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UNLOCKING HYBRID VIGOUR: A COMPREHENSIVE STUDY ON HETEROSIS OF NEWLY DEVELOPED RESTORERS IN PEARL MILLET [Pennisetum glaucum (L.) R. Br.]


ABSTRACT: The present investigation entitled, “Genetic studies in pearl millet [Pennisetum glaucum (L.) R. Br.]” was undertaken during kharif-2023 at Bajra Research Scheme, College of Agriculture, Dhule. The experimental material for heterosis and combining ability studies was developed during summer-2023, in which twelve inbreds were used and crosses were made in a half diallel mating design of 12 X 12. The experimental material consisted twelve diverse restorer lines viz., DHLBI- 2201, DHLBI- 2205, DHLBI- 2208, DHLBI- 2210, DHLBI- 2212, DHLBI- 1603, DHLBI- 1035, DHLBI- 1822, DHLBI- 1708, DHLBI- 1825, DHLBI- 967, and DHLBI- 1314 which were used as parents. The total number of treatments were 80, comprising of 66 F1’s, 12 parents and 2 checks. Hybrid DHLBI-2201 X DHLBI-1825 recorded the highest percentage of relative and better parent heterosis, Also, it shown the highest heterosis over both the checks Phule Mahashakti and Dhanshakti. The cross combinations viz., DHLBI-2201 X DHLBI-1825, DHLBI-2201 X DHLBI-2210, and DHLBI-2205 X DHLBI-2208 were identified as best for mid parent heterosis, better parent heterosis, standard heterosis and useful heterosis. These could be exploited for obtaining transgressive segregants in segregating generations.
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INTRODUCTION: 
Pearl millet [Pennisetum glaucum (L.) R. Br.] is a hardy cereal crop that can survive in the most hostile circumstances. It is typically grown in dryland environments, whispering tales of old civilizations and nourishing communities for generations. It is frequently used interchangeably with Cenchrus americanus (L.) Morrone. Pearl millet is an ideal crop for short growing seasons under improved crop management because of its brief developmental phases and capability for high growth rate, which give it a remarkable ability to respond to favourable environments (Yadav et al., 2013).
The FAO Committee on Agriculture (COAG) forum declared 2023 to be the "International Year of Millets," and the Government of India declared 2018 to be the "National Year of Millets" in an effort to draw attention to millets, highlight their superior nutritional qualities, and encourage their cultivation as a major crop. Sixth in importance among cereals worldwide, pearl millet is mostly farmed as a rainfed crop in India's arid and semi-arid regions, which make up 80% of Asia's land area (Shaniware et al., 2024). India produces 8.6 million tonnes of pearl millet annually on 7 million hectares of land. India's yield levels (1237 kg/ha) are significantly higher than the global average (834 kg/ha) (Anonymous, 2023). 
It is a cross-pollinated, diploid (2n = 2x = 14) crop that benefits from the heterosis impact of hybrids with a big genome (2450 Mbp) (Pucher et al., 2016; Sattler and Haussmann, 2020). There is a great deal of room for millet cultivation in the state because it is a crop that is adaptable to climate change (Paul and Nangare, 2023). We adhere to nucleoplasmic male sterility, also referred to as cytoplasmic genetic male sterility (CGMS), especially in this crop. Burton's (1965) creation of the Tift-23-A male sterile source created new opportunities for the use of heterosis in pearl millet. Pearl millet yields in India have increased dramatically from 305 kg ha−1 in 1951–1955 to 1157 kg ha−1 in 2010–2014 thanks to the use of hybrid cultivars and improved management techniques (Dave, 1986; FAO, 2017; Yadav and Rai, 2013). Hybrid breeding is particularly effective for exploiting heterosis, also known as hybrid vigour, this causes the hybrid offspring to perform better and be more productive (Aswini et al., 2023).
MATERIALS AND METHODS:
The experiment was carried out at Bajra Research Scheme, College of Agriculture, Dhule. The experimental farm is located 258 meters above mean sea level, in latitude 20°90' N, longitude 74°80' E. The parental material for the present study comprised of 12 restorers (R lines) and two checks, obtained from Bajra Research Scheme, College of Agriculture, Dhule which were grown in randomized block design (RBD) with three replications. The crossing programme for obtaining crossed seed was undertaken during summer-2023. 
Twelve restorer lines used as parent were crossed in half diallel fashion (12 X 12) excluding reciprocals. Sufficient quantity of seed for 66 cross combinations were obtained. So the total number of treatments were 80, including parents and two checks which were evaluated during kharif-2023. The ten characters observed were days for 50% flowering, days to maturity, plant height (cm), number of effective tillers per plant, earhead length (cm), earhead girth (cm), 1000 grains weight (g), number of grains per cm2, grain yield per plant (g) and fodder yield per plant (g). Heterosis (expressed in percentage) was estimated over mid-parent, better parent and standard check for all the characters as described by Rai (1979).
RESULTS AND DISCUSSION: 
Eighty genotypes of pearl millet were used as the experimental material, and three replications of the Randomized Block Design (RBD) were conducted. The mean sum of squares resulting from genotypes for each of the twelve traits were significant, according to the ANOVA. This implies that there is enough variation between the genotypes. The replications were not statistically significant for each of the twelve characters, suggesting strong homogeneity between them. These features demonstrated the increased potential for selection-based enhancement. The data collected on various features are summarized in table 1. In previous studies such observations were also recorded by Madane et al., (2021), Barhate et al., (2023), Gavali et al., (2024) and for yield and yield contributing characters in pearl millet.
Earliness  is  desirable  in  pearl  millet,  so,  cross combinations  with  negative  heterotic effects were measured as superior. The relative heterosis ranged from -8.39% (DHLBI-1708 X DHLBI-967) to 13.53% (DHLBI-2201 X DHLBI-1035). Significant negative relative heterosis was shown by three cross combinations namely -8.39% (DHLBI-1708 X DHLBI-967), -7.91% (DHLBI-967 X DHLBI-1314), and -7.69% (DHLBI-2210 X DHLBI-1708). Significant negative standard heterosis over check Phule Mahashakti was shown by fourteen cross combinations and useful heterosis over check Dhanshakti was shown by thirty six hybrids.
For days to maturity, three crosses had shown significant negative values for relative heterosis which were -8.75% (DHLBI-2212 X DHLBI-1822), -7.85% (DHLBI-2210 X DHLBI-1035), and -7.69% (DHLBI-2212 X DHLBI-1035) and significantly negative values for  heterobeltiosis were shown by -9.88% (DHLBI-2212 X DHLBI-1035), -9.49% (DHLBI-2210 X DHLBI-1035), and -9.13% (DHLBI-2212 X DHLBI-1822). Two crosses were significantly negative for standard heterosis over the check Phule Mahashakti and three hybrids found to be significantly negative for useful heterosis over the check Dhanshakti.
Significant positive values of heterosis are considered desirable for plant height. The least value for relative heterosis was -11.39% (DHLBI-2208 X DHLBI-2210) and the highest value was 23.45% (DHLBI-2210 X DHLBI-1035). The least value for better parent heterosis was -16.15% (DHLBI-2210 X DHLBI-1708) and the highest value was 19.58% (DHLBI-2201 X DHLBI-1603). For standard heterosis over the check Phule Mahashakti, the highest value found was 15.56% (DHLBI-2205 X DHLBI-1603) and the lowest was -14.91% (DHLBI-2208 X DHLBI-2210). For useful heterosis over the check Dhanshakti, the highest value found was 20.85% (DHLBI-2205 X DHLBI-1603) and the lowest was -11.02% (DHLBI-2208 X DHLBI-2210). Desirable significant cross combinations for each Relative, better parent, standard and useful heterosis were 21, 11, 8 and 20.
Relative heterosis for number of effective tillers per plant was ranged between -10.56% (DHLBI-1035 X DHLBI-1314) to 30.64% (DHLBI-1603 X DHLBI-1035). The highest heterotic effect was shown by 30.64% (DHLBI-1603 X DHLBI-1035) followed by 29.89% (DHLBI-2210 X DHLBI-1825), 29.41% (DHLBI-2212 X DHLBI-1825), 29.11% (DHLBI-1825 X DHLBI-1314), and 28.92% (DHLBI-2201 X DHLBI-1825). Twenty nine cross combinations showed positive heterotic effect in desirable direction. Heterobeltiosis for this character was ranged between -16.64% (DHLBI-2212 X DHLBI-967) to 25.56% (DHLBI-1603 X DHLBI-1035). Seventeen cross combinations showed positive heterotic effect in desirable direction. The cross combinations viz., DHLBI-1603 X DHLBI-1035, DHLBI-2210 X DHLBI-1825, and DHLBI-2210 X DHLBI-1603 (68.66%) showed the highest heterotic effect over standard check Phule Mahashakti. Hybrids DHLBI-1603 X DHLBI-1035, DHLBI-2210 X DHLBI-1825, and DHLBI-2210 X DHLBI-1603 (94.83%) showed the highest heterotic effect over check Dhanshakti.
Mid parent heterosis for earhead length was ranged from -11.94% (DHLBI-2210 X DHLBI-967) to 23.26% (DHLBI-1035 X DHLBI-1314). Cross DHLBI-1035 X DHLBI-967 (22.17%) showed the highest better parent heterosis. The cross combination DHLBI-2201 X DHLBI-2210 showed the highest heterosis over check Phule Mahashakti which was 26.95% and hybrid showed the highest heterosis over check Dhanshakti which was 38.74%. The range of relative heterosis for this character was ranged from -13.44% (DHLBI-2210 X DHLBI-1708) to 24.76% (DHLBI-1708 X DHLBI-1825). Hybrid DHLBI-1708 X DHLBI-1825 (22.40%) showed the highest heterobeltiosis. For heterosis over checks, hybrid combination DHLBI-1708 X DHLBI-1825 showed maximum heterosis of 15.48% and 20.87% over check Phule Mahashakti and Dhanshakti respectively.
The mid parent heterosis for 1000 grain weight was ranged from -11.49% (DHLBI-2201 X DHLBI-1822) to 48.20% (DHLBI-2201 X DHLBI-2210). Heterobeltiosis was ranged between -12.73% (DHLBI-2201 X DHLBI-1822) to 46.55% (DHLBI-2201 X DHLBI-2210). For standard heterosis over check Phule Mahashakti, the range was -23.94% (DHLBI-2201 X DHLBI-1822) to 26.97% (DHLBI-2201 X DHLBI-2210). For useful heterosis over check Dhanshakti, the range was -14.12% (DHLBI-2201 X DHLBI-1822) to 43.37% (DHLBI-2201 X DHLBI-2210).
The mid parent heterosis for grains per cm2 was ranged from -11.28% (DHLBI-1822 X DHLBI-1708) to 27.21% (DHLBI-1035 X DHLBI-1314). Heterobeltiosis was ranged between -17.53% (DHLBI-1822 X DHLBI-1708) to 25.87% (DHLBI-1822 X DHLBI-1314). The cross combination DHLBI-2201 X DHLBI-967 (15.35%) showed the highest standard heterosis over check Phule Mahashakti. Cross combination DHLBI-2201 X DHLBI-967 (18.72%) showed the highest useful heterosis over check Dhanshakti.
The cross combination DHLBI-2201 X DHLBI-1825 (206.94%) recorded the highest relative heterosis among sixty six hybrids. The highest heterobeltiosis among sixty six hybrids recorded was 206.17% (DHLBI-2201 X DHLBI-1825). The range of standard heterosis was -49.53% (DHLBI-2210 X DHLBI-967) to 63.05% (DHLBI-2201 X DHLBI-1825). For Dhanshakti, the range of useful heterosis was -40.31% (DHLBI-2210 X DHLBI-1822) to 87.40% (DHLBI-2201 X DHLBI-1825). Thirty seven, thirty, eight and sixteen cross combinations were found to be significantly positive for relative heterosis, heterobeltiosis, standard heterosis over check Phule Mahashakti and useful heterosis over Dhanshakti respectively (Table 2). Similar findings reported earlier in their studies by Jethva et al. (2012), Marayam (2015), Patel et al. (2016), Patil et al. (2021), Singh et al. (2022), Barhate et al. (2023), and Gavali et al. (2024).
For fodder yield per plant, the highest relative heterosis found was 49.45% (DHLBI-2201 X DHLBI-1825). The cross combination DHLBI-2205 X DHLBI-1822 (44.44%) had shown the highest heterobeltiosis. For heterosis over checks, cross combinations DHLBI-2201 X DHLBI-1822 and DHLBI-2201 X DHLBI-1825 showed maximum heterosis of 58.14% over both the check Phule Mahashakti and Dhanshakti. Thirty four, ten, thirty one and thirty one cross combinations were found to be significantly positive for relative heterosis, heterobeltiosis, standard heterosis over check Phule Mahashakti and useful heterosis over Dhanshakti respectively .
CONCLUSION: The current study concluded various results based on heterosis study. For every character, the hybrids' mean sum of squares was significant, suggesting that there was a sizable level of variability. Based on the further separation of variance due to genotypes into distinct sources, there was a significant difference for each character between parents and hybrids. Character to character and cross to cross varied in the degree and scope of various heterotic effects. The best standard check was significantly outperformed by the plant height, number of effective tillers per plant, 1000 grain weight, and grain yield per plant in terms of standard heterosis. Hybrid DHLBI-2201 X DHLBI-1825 showed the highest heterosis of 206.94 over mid parent and of 206.17 over better parent. It also showed the highest relative heterosis for fodder yield. Hybrid DHLBI-2201 X DHLBI-2210 found the highest for 1000 grain weight and grain iron content. Hybrid DHLBI-2201 X DHLBI-1825 found superior over both checks for grain yield. Hence, this combination can be suggested for future breeding strategies.
FUTURE SCOPE: 
Through reciprocal recurrent selection and heterosis breeding techniques, the best crossings might be used to derive yielding genotypes and to obtain transgressive segregants in segregating generations. In order to create hybrid pearl millet, these lines will be used as male restorers going forward. The results of this study offer a crucial component for the advancement of further pearl millet restorers.
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Table 1: Partitioning of the variance for the different characters in 12 X 12 half diallel design in pearl millet
	Source
	D.F.
	Days to
50%
flowering
	Days to maturity
	Plant height (cm)
	No. of effective tillers /
plant
	Earhead length
(cm)
	Earhead girth
(cm)
	1000 grain weight(g)
	No. of grains per cm2
	Grain yield/
plant
(g)
	Fodder yield/ plant (g)

	Replication
	2
	7.551
	12.056
	16.667
	0.053
	3.194
	1.087
	1.695
	5.918
	18.594
	25.962

	Treatment
	77
	9.245**
	28.967**
	479.296**
	0.376**
	11.569**
	2.264**
	4.497**
	10.835**
	461.396**
	551.032**

	Parents
	11
	7.111
	13.058
	560.573**
	0.175**
	10.407**
	0.280
	0.525
	10.507**
	121.710**
	518.371**

	Hybrids
	65
	8.811**
	30.908**
	441.291**
	0.384**
	11.713**
	2.557**
	4.815**
	10.247**
	434.951**
	503.304**

	Parents vs
Hybrids
	1
	60.917**
	77.834*
	2055.557**
	2.053**
	15.023**
	5.066**
	27.522**
	52.618**
	5916.844**
	4012.631**

	Error
	154
	3.850
	15.536
	141.506
	0.048
	1.936
	0.448
	0.713
	2.039
	35.618
	49.122


* Significance at 0.05 level of probability, ** Significance at 0.01 level of probability, D.F.: Degrees of Freedom.

Table 2: Top ranked hybrids based on the basis of heterosis for grain yield and its attributes in pearl millet
	Character
	Relative heterosis (MP)
	Heterobeltiosis (BP)

	
	Range
	Best cross combination
	Sig. crosses in desirable direction
	Range
	Best cross combination
	Sig. crosses in desirable direction

	Days for 50% flowering
	-8.39 to 13.53
	DHLB-1708 X DHLB-967
DHLBI-967 X DHLBI-1314
DHLB-2210 X DHLB-1708
	03
	-9.66 to 11.03
	DHLB-1708 X DHLB-967
DHLB-967 X DHLB-1314 DHLB-2210 X DHLB-1708
	04

	Days to maturity
	-8.75 to 13.38
	DHLB-2212 X DHLB-1822
DHLB-2210 X DHLB-1035 DHLB-2212 X DHLB-1035
	03
	-9.88 to 11.72
	DHLB-2212 X DHLB-1035
DHLB-2210 X DHLB-1035
DHLBI-2212 X DHLBI-1822
	03

	Plant height (cm)
	-11.39 to 23.45
	DHLB-2210 X DHLB-1035
DHLBI-2205 X DHLBI-1603
DHLB-2201 X DHLB-1603
	21
	-16.15 to 19.58
	DHLB-2201 X DHLB-1603
DHLBI-2205 X DHLBI-1603
DHLB-2201 X DHLB-2210
	11

	Number of effective tillers per plant
	-10.56 to 34.64
	DHLBI-1603 X DHLBI-1035
DHLB-2210 X DHLB-1825
DHLB-2212 X DHLB-1825
	29
	-16.64 to 25.56
	DHLBI-1603 X DHLBI-1035
DHLB-2201 X DHLB-1825
DHLB-2212 X DHLB-1825
	17

	Earhead length (cm)
	-11.94 to 23.26
	DHLB-1035 X DHLB-1314
DHLB-1035 X DHLB-967
DHLB-2205 X DHLB-1825
	21
	-16.76 to 22.17
	DHLB-1035 X DHLB-967
DHLB-1035 X DHLB-1314
DHLB-1035 X DHLB-1822
	11

	Earhead girth (cm)
	-13.44 to 24.76
	DHLB-2201 X DHLB-2210
DHLB-1603 X DHLB-967
DHLB-2205 X DHLB-2208
	16
	-15.65 to 22.40
	DHLBI-1708 X DHLBI-1825
DHLB-2201 X DHLB-2212
DHLB-1603 X DHLB-1314
	14

	1000 grain weight (g)
	-11.49 to 48.20
	DHLBI-2201 X DHLBI-2210
DHLB-2201 X DHLB-967
DHLB-2201 X DHLB-1708
	20
	-12.73 to 46.45
	DHLBI-2201 X DHLBI-2210
DHLB-2201 X DHLB-967
DHLB-2201 X DHLB-1708
	15

	Number of grains/ cm2
	-11.28 to 27.21
	DHLB-1035 X DHLB-1314
DHLB-1822 X DHLB-1314
DHLB-2201 X DHLB-2205
	23
	-17.53 to 25.87
	DHLB-1822 X DHLB-1314
DHLB-1035 X DHLB-1314
DHLB-2208 X DHLB-1822
	09

	Grain yield per plant (g)
	-15.96 to 06.94
	DHLBI-2201 X DHLBI-1825
DHLB-2201 X DHLB-2210
DHLB-2201 X DHLB-967
	37
	-27.21 to 06.17
	DHLBI-2201 X DHLBI-1825
DHLB-2201 X DHLB-967
DHLB-2201 X DHLB-2210
	30

	Fodder per plant (g)
	-3.70 to 49.45
	DHLBI-2201 X DHLBI-1825
DHLB-2201 X DHLB-1708
DHLB-2205 X DHLB-1822
	34
	-22.00 to 44.44
	DHLB-2205 X DHLB-1822
DHLB-1822 X DHLB-1825
DHLBI-2201 X DHLBI-1825
	10


Table 2 continued…
	Character
	Standard heterosis over check Phule Mahashakti (SH)
	Useful heterosis over check Dhanshakti (CC)

	
	Range
	Best cross combination
	Sig. crosses in desirable direction
	Range
	Best cross combination
	Sig. crosses in desirable direction

	Days for 50% flowering
	-14.09 to 3.36
	DHLBI-967 X DHLBI-1314
	14
	-15.79 to 1.32
	DHLBI-967 X DHLBI-1314
	36

	Days to maturity
	-11.69 to 7.66
	DHLBI-2212 X DHLBI-1822
	02
	-12.75 to 6.37
	DHLBI-2212 X DHLBI-1822
	03

	Plant height (cm)
	-14.91 to 15.56
	DHLBI-2205 X DHLBI-1603
	08
	-11.02 to 20.85
	DHLBI-2205 X DHLBI-1603
	20

	Number of effective tillers per plant
	7.46 to 68.66
	DHLBI-1603 X DHLBI-1035
	59
	24.14 to 94.83
	DHLBI-1603 X DHLBI-1035
	66

	Earhead length (cm)
	-13.40 to 26.95
	DHLBI-2201 X DHLBI-2210
	19
	-5.35 to 38.74
	DHLBI-2201 X DHLBI-2210
	41

	Earhead girth (cm)
	-21.43 to 15.48
	DHLBI-1708 X DHLBI-1825
	02
	-17.76 to 20.87
	DHLBI-1708 X DHLBI-1825
	06

	1000 grain weight (g)
	-23.94 to 26.97
	DHLBI-2201 X DHLBI-2210
	08
	-14.12 to 43.37
	DHLBI-2201 X DHLBI-2210
	15

	Number of grains/ cm2
	-22.42 to 15.35
	DHLBI-2201 X DHLBI-967
	02
	-20.16 to 18.72
	DHLBI-2201 X DHLBI-967
	06

	Grain yield per plant (g)
	-49.53 to 63.05
	DHLBI-2201 X DHLBI-1825
	08
	-42.00 to 87.40
	DHLBI-2201 X DHLBI-1825
	16

	Fodder per plant (g)
	-16.28 to 58.14
	DHLBI-2201 X DHLBI-1825
	31
	-16.28 to 58.14
	DHLBI-2201 X DHLBI-1825
	31



Table 3: Best crosses having mean performance, significant SCA effects and heterosis for grain yield and their performance over other traits in pearl millet.
	Cross
	Mean grain yield per plant (g)
	Heterosis % over
	Significant heterosis in desirable direction to other related characters

	
	
	MP
	BP
	SH
	CC
	

	DHLBI-2201 X DHLBI-1825
	83.83
	206.94
	206.17
	63.05
	87.4
	NET, EL, TGW, GPCM,  FY, FE, ZN

	DHLBI-2201 X DHLBI-2210
	73.37
	150.81
	134.67
	42.71
	64.02
	PH, NET, EL, TGW, GPCM, FE, ZN

	DHLBI-2212 X DHLBI-1822
	61.16
	64.15
	45.8
	18.95
	36.71
	DM, NET, EG, FY

	DHLBI-2201 X DHLBI-967
	68.75
	146.64
	141.19
	33.71
	53.68
	PH, NET, EL, TGW, GPCM, FY, FE

	DHLBI-1035 X DHLBI-1822
	55.91
	60.51
	50.71
	8.74
	24.98
	PH, NET, EL, TGW, FY

	DHLBI-2210 X DHLBI-1603
	63.89
	101.10
	97.97
	24.27
	42.82
	NET, TGW, ZN

	DHLBI-2205 X DHLBI-2208
	58.09
	90.28
	66.71
	12.98
	29.85
	PH, NET, EL, TGW, FE, ZN

	DHLBI-1603 X DHLBI-967
	59.25
	94.98
	83.59
	15.24
	32.45
	PH, NET, EL, TGW

	DHLBI-2205 X DHLBI-1603
	60.48
	80.23
	73.59
	17.64
	35.21
	PH, GPCN

	DHLBI-2201 X DHLBI-2212
	68.58
	98.24
	63.49
	33.39
	53.31
	PH, NET, EG,  TGW, GPCM, FY, FE, ZN


DF:- Days for 50% flowering, DM:- Days to maturity, PH:- Plant height (cm), NET:- Number of effective tillers per plant, EL:- Earhead length (cm),     EG:- Earhead girth (cm), TGW:- 1000 grain weight (g), GPCM:- Number of grains per cm2, GY:- Grain yield per plant (g), FY:- Fodder yield per plant (g), FE:- Grain Iron (mg/kg), ZN:- Grain Zinc (mg/kg).

