


Genetic Diversity and Clustering Pattern in Groundnut (Arachis hypogaea L.) for Yield Traits Using D² Analysis
Abstract
Arachis hypogaea L. is a critical oilseed crop in India. It occupies the premier position in terms of cultivated area and is second only to soybeans in production. Despite exhibiting considerable morphological, biochemical, and physiological variability, the cultivated groundnut has a narrow genetic base. This limitation is attributed to its monophyletic origin, a lack of gene flow from wild relatives due to ploidy barriers, and its self-pollinating nature. The study aimed to understand the genetic diversity and clustering pattern in groundnut (Arachis hypogaea L.) for yield traits using D² analysis. A study was conducted on 21 groundnut genotypes (5 parents and 16 crosses) during the kharif season of 2023-24 at RVSKVV, Gwalior, to assess genetic variability, heritability, genetic advance, and divergence for 12 yield and yield-attributing traits. The data were subjected to different statistical analyses, viz., analysis of variance (ANOVA), magnitude of genetic variability was performed following the standard procedures, phenotypic and genotypic coefficient of variation. Analysis of variance revealed significant differences among genotypes for all traits, indicating substantial genetic variability. High genotypic and phenotypic coefficient of variations were observed for key yield components like number of pods per plant, pod yield, kernel yield, and biological yield per plant. High heritability coupled with high genetic advance as a percentage of mean was recorded for these traits, suggesting the predominance of additive gene action and the potential for effective phenotypic selection. Mahalanobis D² analysis grouped the 21 genotypes into five distinct clusters. The maximum inter-cluster distance was observed between Cluster III and Cluster V, identifying them as the most divergent genotypes for crossing to achieve high heterosis and genetic recombination. The character biological yield per plant contributed the most (46.67%) to total genetic diversity. The results demonstrate the existence of significant genetic variability and highlight specific traits and genetically divergent parents that can be effectively utilised in future groundnut breeding programs for yield enhancement.
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Introduction- 
Arachis hypogaea L., commonly known as peanut or groundnut, is an agriculturally significant oilseed crop primarily grown during the kharif season in tropical and subtropical regions (Abbas et al., 2020). Taxonomically classified within the Fabaceae family and the genus Arachis, the species is one of approximately 80 within the genus, which includes both diploid and tetraploid types. The cultivated peanut is a self-pollinated allotetraploid, with a genome of ~2891 Mbp organised across 40 chromosomes. The taxonomic framework for the genus divides it into nine sections, a classification predicated on morphological differentiation, cross-compatibility, and geographical distribution.
As a critical oilseed crop in India, groundnut (Arachis hypogaea L.) occupies the premier position in terms of cultivated area and is second only to soybean in production. “Cultivation is predominantly concentrated in seven states—Gujarat, Andhra Pradesh, Tamil Nadu, Karnataka, Maharashtra, Madhya Pradesh, and Uttar Pradesh—which together account for nearly 70% of the national area and 75% of the total production. India's groundnut cultivation spans 5.0 million hectares, yielding 6.73 million tonnes at an average productivity of 1992 kg/ha.” (Anonymous, 2023).  “Groundnut is being produced to the extent of 10.11 million tonnes from 5.57 million ha area, with an average productivity of 1759 kg/ha in   2021-22” (Priyanka et al., 2023). This positions India as a key contributor to the global production, which stands at 48.80 million tonnes.
“Heritability and genetic advance are useful biometric tools that breeders can use to assess the degree and direction of selection. Broad sense heritability is the ratio of genotypic variance to the phenotypic variance which is heritable.  It serves as a good indicator regarding the transmission of characters from their parents to offspring” (Susmitha et al., 2024). “Despite exhibiting considerable morphological, biochemical, and physiological variability, the cultivated groundnut has a narrow genetic base. This limitation is attributed to its monophyletic origin, a lack of gene flow from wild relatives due to ploidy barriers, and its self-pollinating nature” (Mondal et al., 2007). 
“Under environmental changes, different crop varieties survive due to the presence of genetic variation, which enables the varieties to adapt. However, the varieties with little or no genetic diversity could become susceptible to biotic and abiotic stresses” (Salgotra & Chauhan, 2023). Consequently, the evaluation of genetic variability is a fundamental prerequisite for crop improvement programs. This is especially critical for improving yield, a complex polygenic trait highly influenced by the environment and dependent on several contributing characters (Anjana et al., 2016). In this context, heritability estimates are essential statistical tools for quantifying the proportion of observable variation in a population that is attributable to genetic causes.
Therefore, to predict the potential genetic gain from selection, it is essential to partition the observed variation into its heritable (genetic) and non-heritable (environmental) components. “This is achieved by estimating parameters such as the genotypic and phenotypic coefficients of variation, heritability, and genetic advance. Heritability, when considered alongside genetic advance, provides a more accurate prediction of the expected genetic gain” (Rao et al., 2016 and Kebede et al., 2017). This comprehensive analysis is crucial for quantifying the usable variability upon which an efficient breeding program depends.
Genetic diversity is a fundamental prerequisite for any successful hybridisation program, as it provides the raw material for obtaining desirable genotypes. It is crucial for achieving key plant breeding objectives, including increased yield, wider adaptation, improved quality, and enhanced disease resistance (Joshi et al., 1966). Consequently, quantifying the degree of divergence within experimental germplasm is immensely valuable. This analysis enables the informed selection of genetically diverse parents, which is key to realizing stronger heterotic effects and generating valuable segregating populations enriched with novel recombinants.

2. Materials and Methods
An investigation was conducted at the Experimental Field of the Department of Genetics and Plant Breeding, College of Agriculture, RVSKVV, Gwalior (M.P.), India. The groundnut comprised 21 genotypes (5 parental lines and 16 crosses), obtained from the Department of Genetics and Plant Breeding, College of Agriculture, RVSKVV, Gwalior (M.P). The list of groundnut genotypes is presented in Table 1. The investigation field was laid out in a Randomised Block Design with three replications during kharif, 2023-24. Each entry was accommodated in a single row of 1.5 m length with a spacing of 30 cm between rows and 10 cm between plants within the row. At regular intervals, weeding was carried out, and the earthing-up operation was undertaken. All the recommended packages of practices were followed for raising a healthy crop. Data were recorded on randomly selected five plants per replication from each genotype of groundnut, and the average value was used for the statistical analysis for 12 traits, viz., Days to 50% Flowering, Days to Maturity, Plant height (cm), No. of branches per plant, No. of pods per plant, Pod yield per plant (g), 100 kernel weight (g), Sound mature kernel, Shelling %, Biological yield per plant (g), Harvest index (%) and Kernel yield per plant (g). Except for days to 50 per cent flowering and days to maturity, data were recorded on the basis of the plot. “The data subjected to different statistical analyses, viz., analysis of variance (ANOVA), magnitude of genetic variability, were performed following the standard procedures, phenotypic and genotypic coefficient of variation, as suggested by Burton and Devane heritability (broad sense)” (Hanson et al. 1956) and genetic advance, as followed by Johnson et al. 1955. Mahalanobis D2 analysis was used for assessing the genetic divergence among the test genotypes involving yield and its attributing characters. 
Table 1. List of groundnut genotypes
	S. No.
	Genotype
	S. No.
	Genotype

	1
	TG-86
	12
	JL-776 × GPBD-4

	2
	JL-776
	13
	JL-776 ×  SUNOLIC 95 R

	3
	KDG-128
	14
	(TG-86 × KDG -128) × TG-86

	4
	GPBD-4
	15
	(JL-776 × KDG -128) × JL-776

	5
	SUNOLIC-95 R
	16
	(JL-776 × GPBD-4) × JL-776

	6
	TG-86 ×KDG -128
	17
	(JL-776 × SUNOLIC 95 R) × JL-776

	7
	JL-776 ×KDG -128
	18
	(TG-86 × KDG -128) × KDG-128

	8
	JL-776 × GPBD-4
	19
	(JL-776× KDG -128) × KDG-128

	9
	JL-776 ×  SUNOLIC 95 R
	20
	(JL-776× GPBD-4) × GPBD-4

	10
	TG-86 ×KDG -128
	21
	(JL-776 ×SUNOLIC 95 R  ) × SUNOLIC 95 R

	11
	JL-776 ×KDG -128
	
	



3. Results and Discussion 

The results obtained from the present investigation, as well as relevant discussion, have been summarised under the following heads:
3.1 Analysis of Variance
Analysis of variance refers to the observable differences in individuals for a particular trait. To know the extent of variation of observed characters among the 5 parental lines and 16 crosses. The genotypes differed significantly for all the traits studied, indicating the existence of sufficient variability in the material. This was similar to the findings of Vishnuprabha (2021), Aparna et al. (2018) and Poojitha et al. (2024) Sonaniya et al. (2024).
Table 2: Analysis of variance for 12 quantitative characters (Parents and Crosses)
	S. No.
	Characters
	Mean Sum of Squares

	
	
	Replication (df=2)
	Treatments (df=20)
	Error (df=40)

	1
	Days to 50% Flowering
	1.19
	10.83**
	0.76

	2
	 Days to Maturity
	6.49
	101.35**
	10.33

	3
	Plant height (cm)
	3.53
	58.54**
	8.01

	4
	  No. of branches per plant
	1.35
	2.63**
	0.39

	5
	No. of pod per plant
	1.37
	104.94**
	6.41

	6
	  Pod yield per plant (g)
	37.39
	124.10**
	4.41

	7
	 100 kernel weight (g)
	27.23
	62.76**
	3.52

	8
	Sound mature kernel
	6.04
	46.46**
	2.01

	9
	 Shelling %
	0.93
	44.20**
	2.5

	10
	 Biological yield per plant (g)
	10.049
	135.58**
	1.45

	11
	 Harvest index (%)
	80.55
	249.10**
	10.56

	12
	Kernel yield per plant (g)
	16.97
	52.38**
	1.71



 3.2 Genotypic and Phenotypic coefficient of variation
To understand the extent to which the observed variation is due to genetic factors, the phenotypic coefficient of variation (PCV), genotypic coefficient of variation (GCV), heritability in the broad sense and genetic advance as a percentage of the mean were computed for the 12 traits in 21 genotypes in groundnut. Phenotypic coefficient of variation (PCV) was slightly higher than the genotypic coefficient of variation (GCV), which indicates a somewhat role of environmental factors on the expression of various characters (Table 3). Similar findings were reported by Shankar et al. (2019) and Abadya et al. (2021).
“PCV, GCV, heritability, and genetic advance over mean studies are helpful in figuring out how to utilise selection to enhance a given population for a given trait. A trait's high heritability and high genetic advancement indicate the presence of an additive genetic effect and the possibility that selection is driving the trait's improvement. Since broad sense heritability includes both additive and non-additive gene action, analysing broad sense heritability alone is not a suitable criterion for determining which gene action is present” (Sunil et al., 2024).
In general, the phenotypic variance must be higher in magnitude than that of genotypic variance. High estimates of GCV and PCV were observed for traits like number of pods per plant, pod yield per plant, kernel yield per plant, and biological yield per plant (Table 3). Similar results were reported by Gowda (2021), Savithramma et al. (2022) for the number of pods per plant, kernel yield per plant, while characters like plant height and number of branches per plant, 100 kernel weight and harvest index expressed a moderate level of GCV and PCV. Similar results were reported by Sab et al. (2018), Kulheri et al. (2022) for plant height, Kannappan et al. (2022) for the number of branches per plant Solanki et al. (2019) for harvest index. Low level of GCV and PCV observed for the traits like days to maturity and days to 50% flowering, sound mature kernel and shelling per cent. which also supports the present finding for days to maturity and reported by Dolma et al. (2010) reported Sridevi et al. (2022), Kannappan et al. (2022) and Savithramma et al. (2022) for shelling per cent, Kulheri et al. (2022) for sound mature kernel
3.3 Heritability% and Genetic advance as per cent of the mean 
Burtan (1952) suggested that “heritability estimates conjugated with GCV would provide an accurate picture of the extent of genetic advance to be expected through selection. It is considered a good estimate of genetic gain to be expected from the selection on a phenotypic basis”.
A high heritability estimate was noted for biological yield per plant, kernel yield per plant, Pod yield per plant, sound matured kernel,100 kernel weight,  shelling percent, number of pods per plant, days to 50% flowering, days to maturity, plant height, and number of branches per plant (Table 3). These results are in conformity with the findings of Kannappan et al. (2022), Yami et al. (2025) for Pod yield per plant, and Poojitha et al. (2024) for kernel yield per plant. Moderate for harvest index, Bhargavi et al. (2016) for harvest index.
3.4 Genetic advance as a percentage of the mean 
The highest genetic advance as a percentage of mean was recorded for biological yield per plant, Pod yield per plant, kernel yield per plant, number of pods per plant, 100 kernel weight and number of branches per plant. Similar results were also reported by Vijayabharathi (2020), Kannappan et al. (2022), for Pod yield per plant, kernel yield per plant, Sridevi et al. (2022) for the number of branches per plant, and 100 kernel weight. Medium genetic advance as a percentage of the mean for plant height, harvest index, days to 50% flowering, and shelling per cent (Table 3). These results are in conformity with the findings of Gangadhara et al. (2019 for days to 50% flowering, Attia et al. (2022). For the shell per cent. Low genetic advance as a percentage of the mean was recorded for days to maturity, sound matured kernel. These results are in conformity with the findings of Suresh et al. (2021) for days to maturity.
“The traits having moderately genetic advance with high heritability show the presence of non-additive gene action; therefore, simple selection procedures will not be effective for screening of desired traits” (Sunil et al., 2024).
Table 3. Estimates of genetic variability parameters for yield and yield attributing traits of groundnut
	S. 
No.
	Traits 
	  Mean
	Range
	CV
	[bookmark: RANGE!H17]h2(bs)
	GAM%

	
	
	
	Min. 
	Max. 
	GCV%
	PCV%
	(%)
	

	1
	Days to 50% Flowering
	28.43
	24.00
	32
	6.45
	7.14
	81.61
	12

	2
	 Days to Maturity
	104.4
	95.00
	113
	5.28
	6.11
	74.61
	9.39

	3
	Plant height (cm)
	34.81
	26.36
	45.78
	11.79
	14.32
	67.76
	19.99

	4
	  No. of branches per plant
	6.57
	5.00
	8.3
	13.18
	16.22
	66.04
	22.06

	5
	No. of pod per plant
	21.96
	14.11
	34.8
	26.1
	28.54
	83.66
	49.18

	6
	  Pod yield per plant (g)
	17.5
	9.62
	36.69
	36.09
	38.03
	90.04
	70.54

	7
	 100 kernel weight (g)
	31.19
	25.33
	41.74
	14.25
	15.46
	84.89
	27.04

	8
	Sound mature kernel
	88.00
	82.33
	92.33
	4.37
	4.66
	88.03
	8.45

	9
	 Shelling %
	67.13
	61.57
	71.73
	5.55
	6.03
	84.78
	10.53

	10
	 Biological yield per plant (g)
	17.69
	8.39
	35.88
	37.8
	38.41
	96.86
	76.63

	11
	 Harvest index (%)
	67.67
	46.37
	84.23
	10.33
	18.18
	32.26
	12.08

	12
	Kernel yield per plant (g)
	11.71
	6.26
	22.71
	35.09
	36.82
	90.81
	68.88



3.5 Genetic Divergence
“The use of genetically varied parents in a cross is critical, as it ensures greater variation and a powerful heterotic effect in the resulting population. The results of the analysis of variance indicated that there was sufficient genetic variability for each of the variables under investigation, with the mean sum of squares owing to groundnut genotypes for all the traits examined being extremely significant. Nevertheless, analysis of variance is unable to account for the level of genetic variety” (Sunil et al., 2024).  As a way to quantify genetic variation between any two genotypes or groups of genotypes, the Mahalanobis D2 statistics described by Rao et al. (2016) was used so that “genotypes could be grouped into various clusters on the basis of Ward’s minimum variance method”.
3.6 Grouping of Genotypes into Various Clusters
Table 4 reveals the distribution pattern of 21 groundnut genotypes in different clusters. A total of five clusters were formed. Cluster I was the largest among all the clusters, comprising 17 genotypes, whereas cluster II, III, IV and cluster V had only one genotype.
Table 4. Distribution of 21 groundnut genotypes into different clusters based on D2 statistics
	Cluster No.
	Number of genotypes
	Name of the Genotypes

	I
	17
	TG-86, JL-776, KDG-128, SUNOLIC-95 R, TG-86 ×KDG -128, JL-776 ×KDG -128, TG-86 ×KDG -128, JL-776 ×KDG -128, JL-776 × GPBD-4, JL-776 ×  SUNOLIC 95 R, (TG-86 × KDG -128) × TG-86, (JL-776 × KDG -128) × JL-776, (JL-776 × GPBD-4) × JL-776, (JL-776 × SUNOLIC 95 R) × JL-776, (TG-86 × KDG -128) × KDG-128, (JL-776× GPBD-4) × GPBD-4, (JL-776 ×SUNOLIC 95 R  ) × SUNOLIC 95 R

	II
	1
	JL-776 × GPBD-4

	III
	1
	GPBD-4

	IV
	1
	(JL-776× KDG -128) × KDG-128

	V
	1
	JL-776 ×  SUNOLIC 95 R
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Fig. 1. Clustering representation of 21 groundnut genotypes by Tocher’s method

3.7 Intra and Inter-Cluster Average D2 Values
The intra- and inter-cluster average D2 values among 21 groundnut genotypes are given in Table 5. The highest intra-cluster D2 value was observed for cluster I (12.15), and the inter-cluster distance was observed between cluster III and cluster V (31.81). In contrast to this, the minimum inter-cluster distance was seen between cluster II and cluster III (25.39), followed by cluster I and cluster V (23.34), cluster III and cluster IV (23.09) and cluster II and cluster IV (9.11), depicting less diverse groundnut genotypes belonging to these clusters.
Table 5. Average intra- and inter-cluster distance of 21 groundnut genotypes
	Clusters 
	Cluster I
	Cluster II
	Cluster III
	Cluster IV
	Cluster V

	Cluster I
	12.15
	16.16
	15.33
	15.23
	23.34

	Cluster II
	 
	0.00
	25.39
	9.11
	14.82

	Cluster III
	 
	 
	0.00
	23.09
	31.81

	Cluster IV
	 
	 
	 
	0.00
	14.28

	Cluster V
	 
	 
	 
	 
	0.00



3.8 Mean Values of Different Clusters for 12 Characters
As shown in Table 6, the data depicted considerable differences among all the clusters for most of the characters under study. It was evident that the mean value for days to 50% flowering was the lowest in Cluster I (28.22), while it was the highest in Cluster IV (30.00). Cluster III had the lowest days to maturity mean value (96.08), while it was the highest in Cluster IV (106.43). The mean value of plant height was highest in Cluster IV (35.58), while its lowest value was found in Cluster II (27.65). The number of branches per plant mean value had its highest value in Cluster II (8.30), while its lowest value was found in Cluster V (5.93). The number of pods per plant mean value had its highest value in Cluster V (34.81), while its lowest value was found in Cluster III (14.99). Pod yield per plant mean value had its highest value in Cluster V (36.69), while its lowest value was found in Cluster III (10.07). The hundred kernel weight mean value had its highest value in Cluster V (37.59) while its lowest value was found in Cluster III (25.33). Kernel yield per plant mean value had its highest value in Cluster V (22.79) while its lowest value was found in Cluster III (6.26). The success and usefulness of Mahalanobis, D2 analysis in quantifying genetic divergence has been studied by Hampannavar and Khan (2018), Waghmode et al. (2017) and Ashutosh et al. (2016).
Table 6. Cluster mean values for different yield and yield attributing characters in 21 groundnut genotypes
	 
	Days to 50% Flowering
	 Days to Maturity
	Plant height (cm)
	  No. of branches per plant
	No. of pod per plant
	  Pod yield per plant (g)
	 100 kernel weight (g)
	Sound mature kernel
	 Shelling %
	 Biological yield per plant (g)
	 Harvest index (%)
	Kernel yield per plant (g)

	Cluster I
	28.22
	105.21
	35.24
	6.53
	20.58
	16.07
	31.36
	87.75
	67.30
	16.14
	68.00
	10.78

	Cluster II
	29.33
	103.24
	27.65
	8.30
	31.83
	24.58
	32.75
	86.67
	71.73
	26.87
	65.65
	17.65

	Cluster III
	29.33
	96.08
	35.23
	6.80
	14.99
	10.07
	25.33
	92.00
	62.27
	8.39
	74.47
	6.26

	Cluster IV
	30.00
	106.43
	35.58
	6.07
	29.56
	23.06
	26.18
	85.33
	69.48
	26.01
	61.52
	15.99

	Cluster V
	28.67
	99.00
	33.58
	5.93
	34.81
	36.69
	37.59
	92.33
	62.25
	35.88
	63.45
	22.79



3.9 Relative Contribution of Characters towards Diversity
As shown in Table 7, the data depicted considerable differences among the relative contributions for all the characters under study. It was evident that Biological yield per plant (g) (46.67%) followed by Shelling % (16.67%), Sound mature kernel (16.19%), 100 kernel weight (g) (9.52%), Days to 50% Flowering (3.33%), Days to Maturity (3.33%), Kernel yield per plant (g) (1.43%), Plant height (cm) (0.95%),  No. of branches per plant (0.95%), No. of pod per plant (0.95%), Pod yield per plant (g) (0.00%), and Harvest index (%) (0.00%) had relative contribution was the lowest.
Table 7. Relative contribution of 12 traits towards divergence in 21 groundnut genotypes
	Characters
	Contribution %

	Days to 50% Flowering
	3.33%

	Days to Maturity
	3.33%

	Plant height (cm)
	0.95%

	No. of branches per plant
	0.95%

	No. of pod per plant
	0.95%

	Pod yield per plant (g)
	0.00%

	100 kernel weight (g)
	9.52%

	Sound mature kernel
	16.19%

	Shelling %
	16.67%

	Biological yield per plant (g)
	46.67%

	Harvest index (%)
	0.00%

	Kernel yield per plant (g)
	1.43%

	Total
	100%



4. Conclusions
[bookmark: _GoBack]Based on the comprehensive genetic analysis, it was concluded that significant genetic variability exists among the 21 groundnut genotypes for all 12 traits studied. High heritability coupled with high genetic advance was observed for key yield traits—including biological yield, pod yield, kernel yield, and number of pods per plant—indicating the predominance of additive gene action and the potential for effective phenotypic selection. Mahalanobis D² analysis grouped the genotypes into five clusters, with the maximum genetic divergence observed between Cluster III and Cluster V, suggesting that crosses between genotypes from these clusters could produce strong heterotic effects and useful segregants. Biological yield per plant contributed most to genetic diversity (46.67%), highlighting its importance in selection for genetic improvement. The findings support the idea that groundnut breeding efficiency will be improved by choosing genetically distinct parents based on cluster distance and characteristics with high heritability and genetic advancement. Diversity is necessary for the execution of a hybridization program. For a number of crucial and desired traits for groundnut crop population expansion and yield enhancement, different genotype clusters and backgrounds performed better. Seldom do the intended results result from selecting parents only based on phenotype. Instead, selecting parents based on intra- and inter-cluster distances and the cluster mean helps produce superior recombinants or transgressive segregants.
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