Genetic Variability and trait identification for Enhanced Response to Drought Tolerance in Advanced Soybean Breeding Population 
.

ABSTRACT 

	Background: Soybean is a nutritionally important oilseed crop valued for its high protein content, nitrogen-fixing ability, and wide use in food, feed, and industry. Drought stress significantly reduces its yield, making genetic variability, heritability, and selection essential for developing high-yielding, drought-tolerant genotypes.
Aims: The present study was undertaken to assess the extent of variability and genetic parameters for yield and drought tolerance-related traits in an advanced breeding population of soybean under contrasting drought non-stress environments, with emphasis on the comparison of performance during kharif 2023 and 2024. 
Study design:  Randomized Block Design
Place and Duration of Study: ICAR-National Soybean Research Institute, Indore, Summer and kharif between year 2023 and 2024.
Methodology: Analysis of variance was carried out to test the significance of differences among genotypes for various quantitative traits. Genetic parameters, including phenotypic coefficient of variation (PCV), genotypic coefficient of variation (GCV), broad-sense heritability and genetic advance as per cent of mean were estimated to understand the nature and magnitude of variability and the scope for selection.
Results: The analysis of variance revealed significant differences among genotypes for most of the characters in both years, indicating the presence of considerable genetic variability in the population. Mean plant height increased from 55.66 cm in 2023 to 61.54 cm in 2024, and the number of nodes per plant increased from 12.12 to 13.58. However, the number of pods per plant decreased from 42.51 in 2023 to 33.17 in 2024, pod weight per plant from 8.35 g to 6.92 g, and biomass per plant from 19.55 g to 17.77 g. PCV was higher than GCV for all traits in both years. High PCV and GCV were observed for seed weight per plant, pod weight per plant, number of pods per plant and biomass per plant. High GCV, heritability coupled with high genetic advance as per cent of the mean was recorded for number of pods per plant, pod weight per plant, seed weight per plant, number of branches /plant and canopy temperature depression in both years.

Conclusion: The study revealed substantial variability among the soybean genotypes. Traits showing high heritability and genetic advance may be effectively utilized for direct selection to improve yield and drought tolerance in soybean breeding programs.
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1. INTRODUCTION 

Soybean (Glycine max (L.) Merrill) is one of the most important legume and oilseed crops in the world for its high nutritional value, wide adaptability and diverse end uses. Soybean seed contains a high amount of protein and oil, which makes it an important crop for food, feed and industrial purposes (Wang et al., 2019). In addition to its economic importance, soybeans play a vital role in sustainable agriculture with its ability to fix atmospheric nitrogen in symbiotic association with Rhizobium, thereby improving soil fertility and reducing the requirement for nitrogenous fertilizers (Keyser and Li, 1992).
In India, soybean is cultivated extensively during the kharif season and serve as an important oilseed crop. However, its productivity is greatly influenced by environmental fluctuations, among which drought is one of the most serious constraints. Water deficit adversely affects germination, vegetative growth, flowering, pod formation and seed filling, ultimately leading to substantial yield reduction. Drought stress during reproductive stages is particularly harmful because it limits seed development, biomass accumulation and seed yield (Wei et al., 2018). In view of increasing climatic uncertainty and irregular rainfall patterns, the identification and development of drought-tolerant soybean genotypes have become an important objective in soybean improvement programs (Yerzhebayeva et al., 2024).
The effectiveness of any breeding programme depends upon the extent of genetic variability present in the breeding material and the degree to which economically important characters are heritable. Traits showing high heritability along with high genetic advance are generally considered to be governed mainly by additive gene action and therefore can be improved through effective phenotypic selection.
Evaluation of genotypes under both normal and drought stress conditions is essential to identify superior breeding material and suitable selection criteria for stress tolerance. Morphological, physiological and yield-related traits are considered important indicators of soybean performance under moisture stress conditions (Kumar et al., 2023). Therefore, the present investigation was undertaken to analyse the variance and genetic variability in an advanced breeding population of soybean under drought and normal conditions.

2. material and methods 
.
2.1 EXPERIMENTAL MATERIAL 
The experimental material for the present investigation consisted of 86 soybean genotypes belonging to an advanced (F14) recombinant inbred lines (RIL) population derived from a cross JS 97-52 x NRC 37. These genotypes were evaluated to study the extent of variability, genetic parameters and performance under drought stress and normal conditions.

2.1.1 Place and duration of study
The experiment was conducted during the kharif and summer seasons of 2023 and 2024 at the experimental field of the ICAR-National Soybean Research Institute, Indore. Observations were recorded over the two consecutive years in order to assess the stability and variability of different quantitative and physiological traits under varying environmental conditions.
2.1.2 Experimental design and layout
The experimental material was grown under field conditions following an appropriate randomized block design (RBD) with 2 replications. The genotypes were evaluated under both normal and drought stress conditions. Drought conditions were imposed for 21 days during summer by withholding irrigation at R1 stage while during kharif the experiments were performed by activating the rainout shelter at R1 stage, followed by measuring the soil moisture content by following the gravimetric method and drought tolerance traits were recorded once the desired soil moisture was arrived. i.e. 17±3%.  Standard agronomic practices were adopted for raising a healthy crop. All recommended packages of practices were followed uniformly to maintain the crop, except for the moisture stress treatment imposed under drought conditions.
2.1.3 Traits recorded
Observations were recorded on important morphological, physiological and yield-related traits. The quantitative traits included plant height (cm), number of nodes per plant, internode length (cm), number of branches per plant, number of pods per plant, pod weight per plant (g), seed weight per plant (g), and biomass per plant (g). The physiological traits recorded under stress conditions included SPAD chlorophyll content, canopy temperature depression (CTD), delayed leaf senescence (DLS), and stem reserve mobilization (SRM).
2.1.4 Statistical analysis
The recorded data were subjected to analysis of variance (ANOVA) to test the significance of differences among genotypes for the traits studied. Following standard statistical procedures for randomized block design.
2.1.5 Estimation of genetic parameters
The genetic parameters for the traits were estimated for using standard biometrical methods. The magnitude of variability in the population was assessed by calculating the phenotypic coefficient of variation (PCV) and genotypic coefficient of variation (GCV). Broad sense heritability [h² (bs)] was estimated as the ratio of genotypic variance to phenotypic variance and expressed in percentage. Genetic advance (GA) and genetic advance as percent of mean (GAM) were also computed to assess the expected progress under selection.

3. results and discussion

The analysis of variance revealed highly significant differences among the 86 soybean genotypes for the quantitative, physiological and yield-related traits evaluated under drought and normal conditions during the years 2023 and 2024, as presented in table 1 which indicates the presence of substantial genetic variability in the advanced breeding population. The non-significant replication effects observed for most of the characters suggested relative uniformity of the experimental conditions and enhanced reliability of the phenotypic observations. Genetic variability for component traits of yield and drought traits in soybean has been supported by several workers Liyanage et al. (2023) and Verma et al. (2024).

A year-wise comparison indicated differential expression of traits across environments. Plant height increased from 55.66 cm in 2023 to 61.54 cm in 2024, similarly, the number of nodes per plant also increased from 12.12 to 13.58. In contrast, the mean number of pods per plant declined from 42.51 in 2023 to 33.17 in 2024, pod weight per plant decreased from 8.35 g to 6.92 g, and biomass per plant declined from 19.55 g to 17.77 g. These differences suggest that environmental variation between the two years substantially influenced the expression of reproductive and biomass-related traits. Such year-to-year fluctuations in soybean performance under contrasting moisture regimes have also been documented by Ramteke et al. (2010), Ghodrati et al. (2013) and Bhartiya et al. (2014).

The estimates of phenotypic coefficient of variation were higher than the corresponding genotypic coefficient of variation for seed weight /plant, biomass /plant and canopy temperature depression in both years, indicating the influence of environment on trait expression. However, for traits such as Plant height, number of pods per plant, the difference between PCV and GCV was relatively narrow, suggesting that these characters were less influenced by the environment and largely governed by genetic factors. High GCV and PCV for characters indicate greater scope for selection and improvement, by Malik et al. 2006, Patil et al. 2011 and Aditya et al. 2011.

During 2023, high GCV was observed for pod weight per plant (39.04%), seed weight per plant (37.83%), biomass per plant (33.82%), number of pods per plant (32.21%) and canopy temperature depression (30.56%). In 2024, high GCV was recorded for seed weight per plant (41.07%), pod weight per plant (40.64%), number of pods per plant (37.75%) and number of branches per plant (32.45%) and canopy temperature depression (31.17%). These results clearly indicate the existence of considerable genetic variability for the major productivity and drought tolerance traits in the studied population. Similar trends have been reported in soybean by Amanullah et al. (2016), Baraskar et al. (2014) and Nirmaladevi et al. (2015).

High estimates of heritability in the broad sense for pod weight per plant (99.60%), number of pods per plant (97%), plant height (96%) and SRM (99%), number of branches /plant (84.94%), seed weight /plant (79.26%), internode length (74.39%) number of nodes (71.52%) and canopy temperature depression (61.3%) in 2023 and whereas in 2024, high heritability was recorded for seed weight per plant (94.79%), biomass per plant (94.67%), pod weight per plant (93.04%), plant height (92.38%), number of branches per plant (90.01%) and number of pods per plant (88.36%) ), canopy temperature depression (78.55%) and  SPAD reading (68.94%) in 2024. Implies effective selection based on phenotypic performance as also reported in earlier reports by Burton and DeVane (1953), Singh and Chaudhary (1985), and Reni and Rao (2013).

Heritability estimates, when considered together with genetic advance, provide more reliable information regarding the nature of gene action. In the present study, number of branches /plant (35.14%, 62.96%), number of pods per plant (65.44%, 70.11%), pod weight per plant (80.28%, 87.28%), and seed weight per plant (69.38%, 93.5%), canopy temperature depression (49.28%, 56.91%), biomass/ plant (49.28%, 56.91%) and plant height (33.93%, 25.45%) exhibited high heritability coupled with high genetic advance as percent of mean in both years 2023 and 2024, respectively. These traits are mainly governed by additive gene action, which indicates that direct selection for these traits would be highly effective by Malik et al. 2007, Mahbub et al. 2015, and Akram et al. 2016 

Number of branches per plant also showed appreciable GCV along with high heritability and high GAM, particularly in 2024, suggesting that this trait may also serve as an effective selection criterion. In contrast, the number of nodes per plant and internode length exhibited moderate to low heritability and genetic advance, especially in 2024, indicating greater environmental influence and limited scope for rapid improvement through direct selection. Likewise, SPAD reading showed moderate heritability coupled with relatively moderate genetic advance over the years, suggesting that such physiological trait under stressful environments is influenced by both genetic and environmental factors. Khan et al. 2016 and Basavaraja et al. 2019.

[bookmark: _GoBack]The trait biomass per plant showed contrasting behavior across years, with low heritability in 2023 (0.2235) and high heritability in 2024 (0.9467). This inconsistency suggests that biomass accumulation was highly sensitive to environmental conditions and may not be a stable selection criterion across years unless evaluated over multiple environments. Such environmental sensitivity for biomass and related traits in soybean has also been emphasized by Toker (2004) and koraddi et al. (2016).
Overall, the results demonstrated that the advanced breeding population possessed sufficient exploitable variability for key yield and drought-associated traits. The non-significant effect of replication for most traits further indicated that the experiment was conducted under reasonably uniform conditions. Among all the traits studied number of pods per plant, pod weight per plant, seed weight per plant, number of branches /plant canopy temperature depression, number of pods per plant, pod weight per plant and seed weight per plant emerged as the most promising traits because of their consistently high GCV, high heritability and high genetic advance as percentage of means across years. These results indicate that improvement for these traits in the population, through direct phenotypic selection, would be feasible and effective under both low moisture stress and non-stress conditions. Therefore, the studied population may serve as a valuable genetic resource for soybean improvement programmes aimed at enhancing yield and adaptation under moisture stress conditions. 
Table 1. Analysis of Variance (ANOVA) for component traits of yield and drought tolerance in soybean 

	Source of Variation
	Year
	df
	Plant Height
	Nodes/ Plant
	Internode length
	Branches /plant
	Pod weight /plant
	Pods/plant
	Seed weight /plant
	Biomass /plant
	SRM
	DLS
	CTD
	SPAD reading

	Replications
	2023
	1
	89.3
	9.53
	0.48
	1.62
	210.54
	210.54
	0.87
	5.63
	15.34
	0.12
	0.008
	2.14

	
	2024
	1
	54.25
	56.86
	0.62
	2.47
	1.32
	130.21
	0.64
	4.21
	18.26
	0.09
	0.05
	1.76

	Genotypes
	2023
	85
	176.63**
	3.14**
	0.92**
	2.06**
	742.35**
	742.35**
	2.41**
	62.46**
	416.51**
	0.96**
	0.32**
	24.55**

	
	2024
	85
	136.40**
	2.77**
	1.02**
	4.66**
	3.48**
	381.52**
	2.13**
	31.82**
	357.47**
	0.84**
	0.24**
	19.61**

	Error
	2023
	85
	2.91
	0.44
	0.08
	0.23
	48.77
	48.77
	0.29
	4.82
	9.73
	0.05
	0.03
	3.12

	
	2024
	85
	5.4
	0.63
	0.12
	0.41
	0.58
	36.25
	0.37
	12.45
	12.45
	0.07
	0.04
	4.25

	F-values
	2023
	
	60.69
	7.13
	11.5
	8.96
	15.22
	15.22
	8.31
	12.95
	42.8
	19.2
	10.67
	7.87

	
	2024
	
	25.26
	4.4
	8.5
	11.37
	6
	10.52
	5.76
	28.47
	28.47
	12
	6
	4.61


**the effect was highly significant at P < .01

Table 2. Descriptive statistics of component traits of yield and drought tolerance of soybean genotypes


	S.No.
	Trait
	2023 Minimum
	2023 Maximum
	2023 Mean
	2024 Minimum
	2024 Maximum
	2024 Mean

	1
	Plant height (cm) 
	25.75
	94.1
	55.66
	30
	98
	61.54

	2
	No. of nodes/plant
	9.80
	15.85
	12.12
	10.35
	16.2
	13.58

	3
	Internode length (cm)               
	2.95
	4.5
	4.69
	2.9
	5.1
	4.58

	4
	No. of branches/plant
	3.00
	12.50
	6.80
	3.8
	14.2
	7.34

	5
	No. of pods/plant
	20
	101.45
	42.51
	18
	95
	33.17

	6
	Pod weight/plant (g)
	1.60
	19.95
	8.35
	1.02
	16.45
	6.92

	7
	Seed weight/plant (g) 
	1.80
	8.50
	4.10
	        1.50               
	7.20
	3.67

	8
	Biomass/plant (g)
	9.8
	19.55
	19.55
	7.80
	17.55
	17.77

	9
	Stem reserve mobilization (SRM)
	0.20
	0.85
	0.48
	0.29
	0.90
	0.51

	10
	Delayed leaf senescence (DLS)  
	1.00
	4.00
	3.2
	1.20
	4.10
	3.28

	11
	Canopy temperature depression (CTD)  
	0.29
	1.25
	0.89
	0.29
	0.51
	0.65

	12
	SPAD chlorophyll content
	28
	42
	35.75
	27
	40
	34.35




Table 3. Genetic parameters of variability for component traits of yield and drought tolerance in soybean genotypes
	Trait
	PCV
 (%) 
2023
	GCV (%)
 2023
	Heritability
 (h²) 2023
	GA 
2023
	GA %
 Mean
2023
	PCV (%)
 2024
	GCV (%)
 2024
	Heritability
 (h²) 2024
	GA
2024
	GA % Mean
2024



	Plant height
	17.02
	16.75
	96.76%
	18.88
	33.93
	13.68
	12.84
	92.38%
	14.61
	25.45

	Number of nodes
	11.16
	9.44
	71.52%
	1.99
	16.44
	10.74
	9.92
	30.09%
	0.78
	6.66

	Internode length
	12.89
	11.12
	74.39%
	0.93
	19.76
	15.7
	13.27
	59.48%
	0.84
	19.24

	Number of branches/plant
	20.08
	18.51
	84.94%
	1.52
	35.14
	33.96
	32.45
	90.01%
	2.43
	62.96

	Number of pods/ plant
	32.65
	32.21
	97.31%
	27.82
	65.44
	38.51
	37.75
	88.36%
	35.71
	70.11

	Pod weight/plant
	39.12
	39.04
	99.6%
	6.7
	80.27
	45.54
	40.64
	93.04%
	7.62
	87.28

	Seed weight/plant
	42.49
	37.83
	79.26%
	3.02
	69.38
	47.88
	41.07
	94.79%
	4.37
	93.5

	Biomass/plant
	71.54
	33.82
	22.35%
	7.54
	32.94
	36.1
	29.8
	94.67%
	14.96
	70.4

	StemReserveMobilisation
	47.56
	47.56
	99.8%
	53.50
	97.96
	40.60
	38.01
	87.64%
	38.49
	73.30

	DelayedLeafSenescence
	20.17
	14.75
	53.50%
	0.71
	22.23
	21.41
	13.53
	39.92%
	0.58
	17.61

	SPAD(Cholorophyllmeter)
	10.82
	10.4
	57.48%
	2.44
	12.81
	11.82
	10.79
	68.94%
	2.61
	14.82

	CanopyTemp.Depression
	39.04
	30.56
	61.3%
	2.41
	49.28
	35.17
	31.17
	78.55%
	2.96
	56.91




4. Conclusion

The results of the present investigation clearly revealed the existence of substantial variability among the 86 soybean genotypes of the advanced breeding population evaluated under drought and non-stress conditions during Kharif and Summer season of year 2023 and 2024. The analysis of variance indicated significant differences among genotypes for most of the morphological, physiological and yield contributing traits in both years, confirming the presence of sufficient genetic variability in the experimental material. 
The mean performance of genotypes and wide range of variation for important characters such as plant height, number of nodes, number of branches, number of pods per plant, pod weight per plant, seed weight per plant, biomass per plant, SPAD and CTD, suggesting ample scope for effective selection. In general, several yield contributing traits recorded comparatively higher mean performance in 2023 than in 2024, indicating the influence of environmental conditions on trait expression across years.
The estimates of phenotypic coefficient of variation were higher than the corresponding genotypic coefficient of variation for all traits in both years, indicating the role of environment in trait expression. However, the narrow difference between PCV and GCV for traits like plant height, pod weight per plant, number of pods per plant and seed weight per plant suggested that these traits were less influenced by environment.
High GCV heritability coupled with high genetic advance as per cent of mean was observed for number of pods per plant, pod weight per plant, seed weight per plant, number of branches /plant and canopy temperature depression indicating the predominance of additive gene action and the possibility of effective improvement through direct phenotypic selection. Thus, these traits may be considered as reliable selection criteria for improvement of yield and drought tolerance in soybean breeding programmes. Overall, the study demonstrated that the advanced breeding population possesses considerable genetic potential, which can be exploited for developing superior soybean genotypes adapted to drought stress as well as normal conditions.
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