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Abstract

:

The Multi-Trait selection index (MTSI) has been used to select highly productive and stable faba bean landraces across various traits. Fifteen productive, morphological, and phenological traits with desired and undesired selection gains (SGs) were evaluated in fifteen faba bean landraces under Mediterranean field conditions between 2019–2021. According to our results, most of the faba bean traits are influenced by the genotype × environment interaction (GEI) effects. Banner length (BL), seed yield (SY), diameter (D), number of flowers per inflorescence (NFI), branch number (BRN), and 100 seed weight (HSW) were found to be highly influenced by the environment, the proportions of variance explained by environmental factors were arranged between 83.21% and 74.08%, and only seed number per pod (SNP) was the highest genotypic effect (54.02%). According to the MTSI index, only three landraces (Gaada Mascara (G4), Oued zentai (G13), and Khmakhem (G15)) were considered to be highly yield-productive and to have a broad adaptability across Mediterranean environments. When numerous traits were evaluated, the MTSI index provided a strong and powerful tool for developing improved selection techniques for Faba bean studies.
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1. Introduction


Faba bean (Vicia faba L.), also referred to broad bean, fava bean, horse bean, or field bean is an annual herbaceous [1]. It can reduce up to 200 kg of atmospheric nitrogen (N2) per ha, thanks to its symbiotic relationship with rhizobium [2], thereby reducing the need for inorganic nitrogen fertilizers. The faba bean is an ideal protein source for humans [3,4]. According to Khazaei et al. [5], the average protein content of the Vicia faba seed varies from 24–35%. This legume originated in the Mediterranean and West Asia region [6,7,8].



In 2020, China lead faba bean production, accounting for 30.40% of the total world production, followed by Ethiopia, United Kingdom, and Australia [9]. In the Mediterranean countries, this crop is used as a source of protein for both human and animal nutrition because of the high nutritional value of its seeds [10]. Moreover, it plays a crucial function in crop rotation [11]; contributes to reduction of pest, diseases, and weed control in cereal production [12]; improves soil properties and fertility; and provides higher yields for following crops [13].



In Algeria, the faba bean is the most widely grown food legume [9]. It is grown in all of Algeria’s agro-ecological zones—the coastal plains, the inland plains, the High Plateau and the Biskra region [14]. It is cultivated especially for food and feed [15]. In Algeria, the cultivation of this legume has progressively decreased after independence (1962), from over 65,000 ha to less than 40,000 ha [9]. In 2020, approximately five thousand tonnes of faba beans were produced in Algeria on approximately 39,849 hectares, yielding an average of approximately 12.51 quintals per hectare [9]. Its seeds are used dry or fresh in traditional Algerian cuisine and are mainly utilized for homemade consumption and subsistence [16].



Broad bean culture in Algeria has not yet received the necessary attention and its harvest area has significantly declined since 1987 [9]. On the other hand, productivity and production did not improve (remained low), necessitating the use of imports to meet rising consumption [17].



One of the primary causes of the decline in faba bean cultivation in Algeria is the absence of improved cultivars [18]. Faba bean landraces are typically preserved in traditional farming systems by passing down traditional seeds from generation to generation [17]. According to Ouslim [19], abiotic and biotic factors are the primary factors that prevent faba beans from reaching their full yield potential and cause yield instability in Algeria.



The most effective method for overcoming biotic and abiotic constraints on faba bean production is to develop varieties suited to the environments in which faba bean is grown [20]. To increase the adoption of this crop, agricultural practices must be adjusted, integrated pest management strategies refined, genotypes resistant to major diseases and abiotic stresses such as frost and water stress should be developed [21,22,23,24], and genotype adaptation to changing environments must be improved [8].



Faba bean is considered a crop species that can adapt to a broad range of environmental conditions and soil types [25]. In contrast to non-legume species, the yield of faba bean, like that of many other legumes, is considered unstable due to its high interannual variability [4,26]. Faba bean cultivation is unsuitable in arid and semiarid regions because this crop is susceptible to moisture and high-temperature stresses and is not sufficiently drought and heat tolerant [27,28].



Faba bean yield is determined by several factors, including the number of pods per plant, the number of seeds per pod, and seed weight [29]. Previous research found that environmental effects and genotype x environment interactions (GEI) had a significant impact on faba bean yield [3,4]. Thus, the primary objective of the breeding programs for this plant is to achieve yield stability in various agricultural environments.



The main goals of faba bean genetic improvement are production stability, seed quality, and higher nitrogen fixation efficiency. For this reason, some plant breeders used classic stability indices, such as mean regression, coefficient of variation, and deviation from regression parameters of a single trait, often seed yield (SY), in order to select the desirable and well-adapted genotypes to a broad range of environments [30]. According to Olivoto et al. [31], these statistical tools are inadequate for determining the strengths and weaknesses of genotypes and selecting those with the desired selection gains (SGs) across different environmental conditions. This means that genotype selection must take into account the mean performance and stability (MPE) of multiple traits.



Based on this context, the current study intends to identify the stable and adaptable faba bean landraces for cultivation in the center north of Algeria over three consecutive years using MTSI index.




2. Materials and Methods


2.1. Experimental Site


During three growing seasons, a field experiment was carried out (2018–19, 2019–20 and 2020–21) at the experimental station of Higher National school of Algiers, 12 km south-east of Algiers (36°43.143′ N, 3°9.045′ E, 10 m of altitude). The climate is Csa (Hot-summer, Mediterranean climate) according to the Köppen–Geiger climate classification [32]. The weather regime, in terms of precipitation (P) and average temperatures (T-mean) during each month are given in Figure 1 for the three growing seasons as compared to the 32 years’ historical means (1990–2021). At the experimental site, the climatic trend was different from these 32 years of historical data, especially in the case of volume and distribution of rainfall.



The trial carried out in the second season (2020) was characterized by a dry winter season (December–February) and moderately wet spring (March–May) compared to the other two growing seasons, in which the average cumulative rainfall was 103.95 mm and 57.00 mm lower and higher than the value recorded in the same winter and spring season in other growing seasons, respectively. The second and the third growing seasons were characterized by warmer conditions—mean air temperature was 1.3 and 1.2 °C, respectively—higher when compared to the long-term 32 years.



Following the computation of the deciles index (DI) on a seasonal scale [33], the first (2019), second (2020), and third growing (2021) seasons were classified as weak, severe, and moderate drought winters, respectively, whereas the spring for these three growing seasons was classified as normal.



Based on analysis performed in 2018, the site soil (0–30 cm) comprised 29.5% clay, 36.85% silt, and 25.65% sand (clay loam in texture, Soil Survey Staff [34]). The pH of the soil was alkaline (8.27); electrical conductivity (ECe) was 0.2 dS m−1; organic matter content was 2.64 g kg−1; total nitrogen was 1.1 g kg−1; available P was 24.5 ppm; and calcium carbonate (CaCO3) was 14.77 g kg−1.




2.2. Crop Management and Experimental Design


Fifteen landraces of faba bean from different geographical regions of Algeria were collected and used in the current study. Collection sites were localized in 15 provinces of Algeria (Table 1). The seeds for the trials were sown on 22 November, 20 November, and 16 December, in the first, second, and third growing seasons, respectively. The harvest was carried out at the end of May for all growing seasons. The plot size was 46.64 m2 (with 0.55 m row spacing and 0.35 m between two plants) and sown at a rate of 10 plants m−2. The sowing was conducted using a randomized complete block design (RCBD) with four replications. A passage by cover-crop was conducted in September of each growing season in order to bury the plant debris of the preceding culture followed by a plowing, which was carried out at the beginning of October with an aim of storing the first rains of autumn, and finally a last passage of the cover-crop was carried out at the end of October in order to loosen the seedbed.




2.3. Measurements


During the growing season, we evaluated the following phenological traits: number of branches per plant (NBR), plant height (cm), plant diameter (cm), leaf area index (LAI), number of inflorescences per plant (NIP), number of flowers per inflorescence (NFI), and banner length (or standard petal; BL; cm).



At maturity, 12 plants in each block across all three growing seasons were harvested by hand to determine seed yield (SY; t ha−1) and seven yield-component traits, namely above-ground biomass (AGB; g plant−1), harvest index (HI; %); pod length (PL; cm), number of seeds per pod (SNP), pods number per plant (PNP), number of aborted ovules/pod (NAOP), and hundred seed weight (HSW; g).




2.4. Statistical Analysis


All dependent variables were preliminarily evaluated for normal distribution and homogeneity of variance according to the Kolmogorov–Smirnov test and Bartlett’s test, respectively. Since the normality assumption was violated, we transformed data into normal scores in order to apply any standard parametric procedure. The total of fifteen traits were analyzed using a mixed-model approach to evaluate the significance of the genotype (G), and environment (E) effects and their interactions (GEI) based on the variance components’ structure. Likelihood ratio test (LRT) of variance components were obtained by restricted maximum likelihood (REML) using the expectation–maximization algorithm [35].



To quantify the performance and stability of the seed yield (SY) and determine the strengths and weaknesses of genotypes and select those with the desired selection gains (SGs), we used in this study the superiority index (WAASBY: weighted average of absolute scores from the singular value decomposition of the matrix of best linear unbiased predictions for the genotype × environment interaction effects generated by an linear mixed-effect model and response variable) and the MTSI according to Olivoto et al.’s procedure [36,37].



The WAASBY was calculated to take into account the MPE of individual traits, which permits weighting between mean performance (SY) and stability (WAASB). WAASB is the weighted average of absolute scores from the singular value decomposition (SVD) of the best linear unbiased predictions (BLUP) matrix for the GE interaction effect [36].



The landrace ranking, depending on the weights for stability and performance, was carried out according to the WAASBY index (WAASB/SY ratio). The ranks obtained with a ratio of 100/0 exclusively consider the stability for genotype ranking. Conversely, a ratio of 0/100 exclusively considers the productivity for genotype ranking. The landraces were classified into four groups with similar stability and productivity performance. The four clusters were generated automatically by the software package metan-MET analysis [37] in R studio software [38].



We used the MTSI based on factor analysis with a selection intensity of 20 percent to account for the MPE of several traits at the same time. The MTSI theory is based on four primary steps. (i) Rescaling the traits so that all have a 0–100 range, (ii) using factor analysis to account for the correlation structure and dimensionality reduction of data, (iii) planning an ideotype based on known/desired values of traits, and (iv) to compute the distance between each landrace to the planned ideotype. Therefore, the landrace with the lowest MTSI is closest to the ideotype and exhibits desirable values for all variables analyzed. The stability analysis over three growing seasons was carried out using the software package metan-MET analysis [37] in R studio software [38].



Principal component analysis (PCA) was applied to all traits across three growing seasons to identify patterns of variation among the factors and select the best-adapted landraces. This analysis was conducted using the software package FactoMineR [39] within the RStudio software [38].





3. Results


3.1. Variance Components and Likelihood-Ratio Tests


The likelihood-ratio test (LRT) indicated that only five faba bean traits (SY, HSW, PL, SNP, and PNP) had significant environment, genotype, and genotype by environment interaction effects (Table 2). Furthermore, the LRT revealed that nine traits (AGB, HI, LAI, height, diameter, BRN, NFI, BL, and NAOP) had a non-significant genotypic effect (Table 2). All variables showed significant GEI effects except for LAI and diameter (Table 2).



Except for plant height, NIP, and SNP, the environmental component (σe2) contributed significantly more to phenotypic variance than any other faba bean traits (Figure 2). Genotype effect was stronger on SNP traits, which accounted for 54.02% of overall phenotypic variation. As a result, heritability values are quite high (hg2 = 0.540). For SY, AGB, HI, HSW, and LAI, the GEI variance (σge2) was more evident than the genotypic (σg2) and residual variance (σr2) (Figure 2).



However, except for plant height, the values of faba bean traits were significantly different across years (Figure 3), with the lowest values of all traits reported in the second season (2020). There were nine faba bean traits (SY, AGB, HI, HSW, plant diameter, BRN, NIP, SNP, and PNP) that reached their peak in the third growing season.



The SY varied across the landraces and environments, and it ranged from 2.26 t ha−1 (G5 in E2) to 13.83 t ha−1 (G15 in E3) with a coefficient of variation of 50.29%. The average SY of the three growing seasons was 6.95 t ha−1 (data not shown), with SY decreasing by 38.43 and 70.72% from the first and second seasons, respectively. The coefficient of variation of faba bean traits between landraces across the three growing seasons showed that the maximum variability after the SY was observed for traits such as NAOP (38.03%), PNP (35.48%), and HI (35.20%) and the minimum variability was observed for traits such as plant height (11.43%), plant diameter (15.49), and BL (18.68%).




3.2. Principal Component Analysis


The first two principal components (PCs) for yield and yield components had eigenvalues greater than one and accounted for 72.01 percent of the total variance. PC1 (first component) explained 47.56%, while PC2 (second component) explained 24.45% of the cumulative variance for the faba bean traits (Figure 4).



PC1 was positively and significantly correlated (>0.6) with increased SY, AGB, HI, HSW, Diameter, NIP, NFI, LAI, BL, and BRN. PC2 was positively correlated with increased NAOP, SNP, and PL. PC2 was also negatively correlated with PNP (Figure 4).



The upper right quadrant of Figure 4 included most of the landraces for the 2019 growing season (E1), where G2, G13, and G15 were the most productive landraces. The landraces coming from the 2020 growing season (E2) were in the left quadrant of Figure 4, and they were characterized by lower growth and productivity. The G3 and G5 were the lowest productive Faba bean landraces for the E2 (Figure 4). The lower right quadrant of Figure 4 included most of the landraces for the 2021 growing season (E3), where G7 and G15 were the most productive landraces.



The variation in yield due to environment and genotype factors was quite large, as shown in Figure 4, with the landrace G5 generating the lowest value of 2.61 t ha−1 in E2 and the landrace G15 generating the highest value of 13.83 t ha−1 in E3.




3.3. Productivity and Stability Performance


To quantify the performance and stability of SY, 15 faba bean landraces were ranked according to their WAASBY (WAASB/SY ratio) scores (Figure 5). The WAASBY index allows for the investigation of how landrace rankings change in response to the weights assigned to yield (performance) and WAASB index (environmental stability).



According to Olivoto et al. [40], the most-left ranks were obtained solely by taking stability into account (100/0). On the other hand, the most right-ranks were obtained solely by taking SY into account (0/100) (Figure 5).



The landraces were classified into four clusters based on their similarity in terms of both stability and productivity (Figure 5). The first cluster consists of six landraces (G1, G3, G5, G9, G10, and G14) that are low-yielding and unstable. Cluster 2 included G2 and G13, which are unstable landraces with high productivity. The landraces G4 and G15 in the third cluster were the most productive and stable. Finally, cluster 4 contained five landraces (G6, G7, G8, G11, G12), which were stable but low-productive.




3.4. Landrace Ranking According to the Multi-Trait Selection Index


The eigenvalues, relative, and cumulative percentages of total variance; factorial loadings after varimax rotation; and communalities for faba bean traits obtained from factor analysis are shown in Table 3. In the factorial analysis performed with the WAASBY index, four factors components that accounted for 86.88% of the total variance among faba bean traits were retained.



The 13 traits were categorized into the following four factors (FA): FA1, which included the traits BRN, NIP, NFI, and PNP; FA2, which included the traits related to the plant productivity (SY, HI, HSW) and BL; FA3, which included the growth traits (AGB and Height); and FA4 clustered three traits PL, SNP, and NAOP.



The ranking of the 15 Faba beans landraces according to the MTSI with the selection pressure of 20% is depicted in Figure 6. Out of the fifteen landraces studied, three landraces were chosen: G4, G13, and G15. For all traits except PL, SNP, and NAOP, the MTSI generates a positive gain (SG). The selection gain (SG) percentage for traits with values desired ranged from −14.28% for SNP to 5.15% for PNP. The SG ranged from −2.06% for NAOP to 0.35% for BL for traits with low values that were desired (Table 4).




3.5. The Strengths and Weaknesses View


Figure 7 depicts the strengths and weaknesses of the stable landraces identified over three growing seasons. In this analysis, we observed that the G4 has strength related to FA1 and FA3, which means that G4 has high performance with growth traits BRN, NIP, NFI, PNP, AGB, and plant height. When we compared G4, G13, and G15 regarding FA2 and FA4, we concluded that G15 and G13 have strengths related to FA2 (SY, HI, HSW, and BL) and FA4 (PL, SNP, and NAOP), respectively. Thus, the G15 presents a positive gain for traits related to the plant productivity (SY, HI, and HSW) and BL. On the other hand, the G13 shows negative gains for PL, SNP, and NAOP.





4. Discussion


This study demonstrated the use of MTSI to select faba bean landraces with the appropriate mean performance and stability (MPE) across various traits. Field trails were conducted over three growing seasons to evaluate 15 faba beans landraces in the Mediterranean environment, particularly that of Algeria. The results of our study show a wide range of fluctuation in the studied parameters throughout the experiment.



The likelihood ratio test and estimated variance components indicated that the genetic effect (σg2) explained only a small portion of the total phenotypic variance for all traits except number of seeds per pod. These indicate that the genotypes differed less than the environments. According to our findings, earlier research has identified environmental factors as the primary determinants of faba bean yield and yield component traits [3,41,42].



In contrast to the other two growing seasons, the extreme drought of winter 2020 is responsible for an astonishingly high percentage of faba bean traits variance. The average maximum temperature in February 2020 (flowering stage) was about 21.3 °C with 0 mm of rainfall. Faba bean yield is adversely affected by drought stress, which occurs frequently in the seedling stage. The presence of drought stress effect on growth and yield have been published in Faba bean was reported by various authors, such as Bidai et al. [43] and Araújo et al. [44].



The likelihood ratio test demonstrated that the effects of GEI had a substantial impact on the variation of seed yield and morphologic parameters (except for leaf area index and plant diameter) for all the landraces studied here. This suggests that faba bean landraces perform differently in various environments. According to Flores et al. [45] and Maalouf et al. [46], faba bean genotypes interact strongly with environmental conditions, and Temesgen et al. [42] found that the environment explained 89% of yield variation. In their study, Karkanis et al. [13] found that GEI are more prevalent in faba bean than in the vast majority of other crops.



However, in our experiment, the greatest percentage of variance in number of seeds per pod were explained by genotype effects (54.02%). Similar findings were reported by Elshafei et al. [47].



Most plant breeders appear to focus on analyzing the MPE of a single trait, which is typically SY, as opposed to focusing on selection based on many traits [31]. According to previous studies [31,48,49], there is evidence that multivariate selection is more effective than univariate selection. Based on the ideotype–genotype Euclidean distance, the MTSI is a sophisticated genetic tool for the exploitation of suitable genotypes across all legume species [30,48,49] and any environmental conditions [50,51] with high yield stability and desirable traits. In their study, Zuffo et al. [50] used the MTSI as a genetic tool to select soybean genotypes under drought and salinity stress. Hussain et al. [51], recommended using MTSI as a tool to select superior drought-tolerant chickpea cultivars under water stress environments. Therefore, the MTSI can determine the strengths and weaknesses of landraces and select those with desired MPE. This tool is one of the most prominent multivariate selection indices because it is free from the multicollinearity problem that presents in some multivariate selection indices, such as the Smith–Hazel (SH) index [52,53]. The landraces G4, G13, and G15 were the most productive and stable among the 15 faba bean landraces, demonstrating their capacity for high performance in a wide range of climatic conditions. Due to their lower WAASBY values, these three landraces were considered to be closer to the ideotype and they could be classified as a widely adapted landrace in Algeria’s environmental conditions. As recommended by Papastylianou et al. [54], we suggest that the stable and productive landraces described in this study can be used as potential sources of stability alleles and can be utilized in breeding programs.




5. Conclusions


In the present study, we showed the effect of environment (σe2), genotype (σg2), and GEI (σge2) variability on yield and several morphologic traits among a set of faba bean landraces under the Mediterranean environment. Here, the landraces (G4, G13, and G15) selected by the MTSI showed favorable gains and desired stability among the 15 investigated landraces. It was determined that the G4, G13, and G15 landraces (stable landraces) might be recommended for cultivation in Algeria based on this index. Further, there was a positive correlation between MTSI and WAASB results. Both approaches identified the same desirable landraces (G4 and G15) as being both highly productive and stable across different environmental conditions. Overall, the MTSI is a useful tool for selecting superior faba bean landraces in experiments under Mediterranean field conditions where many traits were evaluated. Therefore, we highly recommend that future faba bean breeding programs adopt the MTSI to account for multiple traits in multi-environment trials (METs).
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Figure 1. Monthly rainfall and mean air temperatures at the experimental site during the three growing seasons (2019, 2020, and 2021) compared to the year historical means (1990–2021). 
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Figure 2. Proportion of the phenotypic variance for fifteen faba bean traits (SY, AGB, HI, HSW, LAI; plant height, plant diameter, BRN, NBBF, pod length, seed number per pod, pods number per plant, banner length, and aborted fruits number per pod) evaluated during three consecutive growing seasons. SY = seed yield; AGB = above ground biomass; HI = harvest index; HSW = 100 seed weight; LAI = leaf area index; BRN = branch number; NIP = number of inflorescences per plant; NFI = number of flowers per inflorescence. σe2 = environment variance; σg2 = genotype variance; σge2 = interaction g × e variance, and σr2 = residual variance. 
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Figure 3. Box plot of variation of faba bean yield and morphologic parameters of 15 landraces across three consecutive growing seasons. HSW = hundred seed weight; NAOP = number of aborted ovules/pods; BL = banner length; PNP = pods number per plant; SNP = number of seeds per pod; PL = pod length; NFI = number of flowers per inflorescence; NIP = number of inflorescences per plant; BRN = branch number; LAI = leaf area index; HI = harvest index; AGB = above ground biomass and SY = seed yield. E1, E2m, and E3 were the 2018/2019, 2019/2020, and 2020/2021 growing seasons, respectively. 
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Figure 4. Principal component analysis (PCA) biplot of faba bean yield and morphologic parameters as a function of environment and landraces. The principal variables are denoted by black arrows. Each ellipse represents a 95% confidence interval around each group. See Figure 3 for the complete trait description. 
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Figure 5. The ranking of 15 landraces of faba bean based on various WAASB and SY evaluated over three growing seasons. Values from 1 to 15 represent the different landraces (see Table 1 for more details). Red values from 1 to 4 represent the different clusters. 
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Figure 6. Landrace ranking based on the MTSI considering a selection intensity of 20 percent red circle. Selected landraces are highlighted in red. 2, 3, and 4 indicate the multi-trait stability index. 
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Figure 7. Strengths and weaknesses view of the stable landraces identified across environments, shown as the proportion of each factor on the computed MTSI. Smaller proportions explained by a factor (closer to the external edge) indicate that the trait within that factor is more similar to the ideotype. The dashed line represents the value that would be expected if all factors contributed equally. FA1: BRN, NIP, NFI, and PNP; FA2: SY, HI, HSW, and BL; FA3: AGB and Height; and FA4: PL, SNP, and NAOP. 10, 20, 30 and 40 indicate the contribution of each factor to the MTSI. 
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Table 1. The landraces materials and their locations.
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	Code
	Landrace Name
	Region
	Coordination





	G1
	AYF
	Ain Youcef
	35°2.96′ N 1°21.94′ W



	G2
	EMT
	Elmakamate
	35°4.18′ N 1°13.41′ W



	G3
	BM
	Bouhena
	35°31.92′ N 0°10.54′ W



	G4
	GM
	Gaada Mascara
	35°25.75′ N 0°18.79′ W



	G5
	TM
	Tizi Mascara
	35°18.90′ N 0°4.59′ W



	G6
	HAT
	Hasssna
	31°25′ N 4°17′ W



	G7
	OBAT
	Ouled berkach
	35°12.95′ N 0°58.96′ W



	G8
	OFC
	Ouled Fares
	36°13.38′ N 1°13.87′ E



	G9
	TAD
	Tiberkanine
	36°10.50′ N 1°38.10′ E



	G10
	CHB
	Chabet el Ameur
	36°38.13′ N 3°41.95′ E



	G11
	TGT
	Tizi ghenif
	36°35.16′ N 3°46.61′ E



	G12
	ZYF
	Zighoud Youcef
	36°31.56′ N 6°42.62′ E



	G13
	OZG
	Oued zentai
	36°18.30′ N 7°9.46′ E



	G14
	ARG
	Ain Reguada
	36°15.70′ N 7°4.23′ E



	G15
	KHS
	Khmakhem
	36°29.57′ N 6°57.23′ E
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Table 2. Likelihood Ratio Test and Estimated Variance Components of 15 Faba Bean Landraces Evaluated for Three Consecutive Growing Seasons.
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	Source of Variation
	Seed Yield (t ha−1)
	AGB (g Plant−1)
	HI (%)
	Hundred Seed Weight (g)
	LAI
	Plant Height (cm)
	Plant Diameter (cm)
	Branch Number
	NIP
	NFI
	Pod Length (cm)
	Number of Seeds per Pod
	Pods Number per Plant
	Banner Lenght (cm)
	NAOP





	Environment (E)
	44.1 ****
	23.1 ****
	29.4 ****
	32.8 ****
	2.25 ns
	−6.54 10−7 ns
	14.3 ***
	24.0 ****
	2.30 ns
	21.5 ****
	22.1 ****
	20.4 ****
	33.0 ****
	24.5 ****
	27.5 ****



	Genotype (G)
	5.14 *
	0.674 ns
	1.05 ns
	7.81 **
	2.29 10−7 ns
	1.79 ns
	1.70 ns
	3.40 ns
	5.09 *
	0.287 ns
	22.7 ****
	35.5 ****
	20.9 ****
	0.368 ns
	1.12 ns



	G:E
	77.6 ****
	89.0 ****
	115 ****
	73.6 ****
	2.48 ns
	10.9 ***
	6.38 10−9 ns
	31.5 ****
	11.5 ***
	7.56 **
	24.3 ****
	32.7 ****
	65.7 ****
	4.23 *
	25.9 ****







ns, *, **, ***, and **** indicate no significant difference, significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, and p ≤ 0.0001, respectively. AGB = Above ground biomass; HI = harvest index; LAI = leaf area index; NIP = number of inflorescences per plant; NFI = number of flowers per inflorescence; NAOP = number of aborted ovules/pods.
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Table 3. Factorial analysis of 13 faba bean traits.
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	Trait
	FA1
	FA2
	FA3
	FA4
	Communality
	Uniquenesses





	SY
	0.020
	−0.875
	0.294
	0.176
	0.884
	0.116



	AGB
	−0.132
	−0.187
	0.899
	0.134
	0.878
	0.122



	HI
	−0.141
	−0.913
	−0.204
	−0.166
	0.922
	0.078



	HSW
	0.033
	−0.735
	0.289
	0.514
	0.889
	0.111



	Height
	−0.034
	−0.040
	0.860
	−0.310
	0.839
	0.161



	BRN
	−0.829
	0.136
	0.124
	0.176
	0.752
	0.248



	NIP
	−0.710
	−0.187
	0.371
	0.340
	0.793
	0.207



	PL
	0.617
	0.060
	−0.010
	−0.759
	0.961
	0.039



	SNP
	0.480
	0.047
	0.009
	−0.832
	0.924
	0.076



	PNP
	−0.713
	−0.209
	−0.030
	0.627
	0.946
	0.054



	NAOP
	−0.096
	0.099
	−0.149
	0.874
	0.806
	0.194



	BL
	−0.389
	0.696
	−0.311
	0.282
	0.814
	0.186



	NFI
	0.702
	−0.364
	0.509
	−0.045
	0.887
	0.113



	Eigenvalue
	4.95
	3.63
	1.68
	1.04
	-
	-



	Relative variance (%)
	38.04
	27.96
	12.91
	7.97
	-
	-



	Cumulative variance (%)
	38.04
	66.01
	78.91
	86.88
	-
	-
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Table 4. Faba bean traits, selection differential (SD), heritability (h2), and selection gain (SG) for the WAASBY index in 15 faba bean landraces.
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	Traits
	Factor
	Goal
	SD
	SD(%)
	h2
	SG
	SG(%)





	BRN
	FA1
	increase
	0.3418
	5.74
	0.562
	0.19211
	3.23



	NIP
	FA1
	increase
	0.8333
	4.37
	0.635
	0.52898
	2.78



	PNP
	FA1
	increase
	0.6978
	5.91
	0.871
	0.60806
	5.15



	NFI
	FA1
	increase
	0.0373
	0.84
	0.217
	0.00811
	0.18



	SY
	FA2
	increase
	0.4654
	6.70
	0.636
	0.29616
	4.26



	HI
	FA2
	increase
	0.4739
	0.88
	0.371
	0.17569
	0.33



	HSW
	FA2
	increase
	0.4911
	0.26
	0.712
	0.34953
	0.18



	BL
	FA2
	decrease
	0.0422
	1.46
	0.242
	0.01021
	0.35



	AGB
	FA3
	increase
	0.2501
	1.01
	0.311
	0.07791
	0.32



	Plant height
	FA3
	increase
	0.9705
	1.25
	0.446
	0.43332
	0.56



	PL
	FA4
	increase
	−0.3242
	−2.15
	0.883
	−0.28615
	−1.90



	SNP
	FA4
	increase
	−0.5071
	−15.27
	0.935
	−0.47413
	−14.28



	NAOP
	FA4
	decrease
	−0.0893
	−5.41
	0.381
	−0.03405
	−2.06
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