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Original Research Article

Comparative Evaluation of Early Seedling Vigour in Rice Genotypes under Laboratory and Direct-Seeded Field Conditions
Abstract
Early seedling vigour is vital for successful crop establishment, weed suppression, and yield potential in direct-seeded rice (DSR) systems. This study evaluated 86 rice genotypes for vigour-related traits under both laboratory (paper towel method) and dry DSR field conditions. Traits assessed at 14 days after germination included germination percentage, shoot and root length, total seedling length, dry weight and seedling vigour indices (SVI I and II). Significant genetic variability was observed across all traits and conditions. Genotypes exhibited greater shoot elongation in laboratory conditions and higher biomass under field conditions, indicating environment-specific trait expression. Using the cumulative vigour response index (CVRI)  genotypes such as Varalu, Anjali, SMB 3, Arakalu and Warangal Samba were identified as highly vigorous across environments. Strong positive correlations were found among key traits especially between total seedling length and SVI I and between dry weight and SVI II. Principal component analysis showed PC1 accounted for 44.2% of total variation, with most vigour traits contributing positively. This integrated phenotyping approach revealed substantial genetic variation for early seedling vigour, supporting the selection of genotypes with rapid early growth and biomass accumulation, essential for improving establishment and performance in DSR systems. 
Keywords: Early seedling vigour, direct-seeded rice, rice genotypes, principal component analysis, seedling vigour index
Introduction
Rice cultivation is undergoing a major transformation with a noticable shift from traditional transplanted rice (TPR) systems to direct-seeded rice (DSR)  driven by increasing concerns over water scarcity, labour shortages, rising production costs, greenhouse gas emissions and declining soil health (Farooq et al., 2010; Jagdeep & Singh, 2024; Dey et al., 2025). DSR has emerged as a sustainable alternative, eliminating the need for puddling and manual transplanting. It offers significant reductions in water and labour requirements lowering production costs and conserves resources. Moreover, DSR reduces methane emissions due to the absence of prolonged anaerobic soil conditions and enables mechanized and timely sowing (Sandhu et al., 2021; Kumar et al., 2024). Additionally, DSR allows earlier crop maturity, providing flexibility in crop rotation and improving land use efficiency (Jat et al., 2022).

Despite these advantages, the adoption of DSR is limited by challenges such as poor seedling establishment, low germination rates, intense weed pressure, nematode infestation, lodging  and inconsistent emergence under suboptimal conditions (Negi et al., 2024; Singh et al., 2024). Among these, inadequate seedling establishment and weed competition are critical constraints, directly affecting crop success and yield stability. Therefore, the success of DSR largely depends on the development of rice genotypes with high early seedling vigour (ESV) and effective weed management strategies (Singh et al., 2017; Suroora et al., 2023).

Early seedling vigour (ESV) refers to the rapid and uniform germination, elongation and biomass accumulation during early seedling growth. It is a key trait for competitive ability, resource use efficiency and stress tolerance in DSR systems (Mahender et al., 2015). Genotypes with high ESV can outcompete weeds, establish rapidly and perform better under variable field conditions making ESV a critical breeding target (Anandan et al., 2020; Dayala et al., 2025; Sagar et al., 2025). Despite its importance, ESV expression varies widely among rice genotypes and across environments. Limited information is available on the genetic variability and interrelationships of ESV traits under both laboratory and field conditions. Understanding this variability is essential to identify superior genotypes that can be used in breeding programs or directly adopted for DSR cultivation.

This study aimed to assess early seedling vigour in a diverse set of rice genotypes under both laboratory and dry direct-seeded conditions in field with the objective to  identify high-vigour genotypes suitable for improving crop establishment and performance in DSR systems.

Materials and Methods
Plant Material and Experimental Setup

A total of 86 rice genotypes, including three check varieties MTU 1121, MTU 1001, NLR 40065 recommended for irrigated ecosystems, were obtained from the ICAR-Indian Institute of Rice Research, Rajendranagar, Hyderabad, RARS Maruteru  and ARS, Nellore. These genotypes were evaluated for early seedling vigour-related traits under both laboratory and dry-direct-seeded field conditions. The experiments were conducted at the Department of Molecular Biology and Biotechnology, S.V. Agricultural College, ANGRAU, Tirupati.
Seed Preparation and Surface Sterilization
To overcome seed dormancy, all seeds were subjected to dry heat treatment at 50 °C for 48 hours. Following this, seeds were thoroughly rinsed with sterile distilled water. Surface sterilization was performed by immersing the seeds in a 1% sodium hypochlorite solution for 15 minutes, followed by three successive washes with sterile distilled water to ensure aseptic conditions for subsequent analyses.

Experimental conditions
Experiment 1: Laboratory Evaluation Using Paper Towel Method

The laboratory experiment was conducted using the paper towel method in a completely randomized design (CRD) with three replications. Autoclaved brown paper towels measuring 30 × 20 cm were moistened with sterile distilled water and twenty-five surface-sterilized seeds were evenly spaced on each towel. To maintain adequate moisture and prevent contamination, the towels were covered with sterile polythene sheets, folded inward from both ends and secured with rubber bands. Each experimental unit was properly labeled and placed in a water container in a slanting position to ensure uniform moisture distribution during germination. Observations were recorded on the 14th day after sowing, using ten randomly selected seedlings per replication for trait measurements.

Experiment 2: Evaluation under Dry Direct-Seeded Rice Conditions 

Field Evaluation under Direct-Seeded Conditions
The field experiment was conducted using a Randomized Complete Block Design (RCBD) with two replications. A total of 86 rice genotypes, including check varieties, were randomized within each replication. Each genotype was sown in a plot measuring 12 meters in length and 2 meters in width, with a row spacing of 10 cm. A spacing of 50 cm was maintained between replications to facilitate proper plant growth and ease of field operations. For each genotype, 50 seeds were sown in a single row.

Seedling trait observations were recorded on the 14th day after sowing. Five plants were randomly selected per replication to evaluate early seedling vigour under dry direct-seeded rice (DDSR) conditions.
Assessment of Seedling Vigour
Seedling vigour was assessed on the 14th day after sowing in both laboratory and field experiments. The following parameters were recorded
· Germination percentage(%)
· Shoot length (cm)

· Root length (cm)

· Root-to-shoot length ratio

· Total seedling length (cm)(shoot length + root length)
· Seedling dry weight (mg)

· Seedling Vigour Index I (SVI-I)

· Seedling Vigour Index II (SVI-II)

Seedling vigour indices were calculated following the method described by Abdul-Baki and Anderson (1973):

· SVI-I = Germination (%) × Total seedling length (cm)

· SVI-II = Germination (%) × Seedling dry weight (mg)

Normalization and Classification of Genotypes
To facilitate genotype comparison across traits and conditions, a Relative Performance Index (RPI) was used, as suggested by Jumaa et al. (2020). The individual vigour index (I) for each genotype was calculated by dividing the genotype value (Gi) by the maximum value (Gx) recorded for that trait:

Individual Vigour Index (I) = Gi/Gx ​​ 

The Cumulative Vigour Response Index (CVRI) was computed for each genotype by summing the individual vigour indices across all traits within each experimental condition
                 CVRI=∑Individual Indices (I) for all traits 

An integrated measure of vigour performance, the Total Vigour Response Index (TVRI), was obtained by summing the CVRI values from both laboratory and DDSR experiments
                                                      TVRI=CVRILab+CVRIDDSR 

Based on TVRI scores, genotypes were categorized into four vigour classes: very low, low, moderate, high and very high, providing a robust classification framework for assessing genotype performance across environments.

Statistical Analysis
Analysis of variance (ANOVA) was performed for all seedling vigour traits using R software (version 4.4.1) to assess genotypic differences. Correlation analysis among traits was also conducted. Principal Component Analysis (PCA) was carried out using GRAPES software ( https://www.kaugrapes.com/) to identify trait contributions to total variation and to visualize genotype distribution across principal components.

Results 
Genotypic Variation in Seedling Vigour Traits
Analysis of variance (ANOVA) was conducted to evaluate the extent of genetic variability among the 86 rice genotypes for seedling vigour-related traits under both laboratory and dry direct-seeded rice (DDSR) conditions. The descriptive statistics and ANOVA results were presented in Table 1. Highly significant differences (p < 0.01) were observed among genotypes for all measured traits in both experimental setups, indicating the presence of substantial genetic variability for seedling vigour traits.

Performance Under Laboratory Conditions
Under laboratory conditions, the mean germination percentage across genotypes was 87.49%. Considerable phenotypic variation was observed among genotypes for seedling growth parameters. 
The genotype Mrunalini exhibited the highest shoot length (17.1 cm), whereas RP Bio recorded the shortest (8.0 cm). Warangal Samba registered both the longest root length (24.2 cm) and the highest root-to-shoot length ratio (RL/SL = 2.87), while Mrunalini had the lowest values for both root length (8.09 cm) and RL/SL ratio (0.47). Total seedling length varied widely among genotypes with Vikramarya showing the maximum length (33.0 cm) and Swarna the minimum (20.52 cm). Seedling dry weight ranged from 144.42 mg in Arakalu to 94.54 mg in BPT 2615, suggesting genotypic differences in biomass accumulation.

Regarding vigour indices, Varalu recorded the highest Seedling Vigour Index-I (SVI-I = 2860.8), while Anjali registered the highest Seedling Vigour Index-II (SVI-II = 12,341.86). In contrast, Swarna and NL 42 had the lowest SVI-I (1764.72) and SVI-II (8038.13) respectively, highlighting the genotypic diversity in early growth potential.

Performance Under DDSR Conditions
Under dry direct-seeded conditions, the average germination percentage was slightly lower at 86.29%, yet sufficient for evaluating seedling establishment under field conditions. Substantial variation was again noted among genotypes.

SMB 3 displayed the highest total seedling length (34.71 cm) and shoot length (28.37 cm), while NL 42 recorded the lowest values (12.94 cm and 8.63 cm, respectively). The longest root length was observed in Annada (7.86 cm), whereas BPT 5204 had the shortest (3.21 cm). Seedling dry weight ranged from 239.23 mg in Anjali to 87.25 mg in NLR 40065, indicating genotypic differences in resource mobilization and early vigour.

In terms of vigour indices, SMB 3 achieved the highest SVI-I (3054.48) and SVI-II (19,929.6) reflecting superior performance under DDSR conditions. Conversely, NL 42 and NLR 40065 showed the lowest SVI-I (1048.14) and SVI-II (7504.34), respectively. The RL/SL ratio was highest in Vajram (0.75) and lowest in Mrunalini (0.15) underscoring differential root allocation patterns among genotypes.
Table 1: Descriptive Statistics and Variability Estimates for Seedling Vigour Traits
	GPM
	Trait
	Mean±SD
	Range 
	CV
	MSS
	 CD at 1%

	 
	GP
	87.49±2.25
	70-98
	2.57
	135.78**
	4.79

	 
	SL
	11.62±0.29
	8-17.1
	2.57
	12.5995**
	0.63

	 
	RL
	15.61±0.38
	8.09-24.20
	2.5
	22.53**
	0.83

	 
	TSL
	27.23±0.73
	20.52-33.00
	2.7
	24.77**
	1.56

	 
	RL/SL
	1.38±0.03
	0.47-2.87
	1.38
	0.48**
	2.4

	 
	DW
	116.2±2.76
	94.54-144.42
	2.38
	372.92**
	5.8912

	 
	SVI I
	2379.24±63.6
	1764.72-2860.8
	2.67
	200419.23**
	135.27

	 
	SVI II 
	10147.05±243.41
	8038.13-12341.86
	2.39
	3340493.85**
	517.68

	DDSR

 
	Mean±SD
	Range 
	CV
	MSS
	 CD at 1%

	 
	GP
	86.29±2.42
	74-98
	2.81
	86.17**
	5.16

	 
	SL
	17.59±0.5
	8.63-28.7
	2.91
	79.38**
	1.09

	 
	RL
	5.31±0.12
	3.21-7.86
	2.4
	3.54**
	0.27

	 
	TSL
	22.92±0.62
	12.94-34.71
	2.75
	79.04**
	1.34

	 
	RL/SL
	0.32±0.01
	0.15-0.75
	3.14
	0.0569**
	0.0221

	 
	DW
	177.55±4.79
	87.25-239.23
	2.7
	4061.32**
	10.2

	 
	SVI I
	1978.22±58.58
	1048.14-3054.48
	2.96
	608962.21**
	124.6

	 
	SVI II
	15316.09±391.52
	7504.34-199929.6
	2.55
	30861206.36**
	832.67


GP: Germination Percentage; SL: Shoot Length (cm); RL: Root Length (cm); TSL: Total Seedling Length (cm); RL/SL: Root to Shoot Length Ratio; DW: Dry Weight (mg); SVI I: Seedling Vigour Index I; SVI II: Seedling Vigour Index II; Mean ± SD: Mean and Standard Deviation; Range: Observed minimum–maximum values; CV: Coefficient of Variation (%); MSS: Mean Sum of Squares; CD at 1%: Critical Difference at 1% significance level; GPM: Germination paper method; DDSR: Dry Direct Seeded Rice ** Sig. at 1% level
Comparison of Evaluation Methods: Laboratory vs. DDSR Conditions
Significant differences in early seedling vigour traits were observed between the laboratory-based evaluation using germination paper and the field-based DDSR method (Fig. 1). The germination paper method consistently resulted in higher values for germination percentage, shoot length, root length, total seedling length, root-to-shoot length ratio, and Seedling Vigour Index I (SVI-I). These differences were statistically significant for all traits (p < 0.001), except for germination percentage, which showed marginal significance (p = 0.05).

In contrast, DDSR conditions favoured greater seedling dry weight accumulation and higher Seedling Vigour Index II (SVI-II), both of which were significantly higher than those observed under laboratory conditions (p< 0.001). These findings emphasize the environment-specific expression of seedling vigour traits.

The observed divergence in trait performance across evaluation methods highlights the importance of dual phenotyping strategies. Laboratory evaluations are efficient for screening traits associated with rapid seedling elongation- critical for early-stage weed competition-while field evaluations provide a more realistic assessment of biomass accumulation, which is essential for seedling establishment under direct-seeded conditions. Therefore, integrating both approaches offers a comprehensive framework for identifying genotypes with robust and adaptable seedling vigour across diverse environments.
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Fig.1: Data Distribution and Comparative Analysis of Early Seedling Vigour Traits in Rice
DDSR: Dry Direct Seeded Rice; ESV: Early Seedling Vigour evaluation using germination paper method; black dot- data points; Blue dot- Mean; Red dot- Median 

* Each boxplot shows individual data comparing DDSR (red) and ESV (blue) for traits germination percentage (*), shoot length (***), root length (***), total seedling length (***), root length/shoot length ratio (***), dry weight (***) and seedling vigour indices I and II (***), The mean (blue dot) and median (red dot) are indicated for each group. Statistical significance was determined by one-way ANOVA with p-values displayed above each plot (p < 0.05: *, p < 0.01: **, p < 0.001: ***). A p-value of< 2.2e-16 is sig at 0.001< 0.032 is sig at  0.05 (n = 86 genotypes)

Classification of Genotypes Based on Vigour Indices
Using the Cumulative Vigour Response Index (CVRI) and Total Vigour Index (TVI), the 86 rice genotypes were classified into five distinct vigour categories: very low, low, moderate, high and very high vigour (Table 2). This classification enabled a comprehensive assessment of genotypic performance across both laboratory and DDSR evaluation methods.

Five genotypes—Varalu, Anjali, SMB 3, Warangal Samba, and Arakalu—were categorized as very high vigour (TVI range: 12.0–13.0), indicating superior performance across both environments. In contrast, four genotypes - NLR 40065, NL 42, BPT 5204, and Sonasali—exhibited very low vigour (TVI range: 8.0–9.0), reflecting poor and inconsistent trait expression under both conditions.

The remaining genotypes were distributed across intermediate vigour classes: 21 genotypes were classified as low vigour (TVI range: 9.0–10.0), 34 as moderate vigour (TVI range: 10.0–11.0) and 22 as high vigour (TVI range: 11.0–12.0). This stratification provides a robust framework for selecting promising genotypes with desirable early seedling vigour traits tailored to direct-seeded rice cultivation.

          Table 2. Classification of 86 Rice Genotypes Based on Total Vigour Index (TVI)

	Vigour group
	TVI Range
	Number of genotypes
	Genotypes

	Very low vigour
	8-9
	4
	NLR 40065(c), NL 42,  BPT 5204,  Sonasali

	Low vigour
	9-10
	21
	TKM -6, Juma, Swarna, NLR 34449, T309,Chittimutyalu,Taramathi, Podhariyo, NL 16, Siddhi, Lalanakandha, CR 401, BPT 2894, Navara,  RPBIO, NLR 40024, IR 8, SM 227, Vajram, Udayagiri, Kalamketi

	Moderate vigour
	10-11
	34
	DRR DHAN 38, Lachit, Mysore Malliga, Dalashaita, Vasumathi, Pusa Sugandh-15, Saketh-4, Dhariabolia, Disang, IR 64,  MM 11, INRC10192,  Panthdhan 12, Kaliaus, NL 3, BPT 2615, INTANT 106, Mahalakshmi, Triguna, HIM 799,WGL 11427, Ravi 003, MGD 101, NLR 4002,  Basmathi 386, ND3, AC41015, Sasyasree, HIM 299  Koshiyakari,  Luit, WGL 32100, MTU 1121(c), Mrunalini

	High vigour
	11-12
	22
	Swarna SUB1A, Badshabhog, Pusa Sugandh-3,Black Navara, Kolong, Shabagidhan, MTU 1001(c), Vardhan, AC39416A, 81C, Mahisugadh,

Sonamasuri, NLR3042, MTU 3626, Tulasibasu, WAB4502, Annada, Vivekdhan,  Ramasri, NLR 34242, Vikramarya,  IC455374

	Very high vigour
	12-13
	5
	Arakalu,Varalu, Warangal Samba, Anjali, SMB 3


*c- checks

Correlation Among Seedling Vigour Traits
Correlation analysis among seedling vigour-related traits is essential for understanding the relationships among traits and for identifying key selection criteria that can simultaneously enhance multiple components of seedling vigour. In this study, Pearson’s correlation coefficients were computed under both laboratory and DDSR conditions. The resulting correlograms and correlation matrices, illustrating the direction, strength, and statistical significance of inter-trait associations are presented in Fig. 2 and Fig. 3.
Under laboratory conditions, a similar trend was observed. Dry weight exhibited a strong positive correlation with SVI-II (r = 0.947) and TSL was positively associated with SVI-I (r = 0.831). Moderate positive correlations were also noted between root length (RL) and TSL (r = 0.764) and between RL and SVI-I (r = 0.627) suggesting the contribution of root development to overall seedling vigour in controlled environments.
Under DDSR conditions, shoot length (SL) showed a very strong positive correlation with total seedling length (TSL) (r = 0.97), indicating that variation in shoot elongation is a major contributor to overall seedling growth in field conditions. Dry weight (DW) was also highly correlated with Seedling Vigour Index II (SVI-II) (r = 0.95), highlighting biomass accumulation as a key determinant of vigour under DDSR. In addition, TSL was strongly correlated with SVI-I (r = 0.93) reaffirming the dependence of vigour index on seedling elongation traits.
The correlation between SVI-I and SVI-II was moderate under DDSR conditions (r = 0.453), but relatively weak under laboratory conditions (r = 0.27), suggesting partial independence between seedling elongation (SVI-I) and biomass accumulation (SVI-II), particularly in controlled environments.
These findings underscore the importance of considering both elongation and biomass traits in selection strategies and support the integration of complementary evaluation methods to capture the full spectrum of seedling vigour expression across diverse growing conditions.

Fig. 2:  Correlogram and Correlation Matrix  showing Pairwise Relationships among Seedling Vigour Traits in Correlation Matrix for seedling vigour traits under laboratory conditions *** Correlation is significant at 0.001 level  ,** Correlation is significant at 0.01 level, * Correlation is significant at 0.05 level (two tailed)
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Fig. 3:  Correlogram  and Correlation Matrix showing  Pairwise Relationships among Seedling Vigour Traits in Direct-Seeded Rice condition *** Correlation is significant at 0.001 level  ,** Correlation i s significant at 0.01 level, * Correlation is significant at 0.05 level (two tailed) 
PCA
Principal Component Analysis (PCA)
Principal Component Analysis (PCA) was conducted to summarize trait contributions to total phenotypic variation and to visualize genotype distribution across multivariate trait space. This approach aids in identifying key traits driving seedling vigour diversity and facilitates the selection of superior genotypes for breeding programs.

The analysis was performed using 16 seedling vigour-related traits. The first principal component (PC1) explained the highest proportion of variance at 44.16% with an eigen value of 2.66 followed by PC2 (16.11%), PC3 (14.94%), PC4 (7.70%) and PC5 (7.63%) (Table 3). Collectively, the first two components (PC1 and PC2) accounted for 60.27% of the total variation in the dataset, indicating their suitability for summarizing the multidimensional trait data. The PCA biplot (Fig. 4) revealed that most traits clustered along the positive axis of PC1, highlighting their substantial contribution to overall seedling vigour variation. Traits with the longest vectors on PC1 included DDSR SVI-I, DDSR SVI-II, DDSR total seedling length (TSL), DDSR dry weight (DW), as well as lab-based TSL, SVI-I, SVI-II, and DW, indicating these variables were the most influential in differentiating genotypes. Meanwhile, root length (RL) and shoot length (SL) (along with their DDSR counterparts) contributed prominently to variation along PC2, suggesting these traits are important for distinguishing genotypes along the second principal axis.

The spatial distribution of genotypes in the biplot illustrated considerable phenotypic diversity. High vigour genotypes such as SMB 3, Anjali, Varalu and Warangal Samba were located at the extreme positive end of PC1, reflecting their strong association with the major vigour-related traits. Conversely, very low vigour genotypes like NL 42 (26) and NLR 40065 (30) were positioned at the negative end of PC1, indicating poor performance across most vigour traits. Moderate vigour genotypes such as BPT 2615 (27), WGL 32100 (44) and Lachit (64) clustered near the origin of the biplot, reflecting intermediate performance across the evaluated traits.

Overall, PCA provided valuable insights into trait interrelationships and genotype performance, supporting the use of multivariate selection strategies in the improvement of early seedling vigour for direct-seeded rice systems.

Table 3 . Eigen values and percent variance explained by principal components to the variation of genotypes
	PCA
	Eigen value 
	Proportion of Variance
	Cumulative Proportion of variance

	PC1
	2.66
	44.16
	44.15

	PC2
	1.60
	16.11
	60.27

	PC3
	1.54
	14.94
	75.21

	PC4
	1.11
	7.70
	82.00

	PC5
	1.10
	7.63
	90.54
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Fig. 4. PCA biplot showing the distribution of genotypes and the contribution of seedling vigour traits to principal components

Discussion

Significant genotypic variation was observed for early seedling vigour (ESV) traits across both laboratory and dry direct-seeded rice (DDSR) evaluation methods. This variation underscores the profound influence of environmental conditions on the expression of seedling traits. In particular, superior performance under laboratory-based ESV evaluations can be attributed to the optimal and stress-free conditions of the germination paper method which promote rapid and uniform germination. These conditions tend to enhance elongation-related traits such as shoot length, root length and total seedling length, ultimately leading to higher values for indices like Seedling Vigour Index I (SVI-I), which is primarily based on seedling length.

Our findings align with earlier studies by Abdul-Baki and Anderson (1973), Wang et al. (2011), and Sagar et al. (2025), which also demonstrated improved seedling elongation under controlled environments. The uniformity and rapidity of germination in such settings enable efficient assessment of seedling length-based indices, making them reliable indicators of early seedling vigour under laboratory conditions.

In contrast, DDSR evaluations expose genotypes to complex and often challenging field environments, including variable soil moisture, temperature fluctuations, and physical constraints such as soil crusting and compaction. These stressors can significantly affect early seedling growth and result in reduced shoot and root elongation. However, genotypes that establish successfully under DDSR tend to accumulate more dry matter, leading to higher seedling dry weight and consequently elevated values of Seedling Vigour Index II (SVI-II). This was evident in our results, where DDSR conditions favoured biomass accumulation and better differentiated genotypes based on stress adaptability.

These observations were consistent with previous reports by Mahender et al. (2015), Koshle et al. (2020), Chen et al. (2019) and Sandhu et al. (2019), who emphasized the utility of SVI-II as an index of seedling resilience and establishment potential under field conditions. Bharamappanavara et al., (2023) further highlighted significant genotype × environment interactions in ESV expression under DDSR, reinforcing the importance of multi-environment testing in breeding programs.

The contrasting performance of genotypes like Mrunalini and NL 42, which performed well under laboratory conditions but poorly under DDSR, illustrates the differential influence of environment on ESV traits. Conversely, genotypes such as Varalu, SMB 3 and Anjali showed consistently high performance across both environments, indicating stable vigour and adaptability. These genotypes represent promising candidates for breeding programs targeting DDSR systems.

Mahender et al. (2015) defined ESV as a combination of rapid, uniform germination and early biomass accumulation traits essential for robust establishment under DDSR. While Padmashree et al. (2022) and Singh et al. (2017) emphasized the value of SVI-I for assessing seedling elongation, Subramanian et al. (2025) and Sanghmitra et al. (2021) demonstrated the importance of early dry matter accumulation in enhancing seedling vigour. Barik et al. (2019) observed that increased dry weight by the 15th day after sowing is indicative of efficient resource partitioning, while Addanki et al. (2018) reported that high-vigour seedlings with greater SVI-I and SVI-II develop into more resilient and productive plants. These findings strongly support the integration of both lab and field-based screening methods to identify genotypes with superior performance under DDSR conditions.
Correlation analysis revealed strong positive associations among key ESV traits, such as shoot length, total seedling length, SVI-I, dry weight, and SVI-II, across both laboratory and DDSR conditions. These relationships suggested that the traits were governed by shared genetic factors, supporting the potential for simultaneous selection. Notably, the moderate correlation between SVI-I and SVI-II highlights that while these indices are related, they capture distinct physiological processes - elongation and biomass accumulation, respectively. This distinction reinforces the importance of using both indices for a comprehensive assessment of seedling vigour.

Our results are supported by previous studies (Surrora et al., 2023; Padmashree et al., 2022; Akshitha et al., 2020), which also reported significant positive associations among seedling length, dry weight, and vigour indices. Similarly, Tejaswi (2012), Addanki et al. (2018), Bordoloi and Sarma (2018), Barik et al. (2019), Beerelli et al. (2020), Katiyar et al. (2019), and Bharamappanavara et al. (2023) documented consistent positive correlations among key seedling vigour parameters. 
Principal Component Analysis (PCA) in this study further elucidated the primary traits contributing to seedling vigour diversity. Traits such as SVI-I, SVI-II, total seedling length (TSL) and dry weight (DW) exhibited the highest loadings on the first principal component (PC1), which accounted for 44.16% of the total variation. The majority of vigour-related traits were clustered along the positive axis of PC1, suggesting their strong, coordinated contribution to overall vigour. High-vigour genotypes such as Varalu, Anjali and SMB 3 were strongly associated with PC1, highlighting the importance of these traits in selecting superior genotypes.

These results corroborate findings from Jumma et al., (2020), Sagar et al., (2025), Uzair et al.,(2022) and Anandan et al., (2020), all of whom demonstrated the utility of PCA in dissecting ESV-related trait variation and guiding selection. Pallavi et al. (2024) reported similar outcomes, where PCA helped reduce trait dimensionality and identified dry weight as a major contributor to ESV variation. Our findings emphasize the relevance of PCA for trait prioritization and multi-trait selection in breeding programs targeting DDSR systems.

Conclusion

This study revealed substantial genetic variability among rice genotypes for early seedling vigour (ESV) traits under both laboratory and dry direct-seeded rice (DDSR) conditions. The contrasting genotype performance across these environments underscores the significant influence of environmental factors on seedling trait expression. Laboratory-based evaluations effectively captured elongation traits such as shoot length and total seedling length which are critical for rapid seedling emergence and early weed competitiveness. In contrast, DDSR evaluations better reflected biomass accumulation and stress adaptation, traits essential for seedling establishment and survival under field conditions.

The integration of both laboratory and field screening approaches provides a holistic strategy for identifying genotypes that combine rapid early growth with resilience to environmental stresses, a key requirement for optimizing performance in DDSR systems. Strong positive correlations among shoot length, total seedling length, seedling dry weight, and vigour indices (SVI-I and SVI-II), along with insights from principal component analysis (PCA), reinforce the value of a multi-trait selection strategy to improve ESV comprehensively.

Notably, genotypes such as Varalu, Anjali, SMB 3, Warangal Samba and Arakalu consistently demonstrated superior performance across evaluation methods, as identified through PCA and cumulative vigour response index (CVRI). These genotypes represent promising candidates for breeding programs focused on improving early establishment in direct-seeded rice (DSR) cultivation.

In summary, combining laboratory and field-based assessments enhances the ability to select rice genotypes with both high early vigour and adaptive potential, thereby accelerating the development of robust varieties suited for sustainable DSR production systems.
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