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COMPARATIVE ANALYSIS OF INDICATORS TO TIME OF FLOWERING IN MUNGBEAN (Vigna radiata L.)
ABSTRACT 
	[bookmark: _GoBack]Flowering time is a critical adaptive trait in mungbean, with direct implications for yield potential, resource-use efficiency, and stress avoidance. Early-flowering genotypes may escape terminal stresses such as drought and heat, while late-flowering ones may benefit from longer vegetative growth in favourable environments. Mungbean (Vigna radiata L. Wilczek) is a short-duration pulse crop of economic and nutritional importance in Asia, with India being the leading global producer. Despite its potential, productivity remains low due to environmental stress at flowering during rainy season. The primary objective was to assess the reliability and consistency of GDD as a selection criterion for flowering time, and its potential application in improving the precision of mungbean breeding. In the present study, 270 genotypes were evaluated to assess the reliability of days to 50% flowering (DFF) and growing degree days (GDD) as selection traits across two contrasting seasons (Summer 2024 and post-rainy 2024–25). Phenotypic and genotypic coefficients of variation (PCV and GCV) were computed following the standard method. Genetic advance (GA) as a percentage of the mean was categorized as low (<10%), moderate (10–20%), and high (>20%). GDD showed higher genetic variability (GCV: 9.38%, PCV: 15.37%) than DFF (GCV: 5.73%, PCV: 9.87%). Heritability and genetic advance were also slightly higher in GDD. A weak but significant correlation (r = 0.135*, p < 0.001) suggests GDD captures temperature responses distinct from calendar days. Significant genotype × season interactions were observed for both traits. The significant genotype × season interactions for both traits highlighted the importance of multi-environment trials. GDD, in particular, offers a more climate-resilient measure of flowering time and could be a valuable trait for selection in breeding programs targeting stable adaptation under diverse seasonal conditions. Overall, GDD appears to be a more robust and physiologically meaningful trait for assessing flowering time, revealing its use in breeding for climate-resilient mungbean cultivars.
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INTRODUCTION 
Mungbeans are a globally crucial agricultural product, currently at risk due to human-induced climate change. There has been little research into the impact of heat stress on chickpea compared to other crops, but it is known that heat stress can cause up to 100% yield loss (Jeffrey et al., 2025). In India, mungbean is cultivated in both rainy and post-rainy seasons, with total production estimated at 1607 thousand tonnes of which, 1500 thousand tonnes in rainy and 107 thousand tonnes in post-rainy season (Indiastat, 2025). Despite its higher sown area during the rainy season, productivity is significantly low (440 kg/ha) compared to post-rainy (795 kg/ha). This productivity gap is attributed partly to flowering coinciding with erratic rainfall and high wind during the rainy season, leading to heavy flower drop and reduced pod set. Mungbean is a crucial part of crop rotations due to its ability to fix nitrogen in the soil as well as its short crop life and low water needs. Globally, the main objective of the mungbean breeding program is to breed for high production potential, which can only be accomplished when the material available to breeder demonstrates a significant level of genetic variation (Ageev et al., 2021; Ali et al., 2024).
Among the various agronomic traits considered in mungbean improvement, days to 50% flowering (DFF) is often overlooked due to its inconsistent or negative association with yield in previous and ongoing studies (Manivelan et al., 2019). DFF is typically recorded through visual observation as the number of calendar days from sowing to flowering, making it highly susceptible to environmental variability, particularly temperature and photoperiod.
Nevertheless, flowering time is a critical adaptive trait in mungbean, with direct implications for yield potential, resource-use efficiency, and stress avoidance. Early-flowering genotypes may escape terminal stresses such as drought and heat, while late-flowering ones may benefit from longer vegetative growth in favourable environments (Shavrukov et al., 2017). Thus, identifying and selecting an optimal flowering window is quite essential for enhancing yield stability across diverse agroecological zones. Limitations of DFF can be addressed through growing degree days (GDD) which offer a more robust and physiologically meaningful measure of flowering time. GDD reflects the cumulative thermal time required for a crop to reach developmental stages, calculated using daily temperature data (Gill et al., 2011). By integrating actual temperature exposure, GDD provides a standardised metric that minimises confounding effects of seasonal variability and allows for more accurate comparison across environments.
The present study aimed to compare DFF and GDD in a diverse mungbean panel evaluated across two contrasting seasons. The primary objective was to assess the reliability and consistency of GDD as a selection criterion for flowering time, and its potential application in improving the precision of mungbean breeding.
2. materialS and methods 
The present study was conducted at the research farm of the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India. A total of 270 mungbean (Vigna radiata L. Wilczek) accessions from the minicore collection sourced from World Vegetable Centre, Patancheru, were evaluated. The experiment was laid out in an alpha lattice design with two replications during the Summer 2024 season and three replications during the post-rainy season, 2024–25. Each entry was sown in a plot of 2 meters length with a spacing of 30 x 15 cm. The observation for days to 50% flowering (DFF) was recorded when 50% of the plants in a plot flowered.
Growing Degree Days (GDD) was calculated to assess the thermal time requirement for flowering using the formula:


Where,
Tmax – Daily maximum temperature (0C)
Tmin- Daily minimum temperature (0C)
Tb – Base temperature (0C)
GDD values were obtained through the simple arithmetic accumulation of daily mean temperatures exceeding the base temperature.
Statistical Analysis
Phenotypic and genotypic coefficients of variation (PCV and GCV) were computed following the method proposed by Burton and De Vane (1953). Broad-sense heritability (H²) was estimated as the ratio of genotypic variance to phenotypic variance and expressed as a percentage, as described by Lush (1949) and Hanson et al. (1956). Genetic advance (GA) as a percentage of the mean was categorized as low (<10%), moderate (10–20%), and high (>20%) following the criteria of Johnson et al. (1955). Phenotypic and genotypic correlation coefficients were estimated as per the method of Singh and Chaudhary (1977). All statistical analyses were performed using appropriate packages in R software version 4.5.1.

3. results and discussion
Descriptive statistics and seasonal variations in flowering time
The mean days to 50% flowering (DFF) and growing degree days (GDD) across genotypes were 39.23 days and 16.54 units, respectively. The boxplot of days to 50% flowering (DFF) across seasons indicated that flowering occurred slightly earlier during post-rainy season 2024–25, as reflected by a lower median DFF compared to summer 2024 (Fig 1a). However, the range and interquartile spread were broader in the summer season, suggesting greater phenotypic variability. Additionally, multiple outliers were observed particularly in summer, indicating the presence of genotypes with unusually delayed flowering, potentially due to higher temperatures or stress conditions.
The boxplot of growing degree days (GDD) further implied that genotypes required a higher thermal accumulation to reach flowering during summer 2024 than post-rainy season, 2024–25. The median GDD was clearly shifted upward for summer, consistent with elevated ambient temperatures and extended photoperiods. A few extreme outliers, including negative values, may point to possible errors in temperature data recording or issues with baseline temperature calibration (Fig 1b).
[image: ]Box plot visualization highlighted that DFF reflects moderate seasonal shifts while, GDD more precisely captures the thermal sensitivity of flowering. This supported the use of GDD as a physiologically robust trait for evaluating flowering time, especially under variable climatic conditions. Thus, in temperature-sensitive crops like mungbean, GDD offers a more reliable estimate than calendar days for comparing the performance of genotypes across environments.Figure 1: Boxplots showing (A) Days to 50% Flowering (DFF) and (B) Growing Degree Days (GDD) across two contrasting growing seasons—Rabi 2024–25 and Summer 2024

[image: ]Assessment of genetic parameters for DFF and GDD
The genotypic coefficient of variation (GCV) was higher for GDD (9.38%) than for DFF (5.73%), indicating greater genetic variability in GDD compared to flowering time. Similarly, the phenotypic coefficient of variation (PCV) was also higher in GDD (15.37%) than in DFF (9.87%), suggesting that GDD captures more environmental influence in addition to genetic variation.
Assessment of genetic parameters of DFF and GDD
Broad-sense heritability (H²) was moderate for both traits but slightly higher in GDD (37.28%) compared to DFF (33.65%). The genetic advance as a percentage of the mean (GA%) followed the same trend, being notably higher for GDD (11.80%) than for DFF (6.84%), indicating greater potential for selection gain through GDD.
Heritability estimates were moderate for DFF (33.6%) and GDD (37.2%) but, GDD exhibited substantially higher genotypic and phenotypic coefficients of variation (GCV and PCV), as well as a greater expected genetic advance. Even though phenotypic variance (Vp) was same for DFF and GDD, the higher GCV and GA in GDD suggested its ability of genetic differences better despite at similar error levels. These findings were in agreement with those of Jyoti (2016), Prasad and Prasad (2013) and Narsimhulu et al. (2013) who also reported moderate heritability for DFF. This revealed that while both traits were moderately heritable, GDD provides a more sensitive and reliable indicator of genetic differences in flowering behavior across genotypes. Therefore, GDD may serve as a more effective selection criterion for flowering time improvement in mungbean under variable environmental conditions (Table 1). The coefficient of variation (CV) was notably higher for GDD (23.72%) than for DFF (8.96%), reflecting greater relative dispersion in thermal time requirements among genotypes. The higher CV and SD for GDD support its utility in capturing finer-scale differences in flowering behavior under varying environmental conditions.
Table 1: Descriptive statistics and genetic parameters for DFF and GDD
	Parameter
	DFF
	GDD

	Mean 
	39.23 days
	16.54 units

	GCV (%)
	5.73
	9.38

	PCV (%)
	9.87
	15.37

	H² (%)
	33.65
	37.28

	GA (%)
	6.84
	11.80

	Vg
	5.04
	5.04

	Vp
	14.99
	14.99

	SD
	3.51
	3.92

	CV (%)
	8.96
	23.72



Analysis of Variance
The results of the ANOVA (Table 2) revealed significant effects of season and genotype on both days to 50% flowering (DFF) and growing degree days (GDD), indicating that both environmental and genetic factors influenced these traits.
For DFF, the effect of season was highly significant (F = 36.91, p = 1.75 × 10⁻⁹), reflecting substantial variation in flowering time between summer and post-rainy seasons. The genotypic effect was also highly significant (F = 1.97, p = 1.51 × 10⁻¹⁴), indicating meaningful genetic variability among the 270 accessions. Similarly, GDD also showed a very strong seasonal effect (F = 3544.52, p< 2 × 10⁻¹⁶) and a significant genotypic effect (F = 1.24, p = 0.00991) but, a lesser magnitude than DFF. This confirmed that thermal accumulation differs substantially across seasons and that genetic differences in GDD do exist, albeit modestly. The results are in line with the findings of Hussain et al. (2022).
Table 2. ANOVA for Days to 50% Flowering (DFF) and Growing Degree Days (GDD)
	Trait
	Source
	Sum of Squares
	Mean Square
	F Value
	Pr(>F)

	DFF
	Season
	367.03
	367.03
	36.91
	1.75 × 10⁻⁹

	
	Genotype
	5575.65
	19.63
	1.97
	1.51 × 10⁻¹⁴

	
	Residuals
	10003.33
	9.94
	
	

	GDD
	Season
	14354.19
	14354.19
	3544.52
	< 2 × 10⁻¹⁶

	
	Genotype
	1426.79
	5.02
	1.24
	0.00991

	
	Residuals
	4069.94
	4.05
	
	



Two-Way ANOVA and Interaction Effects
The two-way ANOVA with genotype × season interaction (Table 2) provided deeper insight into the trait behavior across environments. For DFF, all sources of variation i.e., season, genotype, and their interaction, were highly significant (p < 0.001). The significant G × E interaction (F = 1.77, p = 3.65 × 10⁻⁹) suggested that genotype performance for flowering time was not consistent across seasons, underlining the importance of evaluating genotypes in multiple environments (Table 3) and these results align with Khan et al. (2004).
For GDD, the season effect remained extremely significant (F = 3904.36, p ≈ 0), while both genotype (F = 1.37, p = 0.00057) and genotype × season interaction (F = 1.40, p = 0.00033) were also statistically significant. Although the magnitude of these F-values was smaller compared to DFF, the interaction still revealed differential thermal response among genotypes across seasons.

Table 3. Two-Way ANOVA with Genotype × Season Interaction
	Trait
	Source
	Sum of Squares
	Mean Square
	F Value
	Pr(>F)

	DFF
	Season
	367.03
	367.03
	43.99
	6.28 × 10⁻¹¹

	
	Genotype
	5575.65
	19.63
	2.35
	2.33 × 10⁻²⁰

	
	Season × Genotype
	3713.33
	14.74
	1.77
	3.65 × 10⁻⁹

	
	Residuals
	6290.00
	8.34
	
	

	GDD
	Season
	14354.19
	14354.19
	3904.36
	3.63 × 10⁻³⁰⁰

	
	Genotype
	1426.79
	5.02
	1.37
	0.00057

	
	Season × Genotype
	1301.57
	5.16
	1.40
	0.00033

	
	Residuals
	2768.37
	3.68
	
	



The significant genotypic variance and moderate heritability for both DFF and GDD indicated that genetic improvement through selection is possible. Notably, the stronger environmental and interaction effects observed in GDD suggested that temperature-driven flowering responses were more variable and season-dependent compared to calendar-based flowering time. However, the higher GCV, PCV, and genetic advance in GDD also implied that selection based on GDD could be more efficient in identifying genotypes with stable and early flowering under variable climates.
On the overall, the significant genotype × season interactions for both traits highlighted the importance of multi-environment trials. GDD, in particular, offers a more climate-resilient measure of flowering time and could be a valuable trait for selection in breeding programs targeting stable adaptation under diverse seasonal conditions.
Correlation between Days to 50% Flowering (DFF) and Growing Degree Days (GDD)
The relationship between DFF and GDD was presented in Table 4. The Pearson correlation coefficient was r = 0.135, indicating a weak but statistically significant positive correlation between the two traits (p = 1.16 × 10⁻⁶). The 95% confidence interval for the correlation ranged from 0.081 to 0.188, based on a large sample size (n = 1289), suggesting robustness of the estimate despite the low magnitude of association.
[bookmark: _Hlk202475413]Table 4: Correlation between GDD and DFF
	Parameter
	Value

	Pearson correlation (r)
	0.135

	p-value
	1.16 × 10⁻⁶ 

	95% Confidence Interval
	0.081 – 0.188

	Sample size (df + 2)
	1289


The scatterplot showed a wide dispersion of GDD values across the DFF range, with some genotypes accumulating higher or lower thermal time despite having similar flowering durations. This reflected the inconsistent thermal response across genotypes, likely due to differences in growth rate, canopy structure, or microclimatic variation. The low correlation indicated DFF and GDD, though related, captured distinct aspects of flowering behaviour DFF being a calendar-based trait, while GDD accounts for temperature-driven developmental progress (Figure 2). Genotypic variation in base temperature and heat accumulation capacity can lead to similar flowering dates associated with divergent GDD values (Keerthi, 2015; Singha et al., 2018), consistent with our observation of wide dispersion in GDD across similar DFF in mungbean.
[image: ]
Figure 2: Scatter plot between DFF and GDD
From a breeding perspective, this weak correlation suggested that selection based on DFF alone may not fully reflect genotypic efficiency in thermal time utilization, especially under variable climates. Therefore, GDD can serve as a complementary trait in identifying heat-resilient or early-flowering genotypes under fluctuating environmental conditions.

4. Conclusion
The present study highlighted the importance of integrating temperature-based measures like growing degree days (GDD) in the phonological assessment of mungbean. While days to 50% flowering (DFF) remains a conventional trait and it was influenced heavily by seasonal and environmental fluctuations. In contrast, GDD captures cumulative thermal time and offers a more stable and genetically informative estimate of flowering behavior. GDD can serve as a valuable selection criterion for identifying early, stable, and climate-resilient flowering genotypes in mungbean breeding. Its integration alongside traditional calendar-based traits can enhance the accuracy and efficiency of crop improvement under variable and unpredictable agroclimatic scenarios.
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