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Analysis of Genetic Variability, Heritability, and Genetic Advance in Rice (Oryza sativa L.)


Abstract
Understanding genetic variability and selection indices are the essentials for the program of rice improvement. This study assessed 80 genetically diverse rice (Oryza sativa L.) genotypes during Kharif 2021 at the Seed Breeding Farm, Department of Plant Breeding and Genetics, JNKVV, Jabalpur, India, arranged in a randomized complete block design with three replications. The significant (p < 0.01) differences were found in all the characters studied, which is an indication of the large genetic diversity in the experimental material. The phenological traits like days to 50% flowering (98.90 days) and days to maturity (125.98 days) showed that the tested genotypes covered the whole range of early to late maturity groups, while plant height had a broad range (67.36 to 149.78 cm). Likewise, considerable variation was recorded for yield‐related characters such as 1000‐grain weight (12.32 to 34.75 g), fertile spikelets per panicle (mean 173.25), and grain yield per plant, thus providing significant scope for selection. The comparison of PCV and GCV gave a hint of moderate to high variability for the majority of the traits, with characters related to spikelets, flag leaf traits, and yield components being the most influenced by the genotypic factors. Heritability in the broad sense was high for the majority of the traits, especially for flag leaf length (97.90%), total spikelets per panicle (97.20%), fertile spikelets per panicle (96.80%), and 1000‐grain weight (93.50%), indicating the dominance of additive gene effects. The genetic advance as a percentage of the mean was the highest for spikelet density (78.71%), total spikelets per panicle (66.05%), fertile spikelets per panicle (67.05%), and sterile spikelets per panicle (65.18%), thus demonstrating strong selection potential. The high heritability together with the high genetic advance for the most important traits such as spikelet density, 1000‐grain weight, and grain yield per plant, supported further the direct selection efficiency. The research has reconfirmed the large genetic variability and has pointed out the traits whose changes depend mainly on the additive gene effects; thus the traits are open for the improvement by simple genotypic selection. The results of this investigation shed light on trait inheritance and selection efficiency to a great extent, thereby they provide a lot of useful guidance in breeding high-yielding rice cultivars adapted to subtropical ecosystems.
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Introduction
Rice (Oryza sativa L.), a diploid crop with 2n = 24 chromosomes, belongs to the grass family Poaceae (Gramineae). It is broadly classified into three major subspecies Indica, Japonica and Javanica. The genus Oryza consists of about 25 species that are spread over the tropical, subtropical, and warm temperate regions, out of which O. sativa and O. glaberrima are the most cultivated ones. Being the world’s most important staple food, rice is the primary source of calories for more than half of the human population, thus it is at the core of global food security and socio-economic development.
India is a major center of rice genetic diversity with more than 40,000 germplasm accessions scattered across different ecological zones. India is a leader in rice production, as it ranks first in the world in terms of the rice-growing area and second in production. Rice occupies about 9% of the world's arable land and contributes roughly 21% to the global per-capita energy and 15% to the protein intake (Anon., 2002). It provides 50-80% of the daily caloric intake for the economically weaker sections of the population in Asia (Anon., 2001). Rice is grown on nearly 1.62 billion hectares worldwide producing close to 503 million tonnes. In India, rice is cultivated on about 43.66 million hectares yielding 118.8 million tonnes with an average productivity of 2722 kg/ha, whereas in Madhya Pradesh, rice is grown on around 36 lakh hectares producing 7.02 million tonnes with a productivity of approximately 2057 kg/ha (DES, 2023). The latest figures point that for the year 2024-25 India is expected to cultivate rice on around 51 million hectares with a production of about 150 million tonnes and a productivity of 4250 kg/ha (USDA).
Apart from raising the yield potential, keeping the quality standards and making the variety resistant to various stresses are still the main goals of rice breeding. With the largest rice germplasm pool worldwide, a thorough knowledge of the genetic diversity and morphological variability is prerequisite for the genetic improvement program. The correct understanding of genetic parameters like genotypic and phenotypic coefficients of variation (GCV and PCV), heritability and genetic advance is instrumental in figuring out the extent and the nature of variability. Where there is high heritability along with high genetic advance, it shows that gene action is additive, thus, it is a great help for the selection work to be effective. The detailed study of these parameters of genetic variability is extremely important for breeders, especially when they are dealing with traits having economic value. Moreover, the identification of parents carrying desirable alleles maximizes the possibilities of attaining superior, heterotic hybrids, particularly under conditions of environmental and stress variability. Therefore, the exhaustive study of GCV, PCV, heritability and genetic advance is indispensable to the rice improvement programmes that are targeted at higher productivity and greater resistance.
Materials and Methods
The research was conducted for Kharif seasons, 2021 at the Seed Breeding Farm, Department of Plant Breeding and Genetics, College of Agriculture, Jabalpur, Madhya Pradesh, India. The experimental materials were 80 genetically diverse rice genotypes, which were the products of the Rice Improvement Project, Department of Plant Breeding & Genetics, JNKVV, Jabalpur, and thus represent a wide genetic pool. The trial was laid out in a Randomized Complete Block Design (RCBD) with three replications. Every single entry was planted in 4.0-meter rows with the spacing of 20 cm between rows and 15 cm between plants. The recommended agronomic practices were followed for crop growth. The research site Jabalpur (23.1815°N latitude and 79.9864°E longitude) is characterized by a sub-tropical climate with an annual rainfall of about 1400 mm. The temperature during the rice-growing period varies from 25°C to 35°C. Data recorded during the experiment were subjected to statistical analysis for computing mean, range, genotypic and phenotypic variances, heritability (broad sense), genotypic and phenotypic coefficients of variation (GCV and PCV), genetic advance (GA), and coefficient of variation (CV%).
Result and Discussion
The analysis of variance results for all traits evaluated are presented (Table 1). The analysis of variance of 80 rice genotypes exhibited highly significant differences (p < 0.01) between treatments for all the agronomic traits which were measured. This indicated the presence of substantial genetic variability which is very suitable for breeding and selection. In this study, the analysis of variance demonstrated that the mean sum of squares due to genotypes was highly significant across all traits, signifying substantial differences among the genotypes. The traits with the most variability noted were total spikelets per panicle followed by fertile spikelets per panicle, plant height and stem length. These outcomes are consistent with the findings reported by Barde et al. (2021), Dhavaleshvar et al. (2019), Tiwari et al. (2019), Pratap et al. (2018) and Ranjith et al. (2018).
The evaluation showed considerable variation across all studied traits, indicating a high degree of genetic diversity among the rice genotypes. The mean values for days to 50% flowering and days to maturity were 98.90 and 125.98 days, respectively, reflecting the presence of genotypes ranging from early to late maturity groups. Plant height varied widely with an average of 116.57 cm and a range from 67.36 to 149.78 cm, highlighting differences in plant stature. Significant variation was also observed for yield-related traits, including panicle weight (26.63 g), biological yield (42.81 g), and 1000-grain weight (22.56 g, with values from 12.32 to 34.75 g). Spikelet-related traits showed notable diversity, with fertile spikelets averaging 173.25 and spikelet fertility recorded at 83.73%. Likewise, grain quality traits displayed a wide span, with grain length ranging between 1.20 and 11.65 mm. Overall, the results clearly demonstrated abundant genetic variability, indicating strong potential for effective selection and genetic improvement.
The estimates of phenotypic and genotypic coefficients of variation (PCV and GCV) hinted at the wide range of the traits studied with the majority shown to have moderate to high diversity. The phenological traits varied moderately, the days to 50% flowering showing the PCV and GCV as 6.44% and 6.06%, respectively, and days to maturity exhibiting a slightly higher degree of variation (PCV 7.65%, GCV 6.07%). The traits of tiller-related organs depicted a considerably larger degree of variation, as the number of tillers per plant recorded PCV 18.96% and GCV 13.52%, and productive tillers showed PCV 21.65% and GCV 15.74%. The traits of plant structure revealed the moderate range of changes with the PCV values of 12.74%, 14.19%, and 12.67% for panicle length, stem length, and plant height, and the respective GCV values of 12.08%, 13.85%, and 12.41%. The fairly extensive variation was detected in the leaf traits as the flag leaf length had PCV 19.03% and GCV 18.83%, and the flag leaf width recorded PCV 19.54% and GCV 16.67%. The environmental factor had a considerable impact on stem thickness as evidenced by the PCV 20.50% and GCV 14.94%. The characters associated with the yield were also fluctuant prominently. The panicle weight varied moderately (PCV 9.74%, GCV 8.69%), while the straw weight indicated a wide range of changes (PCV 26.46%, GCV 25.68%). The biological yield was characterized by PCV 11.44% and GCV 10.82%, and 1000‐grain weight was extremely variable with PCV 22.29% and GCV 21.55%. The spikelet traits were under the major control of genetics, as the sterile spikelets changed drastically (PCV 39.23%, GCV 35.23%), the fertile spikelets varied significantly (PCV 33.63%, GCV 33.09%) and total spikelets highly changed (PCV 32.98%, GCV 32.52%). Conversely, the fertility of spikelet percentage had a low degree of variation (PCV 4.91%, GCV 3.90%) and the spikelet density was highly variable (PCV 39.45%, GCV 38.82%). The panicle and harvest indexes gave indications of high variability also (PCV 18.55% and 18.27%; GCV 16.77% and 16.26%). The variation in the different quality traits was between the moderate and the high, the traits being grain length, grain width, decorticated grain length, decorticated grain width and length/width ratio which had the PCV values of 12.86%, 15.46%, 15.08%, 15.28% and 20.37%, respectively, and the GCV values of 7.00%, 8.42%, 11.02%, 13.17% and 16.60%. The processing quality traits were quite consistent and that was the reason for a low variation being observed in hulling (PCV 2.62%, GCV 1.08%) and moderate variation in milling (PCV 9.71%, GCV 9.38%) and head rice recovery (PCV 8.59%, GCV 7.80%). The grain yield per plant varied to a great extent, which is in line with the PCV and GCV values of 18.19% and 16.50% respectively, thus a wide range of improvement by selection is possible. Similar results were reported by Nandekar et al. (2022), Kujur et al. (2023) and Chendake et al. (2023) for sterile spikelet per panicle; for grain yield per plant and 1000 seed weight by Dhavaleshvar et al. (2019), Nandekar et al. (2022) and Tiwari et al. (2019); for no. of productive tillers per plant by Pratap et al. (2018), Barde et al. (2021), Kujur et al. (2023) and Gnaneswari et al. (2023).
Most of the characteristics showed very high heritability estimates that, the genetic factors were the main contributors to their expression in this environment. characteristics like plant height (95.90%), stem length (95.30%), flag leaf length (97.90%), fertile spikelets per panicle (96.80%), spikelet density (96.80%), total spikelets per panicle (97.20%), biological yield (89.50%), 1000-grain weight (93.50%), and milling percentage (93.20%) recorded very high heritability, which is indicative of strong potential for genetic improvement through direct selection. There were also moderate to high heritability values for the days to 50% flowering (88.70%), panicle length (90.00%), grain yield per plant (82.30%), harvest index (79.20%), sterile spikelets per panicle (80.70%), head rice recovery (82.50%), and panicle index (81.70%), thus indicating selection gains that are reliable for these traits as well. On the other hand, the number of tillers per plant (50.80%), number of productive tillers (52.90%), stem thickness (53.10%), grain length (29.60%), grain width (29.70%), and hulling percentage (17.20%) showed relatively low heritability. It indicates that these characteristics are more influenced by the environment and thus genetic improvement through selection will be less efficient. These findings align with previous research on various traits: days to 50% flowering, as reported by Manjunatha et al. (2019), Longjam et al. (2019), Adhikari et al. (2018) and Kumar et al. (2018); plant height as noted by Sruthi et al. (2023), Adhikari et al. (2018), Kumar et al. (2018) and Manjunatha et al. (2019); panicle length and number of tillers per plant as observed by Sruthi et al. (2023), Longjam et al. (2019) and Kumar et al. (2018); 1000-seed weight as detailed by Sruthi et al. (2023), Sarkar et al. (2019), Kumar et al. (2018), Adhikari et al. (2018), and Longjam et al. (2019); days to maturity as discussed by Sarkar et al. (2019), Kumar et al. (2018), and Adhikari et al. (2018); spikelet fertility as reported by Longjam et al. (2019) and Kumar et al. (2018); total spikelets per panicle, harvest index, and length-to-breadth (L/B) ratio as indicated by Kumar et al. (2018); grain yield as highlighted by Sruthi et al. (2023), Manjunatha et al. (2019) and Kumar et al. (2018); sterile spikelets per panicle, as noted by Longjam et al. (2019); and for no. of productive tillers per plant by Sruthi et al. (2023).
Diverse genetic advances as a percentage of the average were visible in the various traits that were measured. To be specific, spikelet density obtained the maximum genetic advance (78.70%) and after that, the order of the traits was consecutively sterile spikelets per panicle (65.18%), fertile spikelets per panicle (67.05%), and total spikelets per panicle (66.04%), thus emphasizing their strong potentials of being improved by the selection method. Significant genetic advance can also be attributed to the increase in straw weight per plant (51.33%), decorticated grain length/width ratio (27.85%), grain yield per plant (30.83%), panicle index (31.23%), and harvest index (29.82%) which show predominance of additive gene effects and scope for the effective selection of the desired traits. Besides that, the traits of flag leaf length (38.37%), stem length (27.85%), plant height (25.04%), and 1000-grain weight (42.93%) also revealed high genetic advance and thus confirmed good prospects for selection-based improvement. On the other hand, hulling percentage (0.92%) and spikelet fertility percentage (6.38%) exhibited very low genetic advance values, thus indicating that only limited progress can be made through direct selection for these traits. These findings align with the results reported by Barde et al. (2021), Longjam et al. (2019), Dey et al. (2021) and Manjunatha et al. (2019) for grain yield per plant. Specifically, Barde et al. (2021) and Manjunatha et al. (2019) observed high genetic advance for plant height, while Dey et al. (2021), Barde et al. (2021) and Longjam et al. (2019) reported it for the number of tillers per plant and the number of effective tillers per plant. Additionally, Longjam et al. (2019) reported high genetic advance for sterile spikelets per panicle; Sarker et al. (2019) noted it for fertile spikelets per panicle; for 1000 seed weight and total spikelet per panicle by Sruthi et al. (2023) and Dey et al. (2021); for biological yield per plant, stem weight, decorticated grain L/W ratio, grain length and grain width by Dey et al. (2021) and Paramanik et al. (2023); for flag leaf length and harvest index % by Dey et al. (2021).
Morphological traits like spikelet density (H² high, GAM = 78.71%), sterile spikelets per panicle (65.18%), fertile spikelets per panicle (67.05%), total spikelets per panicle (66.05%), and straw weight per plant (51.33%) showed not only high heritability but also high genetic advance, thereby revealing the dominance of additive gene action and thus a considerable scope of improvement by selection. Besides that, flag leaf length (38.37%), decorticated grain length/width ratio (27.85%), 1000-grain weight (42.93%), grain yield per plant (30.83%), and panicle index (31.23%) were also found to have moderate to high genetic advance in combination with high heritability, hence these characters can be effectively improved through direct selection. Conversely, hulling percentage (0.92%) and spikelet fertility percentage (6.38%) showed extremely low genetic advance and thus very limited possibility of genetic improvement through simple selection, although they recorded moderate heritability. These findings are in conformity with Demeke et al. (2022), Sudeepthi et al. (2020), Manjunatha et al. (2019), Rajesh et al. (2016), and Devi et al. (2017) reported similar results for plant height. Demeke et al. (2022) and Longjam et al. (2019) highlighted number of tillers per plant and sterile spikelets per panicle; Devi et al. (2017) observed high heritability for flag leaf length, fertile spikelets per panicle, 1000-seed weight, grain yield per plant, and decorticated grain length-to- breadth ratio; Demeke et al. (2022) and Rajesh et al. (2016) noted it for number of tillers per plant, panicle weight, total filled grains per panicle, total spikelets per panicle, and grain yield per plant.
Conclusion
This research examined 80 genetically diverse rice different genotypes and revealed a wide range of genetic variability for key agronomic, yield, and grain quality traits. The highly significant differences among genotypes pointed to the strong potential for genetic improvement. High heritability together with high genetic advance were found for spikelet density, total and fertile spikelets per panicle, sterile spikelets per panicle, 1000-grain weight, straw weight per plant, grain yield per plant, and flag leaf length, which indicated that additive gene action was predominant and thus direct selection for these traits would be effective. The moderate to high GCV and PCV values for a number of traits also confirmed the presence of substantial inherent variability, particularly for spikelet traits and yield components, thus creating the possibility of making significant genetic progress. Trait of hulling percentage and spikelet fertility percentage showed low genetic advance even though heritability was moderate, which implies that the environment has a greater influence and thus, improvement through breeding may require different approaches. The findings, in general, point to the potential of these genotypes as valuable genetic resources for the creation of elite rice cultivars. The research is a solid stepping stone towards planning the selection regimens that are geared at increasing the yield and improving the traits. The subsequent work on molecular marker-assisted selection and testing in several environments will, therefore, enhance genetic gains and ensure wider adaptability.

Table 1: Analysis of variance for yield and its attributes in Rice
	Trait
	Replicates
	Genotypes
	Error
	Total

	DF
	2
	79
	158
	239

	Days to 50% flowering 
	18.58
	112.469**
	4.58
	40.36

	Days to maturity
	56.96
	209.686**
	34.36
	92.50

	Number of tillers per plant
	0.75
	6.395**
	1.56
	3.15

	Number of productive tillers per plant
	0.93
	4.498**
	1.03
	2.18

	Panicle length (cm)
	0.59
	27.149**
	0.97
	9.62

	Stem length (cm)
	5.03
	496.544**
	8.10
	169.53

	Plant height (cm)
	8.59
	636.806**
	8.88
	216.43

	Flag leaf length (cm)
	2.31
	163.566**
	1.17
	54.86

	Flag leaf width (cm)
	0.01
	0.189**
	0.02
	0.08

	Stem thickness (mm)
	0.69
	2.598**
	0.59
	1.26

	Panicle weight (g)
	1.60
	17.445**
	1.38
	6.69

	 Straw weight per plant
	1.17
	52.847**
	1.07
	18.19

	Biological yield per plant (g)
	4.93
	66.913**
	2.53
	23.83

	1000 grain weight (g)
	0.34
	72.574**
	1.65
	25.08

	Sterile spikelets per panicle
	14.52
	447.122**
	33.10
	169.80

	Fertile spikelets per panicle
	34.91
	9967.438**
	109.54
	3367.39

	Total number of spikelets per panicle
	14.08
	13669.004**
	129.31
	4603.81

	Spikelet fertility (%)
	1.89
	38.194**
	6.23
	16.76

	Spikelet density
	0.04
	34.394**
	0.37
	11.61

	Panicle index (%)
	5.31
	575.318**
	39.92
	216.60

	Harvest index %
	8.12
	212.286**
	17.06
	81.52

	Grain length (mm)
	0.09
	2.073**
	0.92
	1.29

	Grain width (mm)
	0.03
	0.265**
	0.12
	0.17

	Decorticated grain length (mm)
	0.03
	2.727**
	0.62
	1.31

	Decorticated grain width (mm)
	0.05
	0.242**
	0.03
	0.10

	Decorticated grain length/width 
	0.10
	1.399**
	0.20
	0.60

	Hulling %
	2.56
	5.500**
	3.39
	4.08

	Milling %
	46.24
	132.430**
	3.16
	46.25

	Head rice recovery %
	2.45
	102.668**
	6.80
	38.45

	Grain yield per plant (g)
	2.05
	38.937**
	2.61
	14.61


*, **, ** indicate level of significance at 5%, 1% and 0.1% respectively.
Table 2: Genetic parameters yield and its attributes in Rice
	Traits
	 Grand Mean
	Range
	Coefficient of variation
	Heritability % 
	GA as % Mean 

	
	
	Max
	Min
	PCV (%)
	GCV (%)
	
	

	DTF
	98.90
	114.00
	88.00
	6.44
	6.06
	88.70
	11.76

	DTM
	125.98
	143.00
	100.00
	7.65
	6.07
	63.00
	9.92

	NTPP
	9.39
	13.00
	5.00
	18.96
	13.52
	50.80
	19.85

	NPTPP
	6.83
	12.00
	4.00
	21.65
	15.74
	52.90
	23.59

	PL
	24.45
	31.77
	16.87
	12.74
	12.08
	90.00
	23.62

	SL
	92.12
	121.89
	68.44
	14.19
	13.85
	95.30
	27.85

	PH
	116.57
	149.78
	86.94
	12.67
	12.41
	95.90
	25.04

	FLL
	39.08
	56.22
	22.48
	19.03
	18.83
	97.90
	38.37

	FLW
	1.42
	2.38
	1.02
	19.54
	16.67
	72.70
	29.28

	ST
	5.47
	8.14
	3.03
	20.50
	14.94
	53.10
	22.44

	PW
	26.63
	35.96
	20.01
	9.74
	8.69
	79.60
	15.97

	SWPP
	16.18
	25.26
	6.13
	26.46
	25.68
	94.20
	51.33

	BYPP
	42.81
	55.14
	28.80
	11.44
	10.82
	89.50
	21.09

	TGW
	22.56
	34.75
	12.32
	22.29
	21.55
	93.50
	42.93

	SSPP
	33.34
	56.00
	7.00
	39.23
	35.23
	80.70
	65.18

	FSPP
	173.25
	321.43
	58.62
	33.63
	33.09
	96.80
	67.05

	TNSPP
	206.59
	366.48
	87.62
	32.98
	32.52
	97.20
	66.05

	SFP
	83.73
	96.13
	58.88
	4.91
	3.90
	63.10
	6.38

	SD
	8.67
	21.72
	3.19
	39.45
	38.82
	96.80
	78.71

	PI
	79.67
	110.73
	40.66
	18.55
	16.77
	81.70
	31.23

	HI
	49.61
	59.60
	23.91
	18.27
	16.26
	79.20
	29.82

	GL
	8.87
	11.40
	1.20
	12.86
	7.00
	29.60
	7.85

	GW
	2.64
	3.88
	2.00
	15.46
	8.42
	29.70
	9.45

	DGL
	7.61
	9.90
	5.00
	15.08
	11.02
	53.40
	16.58

	DGW
	2.04
	3.00
	1.23
	15.28
	13.17
	74.30
	23.39

	DGL.B
	3.81
	5.85
	2.00
	20.37
	16.60
	66.40
	27.85

	H
	77.39
	82.50
	72.50
	2.62
	1.08
	17.20
	0.92

	M
	70.01
	80.95
	45.00
	9.71
	9.38
	93.20
	18.65

	HRR
	72.51
	87.50
	55.00
	8.59
	7.80
	82.50
	14.58

	GYPP
	21.09
	29.16
	10.85
	18.19
	16.50
	82.30
	30.83


DTF: Days to 50% flowering, DTM: Days to maturity, NTPP: Number of tillers per plant, NPTPP: Number of productive tillers per plant, PL: Panicle length (cm), SL: Stem length (cm), PH: Plant height (cm), FLL: Flag leaf length (cm), FLW: Flag leaf width (cm), ST: Stem thickness (mm), PW: Panicle weight (g), SWPP: Straw weight per plant, BYPP: Biological yield per plant (g), TGW: 1000 grain weight (g), SSPP: Sterile spikelets per panicle, FSPP: Fertile spikelets per panicle, TNSPP: Total number of spikelets per panicle, SFP: Spikelet fertility (%), SD: Spikelet density, PI: Panicle index (%), HI: Harvest index %, GL: Grain length (mm), GW: Grain width (mm), DGL: Decorticated grain length (mm), DGW: Decorticated grain width (mm), DGL.B: Decorticated grain length/width, H: Hulling %, M: Milling %, HRR: Head rice recovery % and GYPP: Grain yield per plant (g)
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