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ABSTRACT 

	Aims:
This study aimed to evaluate genetic variability, heritability and genetic advance for yield and associated traits in rice genotypes introgressed with the Pup1 gene under contrasting phosphorus levels to identify phosphorus-efficient genotypes for low-input environments.
Study Design:
The experiment was conducted in a split-plot design with two phosphorus levels as main plots and 46 rice genotypes as sub-plots with two replications.
Place and Duration of Study:
The study was carried out during the kharif seasons of 2022 and 2023 at the Agricultural Research Station, Gangavathi, Karnataka, India.	Comment by Admin: italics
Methodology:
A total of 46 rice (Oryza sativa L.) genotypes, including three phosphorus-deficiency tolerant checks (Swarna, Rasi and Vandana) and one susceptible check (Improved Samba Mahsuri), were evaluated under two phosphorus treatments: P₀ (0% recommended phosphorus) and P₅₀ (50% recommended phosphorus dose). Observations were recorded for phenological, yield and root-related traits such as plant height, number of tillers per plant, panicle traits, root length, shoot–root ratio, biomass traits and grain yield. Statistical analyses were performed to estimate phenotypic and genotypic coefficients of variation, broad-sense heritability and genetic advance.	Comment by Admin: italics
Results:
Analysis of variance revealed significant differences among genotypes for all the traits studied, indicating substantial genetic variability. Phosphorus levels significantly influenced plant height, panicle length, number of tillers per plant, root length, shoot–root ratio and root dry weight. Significant genotype × phosphorus interaction for most traits indicated differential genotypic responses to phosphorus availability. High phenotypic and genotypic coefficients of variation, along with high heritability and genetic advance for several root and yield traits, suggested the predominance of additive gene action and greater scope for improvement through direct selection. Enhanced root growth under phosphorus-deficient conditions highlighted the adaptive advantage of Pup1-introgressed genotypes in sustaining yield under low phosphorus environments.	
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1. INTRODUCTION 

Rice (Oryza sativa L.) is one of the most important cereal crops and serves as a staple food for more than half of the world’s population. It is among the earliest domesticated crops, with a cultivation history of over 10,000 years. The genus Oryza consists of two cultivated and about twenty-two wild species, representing a rich source of genetic diversity for crop improvement. Rice plays a crucial role in global food security and contributes significantly to the livelihood of millions of farmers, particularly in Asia. Globally, rice is cultivated on about 166.90 million hectares with a total production of approximately 533.80 million tonnes and an average productivity of 3.198 t ha⁻¹. India occupies the largest area under rice cultivation and ranks second in global production after China. In India, rice is grown over nearly 47.82 million hectares with a production of about 137.82 million tonnes and an average productivity of 2.882 t ha⁻¹ (Anon., 2024). In Karnataka, rice occupies around 0.953 million hectares with a production of 3.12 million tonnes and an average productivity of 3.282 t ha⁻¹ (Anon., 2024). The Tungabhadra Project (TBP) command area, often referred to as the “Rice Bowl of Karnataka,” contributes nearly 65% of the total paddy-growing area in the state.	Comment by Admin: Add source as citations	Comment by Admin: Add citation
Despite significant advancements in rice production technologies, sustaining productivity remains a major challenge due to various biotic and abiotic stresses. Among the essential macronutrients, phosphorus (P) is considered the second most limiting nutrient in agricultural soils after nitrogen. It is estimated that more than 30% of the world’s arable soils are deficient in available phosphorus. In many regions of Asia, Africa and South America, nearly half of the agricultural soils suffer from phosphorus deficiency, which severely limits crop growth and yield (Lynch, 2011). Phosphorus plays a vital role in several physiological and biochemical processes such as energy transfer, root development, cell division and overall plant growth. However, the efficiency of applied phosphorus fertilizers is often low due to fixation in soil, increasing fertilizer costs and concerns regarding the depletion of natural phosphate resources.	Comment by Admin: Add citation
Improving phosphorus-use efficiency through genetic approaches has therefore become an important strategy for sustainable crop production. The Pup1 (Phosphorus uptake 1) quantitative trait locus is known to enhance phosphorus uptake and utilization efficiency in rice under phosphorus-deficient conditions. Introgression of the Pup1 gene into elite rice genotypes has been shown to improve root development and phosphorus acquisition, thereby enhancing plant growth and productivity under low phosphorus environments (Vinod and Heuer, 2012). Evaluation of Pup1-introgressed rice genotypes under contrasting phosphorus conditions is therefore essential for identifying phosphorus-efficient genotypes suitable for low-input agricultural systems.
In plant breeding programmes, the effectiveness of selection largely depends on the magnitude of genetic variability present in the breeding material. Grain yield is a complex quantitative trait governed by several component characters and is highly influenced by environmental factors. Consequently, direct selection for yield alone may not always be effective. Estimation of genetic parameters such as phenotypic and genotypic coefficients of variation, heritability and genetic advance provides valuable information on the nature and extent of variability present in a population and helps breeders design efficient selection strategies (Bhattacharya and Chakraborty, 2019).
Considering the importance of phosphorus-use efficiency and the need for identifying superior genotypes for sustainable rice production, the present study was undertaken to evaluate genetic variability, heritability and genetic advance for yield and related traits in Pup1-introgressed rice genotypes under contrasting phosphorus regimes.

2. material and methods 
The field experiment was carried out during kharif 2022 and 2023 at the Agricultural Research Station, Gangavathi which is situated at Latitude 15'15'40'' and Longitude 76'31'40'', with above mean sea level of 419 meters. The experimental material comprised 46 advanced rice genotypes, including three phosphorus deficiency-tolerant checks (Swarna, Rasi and Vandana) and one phosphorus deficiency-susceptible check (Improved Samba Mahsuri). The experiment was laid out in a split-plot design with two phosphorus levels [0% (P₀) and 50% (P₅₀) of recommended dose] assigned to main plots and 46 genotypes to sub-plots, with two replications. A spacing of 20 × 15 cm was maintained.	Comment by Admin: Is it 2022-23?
Because kharif 202 ans 2023 means two years.
Correct this	Comment by Admin: Add list of genotypes
The recommended fertilizer dose for the TBP command area is 150:75:75 kg N:P₂O₅:K₂O ha⁻¹. In P₀ plots, fertilizers were applied at 150:0:75 kg ha⁻¹, whereas in P₅₀ plots, 150:37.5:75 kg ha⁻¹ was applied. All recommended agronomic and plant protection practices were followed to ensure normal crop growth.	Comment by Admin: Add the data of NPK during the crop growth, before and after the season especially the P level in the soil.
Add soil data of P.
Also add the levels of phosphorous in the TPB command area in addition to reccommended dose.
Observations were recorded on five randomly selected plants for phenological, yield and root traits like panicle length, number of panicles per m2 , number of panicles per plant, number of tillers per plant, total number of spikelets  per panicle, shoot length and root length, root to shoot ratio, fresh shoot and root weight, dry shoot and root weight, days to maturity, weight/1000 grain weight, kernel length, kernel breadth, kernel length: breadth ratio, grain yield per plant and grain yield per ha. The collected data were analysed using INDOSTAT software (version 9.3) to estimate phenotypic and genotypic coefficients of variation, broad-sense heritability, genetic advance and genetic advance as percentage of mean.	Comment by Admin: Add citations for ANOVA, GCV PCV, h2, GA
3. RESULTS AND DISCUSSION	Comment by Admin: Add limitations and future direction of the study

3.1 Analysis of Variance
The analysis of variance revealed highly significant differences among the rice genotypes for all the traits studied, indicating the presence of substantial genetic variability in the experimental material (Table 1). Such variability is essential for the success of any crop improvement programme, as it provides opportunities for selecting superior genotypes for yield and its component traits (Bhattacharya and Chakraborty, 2019; Saha et al., 2019).
Phosphorus levels significantly influenced plant height, panicle length, number of tillers per plant, root length, shoot–root ratio, shoot  fresh and dry weight and root fresh and dry weight, demonstrating the strong dependence of these traits on phosphorus availability. Phosphorus plays a key role in energy transfer, cell division and root proliferation, and its adequate supply promotes both vegetative growth and biomass accumulation. The significant effect of phosphorus on root traits further indicates adaptive modifications in root architecture aimed at improving phosphorus acquisition under low phosphorus conditions, as also reported by Lynch (2011) and Vinod and Heuer (2012).	Comment by Admin: Add citations
The genotype × phosphorus interaction was significant for most traits, except days to 50 per cent flowering, days to maturity, test weight and kernel length. This differential response indicates that genotypes varied in their ability to utilize phosphorus efficiently for growth and yield-related traits. Similar interaction effects for yield and root characteristics under contrasting phosphorus regimes have been reported earlier in rice (Onyia et al., 2017; Singh et al., 2019).
In contrast, the non-significant interaction observed for phenological traits and grain quality parameters suggests their relative stability across phosphorus environments. These traits are largely governed by genetic factors and are less influenced by changes in nutrient availability, which has also been reported in previous studies (Islam et al., 2020). Overall, the significant genotype and genotype × phosphorus interaction effects observed for most traits highlight the importance of evaluating rice genotypes under varying phosphorus levels to identify phosphorus-efficient and stable genotypes.

Table 1. Analysis of variance for different yield attributing traits
	
	Degrees of freedom
	Days to 50 per cent flowering
	Plant height
	Panicle length
	No. of Panicles/m2
	No. of panicles/plant

	Replications
	1
	7.683
	1.610
	1.041
	216.458
	0.204

	P level
	1
	27.028
	107.727*
	19.370**
	1497.905
	2.630

	Error A
	1
	4.322
	0.435
	0.010
	149.960
	0.639

	Genotypes
	45
	325.213***
	558.190***
	5.257***
	1174.261***
	1.066***

	P level* Gen
	45
	5.677
	16.597*
	1.110*
	1421.161***
	0.753***

	Error B
	90
	22.561
	10.839
	0.652
	180.200
	0.153

	Total
	183
	92.676
	147.272
	1.998
	737.029
	0.542


Table 1. Contd...
	
	No. of tillers/ plant
	Number of spikelets/panicle
	Shoot length
	Root length
	Shoot Root Ratio

	Replications
	0.599
	398.488
	25.785
	0.221
	0.004

	P level
	309.921**
	5881.201*
	50.150
	1010.836*
	8.501*

	Error A
	0.023
	143.477
	6.658
	1.842
	0.023

	Genotypes
	175.838***
	6156.539***
	233.738***
	118.220***
	0.851***

	P level* Gen
	15.725***
	340.094***
	54.063**
	162.180***
	1.076***

	Error B
	0.783
	73.580
	28.048
	2.903
	0.043

	Total
	49.188
	1668.819
	85.016
	75.914
	0.541


Table 1. Contd...
	
	Shoot Fresh Weight
	Shoot Dry Weight
	Root Fresh Weight
	Root Dry Weight
	Days to maturity
	Test weight

	Replications
	0.842
	0.028
	3.260
	8.031
	42.933
	0.263

	P level
	975.339*
	26.221*
	219.899*
	125.235*
	337.449
	3.671

	Error A
	7.598
	4.653
	3.883
	0.123
	6.604
	0.039

	Genotypes
	790.855***
	59.776***
	243.065***
	228.875***
	258.300***
	51.350***

	P level* Gen
	885.934***
	62.997***
	132.364***
	123.030***
	12.266
	1.016

	Error B
	29.430
	3.044
	2.266
	1.855
	84.726
	1.415

	Total
	432.175
	31.853
	94.674
	88.175
	110.316
	13.595


Table 1. Contd...

	
	Kernel length
	Kernel width
	Kernel L:B ratio
	Grain yield/ plant
	Grain yield/ha

	Replication
	0.032
	0.001
	0.006
	0.705
	3981.811

	P level
	0.005
	0.013
	0.040
	0.010
	21.810

	Error A
	0.013
	0.008
	0.017
	0.113
	4.095

	Genotypes
	1.203***
	0.230***
	0.536***
	74.359***
	4931377.00***

	P level* Gen
	0.035
	0.016***
	0.050***
	11.112***
	658205.700***

	Error B
	0.054
	0.006
	0.016
	0.542
	37074.180

	Total
	0.331
	0.064
	0.152
	21.288
	1392743.00


Note: *-significant at 5% level, **-significant at 1% level, ***-significant at 0.01% level, P level* Gen - Phosphorus genotypes interaction


3.2 Mean Performance of Genotypes

The rice genotypes exhibited considerable variation for all the traits under both phosphorus regimes, reflecting differential responses to phosphorus availability. Slight delays in flowering and maturity observed under P₀ conditions indicated the influence of phosphorus stress on crop phenology. Mean plant height was marginally higher under P₀, possibly due to stress-induced elongation.
Yield-related traits such as panicle length, number of panicles, number of tillers per plant and number of spikelets per panicle recorded higher mean values under P₅₀, emphasizing the important role of phosphorus in enhancing tillering, panicle development and sink size. In contrast, root traits including root length, root fresh weight and root dry weight were higher under P₀ conditions, indicating adaptive root proliferation under phosphorus deficiency. This response highlights the functional importance of the Pup1 QTL in improving phosphorus acquisition through enhanced root growth.
Shoot biomass was comparatively higher under P₅₀, reflecting improved nutrient availability and better vegetative growth. Grain quality traits showed minimal variation across phosphorus levels, suggesting their relative stability under different nutrient environments. Interestingly, grain yield per plant was marginally higher under P₀ conditions, demonstrating the phosphorus-deficiency tolerance of Pup1-introgressed genotypes and their ability to sustain yield under low phosphorus availability.
[bookmark: _Hlk147346425]Table 2. Mean and range of yield and yield related traits
	Sl. No.
	Trait 
	P Level
	Mean
	Range
	CV
	CD (5%)

	
	
	
	
	Min
	Max
	
	

	1
	Days to 50 per cent flowering
	P0
	105.23
	80.00
	121.50
	4.36
	9.24

	
	
	P50
	102.00
	80.50
	122.50
	4.11
	8.79

	2
	Plant height (cm)
	P0
	89.74
	64.00
	127.50
	4.54
	8.21

	
	
	P50
	88.21
	61.00
	124.00
	3.97
	7.05

	3
	Panicle length (cm)
	P0
	21.47
	17.60
	23.40
	3.96
	1.71

	
	
	P50
	22.11
	19.20
	25.00
	4.44
	1.98

	4
	No. of Panicles/m2
	P0
	318.28
	264.50
	366.00
	3.94
	25.26

	
	
	P50
	323.99
	265.50
	380.00
	4.43
	28.93

	5
	No. of panicles/plant
	P0
	10.83
	9.50
	12.00
	3.71
	0.81

	
	
	P50
	11.07
	9.50
	12.50
	3.84
	0.86

	             6
	No. of tillers/plant
	P0
	22.32
	10.00
	34.60
	4.93
	2.22

	
	
	P50
	24.91
	11.00
	44.10
	4.71
	2.36

	7
	Number of spikelet/panicle
	P0
	137.10
	75.76
	241.41
	7.46
	20.60

	
	
	P50
	147.82
	50.12
	251.65
	7.38
	21.98

	8
	Shoot length (cm)
	P0
	79.86
	61.45
	107.70
	7.23
	11.62

	
	
	P50
	80.78
	60.42
	104.85
	4.92
	8.00

	9
	Root length (cm)
	P0
	29.84
	19.20
	81.00
	5.83
	3.50

	
	
	P50
	25.09
	16.60
	37.89
	5.54
	2.80

	10
	Shoot Root Ratio
	P0
	2.96
	1.04
	4.97
	7.15
	0.43

	
	
	P50
	3.39
	2.18
	4.63
	6.90
	0.47

	11
	Shoot Fresh Weight (g)
	P0
	93.08
	43.80
	139.42
	7.06
	13.24

	
	
	P50
	97.55
	55.35
	139.92
	7.07
	13.89

	12
	Shoot Dry Weight (g)
	P0
	25.95
	16.07
	37.42
	6.32
	3.31

	
	
	P50
	26.60
	15.11
	40.32
	7.10
	3.81

	13
	Root Fresh Weight (g)
	P0
	30.34
	13.53
	60.14
	6.95
	4.25

	
	
	P50
	28.05
	10.49
	63.85
	6.01
	3.40

	14
	Root Dry Weight (g)
	P0
	17.76
	3.54
	47.92
	6.70
	2.40

	
	
	P50
	16.13
	4.90
	48.80
	5.01
	1.63

	15
	Days to maturity
	P0
	140.01
	97.49
	152.03
	5.87
	16.56

	
	
	P50
	137.18
	95.21
	149.97
	5.99
	16.55

	16
	Test weight (g)
	P0
	18.49
	11.52
	26.46
	5.96
	2.22

	
	
	P50
	18.76
	11.86
	26.92
	5.32
	2.01

	17
	Kernel length (mm)
	P0
	5.71
	4.72
	7.31
	4.09
	0.47

	
	
	P50
	5.72
	4.94
	6.86
	3.91
	0.45

	18
	Kernel width 
( mm)
	P0
	1.95
	1.33
	2.39
	4.25
	0.17

	
	
	P50
	1.94
	1.40
	2.48
	3.36
	0.13

	19
	Kernel L:B ratio
	P0
	2.96
	2.34
	3.85
	3.95
	0.24

	
	
	P50
	2.99
	2.24
	4.02
	3.91
	0.24

	20
	Grain yield/ plant (g)
	P0
	15.69
	5.80
	24.20
	5.10
	1.60

	
	
	P50
	15.65
	6.11
	23.73
	4.16
	1.30

	21
	Grain yield/ha (kg)
	P0
	4780.00
	1787.00
	7444.00
	3.63
	354.39

	
	
	P50
	4699.00
	2188.00
	7300.00
	4.40
	430.32




3.3 Genotypic and Phenotypic Coefficient of Variation

The estimates of mean, range, phenotypic coefficient of variation (PCV) and genotypic coefficient of variation (GCV) are presented in Table 3. High estimates of both PCV and GCV were observed for total number of tillers per plant, number of spikelets per panicle, shoot–root ratio, shoot fresh weight, root fresh weight, root dry weight, grain yield per plant and grain yield per hectare under both P₀ and P₅₀ conditions. High values of both coefficients with narrow differences between them indicate the predominance of genetic control over these traits, suggesting greater scope for effective selection and genetic improvement under contrasting phosphorus conditions.
Moderate estimates of PCV and GCV were recorded for plant height, test weight, kernel breadth and kernel length-to-breadth ratio under both phosphorus regimes. The moderate magnitude of variability observed for these traits indicates the presence of appreciable genetic variation along with a certain degree of environmental influence. However, the relatively small differences between PCV and GCV values suggest that environmental effects were limited and that a large portion of the observed variability was genetically controlled.
Low estimates of PCV and GCV were observed for days to 50% flowering, panicle length, number of panicles per m², number of panicles per plant and days to maturity under both phosphorus levels. The narrow range of variation for these traits suggests a limited genetic base among the genotypes for these characters. Similar findings have been reported earlier by Sandeep et al. (2018), Mahantashivayogayya et al. (2016), Saha et al. (2019), Akter et al. (2018), Singh et al. (2019), Pandey et al. (2018), Bhattacharya and Chakraborty (2019), Sumanth et al. (2017), Rukmini Devi et al. (2017), Farooq et al. (2019), Edukondalu et al. (2017) and Nath and Kole (2021).	Comment by Admin: Add it separately for each traits

3.4 Heritability and Genetic Advance

High broad-sense heritability estimates (>60%) were observed for the majority of the traits under both phosphorus levels, including days to 50% flowering, plant height, number of panicles per m², number of panicles per plant, number of tillers per plant, number of spikelets per panicle, shoot and root length, shoot–root ratio, shoot fresh and dry weight, root fresh and dry weight, test weight, kernel dimensions, grain yield per plant and grain yield per hectare (Table 3). High heritability values indicate that a major portion of the observed phenotypic variation was genetically controlled with relatively less environmental influence.
High genetic advance as a percentage of mean was observed for several growth, root and yield-related traits under both phosphorus levels, particularly plant height, number of tillers per plant, number of spikelets per panicle, root length, shoot–root ratio, shoot fresh and dry weight, root fresh and dry weight, test weight, kernel breadth, kernel length-to-breadth ratio, grain yield per plant and grain yield per hectare. High heritability coupled with high genetic advance indicates the predominance of additive gene action and suggests that these traits can be effectively improved through direct selection.
Similar trends have been reported earlier in rice by Haider et al. (2012), Yadav et al. (2010), Onyia et al. (2017), Sumanth et al. (2017), Singh et al. (2019), Saha et al. (2019), Rathan et al. (2019), Islam et al. (2020) and Arunkumar et al. (2025), which support the present findings.
[bookmark: _Hlk147346728]Table 3.  Genetic variability parameters of yield and yield related traits
	Sl. No
	Traits
	P levels
	GCV (%)
	PCV (%)
	h2 (%)
	GA@5%
	GAM (%)

	1
	Days to 50 per cent flowering
	P0
	8.15
	9.24
	77.74
	15.58
	14.80

	
	
	P50
	8.00
	8.99
	79.07
	15.53
	14.65

	2
	Plant height (cm)
	P0
	12.44
	13.25
	88.23
	21.60
	24.08

	
	
	P50
	13.81
	14.37
	92.36
	24.11
	27.33

	3
	Panicle length (cm)
	P0
	4.19
	5.76
	52.90
	1.35
	6.28

	
	
	P50
	5.59
	7.14
	61.30
	2.00
	9.02

	4
	No. of Panicles/m2
	P0
	7.01
	8.04
	76.00
	40.07
	12.59

	
	
	P50
	7.67
	8.86
	74.98
	44.34
	13.69

	
5
	No. of panicles/plant
	P0
	5.33
	6.49
	67.41
	0.98
	9.02

	
	
	P50
	5.75
	6.92
	69.14
	1.09
	9.85

	6
	No. of tillers/plant
	P0
	28.07
	28.50
	97.01
	12.71
	56.95

	
	
	P50
	29.84
	30.21
	97.57
	15.13
	60.71

	7
	Number of spikelet/panicle
	P0
	27.77
	28.75
	93.27
	75.75
	55.25

	
	
	P50
	28.50
	29.44
	93.71
	84.00
	56.82

	8
	Shoot length (cm)
	P0
	9.77
	12.15
	64.63
	12.92
	16.17

	
	
	P50
	9.42
	10.63
	78.59
	13.90
	17.21

	9
	Root length (cm)
	P0
	35.85
	36.32
	97.43
	21.75
	72.89

	
	
	P50
	18.80
	19.60
	92.01
	9.32
	37.15

	10
	Shoot Root Ratio
	P0
	23.00
	24.09
	91.18
	1.34
	45.24

	
	
	P50
	19.66
	20.83
	89.03
	1.30
	38.21

	11
	Shoot Fresh Weight (g)
	P0
	20.77
	21.93
	89.63
	37.70
	40.50

	
	
	P50
	20.51
	21.69
	89.38
	38.96
	39.94

	12
	Shoot Dry Weight (g)
	P0
	19.18
	20.19
	90.19
	9.74
	37.52

	
	
	P50
	21.61
	22.74
	90.25
	11.25
	42.28

	13
	Root Fresh Weight (g)
	P0
	31.12
	31.89
	95.25
	18.98
	62.57

	
	
	P50
	34.43
	34.95
	97.04
	19.60
	69.87

	14
	Root Dry Weight (g)
	P0
	56.65
	57.05
	98.62
	20.59
	115.90

	
	
	P50
	54.53
	54.76
	99.17
	18.04
	111.87

	15
	Days to maturity
	P0
	3.44
	6.81
	25.54
	5.01
	3.58

	
	
	P50
	3.72
	7.05
	27.83
	5.55
	4.04

	16
	Test weight (g)
	P0
	19.31
	20.21
	91.29
	7.03
	38.00

	
	
	P50
	18.50
	19.25
	92.35
	6.87
	36.63

	17
	Kernel length (mm)
	P0
	9.85
	10.66
	85.27
	1.07
	18.73

	
	
	P50
	8.75
	9.58
	83.33
	0.94
	16.45

	18
	Kernel width 
( mm)
	P0
	12.44
	13.14
	89.52
	0.47
	24.24

	
	
	P50
	12.49
	12.93
	93.23
	0.48
	24.84

	19
	Kernel L:B ratio
	P0
	12.94
	13.53
	91.50
	0.75
	25.50

	
	
	P50
	12.18
	12.80
	90.66
	0.71
	23.90

	20
	Grain yield/ plant (g)
	P0
	30.29
	30.71
	97.25
	9.56
	61.53

	
	
	P50
	28.81
	29.10
	97.96
	9.13
	58.73

	21
	Grain yield/ha (kg)
	P0
	28.12
	28.50
	97.35
	2731.83
	57.16

	
	
	P50
	26.54
	26.94
	97.07
	2531.36
	53.87





4. Conclusion

The present investigation revealed substantial genetic variability among the advanced rice genotypes under contrasting phosphorus regimes, highlighting the potential for effective selection of phosphorus-efficient genotypes. Significant genotype and genotype × phosphorus interactions for most growth, root and yield-related traits indicated differential genotypic responses to phosphorus availability and underscored the importance of multi-environment evaluation for identifying stable performers. High estimates of genotypic and phenotypic coefficients of variation, coupled with high broad-sense heritability and high genetic advance as a percentage of mean for key traits such as number of tillers per plant, number of spikelets per panicle, root length, root biomass and grain yield, suggested the predominance of additive gene action and greater scope for improvement through direct phenotypic selection. Enhanced expression of root traits under low phosphorus conditions reflected adaptive mechanisms for phosphorus acquisition, contributing to yield maintenance under stress. Overall, the findings emphasize that selection based on root and yield-associated traits can be effectively exploited to develop high-yielding, phosphorus-efficient rice genotypes suitable for cultivation under low-input phosphorus environments, thereby supporting sustainable rice production.
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