


Multivariate analysis of genetic divergence in lentil (Lens culinaris Medik.) based on D2 and Principal Component Analysis

ABSTRACT- 
Evaluating genetic diversity is essential for successful crop improvement and the efficient use of genetic resources. The present investigation was carried out on a set of forty-two lentil (Lens culinaris Medik.) genotypes (including 2 checks , IPL-316 and JL-3) to evaluate genetic divergence using multivariate approaches, namely Mahalanobis D² statistics and Principal Component Analysis (PCA) during rabi  2024-25 at seed breeding farm, JNKVV, Jabalpur. Forty-two lentil genotypes were grouped into seven clusters. Biological yield per plant shows maximum contribution towards genetic diversity while days to flower initiation shows minimum. Maximum intra cluster distance was shown by Cluster IV (D2 = 349.87) while Cluster III and VII (3614.10) showed highest inter cluster value. Maximum genotypes were under cluster II (20 genotypes). Cluster VI and VII observed high cluster mean values for most of the yield attributing traits. Only five of the thirteen Principal components (PCs) had an Eigen value greater than one, explained 72.148% of total variability among lentil genotypes. Genotypes MPL 94, PL 4, IC 315944, LH 82-6, PL 32, IC 283384, SUBRITA and MPL 4 were found diverse based on D2 statistics and principal component analysis.
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Introduction-
Lentil (Lens culinaris Medik.) is an annual, self-pollinating, cool-season pulse crop characterized by its lens-shaped seeds, diploid chromosome number (2n = 14), and a genome size of approximately 4 Gbp [20]. The crop was first domesticated in the Fertile Crescent [8] [26], with its origin traced to the Near East. It is amongst the leading pulse crop grown in India, account for approximately 9% of the total area under pulse cultivation and contribute an equivalent percentage to Rabi pulse production. Canada and India are the leading contributors [29]. In India, lentil ranks as the fifth most important pulse crop after pigeon pea, chickpea, mungbean and urdbean.
In India, lentils are cultivated on approximately 14 lakh hectares, producing 13 lakh tones, with an average productivity of 926 kilograms per hectare [3]. Lentil is a nutritionally valuable legume crop that plays a crucial role in food and nutritional security. Its seeds are rich in macronutrients, containing approximately 25% protein, 60% carbohydrates, and 11–12% dietary fiber [2]. Beyond its macronutrient profile, lentil is an excellent source of essential micronutrients, with reported concentrations of, zinc manganese and copper [17], [28].
Owing to its high nutritional and economic value, lentil has gained considerable interest from the scientific community still low seed yield and production is an existing problem. Lentil production is constrained by several biological reasons such as narrow genetic base, small genome size and small flower size hampers hybridization efforts [7]. Therefore, there is a need to evaluate the variability and diversity in the existing genetic population and develop new varieties to increase the production. Genetic variability along with genetic divergence are the main interests of any plant breeder to develop desirable varieties. The varieties that are developed from diverse parents are likely to show high heterotic effects as well as a large range of segregation. The information about the genetic diversity present in a population helps in identifying superior donors from the germplasm for hybridization. Similarly, Principal Component Analysis (PCA) is another powerful multivariate technique that reduces the dimensionality of trait data, facilitating interpretation of genetic variation and identification of superior genotypes. Thus the goal of this investigation was to identify the diverse parents for lentil breeding programs.
MATERIAL AND METHODS

The Experimental material consist of forty two lentil genotypes including two checks from JNKVV, Jabalpur; IIPR, Kanpur and RVSKVV, Gwalior. The experiment took place during the Rabi season of 2024-25 at the Seed breeding farm, College of Agriculture, Jawaharlal Nehru Krishi Vishwa Vidyalaya, Jabalpur, Madhya Pradesh in Randomized Complete Block Design with two replications. Each genotype had been sown in 2 meters row while plant to plant distance was 8-10 cm and row to row distance was 45cm. From each replication, five plants were chosen to record observations on various traits, namely days to flower initiation, days to maturity, plant height (cm), pod length (cm), number of branches per plant, number of nodes per plant, number of pod clusters per plant, number of pods per plant, number of seeds per pod, 100-seed weight (g), biological yield per plant (g), harvest index (%), and seed yield per plant (g). Statistical analysis was performed using Windostat version 9.1. For the divergence analysis, the transformed and uncorrelated means of the characters were utilized to compute the D² statistic following Mahalanobis’ method. (1936) [18,19]. The populations were classified into distinct clusters using Tocher’s method, as outlined by Rao (1952) [23]. After the formation of the clusters, the average inter and intra-cluster distances were calculated. The average intra and inter-cluster D2 values were estimated as per the procedure given by Singh and Chaudhary (1979) [25]. Principal Component Analysis based on Pearson’s correlation matrix cluster analysis and a scree plot was performed using a demo version of XLSTAT. 

3. RESULTS AND DISCUSSION
Mahalanobis D2 statistic
The traits that contributed the most to the overall genetic diversity among these was biological yield per plant (64.23%), which was followed by the number of nodes per plant (11.50%), harvest index (7.08%), the number of pods per plant (5.23%). Other characteristics showed comparatively smaller contributions, including the seed yield per plant (4.07%), number of pods per plant (2.67%), pod length and number of branches per plant (1.74%). Other traits such as 100 seed weight (0.81%), plant height (0.70%), number of seeds per pod and days to maturity (0.12%) shows negligible contribution. Significantly, days to flower initiation had no effect on genetic divergence. The proportionate contributions of the thirteen quantitative traits under study to the genetic divergence are shown in Table 1 and Fig. 1.
	Rank
	Source
	Times Ranked 1st
	Contribution %

	1.
	Biological yield per plant 
	553
	64.23%

	2.
	Number of nodes per plant
	99
	11.50%

	3.
	Harvest index
	61
	7.08%

	4.
	Number of pod clusters per plant
	45
	5.23%

	5.
	Seed Yield per plant 
	35
	4.07%

	6.
	Number of pods per plant
	23
	2.67%

	7.
	Pod length 
	15
	1.74%

	8.
	Number of branches per plant
	15
	1.74%

	9.
	100 seed weight 
	7
	0.81%

	10.
	Plant Height 
	6
	0.70%

	11.
	Days to Maturity
	1
	0.12%

	12.
	Number of seeds per pod
	1
	0.12%

	13.
	Days to flower initiation
	-
	0.00%


Table 1: Contribution (%) of different traits towards divergence 


Fig 1: Contribution (%) of different traits towards divergence
Intra and Inter Cluster Distance
Forty-two lentil genotypes were grouped into seven clusters based on divergence studies. Cluster II was the largest of the clusters, with twenty genotypes. Cluster I, which contained eight genotypes, followed Cluster III, which contained six genotypes and cluster IV contained five genotypes. In contrast, Clusters V, VI and VII each have a single genotype. The genotypes distributions into many groups are displayed in Fig. 2 and Table 2
	Table 2: Distribution of lentil genotypes in different clusters 
	Cluster Number
	Number of genotypes
	Name of genotypes

	I
	8
	RVL 13-5, VL 103, IC 267659, MPL 17, SUBRITA, IC 321535, MPL 80 

	II
	20
	ASHA, L1719, MPL 33, PL 406, IC 268245, IC 331541, IC 328451, IC 396043, IPL 316, IC 384469, IC 268329,  IC 283384,  MPL-105, MPL-61, IC 355621, IPL 406, MPL 101, IC 406706,  RANJAN, MPL 47  

	III
	6
	PL 4, LH 82-6, IPL 315, MPL 15, IC 331545, PL 32

	IV
	5
	PL 63, IC 385825, MPL 13, MPL 4, VL 156

	V
	1
	MPL 94

	VI
	1
	JL3 

	VII
	1
	IC 315944











Fig 2: Distribution of number of lentil genotypes in different clusters using D2
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The intra-cluster distance ranged was 0.00 to 349.87. The clusters with the most divergence were clusters IV, III, II and I while remaining clusters exhibited zero values for intra-cluster distance. The highest intra-cluster D2 value was observed in Cluster IV (D2 = 349.87), followed by clusters III (D2 = 314.67), clusters II (D2 = 248.84) and cluster I (D2 = 217.28). These clusters were poly-genotypic, while the other three clusters were mono-genotypic, indicating no intra-cluster divergence in those clusters.
For inter cluster the highest divergence was found between lines of Cluster III and VII (3614.10), followed by II and VII (1939.23) and Cluster VI and VII (1896.83) etc. In contrast minimum inter cluster distance were observed between clusters like cluster I and IV (387.93), Cluster II and VI (513.46) and Cluster II and III (586.71). Cluster I (217.28) was most closely related to Cluster IV (387.93) and most distantly related to Cluster III (1817.12).Cluster II (248.84) had the smallest inter-cluster distance of 513.46 with Cluster VI and the highest distance of 1939.23 with Cluster VII. Cluster III (314.67) was closest to Cluster II with a distance of 586.71, but it was farthest from Cluster VII, recording the maximum distance of 3614.10. Cluster IV (349.87) had its minimum distance (387.93) with Cluster I and maximum (1600.76) with Cluster III. For Cluster V (0.00) the least distance was observed with Cluster VI (626.54) and the highest with Cluster III (1640.91). Cluster VI (0.00) showed its closest relationship with Cluster II at 513.46 and the highest divergence with Cluster VII at 1896.83. Lastly, Cluster VII was nearest to Cluster I (683.29) and farthest from Cluster III (3614.10). Table 3 presents the D2 mean values within and between clusters for forty-two genotypes which were classified into seven clusters based on D2 values.  The results obtained align well with previous studies in lentil diversity by [15], [9], [16], [10], [5], [14], [4] and [6].
Table 3: Inter and Intra Cluster D2 value for different clusters
	Clusters
	I
	II
	III
	IV
	V
	VI
	VII

	I
	217.28
	753.31
	1817.12
	387.93
	628.50
	910.83
	683.29

	II
	
	248.84
	586.71
	689.25
	747.46
	513.46
	1939.23

	III
	
	
	314.67
	1600.76
	1640.91
	1185.39
	3614.10

	IV
	
	
	
	349.87
	626.54
	1084.18
	1133.17

	V
	
	
	
	
	0.00
	1032.27
	699.49

	VI
	
	
	
	
	
	0.00
	1896.83

	VII
	
	
	
	
	
	
	0.00



Fig 3: Cluster Diagram
[image: ] ANOVA for Dispersion 
The analysis of variance (ANOVA) of the dispersion matrix was performed to determine the multivariate significance of varietal differences across the studied traits. The results revealed a highly significant variation among the 42 genotypes, with a sum of squares of 2.3217 × 10⁵ and a mean square of 5.6628 × 10³ for the "Varieties" source. In contrast, the "Error" component had a negligible mean square of 2.0277 × 10⁻¹², indicating that the observed variability is primarily due to genetic differences rather than environmental. The F-ratio of 9999 and the associated probability value of 0.00000 (highly significant) confirm the presence of statistically significant multivariate differences among genotypes. These findings validate the suitability of the dataset for further multivariate analyses such as Wilks’ Lambda test and clustering, aimed at exploring genetic divergence and identifying promising genotypes for breeding programs.
Table 4: ANOVA for dispersion 
	Source of Variations
	d. f.
	Sum of Squares
	Mean Squares
	F Ratio
	Probability

	Varieties
	41
	2.3217E05
	5.6628E03
	9.999E03
	0.00000 ***

	Error
	40
	8.1109E-11
	2.0277E-12
	
	

	Total
	81
	2.3217E05
	2.8664E03
	
	



Cluster mean for yield and its component traits of lentil genotypes
Cluster VI showed high cluster mean values for most of the yield attributing traits that are plant height, pod length, number of branches per plant, number of pod cluster per plant, number of pods per plant, number of seed per pod, 100 seed weight, harvest index, seed yield per plant. Similarly cluster VII showed high cluster mean values for traits such as number of branches per plant, number of pod cluster per plant, number of pods per plant, number of seed per pod, 100 seed weight, biological yield per plant, seed yield per plant. Thus genotypes from these clusters should be selected showing high cluster mean values for yield attributing traits. These findings are consistent with reports by [27], [14] and [6].
Table 5: Cluster mean for yield and its component traits of lentil genotypes
	Clusters
	DTF
	DM
	PH
	PL
	NBPP
	NNPP
	NPCPP 
	NPPP
	NSPP
	100 SW
	BYPP
	HI
	DTF

	Cluster I
	60.94
	100.81
	49.44
	1.23
	3.71
	11.46
	23.88
	50.57
	1.74
	2.97
	10.71
	30.18
	3.23

	Cluster II
	59.40
	100.45
	46.68
	1.32
	4.11
	11.54
	21.37
	44.64
	1.67
	3.14
	7.90
	42.67
	3.36

	Cluster III
	58.17
	99.42
	44.45
	1.13
	3.72
	11.26
	13.97
	30.19
	1.68
	2.54
	5.30
	44.76
	2.36

	Cluster IV
	61.60
	100.40
	49.30
	1.50
	4.15
	15.15
	25.72
	53.30
	1.68
	3.21
	10.30
	34.71
	3.64

	Cluster V
	59.50
	100.00
	44.84
	1.20
	5.20
	15.20
	22.90
	48.40
	1.90
	4.50
	10.79
	45.44
	4.90

	Cluster VI
	59.50
	100.00
	40.32
	1.86
	4.70
	9.65
	24.40
	52.40
	2.00
	4.63
	9.65
	49.74
	4.80

	Cluster VII
	60.00
	98.50
	47.86
	1.06
	4.70
	12.30
	28.80
	60.60
	1.90
	4.35
	13.27
	36.10
	4.79




Principal Component Analysis
	Forty-two genotypes of lentils were analysed quantitatively using PCA in the current study program. Only five of the thirteen Principal components (PCs) had an Eigen value greater than one, indicating variation among the variables being examined. It showed that these five PCs under investigation varied by around 72.148%. PC1 (22.272) had the highest variability, followed by PC2 (16.076), PC3 (13.399), PC4 (11.747) and PC5 (8.926). Eigen values, % variance, and cumulative % are mentioned in Table 6. The semi-curved line beyond the fifth principal component showed only minimal variation, indicating that the majority of variation was concentrated in PC1. Hence, selecting genotypes based on the traits grouped under PC1 would be most desirable, as illustrated in Fig. 4.
Table 6: Principal Components of different traits
	S. Number
	Traits
	Principal components
	Eigen values
	Variability %
	Cumulative %

	1.
	Days to flowering
	PC1
	2.850
	22.272
	22.272

	2.
	Days to maturity
	PC2
	2.090
	16.076
	38.348

	3.
	Plant height
	PC3
	1.742
	13.399
	51.747

	4.
	Pod length
	PC4
	1.492
	11.747
	63.221

	5.
	Number of branches per plant
	PC5
	1.160
	8.926
	72.148

	6.
	Number of nodes per plant
	PC6
	0.885
	6.807
	78.955

	7.
	Number of pod clusters per plant
	PC7
	0.815
	6.269
	85.224

	8.
	Number of Pods per plant
	PC8
	0.571
	4.389
	89.613

	9.
	Number of seeds per pod
	PC9
	0.504
	3.875
	93.488

	10.
	100 seed weight
	PC10
	0.382
	2.936
	96.424

	11.
	Biological yield per plant
	PC11
	0.335
	2.576
	99.000

	12.
	Harvest index
	PC12
	0.113
	0.871
	99.871

	13.
	Seed yield per plant
	PC13
	0.017
	0.129
	100.000



Fig 4: Scree Plot between Eigen Value and Principal Components
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The genotype PL 32 recorded the highest PC1 score, indicating its overall superiority in the number of branches per plant and number of nodes per plant. Other genotypes with notable PC1 scores included MPL 4, IPL 406, IC 283384, IC 315944, SUBRITA, IC 331541, IC 406706 and JL 3 also showing considerable influence from these traits.
PC2 was mainly governed by the harvest index, IC 331545 showed the highest PC2 score, prominent genotypes in PC2 included LH 82-6, RANJAN, MPL 15, MPL 101, PL 24 and IC 268245.
The highest PC3 score was observed in MPL 105, reflecting it’s associated with the number of pod clusters per plant and number of pods per plant. Genotypes such as IC 331541, SUBRITA, VL 103, IC 328451, ASHA, IC 283384 and MPL 33 also showed strong association under PC3.
The genotype MPL 47 had the highest PC4 score, highlighting its excellence in by seed yield per plant and biological yield per plant. Other genotypes with high PC4 scores included IC 283384, PL 32 and MPL 4.
PC5 characterized by pod length, plant height and number of seeds per pod. IC 321535 emerged with the highest PC5 score, other genotypes include IC 384469, IC 396043 and IPL 315.
Similar results were found by [22], [1], [12], [24], [21] and [13] for quantitatitive traits under investigation.
Table 7: Rotated Matrix results of different traits (> 0.25)
	Traits
	PC1
	PC2
	PC3
	PC4
	PC5

	
	Number of branches per plant
	Harvest index
	Number of pod clusters per plant
	Seed yield per plant
	Pod length

	
	Number of nodes per plant
	
	Number of pods per plant
	Biological yield
	Plant height

	
	
	
	
	
	Number of seeds per pod



Table 8: Promising genotypes on the basis of scores of Principal Components
	PC 1
	PC 2
	PC 3
	PC 4
	PC 5

	MPL 4
	PL 24
	VL 103
	MPL 47
	IC 384469

	IC 283384
	LH 82-6
	IC 331541
	MPL 4
	IC 321535

	IPL 406
	RANJAN
	SUBRITA
	MPL 13
	IC 396043

	PL 32
	MPL 15
	MPL 105
	PL 32
	IPL 315

	IC 315944
	MPL 101
	IC 328451
	
	

	SUBRITA
	IC 331545
	ASHA
	
	

	IC 331541
	IC 268245
	IC 283384
	
	

	IC 406706
	
	MPL 33
	
	




Conclusion
According to the D2 statistics, crossing the genotypes of cluster IV would result in transgressive segregants, and in order to broaden the genetic base of lentils, it would be beneficial to cross the genotypes of cluster III and cluster VII. Cluster VI exhibited the highest mean scores for harvest index, seed yield per plant, number of branches per plant, pod length, number of pod clusters per plant, number of pods per plant, number of seeds per pod, and 100 seed weight. As a result, genotypes belonging to this cluster have potential as donor parents for crossbreeding programs, where their distinct traits can be utilized to improve other desired traits and seed yield. The genotypes that were found diverse based on D2 studies were as follows MPL 94, PL 4, IC 315944, LH 82-6 and PL 32.
According to PCA, four genotypes IC 283384, SUBRITA, PL 32 and MPL 4 were found promising as they fall in more than one PC. The most important traits that were identified were number of branches per plant, number of nodes per plant, number of pods per plant, number of seeds per pod, number of pod clusters per plant, harvest index, biological yield per plant, seed yield per plant, plant height and pod length.
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