Genotype x Environment Interaction and Stability Analysis of Mungbean Genotypes for Yield and Its Attributing Traits

Abstract
Mungbean (Vigna radiata L. Wilczek), also known as green gram, is a warm-season annual legume characterised by rapid growth. This study aims to investigate the genotype and environment interaction and stability analysis of mungbean genotypes for yield and its attributing traits. In this study, a total of 40 mungbean genotypes were examined for stability analysis. The present investigation was carried out at Student’s Instructional Farm, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur- 208 002 (U.P.) during summer 2022, kharif 2022 and summer 2023. The pooled analysis of variance conducted across three distinct environments revealed that the genotypic (G) variance was significant for several traits, including days to 50% flowering, days to maturity, plant height, number of primary branches per plant, number of pod clusters per plant, pod length, number of seeds per pod, 100-seed weight, biological yield per plant, seed yield per plant, and protein content. The analysis of G x E interactions revealed that G x E (L) interactions were found to be highly significant for the traits: days to 50% flowering, days to maturity, plant height, number of pod clusters per plant, pod length, number of seeds per pod, biological yield per plant, harvest index, and seed yield per plant. In this study, forty genotypes, exhibiting mean values either above or below the total mean, were categorised into four groups based on stability parameters, specifically the regression coefficient and squared deviation. Group I includes genotypes that possess a desirable mean and a regression coefficient close to one, accompanied by a non-significant squared deviation. Group II comprises genotypes with a regression coefficient significantly less than one and a non-significant squared deviation, indicating their adaptability to unfavourable environments. Additionally, genotypes with a regression coefficient significantly greater than one are also included in Group II, suggesting their suitability for favourable conditions. Conversely, genotypes classified in Groups III and IV cannot be reliably predicted due to their significant squared deviation, regardless of their regression coefficient values. The genotypes KM 2195, NM13 5, NM1705, SML1839, and SML1723 were found stable for yield and yield-related traits.
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Introduction
India is the world's largest producer and consumer of pulses, accounting for 36.8% of the global cultivated area, 24.2% of global production, and 27% of global consumption. In India, pulses are a crucial part of the diet and a major economic asset. India, being the largest producer of pulses in the world, uses this crop to boost its export revenues, highlighting its economic importance.  Specifically, pulses have twice the amount of protein as wheat and three times as much as rice, making them a vital part of the Indian diet (Kumar et al., 2024; Agarwal, 2024). The country produces approximately 80% of the world's pigeon pea, 65% of chickpea, 37% of lentil, and 65– 70% of mung bean/urad bean. Pulses, known for their high grain protein content, are a crucial component of India's predominantly vegetarian diet. They play a vital role in addressing protein deficiency and malnutrition, especially among the underprivileged. Mungbean (Vigna radiata L. Wilczek), also known as green gram, is a warm-season annual legume characterised by rapid growth. The crop thrives in hot and humid weather conditions, with an optimal temperature range of 28°–35°C, and is mainly cultivated under rainfed environments. However, the rising global temperature has posed a serious threat to mungbean cultivation (Bhardwaj et al., 2023). It has a short life span of 75–90 days and a small genome of 579 Mb, with a diploid chromosome number of 2n=2x=22 (Arumuganathan and Earle, 1991; Kang et al., 2014; Liu M. S. et al., 2016). This plant can grow and produce well in various soil types and altitudes below 500 m asl, is tolerant to drought (Ghanbari and Javan, 2015), and has potential for cultivation in low light intensity, such as intercropping with higher canopy plants (Sundari and Mutmaidah, 2017). Yield potential of mung beanis staggeringly low, primarily due to low yield potential of the available varieties with indeterminate habit, flower and fruit drop, poor source-sink relationship, poor harvest Index and lack of cold and moisture stress. The main hindrance for breeding in the crop lies with narrow genetic variability and sensitivity to a variety of biotic and abiotic stresses.
The genotype (G), environment (E), and their interactions (G×E) significantly influence plant phenotypes (Chahal and Gosal, 2003 and Ghaed-Rahimi et al., 2015). G×E interactions result in varying responses among genotypes to environmental changes, impacting decisions in plant breeding, such as identifying suitable environments, resource allocation, germplasm selection, and developing breeding strategies (Zakir, 2018). Since green gram is cultivated under diverse environmental conditions, where G×E interaction is significant, identifying well-adapted genotypes is a key component of breeding programs. 
Materials & Methods
 	The present investigation, entitled “Genotype x Environment Interaction and Stability Analysis of Mungbean Genotypes for yield and its attributing traits”, was carried out at Student’s Instructional Farm, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur- 208 002 (U.P.) during summer 2022, kharif 2022 and summer 2023.
	
	Geographically, the research farm is situated at 26.28 ◦N latitude, 80.20 ◦E longitude and about 126 meters above the sea level, lying in the lower Ganges-Yamuna doab at the bank of the Ganges River. This place falls in the Central Plain zone of Agro-ecological sub-region (ICAR) and Upper Gangetic Plain Zone of Agro-Climatic zone (Planning Commission).
	The soil type of this site is deep, loamy, with proper irrigation and drainage facilities, which is favourable for raising a good crop. The soil type is sandy loam. The annual rainfall is about 1270 mm. The climate of the district Kanpur is semi-arid with a hot summer and a cold winter. 
Basic material for the present investigation consists of forty genotypes viz., KM 2364, KM 2419, KM 2438, KM 2439, KM 2448, KM 2449, KM 2450, KM 2452, HUM 230, IPM 208, IPM 325, IPM 604, SML 1839, SML 1723, PUSA 2071, PUSA 2072, NM 1705, NM 1903, PDM 139, IPM 02-3, KM 2195, PM  1603, PM 1609, NM 13-5, NM 13-9, SML 2015, SML 2016, IPM1802, IPM 1803, IPM 1902, PDM 11, KM 2428, KM 2429, KM 2430, KM 2431, KM 2432, KM 2433, KM 2435, KM 2436 and KM 2443 which were collected from germplasm maintained at Legume Section of C. S. Azad University of Agriculture and Technology, Kanpur. 
	Selected 40 lines were grown in three environments, i.e. summer 2022 (E1), Kharif 2022(E2) and summer 2023 (E3), in a randomised block design in three replications with spacing of 30 x 10 cm. Each line had row length of 4 m. Data recorded on Days to 50% flowering, Days to maturity, Plant height (cm), Number of Primary branches per plant, Number of pod clusters per plant, Number of pods per plant, Pod length (cm), Number of seeds per pod, 100-seed weight (g), Biological yield per plant (g), Harvest Index (%), Seed yield per plant (g), Protein Content (%). The experimental data collected on all the characters with respect to four experiments of the present study were compiled by taking the mean values over five randomly selected plants in each plot in each replication. It was then subjected to stability analysis as per the Eberhart and Russell Model (1966). 
Result and Discussion
The phenotype of an organism is determined by the combined effect of its genotype and environment, which interact with each other. For many years, crop breeders have been focused on developing genotypes that demonstrate higher yields, favourable quality traits, and other advantageous characteristics across various environmental conditions. 
The interaction between genotype and environment (GxE) presents a significant challenge in selecting for broad adaptability in most breeding initiatives. Seed yield, being a polygenic trait, is affected by both genetic and environmental interactions throughout all growth stages of the plant (Simmonds et al., 2014). 
A key attribute for selecting or recommending new genotypes in plant breeding programs is the stability of performance regarding economically important traits, which is influenced by both genotype and environmental conditions. These effects are not always additive, indicating the presence of genotype x environment (G x E) interactions. Such interactions can lead to variable performance of genotypes across different environments. Notable G x E interactions arise from variations in the magnitude of differences among the genotypes in diverse environments or shifts in their relative rankings (Falconer, 1952; Fernandez, 1991). Peto (1982) categorised these G x E interactions into two types: qualitative (changes in rank) and quantitative (absolute differences among genotypes). The presence of G x E complicates the identification of the best-performing and most stable genotypes, making it a critical factor in plant breeding programs, as it can hinder progress from selection in any single environment (Hill, 1975; Yau, 1995). 
In this study, a total of 40 mungbean genotypes were examined using stability analysis. The stability of these genotypes was evaluated based on the model established by Eberhart and Russell (1966). The pooled analysis of variance conducted across three distinct environments revealed that the genotypic (G) variance was significant for several traits, including days to 50% flowering, days to maturity, plant height, number of primary branches per plant, number of pod clusters per plant, pod length, number of seeds per pod, 100-seed weight, biological yield per plant, seed yield per plant, and protein content. The analysis of G x E interactions revealed that the E(L) interaction effects were significant for several traits, including days to 50% flowering, days to maturity, plant height, number of pod clusters per plant, number of pods per plant, pod length, number of seeds per pod, biological yield per plant, harvest index, and seed yield per plant. Additionally, G x E (L) interactions were found to be highly significant for the same traits: days to 50% flowering, days to maturity, plant height, number of pod clusters per plant, pod length, number of seeds per pod, biological yield per plant, harvest index, and seed yield per plant. 
However, the pooled deviation effects were not significant for any of the traits examined. Furthermore, the partitioning of variance, specifically E+(GxE) interactions, also showed significant results for days to 50% flowering, days to maturity, plant height, number of pod clusters per plant, pod length, biological yield per plant, harvest index, and seed yield per plant. These findings are consistent with previous studies conducted by Kamannavar et al. (2011), Kumar and Konda (2014) and Kuchanur et al. (2018).
Crop improvement efforts are heavily reliant on the identification of superior and stable genotypes. A superior genotype is characterised by its high yield potential in favourable conditions, while a stable genotype demonstrates consistent performance with minimal interaction effects. In this study, forty genotypes, exhibiting mean values either above or below the grand mean, were categorised into four groups based on stability parameters, specifically regression coefficient and squared deviation, following the methodologies established by Mehra and Ramanujam (1979) as shown in Table 1.
Group I includes genotypes that possess a desirable mean and a regression coefficient close to one, accompanied by a non-significant squared deviation. Group II comprises genotypes with a regression coefficient significantly less than one and a non-significant squared deviation, indicating their adaptability to unfavourable environments. Additionally, genotypes with a regression coefficient significantly greater than one are also included in Group II, suggesting their suitability for favourable conditions. Conversely, genotypes classified in Groups III and IV cannot be reliably predicted due to their significant squared deviation, regardless of their regression coefficient values. Based on the classification presented in Table 1, the genotypes KM 2195, NM13 5, NM1705, SML1839, and SML1723 demonstrated stability across 8, 10, 10, 9, and 8 traits, respectively, during the study. In group II (bi1), displayed stability in favourable conditions for seed yield per plant. These findings align with previous studies conducted by Abbas et al. (2008) and Kumari et al. (2022).


Conclusion:
In conclusion, genotypes classified in Groups III and IV cannot be reliably predicted due to their significant squared deviation, regardless of their regression coefficient values. The genotypes KM 2195, NM13 5, NM1705, SML1839, and SML1723 were found to be stable for yield and yield-related traits.
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Table 1Grouping of mungbean genotypes based on Eberhart and Russell’s model stability parameters
	Trait
	Group I
	Group II
	Group III
	Group IV

	
	
	(bi<1)
	(bi>1)
	
	

	Days to 50 % flowering
	-
	-
	-
	All genotypes

	Days to maturity
	KM2195, KM2435, NM13-5, NM13-9, NM1705, PDM139, SML1839 and SML2015
	KM2439
PUSA2071
KM2431
	KM2443
	HUM230, IPM1802, IPM1902, IPM2-3, IPM604, KM2419, KM2428, KM2432, KM2438, KM2439, KM2449, KM2452, NM1903, PM1603 and PM1609

	Plant Height
	IPM1902, IPM208, IPM604, KM2195, KM2364, KM2428, KM2448, KM2449, KM2450, KM2452, NM13-9, NM1705, PM1603, SML1723, SML1839 and SML2015
	PUSA2071, PUSA2072
	-
	IPM2-3, IPM325, KM2429, KM2431, NM1903, PDM11 and PM1609

	Number of primary branches per plant
	HUM230, IPM1802, IPM1803, KM2195, KM2431, KM2439, KM2443, KM2450, NM13-5, NM1705, NM1903, PDM139, PM1609 and SML1723
	-
	-
	IPM1902, IPM2-3, IPM208, IPM604, KM2429, KM2449, KM2452, NM13-9 and PUSA2072

	Number of pod clusters per plant
	HUM230, IPM1802, IPM1803, IPM1902, IPM2-3, IPM208, IPM604, KM2195, KM2429, KM2436, KM2438, KM2443, KM2452, NM13-5, NM1705, NM1903, PDM11, PDM139, PM1603, PM1609, SML1839 and SML2016
	-
	SML1723
	KM2428, KM2448 and PUSA2071

	Number of pods per plant
	IPM1802, IPM2-3, KM2419, KM2429, KM2436, KM2438, KM2448, KM2452, NM13-5, NM13-9, NM1705, NM1903, PDM139, PM1603, PM1609, SML1723 and SML2015
	IPM1803 and KM2431
	-
	IPM208, KM2195, KM2428, KM2435, KM2439 and SML2016

	Pod length
	HUM230, IPM1802, KM2195, KM2435, KM2436, KM2443, KM2450, NM1705, NM1903, SML1723 and SML2016
	PDM11
	-
	IPM1803, IPM208, KM2364, KM2428, KM2430, KM2432, KM2438, KM2439, NM13-9, PUSA2071 and SML1839

	Number of seeds per pod
	HUM230, IPM1802, IPM1803, IPM1902, IPM208, KM2428, KM2429, KM2432, KM2433, KM2435, KM2436, KM2438, KM2443, KM2450, NM13-5, NM1705, PM1603, PM1609, SML1723, SML1839 and SML2016
	-
	NM1903 and PDM139
	KM2195 and PDM11

	100 seed weight
	HUM230, IPM1802, IPM1902, IPM2-3, IPM208, IPM325, KM2195, KM2439, KM2443, KM2450, NM13-5, PDM139, PM1603, PUSA2071, PUSA2072, SML1723, SML1839 and SML2015
	-
	-
	IPM604, KM2431, KM2435, KM2438, NM13-9, NM1705, NM1903 and SML2016

	Biological yield per plant
	IPM325, KM2195, KM2431, KM2438, NM13-5, NM1705, PDM11, PM1609, PUSA2071 and SML1839
	IPM604
	IPM2-3
	HUM230, IPM1802, IPM208, KM2429, KM2436, KM2448, KM2449, KM2452, NM13-9, PM1603 and SML1723

	Harvest index
	IPM1902, IPM2-3, KM2429, KM2430, KM2439, KM2450, NM13-5, NM1903, PUSA2072, SML1839, SML2015 and SML2016
	KM2433 and NM1705
	IPM1802
	IPM208, KM2195, KM2432, KM2435, KM2438, KM2452 and PM1609

	Seed yield per plant
	IPM1802, IPM1902, IPM208, KM2430, KM2432, KM2450, NM13-5, NM1705, NM1903, PUSA2072, SML1723, SML1839 and SML2015
	KM2433
	KM2449
	HUM230, IPM1803, IPM2-3, IPM604, KM2195, KM2364, KM2419, KM2429, KM2436, KM2438, KM2439, NM13-9, PDM11, PM1609, PUSA2071 and SML2016

	Protein content
	IPM208, KM2195, KM2429, KM2432, KM2448, NM13-5, NM1705, NM1903, PM1603, PUSA2071, PUSA2072, SML1723, SML1839 and SML2015
	IPM1802 and KM2452
	KM2431, KM2450, PDM11 and PM1609
	IPM325 and KM2438



