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Comprehensive Evaluation of Variability, Trait Associations and Genetic Divergence in Cicer arietinum L.

Abstract 
Chickpea (Cicer arietinum L.) is a vital legume crop valued for its nutritional richness and ability to improve soil fertility. Despite its significance, productivity is constrained by a narrow genetic base and susceptibility to multiple stresses. In this study, 69 diverse chickpea genotypes were evaluated during the Rabi 2022–23 at RVSKVV, Gwalior, to assess genetic variability, interrelationships among traits and genetic divergence using multivariate analysis for 12 quantitative traits. Significant genotypic differences were observed for all the traits. Yield per plant exhibited the highest GCV (25.20%) and PCV (25.43%), coupled with high heritability (98.10%) and genetic advance (51.42%), indicating strong additive gene effects and potential for improvement via selection. Correlation studies revealed seed yield was positively associated with harvest index, biological yield and numbers of primary branches, while negatively associated with plant height. Path coefficient analysis underscored harvest index and biological yield as major direct contributors to seed yield at both genotypic and phenotypic levels, suggesting these as reliable selection criteria. Mahalanobis D² analysis grouped the genotypes into 10 clusters, with maximum inter-cluster distance between clusters VIII and X (24.76), highlighting opportunities for exploiting heterosis through crosses between genetically divergent parents. Traits like harvest index (38.01%) and biological yield (25.55%) contributed most to total divergence. Cluster III exhibited the highest mean seed yield, while cluster X was found superior for harvest index and branching traits. The findings emphasize the existence of considerable genetic variability in the material investigated, offering valuable insights for breeding programmes aimed to develop high-yielding, stress-resilient chickpea cultivars through strategic parent selection and hybridization.
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1. Introduction 
Chickpea (Cicer arietinum L.), a member of the family Fabaceae, subfamily Papilionoideae, tribe Cicereae, also called as ‘Garbanzo bean’ or ‘Bengal gram’ is the third most important pulse crop globally after pea and common bean (Sahu et al., 2020a; Asati et al., 2022; Koul et al., 2022; Zhang et al., 2024). India ranks as the leading producer of chickpeas globally, contributing an annual production of approximately 11.91 million tons, cultivated over an area of 10.94 million hectares. The crop records an average productivity of 1.09 tons per hectare (Sahu et al., 2020b; Yadav et al., 2024a; Rajpoot et al., 2025). It is predominantly cultivated in semi-arid and arid regions, where it serves as a crucial component of sustainable farming systems due to its dual role in human nutrition and soil health improvement (Fikre et al., 2020; Arriagada et al., 2022; Yadav et al., 2025). Chickpea is a self-pollinated, diploid species (2n=2x=16) with a relatively narrow genetic base, yet it exhibits considerable phenotypic variability that has been shaped by natural and artificial selection across diverse agro-ecologies (Symkal et al., 2015; Chandora et al., 2020; Asati et al., 2024). Believed to have originated in the Fertile Crescent (encompassing southeastern Turkey and adjoining Syria), chickpea is among the earliest domesticated grain legumes, dating back approximately 7,500–10,000 years (Redden & Berger, 2007; Koul et al., 2022; Asati et al., 2023a; Henderson, 2023; Yadav et al., 2024b). Its domestication history and long cultivation under varied environmental conditions have resulted in substantial variability in morphological, physiological and agronomic traits (Asati et al., 2023b; Yadav et al., 2023a). Two main types are recognized: Desi (small, angular, coloured seeds with rough testa) predominant in South Asia and Kabuli (larger, rounded, cream-colored seeds with smooth testa) mainly grown in the Mediterranean basin and parts of West Asia (Purushothaman et al., 2014; Tesfamichael et al., 2015; Sedlakova et al., 2021; Yadav et al., 2023b). Nutritionally, chickpea is an excellent source of high-quality protein (18–22%), complex carbohydrates, dietary fiber, vitamins, and essential minerals like iron and zinc, making it a vital component in vegetarian diets and for addressing malnutrition in developing countries (Gupta et al., 2021; Yadav et al., 2023c; Jha et al., 2024; Patil et al., 2024). Agronomically, chickpea improves soil fertility through its ability to fix atmospheric nitrogen in symbiosis with Mesorhizobium ciceri, contributing significantly to reducing dependency on synthetic nitrogen fertilizers in cropping systems (Tiwari et al., 2023a; Yadav et al., 2023d; Mahto et al., 2025).
Despite its economic and nutritional significance, chickpea productivity remains constrained by a narrow genetic base, susceptibility to various biotic and abiotic stresses, and sub-optimal exploitation of existing genetic variability (Rasool et al., 2015; Arriagada et al., 2022; Sistu et al., 2023; Tiwari et al., 2023b; Rajput et al., 2023a). Assessment of genetic variability and divergence among available germplasm is a critical step in any crop improvement programme (Makwana et al., 2023; Jain et al., 2024a; Paliwal et al., 2024). It facilitates the identification of diverse parental lines that can be utilized to create superior recombinants with desirable traits (Mihoariya et al., 2023; Ningwal et al., 2023a; Rajput et al., 2023a). Estimates of phenotypic and genotypic coefficients of variation (PCV and GCV), heritability, and genetic advance provide insights into the extent and nature of variability present for various quantitative traits and their potential for improvement through selection (Ningwal et al., 2023b; Rajput et al., 2023b; Ningwal et al., 2024). Correlation coefficient analysis (Miller et al., 1958) helps in understanding the interrelationships among different traits, enabling breeders to identify indirect selection criteria for complex traits like yield (Tiwari et al., 2023c; Jhariya et al., 2025). Further, path coefficient analysis (Wright et al., 1921) partitions these correlations into direct and indirect effects, offering a deeper understanding of the causal relationships and relative importance of different traits contributing to seed yield (Gautam et al., 2025; Mishra et al., 2025a; Rajput et al., 2025b; Sharma et al., 2025a). Genetic divergence analysis using Mahalanobis D² statistics serves as a powerful multivariate tool to quantify genetic diversity among genotypes, guiding the choice of divergent parents to exploit heterosis and broaden the genetic base (Sirisha et al., 2020). By grouping genotypes into distinct clusters and examining inter- and intra-cluster distances, breeders can design effective crossing programmes aimed at maximizing genetic recombination (Rajput et al., 2025b; Sharma et al., 2025b).
Given this background, the present investigation was undertaken to assess the extent of genetic variability, heritability, genetic advance, correlation, path analysis and genetic divergence among 69 diverse chickpea genotypes for yield and its contributing traits. The study aims to identify promising genotypes and understand the underlying genetic architecture, thereby providing a scientific basis for formulating effective breeding strategies to enhance chickpea productivity and stability under varied agro-climatic conditions.
2. Material & Methods 
2.1 Experimental site
The present investigation was conducted at the Research Farm, Department of Genetics and Plant Breeding, College of Agriculture, Rajmata Vijayaraje Scindia Agricultural University, Gwalior, Madhya Pradesh, India. The experimental site is geographically situated at 22°43′ N latitude and 76°54′ E longitude, at an elevation of 618 meters above mean sea level (MSL). This region falls under the subtropical, semi-arid climate, characterized by hot and dry summers and cold winters with occasional rainfall events. The soil of the experimental field was relatively uniform in topography and fertility, ensuring minimal spatial variability in edaphic conditions. During the crop growing period (November 2022 to April 2023), the weekly meteorological observations recorded at the Weather Station of the College of Agriculture, Gwalior, revealed that the maximum temperature ranged between 17.9°C to 41.5°C, while the minimum temperature varied from 2.8°C to 22.7°C. Relative humidity ranged between 52.4% to 95.7% (maximum) and 32.7% to 73.4% (minimum). The total rainfall received during the cropping season was 22.6 mm, indicating a predominantly dry spell with only a few isolated precipitation events, notably during the 4th, 11th and 13th standard meteorological weeks (SMWs). Such agro-climatic conditions provided an appropriate environment for the execution of the experiment and assessment of genotypic responses under field conditions.
2.2. Experimental details
The experimental material consisted of 69 diverse chickpea genotypes (Table 1) acquired from different sources. The trial was conducted in a Randomized Block Design (RBD) with three replications to effectively manage environmental variability and enable accurate estimation of experimental error. Each genotype was planted in a single row, maintaining an inter-row spacing of 30 cm and intra-row spacing of 15 cm to ensure optimal plant density and allow full expression of genotypic traits. Throughout the cropping period, standard agronomic practices were meticulously followed to maintain a uniform and healthy crop stand, thereby ensuring the reliability of the observed phenotypic data. For the assessment of yield and its contributing traits, five random competitive plants were sampled from the middle of each row in every replication, thereby minimizing border effects and enhancing the reliability of trait evaluation.
Table 1 List of chickpea genotypes with their parentage/ source used in the study
	S.No.
	Name of genotypes 
	Pedigree/Parentage 
	S.No.
	Name of genotypes 
	Pedigree/Parentage 

	1
	SAGL 152327
	KAK 2 x JSC 19
	36
	SAGL 162390
	JSC 37 × JSC 36

	2
	SAGL 152324
	IPC 4958 X IPC 9494
	37
	SAGL 152256
	JSC 19 × KAK 2

	3
	SAGL 152237
	BG 2064 x KAK -2
	38
	SAGL 152208
	BG 362 × IPC 9494

	4
	SAGL 152250
	KAK 2 x BG 2064
	39
	SAGL 152236
	KAK 2 × BG 362

	5
	SAGL 152350
	RAK, CoA, Sehore
	40
	SAGL 152342
	PG 94259 × BG 1108

	6
	SAGL 152238
	PG -9425-9 x IPC 9494
	41
	SAGL 152254
	BG 362 × ICC 506

	7
	SAGL 152405
	RAK, CoA, Sehore
	42
	SAGL 152303
	JSC 19 × BGD 112

	8
	SAGL 152339
	JG16 x KAK 2
	43
	SAGL 152404
	RAK, CoA, Sehore

	9
	SAGL 152344
	IPC9494 x JG16
	44
	SAGL 152252
	ICC 4958 × BG 1108

	10
	SAGL 162299
	JSC 52x JSC 36
	45
	SAGL 152349
	KAK 2 × PHULE G5

	11
	SAGL 162387
	ICC 4958 x BG 1003
	46
	SAGL 162371
	JSC 52 ×JG 130

	12
	SAGL 162381
	JSC 52 x RSG 888
	47
	SAGL 152334
	PG 94259 × IPC 9494

	13
	SAGL 162364
	SC 36 x JSC 37
	48
	JG 24
	JNKVV, Jabalpur

	14
	SAGL 152356
	RAK, CoA, Sehore
	49
	JG 63
	Single plant selection from JG 62

	15
	SAGL 152337
	ICC 4958 x KAK 2
	50
	JG 14 
	(GW5/7 x P327 ) x ICCL83149

	16
	SAGL 153226
	RAK, CoA, Sehore
	51
	JG 11
	(Phule G5 x Narsinghpur bold) x
ICCC37

	17
	SAGL 152258
	JG 135 x FG 711
	52
	JG 36
	JG 12 x JG 16

	18
	SAGL 152231
	ICC 4958 x BG 362
	53
	JG 130
	([PhuleG5 X Narshinghpur bold] X JG 74)

	19
	SAGL 152223
	RAK, CoA, Sehore
	54
	JG 315
	Selection form WR 315

	20
	SAGL 152234
	JSC 19 x ICC 4958
	55
	JG 6
	(ICCV10 x K850) x (H208x RS11)

	21
	SAGL 162376
	JSC 52 x RSG 888
	56
	JGG 1
	Selection from germplasm

	22
	SAGL 162377
	JSC 36 x JSC 52
	57
	RVSSG 64
	RAK, CoA, Sehore

	23
	SAGL 161024
	JAKI 9218 x BGD 112
	58
	RVSSG 69
	RAK, CoA, Sehore

	24
	SAGL 161025
	JSC 52 x BGD 112
	59
	RVSSG 85
	RAK, CoA, Sehore

	25
	SAGL 152403
	RAK, CoA, Sehore
	60
	RVSSG 75
	RAK, CoA, Sehore

	26
	SAGL 162370
	PG 9425 9 × BG 2064
	61
	RVG 202
	RAK, CoA, Sehore

	27
	SAGL 152210
	IPC 94-94 × ICC 506
	62
	RVG 201
	Phule G5x Bheema

	28
	SAGL 152273
	KAK 2 × IPC 9494
	63
	RVG 205
	BGD 112 × JSC 37

	29
	SAGL 152216
	JG 16×Vijay
	64
	RVG 210
	BG362 × JG 16

	30
	SAGL 162265
	BG 362 × JSC 19
	65
	JAKI 9218
	(ICCC 37 x GW5/7) x ICCV 107

	31
	SAGL 152347
	KAK 2 × JSC 19
	66
	ICC 4958
	Germplasm collection

	32
	SAGL 152314
	KAK2 × Vishal
	67
	Pant Gram 5
	PG035 X HC5

	33
	SAGL 162375
	JAKI 9218 × JSC 52
	68
	H-12-55
	HC 1 X H 00-216

	34
	SAGL 152278
	JSC 37 × JSC 36
	69
	VISHAL
	RAK, CoA, Sehore

	35
	SAGL 152242
	PG 94259 × BG 1108
	
	
	



2.3 Statistical analysis 
The recorded data were subjected to analysis of variance (ANOVA) using OPSTAT software to determine the significance of genotypic differences under the randomized complete block design (RCBD). Estimates of key genetic parameters, including the genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), heritability in the broad sense and genetic advance were subsequently calculated to assess the extent of variability and the potential for genetic improvement. Additionally, AgriAnalyzer software was employed to compute genotypic and phenotypic correlation coefficients. Moreover, path coefficient analysis was computed to elucidate direct and indirect effects of component traits on yield and Mahalanobis D² analysis was computed to quantify genetic divergence and identify traits contributing most significantly to yield variation.
3. Results & Discussion 
3.1 Coefficient of variation, Heritability and Genetic Advance 
The analysis of variability parameters revealed that for all the traits investigated, the estimates of phenotypic coefficient of variation (PCV) were invariably higher than the corresponding genotypic coefficient of variation (GCV) (Table 2), indicating that the observed variation is influenced by both genetic factors and environmental effects (Kumar et al., 2019). Among the traits, yield per plant exhibited the highest PCV (25.43%) and GCV (25.20%), closely followed by harvest index with PCV and GCV values of 22.20% and 21.82%, respectively, suggesting presence of substantial genetic variability and limited environmental influence on these characters (Nabati et al., 2023; Quatadah et al., 2025). Moderate estimates of PCV and GCV were observed for biological yield per plant (15.95% and 15.71%), numbers of seeds per pod (16.47% and 14.47%), 100-seed weight (15.16% and 14.04%) and plant height (12.66% and 12.08%), reflecting a reasonable scope for genetic improvement through selection. In contrast, traits such as days to maturity (PCV: 2.72%, GCV: 2.54%) and days to 50% flowering (PCV: 2.56%, GCV: 2.05%) displayed low variability, indicating a relatively stable expression across environments. As earlier suggested by Joshi (2018).
Heritability estimates in the broad sense were evident high for all the traits evaluated, ranging from 57.50% for numbers of secondary branches per plant to 98.10% for yield per plant. Notably, yield per plant (98.10%), biological yield (96.90%) and harvest index (96.60%) exhibited exceptionally high heritability, signifying that the observed phenotypic variation for these traits is largely governed by genetic factors, with minimal environmental interference. As previously stated by Babbar et al. (2023) and Gimenez et al. (2024). This was further supported by the genetic advance as percent of mean (GAM), which was highest for yield per plant (51.42%), harvest index (44.16%), and biological yield (31.85%), indicating the effectiveness of direct selection for these traits. While moderate GAM values were recorded for numbers of primary branches, total numbers of pods and numbers of effective pods, whereas traits like days to maturity (5.05%) and days to 50% flowering (3.37%) showed low genetic advance, suggesting that although heritability was moderate to high, the genetic gains from selection would be limited due to low genetic variability. Thakur et al. (2018), Nagar & Karnawat (2023) and Rani et al. (2025) also obtained similar results.
Collectively, the high heritability coupled with high genetic advance observed for traits such as yield per plant, harvest index and biological yield underscores the predominance of additive gene action, indicating that these characters can be effectively improved through simple selection strategies (Mequanint et al., 2024). In contrast, traits with lower GAM despite moderate to high heritability point towards a possible role of non-additive gene effects or influence of other genetic complexities (Yadav et al., 2012; Deb et al., 2024). Thus, the results highlighted that yield per plant, harvest index and biological yield proved as promising selection criteria for chickpea improvement programmes with aim to enhance productivity, whereas improvement in traits like days to flowering and maturity may require different breeding approaches, such as recurrent selection or hybridization followed by selection (Halladakeri et al., 2022; Nagar & Karnawat, 2023; Bisoriya et al., 2025).
Table 2 Parameters of genetic variability for grain yield and its attributing traits
	[bookmark: RANGE!E5:M18]S. No.
	Characters
	Mean
	Range
	GCV (%)
	PCV (%)
	Heritability (%) (Broad sense)
	Genetic advance as % of mean 5%

	
	
	
	    Min
	Max
	
	
	
	

	1
	DF
	55.19
	51.33
	58.00
	2.05
	2.56
	63.90
	3.37

	2
	DM
	116.20
	104.67
	119.67
	2.54
	2.72
	90.10
	5.05

	3
	PH
	53.15
	28.90
	68.27
	12.08
	12.66
	91.00
	23.74

	4
	NPBPP
	4.52
	3.60
	5.60
	9.95
	10.26
	94.00
	19.87

	5
	NSBPP
	9.69
	7.87
	11.70
	6.64
	8.75
	57.50
	10.37

	6
	TNPPP
	40.68
	33.33
	53.67
	9.05
	10.97
	68.00
	15.38

	7
	NSPP
	1.36
	1.03
	1.90
	14.47
	16.47
	77.20
	26.19

	8
	100- SW
	24.95
	17.93
	31.98
	14.04
	15.16
	85.80
	26.80

	9
	NEPPP
	34.10
	26.67
	44.33
	8.86
	10.97
	65.20
	14.74

	10
	BYPP
	34.67
	26.71
	48.38
	15.71
	15.95
	96.90
	31.85

	11
	HI
	51.97
	30.7
	84.419
	21.82
	22.20
	96.60
	44.16

	12
	YPP
	17.75
	12.06
	32.09
	25.20
	25.43
	98.10
	51.42


*Abbreviations: DF= Days to 50% flowering, DM= Days to maturity, PH= Plant height, NPBPP= Numbers of primary branches per plant, NSBPP= Numbers of secondary branches per plant, TNPPP= Total numbers of pods per plant, NSPP= Numbers of seeds per pod, 100 SW = 100 -seed weight, NEPPP= Numbers of effective pods per plant, BYPP= Biological yield per plant, HI= Harvest index, YPP=Yield per plant
3.2 Correlation coefficient 
The correlation coefficient analysis provided valuable insights into the degree and direction of association among seed yield and its component traits at both genotypic and phenotypic levels, highlighting potential indirect selection criteria for yield improvement. At the genotypic level, seed yield per plant exhibited a highly significant and positive correlation with harvest index (0.7746), biological yield per plant (0.3848) and numbers of primary branches (0.3613), suggesting that selection for these traits would likely lead to simultaneous improvement in yield (Manikanteswara et al., 2019; Behera et al., 2024). Interestingly, plant height showed a significant negative association with seed yield (-0.1883), indicating that taller plants may not necessarily contribute to higher productivity under the given environmental conditions (Rajkumar et al., 2024). Among other inter-trait relationships, days to 50% flowering was positively associated with biological yield (0.4436) and numbers of primary branches (0.2653), but negatively correlated with numbers of secondary branches (-0.3312). Similarly, days to maturity showed a positive association with 100-seed weight (0.2667) and numbers of seeds per pod (0.1787), while negatively correlated with numbers of secondary branches (-0.2877) and primary branches (-0.2126). Numbers of effective pods per plant was significantly correlated with total numbers of pods (0.9254), emphasizing their close dependence, whereas numbers of seeds per pod had a notable negative relationship with seed yield (-0.2607) and biological yield (-0.2250).
Table 3 Genotype correlation coefficient for grain yield and its 12 attributing characters 
	S.
No.
	Characters
	DF
	DM
	PH
	NPBPP
	NSBPP
	TNPPP
	NSPP
	100- SW
	NEPPP
	BYPP
	HI
	YPP

	1
	DF
	1.0000
	0.2522**
	-0.0822
	0.2653**
	-0.3312**
	-0.0171
	-0.0720
	-0.0123
	0.0133
	0.4436**
	-0.0813
	0.2002**

	2
	DM
	
	1.0000
	-0.2102**
	-0.2126**
	-0.2877**
	0.0434
	0.1787**
	0.2667**
	-0.2120**
	0.1649**
	-0.2367**
	-0.1068

	3
	PH
	
	
	1.0000
	-0.0370
	0.1610
	0.0460
	-0.0503
	0.0427
	0.0691
	-0.1774*
	-0.0708
	-0.1883*

	4
	NPBPP
	
	
	
	1.0000
	0.0927
	0.2015**
	-0.0119
	0.0035
	0.0255
	0.0945
	0.2839**
	0.3613**

	5
	NSBPP
	
	
	
	
	1.0000
	0.0676
	-0.1482
	0.1336
	0.0714
	0.1447
	-0.0306
	0.1107

	6
	TNPPP
	
	
	
	
	
	1.0000
	0.2244**
	0.0560
	0.9254**
	-0.1165
	0.0118
	-0.0703

	7
	NSPP
	
	
	
	
	
	
	1.0000
	-0.0673
	0.1595*
	-0.2250**
	-0.0945
	-0.2607**

	8
	100- SW
	
	
	
	
	
	
	
	1.0000
	0.0084
	-0.2193**
	-0.0054
	-0.1488

	9
	NEPPP
	
	
	
	
	
	
	
	
	1.0000
	-0.1949*
	0.0749
	-0.0518

	10
	BYPP
	
	
	
	
	
	
	
	
	
	1.0000
	-0.2745**
	0.3848**

	11
	HI
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.7746**

	12
	YPP
	
	
	
	
	
	
	
	
	
	
	
	1.0000


At the phenotypic level, a similar pattern of associations was observed, with seed yield per plant showing highly significant positive correlations with harvest index (0.7641) and biological yield (0.3758). Numbers of primary branches (0.3470) and days to 50% flowering (0.1583) also had positive phenotypic correlations with yield. However, plant height was negatively correlated with seed yield (-0.1835), consistent with the genotypic observations. Importantly, the strong positive correlations of yield with harvest index and biological yield at both levels underscore these traits as reliable indirect selection parameters in breeding programmes (Kumar et al., 2017; Rehman et al., 2024). The consistent positive relationship between numbers of total pods and effective pods (0.8593 phenotypic, 0.9254 genotypic) indicates that enhancing total pod count would effectively contribute to the increase in effective pods (Bidyarani et al., 2016; Ksiezak & Bojarszczuk, 2020). 
Table 4 Phenotypic correlation coefficient among the grain yield and its 12 attributing characters
	S. No.
	Character
	DF
	DM
	PH
	NPBPP
	NSBPP
	TNPPP
	NSPP
	100 -SW
	NEPPP
	BYPP
	HI
	YPP

	1
	DF
	1.0000
	0.1900*
	-0.0462
	0.2037*
	-0.2414**
	0.0288
	-0.0329
	-0.0129
	0.0400
	0.3534**
	-0.0702
	0.1583*

	2
	DM
	
	1.0000
	-0.1922*
	-0.2079*
	-0.2267**
	0.0420
	0.1667*
	0.2331**
	-0.1669*
	0.1485
	-0.2165**
	-0.1029

	3
	PH
	
	
	1.0000
	-0.0864
	0.1323
	0.0390
	-0.0795
	0.0246
	0.0419
	-0.1592*
	-0.0724
	-0.1835*

	4
	NPBPP
	
	
	
	1.0000
	0.0675
	0.1693*
	-0.0105
	0.0113
	0.0223
	0.0929
	0.2712**
	0.3470**

	5
	NSBPP
	
	
	
	
	1.0000
	0.0179
	-0.1442
	0.1037
	0.0174
	0.1073
	-0.0226
	0.1636*

	6
	TNPPP
	
	
	
	
	
	1.0000
	0.1799*
	0.0604
	0.8593**
	-0.0876
	0.0046
	-0.0527

	7
	NSPP
	
	
	
	
	
	
	1.0000
	-0.0383
	0.1084
	-0.2076*
	-0.0641
	-0.2192**

	8
	100 -SW
	
	
	
	
	
	
	
	1.0000
	0.0300
	-0.1986*
	-0.0031
	-0.1359

	9
	NEPPP
	
	
	
	
	
	
	
	
	1.0000
	-0.1443
	0.0435
	-0.0431

	10
	BYPP
	
	
	
	
	
	
	
	
	
	1.0000
	-0.2885**
	0.3758**

	11
	HI
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.7641**

	12
	YPP
	
	
	
	
	
	
	
	
	
	
	
	1.0000


Overall, these findings suggested that improvement in seed yield can be effectively achieved by selecting for higher harvest index, greater biological yield and increased numbers of primary branches, while cautious consideration should be given to plant height and numbers of seeds per pod due to their negative associations with yield (Singh et al., 2019; Yadav et al., 2024a). The stronger genotypic correlation compared to phenotypic ones for most traits implied that these relationships are largely governed by genetic factors with comparatively lesser environmental interference, thereby offering confidence for breeders to employ these traits in selection strategies aimed to develop high-yielding chickpea cultivars (Ningwal et al., 2023a; Pravalika et al., 2024; Sharma et al., 2025a).
3.3 Path coefficient Analysis
Path coefficient analysis, carried out to partition the genotypic and phenotypic correlations into direct and indirect effects, provided a deeper understanding of the contributions of various traits to seed yield in chickpea. At the genotypic level (Table 5, Fig. 1), harvest index exerted the highest positive direct effect (0.9812) on seed yield per plant closely followed by total numbers of pods per plant (0.9647) and biological yield per plant (0.5005), underscoring their fundamental role in determining yield. Days to 50% flowering and numbers of secondary branches per plant also contributed positively but to a lesser extent. Conversely, numbers of effective pods per plant exhibited a substantial negative direct effect (-0.9817) on seed yield, suggesting possible competition or compensatory mechanisms among yield components. Days to maturity, plant height, numbers of seeds per pod and 100-seed weight also showed minor negative direct contributions. Indirect effects were noteworthy; for example, days to 50% flowering and days to maturity improved seed yield primarily through biological yield and numbers of effective pods, while numbers of primary branches and secondary branches had important positive indirect effects through harvest index and biological yield, respectively (Dawane et al., 2020; Hailu et al., 2021; Parmar et al., 2023; Sharma et al., 2025b).
Table 5: Genotype path coefficient for yield and its attributing traits of chickpea genotypes
	Characters
	DF
	DM
	PH
	NPBPP
	NSBPP
	TNPPP
	NSPP
	100 SW
	NEPPP
	BYPP
	HI
	YPP

	DF
	0.2729
	0.0688
	-0.0224
	0.0724
	-0.0904
	-0.0047
	-0.0197
	-0.0034
	0.0036
	0.1210
	-0.0222
	0.2002

	DM
	-0.0784
	-0.3110
	0.0654
	0.0661
	0.0895
	-0.0135
	-0.0556
	-0.0829
	0.0659
	-0.0513
	0.0736
	-0.1068

	PH
	0.0064
	0.0164
	-0.0780
	0.0029
	-0.0126
	-0.0036
	0.0039
	-0.0033
	-0.0054
	0.0138
	0.0055
	-0.1883

	NPBPP
	-0.0773
	0.0619
	0.0108
	-0.2913
	-0.0270
	-0.0587
	0.0035
	-0.0010
	-0.0074
	-0.0275
	-0.0827
	0.3613

	NSBPP
	-0.0366
	-0.0318
	0.0178
	0.0103
	0.1106
	0.0075
	-0.0164
	0.0148
	0.0079
	0.0160
	-0.0034
	 0.1107

	TNPPP
	-0.0165
	0.0418
	0.0443
	0.1944
	0.0652
	0.9647
	0.2164
	0.0540
	0.8927
	-0.1124
	0.0113
	-0.0703

	NSPP
	0.0021
	-0.0053
	0.0015
	0.0004
	0.0044
	-0.0066
	-0.0296
	0.0020
	-0.0047
	0.0067
	0.0028
	-0.2607

	100 SW
	0.0001
	-0.0015
	-0.0002
	0.0001
	-0.0007
	-0.0003
	0.0004
	-0.0055
	0.0001
	0.0012
	0.0001
	-0.1488

	NEPPP
	-0.0131
	0.2081
	-0.0678
	-0.0251
	-0.0701
	-0.9085
	-0.1566
	-0.0082
	-0.9817
	0.1914
	-0.0735
	-0.0518

	BYPP
	0.2220
	-0.0015
	-0.0888
	0.0473
	0.0724
	-0.0583
	-0.1126
	-0.1097
	-0.0976
	0.5005
	-0.1374
	0.3848

	HI
	-0.0813
	-0.2368
	-0.0708
	0.2840
	-0.0306
	0.0118
	-0.0945
	-0.0054
	0.0749
	-0.2746
	0.9812
	   0.7746


R Square = 0.9774 Residual effect = 0.1772 
[image: ]Fig. 1 Genotypic path diagram for 12 yield attributing traits
At the phenotypic level (Table 6; Fig. 2), harvest index again displayed the highest positive direct effect (0.9337) on seed yield tracked by biological yield (0.6222) and numbers of effective pods per plant (0.1027). Traits such as total numbers of pods, numbers of seeds per pod, and 100-seed weight contributed negatively to seed yield via their direct effects, mirroring the genotypic trends. The indirect influences were similarly informative; for instance, days to 50% flowering, numbers of primary and secondary branches per plant improved yield largely through their favourable indirect paths via harvest index and biological yield.
Table 6 Phenotypic path coefficient analysis for grain yield and its attributing traits
	Characters
	DF
	DM
	PH
	NPBPP
	NSBPP
	TNPPP
	NSPP
	100- SW
	NEPPP
	BYPP
	HI
	YPP

	DF
	-0.0130
	-0.0025
	0.0006
	-0.0027
	0.0031
	-0.0004
	0.0004
	0.0002
	-0.0005
	-0.0046
	0.0009
	0.1583

	DM
	0.0121
	0.0634
	-0.0122
	-0.0132
	-0.0144
	0.0027
	0.0106
	0.0148
	-0.0106
	0.0094
	-0.0137
	-0.1029

	PH
	0.0005
	0.0021
	-0.0108
	0.0005
	-0.0014
	-0.0004
	0.0009
	-0.0003
	-0.0005
	0.0017
	0.0008
	-0.1835

	NPBPP
	0.0127
	-0.0129
	-0.0029
	0.0622
	0.0042
	0.0105
	-0.0007
	0.0007
	0.0014
	0.0058
	0.0169
	0.3470

	NSBPP
	-0.0110
	-0.0104
	0.0061
	0.0031
	0.0457
	0.0008
	-0.0052
	0.0047
	0.0008
	0.0049
	-0.0010
	0.0836

	TNPPP
	-0.0028
	-0.0041
	-0.0038
	-0.0164
	-0.0017
	-0.0966
	-0.0174
	-0.0058
	-0.0830
	0.0085
	-0.0004
	-0.0527

	NSPP
	0.0010
	-0.0052
	0.0025
	0.0003
	0.0035
	-0.0056
	-0.0310
	0.0012
	-0.0034
	0.0064
	0.0020
	-0.2192

	100- SW
	0.0004
	-0.0065
	-0.0007
	-0.0003
	-0.0029
	-0.0017
	0.0011
	-0.0281
	-0.0008
	0.0056
	0.0001
	-0.1359

	NEPPP
	0.0041
	-0.0171
	0.0043
	0.0023
	0.0018
	0.0883
	0.0111
	0.0031
	0.1027
	-0.0148
	0.0045
	-0.0431

	BYPP
	0.2199
	0.0924
	-0.0991
	0.0578
	0.0668
	-0.0545
	-0.1292
	-0.1236
	-0.0898
	0.6222
	-0.1795
	0.3758

	HI
	-0.0655
	-0.2022
	-0.0676
	0.2533
	-0.0211
	0.0043
	-0.0598
	-0.0029
	0.0406
	-0.2694
	0.9337
	  0.7641


[image: ]R Square = 0.9774 Residual effect = 0.1504 
Fig. 2 Phenotypic path diagram for 12 yield attributing traits
Overall, the predominance of harvest index and biological yield as key direct contributors to seed yield, consistently at both genotypic and phenotypic levels, highlights their value as reliable selection criteria in chickpea improvement programmes (Babbar et al., 2023). The negative direct effects of certain yield components, particularly numbers of effective pods per plant at the genotypic level and total numbers of pods per plant at the phenotypic level, indicated the presence of intricate compensatory relationships among traits (Hailu et al., 2021). These insights emphasize the importance of simultaneous improvement of harvest index and biomass along with careful management of component traits to achieve optimal yield gains. This analysis provides a robust genetic framework for prioritizing traits in selection strategies aimed improve chickpea productivity under diverse growing conditions. Similar findings also addressed by Gimenez et al. (2024), Mishra et al. (2025a) and Mishra et al. (2025b).Top of FormBottom of Form
3.4 Mahalanobis D² statistics
The Mahalanobis D² statistical analysis conducted on 69 chickpea genotypes across 12 yield and contributing traits revealed existence of substantial genetic divergence, underscoring the broad variability present in the experimental material. Based on the D² values, the genotypes were grouped into ten distinct clusters (Table 7; Fig. 3). Cluster I was the largest, containing 40 genotypes, followed by cluster III (10 genotypes), cluster V (7) and cluster VII (6), while clusters II, IV, VI, VIII, IX and X were solitary, each comprising only one genotype. The intra-cluster distances ranged between 0.00 to 9.18, with the highest intra-cluster divergence recorded in cluster VII (9.18) followed by cluster V (9.13) and cluster III (8.34). In contrast, clusters with a single genotype exhibited zero intra-cluster distance.
 Table 7 Distribution of chickpea genotypes into different clusters
	Clusters
	Number of Genotypes
	Name of genotypes

	1
	40
	JG-315, RVG-201, JG-6, H-12-55, SAGL-152404, SAGL- 152303, RVSSG-64, SAGL-152252, SAGL-152242, RVG-210, SAGL-162390, JG-36, Pant Gram-5, SAGL-152216, JAKI- 9218, JG-130, RVSSG-75, ICC-4958, VISHAL, SAGL-152349, RVG-205, RVSSG-69, SAGL-152314, JG-24, SAGL-162265, SAGL-152339, JG-63, SAGL-162377, JG-14, SAGL-152347, SAGL-162371, SAGL-162375, SAGL-152334, SAGL-152254, SAGL-152342, JG-11, SAGL-152324, SAGL- 152327, SAGL-152256, JGG-1

	2
	1
	SAGL-152237

	3
	10
	SAGL-152258, SAGL-152223, SAGL-152337, SAGL-161024, SAGL-161025, SAGL-152236, SAGL-152356, SAGL-162364, SAGL-162381, SAGL-152208

	4
	1
	SAGL-162376

	5
	7
	SAGL-152350, SAGL-152405, SAGL-152344, SAGL-162299, SAGL-162387, SAGL-152278, SAGL-152238

	6
	1
	RVSSG-85

	7
	6
	SAGL-152403, SAGL-152210, SAGL-152234, SAGL-162370, SAGL-152273, SAGL-153226

	8
	1
	SAGL-152250

	9
	1
	RVSSG-75

	10
	1
	SAGL-152231


[image: ]
Fig. 3 Distribution of chickpea genotypes into different clusters
The inter-cluster distances (Table 8) varied from 6.69 to 24.76, reflecting a wide spectrum of genetic diversity. The highest inter-cluster distance was observed between clusters VIII and X (24.76) tracked by VI and X (23.39) and IX and X (23.28). Such substantial divergence suggested that crosses involving genotypes from these distantly related clusters could generate wide variability and potentially novel transgressive segregants in subsequent generations (Sundaram et al., 2021). In contrast, the lowest inter-cluster distance was noted between clusters IV and VI (6.69), indicating relatively close genetic relationships.



Table 8 Average intra and inter cluster D2 values of 69 genotypes 
	
	Cluster I
	Cluster II
	Cluster III
	Cluster IV
	Cluster V
	Cluster VI
	Cluster VII
	Cluster VIII
	Cluster IX
	Cluster X

	Cluster I
	6.69
	8.36
	14.30
	8.45
	  9.88
	8.44
	12.17
	8.38
	  10.16
	19.96

	Cluster II
	
	0.00
	 14.90
	  11.53
	  6.87
	11.29
	14.79
	8.69
	  12.86
	20.29

	Cluster III
	
	
	  8.34
	13.64
	  14.37
	16.68
	11.87
	18.12
	  17.13
	10.33

	Cluster IV
	
	
	
	0.00
	  12.45
	6.69
	8.10
	9.87
	  12.37
	19.20

	Cluster V
	
	
	
	
	9.13
	13.10
	14.93
	11.73
	  13.44
	18.81

	Cluster VI
	
	
	
	
	
	0.00
	11.38
	8.02
	   8.63
	23.39

	Cluster VII
	
	
	
	
	
	
	9.18
	14.70
	   14.48
	16.51

	Cluster VIII
	
	
	
	
	
	
	
	0.00
	   11.84
	24.76

	Cluster IX
	
	
	
	
	
	
	
	
	    0.00
	23.28

	Cluster X
	
	
	
	
	
	
	
	
	
	0.00


The relative contribution of traits to total genetic divergence revealed that harvest index had the highest contribution (38.01%) followed by biological yield per plant (25.55%) and numbers of primary branches per plant (13.62%). Traits such as plant height (8.53%), days to maturity (6.92%) and seed index (3.15%) also contributed remarkably, whereas numbers of effective pods per plant (0.12%) and numbers of secondary branches per plant (0.21%) had minimal contributions (Table 9). This indicates that the primary drivers of divergence among these genotypes were traits associated with partitioning efficiency and biomass accumulation (Naveed et al., 2024).
Table 9 Percent contribution of characters towards divergence in 69 chickpea genotypes
	S. No.
	Characters
	Contribution %

	1
	Days to 50% Flowering
	0.29 

	2
	Days to Maturity
	6.92 

	3
	Plant height (cm)
	8.53 

	4
	Number of primary branches
	13.62 

	5
	Number of secondary branches
	0.21 

	6
	Total number of pods per plant
	0.70 

	7
	Number of seeds per pod
	2.44 

	8
	100 seed weight (g)
	3.15 

	9
	Number of effective Pods per plant
	0.12 

	10
	Biological yield per plant (g)
	25.55 

	11
	Harvest index (%)
	38.01 

	12
	Yield per plant (g)
	0.46 

	
	Total
	100%


The cluster mean analysis (Table 10) further highlighted the genetic diversity presence. For instance, cluster X recorded the highest mean values for harvest index (79.47%) as well as numbers of primary (5.50) and secondary branches per plant (11.57), whereas cluster VII exhibited the highest mean for biological yield (45.28 g). Cluster III stood out for its superior mean seed yield per plant (25.79 g), suggesting its potential direct use in yield improvement. Conversely, certain clusters like VI had lower means for several yield-related traits, indicating their comparatively less favourable performance for these parameters.
Table 10 Cluster mean values for different characters
	Clusters
	DF
	DTM
	PH
	NPBPP
	NSBPP
	TNPPP
	NSPP
	100SW
	NEPPP
	BYPP
	HI
	YPP

	Cluster I
	55.32
	117.41
	53.91
	4.4
	9.63
	40.58
	1.39
	26.02
	33.92
	32.96
	48.53
	15.68

	Cluster II
	54.67
	109.33
	63.4
	4.43
	10.13
	46.33
	1.37
	22.3
	40.33
	29.15
	56.82
	16.16

	Cluster III
	55.53
	115.83
	49.37
	4.77
	9.6
	42.13
	1.26
	21.89
	35.37
	38.19
	67.98
	25.79

	Cluster IV
	54.67
	116.33
	55.67
	4.3
	9.33
	35.33
	1.37
	27.79
	30.33
	43.45
	35.68
	15.21

	Cluster V
	53.95
	110.52
	59.35
	4.83
	9.93
	40.76
	1.42
	24.36
	35.52
	29.48
	60.5
	17.86

	Cluster VI
	55.33
	117
	47.46
	4.3
	8.87
	45
	1.57
	20.69
	37.33
	39.62
	30.7
	12.06

	Cluster VII
	55.67
	116.39
	48.92
	4.53
	9.92
	38.89
	1.25
	24.73
	31.39
	45.28
	42.82
	19.21

	Cluster VIII
	51.33
	114.33
	57.56
	3.6
	10.2
	39
	1.03
	22.84
	32.67
	32.47
	39.26
	12.34

	Cluster IX
	55.33
	117.33
	28.9
	5.2
	8.53
	42
	1.5
	21.34
	34.33
	30.76
	46.14
	13.43

	Cluster X
	56.67
	115.33
	54.27
	5.5
	11.57
	36
	1.3
	26.96
	30.67
	40.16
	79.47
	32.09


These findings emphasize the rich genetic variability available in the studied chickpea genotypes, which can be strategically exploited in breeding programmes (Nagar & Karnawat, 2023; Yadav et al., 2025). The wide inter-cluster distances, particularly involving clusters VIII, IX and X advised that hybridization among genotypes from these clusters would maximize heterosis and widen the genetic base (Syed et al., 2012; Kumar et al., 2018). The prominent role of harvest index and biological yield in contributing to genetic divergence indicates these traits should receive special focus in selection and hybridization strategies aimed at yield enhancement (Swetha et al., 2024; Mishra et al., 2024a). Moreover, clusters with favourable means for key traits, such as cluster III for seed yield and cluster X for harvest index and branching, offer promising sources of variability for targeted trait improvement. Thus, the results of the Mahalanobis D² analysis provide a robust framework for parent selection, enabling efficient utilization of genetic resources to develop high-yielding, well-adapted chickpea cultivars (Tamvar et al., 2019; Janghel et al., 2020; Tehulie et al., 2025; Mishra et al., 2024b).
Conclusion 
The present investigation revealed presence of substantial genetic variability among the 69 chickpea genotypes for yield and its associated traits, providing valuable opportunities for genetic enhancement. High estimates of heritability coupled with high genetic advance for seed yield, harvest index and biological yield per plant indicated that these traits are predominantly governed by additive gene action, making them highly amenable to improvement through simple selection strategies. Correlation and path analysis consistently highlighted harvest index and biological yield as the principal determinants of seed yield underscoring their importance as reliable indirect selection criteria in breeding programmes. The Mahalanobis D² analysis further confirmed wide genetic divergence among the genotypes, clustering them into ten distinct groups with considerable inter-cluster distances, especially between clusters VIII and X. This suggested that hybridization involving genotypes from these divergent clusters could maximize heterosis and generate broad variability facilitating the development of superior recombinants. Additionally, traits such as harvest index and biological yield emerged as major contributors to genetic divergence, emphasizing their pivotal role in differentiating genotypes. Overall, the study provides a robust genetic framework for chickpea improvement. The identified promising clusters and diverse parents can be strategically utilized in crossing programmes aimed at enhancing yield potential, stability and adaptation across varied agro-climatic conditions. These findings will thus contribute significantly to formulating effective breeding strategies for developing high-yielding, nutritionally rich and climate-resilient chickpea cultivars.
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