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Genetic Divergence and Quantitative Trait Analysis of Yield-Related Attributes in Rice (Oryza sativa L.) through Mahalanobis D² Analysis
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ABSTRACT

	Aims: The aims of this study estimating the genetic components of variance, heritability and genetic advance and quantifying the genetic divergence among genotypes using D2 analysis to identify promising parents for strategic cross breeding programs.
Study design: The experiment was conducted in a randomized complete block design (RCBD).
Place and Duration of Study: The experiment was conducted at the Norman E. Borlaug Crop Research Centre, G. B. Pant University of Agriculture and Technology, Pantnagar, Uttarakhand, India, during Kharif 2022-23.
Methodology: The seedlings (25 days old) of sixty diverse genotypes were transplanted in RCBD with three replications. A plot size of 3m2/replication/genotype (3 rows each of 6.0 m length) maintained with row to row spacing of 20 cm. A single plant per hill was planted, maintaining hill to hill spacing of 15 cm.
Results: The analysis of variance revealed highly significant differences among the genotypes for most of the traits, confirming considerable genetic variability. High estimates of broad-sense heritability and genetic advance as a percent of mean were observed for traits like plant height and number of tillers, suggesting that selection based on phenotype would be effective due to the prevalence of additive gene effects. Genetic divergence analysis using the D2 statistic grouped the genotypes into five clusters, with the maximum inter-cluster distance found between cluster I and cluster II (12.42). These two clusters are highly divergent and thus represent the ideal parental combination to maximize heterosis. Grain yield (17.46 %) and biological yield (14.43 %) were the largest contributors to the total genetic divergence and cluster II exhibited the highest mean value for key traits, including grain yield (13.11 g) and number of tillers (14.33). 
Conclusion: These findings underscore the importance of utilizing divergent parents from clusters I and II to develop high yielding and resilient rice varieties.
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1. INTRODUCTION

Rice (Oryza sativa L.) is undeniably the most important staple food crop globally, sustaining over half of the world’s population (Khush, 2005). Global rice production reached approximately 1008.06 million metric tons, with China producing around 460.12 million metric tons and India around 206.73 million metric tons. Additionally, global rice consumption was estimated at 526.5 million metric tons in 2023 with Asia consuming over 90% of the total, particularly in countries like China, India, and Indonesia (FAOSTAT, 2023). Rice plays a crucial role in India’s economy, as the country is the second largest producer and largest exporter of rice globally. During the 2023 kharif season, India produced 206.73 million metric tonnes of rice from 47.83 million ha area, and productivity was 4322.3 kg/ha (FAOSTAT, 2023). In India, Telangana stands top in the production (172.11 lakh tons) of rice with an area of 49.55 lakh ha, and productivity is 3470 kg/ha (DA&FW, 2024). In Uttarakhand, the rice is cultivated in an area of 2.48 lakh ha and produces 6.33 lakh tons of rice grains with a productivity of 2550 kg/ha (DA&FW, 2024).
With mounting pressure from climate change, shrinking arable land, and the necessity to feed an increasing population, enhancing the productivity and resilience of rice varieties remains a paramount goal for crop scientists worldwide (FAO, 2020). The key to sustainable yield improvement lies in the exploitation of genetic variability within the germplasm pool (Singh and Choudhary, 1985). The foundation of any successful rice breeding program is the availability of genetic variation and the accurate estimation of genetic parameters governing key quantitative traits, such as grain yield and its primary contributing factors (Vanaja and Babu, 2021). Genetic analysis tools, including the genotypic coefficient of variation and phenotypic coefficient of variation, are utilized to quantify the existing variability. Studies have shown that when PCV is only marginally higher than GCV, the trait is largely controlled by genetic factors, suggesting minimal environmental interference (Burton and DeVane, 1953). Conversely, a large difference indicates significant environmental influence, as noted by researchers working on various yield traits in Avena sativa (Johnson et al., 1955). Furthermore, understanding the inheritance pattern of these traits is crucial. Heritability in the broad sense determines the proportion of the total variance attributable to genetic effects, while genetic advance as a percent of mean predicts the expected progress from selection (Panse, 1957). For traits where both high heritability and high GAM were observed, such as biological yield and tillering capacity in rice, direct selection based on phenotype is recommended, indicating the action of additive genes (Anjali et al., 2014; Deepa and Subbaraman, 2016).
Beyond simple variability, the deliberate choice of genetically diverse parents for hybridization is critical for maximizing heterosis and generating superior segregants (Falconer and Mackay, 1996). Genetic divergence analysis using the Mahalanobis D2 statistic provides a robust statistical method to classify genotypes into distinct clusters, thereby quantifying the degree of variability and identifying the most divergent parents (Mahalanobis, 1936). The clustering of rice genotypes has been successfully employed by multiple researchers to assess genetic relationships and select appropriate parental combinations for breeding high-yielding and resilient varieties (Yeo et al., 1990, Umesh et al., 2016; Vanisri and Lavanya, 2018,). Therefore, the present investigation was conducted with the aims of estimating the genetic components of variance, heritability and genetic advance and quantifying the genetic divergence among genotypes using D2 analysis to identify promising parents for strategic cross-breeding programs.

2. materialS and methods
2.1 Experimental Site
The experiment was conducted at the Norman E. Borlaug Crop Research Centre, G. B. Pant University of Agriculture and Technology, Pantnagar, Uttarakhand, India, during Kharif 2022-23. The seedlings (25 days old) of sixty diverse genotypes were transplanted in a randomized complete block design (RCBD) with three replications. A plot size of 3m2/replication/genotype (3 rows each of 6.0 m length) maintained with row to row spacing of 20 cm. A single plant per hill was planted, maintaining hill to hill spacing of 15 cm. The recommended package of practices was applied during the cropping season.
Observation recorded
The data were recorded on eleven quantitative traits such as number of tillers, days to 50% flowering, plant height (cm), flag leaf length (cm), flag leaf area (cm2), flag leaf width (cm), panicle length (cm), 1000 grain weight (g), biological yield (g), harvest index (%) and grain yield (g). Five plants per plot were randomly selected and tagged for recording the observations. Plant height was measured in centimeter from the ground level to the tip of the panicle excluding awns on the main tiller of the plant just before harvesting. The number of tillers bearing panicle were counted from each selected plant at maturity stage. Flag leaf length was measured in centimetre from the leaf base to the leaf tip while Flag leaf width was measured in centimetre at the widest portion of the leaf blade. Length and maximum width of flag leaf were measured. The flag leaf area was calculated using the following formula as suggested by (Montgomery, 1911), where, Flag leaf area = Length × Width × 0.78. Panicle length was measured in centimeter from the neck of the panicle to the terminal spikelets excluding awns. To measure the total biomass, plant was sun-dried and dry matter was weighed in grams. A sample of 1000 well developed and fully dried seeds will be taken from each entry and weighed in grams on an electronic balance. To measure grain yield Individual plant was harvested, threshed and dried and then weighed in grams on an electronic balance while observations on days to 50 % flowering were recorded on a plot basis. The ratio of grain yield per plant (g) to the biological yield per plant (g) of a plant was considered as harvest index and expressed in percentage.
Statistical analysis
The analysis of variance for each character was done as per the standard statistical procedure given by Cochran and Cox (1957) for a randomized complete block design using the “variability” package in R Studio (Popat et al., 2020). The data collected on different characters was analyzed using Mahalanobis’ D2 analysis to determine the genetic divergence among the genotypes (Mahalanobis, 1928) using “factoextra” and “biotools” packages (Ward’s D2 method) in R Studio (Kassambara and Mundt, 2020).


3. results and discussion

3.1 Analysis of variance
The analysis of variance for the eleven characteristics of the rice genotypes is presented in Table 1. Highly significant differences among the genotypes were found for most traits, including days to 50 % flowering, plant height, number of tillers, flag leaf length, flag leaf width, panicle length, biological yield, 1000 grain weight, harvest index, and grain yield except flag leaf area, suggesting considerable genetic variability. Similar results were reported by Amod et al. (2020) for days to 50% flowering, days to maturity, plant height, number of tillers per plant, panicle length, flag leaf length, and flag leaf width; Sharma and Jaiswal (2020) for days to 50 % flowering, days to maturity, plant height, main panicle length, number of panicles per plant, 100-grain weight and yield per plant; and Akter et al. (2018) for flag leaf length, flag leaf width, days to flowering, number of effective tiller, plant height and panicle length.

Table 1: Analysis of variance of eleven characteristics of rice genotypes 
	Traits
	Replication
	Genotypes
	Residual

	df
	2
	59
	118

	Days to 50 % flowering
	9.77
	142.78***
	4.94

	Plant height
	56.26
	685.97***
	6.05

	Number of tillers
	5.28
	40.15***
	1.29

	Flag leaf length
	3.04
	163.45***
	2.42

	Flag leaf width
	88.61
	86.47***
	85.71

	Flag leaf area
	583.96
	561.96
	549.92

	Panicle length
	1.97
	24.59***
	0.89

	Biological yield
	1.11
	358.29***
	5.55

	1000 grain weight
	7.00
	43.18***
	1.95

	Harvest index
	2.84
	28.49***
	5.71

	Grain yield
	0.36
	20.12***
	1.92



3.2 Estimation of genetic components of variation
The estimates of genetic parameters such as mean, SEm (standard error), GCV (genotypic coefficient of variance), PCV (phenotypic coefficient of variance), h2 (heritability in a broad sense), GA (genetic advance), GAM (genetic advance as percent of mean), CD (critical difference) and CV (coefficient of variation), for eleven traits are shown in Table 2. The number of tillers showed the highest GCV (32.54) and PCV (34.12), followed by flag leaf area (GCV=33.09 and PCV=42.59), suggesting a high degree of genetic and environmental influence on this trait. For most traits, the PCV is slightly higher than the GCV. For example, Days to 50 % flowering (DF) has a GCV of 6.67 and PCV of 7.02, indicating that environmental factors contribute only slightly to the overall phenotypic variation. However, for flag leaf width, the PCV (43.65) is significantly larger than the GCV (23.89), suggesting a substantial role of the environment in the expression of this trait. Similarly, the highest values of GCV and PCV were also reported by Amod et al. (2020) for hulling%, Krishna et al. (2020) for grain yield per plant, Dey et al. (2019) for number of tillers per plant, Allam et al. (2015) for alkali spreading value and grain yield.
The highest value of heritability (bs) was exhibited for plant height (97.40%), flag leaf length (95.68%) and biological yield (95.49%), suggesting that the trait variation was primarily controlled by genetic factors and selection based on the observable phenotype would be highly effective. The genetic advance as percent of the mean was crucial for predicting the gain from selection. The number of tillers had the highest GAM (63.93%), followed by biological yield (49.79%) and grain yield (41.78%), indicating the greatest potential for genetic improvement through selection. The traits with the highest CV flag leaf length (19.14%) and number of tillers per plant (18.37%). This large variation suggests that the experiment lacked precision for these traits, or they are highly susceptible to environmental changes. The greatest heritability and genetic advance were also reported by Ahamed et al. (2021) for plant height, Krishna et al. (2020) for 1000 grain weight and kernel traits, and Ashfaq et al. (2012) for the number of tillers per plant. 

[bookmark: _Hlk215232181]Table 2: Estimates of genetic components of variance for eleven traits in rice genotypes
	Traits
	Mean
	SEm
	GCV
	PCV
	h2(bs)
	GA
	GAM
	CD (5%)
	CV (%)

	DF
	101.48
	1.28
	6.67
	7.02
	90.29
	13.26
	13.07
	3.59
	6.80

	PH
	113.44
	1.42
	13.27
	13.44
	97.40
	30.60
	26.97
	3.97
	13.33

	NT
	11.05
	0.65
	32.54
	34.12
	90.94
	7.07
	63.93
	1.83
	18.37

	FL
	38.56
	0.89
	18.99
	19.42
	95.68
	14.76
	38.28
	2.51
	19.14

	FW
	2.11
	0.36
	23.89
	43.65
	34.50
	1.25
	59.24
	1.03
	16.73

	FLA
	60.69
	6.86
	33.09
	42.59
	72.50
	3.49
	5.76
	3.29
	15.02

	PL
	28.05
	0.54
	10.02
	10.57
	89.84
	5.48
	19.56
	1.52
	10.21

	BY
	43.83
	1.36
	24.73
	25.31
	95.49
	21.82
	49.79
	3.80
	15.66

	SW
	22.72
	0.80
	16.30
	17.43
	87.53
	7.14
	31.43
	2.26
	16.69

	HI
	24.29
	1.37
	11.34
	15.01
	57.08
	4.28
	17.65
	3.86
	12.68

	GY
	10.58
	0.80
	23.27
	26.70
	75.95
	4.42
	41.78
	2.24
	14.74


SEm=standard error, GCV=genotypic coefficient of variance, PCV=phenotypic coefficient of variance, h2(bs)=heritability in broad sense, GA=genetic advance, GAM=genetic advance as percent of mean, CD=critical difference, CV=coefficient of variation
3.3 Cluster analysis
In cluster analysis, the sixty rice genotypes were grouped into five different clusters, which gives an idea about the significant amount of genetic diversity in the material. (Table 3). The maximum number of genotypes was grouped into cluster II, containing 20 genotypes, followed by cluster IV (18), cluster III (13), cluster V (8) and cluster I (1). A dendrogram that visually represented the relationships and genetic divergence among the 60 rice genotypes based on Mahalanobis D2 values, confirming the formation of the five clusters (Fig. 1). Similar results were reported by Anjali et al. (2014) grouped basmati and aromatic short grain types into seven clusters and Umesh et al. (2016) grouped twenty-four basmati rice genotypes into five clusters. 

Table 3: Clustering of sixty rice genotypes into five different clusters 
	Cluster
	No. of genotypes
	Genotype

	I
	1
	PD 6

	II
	20
	IR 72, IR 74, PD19, UPRI 2009-25, IRBB-21, NDR 2063, Prasad, PD18, PD24, Govind, UPRI 2013-8, UPRI 2014-8, Hansraj, Lal Dhan, Pusa 44, Ratna, UPRI 2014-14, IR 29, PD 10, Improved indrasan

	III
	13
	PD 11, PD 4, PD 16, IR 24, IR 36, IR 64, Manhar, NDR 359, NDR 3012, IR 72981-92-1-1-2-2, HAU-GAN-XIANG, NDR 2065, PR 113

	IV
	18
	Mahmaya, Saket-4J5J33:J61, Sarju 52, Anjali, IR 22082-4-1-12, VL Dhan 39, VL Dhan 61, VL Dhan 163, VL Dhan 209, UPR 2869-98-121, UPR 3093-99-44-1-1-1, BBL-180-5-1-4-1, Dhansal, Jaya, WGL 480, HKR47, PR121, PD26

	V
	8
	Pusa 1509, Sarbati, PR 115, Bidhan Dhan-2, VL Dhan 81, VL Dhan 221, IR 54, VL Dhan 62
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Fig.1: Dendrogram showing the relationship among 60 rice genotypes in five clusters based on Mahalanobis D2 values
3.4 Inter and Intra-cluster distance
The inter-cluster and intra-cluster distances between the five clusters are presented in Table 4. The intra-cluster distance represented the genetic diversity among genotypes within a cluster. Cluster I showed the minimum intra-cluster distance (0.00),containing only one genotype and cluster II showed the maximum distance (7.08). The inter-cluster distances indicate the degree of divergence between clusters. The maximum inter-cluster distance was found between cluster I and II (12.42), suggesting the genotypes in these two clusters were the most divergent. The minimum was recorded between cluster IV and V (6.38). Similarly, the maximum inter-cluster distance was found between cluster V and IX, and the highest intra-cluster distance was in cluster XII by Solanki et al., (2019). Cluster analysis revealed that cluster II had the highest number of genotypes and also exhibited the highest intra-cluster distance, indicating the potential usefulness of these genotypes for rice improvement purposes.

Table 4: Inter (off-diagonal) and Intra-cluster (diagonal) distances between clusters
	Cluster
	I
	II
	III
	IV
	V

	I
	0.00
	12.42
	12.25
	12.14
	11.73

	II
	 
	7.08
	7.25
	7.33
	6.66

	III
	 
	 
	5.65
	8.65
	7.32

	IV
	 
	 
	 
	5.93
	6.38

	V
	 
	 
	 
	 
	4.20



3.5 Cluster mean
The mean value for each of the eleven quantitative traits within each of the five clusters is presented in Table 5, which identifies which clusters possess favourable mean values for specific traits, making them suitable for crossing programs. Cluster II had the highest mean for number of tillers (14.33), days to 50% flowering (103.50), biological yield (51.98), harvest index (25.35) and grain yield (13.11) while cluster III had the highest mean value for plant height (125.25), flag leaf length (44.52), flag leaf area (50.12) and panicle length (30.96).Cluster IV had the highest mean for 1000 grain weight (25.51), and cluster I for flag leaf width (2.81).The data revealed that considerable differences existed among the clusters for most of the characters, but no one cluster showed the maximum mean values for all the traits studied. The contribution of each trait to the overall genetic divergence among the genotypes studied is presented in Table 6. The grain yield contributed the maximum (17.46%) to the total genetic divergence, followed by biological yield (14.43%) and flag leaf length (11.40%), indicating that these traits were the most important in differentiating the rice genotypes. The highest cluster mean was also reported in rice germplasm by Pearte et al. (2020) for hulling %, milling % and breadth elongation ratio in cluster II; Akter et al. (2018) for yield, 1000 grain weight, culm diameter, days to flowering and grain breadth. 

Table 5: Cluster mean of eleven quantitative traits of sixty rice genotypes
	Traits
	I
	II
	III
	IV
	V

	Days to 50% flowering
	100.33
	103.50
	101.68
	100.09
	100.12

	Plant height
	96.00
	105.21
	125.25
	108.90
	115.17

	Number of tillers
	8.77
	14.33
	9.77
	9.91
	10.13

	Flag leaf length
	30.99
	37.48
	44.52
	35.84
	34.05

	Flag leaf width
	2.81
	1.43
	1.44
	1.42
	1.36

	Flag leaf area
	45.21
	42.24
	50.12
	40.19
	36.38

	Panicle length
	26.22
	26.45
	30.96
	27.91
	25.22

	Biological yield
	47.35
	51.98
	48.57
	35.56
	33.97

	1000 grain weight
	21.37
	23.15
	22.05
	25.51
	17.65

	Harvest index
	20.13
	25.35
	24.05
	24.49
	22.80

	Grain yield
	9.53
	13.11
	11.57
	8.59
	7.66



Table 6: Contribution of different traits to the genetic divergence of the genotypes studied 
	S No.
	Traits
	No. of times ranked first
	Contribution (%)

	1
	Days to 50% flowering
	75
	4.242

	2
	Plant height
	106
	6.014

	3
	Number of tillers
	121
	6.831

	4
	Flag leaf length
	202
	11.403

	5
	Flag leaf width
	167
	9.454

	6
	Flag leaf area
	102
	5.778

	7
	Panicle length
	121
	6.814

	8
	Biological yield
	256
	14.438

	9
	1000 grain weight
	158
	8.916

	10
	Harvest index
	153
	8.642

	11
	Grain yield
	309
	17.468




4. Conclusion

The significant genetic variability among the sixty rice genotypes was confirmed, with most traits, including grain yield and number of tillers, showing high broad-sense heritability and genetic advance as a percent of mean, suggesting their variation is largely controlled by additive gene action, which makes direct selection effective. The number of tillers and grain yield exhibited high genetic potential for improvement. Furthermore, Mahalanobis D2 analysis clustered the genotypes into five groups, identifying the maximum genetic divergence between cluster I and cluster II. Since grain yield and biological yield were the largest contributors to divergence, crosses between the highly divergent genotypes of cluster I and the high-yielding genotypes of cluster II (highest mean for grain yield: 13.11 g) are recommended to maximize heterosis and develop superior high yielding rice varieties.
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