic, and linolenic acids. Several studies have studied the stability of soybean seed compositions across several environments [28,41,42,43,44,45,46,47]. Notably, a great change in the protein, oil, and fatty acids compositions across different environments was also reported in other studies [50,51,52,53] showing a discrepant response among studied soybean genotypes in protein, oil, saturated and unsaturated fatty acids components for environmental factors including latitudes, temperature, and sunshine duration.



Furthermore, different approaches have been exploited to assess the performance of soybean genotypes across several environments such as AMMI [42,43,45,54], GGE biplot [24,47,55,56,57], WAASB index [28,58], and MTSI [28]. In this study, highly statistically significant effects were shown by AMMI analysis on G, E, and GEI for all studied traits except for palmitic and stearic acids. The presence of significant GEI revealed a differential performance among the soybean genotypes across the various testing environment. The AMMI analysis has been widely used to select promising genotypes in terms of stability and superiority across multiple environments [59,60,61,62,63]. The high proportion of genotype effect to total phenotypic variance shown in this study for all measured seed compositions traits, except for stearic acid, was also reported in previous studies [64,65]. This indicates that the phenotypic variance of such traits was highly controlled by genotypic variation more than environmental variation and also provides an opportunity for selection gain [65]. Most of the variation for the majority of the seed composition traits was accounted for by the genotype effect followed by genotype × environment interaction, while the environment effect contributed least, which will lead to higher heritability for such traits [42]. This was evident from the high heritability values observed in this study. In contrast, the higher percentage of GEI effect of seed stearic acid over each of genotype and environment effects indicates lower heritability. These findings are in accordance with the previous studies where environmental variance was dominant [12,44,55,58], showing the importance of the GEI effect on some soybean seed composition traits.



Although, genotype effect dominantly characterized the performance of the soybean accessions in this study, however, the higher significant GEI effect could influence the selection efficiency and, consequently, limits the development of adapted genotypes [66]. In this context, searching for ideal and powerful tools such as WAASB and MTSI to identify the most stable and highly performing soybean genotypes became necessary. The WAASB utilized in this study explains the stability based on the WAASB index which considers the entire GEI variance in identifying the stable genotypes [27]. The WAASB which shows the joint interpretation of mean performance and stability in a bi-dimensional plot comprising of four quadrants was recently suggested to provide an easy and robust tool for selecting stable genotypes with high performance [27]. Genotypes within quadrants I and II are assumed to be unstable, while genotypes within quadrants III and IV are highly stable, revealing lesser variation across all environments. This implies that to select for high and stable genotypes, quadrant IV should be considered, whereas quadrant III is preferable to select genotypes with high stability and low content of specific seed composition. Furthermore, genotypes with WAASB values close to zero are identified as the most stable [67]. Based on the WAASB index used in the current study, two genotypes, ZDD12828 and ZDD12832, showed high stability and high seed protein content. Using the same approach, genotypes WDD01583, WDD03025, and WDD00573 were identified as stable accessions with high seed oil content. Similarly, genotypes with desired and stable fatty acids profile were also identified. The superiority of the quantitative measure of the WAASB index was also reported as an important statistical tool for identifying high performing and broadly adapted genotypes in previous studies on oat [27,67], strawberry [23], and cassava [29]. The WAASB shows potential in quantifying the stability in compounded GEI structures because it uses all the estimated IPCA in the computation of WAASB. Thus, WAASB could be successfully applied in the identification of promising genotypes with highly preferable seed compositions and broad adaptability.



More interestingly, the MTSI has been recently used to help in selecting elite genotypes based on the stability and mean performance of multiple traits [27]. MTSI is assumed based on the genotype–ideotype distance (Euclidian) through the scores obtained in factor analysis [27]. With respect to the criteria of MTSI, the genotypes with lower values of MTSI indicate higher stability based on multiple traits measured. In the current study, setting the selection intensity to 10% has resulted in the identification of 14 soybean genotypes, ZDD12500, ZDD04430, ZDD24734, ZDD12463, ZDD16617, ZDD18657, ZDD08812, ZDD12832, WDD02292, ZDD12832, ZDD21171, ZDD01412, WDD00530, and ZDD23040, that were classified as stable or fairly stable for all the traits. Such selection was fairly justified and precisely evaluated under contrasting environment. In term of feasibility of such index, the selection of these genotypes would greatly help in improving the overall mean performance as indicated by the high percentage of selection differentials. In a recent study on soybean, stable soybean genotypes were identified under drought and salinity conditions based on the criterion of MTSI [28]. The MTSI was further utilized to choose the ideal treatment based on twenty-three traits of strawberry [23]. From the current study, based on multiple traits, the MTSI index can provide a unique, robust, and powerful tool to develop better treatment and/or genotypes helping both breeders and agronomists as also reported previously [23,27,28].




5. Conclusions


Several recent issues have constrained the preservation of soybean genotypes with stable seed quality parameters. Therefore, the stability index of genotype performance has the potential to provide reliable estimates of stability in future studies. The WAASB used in this study identified stable genotypes with a high value of seed composition traits, indicating their potential as a source of desirable protein, oil, and fatty acid compositions. Moreover, the MTSI, which is a novel multivariate approach, was used in the current study to discover stable genotypes with numerous characteristics that are appropriate for wider adaptations. The WAASB and MTSI were proven to be efficient tools in evaluating stability and will maximize the use of resources, thereby contributing to the global sustainability of soybean breeding programs.
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Figure 1. Biplot showing the performance vs. stability of 135 soybean genotypes for protein content (a) and oil content (b). The x-axis shows the arithmetic mean for each genotype × environment interaction. The y-axis shows the weighted average of absolute scores from the singular value decomposition of the matrix of best linear unbiased predictions for the genotype × environment interaction effects. 
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Figure 2. Biplots showing the performance vs. stability of 135 soybean genotypes for palmitic acid (a), stearic acid (b), oleic acid (c), linoleic acid (d), and linolenic acid (e). The x-axis shows the arithmetic mean for each genotype × environment interaction. The y-axis shows the weighted average of absolute scores from the singular value decomposition of the matrix of best linear unbiased predictions for the genotype × environment interaction effects. 
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Figure 3. Genotype ranking and selected genotypes for the multi-trait stability index (MTSI) of 135 soybean genotypes based on seven seed composition traits. The selected genotypes are shown in blue color and the blue circle represents the cut-point according to the selection differential of 10%. 
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Table 1. Combined analysis of variance for seven seed compositions of 135 genotypes across the five environments.
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Source

	
Df

	
Mean Squares




	
Protein Content

	
Oil Content

	
Palmitic Acid

	
Stearic Acid

	
Oleic Acid

	
Linoleic Acid

	
Linolenic Acid






	
ENV

	
4

	
1970 **

	
288.00

	
74.9 ns

	
66 ns

	
255 **

	
404 **

	
256 **




	
REP(ENV)

	
10

	
49.4 **

	
49.10

	
44.7 **

	
32.6 **

	
47 **

	
70.4 **

	
60.4 **




	
GEN

	
134

	
152 **

	
54.40

	
7.78 **

	
2.16 **

	
113 **

	
98.8 **

	
16.2 **




	
GEN × ENV

	
536

	
18.3 **

	
4.50

	
1 **

	
0.74 **

	
25.1 **

	
17 **

	
2.78 **




	
Residuals

	
1340

	
0.05

	
0.09

	
0.09

	
0.09

	
0.08

	
0.08

	
0.09








ENV: environment; REP: replicate; GEN: genotypes; **: significant at p < 0.01 level of probability; ns: not significant.
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Table 2. Additive main effect and multiplicative interaction (AMMI) analysis of variance for seven seed components for 135 soybean genotypes evaluated in five environments.
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Source

	
Df

	
Mean Squares




	
Protein

	
Oil

	
Palmitic Acid

	
Stearic

Acid

	
Oleic Acid

	
Linoleic Acid

	
Linolenic Acid






	
ENV

	
4

	
1970 ***

	
282 **

	
72.2 ns

	
64.9 ns

	
253 **

	
415 **

	
248 *




	
REP(ENV)

	
10

	
49.4 ***

	
45.9 ***

	
47.6 ***

	
31.6 ***

	
47 ***

	
68.8 ***

	
61.7 ***




	
GEN

	
134

	
152 ***

	
53.2 ***

	
7.57 ***

	
2.16 ***

	
112 ***

	
97.8 ***

	
16.5 ***




	
GEN × ENV

	
536

	
18.3 ***

	
4.36 ***

	
0.886 ***

	
0.63 ***

	
25.1 ***

	
16.9 ***

	
2.62 ***




	
IPCA1†

	
137

	
33.6 ***

	
7.93 ***

	
1.53 ***

	
1.16 ***

	
43.8 ***

	
27.9 ***

	
5.03 ***




	
IPCA2

	
135

	
18.8 ***

	
4.07 ***

	
0.825 ***

	
0.594 ***

	
22 ***

	
15.6 ***

	
2.7 ***




	
IPCA3

	
133

	
11.6 ***

	
3.09 ***

	
0.705 ***

	
0.461 ***

	
19.8 ***

	
12.2 ***

	
1.54 ***




	
IPCA4

	
131

	
8.39 ***

	
2.2 ***

	
0.457 ***

	
0.283 ***

	
14.1 ***

	
11.4 ***

	
1.13 ***




	
Residuals

	
1340

	
0.00321

	
0.001

	
0.00576

	
0.0022

	
0.00238

	
0.0000148

	
0.0092




	
Total

	
2560

	
18.9

	
5.23

	
1.07

	
0.603

	
16.9

	
13.1

	
2.59








ENV: environment; REP: replicate; GEN: genotypes; IPCA, interaction principal component axis. *, **, *** significant at p < 0.05, p < 0.01, and p < 0.001 level of probability, respectively; ns: not significant.
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Table 3. Estimates of selection differential, selection gain, and heritability based on MTSI for seven seed compositions evaluated for 135 soybean genotypes across five environments.
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	Trait
	Factor
	Xo
	Xs
	SD
	SD (%)
	SG
	SG (%)
	h2





	Protein
	FA 1
	44.1
	46
	1.93
	4.37
	1.69
	3.84
	0.88



	Oil
	FA 1
	19.4
	18.4
	−0.941
	−4.86
	−0.86
	−4.45
	0.92



	Palmitic acid
	FA 1
	12.9
	13
	0.145
	1.13
	0.13
	0.98
	0.87



	Linolenic acid
	FA 1
	8.76
	9.01
	0.246
	2.81
	0.20
	2.33
	0.83



	Stearic acid
	FA 2
	4.69
	4.85
	0.156
	3.33
	0.10
	2.19
	0.66



	Oleic acid
	FA 2
	22.2
	21.8
	−0.386
	−1.74
	−0.30
	−1.35
	0.78



	Linoleic acid
	FA 3
	55.4
	55.3
	−0.12
	−0.216
	−0.099
	−0.18
	0.83







Xo: Overall mean of genotypes; Xs: Mean of the selected genotypes; SD: Selection differential; SG: Selection gain or impact; h2, heritability.
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