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ABSTRACT
Aims: To quantify genetic variability, trait associations and genetic divergence for yield, seed-quality and nutritional traits in finger millet, and to identify selection criteria and parental genotypes for developing high-yielding, nutrient-rich cultivars.
Study design: Alpha lattice design with two replications.
Place and Duration of Study: Genetics and Plant Breeding Farm, Acharya Narendra Deva University of Agriculture and Technology, Kumarganj, Ayodhya, Uttar Pradesh, India, during Kharif 2025.
Methodology: Fifty diverse finger millet genotypes were evaluated for nine morphological and seed-quality traits and three nutritional traits (protein, calcium and iron content). The data were analysed for variance, genetic variability parameters, correlation and path coefficients, and Mahalanobis D² genetic divergence.	Comment by mahaveerprasadola37@gmail.com: Repalce with Fifty diverse finger millet genotypes were evaluated for nine morphological traits and four seed-quality attributes, including protein, calcium, and iron content.
Results: Iron content (genotypic coefficient of variation 33.05%, heritability 95%, genetic advance as percent of mean 66.51%), calcium content (20.88%, 100%, 43.01%), grain yield per plant (21.40%, 88%, 41.45%), protein content and ear head length combined high variation with high heritability and genetic advance, indicating good scope for direct selection. Grain yield per plant correlated positively with germination percentage (0.49), seed vigour index-I (0.40) and days to maturity (0.39). Germination percentage (0.877) and days to maturity (0.775) had the largest direct effects, followed by plant height and ear head length. Fourteen clusters were formed; calcium content (35.0%), grain yield per plant (25.0%) and thousand-grain weight (15.0%) contributed 75% of the divergence, with Clusters VIII and XI the most distant. IC473320, IC475858, IC473207, IC474354 and IC475565 were promising for grain yield; IC475559, IC473332 and IC475858 were the top donors for calcium, iron and protein content, respectively.
Conclusion: Germination percentage, days to maturity, plant height, ear head length, protein content and seed vigour index-I are reliable selection criteria, and crosses between the divergent clusters should be rewarding for combining high grain yield with improved nutritional quality in finger millet.
Keywords: Finger millet; genetic variability; heritability; genetic advance; correlation; path coefficient; genetic divergence; nutritional traits
1. INTRODUCTION
Finger millet [Eleusine coracana (L.) Gaertn.], commonly called ragi or mandua, is a self-pollinated allotetraploid cereal (2n = 4x = 36) belonging to the family Poaceae, believed to have evolved from its wild progenitor E. indica through polyploidisation with a still-unresolved B-genome donor (Dida and Devos, 2006; Bančič et al., 2024). It is one of the most nutritionally important small millets, valued for its exceptional calcium content, dietary fibre, polyphenols and balanced amino-acid profile, including tryptophan, lysine and methionine (Bhatt et al., 2011; Devi et al., 2014). Its seed coat, which constitutes about 15% of the kernel, is particularly rich in calcium, fibre and polyphenolic compounds (Chethan and Malleshi, 2007). Due to its ability to survive from post-harvest storage losses for span of years, finger millet is a dependable food reserve in regions vulnerable to famine and seasonal food shortage.
Globally, India, Ethiopia, Nepal, Uganda and Malawi together account for over 99% of the area and production of finger millet, with India alone contributing about 11.6 lakh hectares and 16.9 lakh tonnes of production at a productivity of 1454 kg/ha (Bhat et al., 2023). Within India, Karnataka leads in acreage and production, followed by Uttarakhand, Tamil Nadu, Maharashtra and Odisha (Anonymous, 2023). The United Nations' declaration of 2023 as the International Year of Millets has renewed global interest on finger millet and other 'nutri-cereals' as climate-resilient crops capable of addressing food security, malnutrition and the challenges of a changing climate (Choudhary et al., 2023). Nutritionally, finger millet has low glycemic index and rich mineral profile; suitable in health conscious diets for managing lifestyle disorders such as diabetes and hyperlipidaemia (Anitha et al., 2021).
Genetic improvement of finger millet, as in any crop, depends on the availability of characterised genetic variability and the judicious choice of divergent parents for hybridisation. Genetic variability parameters – genotypic and phenotypic coefficients of variation, heritability and genetic advance – together indicate the extent to which a trait is amenable to improvement through selection (Burton and De Vane, 1953; Johnson et al., 1955). Grain yield is a complex, polygenically controlled trait, correlation and path coefficient analyses (Al-Jibouri et al., 1958; Dewey and Lu, 1959) are essential for partitioning the direct and indirect contributions of component traits and identifying dependable selection criteria. Similarly, Mahalanobis' D² statistic (Mahalanobis, 1936) remains one of the most powerful multivariate tools for quantifying genetic divergence and guiding the choice of genetically distant parents likely to yield desirable transgressive segregants (Kumar et al., 2010). Recent reviews have highlighted the largely untapped genomic and genetic resources available for small millets, including finger millet, and have called for systematic characterisation of germplasm to accelerate trait-based breeding (Vetriventhan et al., 2020, 2025).
Despite the crop's importance, systematic evaluation of genetic diversity encompassing morphological, seed-quality and nutritional traits together remains limited for germplasm adapted to the eastern Uttar Pradesh agro-climatic zone. The present investigation was therefore undertaken with fifty finger millet genotypes with the objectives of (i) estimating genetic variability and genetic parameters for yield, seed quality and nutritional traits, (ii) working out correlation and path coefficients of component traits with grain yield, and (iii) assessing the genetic divergence among the genotypes for the identification of suitable parents for future breeding programmes.
2. MATERIALS AND METHODS
2.1 Experimental site
The experiment was conducted during Kharif 2025 at the Genetics and Plant Breeding Farm, Acharya Narendra Deva University of Agriculture and Technology (ANDUAT), Kumarganj, Ayodhya, Uttar Pradesh (26°27′ N, 82°12′ E; ~113 m amsl). The site experiences a semi-humid, subtropical climate, receives 800-1000 mm annual rainfall, and has red, light-textured, shallow soils. Mean weekly maximum and minimum temperatures during the crop season ranged from 16.1-34.6 °C and 6.7-26.4 °C, respectively, with relative humidity between 51 and 83%. (Source from Department of Agricultural Meteorology, ANDUAT, Kumarganj, Ayodhya).
2.2 Plant material and experimental design
Fifty diverse finger millet genotypes, predominantly germplasm accessions obtained from the National Bureau of Plant Genetic Resources (NBPGR), were used as experimental material. The genotypes represented a diverse set of finger millet germplasm and were evaluated for the traits of interest under field conditions. The experiment was laid out in an alpha lattice design (0,1) with two replications, each replication consisting of 5 incomplete blocks with 10 plots per block. Each genotype was grown in a plot measuring 2 m × 1.2 m, consisting of four rows of 2 m length sown in lines with a row-to-row spacing of 30 cm.	Comment by mahaveerprasadola37@gmail.com: An Alpha Lattice design with only 2 replications (r = 2) and small incomplete block sizes (k = 10) offers limited degrees of freedom for intra-block error calculation (df = 45). Authors should justify why 2 replications were chosen instead of the standard 3 for evaluating D2 genetic divergence and complex traits like yield

2.3 Traits recorded
Observations were recorded on five randomly selected representative plants per plot for nine quantitative traits – days to 50% flowering (DF), days to maturity (DM), plant height in cm (PH), effective tillers per plant (ETP), ear head length in cm (EHL), thousand-grain weight in g (TGW), germination percentage (GP), seed vigour index-I (SVI) (Abdul-Baki and Anderson, 1973), and grain yield per plant in g (GYP) – and three nutritional traits: protein content in % (PC) by the Bradford dye-binding assay read at 595 nm, calcium content in mg/100 g (CC) by EDTA titrimetric method using murexide indicator, and iron content in mg/100 g (IC) by atomic absorption spectroscopy at 248.3 nm, all following standard analytical procedures (AOAC, 1990).
2.4 Statistical analysis
Data were subjected to analysis of variance for the alpha lattice design (Patterson and Williams, 1976) using the linear model Yijk = μ + ri + bj(i) + gk + eijk, where Yijk is the observation on the kth genotype in the jth incomplete block of the ith replication, μ is the general mean, ri is the effect of the ith replication, bj(i) is the effect of the jth incomplete block within the ith replication, gk is the effect of the kth genotype and eijk is the intra-block error. Genotypic and phenotypic coefficients of variation were estimated following Burton and De Vane (1953) and classified as low (<10%), moderate (10-25%) and high (>25%). Broad-sense heritability (h²b) was computed as per Hanson et al. (1956) and categorised as low (<60%), moderate (60-80%) and high (>80%); expected genetic advance and genetic advance as percent of mean were calculated following Johnson et al. (1955), with a selection intensity (k) of 2.06 at 5% selection intensity (Lush, 1949), and classified as low (<10%), moderate (10-20%) and high (>20%). Genotypic and phenotypic correlation coefficients were worked out as per Al-Jibouri et al. (1958), and these were partitioned into direct and indirect effects on grain yield per plant through path coefficient analysis (Dewey and Lu, 1959). Genetic divergence among genotypes was assessed using Mahalanobis' D² statistic (Mahalanobis, 1936), and the genotypes were grouped into clusters by Tocher's method (Rao, 1952); intra- and inter-cluster distances and the percentage contribution of individual traits to total divergence were computed following Singh and Chaudhary (1977). Genotypic and phenotypic variance components were partitioned following the general approach of Comstock and Robinson (1952), Miller et al. (1958) and Falconer and Mackay (1996); phenotypic, genotypic and environmental correlations were estimated as outlined by Searle (1961), and correlations were resolved into direct and indirect path coefficients using the principle originally outlined by Wright (1921). Tests of significance followed standard statistical tables (Fisher and Yates, 1967).
3. RESULTS AND DISCUSSION
3.1 Analysis of variance
The mean sum of squares due to genotypes was highly significant for DF, DM, PH, EHL, SVI, PC, CC, IC and GYP (Table 1), confirming the presence of substantial exploitable genetic variability in the germplasm evaluated. ETP, TGW and GP did not differ significantly among genotypes, suggesting comparatively narrower genetic variation for these three traits in the present set of genotypes.
Table 1. Analysis of variance (ANOVA) for twelve quantitative and nutritional traits in finger millet
	Source
	df
	DF
	DM
	PH
	ETP
	EHL
	TGW
	GP
	SVI
	PC
	CC
	IC
	GYP

	Replications
	1
	39.69**
	9.00
	1.84
	19.36**
	0.09
	2.62**
	1.44
	604.20
	0.02
	2.60*
	0.36**
	32.70**

	Blocks within replications (adjusted)
	4
	3.94
	3.63
	0.62
	2.09
	0.15
	0.07
	6.07
	7133.70
	0.01
	0.10
	0.03
	0.65

	Genotypes (adjusted)
	49
	110.68**
	95.41**
	212.82**
	2.35
	3.27**
	0.15
	5.53
	6012.90**
	2.51**
	3346.20**
	1.79**
	23.14**

	Intra-block error
	45
	5.40
	5.01
	0.90
	1.87
	0.09
	0.10
	4.30
	47.88
	0.22
	0.40
	0.04
	1.49

	Total
	99
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–


* Significant at 5% (P < .05); ** significant at 1% (P < .01). DF = Days to 50% flowering; DM = Days to maturity; PH = Plant height; ETP = Effective tillers per plant; EHL = Ear head length; TGW = Thousand-grain weight; GP = Germination percentage; SVI = Seed vigour index-I; PC = Protein content; CC = Calcium content; IC = Iron content; GYP = Grain yield per plant.
3.2 Mean performance, range and variability
Wide genotypic variation was recorded for most traits (Table 2). DF ranged from 55 (IC476648) to 87 days (IC476282) with a mean of 74.89 days, while DM varied from 71 to 109 days (mean 96.96 days). PH ranged from 71.8 cm (IC474354) to 112.2 cm (IC473331). GYP, the trait of primary economic interest, varied from 6.40 g (IC475199) to 21.10 g (IC475858) with a mean of 15.40 g and a high phenotypic coefficient of variation (22.75%; Table 3), reflecting good scope for yield improvement through selection, while the low experimental error CV (7.73%) indicates good precision of the trial. Among the nutritional traits, CC showed the widest relative spread (121.5-273.7 mg/100 g; mean 195.9 mg/100 g), followed by IC (1.23-4.53 mg/100 g) and PC (3.02-7.80%), underlining considerable genetic diversity for grain quality that can be exploited in biofortification-oriented breeding.
Table 2. Mean, standard deviation, coefficient of variation and range for twelve traits in fifty finger millet genotypes
	Trait
	Mean
	SD
	CD @5%
	CV (%)
	Minimum
	Maximum

	Days to 50% flowering
	74.89
	7.61
	4.73
	3.07
	55
	87

	Days to maturity
	96.96
	7.08
	4.56
	2.28
	71
	109

	Plant height (cm)
	94.14
	10.34
	1.93
	0.99
	71.80
	112.20

	Effective tillers/plant
	5.48
	1.46
	2.83
	25.09
	3
	8

	Ear head length (cm)
	8.11
	1.30
	0.61
	3.65
	6.00
	11.90

	1000-grain weight (g)
	2.70
	0.35
	0.65
	11.65
	1.25
	3.42

	Germination (%)
	88.00
	2.19
	4.25
	2.34
	84
	92

	Seed vigour index-I
	753.87
	69.24
	1.42
	0.90
	613.20
	918.00

	Protein content (%)
	5.82
	1.16
	0.92
	7.65
	3.02
	7.80

	Calcium content (mg/100g)
	195.88
	40.91
	1.21
	2.50
	121.50
	273.70

	Iron content (mg/100g)
	2.83
	0.96
	0.42
	7.24
	1.23
	4.53

	Grain yield/plant (g)
	15.40
	3.50
	2.45
	7.73
	6.40
	21.10


3.3 Genetic variability, heritability and genetic advance
Phenotypic coefficients of variation (PCV) were consistently, but only marginally, higher than the corresponding genotypic coefficients of variation (GCV) for most traits (Table 3, Fig. 1), indicating limited environmental influence and a predominantly genetic basis for the observed variability. An exception was ETP, where PCV (26.56%) was much higher than GCV (8.71%), reflecting strong environmental modulation of this trait. High GCV coupled with high heritability and high genetic advance as percent of mean (GAM) was recorded for IC (GCV 33.05%, h²b 95%, GAM 66.51%), CC (GCV 20.88%, h²b 100%, GAM 43.01%), GYP (GCV 21.40%, h²b 88%, GAM 41.45%), PC (GCV 18.47%, h²b 85%, GAM 35.16%) and EHL (GCV 15.54%, h²b 95%, GAM 31.17%) (Fig. 2). This combination indicates that the variation observed for these traits is largely under the control of genetic factors rather than the confounding effect of environment, and that they would respond well to direct phenotypic selection — a conclusion consistent with the findings of Anuradha et al. (2024), Lad et al. (2020), Prajwala et al. (2025), Mahanthesha et al. (2017) and Chapagain et al. (2026) in finger millet, all of whom similarly reported PCV exceeding GCV with a narrow genotypic-phenotypic gap for most agronomic traits. PH and SVI combined very high heritability (99%) with high GAM for PH (22.43%) and moderate GAM for SVI (18.71%), while ETP, TGW and GP showed low heritability (11-20%) together with low GCV, suggesting these traits are influenced largely by non-additive gene action and environmental factors, offering limited scope for improvement through simple selection.
Table 3. Genetic variability parameters, heritability and genetic advance for twelve traits in finger millet
	Trait
	σ²g
	σ²e
	σ²p
	GCV (%)
	PCV (%)
	h²b (%)
	GA
	GAM (%)

	Days to 50% flowering
	52.70
	5.28
	57.98
	9.69
	10.17
	91
	14.26
	19.04

	Days to maturity
	45.25
	4.90
	50.15
	6.94
	7.30
	90
	13.16
	13.58

	Plant height
	105.97
	0.87
	106.85
	10.94
	10.98
	99
	21.12
	22.43

	Effective tillers/plant
	0.23
	1.89
	2.12
	8.71
	26.56
	11
	0.32
	5.88

	Ear head length
	1.59
	0.09
	1.68
	15.54
	15.97
	95
	2.53
	31.17

	1000-grain weight
	0.03
	0.10
	0.12
	5.89
	13.06
	20
	0.15
	5.47

	Germination (%)
	0.55
	4.25
	4.80
	0.84
	2.49
	11
	0.51
	0.58

	Seed vigour index-I
	4746.13
	47.88
	4794.01
	9.13
	9.20
	99
	141.20
	18.71

	Protein content
	1.16
	0.20
	1.35
	18.47
	19.99
	85
	2.05
	35.16

	Calcium content
	1672.88
	0.40
	1673.28
	20.88
	20.88
	100
	84.25
	43.01

	Iron content
	0.87
	0.04
	0.92
	33.05
	33.84
	95
	1.88
	66.51

	Grain yield/plant
	10.86
	1.42
	12.28
	21.40
	22.75
	88
	6.38
	41.45


σ²g = genotypic variance; σ²e = environmental variance; σ²p = phenotypic variance; GCV/PCV = genotypic/phenotypic coefficient of variation; h²b = broad-sense heritability; GA = genetic advance; GAM = genetic advance as percent of mean.
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Fig. 1. Genotypic (GCV) and phenotypic (PCV) coefficients of variation for twelve traits in finger millet.
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Fig. 2. Broad-sense heritability (h²b) and genetic advance as percent of mean (GAM) for twelve traits in finger millet.
3.4 Correlation coefficient analysis
Genotypic correlation coefficients exceeded their phenotypic counterparts for nearly all trait pairs (Tables 4 and 5; Fig. 3), indicating that observed phenotypic associations were largely genetic in origin, with environmental factors exerting a masking rather than a strengthening effect. GYP showed significant positive genotypic correlation with GP (rg = 0.49**), SVI (rg = 0.40**), DM (rg = 0.39**), ETP (rg = 0.38**) and DF (rg = 0.37**). At the phenotypic level, DM (rp = 0.35**) and DF (rp = 0.32**) retained significant positive association with yield, while IC showed a negative, non-significant phenotypic correlation with yield (rp = −0.12). Among inter-trait relationships, DF and DM were very strongly correlated (rg = 0.88**), confirming that late-flowering genotypes also matured late; PH and ETP were positively correlated (rg = 0.52**); and SVI and TGW showed a strong positive genotypic correlation (rg = 0.98**), while SVI was negatively correlated with EHL (rg = −0.60**) and CC (rg = −0.37**). These trends broadly agree with the correlation patterns reported by Patel et al. (2023), Chavan et al. (2020), Manyasa et al. (2016), Priyadharshini et al. (2011), Sapkal et al. (2019) and Vidhate et al. (2020) in finger millet.
Table 4. Genotypic correlation coefficients among twelve traits in finger millet
	Trait
	DF
	DM
	PH
	ETP
	EHL
	TGW
	GP
	SVI
	PC
	CC
	IC
	GYP

	DF
	1.00
	0.88**
	-0.02
	-0.05
	-0.37**
	-0.30*
	-0.25
	0.20
	-0.22
	0.21
	-0.17
	0.37**

	DM
	
	1.00
	0.09
	0.09
	-0.28
	-0.07
	-0.33*
	0.19
	-0.25
	0.20
	-0.14
	0.39**

	PH
	
	
	1.00
	0.52**
	-0.02
	0.34*
	-0.18
	-0.25
	-0.04
	0.11
	-0.02
	0.19

	ETP
	
	
	
	1.00
	0.37**
	-0.27
	0.12
	−1.00**
	0.23
	0.29*
	0.43**
	0.38**

	EHL
	
	
	
	
	1.00
	0.41**
	-0.05
	-0.60**
	0.22
	-0.05
	0.29*
	-0.08

	TGW
	
	
	
	
	
	1.00
	0.01
	0.98**
	0.40**
	-0.09
	-0.22
	0.10

	GP
	
	
	
	
	
	
	1.00
	0.08
	0.21
	0.01
	0.12
	0.49**

	SVI
	
	
	
	
	
	
	
	1.00
	0.00
	-0.37**
	-0.34*
	0.40**

	PC
	
	
	
	
	
	
	
	
	1.00
	-0.07
	0.12
	0.07

	CC
	
	
	
	
	
	
	
	
	
	1.00
	0.06
	0.12

	IC
	
	
	
	
	
	
	
	
	
	
	1.00
	-0.16

	GYP
	
	
	
	
	
	
	
	
	
	
	
	1.00


*Significant at P ≤ .05; ** significant at P ≤ .01. DF = Days to 50% flowering; DM = Days to maturity; PH = Plant height; ETP = Effective tillers/plant; EHL = Ear head length; TGW = 1000-grain weight; GP = Germination %; SVI = Seed vigour index-I; PC = Protein content; CC = Calcium content; IC = Iron content; GYP = Grain yield/plant. The genotypic correlation between ETP and SVI (−1.07) exceeded the theoretical limit and was restricted to −1.00.	Comment by mahaveerprasadola37@gmail.com: Add reasons for that happing and supporting references
Table 5. Phenotypic correlation coefficients among twelve traits in finger millet
	Trait
	DM
	PH
	ETP
	EHL
	TGW
	GP
	SVI
	PC
	CC
	IC
	GYP

	DF
	0.80**
	-0.02
	-0.06
	-0.36**
	-0.09
	-0.02
	0.12
	-0.22*
	0.19*
	-0.16
	0.32**

	DM
	
	0.08
	0.02
	-0.25*
	-0.02
	-0.16
	0.15
	-0.20*
	0.18
	-0.12
	0.35**

	PH
	
	
	0.15
	-0.02
	0.14
	-0.07
	-0.07
	-0.04
	0.11
	-0.01
	0.16

	ETP
	
	
	
	0.14
	-0.12
	-0.12
	-0.16
	0.10
	0.09
	0.13
	0.05

	EHL
	
	
	
	
	0.18
	-0.08
	-0.15
	0.18
	-0.04
	0.27**
	0.00

	TGW
	
	
	
	
	
	0.22*
	0.12
	0.21*
	-0.04
	-0.12
	0.08

	GP
	
	
	
	
	
	
	0.22*
	0.00
	0.00
	-0.02
	0.08

	SVI
	
	
	
	
	
	
	
	-0.01
	-0.09
	-0.06
	0.03

	PC
	
	
	
	
	
	
	
	
	-0.06
	0.12
	0.05

	CC
	
	
	
	
	
	
	
	
	
	0.06
	0.11

	IC
	
	
	
	
	
	
	
	
	
	
	-0.12


* Significant at P ≤ .05; ** significant at P ≤ .01.
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Fig. 3. Heat-map of genotypic correlation coefficients among twelve traits in finger millet (lower triangle; colour scale from −1 to +1).
3.5 Path coefficient analysis
Since correlation alone does not reveal cause-and-effect relationships among interdependent traits, path coefficient analysis was carried out to partition genotypic (Table 6) and phenotypic (Table 7) correlations of component traits with GYP into direct (diagonal, bold) and indirect (off-diagonal) effects. At the genotypic level, GP exerted the highest positive direct effect on GYP (0.877), followed by DM (0.775), PH (0.424), EHL (0.253), PC (0.180) and SVI (0.174). Because these traits also showed significant positive correlation with yield, their positive correlation was chiefly attributable to genuine direct effects, and they can therefore be treated as dependable selection indices for grain yield improvement in finger millet, corroborating similar reports by Patel et al. (2023), Chavan et al. (2020) and Nagendra Babu et al. (2023). In contrast, ETP (−0.264), TGW (−0.117), IC (−0.213) and CC (−0.052) exerted negative direct effects, implying that their observed positive phenotypic correlation with yield, where present, operated mainly through indirect pathways via other component traits rather than through a direct contribution.
At the phenotypic level the same broad trend held, with DM (0.280), GP (0.155), PH (0.154) and PC (0.147) showing the strongest positive direct effects, while SVI (−0.030) and IC (−0.133) had negative direct effects. A comparatively high residual effect (0.788) at the phenotypic level indicated that other component traits and environmental factors not included in the present study also influence GYP appreciably.
Table 6. Genotypic path coefficients showing direct (bold, diagonal) and indirect effects of component traits on grain yield per plant
	Trait
	DF
	DM
	PH
	ETP
	EHL
	TGW
	GP
	SVI
	PC
	CC
	IC

	DF
	0.0132
	0.68028
	-0.0088
	0.01245
	-0.0946
	0.03566
	-0.2227
	-0.0345
	-0.0389
	-0.0108
	0.03591

	DM
	0.01159
	0.77485
	0.03769
	-0.0233
	-0.0698
	0.00864
	-0.2928
	-0.0333
	-0.0456
	-0.0103
	0.02893

	PH
	-0.0003
	0.06881
	0.42448
	-0.1382
	-0.0054
	-0.0396
	-0.1565
	0.04314
	-0.008
	-0.006
	0.00389

	ETP
	-0.0006
	0.06826
	0.22208
	-0.2642
	0.09244
	0.03144
	0.10862
	0.1856
	0.04224
	-0.0154
	-0.0912

	EHL
	-0.0049
	-0.2142
	-0.009
	-0.0967
	0.25255
	-0.0476
	-0.0481
	0.10461
	0.03876
	0.00251
	-0.0607

	TGW
	-0.004
	-0.0573
	0.1435
	0.07101
	0.10278
	-0.117
	0.01166
	-0.1709
	0.07201
	0.00467
	0.04737

	GP
	-0.0034
	-0.2588
	-0.0758
	-0.0327
	-0.0139
	-0.0016
	0.87662
	-0.0143
	0.03868
	-0.0005
	-0.0253

	SVI
	0.00262
	0.14849
	-0.1054
	0.28235
	-0.1521
	-0.1151
	0.07221
	0.17368
	0.00041
	0.01928
	0.07268

	PC
	-0.0029
	-0.1963
	-0.0189
	-0.062
	0.05437
	-0.0468
	0.18837
	-0.0004
	0.18
	0.00381
	-0.0255

	CC
	0.00272
	0.15163
	0.04831
	-0.0778
	-0.0121
	0.01041
	0.00757
	0.06388
	-0.0131
	-0.0524
	-0.0133

	IC
	-0.0022
	-0.1054
	-0.0078
	-0.1133
	0.07203
	0.02606
	0.10441
	0.05935
	0.02161
	-0.0033
	-0.2127


Diagonal values in bold represent direct effects; off-diagonal values represent indirect effects via the respective trait. Genotypic residual effect = 0.132.
Table 7. Phenotypic path coefficients showing direct (bold, diagonal) and indirect effects of component traits on grain yield per plant
	Trait
	DF
	DM
	PH
	ETP
	EHL
	TGW
	GP
	SVI
	PC
	CC
	IC

	DF
	0.1402
	0.2263
	-0.00404
	-0.0027
	-0.02332
	0.00002
	-0.00386
	-0.00387
	-0.03279
	0.00514
	0.02138

	DM
	0.11348
	0.2796
	0.01304
	0.0008
	-0.01649
	0.00001
	-0.02487
	-0.00488
	-0.02983
	0.00485
	0.01723

	PH
	-0.00369
	0.0237
	0.15376
	0.0064
	-0.00131
	-0.00003
	-0.01101
	0.00243
	-0.00642
	0.00295
	0.00241

	ETP
	-0.00949
	0.00613
	0.02446
	0.04023
	0.00931
	0.00003
	-0.01962
	0.00536
	0.01485
	0.00248
	-0.01803

	EHL
	-0.05049
	-0.07121
	-0.00312
	0.00578
	0.06477
	-0.00004
	-0.01373
	0.00487
	0.02661
	-0.00123
	-0.03622

	TGW
	-0.01385
	-0.00674
	0.02222
	-0.00518
	0.01164
	-0.00022
	0.03472
	-0.00414
	0.03157
	-0.00106
	0.01695

	GP
	-0.00349
	-0.04483
	-0.01092
	-0.00509
	-0.00573
	-0.00005
	0.15515
	-0.00718
	0.00786
	0.00018
	0.0036

	SVI
	0.01586
	0.03988
	-0.109
	-0.0063
	-0.0092
	-0.00003
	0.03255
	-0.02992
	-0.00194
	-0.00232
	0.00753

	PC
	-0.03124
	-0.05669
	-0.0067
	0.00406
	0.01171
	-0.00005
	0.00828
	0.00045
	0.1472
	-0.00177
	-0.01645

	CC
	0.02765
	0.05211
	0.01742
	0.00383
	-0.00306
	0.00001
	0.00109
	0.00305
	-0.01002
	0.02605
	-0.00802

	IC
	-0.02254
	-0.03625
	-0.00278
	0.00546
	0.01764
	0.00003
	-0.0042
	0.00194
	0.01821
	0.00157
	-0.13286


Diagonal values in bold represent direct effects; off-diagonal values represent indirect effects via the respective trait. Phenotypic residual effect = 0.7879.
3.6 Genetic divergence (Mahalanobis' D²) analysis
Mahalanobis' D² analysis revealed wide genetic diversity among the fifty genotypes evaluated. CC contributed the maximum share (35.0%) to total genetic divergence, followed by GYP (25.0%) and TGW (15.0%); together these three traits accounted for 75% of total divergence, with PH (10.0%) and DF (7.0%) raising the cumulative contribution to 92% (Table 8, Fig. 4). GP contributed negligibly (0.10%), indicating that it played almost no role in differentiating the genotypes at the multivariate level despite its strong direct effect on yield noted in the path analysis — underscoring that traits important for yield determination and those driving overall genetic divergence need not coincide.
Table 8. Percentage contribution of component traits to total genetic divergence
	Trait
	Contribution (%)
	Cumulative (%)

	Calcium content
	35.00
	35.00

	Grain yield/plant
	25.00
	60.00

	1000-grain weight
	15.00
	75.00

	Plant height
	10.00
	85.00

	Days to 50% flowering
	7.00
	92.00

	Iron content
	3.00
	95.00

	Ear head length
	2.00
	97.00

	Protein content
	1.00
	98.00

	Days to maturity
	1.00
	99.00

	Seed vigour index-I
	0.50
	99.50

	Effective tillers/plant
	0.40
	99.90

	Germination (%)
	0.10
	100.00
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Fig. 4. Percentage contribution of component traits to total genetic divergence (D²) among fifty finger millet genotypes.
Based on D² values, the fifty genotypes were grouped into fourteen clusters by Tocher's method (Table 9). Clusters I, II and IV were the largest, polygenotypic groups comprising 10, 8 and 7 genotypes, respectively, while six clusters were monogenotypic (singleton), reflecting the unique genetic constitution of the corresponding accessions. This pattern of clustering, with a few large clusters and several solitary ones, is comparable to the clustering behaviour reported for finger millet germplasm by Devaliya et al. (2017), Sharma et al. (2022a, 2022b), Negi et al. (2017), Nagaraja et al. (2023) and Vasisth et al. (2022).
Table 9. Distribution of fifty finger millet genotypes into fourteen clusters (Tocher's method)
	Cluster
	No. of genotypes
	Genotypes included

	I
	10
	IC473207, IC473271, IC473332, IC473631, IC474781, IC474900, IC475498, IC475867, IC476163, IC478158

	II
	8
	IC473325, IC473329, IC473875, IC474601, IC474778, IC476160, IC476227, IC478027

	III
	6
	IC402539, IC439540, IC473204, IC473320, IC475556, IC476166

	IV
	7
	IC474836, IC474839, IC475202, IC475681, IC478579, IC478631, IC479177

	V
	3
	IC474357, IC476282, IC477975

	VI
	6
	IC298476, IC345078, IC475501, IC475858, IC476288, IC476529

	VII
	2
	IC475736, IC71413

	VIII
	2
	IC473331, IC475739

	IX
	1
	IC474354

	X
	1
	IC475199

	XI
	1
	IC475559

	XII
	1
	IC475565

	XIII
	1
	IC476642

	XIV
	1
	IC476648


Intra-cluster distances, reflecting the degree of homogeneity among genotypes within a cluster, were highest in Cluster IV (719.50), followed by Cluster II (708.90) and Cluster III (700.12), indicating relatively greater within-cluster variability in these polygenotypic groups (Table 10). Inter-cluster distances varied widely, with the maximum genetic distance recorded between Cluster VIII and Cluster XI (101138.3), followed by Cluster V and Cluster XI (91800.9), Cluster VIII and Cluster XIII (79485.8), and Cluster III and Cluster VIII (75489.4). The wide genetic distance between these cluster pairs suggests that crosses involving their constituent genotypes are likely to produce a high frequency of desirable transgressive segregants and pronounced heterosis in subsequent generations. Conversely, the minimum inter-cluster distance was observed between Cluster II and Cluster IX (1212.6), followed by Cluster XII and Cluster XIV (1224.3), indicating closer genetic relatedness and limited scope for exploiting heterosis between genotypes of these clusters. These findings parallel those of Bharathi et al. (2023) and Gopal et al. (2023), who similarly reported wide inter-cluster distances in finger millet germplasm and recommended their use in systematic hybridisation.
Table 10. Intra- (diagonal) and inter-cluster (off-diagonal) D² distances among fourteen clusters
	Cl.
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	IX
	X
	XI
	XII
	XIII
	XIV

	I
	686.94
	17773.05
	4059.15
	8924.79
	40443.82
	2650.76
	29155.1
	47052.34
	15037.66
	1661.91
	11058.6
	1418.71
	5027.74
	1625.95

	II
	
	708.90
	36472.79
	2282.18
	5416.22
	7939.06
	1915.80
	7837.02
	1212.59
	11918.23
	54917.45
	26095.45
	38719.17
	22276.55

	III
	
	
	700.12
	22971.55
	67189.97
	11313.69
	52400.9
	75489.41
	32505.44
	8327.08
	2349.09
	1460.10
	1288.28
	3701.05

	IV
	
	
	
	719.50
	12403.08
	2717.73
	6654.79
	16469.17
	1568.30
	4867.62
	37946.14
	14791.13
	24533.69
	11986.4

	V
	
	
	
	
	640.41
	24418.4
	1400.11
	1655.78
	6974.90
	30294.49
	91800.94
	52367.07
	69246.57
	45938.9

	VI
	
	
	
	
	
	635.77
	15846.88
	29620.9
	6351.45
	1319.81
	22200.99
	5979.51
	12789.4
	4874.52

	VII
	
	
	
	
	
	
	400.47
	2683.54
	3341.80
	21203.47
	74279.75
	39725.87
	54868.07
	34542.09

	VIII
	
	
	
	
	
	
	
	420.78
	11459.41
	37622.68
	101138.3
	60658.7
	79485.81
	54791.89

	IX
	
	
	
	
	
	
	
	
	0
	8686.80
	50167.35
	22089.9
	33194.71
	17763.16

	X
	
	
	
	
	
	
	
	
	
	0
	17985.26
	3540.49
	8068.82
	1885.47

	XI
	
	
	
	
	
	
	
	
	
	
	0
	5853.40
	3220.13
	10021.17

	XII
	
	
	
	
	
	
	
	
	
	
	
	0
	1858.46
	1224.27

	XIII
	
	
	
	
	
	
	
	
	
	
	
	
	0
	2862.12

	XIV
	
	
	
	
	
	
	
	
	
	
	
	
	
	0


Diagonal values (bold position) denote intra-cluster distances.
Cluster mean analysis revealed substantial variation among the fourteen clusters for every trait studied (Table 11). Cluster XIV recorded the highest mean GYP (20.60 g) and the highest PC (7.06%), while Cluster III recorded the lowest GYP (8.32 g) (Fig. 5). Cluster I had the highest CC (273.63 mg/100 g) and Cluster XIII the lowest (121.75 mg/100 g). Cluster VIII showed the highest IC (4.04 mg/100 g), while Cluster IX was the earliest to flower (56.0 days) and mature (73.0 days). Because Cluster VIII (rich in iron) and Cluster XI, and Cluster III and Cluster VIII, showed the widest genetic separation, hybridisation between genotypes drawn from these divergent, agronomically and nutritionally contrasting clusters is expected to be the most rewarding strategy for combining high yield with enhanced nutritional quality.
Table 11. Cluster-mean values of twelve quantitative and nutritional traits across fourteen D² clusters
	Trait
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	IX
	X
	XI
	XII
	XIII
	XIV

	DF
	81.50
	84.00
	74.00
	78.08
	72.56
	74.90
	72.25
	82.50
	56.00
	73.42
	78.16
	76.50
	69.75
	77.00

	DM
	106.00
	107.50
	99.00
	99.16
	97.25
	97.20
	93.00
	99.50
	73.00
	94.14
	99.83
	99.16
	89.75
	99.00

	PH
	107.70
	88.90
	78.55
	100.56
	95.90
	96.05
	93.14
	76.75
	73.95
	92.31
	83.20
	96.25
	108.95
	72.50

	ETP
	3.50
	5.50
	6.00
	5.83
	5.87
	5.85
	4.25
	4.50
	6.00
	5.21
	4.66
	5.50
	6.00
	4.00

	EHL
	6.48
	6.72
	9.31
	8.17
	8.20
	8.08
	8.10
	10.38
	10.68
	7.60
	9.06
	7.78
	8.04
	7.10

	TGW
	2.85
	2.70
	2.43
	2.75
	2.76
	2.61
	3.02
	2.64
	2.84
	2.56
	2.61
	2.75
	2.79
	2.70

	GP
	84.50
	90.50
	86.50
	88.33
	87.56
	88.15
	88.25
	87.50
	89.50
	88.28
	86.50
	87.58
	89.75
	90.50

	SVI
	727.35
	723.50
	804.55
	740.68
	762.01
	759.21
	773.92
	723.00
	724.85
	749.70
	758.35
	753.35
	733.00
	801.10

	PC
	5.31
	3.77
	5.36
	5.53
	5.87
	5.82
	6.50
	6.48
	6.17
	5.30
	5.52
	6.73
	5.69
	7.06

	CC
	273.63
	239.64
	208.79
	251.56
	161.39
	223.54
	142.85
	250.36
	227.65
	180.15
	128.82
	202.18
	121.75
	167.76

	IC
	1.80
	1.24
	3.30
	2.62
	2.76
	3.43
	3.06
	4.04
	2.77
	2.78
	1.97
	2.59
	3.14
	2.70

	GYP
	17.15
	19.88
	8.32
	15.40
	15.24
	17.13
	16.54
	10.70
	14.15
	12.72
	15.66
	15.72
	15.00
	20.60
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Fig. 5. Cluster-wise mean grain yield per plant (g) across fourteen D² clusters in finger millet.
3.7 Promising genotypes for nutritional enrichment
Screening of the biochemical data identified genotypes with distinctly superior nutritional profiles relative to the trial mean (Table 12, Fig. 6). For PC (trial mean 5.82%), IC475858, IC474900, IC298476, IC474778 and IC478631 were the top-performing genotypes, all exceeding 7.1%. For IC (trial mean 2.83 mg/100 g), IC473332, IC475501, IC473320, IC474900 and IC298476 recorded the highest values (>4.2 mg/100 g), while for CC (trial mean 195.9 mg/100 g), IC475559, IC473320, IC476166, IC475556 and IC473204 were the leading genotypes (>250 mg/100 g). These genotypes exhibited superior phenotypic performance for micronutrient (IC and CC) and PC and may serve as potential donor parents for biofortification-oriented breeding in finger millet, subject to further validation.
Table 12. Top five genotypes for protein, iron and calcium content
	Rank
	Protein content (%)
	Iron content (mg/100g)
	Calcium content (mg/100g)

	1
	IC475858 (7.43)
	IC473332 (4.41)
	IC475559 (273.63)

	2
	IC474900 (7.42)
	IC475501 (4.31)
	IC473320 (260.12)

	3
	IC298476 (7.40)
	IC473320 (4.29)
	IC476166 (255.74)

	4
	IC474778 (7.33)
	IC474900 (4.24)
	IC475556 (251.34)

	5
	IC478631 (7.20)
	IC298476 (4.23)
	IC473204 (250.67)


[image: ]
Fig. 6. Top five (blue) and bottom five (red) finger millet genotypes for protein, iron and calcium content.
4. CONCLUSION
The present study confirmed the existence of considerable genetic variability among fifty finger millet genotypes for yield, seed-quality and nutritional traits. High heritability coupled with high genetic advance as percent of mean for IC, CC, GYP, PC and EHL indicated that the variation in these traits is largely under the control of genetic factors rather than the confounding effect of environment, making these traits highly amenable to improvement through direct phenotypic selection. Path coefficient analysis identified GP, DM, PH, EHL, PC and SVI as traits exerting genuine positive direct effects on GYP, and these may be adopted as reliable selection criteria in finger millet improvement programmes. Mahalanobis' D² analysis grouped the genotypes into fourteen genetically distinct clusters, with CC, GYP and TGW together accounting for three-fourths of total divergence. The wide genetic distance between Cluster VIII and Cluster XI, and between Cluster III and Cluster VIII, points to promising parental combinations for hybridisation. Overall, genotypes IC473320, IC475858, IC473207, IC474354 and IC475565 are recommended as promising genetic resources for grain yield improvement, while IC475559, IC473332 and IC475858 are recommended as potential donors for enhancing calcium, iron and PC, respectively. These genotypes may therefore serve as potential parental sources for improving yield as well as nutritional quality in finger millet and suited to the needs of sustainable and nutritionally secure agriculture.
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