


Deciphering genetic variability and trait pathways governing yield in pearl millet

ABSTRACT
Pearl millet (Pennisetum glaucum L.) is a climate-resilient nutri-cereal that plays a critical role in food and nutritional security in arid and semi-arid regions; however, genetic improvement for grain yield remains challenging. The present investigation was undertaken to quantify genetic variability and to elucidate causal trait pathways influencing yield among diverse germplasm, with the scientific objective of identifying reliable indirect selection criteria for breeding high-performing cultivars. The experiment evaluated 35 pearl millet germplasm lines in a randomized block design with three replications under field conditions. Highly significant variation was observed for all quantitative characters, confirming substantial exploitable genetic diversity. Moderate to high heritability coupled with appreciable genetic advance was detected for tiller number and stem diameter, while correlation analysis revealed strong positive associations of yield with plant height, leaf dimensions, and biomass parameters. Path analysis indicated that stem fresh weight, stem diameter, and leaf number exerted the strongest direct positive effects on grain yield, whereas certain vegetative traits influenced yield predominantly through indirect pathways. These findings demonstrate that effective yield enhancement in pearl millet can be achieved through indirect selection emphasizing biomass-related and structurally stable traits rather than yield alone. 
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Introduction
Pearl millet (Pennisetum glaucum L.) stands as a mainspring of global food security, in arid and semi-arid environments of Sub-Saharan Africa and the Indian subcontinent, serving as a primary staple for over 500 million people. It is a vital, diploid, and highly allogamous cereal that stands as the sixth most significant grain crop globally (Shashibhushan et al., 2022). Its exceptional climate resilience, driven by its C4 photosynthetic efficiency and an inherent capacity to confront high temperatures (up to 42–60°C), high soil salinity, and low pH levels, allows it to flourish in marginal lands where major cereals like rice and wheat often fail. Beyond its hardiness, the crop is characterised as a "nutri-cereal" due to its rich composition of protein, essential minerals like iron and zinc, which are found in concentrations 6–8 fold higher than in other fine cereals. Its high fibre content contributes to a low glycemic index suitable for managing chronic health conditions (Kumar et al., 2024).
Despite its vast potential, intensifying the grain yield of pearl millet remains a profound challenge due to its polygenic nature (Anuradha et al., 2018). Yield is a complex quantitative trait governed by numerous genes with cumulative, duplicate, and dominant effects and is the result of intricate interactions between various morphological and physiological components (Angel et al., 2024). Significant genotype × environment (G × E) interactions compound this complexity by masking genuine genetic potential and rendering it more difficult to choose superior genotypes considering environmental irregularities such as erratic precipitation and soil fertility gradients (Mohammed et al., 2024). Given this sensitivity, direct selection based solely on yield is rarely effective and may lead to misinterpretation in plant breeding programs. The complex network of inter-trait relationships is often overlooked in traditional breeding attempts, which results in an inadequate grasp of how morphological parameters such as plant height, tillering, and panicle characteristics collectively affect overall yield. Through the application of advanced statistical approaches, including path coefficient analysis to separate direct and indirect correlations, researchers can elucidate the specific trait pathways (Singh et al., 2016). 
To address the fundamental challenges in enhancing pearl millet productivity, this study aims to decipher these genetic interrelationships within a diverse germplasm panel, establishing a rigorous scientific foundation for developing high-yielding, nutrient-dense, and climate-smart cultivars. The research is structured to deliver an integrated genetic roadmap through the attainment of the following targeted objectives: i) evaluation of genetic variability and heritability to establish the material’s breeding potential, ii) analysis of trait correlations to identify yield‑related associations, iii) apply path analysis to reveal causal pathways through which traits govern productivity.
Material and Methods
The field investigation was conducted at the Oilseed Research Farm of Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, during the Kharif season of 2021-22. Geographically, the site is situated at 26.28° N latitude and 80.20° E longitude, with an elevation of approximately 126 meters above sea level. Located within the lower Ganges-Yamuna Doab on the banks of the Ganges River, the site falls under the Central Plain zone (Agro-Ecological sub-region, ICAR) and the Upper Gangetic Plain Zone (Agro-Climatic zone, Planning Commission). The soil at the experimental site is characterized as deep and loamy, featuring efficient irrigation and drainage systems conducive to optimal crop development.
Genetic Material and Source
The study utilized a diverse set of 35 pearl millet [ Pennisetum glaucum (L.) Czren and Coss] germplasm lines. These genotypes were sourced from various prestigious organizations, including Corteva Agriscience, Nitya Seeds, Lima Beans Agency, ProAgro, and PUSA IARI, New Delhi. Specific genotypes included, but were not limited to, 8695, NITYA, MP7888, HYBRID 7711, DHANSHAKTI, and various RHUTA and PUSA composite lines
Field Design and Crop Management
The experiment was laid out in a Randomized Block Design (RBD) with three replications, where each of the 35 genotypes was treated as an individual entry. Sowing was performed on August 17, 2021, and the crop was harvested on November 16, 2021. Each treatment was planted in plots consisting of six rows, every 5 meters in length. A standardized spacing of 45 cm between rows and 15 cm between plants was maintained. Recommended agronomic practices and packages were strictly followed to ensure a healthy and competitive plant population.
Data Collection and Character Recording
Observations were recorded from five randomly selected competitive plants per plot for most quantitative traits, while "days to flowering" and "days to maturity" were documented on a whole-plot basis. To capture the temporal dynamics of growth, several traits were measured at 30 and 60 Days After Sowing (DAS). The recorded parameters included: i) Morphological Traits: Plant height, number of tillers per plant, internode length, number of leaves per plant, and stem diameter ii) Biomass Traits: Fresh and dry weights of leaves and stems iii) Yield Traits: Grain yield per plant (g), determined by harvesting and threshing the spikes of the five tagged plants together.
Statistical Framework and Genetic Analysis
The data were subjected to statistical analysis using Windostat version 9.2 to determine the mean, range, and standard error. The following genetic parameters and procedures were employed: i) Analysis of Variance (ANOVA) calculated using the method of Panse and Sukhatme (1967) to partition the total variance into replication, treatment, and error; ii) Genotypic and phenotypic coefficients of variation (GCV and PCV) were estimated using the formula by Burton (1952). Broad-sense heritability was calculated as per Singh and Chaudhary (1985), and genetic advance (GA) was determined following Allard (1960) and Johanson et al. (1955); iii) Genotypic and phenotypic correlation coefficients were computed using the method of Al-Jibouri et al. (1958). Path coefficient analysis, conducted in accordance with the methodological framework proposed by Dewey and Lu (1959), was utilized to partition and clarify the direct and indirect contributions of individual traits to yield performance.
Results and Discussion
Analysis of Variance and Genetic Variability Parameters
[bookmark: _GoBack][bookmark: _Hlk220873303]The analysis of variance (ANOVA) revealed highly significant differences among the 37 pearl millet germplasm lines for all 21 quantitative characters studied, including plant height, number of tillers, and biomass traits (Table 1). These findings indicate the presence of a wide range of genetic variability, which is a prerequisite for any successful breeding program aimed at yield improvement (Narasimhulu et al., 2021). Similar significant variations have been reported in diverse pearl millet panels, confirming that these traits are amenable to selection.
The Phenotypic Coefficient of Variation (PCV) was consistently higher than the Genotypic Coefficient of Variation (GCV) for all parameters, indicating a noticeable environmental influence on character expression. High PCV and GCV were observed for the number of tillers at 30 DAS (13.77% and 10.26%) and 60 DAS (10.46% and 8.63%) (Table 2). These high variability metrics for tillering suggest a substantial genetic basis for the trait, offering significant scope for improvement through directional selection (Singh et al., 2014; Narasimhulu et al., 2021). Conversely, the lowest variability was recorded for plant height at 60 DAS (PCV 1.88%, GCV 0.95%), suggesting that this character is highly stable within this specific germplasm.
Table 1: Analysis of variance for growth and yield traits in pearl millet
	Trait
	F value
	CV (%)
	CD 5%
	CD 1%
	Inference

	Plant height (30 DAS)
	142.62
	2.52
	4.26
	5.65
	Highly significant

	Plant height (60 DAS)
	323.71
	1.63
	3.73
	4.95
	Highly significant

	Tillers (30 DAS)
	4.27
	16.44
	1.27
	1.68
	Significant

	Tillers (60 DAS)
	5.95
	13.55
	1.18
	1.56
	Significant

	Internode length (30 DAS)
	9.71
	9.66
	1.40
	1.86
	Significant

	Internode length (60 DAS)
	7.24
	11.51
	2.17
	2.89
	Significant

	No. of leaves (30 DAS)
	19.22
	6.72
	2.40
	3.18
	Highly significant

	No. of leaves (60 DAS)
	24.02
	6.03
	3.01
	3.99
	Highly significant

	Leaf width (30 DAS)
	6.49
	12.95
	0.66
	0.88
	Significant

	Leaf width (60 DAS)
	6.72
	12.09
	0.95
	1.26
	Significant

	Stem diameter (30 DAS)
	2.72
	20.03
	2.92
	3.88
	Significant



Heritability and Genetic Advance
The estimates for broad-sense heritability varied significantly, ranging from a high of 89.5% for stem diameter at 30 DAS to a minimum of 6.80% for leaf fresh weight at 30 DAS (Table 2). Substantial heritability estimates were observed for leaf number at 30 DAS (78.9%) and 60 DAS (78.8%), suggesting that these traits are relatively stable across varying environmental conditions and demonstrate a strong genetic basis, with effective transmission from parents to progeny.
According to Johnson et al. (1955), heritability alone is insufficient for predicting the outcome of selection; it must be considered alongside Genetic Advance as per cent of mean (GAM). In this study, the number of tillers at 30 DAS and 60 DAS showed moderate GAM (15.77% and 14.69%) coupled with moderate to high heritability. This combination suggests the involvement of additive gene action, indicating that selection for high-tillering genotypes would lead to stable genetic improvement in subsequent generations.



Table 2. Estimates of genetic variability for key traits
	Trait
	Mean
	Range
	PCV (%)
	GCV (%)
	h² (%)
	GA % Mean
	Genetic Control

	Plant height (30 DAS)
	106.54
	92.66–115.33
	4.70
	4.13
	77.1
	7.47
	Additive

	Tillers (30 DAS)
	5.11
	3.83–6.16
	13.77
	10.26
	55.6
	15.77
	Moderate additive

	Internode length (60 DAS)
	11.74
	10.50–13.23
	5.16
	4.48
	75.2
	8.00
	Additive

	No. of leaves (60 DAS)
	26.90
	25.00–29.00
	4.69
	4.16
	78.8
	7.62
	Additive

	Stem diameter (30 DAS)
	8.83
	7.66–9.90
	7.93
	7.50
	89.5
	14.62
	Strong additive

	Grain yield/plant
	23.58
	21.03–26.73
	9.44
	7.11
	56.8
	11.03
	Moderate



Correlation Coefficient Analysis
The association analysis revealed that grain yield per plant was strongly and positively correlated with plant height at 60 DAS (0.330 phenotypic, 0.645 genotypic) (Table 3). In addition, significant positive correlations were observed with leaf width at 30 DAS and stem fresh weight at 30 DAS. These findings suggest that selecting taller plants with broader leaves and stronger vegetative growth can serve as an effective strategy for enhancing grain yield.
Captivatingly, grain yield showed a negative correlation with leaf number at 60 DAS (-0.141) and leaf fresh weight at 30 DAS (-0.138). These inverse relationships point to a physiological trade‑off, where excessive vegetative leaf mass can reduce grain filling efficiency. This highlights the importance of achieving an optimal plant architecture rather than simply maximizing leaf production.
Table 3. Genotypic correlation coefficients with grain yield
	Trait
	r (Genotypic)
	Significance
	Biological Meaning

	Plant height (60 DAS)
	~0.99
	***
	Strong positive association

	Tillers (60 DAS)
	~0.95
	***
	Yield component trait

	Internode length (60 DAS)
	~0.99
	***
	Structural vigour

	No. of leaves (60 DAS)
	~1.00
	***
	Photosynthetic potential

	Leaf width (60 DAS)
	~1.05
	***
	Assimilate source

	Stem fresh weight (60 DAS)
	~0.98
	***
	Biomass contribution

	Leaf dry weight (60 DAS)
	~1.00
	***
	Dry matter partitioning
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Figure 1: Correlation Heatmap for yield and its contributing traits
This diagram is a correlation heatmap showing the strength and direction of relationships among measured pearl millet traits and grain yield. Each square represents the Pearson correlation coefficient (r) between two traits, ranging from 0.0 to 1.0. i) Yellow/light green shades: Strong positive correlation (r ≈ 0.85–1.00); ii) Teal / blue shades: Moderate correlation (r ≈ 0.60–0.80); iii) Purple shades: Weak or comparatively lower correlation (r ≈ 0.45–0.60).
Path Coefficient Analysis
Path coefficient analysis decomposed the correlation coefficients into direct and indirect components, thereby uncovering the causal trait architecture underlying yield. The highest positive direct effects on grain yield were exerted by stem fresh weight at 30 DAS (0.416) and 60 DAS (0.207), followed by the number of leaves at 60 DAS (0.107) and stem diameter at 60 DAS (0.118). These traits serve as the primary drivers of productivity, representing the plant's capacity for nutrient storage and translocation (Dapke et al., 2014). 
Conversely, plant height at 60 DAS (-0.179) and the number of tillers at 30 DAS (-0.156) showed negative direct effects on yield, despite their positive correlations. This discrepancy implies that height and tillering contribute to yield primarily through indirect pathways, such as increasing stem biomass or leaf surface area, rather than as direct components of grain output. Therefore, breeding strategies should emphasize the selection of traits exerting substantial direct effects, particularly stem diameter and stem fresh weight, as these are likely to contribute more consistently to achieving stable and enhanced yield gains. (Kandarkar et al., 2024).
The investigation confirms that substantial genetic diversity exists within the pearl millet germplasm for both yield and biomass traits. For effective improvement, breeders should focus on indirect selection through characters exhibiting high heritability and strong direct effects on yield, such as stem diameter, leaf width, and stem weight. Tiller number remains a valuable target due to its high variability and additive gene action.
Table 4. Direct and indirect effects of major traits on grain yield
	Trait
	Direct Effect
	Major Indirect Pathways
	Net Effect

	No. of leaves (60 DAS)
	High (+)
	via stem weight, leaf dry weight
	Strong

	Stem fresh weight (60 DAS)
	High (+)
	via leaf fresh weight
	Strong

	Tillers (60 DAS)
	Moderate (+)
	via plant height
	Moderate

	Plant height (60 DAS)
	Low direct
	High indirect via biomass
	Moderate

	Leaf width (60 DAS)
	Moderate
	via leaf number
	Moderate

	Internode length (60 DAS)
	Low direct
	via stem diameter
	Supportive



Conclusion
The evaluation of 35 pearl millet genotypes demonstrates a robust foundation of genetic variability across 21 quantitative characters, as evidenced by the highly significant differences observed for nearly all traits studied. Although environmental factors influenced character expression with phenotypic coefficients of variation consistently exceeding genotypic values, the high heritability of stem diameter and the moderate genetic advance for tiller numbers suggest these traits are primarily governed by additive gene action and are highly reliable for selection. The study elucidates the causal architecture underlying yield formation, demonstrating that although grain productivity exhibits notable associations with plant height and leaf number, its most pronounced direct determinants are internode length at 30 DAS, stem diameter at 60 DAS, and stem fresh weight assessed at both 30 and 60 DAS. Ultimately, these findings provide a precise genetic roadmap, indicating that a selection strategy prioritizing these specific biomass and morphological traits will be most effective in enhancing the yield potential of pearl millet.
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