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Abstract

Background: Finger millet is an underutilised crop with high nutritional value and resilience in marginal environments, yet limited genetic research on yield and yield-related traits has constrained the development of improved varieties.

Aim: This research analysed yield traits in adapted finger millet germplasm to establish a foundation for systematic breeding and the development of high-yielding varieties through the exploitation of heterosis.

Setting: Trials were conducted at the Lupane State University farm during the 2023 and 2024 summer seasons.

Methods: Ten F1 finger millet hybrids were developed in season one using the Line*Tester method and evaluated in season two for combining ability and heterosis.

Results: Line 5045 exhibited highly significant general combining ability (GCA) effects for number of productive tillers, threshing percentage and grain yield. The cross 5327*FMV1 displayed highly significant specific combining ability (SCA) effects for grain yield. Most F1 hybrids expressed significant heterosis, largely driven by overdominance gene action. Baker’s ratios close to unity for finger length (0.83), grain yield (0.84) and thousand-grain weight (0.67) indicated a predominance of additive gene effects. Early genetic gain is expected from selecting superior parents (5045 and 5327) and their hybrids (5045*FMV2 and 5327*FMV1), which combine high GCA, strong SCA and favourable heterotic effects.

Conclusion: The study confirms that heterosis and combining ability can be effectively harnessed to improve yield in finger millet.

Contribution: This research advances knowledge on finger millet genetics, providing practical insights for breeding improved varieties of this crop to strengthen food security.
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Introduction

Finger millet (Eleusine coracana) is a nutrient-dense dual crop used for food and fodder that has utilitarian value in addressing prevalent nutritional and health issues in tropical regions where it is widely cultivated (Ojulong et al. 2020; Opole 2019). The crop is climate resilient and is therefore cultivated in various agro-ecological regions (Parvathi et al. 2019; Ramashia et al. 2018). Consequently, finger millet acts as a vanguard and safety net against hunger and malnutrition, particularly in regions where exotic staples fail to thrive (Ojulong et al. 2020; Sharma et al. 2018). Albeit its valuable properties, a paradigmatic shift is necessary to elevate finger millet from its overlooked and under-researched ‘orphan crop’ status to a priority elite status, worthy of dedicated investment and scientific attention. Major constraints in finger millet production include the limited availability of improved varieties, market void, and antiquated and unfit equipment, constraining large-scale full mechanisation (Krishna et al. 2020; Opole 2019; Sharma et al. 2018).

Low recombination rates and high inbreeding coefficients (Gimode et al. 2016) have narrowed the genetic base of cultivated finger millet (Hittalmani et al. 2017), necessitating the identification and incorporation of novel genes to enhance genetic variability, enabling assessment of combining ability for strategic selection of parents. Combining ability studies are a valuable tool for understanding the genetic mechanisms underlying quantitative trait inheritance, evaluating the breeding value of inbred lines, facilitating selection and enabling accumulation and fixation of desirable alleles for exploitation of heterosis (Nisha & Veeraragavathatham 2014; Zewdu 2020). Given the quantitative nature of yield, an in-depth understanding of factors that influence yield is crucial for achieving appreciable increases in grain yield (Fasahat et al. 2016; Sharma et al. 2018). The simplicity of the Line*Tester mating design makes it most suitable for testing inbred lines from various species, regardless of their floral phenology (Muthoni & Shimelis 2020). Furthermore, the design discriminates the combining ability of lines (GCAf), testers (GCAm) and their interactions (SCAfm) by partitioning mean square variances (Kempthorne 1957).

General combining and specific combining ability are the two partitions of combining ability. General combining ability (GCA) is an estimate of a parent’s breeding value, which is determined by the average performance of its progeny in a series of crosses (Sprague & Tatum 1942; Temesgen 2021). General combining ability is primarily associated with additive gene action and additive*additive gene interactions. A low GCA value suggests that a parent’s average performance is not statistically different from that of its hybrid offspring (Fasahat et al. 2016), and high GCA effects imply a higher heritability and marginal environmental effects. Specific combining ability (SCA) describes a parent’s propensity to form remarkable progeny in a specific cross (Rukundo et al. 2017). Specific combining ability is an interaction effect associated with non-additive gene action, which includes dominance, dominance*dominance effects, epistatic interactions and genotype-by-environment interactions (Sprague & Tatum 1942).

Although not widely used in breeding self-pollinated crops, heterosis breeding is gaining traction as a solution for increasing yield in crops such as finger millet and pearl millet (Divya et al. 2022; Savitha et al. 2013; Srivastava et al. 2020). Heterosis is defined as a phenomenon in which F1 hybrids exhibit accentuated performance that exceeds that of their parents. The magnitude and direction of heterosis are a product of environmental influences that interact with genes underlying the heritability of yield-contributing traits that can be exploited to augment finger millet yield (Yu et al. 2020). Finger millet improvement should also incorporate performance along with SCA effects in leveraging gains emanating from hybrids exhibiting meaningfully quantifiable heterosis (Divya et al. 2022; Patroti & Gowda 2013; Temesgen 2021).

Heterosis can be classified into three types: mid-parent, heterobeltiosis and standard heterosis. Mid-parent heterosis (MPH) is the term for a hybrid’s superior performance compared to the average of its parents’ performance, which serves as a breeding value benchmark (Hosen et al. 2022). This phenomenon can be attributed to epistatic interactions and dominant gene action. Better parent heterosis (BPH) (heterobeltiosis) describes the phenomenon where a hybrid’s performance for a specific trait exceeds that of its better parent (Shull 1952; Temesgen 2021). Additionally, when the performance of a commercial check variety falls below that of a hybrid variety, this phenomenon is called standard heterosis. The expression of heterosis is directly linked to an organism’s genetic diversity and the underlying gene action controlling trait inheritance (Temesgen 2021).

The potence ratio estimates the extent and direction of dominance of parental alleles on the F1 hybrid’s phenotype, in comparison to the mid-parent value (Aditika et al. 2020). Upregulation of overdominance genes has a multiplier effect on crop performance. Heterosis emanating from increased heterozygosity in hybrids can be harnessed to augment finger millet yield in breeding programmes. This study aimed to determine the nature and the magnitude of gene action controlling the inheritance of yield and yield-related traits in adapted finger millet germplasm. A further objective was to evaluate the GCA and SCA of lines, testers and their interactions, and to quantify the heterotic effects observed in their crosses.

Experimental materials, design and procedures

The germplasm used in this study was acquired from the National Gene Bank of Zimbabwe (Table 1) and was characterised in an independent study. A Line*Tester mating design was used to cross five genetically diverse lines with two adapted, high-yielding varieties (FMV1 and FMV2). The 10 resulting hybrids were subsequently evaluated for combining ability and heterotic effects.
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At Zadok growth stage 45 (Figure 1), finger millet hybridisation was performed to generate F1 hybrids. In the subsequent season, these confirmed F1 hybrids and their parents were planted in a Randomised Complete Block Design with three replicates for the analysis of combining ability and heterotic effects. Morphological markers for anther and stem pigmentation at flowering and seed colour were used to confirm the hybridity of the F1 finger millet plants. The plots comprised five rows, each 4 m in length, with an in-row spacing of 0.10 m and an inter-row spacing of 0.90 m. The central row consisted of F1 hybrid plants, whereas the two outer rows were the parental plants.
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Data collection

To mitigate the border effect, data collection was restricted to five randomly chosen plants located in the central row of each plot. Data were collected at three distinct stages of plant development. At the dough stage, measurements included plant height, ear-head size, peduncle length, finger number, finger length and spikelet density. The maturity stage was used to record the number of productive tillers and the number of grains per spikelet. Post-harvest, final data for ear-head weight, threshing percentage, thousand-grain weight and grain yield per plant were collected. Data for all traits, except for mean ear weight and threshing percentage, were collected according to the Finger Millet Descriptors List (International Board for Plant Genetic Resources [IBPGR] 1985). Mean ear weight (Equation 1) and threshing percentage (Equation 2) were calculated as described by Reddy and Gowda (2023). The characters assessed were plant height, peduncle length, ear-head size, finger number, finger length, spikelet density, number of productive tillers, number of grains per spikelet, mean ear weight, 1000-grain weight, grain yield per plant and threshing percentage.
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Statistical and genetic analyses

Combining ability analyses, including estimates for GCA and SCA, analysis of variance (ANOVA), the contributions of lines, testers, and their interactions to total genetic variance were computed in TNAUSTAT-Statistical package (Manivannan 2014). The computations of heterosis, potence ratios and gene numbers were performed using Microsoft Excel 2016.

The Line*Tester mating design is described by the following statistical model (Kempthorne 1957) (Equation 3):
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where the phenotypic value for each experimental unit is denoted by t, u is the overall population mean, ai is the location effect, bkl is the block effect within each location or replication within each location, and vij is the effect of the F1 hybrid.

The F1 hybrid effect, vij, can be further decomposed into (Equation 4):
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where gi is the GCA effect of the ith parent line, gj is the GCA effect of the jth tester, sij is the SCA effect of the ijth hybrid in the lth location, eijkl is the environmental error effect.

Variance analysis of various traits was performed to calculate the variances for GCA and SCA in relation to the error variances, as indicated below (Equation 5 and Equation 6).

Half-sib covariance of a line is given by:
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Half-sib covariance of a tester is represented as:
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Full-sib covariance can be calculated using the formula (Equation 7):
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where (l) denotes the total lines, (t) represents the total testers, and (r) represents the total replications.

If the absence of epistasis and a breeding coefficient (F) of one is assumed, then the variance components for GCA and SCA can be computed as follows (Equation 8 and Equation 9):
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and
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In these formulae, σ2 A represents the additive variance and σ2 D denotes the dominance variance. The term (F) is the inbreeding coefficient, which is set to unity.

The following formula was used to calculate the Genetic Ratio or Baker Ratio (Baker 1978) (Equation 10):
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where, σ2g = GCA variances and σ2s = SCA variances.

Heterosis was estimated with its magnitude measured relative to better-parent (BPH), mid-parent (MPH) and commercial hybrids (Equation 11 and Equation 12):
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where F1 = mean hybrid value, BP = mean better-parent value, and
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where F1 = mean hybrid value and MP = mean mid-parent value, and (Equation 13)
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where F1 = mean hybrid value, CC = mean commercial check variety.

The potence ratio, as defined by Mather (1949) and Smith (1952), was calculated to quantify the degree of dominance (Equation 14):
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where P = potence of genes, F1 = mean of first generation, P1 and P2 are the mean values of the lower and higher parents, and MP is the mid-parent value. The degree of dominance was interpreted as follows: a potence ratio of +1 indicates complete dominance; values between −1 and +1 indicate partial dominance; values greater than ±1 indicate overdominance; and a value of 0 indicates absence of dominance.

Ethical considerations

This article followed all ethical standards for research without direct contact with human or animal subjects.

Results

Analysis of variance revealed highly significant (p < 0.01) differences in genotypes, crosses, lines, and parents versus crosses (Table 2). Highly significant mean squares were recorded for genotypes, parents and lines for all evaluated traits. For parents versus crosses comparison, all traits showed highly significant mean squares, except for spikelet density and ear-head weight. Significant variation among parents was observed for all traits. Specifically, the mean squares for parents were significant (p < 0.05) for threshing percentage (130.61*) and highly significant (p < 0.01) for grain yield per plant (752.51**), number of grains per spikelet (0.52**), ear-head weight (4.74**) and plant height (167.78**).
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The variances for GCA (σ2GCA) and additive effects (σ2A) were larger than the variances for SCA (σ2SCA) and dominance (σ2D), respectively, for finger length, threshing percentage and grain yield per plant. For these same traits, Baker’s ratio, which indicates the prevalence of additive gene action when its value approaches unity, was 0.83 for finger length, 0.84 for grain yield per plant, 0.67 for thousand-grain weight and 0.63 for ear-head weight.

The contributions of lines, testers and their interactions to total genetic variation indicated that lines contributed the largest proportion of the total variation for several traits: grain yield per plant (97%), ear-head weight (92.64%), finger length (93.02%), plant height (88.12%) and grain yield per plant (Table 3). However, tester contributions were high for spikelet density (37.91%) and ear-head size (17.00%). The Line*Tester interactions were also substantial in the number of productive tillers (48.17%), ear-head size (37.91%), spikelet density (35.77%) and finger number (30.18%).
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The GCA of lines and testers was evaluated to identify superior parents for yield and yield-related traits in finger millet. The results identified Line 5045 as the best general combiner, exhibiting highly significant (p < 0.01) and positive GCA effects the number of productive tillers (0.73*), ear-head weight (3.41**), number of grains per spikelet (0.21**), threshing percentage (5.30*), grain yield per plant (32.91**) and thousand-grain weight (0.31**) (Table 4). Conversely, Line 2307 was the poorest general combiner, showing highly negative significant GCA effects for number of productive tillers (−1.34**), grain yield per plant (−20.20**), thousand-grain weight (−0.37**), threshing percentage (−4.42**), and number of grains per spikelet (−0.33**).
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All lines exhibited significant GCA effects in plant height, with negative effects associated with shorter plants and positive effects associated with taller plants. Highly significant (p < 0.01) negative GCA effects in plant height were observed in Line 5045 (−14.25**) and Line 5244 (−8.91**). For peduncle length, significant (p < 0.05) GCA effects were recorded in Line 5157 (1.20*) and Line 5244 (1.35*), while highly significant (p < 0.01) effects were recorded in Line 5327 (1.72**). Furthermore, significant (p < 0.05) and positive GCA effects for finger number (0.88*) were observed in Line 5157 and for finger length (1.63**) in Line 2307.

In terms of the SCA effects on yield and yield-related traits in finger millet, the hybrid Line 5327*FMV1 stood out as a strong specific combiner, showing favourable SCA effects for both grain yield per plant (5.01*) and its key component spikelet density (0.77*) (Table 5). The hybrid Line 5157*FMV2 also exhibited significant positive SCA effects for grain yield per plant (4.02*). In contrast, hybrid Line 2307*FMV1 was generally a poor combiner across most traits. However, both Lines 2307*FMV1 (−6.22*) and 2307*FMV2 (6.22*) hybrids were exceptional specific combiners for plant height, making them valuable for breeding programmes targeting improved plant productivity.
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The hybrids Line 5327*FMV1, Line 5244*FMV1 and Line 5045*FMV1 showed significant positive SCA effects for the number of grains per spikelet, number of productive tillers and ear-head weight, respectively. Conversely, tester FMV2 was a poor combiner for the number of productive tillers, contributing to negative SCA effects in all lines.

Regarding heterosis and its magnitude for yield and yield-related traits in finger millet, the Line 2307*FMV1 combination did not record significant heterotic effects in most traits, except for finger length (Table 6a and Table 6b) Highly statistically significant (p < 0.001) BPH was observed in the Line 2307*FMV2 combination for plant height (14.62**), finger length (28.84**) and spikelet density (25.18**). In the Line 5045*FMV1 combination, highly significant heterosis was observed for ear-head weight, grain yield per plant, thousand-grain weight and the number of grains per spikelet. Highly significant MPH was observed for the number of productive tillers (47.22**), grain yield per plant (39.67**) and thousand-grain weight (22.87**). The Line 5045*FMV2 combination showed significant BPH for the number of productive tillers (41.63**), number of grains per spikelet (15.58**), grain yield per plant (9.49**) and thousand-grain weight (14.72**).
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Highly significant heterotic effects were expressed in plant height, grain yield per plant, thousand-grain weight and number of grains per spikelet in Line 5327*FMV1. In contrast, the Line 5327*FMV2 exhibited significant heterosis for peduncle length, number of productive tillers and thousand-grain weight. Highly significant positive heterotic effects for finger length were recorded only in Line 5157*FMV1 and Line 5157*FMV2. Similarly, positive heterotic effects for plant height were recorded in Line 5045*FMV2, Line 5045*FMV1 and Line 5244*FMV2 combinations, and highly significant positive heterotic effects were recorded in Line 2307*FMV1, Line 5327*FMV1 and Line 5157*FMV1. Line 2307*FMV2, Line 5054*FMV2 and Line 5327*FMV1 exhibited significant (p < 0.05) heterosis in threshing percentage, and highly significant (p < 0.01) heterotic effects were recorded for grain yield per plant in Line 5045*FMV1, Line 5045*FMV2 and Line 5327*FMV1.

In terms of potence ratios for yield and yield-related traits in finger millet, the absence of dominance (P = 0) was noted in Line 5045*FMV2 in spikelet density (Table 7), and overdominance (P > ±1) was observed in most line combinations for all traits. Overdominance gene effects were expressed in all combinations for grain yield per plant and threshing percentage. Overdominance gene effects were also observed in the number of productive tillers, number of grains per spikelet, finger number, finger length, ear-head size, spikelet density, peduncle length and plant height. Conversely, partial dominance effects were observed in a limited number of crosses. Partial dominance (−1 < P < 1) in grain yield per plant was observed in the following combinations: Line 5327*FMV2, Line 5244*FMV1, Line 5244*FMV2 and Line 5157*FMV1.
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Discussion

The ANOVA revealed that highly significant (p < 0.01) variation for finger millet yield and yield-related traits was detected in genotypes, crosses, parents versus crosses, lines, testers, and Line*Tester interaction. This significant variation suggests that these genotypes are valuable genetic resources containing the diverse alleles necessary for selective breeding and the development of improved finger millet varieties (Abrha, Zeleke & Gissa 2013; Daudi et al. 2021; Owere et al. 2016). Of the two testers used, FMV1 demonstrated superior performance over FMV2 in several key traits, including number of productive tillers, finger number and grain yield per plant. Conversely, FMV2 proved to be the better tester for plant height, finger length, threshing percentage and thousand-grain weight. These findings are similar to those of Gupta and Mushonga (1994), who studied variability, heritability and correlation of morphological traits of a diverse panel of 324 finger millet genotypes.

The Line*Tester interaction revealed that there were significant (p < 0.05) differences in the means squares for peduncle length, number of productive tillers, ear-head size, spikelet density, number of grains per spikelet and grain yield per plant. This highlights the importance of additive and non-additive gene action for predicting the offspring performance and exploiting heterosis in hybrid breeding (Abdel-Aty et al. 2023). Significant variance between parents and crosses indicated heterosis in all traits, except spikelet density and ear-head weight.

The combining ability analysis revealed that additive gene action was predominant for several traits, as indicated by the GCA effects being greater than the SCA effects. This was particularly true for grain yield per plant, threshing percentage and finger length. This suggests that pure-line selection is the most effective method for improvement of these traits. However, SCA effects were found to be more significant in the inheritance of the other traits studied, making hybrid breeding the most effective approach for their improvement. The greater importance of SCA effects over GCA effects in the inheritance of yield and yield-related traits in finger millet corroborates the findings of Priyadharshini et al. (2017), Savitha et al. (2023) and Divya et al. (2022).

Baker’s Ratio for plant height, ear-head weight, finger length and grain yield per plant was close to unity, suggesting that these traits are primarily governed by additive gene action. This indicates that selection based on phenotypic performance of the progeny is highly likely to be effective (Agaba et al. 2017). The inheritance of ear-head size, finger number, number of productive tillers and spikelet density is governed by non-additive gene action as indicated by Baker’s Ratio close to zero and high dominance variance (Daudi et al. 2021). Consequently, selection for these traits is most effective in later generations (Daudi et al. 2021; Santhiya et al. 2024).

Moreover, total variation in the F1 hybrids was largely attributable to lines, with significant positive mean squares confirming the predominance of additive gene effects for finger length, finger number, ear-head size, plant height and grain yield per plant. Our findings align with those of Divya et al. (2022), who reported on the combining ability of 20 finger millet hybrids in a Line*Tester study. Unlike the observations of Divya et al. (2022), where Line*Tester interaction was the primary contributor to total observable variation, our analysis showed that lines contributed most to the total variation in peduncle length. Also, Line*Tester interactions significantly contributed to the observed variance in spikelet density and the number of productive tillers, indicating a good SCA emanating from dominance gene effects (Hosen et al. 2022), which is likely to lead to early genetic gain (Patroti & Gowda 2013). The partition of variance because of tester effects was pronounced in the number of productive tillers, spikelet density, number of grains per spikelet and thousand-grain weight, where significant mean squares were observed, highlighting the importance of the tester in influencing genetic variability.

In terms of GCA for yield and yield-related traits, all the lines exhibited highly significant GCA effects in plant height; however, their magnitude and direction varied. A highly significant GCA variance was detected in the number of productive tillers, ear-head weight, spikelet density and grain yield per plant in Line 5045. This finding suggests that additive and additive*additive gene action primarily control these traits, indicating that effective selection can be performed in early generations to fix genetic gains (Daudi et al. 2021; Kumar et al. 2019). The non-additive gene action in Line 2307 governs the inheritance of the number of grains per spikelet, number of productive tillers, thousand-grain weight, threshing percentage and grain yield per plant; however, it proved to be the poorest general combiner because of the negative effects of these genes. Line 5045 and Line 5244 are essential genetic materials for breeding lodging-resistant machine-harvestable varieties with short stature. Line 2307, Line 5327 and Line 5157 can be selected for the development of tall plants that can maximise yield through higher biomass accumulation in both grain and fodder.

For SCA, the 5327*FMV1 hybrid showed significant positive effects for spikelet density and grain yield per plant, despite low GCA effects for the same traits. A high SCA from a cross with low GCA effects suggests that dominance*dominance gene action is the primary contributor, indicating that these genetic gains are non-fixable (Hosen et al. 2022). The high SCA effects exhibited by the hybrids 5327*FMV1 and 5157*FMV2 for grain yield per plant make them promising genetic material for hybrid variety development in finger millet. These findings align with previous research by Patroti et al. (2013), Savitha et al. (2013) and Divya et al. (2022), who also reported the existence of superior specific combiners for yield and yield-related traits in finger millet. This is significant because the improvement of traits whose inheritance is controlled by non-additive gene effects, which are expressed through SCA, is best achieved through hybrid breeding (Kumar et al. 2017; Priyadharshini et al. 2011).

The magnitude of heterosis for yield and yield-related traits was greatest in crosses where the traits also exhibited high GCA effects. However, significant heterosis was also observed in crosses with High*Low GCA effects, supporting the notion that parents with low GCA effects should not be discarded in breeding programmes (Allahgholipour & Ali 2006; Dorosti & Monajjem 2014; Hosen et al. 2022). For example, Line 2307*FMV1 and Line 2307*FMV2 expressed heterosis for plant height and finger length, whereas Line 5045*FMV1 and Line 5045*FMV2 showed heterosis for ear head weight, number of grains per spikelet, number of productive tillers, thousand-grain weight and grain yield per plant. Similarly, the combinations Line 5327*FMV1 and Line 5327*FMV2, Line 5157*FMV1, and Line 5244*FMV2 were derived from crosses with low and negatively significant GCA effects, yet they exhibited significant heterosis, indicating a dominance*dominance gene action in the number of grains per spikelet, thousand-grain weight and ear head weight. Therefore, while parental GCA provides a useful baseline for predicting hybrid performance, its sole use can be misleading. A more accurate prediction of heterosis and selection of elite hybrids requires an integrated approach that evaluates SCA to capture non-additive gene effects and utilises advanced methods such as genomic prediction.

Furthermore, high significant positive heterosis estimates for plant height in Line 5327*FMV1, Line 2307*FMV1, and Line 5157*FMV1 combinations can be selected to develop varieties that efficiently partition photo-assimilates into grains, thereby increasing yield (Singh et al. 2023). Conversely, combinations from Line 5045*FMV1, Line 5045*FMV2 and Line 5244*FMV2 are suitable for developing shorter, machine-harvestable varieties with an improved canopy structure that is resistant to lodging, thereby reducing yield losses (Divya et al. 2022; Savitha et al. 2013). High and significant heterotic effects for peduncle length were observed in Line 5327*FMV2 and Line 5244*FMV1. This finding is agronomically important as longer peduncles are positively correlated with grain yield and can reduce ear lodging (Babu et al. 2016; Divya et al. 2022; Kandel, Bhadhur Dhami & Shrestha 2019; Manyasa et al. 2016; Singh et al. 2023), likely because of their role in the transportation of water and photo-assimilates during grain filling (Wang et al. 2022).

The negative BPH for grain yield per plant suggests incompatibility in gene interactions; therefore, such combinations may not be suitable for further breeding. Highly significant BPH was expressed in Line 5327*FMV1, Line 5157*FMV2, Line 5045*FMV1 and Line 5045*FMV2 combinations. However, significant SCA effects were only expressed in Line 5327*FMV1 and Line 5157*FMV2 combinations. These observations indicated that positive gene interactions between the diverse parental genotypes were governed by dominance*dominance gene effects (Santhiya et al. 2024), further consolidating that sufficient variation existed among genotypes, parents, and parents versus crosses (Table 2).

Regarding potence ratios in crosses, most of the studied traits in finger millet yield were governed by overdominance gene action, especially thousand-grain weight, peduncle length, threshing percentage, number of grains per spikelet, number of productive tillers, finger number and finger length. The intra-allelic interactions in heterozygote hybrids lead to the expression of heterobeltiosis in hybrids because of their superior performance compared to their homozygote parents (Ghosh et al. 2018; Sweet et al. 2024). Because of overdominance, the crosses recorded considerable heterotic effects in grain yield per plant, thousand-grain weight, threshing percentage, number of grains per spikelet, number of productive tillers, peduncle length, finger length and finger number. The study highlighted that overdominance genes positively influenced yield in all line combinations by increasing threshability, which has a direct impact on the quantity, quality and processing costs of harvested grain. Genotypes with heterotic threshability overexpression are ideal for augmented grain yield and should be incorporated into finger millet improvement programmes. Overdominance gene effects exert heterosis by increasing heterozygosity, which must be exploited in superior cultivar development programmes (Ghosh et al. 2018).

Conclusion

This study demonstrates that both additive and non-additive gene actions govern the inheritance of yield and yield-related traits in finger millet, with additive effects predominating in grain yield per plant, threshing percentage and finger length, while non-additive effects were more important for traits such as spikelet density, finger number and productive tillers. Line 5045 emerged as the best general combiner, while Line 2307 showed potential for developing short, lodging-resistant varieties despite its overall poor combining ability. Several hybrids, particularly 5327*FMV1 and 5157*FMV2, exhibited high SCA and significant heterotic effects for yield and yield-related traits, making them promising candidates for hybrid development. The predominance of overdominance gene action in many traits further underscores the value of heterosis breeding as an effective strategy for genetic improvement. Collectively, these findings provide valuable insights into the genetic architecture of finger millet and highlight practical opportunities for breeding programmes to accelerate yield improvement, develop machine-harvestable varieties and strengthen the role of this underutilised crop in food security and smallholder resilience.
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Source: Photographs taken by the author Ophias S. Mapako on 15 January 2024 at Lupane, Zimbabwe. Used with permission. No unauthorised duplication allowed.

FIGURE 1: Show steps followed in finger millet hybridization. A) identification of inflorescence that has just flowered, B) the tips of inflorescence are cut off, and the
inflorescence is treated with hot water at 48 °C-52 °C for 2 minutes to 5 minutes. C) drying and tying of male inflorescence inside the female inflorescence and bagging.
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TABLE 7: Potence ratios in finger millet yield and yield-related traits for crosses.

Crosses PH PL ES FN FL SD NPT EW T% YP TGW NGS
2307*FMV1 5.39 0.34 0.88 -0.51 4.50 LB 0.86 -0.38 -6.67 6.64 1.63 Bist
2307*FMV2 3.38 1.89 0.03 159 12.50 10.82 -0.78 4.99 -16.74 3.35 9.40 0.50
5045*FMV1 -0.43 -1.00 3.47 -2.00 219.67 11.98 6.80 16.28 161 3.81 1.60 4.35
5045*FMV2 -0.40 4.85 99.40 237 -0.34 0.00 11.96 253 1.44 322 151 3.26
5327*FMV1 37.53 527 42.90 11.54 SR 5155 9.54 -0.81 11.26 4.68 3.81 2/
5327*FMV2 2.50 42.16 7.92 767 4.54 0.45 14.39 -0.06 -0.63 521 6.75 0.98
5244*FMV1 0.40 8.58 3.69 17.80 0.35 -21.00 25.36 -6.62 0.91 18.74 0.52 6.06
5244*FMV2 -0.01 16.89 0.74 5.94 372 9.70 4.77 -3.76 0.47 18.09 2.60 11.62
5157*FMV1 5.96 116 15.65 22.69 6.37 -7.00 7.08 -0.60 0.99 7.38 244 6.69
5157*FMV2 1.99 -9.93 -8.43 13.16 0.99 8.05 6.78 -0.95 2.02 -1.45 2.48 2.54

PH, plant height; PL, peduncle length; ES, ear-head size; FL, finger length; FN, finger number; SD, spikelet density; NPT, number of productive tillers; EW, ear-head weight; %, threshing percentage;
GYP, grain yield per plant; TGW, thousand-grain weight; NGS, number of grains per spikelet.

Significant: *p < 0.05 and highly significant: **p < 0.01
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TABLE 5: Estimates of specific combing ability effects on finger millet yield and yield-related traits.
Crosses PH PL ES FN FL SD NPT EW GYP TGW T% NGS

2307*FMV1 e -0.16 0.05 -0.60 -0.06 -0.64 0.83 -0.47 -1.22 -0.01 <ilzp @75
2307*FMV2 6.22%* 0.16 -0.05 0.60 0.06 0.64 -0.83 0.47 122 0.01 152 -0.25%*
5045*FMV1 -0.65 =il -0.57 -0.29 0.38 -0.01 -0.87 0.92* -0.78 -0.01 1.00 -0.26*
5045*FMV2 0.65 117 0.57 0.29 -0.38 0.01 0.87 -0.92* 0.78 0.01 -1.00 0.26*
5327*FMV1 -3.38 -0.09 -0.43 0.28 0.07 (07777 -0.80 -0.37 SH01E -0.10 3.36 0.18
5327*FMV2 3.38 0.09 0.43 -0.28 -0.07 -0.77* 0.80 0.37 -5.01* 0.10 -3.36 -0.18
5244*FMV1 0.10 0.86 0.30 0.20 -0.34 0.10 0.90* -0.26 il -0.04 -2.70 0.00
5244*FMV2 -0.10 -0.86 -0.30 -0.20 0.34 -0.10 -0.90* 0.26 -1.11 0.04 270 0.00
5157*FMV1 3.39 0.55 0.66 0.40 -0.06 -0.23 -0.05 0.18 -4.12* 0.16 -0.14 -0.17
5157*FMV2 -3.39 -0.55 -0.66 -0.40 0.06 0.23 0.05 -0.18 4.12* -0.16 0.14 0.17

PH, plant height; PL, peduncle length; ES, ear-head size; FL, finger length; FN, finger number; SD, spikelet densi
GYP, grain yield per plant; TGW, thousand-rain weight; NGS, number of grains per spikelet.

Significant: *p < 0.05 and highly significant: **p < 0.01.

PT, number of productive tillers; EW, ear-head weight; T%, threshing percentage;
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TABLE 6a: Heterosis and its magnitude for yield and yield-related traits in finger millet.

CROSS Plant height Peduncle length Ear-head size Finger number Finger length Spikelet density
mpP BP mpP BP mMpP BP MpP BP mpP BP mpP BP

2307*FMV1 877+ 567+ 047 -0.19 9.1 -1.02 4557 -12.38 40.10%* 2838+  -7.93 9.23
23074FMV2  22.13** 1462 177 083 027 -9.06 17.65* 648 32.15%%  28.84%% 2847+ 2518
5045*FMV1  -5.27 -14.62*+ 3.90 750 4.04 3.95% 431 633 20.04 19.93 1335 -15.41
5045%FMV2  -5.67 17.30%% 1413+ 593 1156 11.43 1145 743 222 -8.16 364 238
53274FMVL  25.26%%  23.00%*  1413* 1116 16.05* 13.22 14.41 13.00 2213+ 17.25 936 755
53274FMV2  13.56%* 768 15.08%%  1467**  19.66** 1676 15.61 15.22 10.71 8.11 731 153
5244*FMV1 189 -6.41 16.04%%  1391%* 2032+ 1332 11.84 11.10 285 -4.91 277 2.90
5244%FMV2  -0.79 -11.78% 7.66 459 152 15.07 14.02 596 429 10.37 921 1357+
SIS7AFMVL 14,94+ 13.10%* 231 032 12.06 10.22 20364 2771 1142 945 5.67 5.79
51574FMV2 3.96 193%* 336 -3.69 -14.28 -15.77 27594 27.22% 472 -0.05 17974 16.42*
SE 313 361 1.08 125 055 063 0.60 069 051 059 037 043

SE, standard error; MP, mid-parent; B, better-parent.
Significant: *p < 0.05 and highly significant: **p < 0.01.
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TABLE 3: Lines, testers, and their interaction with total variation.

Parents PH PL ES FN FL SD NPT EW T% GYP TGW NGS
Line 88.12 74.24 45.09 EEEiL 93.02 26.32 44.85 92.64 69.23 97.00 86.49 64.79
Tester 0.33 3.20 17.00 13.91 0.28 3791 6.98 0.04 7.61 0.50 5.21 10.25
Line*Tester 11.55 22.56 37.91 30.18 6.70 35.77 48.17 TER 23.17 2.50 8.30 24.96

PH, plant height; PL, peduncle length; ES, ear-head size; FL, finger length; FN, finger number; SD, spikelet density; NPT, number of productive tillers; EW, ear-head weight; %, threshing percentage;
GYP, grain yield per plant; TGW, thousand-grain weight; NGS, number of grains per spikelet.
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TABLE 4: Estimates of general combining effects of lines and testers.
Parents PH PL ES FN FL SD NPT EW GYP TGW T% NGS

Lines

2307 6.76%* 0.75 0.33 0.13 il (Fera 0.47 -1.34%% 0.33 -20.20%* dnE7FE -4.42% RO
5045 1422520 SIS -0.29 -0.70 -0.67* EO725 0.73* B 21012 e 55308 (ORi
5327 HOGoEY 725 0.21 Lol 0.04 0.18 0.25 =i -12.69** 0.16 AL EOM9S
5244 ESI0E L2k 0.56 -0.19 -0.40 -0.04 -0.17 025 0.74 0.21* -1.44 0.52%*
5157 GIRIEY 1.20* -0.82* 0.88* -0.60* 0.12 0.53 EINGE -0.75 RO 3.07 -0.21%*
Mean 71.07 20.10 7.66 7.83 6.03 6.34 8.04 7.74 65.65 2.54 63.37 4.81
s.e.d. 143 0.51 0.33 0.34 0.24 0.25 0.30 0.31 125 0.09 197 0.14
Testers

FMV1 -0.58 0.26 0.30 -0.26 0.04 -0.48%* -0.29 0.04 1.04 0.07 -1.20 0.13%*
FMV2 0.58 -0.26 -0.30 0.26 -0.04 0.48%* 0.29 -0.04 -1.04 -0.07 120 -0.13%*
Mean 80.37 20.59 7.16 7.45 5.86 6.24 7.45 8.60 5.43 2.40 59.68 5.25
s.e.d. 0.90 0.32 0.21 0.21 0.15 0.16 0.19 0.19 0.79 0.06 1.25 0.04

PH, plant height; PL, peduncle length; ES, ear-head size; FL, finger length; FN, finger number; SD, spikelet density; NPT, number of productive tillers; EW, ear-head weight; T%, threshing percentage;
GYP, grain yield per plant; TGW, thousand-grain weight; NGS, number of grains per spikelet; s.e.d., standard error of difference.

Significant: *p < 0.05; and highly significant: **p < 0.01.
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TABLE 1: Finger millet germplasm and their biological status used for genetic
analysis of yield and yield-related traits.

EntryNo.  Genotype

Biological status

Pedigree

FMV1
FMV2
2307
5045
5327
5244
7 5157

AN Bl Rl

Released variety
Released variety
Landrace
Landrace
Landrace
Landrace

Landrace

25C-FMV1
P1462703-SDF723-SDEV87001

Source: Gupta, 5.C. & Mushonga, J.N., 1994, ‘Registration of SDEV 87001 finger millet’, Crop
Science 34, 536. https://doi.org/10.2135/cropsci1994.0011183X003400020045x

No.. number.
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TABLE 2: Analysis of variance of finger millet yield and yield-related traits.
Source of variation df PH PL ES FN FL SD NPT EW T% GYP TGW NGS

Replication 2 19.07 20.15%* 5.70** 4.89+* T 0.03 0.10 0.30 52.01 12.51 0.005 0.04
Genotypes 16 318.72%* 5.60* 172+ 2.09%* 2.29%* 1.18* 4.12%* 8.50%*  135.41**  998.13** 0.33%* 1.43%%
Parents 6 e Sk 0.70 LR 1.28 0.62 0.07 0.50 4.74%*  130.61* TP 0.07 (D572
Crosses 9 357.80%* 7.24%* 1.81+* 1.58* 2.67%* 2.00%* 4.01%* 11.88** 63.03 1210.11%+* 0.31%* 0.52%*
Parents vs. Crosses 1 872.67%* 20.26** 2.89* 11.48%* BIO0Es 0.52 AN 0.70 815.63**  564.10** A oG
Lines 4 709.39%* 12.09%* 1.84* 1.99* 5.58%* 1.18+* 4.04%* 24.76%* 98.17 2640.93** 0.60%* 0.75%*
Testers 1 10.51 2.09 2.78* 1.98 0.07 6.82%* R2IS2 0.04 43.20 55.49+* 0.14%* 0.48**
Lines vs. Testers 4 93.03** 3.67 155 1.99 0.40 1.61%* 4.34%% 1.95%* 32.86 67.94+* 0.06 0.29**
Error 32 20.08 2435) 0.59 1.07 0.52 0.28 0.37 0.36 45.10 7.66 0.03 0.03
o’g - 12.22 0.16 0.01 0.02 0.10 0.02 -0.02 0.46 139 52.72 0.01 0.01
o’s = 2432 0.44 0.32 0.13 -0.04 0.44 132 0.53 -4.08 20.09 0.01 0.09
BR - 0.50 0.42 0.06 0.24 0.83 0.08 0.03 0.63 0.41 0.84 0.67 0.18
o’A = 24.44 0.33 0.02 0.05 0.42 0.04 -0.06 0.92 2.79 105.43 0.05 0.02

c’D - 24.32 0.44 0.32 0.13 -0.04 0.44 1.32 0.53 -4.08 20.09 0.01 0.09

PH, plant height; PL, peduncle length; ES, ear-head size; FL, finger length; FN, finger number; SD, spikelet density; NPT, number of productive tillers; EW, ear-head weight; T%, threshing percentage;
GYP, grain yield per plant; TGW, thousand-grain weight; NGS, number of grains per spikelet; o, GCA variance; o, SCA variance; BR, Baker’s ratio; o?A, Additive variance; 02D, Dominance variance;
df, degrees of freedom.

Significant: *p < 0.05 and highly significant: **p < 0.01.
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TABLE 6b: Heterosis and its magnitude for yield and yield-related traits in finger millet.

CROSS Productive tillers Ear-head weight Grain yield per plant 1000 grain weight Threshing (%) Grains per spikelet
mpP BP mpP BP mMpP BP MpP BP mpP BP mpP BP
2307*FMV1 5.44 -0.81 339 1134 7.01 7.96* 10.33 864 8.40 3.09 2277+ 1530+
2307%FMV2  -6.26 -13.25% 14754 1218 770 -8.10 5.44 376 21.29% 18.61 439 -4.10
5045*FMV1  14.88* 12.42 34.43%%  3L67**  41.89%%  10.05%  2734%%  1882% 1302 452 2185+ 16,02
SO45FFMV2  47.22%%  4163*F  2149% 1167+ 39.67+* 0.49%F  2287%  1472%%  16.62* 5.07 2413+ 15.58+*
53274FMV1  10.75 952 16.58**  -30.79* 2364 21.09%*  2146%*  1614*  20.16* 14.12 24614 1686
53274FMV2  41.57%%  3759%% 033 12.59% 2.26 5.63 23514 1817%*  16.20 13.48 8.86%* 012
S244%FMV1  27.49%%  26.13*%  21.35%% 2381+  1574% 130 2054+ 27.53 197 176 22234 17.19%
5244%FMV2  13.57* 10.42 -10.57* 1357+ 7374 7.30% 27.26%%  2537%*  17.37 10.02 14954+ 1341+
51S74FMV1  21.67**  18.06**  -8.73 20.36* 11704 -0.07 16.08**  13.60* 11.83 6.66 11.20%* 9.40%*
S1S74FMV2  32.66™*  2656**  -7.59 -14.42* 20.84 954+ -3.06 -5.07 19.18 10.63 10.34+* 6.02+*
SE 043 050 042 049 1.70 1.96 0.13 0.15 475 548 0.12 0.14

SE, standard error; MP, mid-parent; B, better-parent.
Significant: *p < 0.05 and highly significant: **p < 0.01.





