
Phenotypic diversity and selection potential in mung bean (Vigna radiata L.) based on agro‑morphological traits
ABSTRACT 
	Background and Aim:
Mung bean (Vigna radiata L.) is an important short-duration grain legume valued for its protein content and contribution to sustainable agriculture via biological nitrogen fixation. However, its productivity is constrained by narrow genetic variability. This study aimed to assess phenotypic diversity among selected mung bean genotypes through agro-morphological characterisation under field conditions.

Methodology:
The experiment was conducted at the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria, during March–June 2025 (season I) and July–October 2025 (season II). Fifteen mung bean genotypes sourced from the Genetic Resources Centre (GRC), IITA, were evaluated using a Randomized Complete Block Design with three replications. Each plot measured 5 m × 5 m, with planting at a spacing of 1.0 m × 0.75 m under uniform agronomic management, including weeding, staking, and pest control. Data were recorded on key traits including days to flowering, plant height, pods per plant, pod length, seeds per pod, and 100-seed weight. Data were analysed separately for both seasons using analysis of variance (ANOVA), with mean separation performed using the Least Significant Difference (LSD) test at 5% probability. Coefficient of variation, heritability estimates, and genetic advance were also computed.

Results:
Significant (P < 0.05) differences were observed among genotypes for all traits across both seasons, indicating substantial phenotypic variability within the germplasm. Yield-related traits, particularly pods per plant, pod length, seeds per pod, plant height, and 100-seed weight, contributed markedly to genotypic differentiation. Genotype G5 consistently exhibited superior performance across most yield traits in both seasons, followed by G3, indicating strong genetic potential, stability, and adaptability across environments. Moderate to high coefficients of variation recorded for pods per plant and seed weight highlighted considerable genetic diversity and selection potential. Overall, trait expression remained relatively stable across seasons, suggesting limited environmental influence and consistent genotype ranking.

Conclusion:
The study reveals substantial exploitable phenotypic diversity among mung bean genotypes. High heritability coupled with substantial genetic advance for key yield components, particularly pods per plant and 100-seed weight, indicates strong prospects for effective selection. The superior genotypes identified provide valuable genetic resources for breeding programmes aimed at improving yield and adaptability.




Keywords: Mung bean (Vigna radiata L.), phenotypic variability, heritability, yield-related traits, and selection.
1. INTRODUCTION 
Mung bean (Vigna radiata L.) is a short‑duration grain legume widely cultivated in tropical and subtropical regions (Nair et al., 2023; and Tang et al., 2021) and valued for its protein‑rich seeds, micronutrient content, and contribution to sustainable systems through biological nitrogen fixation (Shahrajabian et al.,2021; and Nair et al., 2021). Despite its agronomic advantages, realized yields remain suboptimal in many production environments, often due to a narrow genetic base and limited deployment of improved cultivars (Abbas et al., 2022; Olarenwaju & Okechukwu.,2023). Quantifying phenotypic variation and understanding its genetic basis are prerequisites for effective selection (Ghosh et al., 2021; Rahman et al., 2021). Agro‑morphological traits remain a practical and informative proxy for genetic diversity, particularly where molecular resources are limited (Petal et al., 2020; Kumar et al., 2021). Yield in mung bean is a composite trait influenced by components such as pod number, seeds per pod, and seed weight, as well as phenological and architectural traits that mediate resource capture and partitioning. Therefore, dissecting variability in these attributes and estimating heritability and expected gain are critical for designing efficient breeding strategies. Despite the agronomic and nutritional importance of mung bean (Vigna radiata L.), productivity in many production systems remains below its potential. This gap is largely attributable to the limited availability and adoption of high‑yielding, well‑adapted cultivars, which in turn reflects an insufficient characterization and utilization of existing genetic resources.  In particular, incomplete knowledge of the magnitude and structure of phenotypic variability within available germplasm constrains efficient parent selection and the design of effective breeding strategies. Furthermore, the relative contributions of key yield components and their genetic control are not consistently quantified across environments, limiting the predictability of selection response.  Addressing these gaps through rigorous agro‑morphological evaluation and estimation of genetic parameters is therefore essential to accelerate genetic gain and enhance yield stability in mung bean improvement programs.
2. material and methods 
2.1 Plant Materials and Experimental Site
Fifteen mung bean accessions were sourced from the Genetic Resources Centre, International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria. Field evaluation was conducted under standard agronomic conditions; management practices were uniformly applied across plots ( Tomooka et al.,2024).
2.2 Experimental Design and Crop Management
The field experiment was conducted across two growing seasons :

Season I: March – June, 2025.

Season II: July – October, 2025.
A randomized complete block design (RCBD) with three replications was used (Meena et al., 2022). Each genotype was sown in three rows per plot (5 m × 5 m), with spacing of 1.0 m between plants and 0.75 m between rows. Weeding was performed at three‑week intervals; staking was carried out at eight weeks after planting; and insect control was applied during flowering at two‑week intervals.
The data obtained from both seasons were analyzed separately in order to evaluate the consistency of genotype performance across different environmental conditions.
2.3 Trait Measurement
Growth traits recorded were days to germination, days to 50% flowering, plant height at maturity, and number of branches per plant. Yield traits included number of pods per plant, pod length, number of seeds per pod, and 100-seed weight (Mishra et al., 2022).
2.4 Statistical Analyses
Data were subjected to analysis of variance (ANOVA) to test genotypic effects (Chauhan et al., 2024). The coefficient of variation (CV) was computed to quantify dispersion. Mean separation was performed using the least significant difference (LSD) at P = 0.05. Broad‑sense heritability (H²) was estimated from variance components, and expected genetic advance (GA) under selection was calculated to infer the magnitude of additive genetic control (Ghosh et al., 2021; Rahman et al.,2018).
3. results
The analysis of variance conducted for both growing seasons revealed significant (P < 0.05) differences among the mung bean genotypes for all evaluated agro-morphological traits, indicating the existence of substantial phenotypic variability within the germplasm population. The significant genotype effects observed for days to flowering, plant height, pods per plant, pod length, and 100-seed weight in both seasons demonstrate that the evaluated accessions possess diverse genetic backgrounds suitable for selection and crop improvement.

Across the two seasons, pods per plant consistently recorded the highest F-values, indicating that this trait contributed strongly to genotype differentiation and represented one of the major sources of variability among the evaluated accessions. Similarly, plant height and days to flowering exhibited significant variation across seasons, suggesting differences in vegetative growth pattern and phenological development among the genotypes.

The consistency of significant differences across both growing seasons indicates that the observed variability was largely associated with genetic factors rather than environmental effects alone. This stability in trait expression across seasons suggests that the evaluated genotypes possess relatively stable agronomic performance under varying environmental conditions. The findings therefore confirm the presence of exploitable genetic variability that can be effectively utilized in mung bean breeding programs aimed at improving yield and adaptation.

The mean performance of the evaluated mung bean genotypes showed considerable variation for all measured agro-morphological traits across both seasons. In Season I, genotype G5 produced the highest values for plant height (68.7 cm), pods per plant (42), pod length (9.2 cm), and 100-seed weight (6.8 g), indicating superior agronomic performance. Similar trends were observed in Season II, where G5 maintained the highest values for plant height (71.3 cm), pods per plant (45), pod length (9.5 cm), and seed weight (7.1 g).

Genotype G3 also exhibited relatively high performance across seasons, consistently ranking second for most yield-related traits. The stable performance of G3 across both seasons suggests good adaptability and favorable genetic potential for yield improvement. In contrast, genotype G4 consistently recorded the lowest values for plant height, pod production, pod length, and seed weight across seasons, indicating comparatively lower agronomic performance under the prevailing environmental conditions.

The relatively higher trait values recorded during Season II compared with Season I may be attributed to seasonal environmental differences that favored vegetative growth and reproductive development. Despite these seasonal variations, the consistency in genotype ranking across both seasons demonstrates stable performance among the superior genotypes.

The wide variation observed among genotypes for pod production and seed weight indicates substantial diversity in yield potential within the germplasm population. This variability is beneficial for breeding programs because it increases the likelihood of selecting superior genotypes possessing desirable combinations of agronomic characters.

The coefficient of variation (CV) analysis revealed moderate to high variability among the evaluated traits in both growing seasons. In Season I, pods per plant recorded the highest CV value (28.0%), followed by seed weight (21.2%), while pod length exhibited the lowest CV value (15.0%). Similar trends were observed in Season II, where pods per plant maintained the highest variability (26.8%) and seed weight also recorded relatively high variation (22.2%).

The consistently high CV values observed for pods per plant across both seasons indicate substantial phenotypic diversity among the genotypes for this important yield component. High variability for pod production suggests greater opportunity for effective selection and genetic improvement. Seed weight also exhibited considerable variability, indicating differences in grain filling efficiency and assimilate accumulation among the evaluated genotypes.

The moderate variability observed for plant height and pod length suggests that these traits may be influenced by both genetic and environmental factors. Nevertheless, the relatively stable CV estimates across seasons indicate that environmental fluctuations had limited effects on overall trait expression.

Overall, the variability estimates confirm the existence of sufficient phenotypic diversity among the mung bean genotypes, thereby providing valuable opportunities for selection and hybridization in future breeding programs.

The range values recorded for the evaluated traits demonstrated broad phenotypic diversity among the mung bean genotypes across both growing seasons. In Season I, plant height ranged from 38.7 cm to 68.7 cm, while in Season II the range increased slightly from 40.2 cm to 71.3 cm. The observed variation in plant height indicates differences in vegetative growth and canopy architecture among the genotypes.

Pods per plant exhibited the widest range among all measured traits, varying from 18 to 42 in Season I and from 19 to 45 in Season II. This broad variation highlights substantial diversity in reproductive efficiency and yield potential within the evaluated germplasm. Similarly, pod length and seed weight also displayed appreciable variation across seasons, indicating differences in pod development and seed filling capacity among genotypes.

The slightly higher maximum values recorded during Season II suggest that environmental conditions during the second growing season may have been more favorable for crop growth and yield expression. However, the maintenance of wide ranges across both seasons confirms that the observed diversity was primarily associated with genetic differences among the accessions.

The broad phenotypic ranges obtained for key yield-related traits indicate strong potential for identifying superior genotypes that can be utilized in breeding programs focused on improving mung bean productivity and adaptation.

The mean separation analysis based on the Least Significant Difference (LSD) test revealed clear differences among the mung bean genotypes for pods per plant across both growing seasons. In Season I, genotype G5 was classified in the highest statistical group with 42 pods per plant, indicating significant superiority over the other genotypes. Genotype G3 ranked second with 35 pods per plant, while G2 occupied an intermediate position with 28 pods per plant. Genotypes G1 and G4 recorded the lowest pod numbers and were not significantly different from each other.

A similar trend was observed during Season II, where G5 again produced the highest number of pods per plant (45), followed by G3 (37) and G2 (30). The LSD values obtained in both seasons confirmed that the differences observed among genotype means were statistically significant.

The consistent superiority of G5 across seasons demonstrates stable reproductive performance and suggests strong genetic control of pod production. Likewise, the stable ranking of G3 indicates that the genotype possesses favorable yield attributes and broad adaptability across varying environmental conditions.

The significant differences among genotypes for pod production further confirm the existence of exploitable variability within the germplasm population and emphasize the importance of pods per plant as a major selection criterion for yield improvement in mung bean.

The classification of agronomic traits according to their contribution to yield revealed similar patterns across both growing seasons. Number of pods per plant and number of seeds per pod consistently exhibited very high contribution to grain yield, indicating that these traits represent the principal determinants of productivity in mung bean.

Pod length and 100-seed weight were also identified as important yield-related traits with high contribution to productivity. These traits directly influence grain size, seed development, and overall harvestable yield. Therefore, improvement in these characters is expected to contribute positively to yield enhancement.

Conversely, phenological and vegetative traits such as days to germination, days to flowering, plant height, and number of branches per plant contributed indirectly to yield formation. Although these traits do not directly determine grain output, they influence crop establishment, canopy development, photosynthetic efficiency, and assimilate partitioning, which ultimately affect reproductive performance.

The consistency in trait contribution across both seasons indicates stable relationships among the evaluated characters and highlights the importance of pod and seed-related traits as primary selection targets in mung bean breeding programs. The findings therefore suggest that effective yield improvement can be achieved through selection focused on pod number, seed number, pod length, and seed weight while maintaining favorable vegetative and phenological characteristics.
3.1 ANALYSIS OF VARIANCE (ANOVA) 
Table 1a: ANOVA for agro-morphological traits in mung bean genotypes for season I (March – June, 2025).
	Traits 
	Mean square
	Mean square error 
	F-value
	Significance 

	Days to flowering 
	45.32
	5.21
	8.70
	*

	Plant height (cm)
	120.45
	15.33
	7.85
	*

	Pods per plant
	210.67
	18.45
	11.42
	*

	Pod length (cm)
	6.25
	0.95
	6.58
	*

	100-seed weight (g)
	2.84
	0.41
	6.98
	*


Significant at p<0.05
Table 1a shows ANOVA for selected agro-morphological traits among 15 mung bean accessions evaluated under field conditions.

The analysis of variance revealed highly significant (P < 0.05) differences among the evaluated mung bean genotypes for all measured agro-morphological traits, indicating the existence of substantial phenotypic variability within the germplasm population. The significant variation observed among genotypes demonstrates that the accessions possess diverse genetic backgrounds, which is an essential prerequisite for effective crop improvement and selection programs.

Days to flowering recorded a mean square value of 45.32 with an F-value of 8.70, suggesting marked differences in flowering behavior among the genotypes. This variability in flowering duration is particularly important because flowering time influences adaptation, maturity period, and yield stability under varying environmental conditions. Genotypes with early flowering potential may be advantageous in regions characterized by short rainfall duration or terminal drought stress.

Plant height exhibited a mean square value of 120.45 and an F-value of 7.85, indicating considerable differences in vegetative growth among accessions. Variability in plant height reflects differences in genetic makeup controlling plant architecture and biomass accumulation. Such variation is useful in breeding programs because plant height influences canopy structure, light interception, lodging resistance, and harvesting efficiency.

The highest level of variation was observed for pods per plant, with a mean square value of 210.67 and an F-value of 11.42. This suggests that pod production is highly variable among the genotypes and strongly influenced by genetic factors. Since pods per plant constitute one of the major yield determinants in mung bean, the significant variation observed indicates strong prospects for selecting high-yielding genotypes.

Pod length also showed significant variability among genotypes, with a mean square value of 6.25 and an F-value of 6.58. Variation in pod length may influence seed number per pod and ultimately contribute to overall grain yield. Similarly, 100-seed weight recorded significant differences with a mean square value of 2.84 and an F-value of 6.98, demonstrating diversity in seed size and seed filling capacity among the evaluated materials.

Overall, the ANOVA results confirm the presence of exploitable genetic variability among the mung bean genotypes. The significant differences observed across all traits indicate that selection based on these characters could effectively improve yield and agronomic performance in future breeding programs.
Table 1b. ANOVA for agro-morphological traits during Season II (July–October 2025)

	Traits
	Mean Square
	Mean Square Error
	F-value
	Significance

	Days to flowering
	48.11
	5.64

	8.53
	*

	Plant height (cm)
	128.76
	16.24
	7.93
	*

	Plant height (cm)
	225.43

	19.52
	11.55
	*

	Pod length (cm)
	6.84
	1.02
	6.71
	*

	100-seed weight (g)
	3.02
	0.45
	6.71
	*


Significant at P < 0.05
Table 1b presents the analysis of variance (ANOVA) for important agro-morphological traits of mung bean genotypes evaluated during Season II (July–October 2025). The results showed significant differences (P < 0.05) among the genotypes for all measured traits including days to flowering, plant height, pods per plant, pod length, and 100-seed weight. 

The significant F-values indicate the existence of considerable genetic variability among the tested genotypes. This means that the differences observed were mainly due to genetic factors rather than random environmental effects. Pods per plant recorded the highest F-value (11.55), showing that this trait varied greatly among genotypes and may therefore be highly responsive to selection in breeding programs. Plant height and seed weight also showed strong significance, indicating that these characters can be effectively improved through selection.

The consistency of significant differences across traits suggests that Season II environmental conditions were suitable for proper expression of genetic potential. The result further implies that the evaluated mung bean germplasm possesses enough diversity for crop improvement programs aimed at enhancing yield and adaptation.

3.2 MEAN PERFORMANCE OF GENOTYPES 
Table 2a :- Mean values of selected traits for the different mung bean genotypes for season I (March – June, 2025).
	Genotype
	Plant height (cm)
	Pods/plants 
	Pod length (cm)
	100-seed weight 

	AG1
	45.2
	20
	7.5
	4.2

	G2
	52.3
	28
	8.1
	5.1

	G3
	60.5
	35
	8.5
	6.0

	G4
	38.7
	18
	6.9
	3.8

	G5
	68.7
	42
	9.2
	6.8


Table 2a shows the mean performance of selected mung bean genotypes for key agro-morphological traits, including plant height, number of pods per plant, pod length, and 100-seed weight. The observed differences demonstrate the contrasting agronomic potentials of the evaluated accessions and provide valuable information for identifying superior parental lines for breeding purposes.

Genotype G5 consistently exhibited superior performance across most measured traits, recording the highest plant height (68.7 cm), highest number of pods per plant (42), longest pod length (9.2 cm), and highest 100-seed weight (6.8 g). The outstanding performance of G5 suggests that this genotype possesses favorable genetic attributes associated with high productivity and could therefore serve as an excellent candidate for yield improvement programs.

Genotype G3 also demonstrated relatively high agronomic performance, producing 35 pods per plant, a pod length of 8.5 cm, and a 100-seed weight of 6.0 g. The superior performance of G3 indicates its potential usefulness as a breeding parent for improving yield-related characteristics.

In contrast, genotype G4 recorded the lowest values for most traits, including plant height (38.7 cm), pods per plant (18), pod length (6.9 cm), and seed weight (3.8 g). The poor performance of this genotype may indicate limited adaptation or lower genetic potential for yield under the prevailing environmental conditions.

The wide range observed among genotypes for plant height, pod production, and seed weight demonstrates the existence of considerable phenotypic diversity within the population. Such diversity is advantageous because it increases the probability of identifying elite genotypes with desirable combinations of agronomic traits.

The variation in 100-seed weight among genotypes further indicates differences in assimilate partitioning and seed development efficiency. Larger seed size is generally associated with improved market preference, enhanced seed vigor, and better seedling establishment. Therefore, genotypes with higher seed weight may be valuable in breeding programs aimed at improving grain quality and productivity.

Collectively, the results from Table 2a indicate that G5 and G3 possess superior yield-related characteristics and may be recommended as promising parental materials for hybridization and genetic improvement of mung bean.
Table 2b. Mean performance of mung bean genotypes during Season II (July–October 2025)
	Genotype
	Plant height (cm)
	Pods/plant
	Pod length (cm)
	100-seed weight (g)

	G1
	47.4
	22
	7.8
	4.5

	G2
	54.1
	30
	8.3
	5.3

	G3
	62.8
	37
	8.8
	6.2

	G4
	40.2
	19
	7.1
	4.0

	G5
	71.3
	45
	9.5
	7.1


Table 2b shows the mean performance of five mung bean genotypes for major agronomic traits during Season II. 

Among the genotypes, G5 consistently produced the highest values for plant height (71.3 cm), pods per plant (45), pod length (9.5 cm), and 100-seed weight (7.1 g). This indicates that G5 possessed superior genetic potential and adaptability under the environmental conditions of Season II. High pod number and heavier seed weight are important yield-contributing traits, suggesting that G5 may be considered a promising genotype for high yield production and future breeding programs.

Genotype G3 also performed well with relatively high values across all measured traits, making it another potentially valuable genotype. In contrast, G4 recorded the lowest performance in most traits, indicating poor productivity and lower adaptation compared with the other genotypes.

The slight increase in trait values observed during Season II compared with Season I suggests that environmental conditions during the second growing season may have favored vegetative growth and reproductive development. The stability in genotype ranking across seasons also indicates good genetic consistency and adaptability.

3.3 VAIRABILITY ESTIMATES
Table 3a: Coefficient of variation (CV) selected traits for the different mung bean genotypes during season I
	Traits 
	mean
	Standard deviation 
	CV (%)

	Plant Height
	52.1
	8.6
	16.5

	Pods per plant
	27.5
	7.7
	28.0

	Pod length 
	8.0
	1.2
	15.0

	Seed weight 
	5.2
	1.1
	21.2


Table 3a shows estimates of variability parameters including mean, standard deviation, and coefficient of variation (CV%) for selected agro-morphological traits in mung bean genotypes. Higher CV values indicate greater phenotypic variability. Among the evaluated traits, pods per plant recorded the highest CV value (28.0%), indicating substantial variability among genotypes for this character. High variability for pods per plant suggests the presence of broad genetic diversity controlling pod production, thereby offering strong opportunities for effective phenotypic selection. Since pods per plant is a primary yield component, the observed variability is particularly desirable in breeding programs.

Seed weight also exhibited relatively high variability with a CV value of 21.2%, indicating moderate to high dispersion among genotypes. This suggests that the genotypes differ considerably in seed development and grain filling capacity. High variability in seed weight provides opportunities for selecting genotypes with improved seed quality and market value.

Plant height recorded a moderate CV value of 16.5%, reflecting moderate variability among the accessions. The moderate variation suggests that plant architecture is influenced by both genetic and environmental factors. Although variability was not as high as that observed for pod number, the trait still possesses sufficient variation for selection purposes.

Pod length showed the lowest CV value (15.0%), indicating relatively lower variability compared with other measured traits. This suggests that pod length may be more genetically conserved or less influenced by environmental conditions than other yield-related characters.

Generally, CV values greater than 20% are considered indicative of high variability, values between 10% and 20% indicate moderate variability, while values below 10% suggest low variability. Therefore, the present findings reveal moderate to high variability across all measured traits, confirming the existence of substantial phenotypic diversity within the mung bean germplasm.

The observed variability is beneficial for breeding because genetic improvement depends largely on the presence of sufficient variation within a population. Traits with high variability are more amenable to selection and are likely to respond positively to breeding interventions.
Table 3b. Coefficient of variation (CV) during Season II
	Traits
	Mean
	Standard deviation

	CV (%)

	Plant height
	55.0
	9.1
	16.6

	Pods per plant
	30.6
	8.2
	26.8

	Pod length
	8.3
	1.3
	15.7

	Seed weight
	5.4

	1.2
	22.2


Table 3b presents the coefficient of variation (CV) for major agronomic traits during Season II. �
The coefficient of variation measures the extent of variability relative to the mean and helps determine the degree of phenotypic diversity among genotypes. Pods per plant recorded the highest CV value (26.8%), indicating substantial variability among the genotypes for this trait. High variability suggests greater opportunity for effective selection because genotypes differ widely in their performance.

Seed weight also recorded a relatively high CV value (22.2%), indicating moderate to high variation among genotypes. Plant height and pod length showed lower CV values of 16.6% and 15.7%, respectively, suggesting relatively more stability in expression.

The moderate to high CV values observed across the traits confirm the existence of exploitable genetic diversity within the mung bean materials studied. The relatively stable CV percentages compared with Season I further indicate that environmental fluctuations had limited influence on the expression of these characters.

3.4 Range and Mean Values of Traits

Table 4a. Range and Mean Value Traits for season 1.
	Traits
	Minimum 
	Maximum

	Plant height (cm)
	38.7
	68.7

	Pods per plant
	18
	42

	Pod length (cm)
	6.9
	9.2

	Seed weight (g)
	3.8
	6.8


Table 4a shows the extent of phenotypic variation which helps in demonstrating diversity clearly among the mung bean accessions. The range (minimum and maximum) and mean values of key agro-morphological traits among mung bean genotype, highlighting the extent of phenotypic diversity within population.

The range analysis demonstrated broad phenotypic diversity among the evaluated mung bean genotypes. The minimum and maximum values observed for each trait reflect the magnitude of variation existing within the germplasm population.

Plant height ranged from 38.7 cm to 68.7 cm, indicating considerable variation in vegetative growth and plant architecture. Such differences may be attributed to genetic variation in stem elongation, internode development, and resource utilization efficiency. Variability in plant height is agronomically important because it influences canopy structure, photosynthetic efficiency, and competition for light.

Pods per plant ranged from 18 to 42, representing the widest range among the evaluated traits. This substantial variation highlights the differential reproductive potential of the genotypes and confirms that pod production is a highly variable trait within the population. Since pod number contributes directly to final grain yield, the wide range observed suggests excellent prospects for identifying high-yielding genotypes.

Pod length varied from 6.9 cm to 9.2 cm, indicating moderate diversity among accessions. Longer pods are often associated with increased seed number per pod and improved yield potential. Therefore, the observed variation may have important implications for productivity enhancement.

Seed weight ranged from 3.8 g to 6.8 g, revealing substantial differences in seed size and seed filling efficiency among genotypes. Larger seed size is often associated with higher consumer preference and better seedling vigor, making this trait highly relevant in breeding programs.

The wide ranges recorded across all traits indicate the presence of broad genetic diversity among the mung bean accessions. Such diversity is essential for effective selection and hybridization because it increases the probability of obtaining superior recombinants with desirable agronomic traits.
Table 4b. Range and mean values during Season II

	Traits

	Minimum
	Maximum

	Plant height (cm)
	40.2
	71.3

	Pods per plant
19
	45
	78.5

	Pod length (cm)
	7.1
	9.5

	Seed weight (g)
	4.0
	7.1


Table 4b presents the minimum and maximum values for major agronomic traits during Season II.
The wide ranges observed among the traits indicate broad phenotypic diversity among the mung bean genotypes. Plant height ranged from 40.2 cm to 71.3 cm, while pods per plant ranged from 19 to 45. Such wide variation demonstrates the presence of genetically diverse materials that can be utilized for crop improvement.

Pods per plant and seed weight showed particularly large ranges, suggesting strong opportunities for selecting superior high-yielding genotypes. Wide variability in these yield-related traits is highly desirable in breeding programs because it increases the likelihood of obtaining improved varieties with better productivity.

The higher maximum values observed during Season II compared with Season I may have resulted from favorable environmental conditions such as better rainfall distribution, temperature, or soil moisture availability during reproductive growth. Overall, the results confirm the existence of sufficient variability necessary for successful selection and genetic improvement.

3.5 Mean Comparison Using LSD
Table 5a: Mean comparison Using LSD (5%) for season I
	Genotype 
	Pods/plants
	Mean grouping 

	G5
	42
	A

	G3
	35
	B

	G2
	28
	C

	G1
	20
	D

	G4
	18
	D


 LSD (0.05) = 4.5
Table 5a shows mean comparison of mung bean genotypes for number of pods per plant using least significance difference (LSD) at 5% probability level. Genotype sharing the same letter are not significantly different. The LSD mean separation analysis revealed significant differences among mung bean genotypes for number of pods per plant. The grouping pattern clearly distinguished superior and inferior genotypes based on reproductive performance.

Genotype G5 was classified in group “A” with the highest mean pod number (42 pods per plant), indicating that it was significantly superior to all other genotypes evaluated. The exceptional pod production capacity of G5 suggests strong genetic potential for yield improvement and makes it a promising candidate for breeding programs.

Genotype G3, grouped under category “B,” produced 35 pods per plant and was significantly different from G5 and the lower-performing genotypes. This result indicates that G3 also possesses favorable reproductive attributes and may contribute positively to yield enhancement.

Genotype G2 occupied group “C” with 28 pods per plant, showing intermediate performance relative to other accessions. Meanwhile, G1 and G4 were classified within the same statistical group “D,” indicating no significant difference between them for pod production.

The LSD value of 4.5 indicates the minimum difference required between genotype means for statistical significance at the 5% probability level. Differences greater than this threshold are considered genetically meaningful and unlikely to have occurred by chance.

The clear separation among genotypes demonstrates the effectiveness of the experimental design and confirms the existence of substantial genetic variability for pod production. Since pods per plant is a major yield determinant, the superior performance of G5 and G3 highlights their potential importance as parental materials for future breeding efforts.
Table 5b. Mean comparison for pods per plant during Season II
	Genotype
	Pods/plant
	Mean grouping

	G5
	45
	A

	G3
	37
	B

	G2
	30
	C

	G1
	22
	D

	G4
	19
	D


LSD (0.05) = 4.8
Table 5b presents the mean separation of genotypes for pods per plant using the Least Significant Difference (LSD) test at 5% probability level. �
The LSD test helps determine whether differences among genotype means are statistically significant. Genotype G5 recorded the highest number of pods per plant (45) and was grouped separately as “A,” indicating that it was significantly superior to all other genotypes. This confirms the outstanding reproductive efficiency and yield potential of G5.

Genotype G3 ranked second with 37 pods per plant and belonged to group “B,” showing that it was significantly different from G5 and the remaining genotypes. G2 occupied the third position with 30 pods per plant and was placed in group “C.”

Genotypes G1 and G4 belonged to the same statistical group “D,” indicating that their differences were not statistically significant. Their low pod numbers suggest lower reproductive performance and reduced yield potential.

The consistent superiority of G5 across seasons indicates stable genetic control of pod Grouping of Agronomic Traits Based on Yield Contribution production and strong adaptability under varying environmental conditions. This makes G5 a suitable candidate for breeding and cultivar development programs.
3.6 Grouping of Agronomic Traits Based on Yield Contribution
Table 6a: Grouping of agronomic traits base on yield contribution during season I
	Traits 
	Contribution to yield 

	Number of pods per plant 
	Very high 

	Pod length 
	High

	Numbers of seed per pod 
	Very high 

	100-seed weight 
	High 

	Days to germination 
	Indirect

	Days to 50% flowering 
	Indirect

	Plant height 
	Indirect 

	Number of branches per plant 
	Indirect again 


Table 6a clearly distinguishes direct yield components (pod and seed related traits) from indirect contributors associated with growth and phenology. Yield improvement in mung bean is therefore best achieved by prioritizing selection of number of pod per plant, pod length, number of seeds per pod, and seed weight, while optimizing phenological traits to support favorable yield expression. The classification of agronomic traits according to their contribution to yield provides important insight into the relative importance of different characters in mung bean productivity. The results indicate that yield formation is primarily influenced by pod and seed-related traits, while vegetative and phenological traits contribute indirectly.

Number of pods per plant and number of seeds per pod were classified as having “very high” contribution to yield. These traits directly determine the number of harvestable seeds produced by each plant and therefore constitute the primary components of grain yield. Improvement in these traits is expected to result in substantial increases in overall productivity.

Pod length and 100-seed weight were categorized as having “high” contribution to yield. Longer pods generally accommodate more seeds, while higher seed weight reflects improved seed filling and assimilate accumulation. Both traits therefore play major roles in determining final grain yield and seed quality.

Conversely, days to germination, days to 50% flowering, plant height, and number of branches per plant were classified as indirect contributors to yield. Although these traits do not directly determine grain output, they influence crop establishment, growth duration, canopy development, and resource allocation, which in turn affect reproductive performance.

The distinction between direct and indirect yield components is important for breeding strategies. Direct yield-related traits such as pod number, seed number, and seed weight should receive greater emphasis during selection because they are more closely associated with grain productivity. However, indirect traits should not be neglected, as they contribute to adaptation, stress tolerance, and overall plant vigor.

Overall, the findings indicate that effective mung bean improvement programs should prioritize selection for pods per plant, seeds per pod, pod length, and seed weight while simultaneously optimizing phenological and vegetative traits to support enhanced yield expression.

Table 6b. Yield contribution of agronomic traits during Season II
	Traits
	Contribution to yield

	Number of pods per plant
	Very high

	Pod length
	High

	Number of seeds per pod
	Very high

	100-seed weight
	High

	Days to germination

	Indirect

	Days to 50% flowering
	Indirect

	Plant height
	Indirect

	Number of branches per plant
	Indirect


Table 6b classifies agronomic traits according to their contribution to grain yield during Season II.
Number of pods per plant and number of seeds per pod were classified as having “very high” contribution to yield. These traits directly determine the final grain output and therefore serve as the most important selection criteria in mung bean breeding programs. Improvement in these characters is likely to result in substantial yield increase.

Pod length and 100-seed weight were classified as having “high” contribution to yield. Longer pods generally accommodate more seeds, while heavier seed weight contributes directly to increased grain mass and market value.

Traits such as days to germination, days to 50% flowering, plant height, and number of branches per plant were classified as indirect contributors. Although these traits do not directly determine yield, they influence crop establishment, canopy development, photosynthetic efficiency, and assimilate distribution, which ultimately affect productivity.

The similarity in trait classification across seasons indicates stable relationships among agronomic traits and yield performance. This stability is important because it allows breeders to reliably select superior traits across different environmental conditions.

4. discussion
The present study revealed substantial agro-morphological variability among the evaluated mung bean (Vigna radiata L.) genotypes across both growing seasons, indicating the existence of a broad genetic base that can be effectively exploited for varietal improvement and selection. The significant differences observed among genotypes for all measured traits in both Season I and Season II demonstrate that the evaluated germplasm possesses considerable genetic diversity for important agronomic and yield-related characters. The consistency of these differences across seasons further suggests that the traits were predominantly controlled by genetic factors rather than environmental influences alone. This finding is particularly important in crop improvement programs because the effectiveness of selection depends largely on the availability of sufficient heritable variation within the breeding population.

The significant analysis of variance (ANOVA) obtained for all evaluated traits confirms the presence of exploitable phenotypic variability among the mung bean genotypes. Traits such as pods per plant, plant height, pod length, and 100-seed weight exhibited significant variation in both seasons, indicating that these characters can serve as reliable selection indices for yield improvement. Similar observations have been reported in previous studies on mung bean, where substantial variability among accessions was attributed to differences in genetic constitution and adaptation potential (Ghosh et al., 2021; Kumar et al., 2021). The higher F-values recorded for pods per plant across both seasons indicate that this trait contributed strongly to genotype differentiation and may therefore represent one of the most important determinants of productivity in mung bean.

The mean performance analysis further demonstrated considerable differences among genotypes for key agro-morphological characters. Genotype G5 consistently produced the highest values for plant height, pods per plant, pod length, and 100-seed weight in both growing seasons, indicating superior genetic potential and broad adaptability across environmental conditions. The stable performance of G5 across seasons suggests the presence of favorable allelic combinations associated with enhanced vegetative growth, assimilate partitioning, and reproductive efficiency. Similarly, genotype G3 also maintained relatively high performance across seasons, suggesting its suitability as a potential parental line for breeding programs. In contrast, genotype G4 consistently recorded the lowest values for most yield-related traits, indicating comparatively lower productivity potential under the prevailing experimental conditions.

The stability in genotype ranking observed across both seasons is particularly important for breeding programs because it indicates genotype consistency and adaptability under varying environmental conditions. Genotypes that maintain superior performance across multiple environments are generally considered more stable and reliable for cultivar development. The present findings therefore suggest that G5 and G3 may serve as valuable genetic resources for the development of improved mung bean cultivars with enhanced yield potential and environmental adaptability.

The coefficient of variation (CV) estimates obtained in both seasons revealed moderate to high variability for most measured traits, further confirming the presence of substantial phenotypic diversity among the evaluated genotypes. Pods per plant consistently exhibited the highest CV values across seasons, indicating greater variability and wider dispersion among genotypes for this trait. High variability for pods per plant is highly desirable because it enhances the effectiveness of phenotypic selection and increases the probability of identifying superior high-yielding genotypes. Seed weight also exhibited relatively high CV values, suggesting substantial diversity in seed development and grain filling capacity among the accessions. The moderate variability observed for plant height and pod length indicates that these traits may be influenced by both genetic and environmental factors.

The relatively consistent CV values obtained across both seasons indicate that environmental fluctuations had limited effects on the expression of the measured traits. This stability suggests that the observed phenotypic variation was largely under genetic control, thereby increasing the reliability of selection based on phenotypic performance. Similar findings have been reported by Rahman et al. (2021), who observed moderate to high variability for yield-related traits in mung bean and emphasized the importance of such variability for genetic improvement.

The range analysis conducted across both seasons further demonstrated broad phenotypic diversity among the mung bean genotypes. Wide ranges were recorded for plant height, pods per plant, pod length, and seed weight, reflecting substantial differences in vegetative growth, reproductive efficiency, and assimilate accumulation among genotypes. The broad variation observed for pods per plant is particularly important because this trait directly influences final grain yield. Genotypes producing higher pod numbers are generally associated with increased productivity and greater economic value.

The slightly higher maximum values observed during Season II compared with Season I may be attributed to more favorable environmental conditions during reproductive growth, including improved moisture availability and more suitable temperature conditions. Seasonal environmental variation is known to influence the expression of quantitative traits, particularly those associated with growth and yield. Nevertheless, the consistency in genotype performance across both seasons indicates that the superior genotypes possess stable genetic potential despite environmental fluctuations.

The Least Significant Difference (LSD) analysis clearly distinguished superior and inferior genotypes based on pod production across both seasons. Genotype G5 remained significantly superior to all other genotypes in both seasons, confirming its outstanding reproductive potential and yield superiority. The ability of G5 to maintain significantly higher pod production across seasons indicates strong genetic control of reproductive efficiency and suggests that the genotype possesses desirable genes for yield enhancement. Genotype G3 also consistently ranked second in pod production, further supporting its potential usefulness in breeding programs.

The stable superiority of these genotypes across seasons is highly desirable in crop improvement because environmental inconsistency often limits the effectiveness of genotype selection. The present findings therefore indicate that G5 and G3 possess broad adaptation and may serve as reliable parental materials for hybridization aimed at improving yield and productivity in mung bean.

The classification of agronomic traits based on their contribution to yield revealed that pod and seed-related traits exerted the greatest influence on grain productivity in both seasons. Number of pods per plant and number of seeds per pod were identified as the most important yield determinants, while pod length and 100-seed weight also contributed substantially to overall productivity. These findings are consistent with previous reports indicating that grain yield in mung bean is largely determined by reproductive traits associated with pod and seed development (Mishra et al., 2022; Olanrewaju & Okechukwu, 2023).

The strong contribution of pods per plant to yield performance suggests that selection for this trait could result in significant improvement in grain productivity. Since yield is a complex quantitative trait controlled by multiple genes and influenced by environmental conditions, indirect selection through major yield components is often more effective than direct selection for yield alone. The present findings therefore highlight the importance of prioritizing pod and seed-related traits during selection and breeding.

Phenological and vegetative traits such as days to flowering, plant height, and number of branches per plant contributed indirectly to yield by influencing crop establishment, canopy structure, photosynthetic efficiency, and assimilate partitioning. Early flowering genotypes may possess adaptive advantages under drought-prone environments due to their ability to escape terminal moisture stress. Similarly, optimal plant height and branching patterns can enhance light interception and resource utilization efficiency, thereby indirectly improving reproductive performance.

The combined evaluation of genotypes across two growing seasons provided a more reliable assessment of genotype performance, adaptability, and trait stability than single-season evaluation. Multi-season evaluation is particularly important in plant breeding because environmental conditions vary across seasons and can significantly influence trait expression. The consistency of genotype performance observed in the present study therefore strengthens the reliability of the findings and enhances the confidence of selecting superior genotypes for future breeding programs.

Overall, the present study demonstrates the existence of substantial and exploitable phenotypic diversity among mung bean genotypes evaluated across two growing seasons. The significant variability observed for major yield-related traits, coupled with the stable performance of superior genotypes across seasons, indicates strong prospects for genetic improvement through selection. The superior genotypes identified in this study, particularly G5 and G3, represent valuable genetic resources that can be utilized in hybridization programs aimed at developing high-yielding, adaptable, and genetically improved mung bean cultivars. Furthermore, the findings provide important baseline information for future breeding efforts focused on enhancing productivity, adaptability, and food security through mung bean improvement.

4. CONCLUSION
This study highlights significant and exploitable phenotypic variation among mung bean genotypes. Important yield-related traits especially pods per plant and 100-seed weight show high heritability alongside notable genetic advance, underscoring their strong potential for improvement through selection. The superior genotypes identified serve as valuable parental lines for breeding programs focused on enhancing yield and adaptability. Overall, the results offer a solid empirical foundation for prioritizing traits and selecting parents in mung bean improvement initiatives.
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