



Genetic Variability, Character Association, and Path Coefficient Analysis for Yield and Micronutrients (Zinc and Iron) Traits in Pearl Millet (Pennisetum glaucum L.)
ABSTRACT

Evaluating correlation coefficients not only reveals the strength and direction of associations between yield and its contributing traits but also among the traits themselves, providing a multidimensional perspective on their interdependence. The study was conducted to determine the character associations and path Coefficient analysis among the grain yield and yield contributing characters and micro-nutrient content in 19 parental lines and sixty crosses along with 4 checks of pearl millet. Genetic parameters indicated high GCV, PCV, heritability, and genetic advance for traits such as productive tillers, zinc and iron content, plant height, harvest index, and grain yield, signifying strong genetic control and considerable scope for selection. Correlation and path coefficient analyses emphasized harvest index, fodder yield, plant height, panicle traits, and 1000-grain weight as major contributors to yield, while early flowering and maturity emerged as desirable traits under stress-prone conditions. Consequently, to effectively develop biofortified, high-yielding pearl millet cultivars, breeding programs should emphasize selection based on a superior harvest index, high fodder yield, increased productive tillers, early maturity, and elevated zinc content.
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Introduction
Pearl millet [Pennisetum glaucum (L.) R. Br.] is a cereal crop of considerable significance for food, fodder, feed, and nutritional security. It is predominantly cultivated in the arid and semi-arid regions of India and Africa, owing to its exceptional tolerance to water scarcity and its capacity to withstand harsh and variable climatic conditions. This resilience makes pearl millet an essential component of agricultural systems in marginal environments, where other staple crops often fail to thrive, thereby contributing to the sustenance of both human and livestock populations. It is an important coarse-grain, drought-tolerant, warm-season cereal crop. It is a highly cross-pollinated, diploid (2x = 14), annual C4 species. An understanding of the associations and path coefficients between grain yield and its component traits, as well as among the component traits themselves, can substantially enhance the efficiency of selection in plant breeding programmes. The present study was therefore undertaken to elucidate character associations and conduct path coefficient analysis among pearl millet genotypes, with the ultimate objective of improving yield. Estimation of correlation coefficients not only indicates the strength and direction of relationships between yield and its contributing traits but also provides insight into the interrelationships among the traits themselves, offering a multidimensional perspective on their interdependence (Panigrahi and Baisakh, 2014). Furthermore, path coefficient analysis, as demonstrated by Pushpa et al. (2013), serves as a robust statistical tool to quantify both direct and indirect impacts of various traits on grain yield. 
MATERIALS AND METHODS
The experimental material consisted of four females lines (PMPF-1,PMPF-2,PMPF-3,PMPF-4) and fifteen restorer lines (PMPR-1,PMPR-2,PMPR-3,PMPR-4, PMPR-5,PMPR-6,PMPR-7,PMPR-8,PMPR-9,PMPR-10,PMPR-11,PMPR-12,PMPR-PMPR-14,PMPR-15) and sixty experimental hybrids were developed using line x tester design at Crystal Crop Protection research farm Hyderabad in Rabi 2023-24. These were evaluated with plot size 2 row of 4 meter length spaced at 50 cm in a Randomized Block Design (RBD) with three replications across three locations of Gujarat viz.,Deesa (Latitude 24.26° N and Longitude 72.18° E), Palanpur (Latitude 24.17° N and Longitude 72.43° E) and Tharad (Latitude 24.39° N and Longitude 71.62° E) during the summer 2024. Deesa (Alluvial/Sandy), Palanpur (Hilly and Plain), and Tharad (Arid/Sandy) in Banaskantha, Gujarat, fall under the North Gujarat Agro-Climatic Zone (Semi-arid to Arid). This region features sandy-loam soils, low-to-moderate rainfall (approx. 625–875 mm), hot summers, and cool winters.  The iron (Fe) and zinc (Zn) content were determined using X-ray fluorescence spectrometry (XRF), a non-destructive technique suitable for routine screening of breeding materials. This method provides an efficient and high-throughput approach for assessing micronutrient levels (Rai et al., 2012; Govindaraj et al., 2016). The chemical analyses for Fe and Zn were conducted at the Central Analytical Services Laboratory of ICRISAT, Patancheru, India.
The mean data were analysed using analysis of variance in accordance with Panse & Sukhatme (1985) (see Appendix Table A1). Associations between character pairs at both the phenotypic and genotypic levels were calculated from the respective variance and covariance components, following the methodology of Singh & Chaudhary (1985). Genotypic and phenotypic coefficients of variation (GCV and PCV) were estimated using the formula proposed by Burton (1952). Broad-sense heritability was calculated according to Burton & Devane (1953) and classified following Robinson (1966) as low (≤30%), medium (30.1–60%), and high (>60%). Genetic advance was estimated using the method of Johnson et al. (1955) and categorised as low (<10%), medium (10.1–20%), and high (>20%). Phenotypic and genotypic correlation coefficients were computed from the corresponding variance and covariance components following Searle (1961). Direct and indirect effects were assessed through path coefficient analysis as originally proposed by Wright (1921) and further elaborated by Dewey & Lu (1959).
RESULT AND DISCUSSION

The analysis for across the three test locations revealed that the differences between GCV and PCV values were relatively narrow for most of the studied traits, suggesting that the expression of these traits was less influenced by environmental factors and largely governed by genetic control. Pooled analysis highlights that zinc content, productive tillers per plant, and grain yield per plant demonstrated high variability, providing ample scope for selection and genetic improvement, whereas traits with low variability such as days to maturity and flowering time remain relatively less amenable to selection-based improvement. Narasimhulu et al. (2021) and Rajpoot et al. (2023) have previously reached similar conclusions. 
The analysis revealed that highest heritability (100%) for days to 50% flowering, days to maturity & iron content and all other traits also recorded high heritability (>60%), indicate that these characters are highly heritable and stable across environments, with negligible environmental masking, implies that selection based on phenotypic performance would be highly effective for their improvement, except for 1000-grain weight, which exhibited moderate heritability. Such high values of heritability indicate minimal environmental influence even in different environmental conditions. Direct phenotypic selection is highly reliable, as phenotype closely reflects genotype. However, despite having high estimates, broad sense heritability has important limitations such as it include all genetic variance components (additive, dominance, and epistatic effects), not just additive variance, does not accurately predict response to selection, population and environment specific and overestimate the usefulness of selection. Similar results for high heritability for 1000-grain weight and grain yield per plant was reported earlier by Thomas et al. (2018). High heritability was found earlier by Vinodhana et al. (2013) for the iron content, zinc content and plant height. High heritability was also observed in fodder yield per plant, panicle length by Kumar et al., (2014); Hu et al. (2015).
In the pooled mean analysis, traits such as productive tillers per plant, zinc content, panicle length, panicle girth, iron content, grain yield per plant, plant height, harvest index, and 1000-grain weight were identified as highly important parameters owing to their moderate to high GCV, high heritability estimates, and high genetic advance as percent of mean, in productive tillers per plant and zinc content displayed the highest variability coupled with high heritability and genetic advance, suggesting the predominance of additive gene action and considerable scope for improvement through direct selection and also grain yield per plant, harvest index, panicle length, panicle girth, iron content and 1000-grain weight also exhibited favorable genetic parameters, highlighting their potential for effective selection and subsequent genetic gain, though in the case of 1000-grain weight, moderate heritability indicated partial environmental influence. Bhasker et al. (2017); Kumar et al. (2020) all reported similar results for the grain yield, fodder yield, 1000-grain weight. In plant height, harvest index and panicle length similar findings was concluded by Rajpoot et al. (2023) (Table-1).  
The very high heritability coupled with high genetic advance observed for iron content indicates that this trait is predominantly governed by genetic factors with minimal environmental influence. This suggests that direct phenotypic selection for iron enrichment would be highly effective and stable across environments, making it an ideal target for genetic improvement.

Table-1. Genetic Parameters for 12 characters of 83 Pearl millet genotypes studied under field conditions
	Sl. No.
	Characters
	GCV (%)
	PCV (%)
	h2 (Broad Sense) (%)
	Genetic Advance
	Genetic Advance as percent of Mean (%)

	
	
	
	
	
	
	

	1
	DF
	7.39
	7.39
	100.00
	8.63
	15.21

	2
	DM
	5.60
	5.60
	100.00
	9.59
	11.54

	3
	PHT
	16.02
	17.69
	82.02
	51.27
	29.89

	4
	PTP
	22.45
	23.32
	92.68
	0.69
	44.52

	5
	PL
	18.01
	19.95
	81.49
	7.65
	33.50

	6
	PG
	17.23
	18.38
	87.84
	0.75
	33.27

	7
	HI
	15.67
	17.80
	77.48
	7.42
	28.41

	8
	TW
	13.19
	17.35
	57.84
	1.63
	20.67

	9
	Fe
	15.95
	15.95
	100.00
	18.03
	32.85

	10
	Zn
	22.57
	24.07
	87.87
	9.48
	43.58

	11
	FY
	8.01
	9.78
	67.11
	11.17
	13.52

	12
	GY
	16.97
	20.20
	70.60
	6.12
	29.38


Where, DF= days to 50% flowering, DM = Days to maturity, PHT = Plant height, PTP = Productive Tillers per Plant, PL = Panicle Length, PG = Panicle Girth, HI = Harvest Index, TW = 1000-seed weight, Fe= Iron Content, Zn = Zinc Content, FY = Fodder Yield per Plant, GY = Grain Yield per Plant

The correlation analysis revealed that grain yield per plant was strongly and positively associated with plant height, productive tillers per plant, panicle length, panicle girth, harvest index, 1000-grain weight, fodder yield per plant, and zinc content at both phenotypic and genotypic levels, underscoring the pivotal role of these traits in determining yield potential. Particularly, the high correlations with harvest index, fodder yield, and plant height highlight the importance of efficient biomass partitioning and robust vegetative growth in enhancing productivity. Conversely, the significant negative correlations of grain yield with days to 50% flowering and days to maturity suggest that early-flowering and early-maturing genotypes may contribute to yield improvement, especially under stress-prone or short-season environments. Interestingly, iron content showed no significant relationship with grain yield, indicating its independence from productivity traits. The stronger genotypic correlations compared to phenotypic ones reaffirm the inherent genetic control of these associations. Overall, these results suggest that prioritizing traits such as harvest index, productive tillers, fodder yield, and early maturity alongside zinc content can serve as reliable selection criteria for developing high-yielding pearl millet genotypes. Findings were in accordance with earlier conclusions of Chaudhary et al. (2012); Nehra et al. (2017) (Table-2). 
However, correlation analysis revealed that iron content exhibited no significant association with grain yield, indicating that improvement in iron concentration can be achieved independently without compromising yield potential. This is a highly desirable outcome in biofortification programs, as it avoids the common trade-off between nutritional quality and productivity.

In contrast, zinc content showed high heritability (87.87%) along with high genetic advance and a significant positive correlation with grain yield at both phenotypic and genotypic levels. This suggests that selection for higher zinc content could simultaneously enhance grain yield, making zinc a dual-benefit trait for both productivity and nutritional improvement.
Table-2. Phenotypic & genotypic correlation coefficient among twelve characters in pearl millet 
	Characters
	 
	DF
	DM
	PHT
	PTP
	PL
	PG
	HI
	TW
	Fe
	Zn
	FY
	GY

	DF
	P
	1
	0.9046 **
	-0.5586 **
	-0.3682 **
	-0.4486 **
	-0.1234 NS
	-0.5491 **
	-0.4702 **
	-0.022 NS
	0.1017 NS
	-0.6319 **
	-0.4728 **

	
	G
	1
	0.9046 **
	-0.6168 **
	-0.3825 **
	-0.497 **
	-0.1317 NS
	-0.6238 **
	-0.6182 **
	-0.022 NS
	0.1085 NS
	-0.7714 **
	-0.5627 **

	DM
	P
	 
	1
	-0.5409 **
	-0.405 **
	-0.4498 **
	-0.111 NS
	-0.5331 **
	-0.4727 **
	-0.0328 NS
	0.1093 NS
	-0.6238 **
	-0.4501 **

	
	G
	 
	1
	-0.5973 **
	-0.4207 **
	-0.4983 **
	-0.1185 NS
	-0.6056 **
	-0.6215 **
	-0.0328 NS
	0.1166 NS
	-0.7615 **
	-0.5357 **

	PHT
	P
	 
	 
	1
	0.7763 **
	0.8007 **
	0.5879 **
	0.8095 **
	0.6525 **
	0.0992 NS
	0.2987 **
	0.7102 **
	0.7913 **

	
	G
	 
	 
	1
	0.8046 **
	0.8838 **
	0.6186 **
	0.8986 **
	0.8276 **
	0.1096 NS
	0.3185 **
	0.8438 **
	0.882 **

	PTP
	P
	 
	 
	 
	1
	0.7941 **
	0.7106 **
	0.7727 **
	0.6125 **
	0.117 NS
	0.3065 **
	0.6705 **
	0.7604 **

	
	G
	 
	 
	 
	1
	0.8269 **
	0.7206 **
	0.8268 **
	0.7365 **
	0.1215 NS
	0.3086 **
	0.7851 **
	0.8375 **

	PL
	P
	 
	 
	 
	 
	1
	0.6745 **
	0.8017 **
	0.6887 **
	0.129 *
	0.3389 **
	0.7073 **
	0.769 **

	
	G
	 
	 
	 
	 
	1
	0.7053 **
	0.8984 **
	0.8506 **
	0.1429 NS
	0.3709 **
	0.8296 **
	0.8597 **

	PG
	P
	 
	 
	 
	 
	 
	1
	0.6162 **
	0.4833 **
	-0.0021 NS
	0.4035 **
	0.4551 **
	0.606 **

	
	G
	 
	 
	 
	 
	 
	1
	0.6864 **
	0.5967 **
	-0.0022 NS
	0.4289 **
	0.5279 **
	0.7002 **

	HI
	P
	 
	 
	 
	 
	 
	 
	1
	0.7341 **
	0.1444 *
	0.2857 **
	0.7418 **
	0.895 **

	
	G
	 
	 
	 
	 
	 
	 
	1
	0.8518 **
	0.1641 NS
	0.2984 **
	0.8431 **
	0.9399 **

	TW
	P
	 
	 
	 
	 
	 
	 
	 
	1
	0.1978 **
	0.2883 **
	0.6355 **
	0.7738 **

	
	G
	 
	 
	 
	 
	 
	 
	 
	1
	0.26 *
	0.3299 **
	0.8262 **
	0.8234 **

	Fe
	P
	 
	 
	 
	 
	 
	 
	 
	 
	1
	0.3742 **
	0.0665 NS
	0.062 NS

	
	G
	 
	 
	 
	 
	 
	 
	 
	 
	1
	0.3992 **
	0.0812 NS
	0.0738 NS

	Zn
	P
	 
	 
	 
	 
	 
	 
	 
	 
	 
	1
	0.218 **
	0.3258 **

	
	G
	 
	 
	 
	 
	 
	 
	 
	 
	 
	1
	0.2442 *
	0.348 **

	FY
	P
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	1
	0.7858 **

	
	G
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	1
	0.8817 **

	GY
	P
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	1

	
	G
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	1


* and ** Significant at 5 and 1 per cent level, respectively.

Where, DF= days to 50% flowering, DM = Days to maturity, PHT = Plant height, PTP = Productive Tillers per Plant, PL = Panicle Length, PG = Panicle Girth, HI = Harvest Index, TW = 1000-seed weight, Fe= Iron Content, Zn = Zinc Content, FY = Fodder Yield per Plant, GY = Grain Yield per Plant.

Path coefficient analysis revealed that at the phenotypic level, harvest index, fodder yield per plant, 1000-grain weight, plant height, panicle length, productive tillers per plant, and zinc content exerted positive direct effects on grain yield, with harvest index (0.5421) and fodder yield (0.2736) being the most influential contributors. In contrast, iron content, panicle girth, days to maturity, and days to 50% flowering had negative direct effects, suggesting that increases in these traits may hinder yield performance. The relatively low residual effect (0.1161) indicated that the majority of variability in yield was accounted for by the studied traits. At the genotypic level, the positive direct effects of harvest index (0.8650) and fodder yield per plant (0.7680) were particularly strong, underscoring their pivotal roles in determining productivity. Other traits such as plant height, panicle length, 1000-grain weight, and zinc content also made smaller but favorable contributions. Conversely, days to 50% flowering, days to maturity, productive tillers per plant, panicle girth, and iron content showed negative direct effects, reinforcing the importance of early phenology and efficient resource partitioning for higher grain yield. The very low residual effect (0.0347) highlighted the robustness of the model at the genotypic level. This targeted approach will optimize selection efficiency and accelerate the development of high-yielding, nutritionally balanced, and well-adapted pearl millet cultivars.
Furthermore, the positive direct and indirect effects of zinc on grain yield (as revealed by path analysis) reinforce its functional role in yield enhancement, whereas iron showed negligible or negative direct effects, confirming its independence from yield-determining mechanisms. Nehra et al. (2017); Rani et al. (2022) and Rajpoot et al. (2023) concluded similar findings in their works on pearl millet (Table-3). 
Table-3. Direct and Indirect effects of yield attributing traits on seed yield at genotypic and phenotypic level in pearl millet genotypes
	Characters
	 
	DF
	DM
	PHT
	PTP
	PL
	PG
	HI
	TW
	Fe
	Zn
	FY

	DF
	G
	0.27023
	0.20183
	-0.0848
	0.04645
	0.19048
	0.00231
	-0.5396
	-0.0583
	0.00186
	-0.0008
	-0.5924

	
	P
	0.02271
	0.13478
	-0.0654
	-0.0286
	0.03455
	0.00492
	-0.2977
	-0.1123
	0.0023
	0.00472
	-0.1729

	DM
	G
	0.24446
	0.22311
	-0.0821
	0.0511
	0.19097
	0.00208
	-0.5239
	-0.0586
	0.00278
	-0.0008
	-0.5848

	
	P
	0.02055
	0.14899
	-0.0633
	-0.0314
	0.03464
	0.00442
	-0.289
	-0.1129
	0.00343
	0.00508
	-0.1707

	PHT
	G
	-0.1667
	-0.1333
	0.13748
	-0.0977
	-0.3388
	-0.0109
	0.77726
	0.07803
	-0.0093
	-0.0022
	0.64798

	
	P
	-0.0127
	-0.0806
	0.11705
	0.06018
	-0.0617
	-0.0235
	0.43882
	0.15587
	-0.0104
	0.01387
	0.19429

	PTP
	G
	-0.1034
	-0.0939
	0.11062
	-0.1215
	-0.3169
	-0.0127
	0.71515
	0.06944
	-0.0103
	-0.0022
	0.60294

	
	P
	-0.0084
	-0.0603
	0.09087
	0.0774
	-0.0612
	-0.0284
	0.41876
	0.14617
	-0.0122
	0.01422
	0.18343

	PL
	G
	-0.1343
	-0.1112
	0.12151
	-0.1004
	-0.3833
	-0.0124
	0.77715
	0.08019
	-0.0121
	-0.0026
	0.63707

	
	P
	-0.0102
	-0.067
	0.09372
	0.06159
	-0.077
	-0.0269
	0.43459
	0.16449
	-0.0135
	0.01574
	0.1935

	PG
	G
	-0.0356
	-0.0264
	0.08505
	-0.0875
	-0.2703
	-0.0176
	0.59375
	0.05626
	0.00019
	-0.003
	0.40538

	
	P
	-0.0028
	-0.0165
	0.0688
	0.05523
	-0.052
	-0.04
	0.33403
	0.11551
	0.00023
	0.01873
	0.12448

	HI
	G
	-0.1686
	-0.1351
	0.12354
	-0.1004
	-0.3444
	-0.0121
	0.865
	0.0803
	-0.0139
	-0.0021
	0.6475

	
	P
	-0.0125
	-0.0794
	0.09475
	0.05988
	-0.0618
	-0.0246
	0.54208
	0.17531
	-0.0151
	0.01327
	0.20294

	TW
	G
	-0.1671
	-0.1387
	0.11379
	-0.0895
	-0.326
	-0.0105
	0.73678
	0.09428
	-0.022
	-0.0023
	0.63452

	
	P
	-0.0107
	-0.0704
	0.07639
	0.04744
	-0.053
	-0.0193
	0.39789
	0.23887
	-0.0207
	0.01339
	0.17383

	Fe
	G
	-0.0059
	-0.0073
	0.01506
	-0.0148
	-0.0548
	0.00004
	0.14191
	0.02451
	-0.0845
	-0.0028
	0.06236

	
	P
	-0.0005
	-0.0049
	0.01161
	0.00907
	-0.0099
	0.00009
	0.07828
	0.04722
	-0.1045
	0.01738
	0.01819

	Zn
	G
	0.02931
	0.02602
	0.04378
	-0.0375
	-0.1422
	-0.0075
	0.25813
	0.0311
	-0.0337
	-0.007
	0.18752

	
	P
	0.00231
	0.01628
	0.03496
	0.02374
	-0.0261
	-0.0161
	0.15487
	0.06886
	-0.0391
	0.04645
	0.05964

	FY
	G
	-0.2085
	-0.1699
	0.116
	-0.0954
	-0.318
	-0.0093
	0.72933
	0.0779
	-0.0069
	-0.0017
	0.76796

	
	P
	-0.0144
	-0.0929
	0.08313
	0.05197
	-0.0545
	-0.0182
	0.40212
	0.15176
	-0.007
	0.01013
	0.27357


Genotypic residual effect 0.0347 & phenotypic residual effect 0.1161

Where, DF= days to 50% flowering, DM = Days to maturity, PHT = Plant height, PTP = Productive Tillers per Plant, PL = Panicle Length, PG = Panicle Girth, HI = Harvest Index, TW = 1000-seed weight, Fe= Iron Content, Zn = Zinc Content, FY = Fodder Yield per Plant, GY = Grain Yield per Plant

CONCLUSION
The pooled analysis across three environments revealed substantial genetic variability among the pearl millet genotypes, with narrow differences between GCV and PCV for most traits indicating limited environmental influence and strong genetic control. High heritability coupled with high genetic advance for traits such as productive tillers per plant, zinc content, panicle traits, grain yield, and iron content suggests the predominance of additive gene action and high efficiency of direct phenotypic selection. The strong positive association of grain yield with harvest index, fodder yield, plant height, and zinc content, along with their significant direct effects, highlights their importance as key selection criteria for yield improvement. The negative association of yield with days to flowering and maturity further emphasizes the advantage of early genotypes under variable environments. Importantly, iron content showed high heritability but no association with yield, indicating that nutritional enhancement can be achieved independently, whereas zinc exhibited a positive relationship with yield, enabling simultaneous improvement of productivity and nutritional quality. Overall, the integration of yield-contributing traits with micronutrient content, particularly zinc, offers a promising strategy for developing high-yielding, biofortified, and well-adapted pearl millet cultivars.
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Appendix: 

Table A1. Analysis of Variance (ANOVA) for 12 characters in pearl millets for pooled mean
	Mean sum of squares (Pooled mean)

	Sl. No.
	Characters
	Genotypes
	Environment
	Genotype x Environment
	Pooled error

	
	Degree of freedom
	n=82
	n=2
	n=164
	n=492

	1
	Days to 50% flowering
	52.63*
	3562.85*
	0
	1.40

	2
	Days to maturity
	65.08**
	1257.30**
	0
	1.12

	3
	Plant height
	2431.36**
	24055.47**
	165.53*
	73.89

	4
	Productive tillers per plant
	0.37**
	18.43*
	0.01
	0.03

	5
	panicle length
	54.56**
	1885.24*
	3.84*
	2.01

	6
	panicle girth
	0.47**
	30.46*
	0.02
	0.03

	7
	Harvest index
	55.03**
	874.36*
	4.86
	4.25

	8
	1000-grain weight
	4.06**
	29.37**
	0.79*
	0.05

	9
	Iron content
	229.88**
	738.14**
	0
	18.69

	10
	Zinc content
	75.67**
	1051.01**
	3.33
	9.95

	11
	Fodder yield per plant
	152.85**
	6031.26**
	21.47
	29.65

	12
	Grain yield per plant
	42.72**
	5260.40**
	5.21**
	2.68

	* Significant at 5% and ** Significant at 1% 



