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In the present study, fifty-two mungbean (Vigna radiata) genotypes were evaluated for seven morphological traits at three different environments in South Indian state Tamil Nadu, namely Virinjipuram (E1), Eachangkottai (E2), and Bhavanisagar (E3) during Kharif 2017, 2018, and 2019, respectively. The data collected were subjected to variability and correlation analyses, followed by stability analysis using additive main effects and multiplicative interaction (AMMI) model, genotype and genotype × environment interaction effects (GGE) biplot. Variablility was observed among the genotypes for the following traits viz., plant height, days to fifty per cent flowering, number of pods per plant, pod length, number of seeds per pod, hundred seed weight and grain yield. Correlation analysis showed that the trait number of pods per plant was significantly associated with grain yield. The G × E was smaller than the genetic variation of grain yield as it portrayed the maximum contribution of genotypic effects (61.07%). GGE biplot showed E3 as a highly discriminating and representative environment. It also identified environment-specific genotypes viz., EC 396111 for E1, EC 396125 for E2 and EC 396101 for E3 environments. The genotypes with minimum genotype stability index (GSI) viz., V2802BG (7), HG 22 (13), and EC 396098 (13) were observed with wide adaptation and high yields across all the three environments. In summary, we identified stable genotypes adapted across environments for grain yield. These genotypes can be used as parent/pre-breeding materials in future mungbean breeding programs.
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INTRODUCTION

Mungbean (Vigna radiata) is one of the widely adapted, stress-tolerant, and nutritious grain legumes. It is an inexpensive source of protein (24–26%), carbohydrate (51%), minerals (4%), and vitamins (3%) for the people of Asia and Africa (Karthikeyan et al., 2014). In combination with cereals and other grain legumes, it is a valuable component of cropping systems in many areas, with its ability to fix nitrogen and reduce soil erosion. The crop is grown on more than six million hectares in tropics and subtropics of Africa, Asia, Australia, and America (Nair et al., 2013, 2019; AVRDC, 2019). However, Asia solely contributes to 90% of world mungbean production and India is the leading mungbean producer in the world. But, the average yield of mungbean is low. It is mainly due to recent changes in climate and inclement weather conditions throughout the year in general and during the cropping season in particular (Biswas et al., 2018). Grain yield is one of the complex quantitative traits, which has high environmental interaction. Hence, it is essential to carry out selection based on yield stability evaluation than average performance in multiple environmental conditions (Kang, 1993; Tariku et al., 2013; Islam et al., 2015). Genotype × environment interaction (G × E) is a major obstacle for the crop to attain full genetic gain (Gruneberg et al., 2005). Thus, plant breeding programs focus on increasing crop yield in a particular targeted macro environment or a wide range of growing conditions. A clear knowledge of G × E interaction in mungbean is required before plant breeders confidently decide (i) ideotype design, (ii) choosing the best parental combination based on the traits, (iii) tracing the suitable environment condition to test the genotypes, (iv) fixing the breeding objectives based on the yield, (v) identify the best crop management practices, and (vi) to draw up recommendations for areas of optimal cultivar adaptation (Xavier et al., 2018).

Many researchers have conducted the studies on stability performance for grain yield using different set of mungbean genotypes at diverse agro-climatic zones (Ullah et al., 2012; Win et al., 2018). To date, several statistical models proposed to analyze stability and G × E interaction of traits by conventional analysis. Additive main effects and multiplicative interaction model (AMMI) and genotype and genotype × environment interaction effects (GGE) model are widely used because these models let the detection of G × E interaction in terms of the crossover effect resulting from great changes in the ranking of the genotypes across the environments. Moreover, AMMI and GGE have been found particularly useful in visualizing G × E effects in graphical representation. Also, both models were widely used to examine the mungbean genotype in the multi-environment cultivar trials (Thangavel et al., 2011; Asfaw et al., 2012; Ullah et al., 2012; Win et al., 2018). Thangavel et al. (2011) evaluated the yield-related traits data of 58 mungbean genotypes including local cultivars, landraces and advanced breeding lines at six moisture stress location-year environments. The results showed that drought tolerance in mungbean is the effect of enhanced vegetative growth and effective partitioning of photoassimilates to root growth to obtain good yield under drought conditions. Correlation analysis showed several environmental factors (minimum temperature, relative humidity, soil pH, and rainfall) had interacted and influenced the yield-related traits of mungbean. In another study, thirty mungbean genotypes were evaluated in four environments to identify the high yielding and stable genotypes. Results showed that genotypes namely “NFM-7-13” and “NFM-11-3” were found to be stable in performance across environments (Ullah et al., 2012). Seven mungbean genotypes originated from India were tested at three locations in Ethiopia for over 2 years. Among the seven genotypes, MH-96-4 exhibited stable performance across the environments (Asfaw et al., 2012).

With this background knowledge, the objectives of this research were: (i) to identify the trait variability and association of morphological traits with mungbean grain yield (ii) to study the effect of G × E interaction toward the variation in grain yield across the South Indian state Tamil Nadu, namely Virinjipuram (E1), Eachangkottai (E2), and Bhavanisagar (E3) amongst 52 mungbean genotypes and (iii) to identify the best mungbean genotypes suitable for across environments and for a particular environment, based on grain yield.



MATERIALS AND METHODS


Environments

Field experiments were conducted at three different environments in the South Indian state of Tamil Nadu, namely, Agricultural Research Station, Virinjipuram (E1) (12° 5′ N latitude and 79° E longitude), Agricultural College and Research Institute, Eachangkottai (E2) (8° 46′ N latitude and 77° 42′ E longitude) and Agricultural Research Station, Bhavanisagar (E3) (11° 29′ N latitude and 77° 08′ E longitude) during Kharif 2017, 2018, and 2019, respectively. The environments E1, E2, and E3 are popular mungbean growing regions that fall under three different agro-ecological zones of Tamil Nadu viz., North Eastern zone, Cauvery Delta zone and North Western zone. Mungbean yellow mosaic virus was the major issue in these environments whereas, moderate problem of bruchids, powdery mildew and cersospora leaf spot were also prevalent. Details of the soil and meteorological conditions during the crop growth period are presented in Table 1.


Table 1. Weather parameters during crop growth stages.
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Plant Genetic Materials

A total of 52 mungbean genotypes originated from different parts of northern India, Asian and African countries along with two checks viz., CO 8 and VBN 3 were used in this study. These genotypes exhibited resistant or moderately resistant to mungbean yellow mosaic virus, bruchids, powdery mildew, and cercospora leaf spot (Somta et al., 2008; Karthikeyan et al., 2011, 2019; Pandiyan et al., 2011; Senthil et al., 2012; Sudha et al., 2013; Chotechung et al., 2016; Schafleitner et al., 2016; Kaewwongwal et al., 2017; Samyuktha et al., 2019). Seeds of these mungbean genotypes were obtained from the Asian Vegetable Research and Development Center, Taiwan, National Bureau of Plant Genetic Resources, India and Department of Plant Genetic Resources, Tamil Nadu Agricultural University, India.



Experimental Design and Agronomic Practices

All the mungbean genotypes were raised in a randomized block design with three replications in each environment. The land was ploughed to fine tilth condition and the basal fertilizer of 25 kg N + 50 Kg P2O5 + 25 Kg K2O/ha was applied. Each genotype was planted in a 4-meter row in ridges and furrows with the spacing of 30 ×10 cm involving a plot size of 4 ×1.5 m in each environment. Agronomic practices and plant protection measures accomplished throughout the crop growth period as per the recommendations given in TNAU Crop Production Guide Agriculture. (2020). Irrigation was done immediately after sowing. The application of per-emergence herbicide Pendimethalin @ 1 liter/ha was done on the third day before providing life irrigation. The succeeding irrigation was given at an interval of 7–10 days. One hand weeding was done at 30 Days After Sowing (DAS) to provide a weed-free environment. Foliar application of DAP 20 g/l was applied during the flowering stage to maximize the pod setting percentage. The following plant protection measures were followed for good establishment of the crop. The spraying of Imidacloprid 17.8 SL @ 250 ml/ha was done at 15 DAS to control the sucking pests, and Chlorantraniliprole 18.5% SC @ 150 ml/ha at 50% flowering stage. After 15–20 days, Flubendiamide 39.35% SC 100 ml/ha was applied to suppress the pod borer infestation.



Evaluation of Morphological Traits

The morphological observations were recorded on 10 randomly selected plants in each genotype based on the descriptors of mungbean [IBPGR, 1980]. The traits viz., plant height (cm), days to fifty per cent flowering, number of pods per plant, pod length (cm), number of seeds per pod, hundred seed weight (g) and grain yield (g) were recorded. The mean data used in the analysis was the average value of each genotype from all three environments (E1, E2, and E3).



Statistical Analysis

The mean data of 10 randomly selected plants in each genotype for each trait were used for determining the range and overall mean of each environment. Correlation between grain yield and other yield attributing traits in each environment were performed using SPSS 16.0 version (SPSS. Inc USA, 2007). The stability for grain yield in 52 mungbean genotypes was carried out using various stability models viz., AMMI, GSI, and GGE biplot. AMMI analysis was carried out using the software GEA-R version 4.1 (Angela et al., 2015) with the model equation:
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where Yij is the yield of ith genotype in the jth environment;

μ is the grand mean;

gi and ej represent the genotype and environment deviations from the grand mean, respectively

τn stands for the eigenvalue of principal component (PC) axis n

γin and δin are the genotype and environment principal components scores for axis n and

ε represents the error term (Gauch, 1992).

The AMMI stability value (ASV) was calculated by the method formulated by Purchase et al. (2000).
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Where SS represents the sum of squares of first (IPCA1) and second (IPCA2) interaction principal component axes; and IPCA1 and IPCA2 are the genotypic scores obtained from the AMMI model.

Genotype selection index (GSI) was obtained by following the method devised by Farshadfar and Sutka (2003).

[image: image]

Where GSIi denotes the genotype selection index for ith genotype, RYi is rank of mean grain yield for ith genotype, RASVi represents rank for the AMMI stability value for the ith genotype.

GGE analysis was performed using the software GEA-R version 4.1 (Angela et al., 2015) with the model equation:
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Where Yij is the yield of ith genotype in the jth environment; Gi and Ej represent the genotype and environment deviations from the grand mean, respectively; μ denotes the grand mean λk is the eigenvalue of the PCA axis k; αik and γjk indicate the genotype and environment PC scores, respectively, for the axis k and eij denotes the error term.




RESULTS

Analysis of variance showed significant difference among all the morphological traits under study. The variation in yield and yield attributing are displayed in Table 2. The mean of plant height ranged from 32.99 cm (E1) to 42.16 cm (E2). The trait days to fifty per cent flowering varied from 40 days (E1) to 41 days (E3). The environment E1 showed minimum mean value for number of pods per plant (28.27) whereas E3 expressed maximum mean of 34.69. The mean of pod length ranged from 8.43 cm (E1) to 8.68 cm (E2). The mean of number of seeds per pod varied from 10.84 (E1) to 10.95 (E2). The trait hundred seed weight recorded minimum mean of 4.43 g (E1) to a maximum of 4.61 g (E3). Grain yield ranged from a minimum mean of 9.89 g in E2 to a maximum of 11.32 g in E3. The genotypic correlations between grain yield and other independent traits in mungbean across three environments are given in Table 3. Among the 63 associations, 15 were having significant positive association, while 13 were having significant negative association. The trait number of pods per plant was identified as the important yield attributing trait that showed highly significant positive association with grain yield in all the three tested environments. The stability analyses were carried out for grain yield in three environments viz., Virinjipuram (E1), Eachangkottai (E2) and Bhavanisagar (E3).


Table 2. Mean and range of quantitative traits of mungbean in different environments.
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Table 3. Genotypic correlations between grain yield and independent traits in mungbean.
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Stability Analysis for Grain Yield
 
Analysis of Variance

AMMI analysis of variance for pooled mean grain yield of 52 genotypes from three environments (E1, E2, and E3) explained that the major portion of the total sum of squares contributed by genotypic effects (61.07%) followed by GEI effects (21.82%) and environmental effects (17.10%) (Table 4). AMMI ANOVA revealed significant differences among 52 mungbean genotypes and three environments. This depicts that the grain yield of mungbean influenced by genotype (G), environment (E), and also the interaction between genotype and environment (GEI). AMMI analysis further partitioned the GEI into the first two multiplicative terms namely PC1 and PC2 with a contribution of 67.76 and 32.24% of GEI sum of squares. The presence of a significant proportion of GEI necessitates the analysis of the stability of mungbean genotypes over environments.


Table 4. AMMI analysis of variance for mean grain yield of 52 mungbean genotypes from three different locations during Kharif 2017, 2018, and 2019.
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Grouping of Test Environments

Grain yield analysis of mungbean revealed that the average environment means ranged from 8.25 g (E1) to 11.32 g (E3). Nineteen genotypes showed above-average yield in the E1 environment. Twenty-two genotypes in E2 and 28 genotypes in the E3 environment outperformed the average yield of the corresponding genotypes in a particular environment (Table 5). There exists a negative correlation between all the environments E1, E2, and E3 under study since the angle between the environments is higher than 90° (Figure 1). The present study showed that the environment E3 was found with the longest vector having more discriminating power compared to the other two environments. The Average Environment Axis (AEA) view compared the environments in relation to an ideal environment. The environment E3 had the smallest angle with the AEA, hence the E3 environment is highly representative. The Average Environment Coordinate (AEC) axis projected the stability of the accessions. The highly stable genotypes indicated by a small perpendicular line to the AEC axis whereas the increase in the length of the perpendicular line denoted the decrease in stability of the genotypes. Genotypes (G2, G42, G33, G43, G4, and G49) were highly stable with low to good yielding ability. The genotype G37 was highly unstable because it was far away from the AEC axis followed by G36, G34, G14, and G12. These genotypes expressed good yielding ability (Figure 1).


Table 5. Mean grain yield, AMMI stability value (ASV) and genotype selection index (GSI) of mungbean accessions.
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FIGURE 1. (A) GGE biplot based on environment focused scaling for the comparison of three environments in relation to average environment axis (AEA) (blue line that passes through the biplot origin and the average environment). (B) Average Environment Coordination (AEC) view based on environment focused scaling for the pooled mean performance and the stability of 52 mungbean genotypes.




Genotype Response to Wider Adaptation

AMMI analysis showed the interaction component IPCA 1 with 67.76% of the total interaction sum of squares, whereas IPCA 2 attributed for 32.24%. The performance of genotypes in a specific environment, as well as the overall performance across all the test environments, can be effectively analyzed in the presence of two or more PCA axes. IPCA 1 scores for grain yield over three locations were plotted against genotype and environment scores along with the environments (E1, E2, and E3) (Figure 2). The genotypes plotted on right side of the central axis formed based on grand mean, exhibited high yield compared to those on the left side of the axis. Five genotypes exhibited the above-average performance with positive interaction effect were present in the quadrant I. Fourteen genotypes in the quadrant IV also showed the above-average performance but having a negative interaction effect. About 19 genotypes along with the environment E1 falling under quadrant II showed below-average performance with a positive interaction effect. The environment E2 is between quadrant I and II. About 14 genotypes present in quadrant III also exhibited below-average performance with negative interaction effect with the environment E3. About 10 genotypes having IPCA 1 score nearer to zero as it exhibited between −0.18 to 0.19 (Table 5) which were stable across all the test environments (E1, E2, and E3). A set of nine genotypes found to be less stable as it explained moderately larger scores.


[image: Figure 2]
FIGURE 2. (A) AMMI I biplot showing main effects and IPCA1 interaction effects of 52 mungbean genotypes and three environments on grain yield of mungbean. (B) AMMI II biplot of first two principal components (IPCA1 vs IPCA2) of interaction effects.


For the maximum exploration of GEI, the IPCA 1 scores visualized against IPCA 2 in the form of a graph (Figure 2). The 15 genotypes with IPCA 2 value ranging between −0.09 to 0.08 located nearer to the center of the biplot, produced highly stable grain yield across all the test environments. Twenty four genotypes fall under medium stable genotypes category which surrounded the highly stable genotypes in the graph. The highly unstable 13 genotypes that were far away from the center, had also been identified from the biplot. Furthermore, the biplot showed a highly interactive environment as E3 as well as the genotypes (G34 and G14) that contributed largely to the GEI. The genotypes G34 and G14 particularly performed well in E1. The genotypes G36 and G37 were particularly adapted to E2, whereas the genotype G32 had more interaction with E3.

According to ASV, the genotypes close to 0 (G42, G4, G22, and G52) were highly stable, whereas the genotypes having high value (G32, G34, G17, and G18) were found to be highly unstable (Table 5). GSI integrates both yield and stability across environments. Genotypes with lower GSI (G52, G43, and G49) were desirable since they combine high mean yield performance with stability. The genotypes G43 and G52 outperformed the check (CO 8) in E2 and E3. The genotype G49 outperformed both the checks (CO 8 and VBN 3) in E3 whereas outperformed the check CO 8 in E2.



Genotype Response to Specific Adaptation

Locating the most suitable accession for each environment can be done by which-won-where pattern analysis. In this, a polygon is produced by joining the genotypes far away from the origin consisted of all the other genotypes inside the polygon (Figure 3). The polygon is further portioned into eight different sectors using the rays (red line) that were starting from biplot origin and passing perpendicular to the sides of the polygon. The genotypes in a sector are similar in performance compared to the genotypes in other sectors. E1 environment is more suitable for the following genotypes viz., G34, G14, G18, G5, and G9 which are located in the same sector whereas the environment E2 is highly desirable for G37, G36, G6, G11, G26, and G27. The sector that consisted of the E3 environment contained many numbers of genotypes thus portraying that the E3 environment is highly suitable for the expression of most of the genotypes. Few of those genotypes that performed well in E3 were G32, G40, G46, G44, G45, G50, G7, G8, G39, G13, G41, and G51. The genotypes plotted at each vertex of the polygon were the best performing genotype to the environment nearer to the vertex. In this case, G34, G37, and G32 were the peak genotypes that are highly suitable for the environments E1, E2, and E3 respectively. The genotype G37 outperformed the check (CO 8) in E2 whereas G32 outperformed check (CO 8) in E3.


[image: Figure 3]
FIGURE 3. Which-won-where pattern of 52 genotypes and three environments based on symmetrical scaling showing winning genotype in each environment.






DISCUSSION

In the present study, there existed considerable trait variation among the 52 mungbean genotypes studied, besides number of pods per plant was identified as the key character for yield increase in mungbean. The grain yield performance of 52 mungbean genotypes were evaluated in three different environments [Virinjipuram (E1), Eachangkottai (E2), and Bhavanisagar (E3)] of Tamil Nadu, Southern state of India for the identification of stable genotypes adapted across environments. The selected environments for our study are popular mungbean growing regions that fall under three different agro- ecological zones of Tamil Nadu. The selection for yield improvement is a complex phenomenon, should be decided in accounting genotypes along with the environmental interactions. Stability models help in studying the G × E interaction and assists in identifying the specifically and generally adapted genotypes for particular and all the test environments, respectively (Gauch, 2006; Yan et al., 2007). The best performing and most stable accessions identified will be utilized for prebreeding purpose to develop promising mungbean genotypes. GGE biplot investigated the G × E interaction in a more precise manner. The angle between environments denotes the association among environments. In the present study, the cosine of the angle between all the environments was higher than 90° indicating the negative association among the environments. On the contrary, Yan and Kang (2003) reported a positive correlation between two environments as the angle between the environments was lower than 90°. This negative correlation between environments depicts the presence of high cross over G × E interaction.

The ability of any test environment can be visualized with the aid of discriminating power and representativeness view of the environment (Dehghani et al., 2006). The length of the environment vectors is proportional to the standard deviation within the respective environments on the biplot and also displays the discriminating ability of the environments (Yan and Tinker, 2006). The environment E3 was more discriminating in comparison with the other two environments. The representativeness of the environments can be assessed in the presence of AEA. Having a minimum angle with AEA, the E3 environment was designated as the most representative environment. In the view of discriminating power and representativeness, the generally adapted genotypes will be selected from the environment E3, whilst the specifically adapted genotypes will be selected from environments E1 and E2. The results of discriminating ability and representativeness were in line with the reports of Asfaw et al. (2012) and Ullah et al. (2012) in mungbean. The highly stable genotypes viz., G2, G42, G33, G43, G4, and G49 identified concerning AEC and showed low to better yielding ability. The genotypes G37, G36, G34, G14 and G12 were highly unstable as located far away from the AEC, exhibited good yielding ability. The results were in accordance with the interpretation of Asfaw et al. (2012) in mungbean. According to which-won-where pattern analysis, G34, G37, and G32 were the vertex cultivars in E1, E2, and E3 environments, respectively for expressing the better yielding ability. The promising performance of vertex genotypes in the desired environment was also been reported by Asfaw et al. (2012) in mungbean.

AMMI results revealed the major contribution of the genotypic effects followed by GEI effects and environmental effects. The high value in IPCA 1 was sufficient to study the total G × E interaction that was in accordance with the findings of Win et al. (2017). Based on the performance of genotypes across different environments, AMMI 1 classified the genotypes as most stable and high yielding genotypes (G52, G29, and G43), less stable and high yielding genotypes (G37, G30, G14, and G11) and most stable and low yielding genotypes viz., G42, G22 and G4 as reported by Kilic (2014) in barley. From AMMI 2 biplot the highly interactive environment (E3) and genotypes (G34 and G14) were identified. The precise adaptation of genotypes to the appropriate environment has also been visualized with the help of biplot. E1 was more suitable for the genotype G34. The genotype G37 expressed the high yielding potential in E2, whereas the genotype G32 showed positive interaction with E3. The trait number of pods per plant was the yield driving trait in all the three environments. Win et al. (2018) also reported the better performance of particular mungbean genotypes for each environment under study. Based on GSI, the following genotypes viz., G52 (V2802BG), G43 (HG 22), and G49 (EC 396098) were identified as stable and high yielding across all the test environments under study.

In summary, the present study revealed that the genotypes namely EC 396111 (G34) (E1), EC 396125 (G37) (E2), and EC 396101 (G32) (E3) were suitable for the particular environment and the genotypes viz., V2802BG, HG 22, and EC 396098 were highly suitable for all the three environments. Genetic potential of the genotype and prevailing irregularity of environmental conditions like the variation in weather factor, soil types, and diverse ecologies of tested environment might contribute to the superior/inferior performance/stability of the genotypes over locations. The genotypes used in this study previously known for its pests and disease resistance. Further the present study revealed the stability of grain yield performance over environments. Hence the prudent use of these genotypes as parent/ pre-breeding material hold great potential in future breeding programmes in mungbean to develop varieties with high yield coupled with resistance to biotic stresses.
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