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Abstract
Finger millet (Eleusine coracana L.), commonly known as ragi, is valued both for its resilience under low-input farming conditions and its rich nutritional profile, particularly in calcium, iron, and zinc. Although widely consumed in world, progress in its systematic genetic improvement has been relatively slow compared to other millets. Hence, the study was carried out to assess genetic variability and trait associations in the F3 generation of two crosses, GPU-28 × GE-1746 and GPU-28 × GE-6635. A total of 97 and 60 F3 families from the respective crosses were evaluated during Kharif 2022 in an augmented design with three checks. Observations were recorded on yield attributing traits along with grain Fe and Zn contents. Significant variation among progenies was detected for most traits, confounding the presence of valuable genetic variability. High estimates of genetic and phenotypic coefficients of variation for productive tillers, grain yield and micronutrient contents indicated ample scope for selection. Correlation analysis showed a strong positive relationship between Fe and Zn in GPU-28 × GE-1746, while negative association in GPU-28 × GE-6635. Grain yield was positively associated with productive tillers and finger number per ear, whereas grain Fe and Zn registered negative relationship with yield. Several progenies surpassed the checks for grain micronutrient contents, while the progenies of the cross, GPU-28 × GE-6635 performing consistently well for both yield and nutritional traits. These findings highlight promising F3 families for advancement, with potential to develop high-yielding and biofortified finger millet varieties enriched with iron and zinc.
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1. Introduction
Ragi (Eleusine coracana L.), commonly known as finger millet, is one of the most resilient and nutrient-rich small millet cultivated in India and parts of Africa. It is valued not only for its adaptability to marginal soils and drought conditions but also for its exceptional nutritional profile, particularly high calcium, iron and dietary fibre content (Devi et al., 2014). Despite its humble recognition as a subsistence crop, ragi has gained renewed importance in recent years as a “nutri-cereal” capable of addressing malnutrition and lifestyle-related health issues (Megha et al., 2023).
In breeding programs, ragi provides a wide opportunity for selection because of the inclusive variability observed among its genotypes for yield, grain quality and stress tolerance (Ponnam, 2021). This natural diversity is the foundation for selecting superior lines and developing improved cultivars. Grain yield and micronutrient content may complement with one another and helps breeders to design balanced improvement strategies (Megha et al., 2023).
Despite its significant contribution to the dietary system of millions of people, finger millet still lags behind other millets in terms of varietal improvement (Megha et al., 2023). Hence, hybridization programs provide an effective approach to generate variability by combining desirable attributes from genetically diverse parents (Ponnam, 2021). The progenies obtained from such crosses segregate widely, expressing differences in yield component traits and grain nutrient content (Upadhyaya et al., 2011). 
The genetic variability becomes the basis for identifying superior plants in segregating generations for productivity traits and enhanced micronutrient concentration (Devi et al., 2014). However, Soley on variability studies is not sufficient for selection, but combined with inter-correlation studies help to unravel the relationships among yield-related traits and grain micronutrients such as zinc and iron (Megha et al., 2023). Therefore, evaluating variability along with trait correlations in cross-derived populations is fundamental for devising effective selection approaches for developing varieties that combine high yield with superior nutritional value (Ponnam, 2021)
2. Materials and Methods
The present study comprised of F3 generation derived from two crosses, GPU-28 × GE-1746 and GPU-28 × GE-6635. The common female parent, GPU-28, is a high-yielding variety with resistance to finger and neck blast diseases. It was crossed with the accessions GE-1746 and GE-6635, which possess relatively higher grain Fe and Zn contents. Seeds of the F1 generation from both crosses were obtained from the Project Coordinating Unit (Small Millets), Bengaluru. The F2 populations derived from cross GPU 28 × GE1746 and GPU 28 × GE6635 were sown in large area during summer 2021. Selection was exercised based on phenotypic performance. Those F2 plants which performed better than mean plus standard deviation and less than mean minus standard deviation for grain Fe and Zn content were selected from each cross. Totally, 97 and 60 F2 plants were selected from cross GPU 28 × GE1746 and GPU 28 × GE6635, respectively. Seeds of such selected F2 were advanced to F3 generation and evaluated them in plant to row progenies in Augmented design (Federer, 1956) along with three checks GPU 48, GPU 66 and KMR 301 during kharif-2022. Each progeny row was grown in three-meter length with row to row spacing of 30 cm apart. Data were recorded on five plants randomly selected from each family or progeny row, and grain Fe and Zn contents were estimated for these sampled plants. The adjusted mean values of quantitative traits in the F3 progeny plants were computed using descriptive statistics and variability parameters, including heritability and genetic advance. Analysis of variance (ANOVA) was performed as per the Augmented Design for the F₃ progenies. Correlation analysis was carried out to determine the associations of plant height (cm), productive tillers per plant, finger length (cm), number of fingers per main ear, grain Fe content (ppm), and grain Zn content (ppm) with grain yield in both crosses.
3. Results and Discussion
ANOVA revealed significant mean sum of squares for traits such as days to 50% flowering, plant height, productive tillers per plant, grain yield per plant, grain Fe and Zn contents in both crosses, indicating the presence of substantial variability among progenies (Table 1). The variability detected can be attributed to gene segregation, as the F3 generation represents an early stage of genetic segregation. The cross combination of GPU-28 × GE-6635 recorded higher mean values for productive tillers per plant, fingers main per ear, finger length, grain yield per plant, grain Fe and Zn content. Other cross GPU-28 × GE-1746 manifested higher mean values for plant height and lower mean for days to 50 per cent flowering (Fig. 1). Higher estimates of GCV and PCV were noticed for productive tillers per plant, grain yield, grain Fe and Zn content in both crosses, indicating the prevalence of adequate variability in F3 population of both crosses which provides good opportunity for selection of individual plants based on these traits. Moderate estimates of GCV and PCV were noticed for finger length in both crosses, exhibiting the considerable amount of variability expressed for these traits and moderate estimates of GCV and PCV were noticed for number of fingers per main ear in the cross GPU-28 × GE-6635, which has low GCV and moderate PCV in the cross GPU-28 × GE-1746. plant height exhibits low GCV and moderate PCV value in both crosses.  However, low magnitudes of GCV and PCV noticed for days to 50 per cent flowering suggested less variability expressed for this trait in F3 generation of both crosses (Table 2). Similar findings were reported by Ulaganathan and Nirmala kumari (2014), Mahanthesha et al. (2017) for productive tillers per plant and grain yield and Kumar et al. (2020) for grain Fe and Zn content in pearl millet. The results for plant height (low GCV), for days to 50 per cent flowering (low GCV and PCV) and moderate PCV and GCV values of finger length and number of fingers were in agreement with the results reported earlier by Shet et al. (2010). 
Correlation of grain Fe and Zn contents with grain yield and its attributing traits both crosses were presented in Table 4. Significantly high and positive correlation was observed between grain Fe with Zn contents in cross GPU-28 × GE-1746, whereas in cross GPU-28 × GE-6635 lower magnitude of positive association was noticed between grain Fe and Zn content. Significant positive association was noticed between finger number per main ear, productive tillers per plant with grain yield per plant in both crosses. Fairly high correlation between grain Fe and Zn contents suggests ample scope for simultaneous improvement of both the micronutrients, similar result was obtained by Kumar et al. (2012) in sorghum. Significant negative correlation of grain Fe with grain yield in cross GPU-28 × GE-1746 (-0.304) and cross GPU-28 × GE-6635 (-0.267) were recorded. Whereas Zn content showed significant negative association (-0.2) in cross GPU-28 × GE-1746 and lower magnitude of positive association in cross, suggested that it is possible to enhance grain Fe and Zn contents with moderate grain yielding backgrounds. These results of association of grain Fe and Zn contents with yield in corroboration with Rai et al. (2012) and Velu et al. (2008) in pearl millet, Nagesh et al. (2012) in rice and Reddy et al.  (2012) in sorghum and Ganapathy et al. 2001 for productive tillers per plant, finger number per main ear and grain yield in finger millet. 



The superior F3 progenies that outperformed the three checks for grain Fe content were P107(5), P131(2), P10(2), and P121(2) in the cross GPU-28 × GE-1746, whereas in the cross GPU-28 × GE-6635, the F3 plants P205(3), P192(4), P194(1), P145(3), P162(4), P167(4), P207(5), P257(2), and P171(4) were identified. For grain Zn content, the superior F3 progenies identified in GPU-28 × GE-1746 were P74(4), P107(5), P131(2), P87(1), P145(5), P121(2), P141(3), P142(1), P71(4), and P108(4), while in GPU-28 × GE-6635, progenies such as P114(5), P89(1), P88(5), P190(4), P171(4), P184(5), P86(1), P90(2), P162(4), and P312(5) were found superior as they outperformed the checks.



Fig. 1: Mean performance of F3 progenies in two crosses for yield and its component traits along with grain Fe and Zn content



C1- GPU-28 × GE-1746, C2- GPU-28 × GE-6635    
DFF- Days to 50 per cent flowering, PH -  Plant height (cm), PT - Productive tillers per plant, FN - Finger number per main ear,                                      FL - Finger length (cm), GYD - Grain yield per plant (g), Fe - Grain Fe content (ppm), Zn - Grain Zn content (ppm)


Table 1: Analysis of variance of F3 progenies derived from two crosses for yield parameters along with grain Fe and Zn content in finger millet
	Source of 
variation
	
crosses
	Degrees 
of 
freedom
	Days to 50
per cent
flowering
	Plant
height
(cm)
	Productive
tillers
plant-1
	Finger 
number 
main ear-1
	Finger
length
(cm)
	Grain yield
plant-1
(g)
	Grain Fe
content
(ppm)
	Grain Zn
content
(ppm)

	Block
	C1
	5
	0.37
	79.5
	0.11
	0.62
	0.32
	2.43
	12.02
	0.3

	
	C2
	3
	1.22
	120.12
	0.41
	0.18
	1.36
	21.65
	20.82
	1.75

	Entries
(F3 progenies
+ checks)
	C1
	99
	7.84 **
	175.09 *
	1.39 **
	1.31 **
	1.35 *
	41.88 **
	111.12 **
	44.38 **

	
	C2
	62
	10.35 **
	141.48 *
	1.47 *
	1.21 **
	1.33
	53.94 *
	228.78 **
	50.23 **

	F3 progenies
	C1
	96
	6.19 **
	168.11 *
	1.38 **
	1.26 **
	1.07
	39.64 *
	90.75 **
	37.73 **

	
	C2
	59
	8.09 **
	133.02 *
	1.43 *
	1.12
	1.25
	55.2 *
	200.64 **
	40.34 **

	Checks
	C1
	2
	82.67 **
	289.32 *
	0.41
	1.14
	10.86 **
	138.08 **
	1047.17 **
	16.13 **

	
	C2
	2
	57 **
	384.91 **
	0.64
	1.36 *
	1.97 *
	19.14
	855.68 **
	8.43 **

	Checks vs 
F3 progenies
	C1
	1
	16.95 **
	616.44 **
	4.2 **
	6.12 **
	9.32 **
	64.96 *
	194.59 **
	739.64 **

	
	C2
	1
	50.63 **
	154.06
	5.75 **
	0.07
	5.02 *
	49.28 *
	635.1 **
	717.41 **

	Error
	C1
	10
	0.53
	59.91
	0.2
	0.28
	0.4
	10.2
	2.85
	1.02

	
	C2
	6
	0.89
	29.46
	0.3
	0.13
	0.38
	8.08
	14.75
	0.62


C1- GPU-28 × GE-1746, C2- GPU-28 × GE-6635    *Significant @ P=0.05 level; **Significant@ P=0.01 level

Table 2: Estimates of mean and variability parameters for yield and its component traits along with grain Fe and Zn content in F3 generation of two crosses   
	Character
	Crosses
	Range
	 Mean ± SEm
	Standardized
range
	PCV
(%)
	GCV
(%)
	h2 
(BS)
	GAM

	
	
	Min.
	Max.
	
	
	
	
	
	

	Days to 50 per cent flowering
	C1
	59
	71
	65.48 ± 0.25
	0.18
	3.80
	3.63
	91.38
	7.16

	
	C2
	61
	75
	68.64 ± 0.35
	0.20
	4.14
	3.91
	89.01
	7.61

	Plant height (cm)
	C1
	68.20
	137.01
	107.17 ± 1.39
	0.64
	12.1
	9.71
	64.36
	16.06

	
	C2
	79.40
	135.6
	99.82 ± 1.71
	0.56
	11.55
	10.19
	77.85
	18.56

	Productive tillers plant-1
	C1
	1.20
	7.60
	3.51 ± 0.12
	1.80
	33.44
	30.97
	85.77
	59.17

	
	C2
	1.20
	8.70
	3.58 ± 0.15
	2.09
	33.36
	29.66
	79.05
	54.41

	Finger number main ear-1
	C1
	5.30
	9.10
	6.54 ± 0.12
	0.73
	17.17
	15.12
	77.6
	27.48

	
	C2
	4.80
	11.20
	7.21 ± 0.14
	0.99
	15.34
	14.47
	88.99
	28.15

	Finger length (cm)
	C1
	3.50
	9.40
	6.24 ± 0.11
	0.94
	16.59
	13.11
	62.48
	21.38

	
	C2
	5.51
	9.50
	7.26 ± 0.16
	0.55
	15.39
	12.84
	69.62
	22.11

	Grain yield plant-1 (g)
	C1
	9.50
	34.60
	20.43 ± 0.65
	1.22
	30.82
	26.56
	74.28
	47.23

	
	C2
	10.20
	36.50
	20.44 ± 0.92
	1.28
	36.35
	33.58
	85.35
	64.01

	Grain Fe content (ppm)
	C1
	13.40
	68.56
	31.13 ± 0.96
	1.17
	30.6
	30.12
	96.86
	61.15

	
	C2
	23.42
	84.50
	40.43 ± 1.85
	1.51
	35.1
	33.79
	92.65
	67.09

	Grain Zn content (ppm)
	C1
	8.50
	37.57
	21.97 ± 0.64
	1.32
	27.96
	27.58
	97.31
	56.13

	
	C2
	13.34
	47.29
	23.43 ± 0.82
	1.44
	27.30
	27.09
	98.46
	55.45


C1- GPU-28 × GE-1746, C2- GPU-28 × GE-6635    

Table 3: Estimates of correlation coefficients for grain yield and its component traits along with grain Fe and Zn contents in F3 generation of two crosses of finger millet

	Characters
	Crosses
	Grain yield plant-1
(g)
	Grain Zn content
(ppm)

	Days to 50 per cent flowering
	Cross 1
	0.172
	-

	
	Cross 2
	-0.006
	-

	Plant height
(cm)
	Cross 1
	-0.218*
	-

	
	Cross 2
	-0.057
	-

	Productive tillers
plant-1
	Cross 1
	0.814**
	-

	
	Cross 2
	0.625**
	-

	Finger number
main ear-1
	Cross 1
	0.236*
	-

	
	Cross 2
	0.289*
	-

	Finger length
(cm)
	Cross 1
	0.158
	-

	
	Cross 2
	0.107
	-

	Grain Zn content
(ppm)
	Cross 1
	-0.220*
	-

	
	Cross 2
	0.014
	-

	Grain Fe content
(ppm)
	Cross 1
	-0.304**
	0.697**

	
	Cross 2
	-0.267*
	0.048


C1- GPU-28 × GE-1746, C2- GPU-28 × GE-6635 *Significant @ P=0.05 level; **Significant@ P=0.01 level
4. Conclusion
The Significant differences were found among the F3 progenies as well as between F3 progenies for most of the traits exhibited presence of substantial variability in both crosses, which permitted further evaluation of these progenies. The superior F3 plants identified based on grain yield, grain Fe and Zn content from both crosses are proposed to be forward for further evaluation. The cross GPU-28 × GE 6635 performed well for grain yield and its attributing traits and also for grain Fe and Zn content. Hence, it should be evaluated in later generations, which may contribute in developing a high yielding variety with appreciable amount of grain Fe and Zn content. Therefore, there is good scope for development of improved bio-fortified varieties especially targeting Fe and Zn content.
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