Genetic Diversity and Principal Component Analysis of Yield Traits in Chickpea



ABSTRACT
Chickpea (Cicer arietinum L.) is an important cool-season food legume valued for its high protein content, nutritional quality, and resilience to dry land conditions. The crop exhibits substantial morphological and genetic variability, with two major market classes desi and kabuli differing widely in seed characteristics, plant habit, and adaptation. Enhancing chickpea productivity requires a clear understanding of genetic diversity, trait relationships, and the identification of superior parental lines for breeding programs. The present investigation evaluated 48 genotypes, including 3 checks, during Rabi 2024–25 at JNKVV, Jabalpur, to assess genetic divergence, trait contribution, and yield-associated variability. D² analysis grouped the genotypes into 17 clusters, with Cluster I containing the maximum genotypes (17). High inter-cluster distances, particularly between Cluster X and Cluster XIV, indicated wide genetic divergence suitable for obtaining transgressive segregants. Cluster mean analysis showed substantial variation for phenological, morphological, and yield traits, highlighting opportunities for selecting superior parents. Principal Component Analysis identified four components with Eigen values >1, together explaining 73.16% of total variability. PC1 (39.06%) was largely influenced by branching traits, pods per plant, biological yield, and seed yield. PC2 (17.16%) was associated with plant height, height at first fruiting node, and 100-seed weight; PC3 (9.13%) with days to flowering; and PC4 (7.79%) with harvest index. Several promising genotypes, including ICCV 241202, ICCV 241101, ICCV 241108, GL 21-18, and ICCV 241104, were identified based on principal component scores.
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INTRODUCTION

Chickpea (Cicer arietinum L.) is an important pulse crop belonging to the genus Cicer under the family Fabaceae, commonly referred to as the “garbanzo bean.” It is an annual, self-pollinated diploid species (2n = 2x = 16) with a genome size of about 738 Mbp (Varshney et al., 2013). Globally, it ranks third among edible legumes, following field pea (Pisum sativum L.) and common bean (Phaseolus vulgaris L.). The crop originates from southeast Turkey and spreads to India and Europe (Ladizinsky, 1975), and it is mainly cultivated in arid and semi-arid regions. The genus Cicer comprises 43 species, including 9 annual and 34 perennial types, and Cicer arietinum remains the only cultivated species (Kumar et al., 2023).
	In chickpea, two major market classes are recognized: Kabuli (beige seed coat) and desi (colored seed coat). Desi types account for nearly 85% of the global chickpea-growing area and are predominantly cultivated in Asia and Africa. They are characterized by semi-erect to semi-spreading growth habits, pink flowers, anthocyanin pigmentation on the stems, and small, angular, dark-colored seeds that may have either smooth or rough surfaces. In contrast, kabuli types, which occupy about 15% of the total area, have semi-spreading growth habits and large, smooth, “ram’s head” shaped seeds without anthocyanin pigmentation. Kabuli chickpeas are mainly grown in North America, Europe, North Africa, and West Asia (Zhang et al., 2025).
	Chickpeas are widely consumed across the world due to their high nutritional value. The seed composition includes 15–22% protein, 7–8% moisture, 3.8–10.20% fat, 50–58% carbohydrates, and less than 1% micronutrients (Jukanti et al., 2012). They are rich in lysine and arginine but contain lower levels of sulfur-containing amino acids such as cysteine and methionine (Jukanti et al., 2012). Chickpeas also serve as an excellent source of essential minerals like selenium (Se), zinc (Zn), and iron (Fe). In addition to providing dietary fiber, vitamins, and minerals, they are naturally cholesterol-free. The starch content of chickpea cultivars typically ranges from 41% to 50%, and kabuli types generally contain higher levels of soluble sugars. Chickpea research is very popular among scientists. A lot of work has been done from Jawaharlal Nehru Krishi Vishwa Vidyalaya, Jabalpur  Scientists in Chickpea Improvement (Vasht et al., 2019, Markam et al., 2026, Singh et al., 2025, Pandey et al., 2026, Sahu et al., 2021)
	Genetic diversity provides a broad and stable genetic foundation for a genotype, making it one of the most important components in crop improvement. Understanding the relationship between yield and its associated traits is essential for setting effective selection criteria both direct and indirect and for designing an appropriate breeding strategy for different characteristics. Genetic divergence helps reveal the nature and extent of variability present among genotypes. Principal Component Analysis serves as a valuable tool for evaluating genetic diversity and agro-morphological traits in chickpea.

MATERIAL AND METHODS

Experimental material consisted of 48 genotypes including 3 checks (Table 1) received from ICRISAT Hyderabad and AICRP on Rabi Pulses, JNKVV, Jabalpur. The experiment was conducted to recognize the contribution of yield and yield attributing traits at Seed Breeding Farm, JNKVV Jabalpur, under Randomized Complete Block Design, during the Rabi season, 2024-2025, using recommended agronomic practices for normal growth of crop. 
Climate and weather
Jabalpur is located at latitude 23.90°N and longitude 79.58° E, with an elevation of 411.87 meters above mean sea level.  The climate is usually semi-humid and subtropical, with severe summers and winters and sporadic precipitation.  The lowest temperature can go below 6°C in December or January, while the highest temperature can reach 46°C in May and June. The majority of the 1107.1 mm of average rainfall falls during the monsoon season, which lasts from mid-June to the end of October. Other seasons get sporadic precipitation. The “Kymore plateau and Satpura hills Agro-climatic zone” and the Madhya Pradesh rice-wheat crop zone are the classifications given to Jabalpur.  According to the ICAR’s National Bureau of Soil Science and Land Use Planning, this area is categorized as a sub-humid dry eco-region and an agro-ecological region.
Observations recorded
Five randomly chosen plants from each plot in each replication were used to record traits viz, Days to flowering, Days to maturity, Plant height, Height at first fruiting node, Stem thickness, Number of primary branches per plant, Number of secondary branches per plant, Number of effective pod per plant, 100 seed weight, Biological yield per plant, Harvest index, Seed yield per plant. All phenological traits were observed on a net plot basis, and competitive plants chosen at random from each plot were studied for quantitative traits on a single plant basis.
Table1: list of chickpea genotypes used in the experiment
	S. No.
	Genotypes
	Parentage
	Sources

	1
	ICCV 241101
	GG 2 x ICCV 07117
	ICRISAT, Patancheru

	2
	ICCV 241102
	JG 11 x ICCV 05532
	ICRISAT, Patancheru

	3
	ICCV 241103
	GG 2 x ICCV 05530
	ICRISAT, Patancheru

	4
	ICCV 241104
	ICCV 8102 x ICCV 04509
	ICRISAT, Patancheru

	5
	ICCV 241105
	Pusa 2085 x ICCV 04509
	ICRISAT, Patancheru

	6
	ICCV 241106
	ICCV 03108 x ICCV 04509
	ICRISAT, Patancheru

	7
	ICCV 241107
	ICCV 03205 x ICCV 04506
	ICRISAT, Patancheru

	8
	ICCV 241108
	ICCV 03108 x ICCV 04509
	ICRISAT, Patancheru

	9
	ICCV 241109
	ICCV 96836 x ICCV 04509
	ICRISAT, Patancheru

	10
	ICCV 241110
	ICCV 03108 x ICCV 04509
	ICRISAT, Patancheru

	11
	ICCV 241111
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	12
	ICCV 241112
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	13
	ICCV 241113
	HC 5 x JG 24
	ICRISAT, Patancheru

	14
	ICCV 241114
	ICCV 95138 x ICCV 97115
	ICRISAT, Patancheru

	15
	ICCV 241115
	ICCV 03108 x ICCV 8102
	ICRISAT, Patancheru

	16
	ICCV 241116
	ICCV 96836 x ICC 6263
	ICRISAT, Patancheru

	17
	ICCV 241117
	ICCV 96836 x ICCV 03108
	ICRISAT, Patancheru

	18
	ICCV 241118
	ICCV 03108 x ICCV 8102
	ICRISAT, Patancheru

	19
	ICCV 241201
	ICCV 07118 x ICCV 08102
	ICRISAT, Patancheru

	20
	ICCV 241202
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	21
	ICCV 241203
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	22
	ICCV 241205
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	23
	ICCV 241206
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	24
	ICCV 241207
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	25
	ICCV 241208
	ICCV 05106 x ICC 4958
	ICRISAT, Patancheru

	26
	ICCV 241209
	ICCV 08102 x JG 24
	ICRISAT, Patancheru

	27
	IPC 23-220
	T 39-1 x TPF 20
	IIPR, Kanpur

	28
	JG 36(ch)
	JG 12 x JG 16
	AICRP on Rabi Pulses, JNKVV, Jabalpur

	29
	RG 2022-B-08
	Selection from IC 267309
	IGKV, Raipur

	30
	BG 4065
	Pusa 3022 x ICC 13461
	IARI, New Delhi

	31
	NC 12
	(JG 11xICC 6306) x 3* JG 11
	NIPGR, N Delhi

	32
	ICCV-191156
	ICC 4958xICCV 93954xICCV 96970xICCV 97105x ICCV 10xICCV 93952xICCV 94954xICCV 00108
	ZARS,
Kalaburagi

	33
	JG 2022-8
	JG23 x ICC25741
	JNKVV, Jabalpur

	34
	GL 21-18
	PBG 5 x ILWC 229 (C. reti.)
	PAU, Ludhiana

	35
	IPC 23-283
	T 39-1 x TPF 32
	IIPR, Kanpur

	36
	IPC 2005-62(ch)
	DCP92-3 x T30-1
	AICRP on Rabi Pulses, JNKVV, Jabalpur

	37
	RG 2022-B-01#
	Selection from germplasm IC 468840
	IGKV, Raipur

	38
	RKGP 24-1
	ICCV 14103 x BGD 72
	AU, Kota

	39
	IPC 22-41
	ICC 4958 x T 39-1
	IIPR, Kanpur

	40
	BG 4066
	BG 1083 x BG 5023
	IARI, New Delhi

	41
	GL 21-84
	BGD 72 x ILWC 246 (C. echino.)
	PAU, Ludhiana

	42
	RKGP 24-2
	RSG 931 x Pusa 547
	AU, Kota

	43
	MABC-WR-SA2
	A-1 x WR-315
	ZARS,
Kalaburagi

	44
	JG 2023-109
	JG 14 x ICCV 11601
	JNKVV, Jabalpur

	45
	MABC-WR-SA10
	A-1 x WR-315
	ZARS,
Kalaburagi

	46
	NBeG47 (Check)
	ICCV2 x PDG84-16
	Nadyal, Andhra Pradesh

	47
	JG 18 (Check)
	ICCV 05530 x ICCV 88510
	JNKVV, Jabalpur, M.P

	48
	Phule  Vikram (Check)
	ICCV10 x ICCL87322
	MPKV, Rahuri, Maharashtra



RESULT AND DISCUSSION

Contribution of individual traits towards Genetic Divergence
The percentage involvement in genetic divergence by thirteen quantitative traits under study is shown in Table 2. The highest percent contribution to the total divergence was recorded for the plant height (20.39%) followed by number of primary branches per plant (19.77%), harvest index (12.68%), 100 seed weight (12.41%), biological yield per plant (8.33%), number of effective pods per plant (8.24%), whereas low percentage of contribution observed by days to maturity (5.94%), height at first fruiting node (4.79%), number of seed per pod (4.43%), days to flowering (2.57%), and very low or negligible contribution observed by seed yield per plant (0.44%), stem thickness (0%) and number of secondary branches per plant (0%).
Similar results suggested by Reddy et al (2021) for low contribution by seed yield per plant and number of secondary branches per plant. Sreelakshmi et al (2010) for high contribution of seed yield per plant towards divergence. Pandey et al (2013) for high contribution of 100 seed weight towards divergence.
Table 2: Contribution of different traits towards divergence
	S.No.
	Traits
	Times ranked 1st
	Contribution towards divergence (%)

	1
	Days to flowering
	29
	2.57

	2
	Days to maturity
	67
	5.94

	3
	Plant height
	230
	20.39

	4
	Height at first fruiting node
	54
	4.79

	5
	Stem thickness
	0
	0

	6
	Number of primary branches per plant
	223
	19.77

	7
	Number of secondary branches per plant
	0
	0

	8
	Number of effective pod per plant
	93
	8.24

	9
	Number of seed per pod
	50
	4.43

	10
	100 seed weight
	140
	12.41

	11
	Biological yield per plant
	94
	8.33

	12
	Harvest index
	143
	12.68

	13
	Seed yield per plant
	5
	0.44


Intra-cluster divergence
Based on D2 mean values, 48 genotypes were grouped into 17 clusters; Table 3 shows the intra and inter cluster D2 mean values. The intra cluster distance varied from 53.42 to 83.02. Cluster III shows highest intra cluster distance (83.02) followed by cluster II (70.01), cluster XIII (56.48), while cluster I had the lowest intra cluster distance (53.42). Cluster IV, cluster V, cluster VI, cluster VII, cluster VIII, cluster IX, cluster X, cluster XI, cluster XII, cluster XIV, cluster XV, cluster XVI and cluster XVII had one genotype each which noted zero value for intra cluster distance.
The selection of genetically varied parents from within the same cluster is made possible by elevated intra-cluster divergence, which increases breeding program diversity. In contrast, cluster I had the lowest intra-cluster distance of all the multi genotype clusters, indicating that its members had relatively closer genetic ties.
Inter-cluster divergence
High variance was observed in the inter-cluster Mahalanobis D2 values, indicating varying degrees of genetic diversity among the genotypes allocated to different clusters.  The highest inter cluster divergence was observed between genotypes of cluster X and cluster XIV followed by cluster X and cluster XIV (474.37) followed by cluster X and cluster XI (453.48), cluster X and cluster XVII (402.69), cluster IX and cluster XI (400.98), cluster IX and cluster XIV (393.39), cluster XII and cluster XIV (384.06), cluster XI and cluster XVI (379.1), cluster XI and cluster XII (366.49), cluster XIV and cluster XVI (350.09), cluster III and cluster XIV (345.42), cluster XIV and cluster XV (311.56), cluster VIII and cluster X (307.63), cluster II and cluster XIV (306.17), cluster IX and cluster XVII (302.49), cluster VII and cluster IX (300.58). High levels of genetic differentiation are indicated by such high inter-cluster distances, which imply that hybridization between these clusters may lead to the emergence of transgressive segregants and increased heterosis because of the combining of extremely dissimilar alleles suggested by Johnson et al (2015).
However, cluster IV and cluster VI (34.62) had the least inter-cluster distance, suggesting that these two groups had a tight genetic affinity.  Breeding systems seeking to maximize genetic recombination may find limited use for crosses between such closely related clusters since they are less likely to produce significant variation.
















1

	Cluster No.
	Cluster I
	Cluster II
	Cluster III
	Cluster IV
	Cluster V
	Cluster VI
	Cluster VII
	Cluster VIII
	Cluster IX
	Cluster X
	Cluster XI
	Cluster XII
	Cluster XIII
	Cluster XIV
	Cluster XV
	Cluster XVI
	Cluster XVII

	Cluster I
	53.42
	97.25
	164.97
	93.14
	106.27
	101.59
	95.30
	102.88
	142.68
	144.00
	199.43
	126.51
	148.64
	224.50
	154.02
	184.43
	193.69

	Cluster II
	
	70.01
	161.44
	120.36
	117.25
	143.07
	160.97
	151.10
	103.61
	99.35
	275.33
	99.34
	224.04
	306.17
	96.06
	125.22
	226.17

	Cluster III
	
	
	83.02
	159.65
	249.48
	120.96
	121.19
	172.75
	286.86
	250.30
	233.58
	284.63
	254.12
	345.42
	132.47
	294.13
	213.60

	Cluster IV
	
	
	
	0.00
	123.08
	34.62
	65.49
	46.69
	242.87
	236.90
	149.51
	157.84
	185.79
	141.83
	116.49
	199.27
	103.03

	Cluster V
	
	
	
	
	0.00
	167.36
	199.83
	128.97
	110.98
	143.56
	266.28
	152.16
	212.70
	190.01
	192.74
	89.49
	221.06

	Cluster VI
	
	
	
	
	
	0.00
	61.05
	49.81
	273.05
	293.87
	149.58
	246.19
	216.54
	172.92
	108.97
	296.78
	107.18

	Cluster VII
	
	
	
	
	
	
	0.00
	61.92
	300.58
	290.31
	52.92
	226.29
	107.79
	132.39
	180.18
	286.86
	87.49

	Cluster VIII
	
	
	
	
	
	
	
	0.00
	247.27
	307.63
	130.21
	208.97
	232.63
	141.63
	164.00
	239.30
	105.07

	Cluster IX
	
	
	
	
	
	
	
	
	0.00
	81.61
	400.98
	86.99
	289.06
	393.39
	135.91
	81.16
	302.49

	Cluster X
	
	
	
	
	
	
	
	
	
	0.00
	453.48
	70.60
	242.28
	474.37
	190.44
	96.16
	402.69

	Cluster XI
	
	
	
	
	
	
	
	
	
	
	0.00
	366.49
	127.61
	57.38
	271.78
	379.10
	71.93

	Cluster XII
	
	
	
	
	
	
	
	
	
	
	
	0.00
	229.32
	384.06
	174.10
	67.54
	281.53

	Cluster XIII
	
	
	
	
	
	
	
	
	
	
	
	
	56.48
	169.01
	296.23
	266.92
	184.96

	Cluster XIV
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00
	311.56
	350.09
	94.96

	Cluster XV
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00
	184.53
	156.58

	Cluster XVI
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00
	261.22

	Cluster XVII
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00


Table 3: Inter and intra cluster D2 values for different clusters


Table 4: Cluster mean for yield and its component traits of chickpea genotype: Tocher’s Method
	Cluster
	DTF
	DTM
	PH
	HFFN
	ST
	NPBPP
	NSBPP
	NEPPP
	NSPP
	100SW
	BYPP
	HI
	SYPP

	Cluster I
	66.0
	115.2
	57.8
	26.2
	3.75
	3.35
	9.75
	75.8
	1.24
	26.3
	37.0
	46.2
	17.0

	Cluster II
	65.2
	123.6
	53.6
	22.4
	3.67
	3.89
	10.52
	99.5
	1.53
	26.5
	48.7
	50.3
	24.4

	Cluster III
	71.2
	120.1
	39.4
	18.5
	3.43
	2.94
	9.52
	87.3
	1.48
	14.5
	34.8
	59.0
	20.8

	Cluster IV
	63.3
	113.3
	39.1
	18.1
	3.75
	3.66
	11.41
	64.5
	1.04
	27.8
	32.4
	43.8
	14.2

	Cluster V
	71.6
	120.3
	52.8
	31.8
	3.63
	3.71
	11.34
	47.3
	1.70
	34.8
	42.6
	50.1
	21.4

	Cluster VI
	62.3
	112.6
	36.4
	19.3
	2.95
	2.75
	9.56
	74.9
	1.03
	26.7
	27.7
	47.8
	13.2

	Cluster VII
	61.6
	116.3
	43.9
	16.5
	3.71
	2.74
	8.19
	51.7
	1.00
	19.3
	24.7
	42.1
	10.4

	Cluster VIII
	64.3
	118.3
	43.5
	16.7
	3.76
	2.75
	7.68
	50.1
	1.01
	30.1
	28.2
	56.3
	15.9

	Cluster IX
	73.0
	125.0
	66.8
	30.5
	3.87
	3.87
	10.77
	109.7
	1.70
	32.7
	65.5
	38.4
	25.2

	Cluster X
	72.0
	123.0
	63.0
	32.4
	3.82
	4.85
	9.74
	109.4
	1.89
	23.6
	51.6
	45.8
	23.5

	Cluster XI
	63.6
	119.3
	40.0
	14.5
	3.87
	2.20
	7.38
	38.3
	1.02
	21.6
	24.1
	27.5
	6.6

	Cluster XII
	68.0
	121.0
	65.2
	21.8
	3.87
	4.87
	11.17
	90.2
	1.32
	27.7
	58.1
	35.6
	20.7

	Cluster XIII
	68.6
	116.5
	52.9
	28.3
	3.46
	3.35
	8.64
	49.1
	1.00
	18.2
	31.0
	18.0
	5.4

	Cluster XIV
	64.3
	116.0
	36.3
	22.1
	3.94
	2.52
	7.35
	26.5
	1.00
	31.7
	24.7
	23.1
	5.7

	Cluster XV
	68.0
	121.6
	39.6
	19.1
	3.86
	3.46
	11.28
	129.5
	1.35
	25.6
	55.2
	41.2
	22.7

	Cluster XVI
	74.0
	125.0
	56.5
	25.1
	3.83
	4.75
	11.60
	60.1
	1.81
	28.8
	66.1
	38.3
	25.3

	Cluster XVII
	62.0
	116.0
	33.6
	14.7
	3.29
	2.55
	8.50
	41.7
	1.01
	25.0
	44.3
	19.1
	8.4


Where,
DTF: Days to 50% flowering, DTM: Days to maturity, PH: Plant height, HFFN: Height at first fruiting node, ST: Stem thickness, NPBPP: Number of primary branches per plant, NSBPP: Number of secondary branches per plant, NEPPP: Number of effective pods per plant, NSPP: Number of seeds per pod, 100SW: 100 seed weight, BYPP: Biological yield per plant, HI%: Harvest index, SYPP: Seed yield per plant.





Cluster mean 
Significant genetic variation was found among the assessed chickpea genotypes for every trait under investigation, according to the cluster mean analysis presented in table 4.  In days to flowering the high value was observed in cluster XVI (74.00) followed by cluster IX (73.00), cluster X (72.00), cluster V (71.67) and cluster III (71.28), while minimum value in cluster VII (61.67). For days to maturity the maximum mean value was observed in cluster IX and cluster XVI (125.00) followed by cluster II (123.63), cluster X (123.00), cluster XV (121.67) and cluster XII (121.00), whereas the minimum mean value in cluster VI (112.67). Plant height had maximum mean in cluster IX (66.86) followed by cluster XII (65.21), cluster X (63.07), cluster I (57.82) and cluster XVI (56.56), while minimum mean in cluster XVII (33.64). In case of height at first fruiting node the maximum mean value was observed in cluster X (32.47) followed by cluster V (31.80), cluster IX (30.53), cluster XIII (28.30) and cluster I (26.28), while minimum mean value in cluster XI (14.55). Stem thickness had maximum value in cluster XIV (3.94) followed by cluster IX (3.87), cluster XI (3.87), cluster XII (3.87) and cluster XV (3.86), while minimum value in cluster VI (2.95). Number of primary branches per plant had maximum mean value in cluster XII (4.87) followed by cluster X (4.85), cluster XVI (4.75) and cluster II (3.89), while minimum mean value in cluster XI (2.20). Number of secondary branches per plant had maximum value in cluster XVI (11.60) followed by cluster IV (11.41), cluster V (11.34), cluster XV (11.28) and cluster XII (11.17), while  minimum value in cluster XIV (7.35). In number of effective pods per plant the maximum value was observed in cluster XV (129.53) followed by cluster IX (109.73), cluster X (109.45), cluster II (99.51) and cluster XII (90.22), while  minimum value in cluster XIV (26.56). Number of seeds per pod had maximum mean in cluster X (1.89) followed by cluster XVI (1.81), cluster V (1.70), cluster IX (1.70) and cluster II (1.53), while minimum mean in cluster VII, cluster XIII and cluster XIV (1.00). For 100 seed weight the maximum value was observed in cluster V (34.80) followed by cluster IX (32.73), cluster XIV (31.73) and cluster VIII (30.17), while minimum value in cluster III (14.59). Biological yield per plant had maximum value in cluster XVI (66.14) followed by cluster IX (65.54), cluster XII (58.14), cluster XV (55.24) and cluster X (51.63), while minimum value in cluster XI (24.12). Harvest index had maximum mean value in cluster III (59.01) followed by cluster VIII (56.38), cluster II (50.36) and cluster V (50.11), while minimum mean value in cluster XIII (18.03). In seed yield per plant the maximum mean value was observed in cluster XVI (25.33) followed by cluster IX (25.22), cluster II (24.48), cluster X (23.50) and cluster XV (22.74), while minimum mean value in cluster XIII (5.46).
With the aim of enhancing chickpea yield potential, earliness, and desirable seed quality features, the clusters significant genetic variability highlights the possibility of choosing significantly different parental lines for hybridization.
Grouping of genotypes into different clusters on the basis of D2 Values
The 48 chickpea genotypes were divided into 17 different clusters using genetic divergence analysis shown in table 5, indicating significant genetic heterogeneity within the collection. Cluster I was the largest among all the clusters, comprising 17 genotypes, followed by cluster II, which included 10 genotypes; cluster III consisted of 6 genotypes and cluster XIII included 2 genotypes. The remaining 13 clusters, viz., cluster IV, cluster V, cluster VI, cluster VII, cluster VIII, cluster IX, cluster X, cluster XI, cluster XII, cluster XIV, cluster XV, cluster XVI and cluster XVII, each comprised a single genotype, suggesting the existence of extremely rare or genetically different lines.
In conclusion, the observed advanced breeding lines distribution into several clusters highlights the significant genetic variation found in the material, highlighting its importance for current and upcoming crop improvement projects.








Table 5: Distribution of chickpea genotypes in different clusters
	Cluster No.
	No. of Genotypes
	Name of the Genotypes

	Cluster I
	17
	ICCV241104, ICCV241112,  ICCV241113,  ICCV241111, ICCV241117, ICCV241105,  ICCV241208, IPC 22-41,  ICCV241107,  ICCV241110,  IPC 23-220, JG 2023-109,  ICCV241108, ICCV241106,  ICCV241116,  NBeG47,  ICCV241109

	Cluster II
	10
	ICCV241201, ICCV241203,  ICCV241205, Phule Vikram,  ICCV241102, ICCV241114, ICCV241206,  ICCV241209, ICCV-191156,  ICCV241103

	Cluster III
	6
	JG-36(ch),  JG 2022-8,  MABC-WR-SA2,  MABC-WR-SA10,  IPC 2005-62(ch),  RG 2022-B-01#

	Cluster IV
	1
	BG 4065

	Cluster V
	1
	JG18

	Cluster VI
	1
	NC 12

	Cluster VII
	1
	RKGP 24-1

	Cluster VIII
	1
	RG 2022-B-08

	Cluster IX
	1
	ICCV241202

	Cluster X
	1
	ICCV241115

	Cluster XI
	1
	RKGP 24-2

	Cluster XII
	1
	ICCV241118

	Cluster XIII
	2
	GL 21-18 and GL 21-84

	Cluster XIV
	1
	BG 4066

	Cluster XV
	1
	ICCV241101

	Cluster XVI
	1
	ICCV241207

	Cluster XVII
	1
	IPC 23-283
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                Figure 1: Distribution of chickpea genotypes in different clusters       

Principal Component Analysis
Principal component analysis (PCA) was conducted to examine yield and associated traits in chickpea, with attention given to principal components having Eigen values greater than one. Out of the thirteen components initially considered, only four had Eigen values exceeding one. Together, these components accounted for 73.16% of the variability among 48 genotypes of chickpea. Therefore, these four principal components were prioritized for further interpretation. The PC1 exhibited the highest variability (39.06%) along with a (5.079) Eigen value followed by PC2 (17.16%) with a (2.231) Eigen value, PC3 (9.13%) with (1.187) Eigen value and PC4 (7.79%) with (1.014) Eigen value (table 6) for the traits under this investigation.
The scree plot displays how much of the variance is explained by each principal component, showing the relationship between Eigen values and principal components through a graph. 
Table 6: Principal components of chickpea genotypes for different traits
	Traits
	Principal component (PC)
	Eigen value
	Variability (%)
	Cumulative (%)

	Days to flowering
	PC1
	5.079
	39.069
	39.069

	Days to maturity
	PC2
	2.231
	17.165
	56.234

	Plant height
	PC3
	1.187
	9.131
	65.365

	Height at first fruiting node
	PC4
	1.014
	7.796
	73.162

	Stem thickness
	PC5
	0.808
	6.218
	79.380

	Number of primary branches per plant
	PC6
	0.746
	5.736
	85.116

	Number of secondary branches per plant
	PC7
	0.597
	4.592
	89.707

	Number of effective pod per plant
	PC8
	0.446
	3.429
	93.136

	Number of seed per pod
	PC9
	0.351
	2.697
	95.833

	100 seed weight
	PC10
	0.244
	1.878
	97.711

	Biological yield per plant
	PC11
	0.169
	1.297
	99.008

	Harvest index
	PC12
	0.122
	0.939
	99.947

	Seed yield per plant
	PC13
	0.007
	0.053
	100.000



      Figure 2 : Scree plot between Eigen value and Principal components
PC1 was found to be the most significant component, accounting for 39.06% of the total variance and having a high Eigen value (5.079). Number of primary branches per plant, days to maturity, stem thickness, number of secondary branches per plant, number of effective pods per plant, number of seeds per pod, biological yield per plant and seed yield per plant are among the traits that load strongly on PC1. Similar results of association shown by Muniraja et al (2011) for traits number of secondary branches per plant, number of effective pods per plant and days to maturity. Nawab et al (2013) for traits number of seeds per pod and biological yield per plant. Kousar et al (2019) for the traits seed yield per plant and number of primary branches per plant.
PC2 was strongly correlated with plant height, height at first fruiting node and 100 seed weight, accounting for 17.16% of the overall variance (Eigen value: 2.231). Their relationship in a distinct component suggests partial independence from the main yield factors found in PC1, and these qualities frequently represent the plant's growth vigor and reproductive capacity. Similar results of association shown by Kousar et al (2019) for the trait hundred seed weight.
The main correlation between PC3 (9.13% variance; Eigen value: 1.187) and days to flowering emphasized the importance of phenological development for adaptability and yield stability in a variety of settings.  High PC3 scorers can therefore be taken into consideration to speed up selection for genotypes with the best flowering period.
PC4 was primarily associated with the harvest index, a characteristic that indicates the effectiveness of harvest index partitioning towards seed production, and it explained 7.79% of the variability (Eigen value: 1.014).  Breeding efforts aiming to increase yield under both ideal and stressful circumstances, harvest index is still a critical characteristic.
Table 7: Principal component values of rotation component matrix of chickpea genotypes
	Traits
	Principal components

	
	PC1
	PC2
	PC3
	PC4

	DTF
	0.282
	-0.123
	0.791
	-0.277

	DTM
	0.573
	-0.407
	-0.072
	-0.320

	PH
	0.584
	0.607
	0.223
	0.137

	HFFN
	0.357
	0.662
	0.506
	0.129

	ST
	0.438
	0.405
	-0.184
	0.325

	NPBPP
	0.797
	0.206
	-0.071
	-0.184

	NSBPP
	0.720
	-0.054
	-0.126
	-0.118

	NEPPP
	0.672
	-0.329
	-0.022
	0.229

	NSPP
	0.759
	-0.206
	0.040
	-0.117

	100SW
	0.348
	0.687
	-0.348
	0.072

	BYPP
	0.848
	0.047
	-0.207
	-0.353

	HI
	0.416
	-0.547
	0.162
	0.645

	SYPP
	0.903
	-0.332
	-0.056
	0.184


Where,
DTF: Days to 50% flowering, DTM: Days to maturity, PH: Plant height, HFFN: Height at first fruiting node, ST: Stem thickness, NPBPP: Number of primary branches per plant, NSBPP: Number of secondary branches per plant, NEPPP: Number of effective pods per plant, NSPP: Number of seeds per pod, 100SW: 100 seed weight, BYPP: Biological yield per plant, HI%: Harvest index, SYPP: Seed yield per plant
Table 8: Rotated matrix result of different traits (>0.400)
	Traits
	PC1
	PC2
	PC3
	PC4

	
	Number of primary branches per plant
	Plant height
	Days to flowering
	Harvest index

	
	Days to maturity
	Height at first fruiting node
	
	

	
	Stem thickness
	100 seed weight
	
	

	
	Number of secondary branches per plant
	
	
	

	
	Number of effective pods per plant
	
	
	

	
	Number of seeds per pod
	
	
	

	
	Biological yield per plant
	
	
	

	
	Seed yield per plant
	
	
	


Table 9: List of different PCA scores of the chickpea genotypes
	S.No.
	Genotype
	PC1
	PC2
	PC3
	PC4

	1
	ICCV 241101
	1.654
	-1.286
	-1.223
	-0.583

	2
	ICCV 241102
	2.202
	-0.441
	0.314
	-0.431

	3
	ICCV 241103
	-0.748
	-0.628
	-0.904
	-1.214

	4
	ICCV 241104
	-0.530
	1.247
	0.311
	1.818

	5
	ICCV 241105
	-0.779
	-0.340
	-0.732
	1.468

	6
	ICCV 241106
	-1.268
	1.046
	0.834
	0.483

	7
	ICCV 241107
	-0.633
	1.094
	1.902
	0.337

	8
	ICCV 241108
	-1.113
	2.274
	1.062
	0.946

	9
	ICCV 241109
	0.211
	0.448
	-0.368
	-0.930

	10
	ICCV 241110
	-0.973
	1.370
	0.967
	0.021

	11
	ICCV 241111
	-1.256
	1.924
	0.520
	1.470

	12
	ICCV 241112
	-0.216
	1.336
	-0.086
	1.713

	13
	ICCV 241113
	0.549
	1.068
	-0.622
	0.435

	14
	ICCV 241114
	1.467
	-1.007
	-0.026
	0.218

	15
	ICCV 241115
	3.463
	0.622
	1.368
	-0.530

	16
	ICCV 241116
	1.304
	1.414
	0.104
	0.730

	17
	ICCV 241117
	-0.476
	0.180
	-0.077
	1.432

	18
	ICCV 241118
	2.585
	1.218
	-0.769
	-1.300

	19
	ICCV 241201
	2.198
	-1.341
	-1.868
	0.324

	20
	ICCV 241202
	3.948
	1.382
	0.427
	-1.106

	21
	ICCV 241203
	3.154
	-1.117
	-2.023
	0.364

	22
	ICCV 241205
	1.492
	-1.402
	-1.662
	0.484

	23
	ICCV 241206
	3.129
	0.397
	0.727
	0.557

	24
	ICCV 241207
	3.608
	0.669
	-0.006
	-2.412

	25
	ICCV 241208
	-1.442
	0.630
	-0.547
	0.611

	26
	ICCV 241209
	2.697
	0.932
	-2.112
	-0.770

	27
	IPC 23-220
	-1.209
	1.011
	-0.400
	0.700

	28
	JG-36(ch)
	0.029
	-3.118
	2.093
	0.479

	29
	RG 2022-B-08
	-2.324
	-0.288
	-0.866
	1.230

	30
	BG 4065
	-1.264
	0.168
	-1.430
	0.166

	31
	NC 12
	-2.996
	-1.043
	-0.535
	0.157

	32
	ICCV-191156
	1.374
	-0.610
	0.583
	-0.467

	33
	JG 2022-8
	-0.370
	-2.154
	1.794
	0.899

	34
	GL 21-18
	-3.225
	1.443
	2.211
	-2.399

	35
	IPC 23-283
	-3.851
	-0.080
	-1.714
	-2.285

	36
	IPC 2005-62(ch)
	-3.466
	-3.065
	-0.098
	-0.158

	37
	RG 2022-B-01#
	-2.722
	-4.056
	1.931
	-1.554

	38
	RKGP 24-1
	-3.421
	-0.493
	-0.664
	0.417

	39
	IPC 22-41
	-0.649
	1.214
	-0.450
	0.208

	40
	BG 4066
	-4.138
	1.959
	-0.926
	-0.545

	41
	GL 21-84
	-2.626
	1.666
	0.404
	-1.281

	42
	RKGP 24-2
	-4.353
	-0.035
	-0.937
	-0.596

	43
	MABC-WR-SA2
	0.976
	-3.104
	0.407
	0.556

	44
	JG 2023-109
	2.079
	0.359
	1.046
	0.163

	45
	MABC-WR-SA10
	1.454
	-2.500
	0.024
	0.711

	46
	NBeG47 (Check)
	2.212
	0.915
	1.151
	0.198

	47
	JG 18 (Check)
	1.622
	1.336
	0.761
	-0.450

	48
	Phule Vikram (Check)
	2.642
	-1.214
	0.107
	-0.284



PC scores of different genotypes
High-performing genotypes within each component were found by utilizing principal component scores presented in the (table 9). In PC1, the highest PC score was obtained for the genotype ICCV 241202 followed by ICCV 241101, ICCV 241102, ICCV 241115, ICCV 241118, ICCV 241201, ICCV 241203, ICCV 241206, ICCV 241207, ICCV 241209, JG 2023-109, NBeG47, JG18 and Phule Vikram. These genotypes possess high values of traits such as number of primary branches per plant, days to maturity; stem thickness, number of secondary branches per plant, number of effective pods per plant, number of seeds per pod, biological yield per plant and seed yield per plant. In PC2, the highest PC score was noted for the genotype ICCV 241108 followed by ICCV 241111, BG 4066 and GL 21-84. PC2 was mainly related to traits such as plant height, height at first fruiting node and 100 seed weight. The highest scores in PC3 were recorded for the genotype GL 21-18 followed by ICCV 241107, JG-36 (ch), JG 2022-8 and RG 2022-B-01 mainly associated with the trait days to flowering. In PC4, the highest PC score was obtained for the genotype ICCV 241104 followed by ICCV 241112, both associated with the trait harvest index.
CONCLUSION
Plant height and the number of primary branches per plant contribute the most to divergence. These highly divergent traits are used in crossing programs because parents with contrasting characteristics are likely to produce offspring with a broader range of desirable traits, enhancing genetic variability and increasing the chance of achieving superior recombinants.
There were total 17 clusters, higher number of cluster indicates higher genetic diversity among the genotypes. Cluster I was largest among all the clusters which included 17 genotypes. The intra cluster distance was maximum in cluster III and minimum in cluster I, while the inter cluster distance was maximum in between cluster X and cluster XIV and minimum in cluster IV and cluster VI. The genotypes of maximum inter cluster distance select in the crossing programme is expected to give useful recombinants in subsequent generations.
Out of 13 traits, only 4 principal components (PCs) indicated more than 1 Eigen value and observed about 73.16 % variability among the traits under study.
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