



Original Research Article
Assessment of Genetic Variability and Path Analysis for Early Seedling Vigour Traits in Rice (Oryza sativa L.) under Laboratory and Dry Direct-Seeded Conditions

ABSTRACT 

Early seedling vigour (ESV) is a critical trait for successful crop establishment in direct-seeded rice systems. The present study evaluated 86 rice genotypes under laboratory and dry direct-seeded rice (DDSR) conditions to assess genetic variability and trait contributions to ESV through genetic parameter estimation and path coefficient analysis of seedling traits and vigour indices. Analysis of variance revealed  significant  differences among genotypes for all traits across both environments, reflecting the availability of substantial genetic diversity confirming a broad genetic base amenable to selection. The phenotypic coefficient of variation (PCV) was only marginally greater than the genotypic coefficient of variation (GCV), suggesting minimal environmental influence on trait expression. Broad-sense heritability estimates were uniformly high (>80%) and most traits displayed moderate to high genetic advance as percent of mean (GAM), indicating the predominance of additive gene action and scope for effective selection. The path coefficient analysis identified critical factors influencing the vigour indices root  length was the primary driver of Seedling Vigour Index I in laboratory conditions, while shoot elongation traits dominated under dry direct-seeded rice environments. Seedling dry weight was the main direct contributor to Seedling Vigour Index II  across both environments. Overall seedling dry weight, shoot length, root length and total seedling length emerged as reliable selection indices for improving ESV. The findings highlight the importance of multi-environment phenotyping in prioritizing traits  and by identifying key contributors to early seedling vigour, this study provide key trait-based selection criteria for breeding rice genotypes adapted to direct-seeded cultivation systems. 
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INTRODUCTION 

    


Rice (Oryza sativa L.) is a staple food crop for more than half of the global population and ensuring its stable production is critical for food security (Hashim et al.2023).With growing concerns over water scarcity, labor shortage, climate change  and pressing need for sustainable intensification direct-seeded rice cultivation is emerging  as a promising alternative to traditional transplanting methods.(Negi et al.2023). However, the success of DSR systems is largely contingent on rapid and uniform seedling emergence and establishment governed by early seedling vigour which ensures rapid germination, uniform emergence and biomass accumulation, vital for robust crop establishment under diverse environments (Mahender et al. 2015). Strong ESV promotes vigorous early growth, improves nutrient uptake and weed competitiveness, thereby contributing to stable crop establishment and yield stability under variable environments (Nocito et al. 2025; Anandan et al. 2020, Sandhu et al. 2019). Enhancing early seedling vigour (ESV) is crucial for stable establishment and yield advantage in direct-seeded rice (DSR), particularly under resource-limited and variable environments (Paul et al. 2025). Strengthening early seedling vigour (ESV) is, therefore, pivotal for realizing the full potential of dry direct-seeded rice (DSR) as a resource-efficient and sustainable rice production system. 

Understanding the genetic variability is a critical first step toward effective selection and improvement of this trait (Koshle et al. 2020). Early seedling vigour (ESV) is a complex quantitative trait influenced by morphological and physiological parameters such as shoot length, root length, seedling dry weight, germination percentage and seedling vigour indices (SVI-I and SVI-II) (Mahender et al. 2015). These traits are governed by both genetic and environmental factors and assessing their variability is crucial for developing vigorous rice genotypes suited to dry direct-seeded rice (DDSR) systems. Genetic variability parameters such as the genotypic and phenotypic coefficients of variation (GCV and PCV), heritability and genetic advance provide insights into the nature and extent of variability and the potential for genetic improvement through selection. Moreover, traits contributing to ESV are often interrelated, path coefficient analysis dissects the direct and indirect contributions of individual traits to overall vigour. Together, these approaches enable the identification of key traits that can be targeted in breeding programs to enhance seedling establishment and yield stability under direct-seeded conditions.


In this context, the present investigation was undertaken to analyze genetic variability, heritability, genetic advance and path coefficient analysis of early seedling vigour (ESV) traits in rice under laboratory and dry direct-seeded conditions, with the aim of identifying key traits with the most significant influence on seedling vigour that can be targeted to strengthen seedling establishment and support breeding strategies for DSR adaptation.

Material and methods

Plant material and Experimental design

A total of 86 rice genotypes were evaluated for early seedling vigour-related traits under both laboratory and dry-direct-seeded field conditions. The genotypes were obtained from the ICAR-Indian Institute of Rice Research, Rajendranagar, Hyderabad and the experiments were conducted at the Department of Molecular Biology and Biotechnology, S.V. Agricultural College, ANGRAU, Tirupati, India. 
The laboratory experiment was conducted using the paper towel method in a completely randomized design (CRD) with three replications. The field experiment was arranged in a randomized complete block design (RCBD) with two replications. Each genotype was sown in a plot measuring 12 m × 2 m, with a row spacing of 10 cm. 
Trait Measurement

Data on germination percentage(%), shoot length (cm), root length (cm), root-to-shoot length ratio, total seedling length (cm), seedling dry weight (mg), Seedling Vigour Index I (SVI-I), and Seedling Vigour Index II (SVI-II) were recorded at 14 DAS. Seedling vigour indices were calculated according to Abdul-Baki and Anderson (1973):

SVI-I = Germination percentage(%) × total seedling length(cm)
SVI-II = Germination percentage(%) × seedling dry weight (mg)
 Statistical analysis 

Analysis of variance (ANOVA) and estimation of genetic parameters for all seedling vigour traits were performed using R software (version 4.4.1) to assess genotypic differences. Genetic parameters including genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), broad-sense heritability (H²) and genetic advance as percent of mean (GAM)  were estimated. 

The magnitude of variability was classified as following the genotypic and phenotypic coefficients of variation (GCV and PCV) were classified as low (<10%), moderate (10–20%) or high (>20%) as per Sivasubramanian and Menon (1973). Broad-sense heritability was categorized as low (<30%), moderate (30–60%) or high (>60%), and genetic advance as percent of mean (GAM) was categorized as low (<10%), moderate (10–20%), or high (>20%) according to Johnson et al. (1955). Path coefficient analysis was carried out using GRAPES software (https://www.kaugrapes.com/)  to determine the direct and indirect effects of seedling vigour traits on overall early seedling vigour  performance.
Results 

Genetic Variability for Early Seedling Vigour Traits
Analysis of variance revealed  significant  differences (p< 0.001)  for all early seedling vigour traits under both laboratory (Table 1) and dry direct-seeded rice (DDSR) conditions (Table 2), indicating substantial variability among the genotypes. Further analysis was carried out to partition the observed variability into its genetic components through the estimation of genetic parameters facilitating the identification of traits with potential which can be exploited for selection and improvement of early seedling vigour
Table 1. Analysis of variance for Early Seedling Vigour traits among rice genotypes under laboratory conditions
	Source of variance
	Df
	GP
	SL
	RL
	RL/SL
	TSL
	DW
	SVI I
	SVI II

	Genotypes
	85
	135.786     ***
	12.59
***
	22.53
***
	0.48
***
	24.77 ***
	372.9
***
	200419
***
	3340494 ***

	Error
	172
	5.84
	0.08
	0.15
	0.00
	0.54
	7.70
	4046.00
	59252

	CV(%)
	
	2.57
	2.57
	2.50
	2.40
	2.70
	2.38
	2.67
	2.39


Table 2 . Analysis of variance for Early Seedling Vigour  traits among rice genotypes under Dry Direct Seeded Rice (DDSR) condition 
	Source of variance
	df
	GP
	SL
	RL
	RL/SL
	TSL
	DW
	SVI I
	SVI II

	Genotypes
	85
	86.17
***
	79.38
***
	3.54
***
	0.56
***
	79.04
***
	4061
***
	608962
***
	30861206
***

	Error
	172
	5.89
	0.26
	0.01
	0.00
	0.40
	23.00
	3433.00
	153295

	CV(%)
	
	2.81
	2.91
	2.40
	3.14
	2.75
	2.70
	2.96
	2.55


 ***indicates significance at P<0.001 GP: Germination percentage(%); RL: Root Length (cm); RL/SL: Root Length to Shoot Length Ratio; TSL: Total Seedling Length (cm); SDW: Seedling dry weight (mg); SVI I: Seedling Vigour Index I ; SVI II: Seedling Vigour Index II

Genetic  parameter estimates for Early Seedling Vigour Traits
The estimates of genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), broad sense heritability (H²) and genetic advance as percent of mean ( GAM) for early seedling vigour traits under laboratory and dry direct seeded rice DDSR conditions were presented in Table 3 and 4 and summarized in Fig 1.
Across both environments, PCV values were marginally higher than GCV, indicating limited environmental influence on trait expression. Heritability was high for all traits (> 81-99 %) suggesting strong genetic control.

Under lab condition (Table 3), traits such as shoot length (SL), root length (RL), root to shoot ratio (RL/SL), seedling  vigour indices SVI I, SVI II  and total seedling length (TSL) exhibited high heritability coupled with high GAM, indicating   the predominance of additive gene action and the potential for substantial genetic gain through direct selection. Germination percentage (GP) and seedling dry weight (SDW) showed high heritability but lower variability and moderate GAM, indicating narrower genetic bases. 

Under DDSR environment(Table 4), GCV and PCV values were generally higher compared to laboratory conditions, all traits except GP recorded high GCV (>20%) with uniformly high heritability and high GAM > 40%. Broad-sense heritability (h2) was high (>81%) for all traits, with values exceeding 98% for most, suggesting strong genetic control. Traits like root to shoot ratio  showed high GAM (85.65%) followed closely by Shoot length (59.81%) , Seedling vigour index I (46.38%) and Total seedling length (45.68%) confirming these as highly responsive selection criteria in field based direct seeding environments.
 These results highlight the presence of substantial heritable variation and the effectiveness of direct selection for improving ESV traits under field conditions. 
   Table 3.  Estimates of genetic parameters for early seedling vigor traits in rice under laboratory condition

	Trait
	Mean
	Min
	Max
	GCV(%)
	PCV(%)
	Heritability (h², %)
	Heritability Category 
	GAM (%)
	GAM Category

	GP
	87.49
	69.52
	99.98
	7.54
	7.97
	89.00
	High
	14.70
	Moderate

	SL
	11.62
	7.78
	17.45
	17.57
	17.76
	97.00
	High
	35.82
	High

	RL
	15.61
	8.05
	24.43
	17.49
	17.67
	97.00
	High
	35.66
	High

	RL/SL
	1.38
	0.46
	2.94
	29.00
	29.10
	99.00
	High
	59.54
	High

	TSL
	27.23
	20.11
	34.06
	10.43
	10.77
	93.00
	High
	20.81
	High

	SDW
	116.20
	91.36
	147.59
	9.49
	9.78
	94.00
	High
	18.97
	Moderate 

	SVI I
	2379.24
	1731.19
	2944.47
	10.75
	11.07
	94.00
	High
	21.50
	High

	SVI II
	10147.05
	8006.96
	12786.16
	10.30
	10.58
	94.00
	High
	20.67
	High


Table 4. Estimates of genetic parameters for early seedling vigor traits in rice under 

    Dry  Direct Seeded Rice (DDSR) condition 

	Trait
	Mean
	Min
	Max
	GCV(%)
	PCV(%)
	Heritability (h², %)
	Heritability Category 
	GAM (%)
	GAM Category

	GP
	86.29
	72.50
	100.00
	5.99
	6.62
	81.00
	High
	11.16
	Moderate

	SL
	17.50
	8.26
	28.79
	29.18
	29.32
	99.00
	High
	59.81
	High

	RL
	5.31
	3.12
	7.97
	20.40
	20.54
	98.00
	High
	41.74
	High

	RL/SL
	0.32
	0.15
	0.78
	41.68
	41.79
	99.00
	High
	85.65
	High

	TSL
	22.92
	12.82
	35.26
	22.35
	22.50
	98.00
	High
	45.66
	High

	SDW
	177.55
	85.42
	244.19
	20.66
	20.84
	98.00
	High
	42.20
	High

	SVI I
	1978.22
	1038.70
	3070.51
	22.71
	22.90
	98.00
	High
	46.38
	High

	SVI II
	12522.57
	8890.34
	16154.79
	20.88
	21.04
	98.50
	High
	42.71
	High


*GP: Germination percentage(%);RL: Root Length (cm);RL/SL: Root Length to Shoot Length Ratio; TSL: Total Seedling Length (cm);SDW: Seedling dry weight (mg);SVI I: Seedling Vigour Index I ; SVI II: Seedling Vigour Index II; GCV: Genotypic Coefficient of Variation (%); PCV: Phenotypic Coefficient of Variation (%); GAM: Genetic Advance as Percent of Mean (%); Category levels: Low (<10%), Moderate (10–20%), High (>20%) for GAM; Low (<30%), Moderate (30–60%), High (>60%) for heritability
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Fig.1. Comparative analysis of genetic variability parameters including (a) phenotypic coefficient of variation (PCV), (b) genotypic coefficient of variation (GCV), (c) broad-sense heritability (h²) and (d) genetic advance as percentage of mean (GAM) for early  seedling traits of rice genotypes under laboratory (LAB) and dry direct-seeded rice (DDSR) conditions
Path Coefficient Analysis
Path coefficient analysis was undertaken to partition the genotypic correlations of seedling traits into direct and indirect effects, thereby identifying the most influential traits contributing to seedling vigour. In this study, Seedling Vigour Index I (SVI I) and Seedling Vigour Index II (SVI II) were considered as dependent variables, while early seedling traits (GP, SL, RL, RL/SL, TSL, and SDW) were used as independent  variables. 
Seedling vigour index I

When SVI I was the dependent variable results exhibited clear environmental differences. Under laboratory conditions, root length(0.730) exerted the strongest direct influence, supported by germination percentage(0.493), shoot length(0.417), seedling dry weight(0.333) and total seedling length (0.322). Indirect contributions were prominent, particularly via total seedling length (TSL) and seedling dry weight (SDW). Conversely, in DDSR, dominance shifted towards shoot elongation traits, with shoot length (0.618) and total seedling length (0.428) as the major direct effects, followed by SDW (0.332) playing a substantial role genotypic correlations with SVI I were highest for TSL, SL and SDW across environments, while RL/SL contributed negligibly (Tables 5 and 6; Fig. 2) 

Seedling vigour index II (SVI  II)
For SVI II, a consistent pattern was observed where seedling dry weight emerged as the primary direct determinant both in  laboratory (0.962) and under DDSR (1.033) conditions, with supportive indirect effects from shoot and total seedling length via biomass. Germination percentage and SVI I contributed moderately, whereas root-associated traits showed weak or negative effects. SVI II exhibited strong correlations with SDW, TSL  and SL (Table 7 and 8; Fig. 2).The low residual effects in all path analyses indicate that the majority of variation in vigour indices was explained by the included traits, underscoring their reliability as selection criteria
Overall, the analysis indicated seedling dry weight  as  fundamental drivers of SVI II under both laboratory and dry direct-seeded conditions. In contrast, SVI I was driven primarily by root length  in the laboratory but by shoot elongation traits and biomass under DDSR. Germination percentage provided moderate support across environments, whereas the root-to-shoot ratio was not a major contributor in either index.

Table 5. Path coefficient analysis showing direct, indirect  and genotypic correlation effects of early seedling vigour  traits on Seedling vigour index I in rice genotypes under laboratory conditions
	Trait
	Germination percentage
	Shoot length
	Root length
	Root to shoot ratio
	Total seedling length
	Seedling dry weight
	Seedling vigour index II
	Genotypic correlation  with main variable SVI I

	Germination percentage
	0.493
	-0.065
	-0.181
	0.007
	-0.112
	0.100
	0.175
	0.418**

	Shoot length
	-0.077
	0.417
	-0.227
	0.106
	0.137
	-0.209
	0.155
	0.303**

	Root length
	-0.122
	-0.13
	0.73
	-0.111
	0.24
	-0.066
	-0.001
	0.539**

	Root to shoot ratio
	-0.025
	-0.323
	0.592
	-0.137
	0.072
	0.082
	-0.089
	0.172ns

	Total seedling length
	-0.172
	0.178
	0.544
	-0.031
	0.322
	-0.213
	0.110
	0.737**

	Seedling dry weight
	-0.148
	0.262
	0.145
	0.034
	0.206
	0.333
	0.241
	0.406**

	Seedling vigour index II
	0.251
	0.187
	-0.003
	0.036
	0.102
	-0.233
	0.345
	0.684**


*Residual effect : 0.040; *significant at 5% level, **significant at 1% level,ns- non significant 

Table 6. Path coefficient analysis showing direct, indirect  and genotypic correlation effects of early seedling vigour  traits on Seedling vigour index I  in rice genotypes under dry direct seeded conditions
	Trait 
	Germination percentage
	Shoot length
	Root length
	Root to shoot ratio
	Total seedling length
	Seedling dry weight
	Seedling vigour index II
	Genotypic correlation  with main variable SVI I

	Germination percentage
	0.197
	0.013
	-0.017
	-0.003
	-0.005
	0.011
	0.078
	0.270**

	Shoot length
	0.004
	0.618
	-0.014
	-0.015
	0.420
	-0.310
	0.247
	0.950**

	Root length
	-0.028
	-0.07
	0.120
	0.011
	0.042
	-0.021
	0.006
	0.060*

	Root to shoot ratio
	-0.032
	-0.497
	0.073
	0.019
	-0.29
	0.231
	-0.195
	-0.69**

	Total seedling length
	-0.002
	0.607
	0.012
	-0.013
	0.428
	-0.315
	0.249
	0.966**

	Seedling dry weight
	-0.006
	0.576
	0.007
	-0.013
	0.406
	0.332
	0.261
	0.900**

	Seedling vigour index II
	0.056
	0.559
	0.003
	-0.014
	0.390
	-0.318
	0.273
	0.950**


*Residual effect : 0.010; *significant at 5% level, **significant at 1% level,ns- non significant 

Table 7. Path coefficient analysis showing direct, indirect  and genotypic correlation effects of early seedling vigour  traits on Seedling vigour index II in rice genotypes under laboratory conditions
	Trait
	Germination percentage
	Shoot length
	Root length
	Root to shoot ratio
	Total seedling length
	Seedling dry weight
	Seedling vigour index I
	Genotypic Correlation  with main variable SVI II

	Germination percentage
	0.460
	0.027
	0.067
	-0.003
	0.066
	-0.289
	0.18)
	0.508**

	Shoot length
	-0.071
	-0.175
	0.084
	-0.041
	-0.081
	0.604
	0.13)
	0.449**

	Root length
	-0.114
	0.054
	-0.269
	0.043
	-0.142
	0.191
	0.232
	-0.004ns

	Root to shoot ratio
	-0.024
	0.136
	-0.218
	0.053
	-0.043
	-0.237
	0.074
	-0.259*

	Total seedling length
	-0.161
	-0.075
	-0.201
	0.012
	-0.190
	0.615
	0.317
	0.318**

	Seedling dry weight
	-0.138
	-0.110
	-0.054
	-0.013
	-0.122
	0.962
	0.175
	0.700**

	Seedling vigour index I
	0.192
	-0.053
	-0.145
	0.009
	-0.140
	0.391
	0.430
	0.684**


*Residual effect : 0.050; *significant at 5% level, **significant at 1% level,ns- non significant 

Table 8 .  Path coefficient analysis showing direct, indirect  and genotypic correlation effects of early seedling vigour  traits on Seedling vigour index II  in rice genotypes under dry direct seeded conditions 

	Trait
	Germination percentage
	Shoot length
	Root length
	Root to shoot ratio
	Total seedling length
	Seedling dry weight
	Seedling vigour index I
	Genotypic Correlation  with main variable SVI II

	Germination percentage
	0.218
	-0.004
	0.009
	-0.008
	0.002
	-0.033
	0.101
	0.286**

	Shoot length
	0.005
	0.172
	0.007
	-0.04
	-0.209
	0.963
	0.350
	0.904**

	Root length
	-0.031
	0.020
	-0.063
	0.030
	-0.021
	0.064
	0.022
	0.021

	Root to shoot ratio
	-0.035
	0.138
	-0.038
	-0.213
	0.144
	-0.718
	-0.254
	-0.714**

	Total seedling length
	-0.002
	-0.169
	-0.006
	-0.033
	0.049
	0.980
	0.355
	0.911**

	Seedling dry weight
	-0.007
	-0.160
	-0.004
	-0.034
	-0.202
	1.033
	0.331
	0.957**

	Seedling vigour index I
	0.060
	-0.163
	-0.004
	-0.034
	-0.206
	0.929
	0.368
	0.950**


*Residual effect : 0.030; *significant at 5% level, **significant at 1% level,ns- non significant 
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Fig.2. Path diagrams depicting direct effects of rice seedling traits on seedling vigour indices under laboratory and dry direct-seeded conditions
Comparative Analysis of Genetic Variability and Trait Contributions across Environment

 
Early seedling vigour traits under laboratory and dry direct-seeded rice (DDSR) environments revealed distinct patterns of genetic variability and trait contributions. DDSR conditions exhibited greater genetic variability and higher genetic advance for key traits such as shoot length, root to shoot length ratio, and total seedling length, reflecting the complex influence of natural field environments.(Fig 1) Despite environmental differences, heritability remained consistently high across both settings, underscoring the strong genetic control of early seedling vigour traits. Seedling dry weight emerged as a crucial determinant of seedling vigour index II (SVI II) in both environments, while seedling vigour index I (SVI I) was predominantly influenced by root length in the laboratory but by shoot elongation and biomass under DDSR conditions. Germination percentage contributed moderately, whereas the root-to-shoot ratio showed minimal impact on vigour indices, highlighting differential trait prioritization for breeding adaptable rice genotypes suitable for diverse cultivation systems.
DISCUSSION 
The present study revealed considerable genetic variability for early seedling vigour (ESV) traits among the 86 rice genotypes evaluated under both laboratory and dry direct-seeded rice (DDSR) conditions. Significant genotypic differences across all measured traits indicated a broad genetic base, supporting previous findings on the importance of genetic diversity for breeding in DSR systems (kumar et al., 2024, Negi et al., 2023, Mahender et al., 2015). The close alignment of phenotypic (PCV) and genotypic (GCV) coefficients of variation confirms that genetic factors predominantly govern trait expression, minimizing environmental influence and validating the reliability of genetic parameters for selection.

High heritability (>80%) coupled with moderate to high genetic advance as a percentage of the mean (GAM) across most traits emphasizes the predominance of additive gene action in governing early seedling vigour traits supported by Chowdary et al. (2023).The consistently high heritability and GAM observed for traits such as seedling dry weight, root length, and shoot length reinforce their effectiveness as reliable selection indices, offering strong potential for achieving substantial genetic gain and enhanced seedling vigour in rice genotypes. Similar findings of high heritability and additive gene action for seedling vigour traits have been reported by Vyshnavi et al.(2025)  Surrora et al. (2023), Rathia et al. (2025), Rakshitha et al. (2024),  Sadhana et al. (2022) and Akshitha et al.(2020)
Path coefficient analysis revealed environment-specific contributions of traits to seedling vigour indices, highlighting distinct mechanisms underlying early vigour under laboratory and dry direct-seeded rice (DDSR) conditions. Under controlled laboratory conditions, root length was the predominant contributor to Seedling Vigour Index I (SVI I) with a high direct effect (0.730), supported by germination percentage (0.493), shoot length (0.417) and seedling dry weight (0.333). Conversely, under DDSR field conditions, shoot elongation traits became more influential; shoot length exerted the largest direct effect on SVI I (0.618), followed by total seedling length (0.428) and seedling dry weight (0.332). This shift reflects the ecological demands of field environments, where rapid shoot growth was critical for seedling establishment amid competition and stress, whereas root elongation drives early vigour more markedly in uniform, controlled laboratory settings. Importantly, seedling dry weight emerged as the principal determinant of Seedling Vigour Index II (SVI II) across both environments, with consistently high direct effects (0.962 in the lab and 1.033 in the field), underscoring the fundamental role of overall biomass accumulation in early seedling performance irrespective of environmental conditions. Similar high effects of seedling length on SVI I and seedling dry weight on SVI II have been reported by Rakshitha et al. (2024) and Koshle et al. (2020). Although root to shoot ratio (RL/SL) exhibited high heritability and genetic advance, its direct effect on SVI I and SVI II was negligible due to its nature as a proportional trait, with variance collinear to shoot and root lengths as seedling vigour indices favor absolute growth and biomass rather than trait partitioning, making RL/SL more informative for seedling architecture but a poor predictor of vigour.
Overall the study establishes that seedling vigour in rice is largely governed by genetic factors, exhibiting considerable additive genetic variation and high heritability, which supports effective selection. Root traits play a more prominent role in controlled environments, whereas shoot growth and early biomass accumulation are key determinants under DDSR. These findings offer valuable guidance for breeding rice genotypes with improved seedling vigour specifically adapted to direct-seeded systems.
CONCLUSION 

This study addresses a critical gap by comparing genetic variability and trait contributions to early seedling vigour across both laboratory and dry direct-seeded rice environments.  The findings reveal  extensive genetic variability and strong heritability of key early seedling vigour traits, providing a solid foundation for genetic improvement through selection. Seedling dry weight consistently emerged as a major physiological determinant of seedling vigour indices under both conditions, emphasizing the vital role of biomass accumulation in early seedling performance. Combined analyses of genetic variability and path coefficients further confirmed that traits such as seedling dry weight, shoot length and root length  exhibit high heritability genetic advance and  have directly effect on seedling vigour indices  validating their importance as primary selection criteria. Prioritizing these traits and integrating them into breeding programs will accelerate the development of rice varieties with enhanced early vigour, improved crop establishment, competitiveness, and yield stability in resource-efficient direct-seeded systems
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