


INVESTIGATION ON GENETICS CONTROLLING THE HIGH HEAD RICE RECOVERY UNDER HIGH-TEMPERATURE CONDITIONS

ABSTRACT
The global rise in temperatures is negatively impacting head rice recovery (HRR), which is crucial for food security. To address this, a study was conducted during rabi (high temperature) 2023-24, using Six basic generations (P1, P2, F1, F2, BC1P1 and BC1P2) of the cross RNR 25842 × SVIN 301 were raised at Rice Research Unit, ARI. The results of the scaling tests (A, B, C, D) showed that scales B, C and D were significant while scale A was non-significant. The significance of three out of four scales clearly indicates that the additive–dominance model is inadequate and that epistasis plays an important role in the inheritance of the head rice recovery. The six-parameter model further partitioned the generation means into mean effect (m), additive (d), dominance (h) and epistatic components (i, j, l) and revealed that all the genetic components (m, d, h, i, j, l) were highly significant and confirming the presence of epistasis in the inheritance of head rice recovery, particularly duplicate epistasis, play a key role in head rice recovery inheritance, complicating breeding efforts. These findings highlight the complex genetic basis of head rice recovery and the need for targeted breeding strategies to improve head rice recovery under changing climate conditions.
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1. Introduction
“Rice (Oryza sativa L.) plays a vital role in ensuring food security to majority of the population. Rice is consumed in almost all parts of the world and is the most important staple food crop of Asia. Compared with that of other crops, the productivity of rice is more accurately measured after milling” (Lyman et al., 2013). “Although annual world rice production reaches 750 Mt of paddy, the final milled rice yield (MRY; including head rice and broken grains) corresponds to 490 Mt. This implies that as many as 260 Mt year–1 are lost after milling (including hull and bran)” (Sreenivasulu et al., 2015). “Furthermore, the cost of broken rice is significantly undervalued in the world market. To improve food security and rice quality, rice breeders need to prioritize improving head rice recovery (mass percentage of intact whole rice after milling) over milled rice yield at the global production level. However, improving this parameter in rice varieties is complicated because it is negatively affected by environmental stresses such as exposure to high temperature (Lyman et al., 2013). Rice grain yield has been reported to decline by 6% and head rice recovery by 9-14% for every 1 °C increase in temperature” (Peng et al., 2004; Welch et al., 2010; Lyman et al., 2013).
“In South India, rice is particularly integral to the daily life and culture of the people in Telangana state. Over the past 5-6 years, paddy cultivation in this region has surged remarkably, with approximately 52 lakh acres cultivated during the rabi season in 2023-24. However, despite this progress in cultivation, rice production in Telangana faces significant challenges, primarily stemming from rising temperatures linked to climate change. During critical phases such as grain filling and harvest, temperatures in many rice-growing regions often reach alarming levels of 35-44°C, combined with low relative humidity. Currently, the Food Corporation of India allows a maximum of 25% broken rice in the final product, a threshold that is increasingly difficult to achieve under the current climatic conditions. This confounding evidence suggests that the global rise in temperature primarily affects head rice recovery. To enhance head rice recovery and reduce grain breakage under stress conditions, there is a need to identify the novel heat-tolerant rice germplasm with higher head rice yields” (Ali et al., 2023). The information on genetics of head rice recovery is important to formulate any breeding programme, however it is very limited. Hence, in the present study, aims to identify the genetic basis of head rice recovery by analyzing gene interactions, providing insights into the inheritance patterns that can guide breeding for heat-tolerant rice varieties.
2. Materials and Methods
Generation Mean Analysis (GMA) helps in partitioning the total genetic variation into additive, dominance and epistatic (interaction) effects, which provides insight into the underlying inheritance pattern of traits.
It allows breeders to determine whether a trait is controlled mainly by additive effects (fixable through selection) or by dominance/epistasis (requiring specific breeding approaches such as heterosis breeding). The results indicate which breeding method would be most effective for genetic improvement. By knowing the contribution of additive vs. non-additive effects, breeders can time their selection (early vs. later generations) more effectively to maximize genetic gain. Since it evaluates multiple generations (P1, P2, F1, F2, BC1P1 and BC1P2), it provides a comprehensive picture of gene action across different genetic backgrounds, aiding in the development of stable and high-yielding varieties. 
Generation mean analysis (GMA) was developed by Hayman (1958), Jinks and Jones (1958) for the estimation of genetic components of variation. This biometrical technique involves six generations viz., parents (P1 and P2) their F1, F2 and back crosses (BC1P1 and BC1P2). 
The experiment was conducted across three cropping seasons, from Rabi 2022-23 to Rabi 2023-24.
During Rabi 2022-23 season, crosses were made between RNR 25783, RNR 25842, RNR 25843, MGC 276 and BV-166 with testers CR 4351-14398-68-1, CRR DHAN 201 and SVIN 301 following a line × tester mating design to generate F₁s. Seeds of both male and female parents were sown in nursery beds, and 30-day-old seedlings were transplanted at a spacing of 20 × 15 cm. To ensure synchronized flowering and adequate seed set, three staggered sowings of the parents were carried out at 10-day intervals.
Based on multilocation data, two contrasting genotypes were selected: RNR 25842 as the high head rice recovery genotype and SVIN 301 as the low head rice recovery genotype for generation mean analysis, and only their F₁ was advanced. During Kharif 2023 season, F₁ seeds were sown on small raised nursery beds layered with sand and vermicompost and seedlings were carefully managed to avoid both waterlogging and excessive drying. Top dressing with urea and need-based plant protection measures were adopted to raise vigorous seedlings. Thirty-day-old healthy seedlings were transplanted in the main field. Parental seeds were raised on wet nursery beds under similar management practices. A single seedling per hill was transplanted and all recommended agronomic practices were followed to maintain a healthy crop. The F₁ plants were selfed and backcrossed with their respective parents to generate F₂ and backcross (BC₁P₁ and BC₁P₂) generations.
Six generations (P₁, P₂, F₁, BC₁P₁, BC₁P₂ and F₂) derived from the cross RNR 25842 × SVIN 301 were evaluated in two replications at the Rice Research Unit, Hyderabad. Very few studies have attempted generation mean analysis for head rice recovery and have focused primarily on single plant yields. However, analyzing grains from a single plant is insufficient for head rice recovery analysis. In this experiment during Rabi 2023-24, we separated the tillers of each F2 and backcross plants were separated at the five-tiller stage, planting was done with 30 cm row spacing and 15 cm plant-to-plant spacing to obtain higher tiller production. The sampling size for data recording was 5 plants each from P₁, P₂, and F₁; 54 plants from BC₁P₁; 51 plants from BC₁P₂; and 92 plants from the F₂ generation in each repliation. A recommended fertilizer dose of 120:60:40 kg NPK ha⁻¹ was applied using urea, single superphosphate, and muriate of potash. The crop was maintained weed-free through manual weeding, and adequate soil moisture was ensured throughout the growth period.
Plants were harvested at 30 days after flowering, and the grains were dried till 12-14% moisture content. About 120-130 g of paddy was obtained from each F2, back crosses and used for head rice recovery analysis. 
Milled rice was obtained by dehulling (Rice huller SATAKE) and milling (SATAKE- RICE POLYSHER). The milled rice kernels were separated into head rice and broken kernel fractions with grader (SATAKE). Full kernel and ¾ size kernels were considered as head rice and weighed for calculating head rice recovery percentage. 

Statistical tools 
“The test which provides information regarding the presence or absence of gene interaction is termed as scaling test. The test of adequacy of scales is important because in most of the cases the estimation of additive and dominance components of variances are made assuming the absence of gene interactions. Four scaling tests developed” by Mather (1949) and Hayman and Mather (1955) were used for knowing the presence or absence of non-allelic interactions.  The four scaling tests (A, B, C and D) were determined according to the method suggested by Mather (1949). After computing scaling tests, if any one of them was found significant then the genetic effects were estimated by fitting the data into six-parameter models of the generation mean analysis, as suggested by Hayman (1958) to estimate the genetic parameters. 
RESULTS AND DISCUSSION
Analysis of variance (Table 1) for head rice recovery in the cross RNR 25842 × SVIN 301 revealed that the mean sum of squares due to treatments was highly significant at 1 per cent probability level. This indicates the existence of ample genetic variability among the six generations studied. Non-significant replication effects and comparatively low residual variance further confirm the reliability of the data. The presence of significant differences among the generations provides a strong basis for generation mean analysis.
	The mean performance of different generations is presented in Table 2 and Figure 1. The average head rice recovery of F1 (44.61%) was found to be lower than that of P1 (67.74%) but higher than P2 (35.11%), which indicates the presence of partial dominance in the inheritance of this trait. The backcross to the superior parent (BC1P1, 56.81%) recorded higher mean performance compared to BC1P2 (48.25%), F1 and F2 (39.10)., suggesting the contribution of favorable alleles from the recurrent parent P1. Among the generations, F2 showed wide variability, reflecting the segregation and recombination of genes, and confirming the existence of substantial variability in the population. 
The results of the scaling tests (A, B, C, D) showed that scales B, C and D were significant (Table 3), while scale A was non-significant. The significance of three out of four scales clearly indicates that the additive–dominance model is inadequate and that epistasis plays an important role in the inheritance of the head rice recovery. Scale B (significant, negative) suggested that deviations due to interactions involving the backcrosses and parental means were substantial. Scale C (significant, positive) indicated that epistatic deviations were evident in the F₂ generation in comparison to F₁ and mid-parent values. Scale D (significant, negative) confirmed the role of epistatic interactions in comparisons involving F₂ and backcross generations. Since more than one scale was significant, the adequacy of the additive - dominance model is rejected and analysis using the six-parameter model is justified. 
The findings are in close agreement with Gnanamalar and Vivekanandan (2013), Bassuony and Lightfoot (2019), Singh (2019) and Sreelakshmi and Ramesh babu (2019).
	The six-parameter model further partitioned the generation means (Table 4 and Figure 2) into mean effect (m), additive (d), dominance (h) and epistatic components (i, j, l) and revealed that all the genetic components (m, d, h, i, j, l) were highly significant, indicating the inadequacy of the simple additive-dominance model and confirming the presence of epistasis in the inheritance of head rice recovery. Mean effect (m = 39.10) was highly significant, representing the average performance of all generations and serving as the baseline for interpretation.
[bookmark: _Hlk181011792]	Additive effect (d = 8.56) was significant and positive, showing that favorable alleles from the superior parent contribute positively to head rice recovery. This implies that selection can capture additive variance. Dominance effect (h = 46.90) was strongly significant, suggesting that dominance deviations are very prominent and play a crucial role in enhancing the trait. Additive × additive interaction (i = 53.71, positive) was significant, indicating that which is favorable for selection and fixation in advanced generations. Additive × dominance interaction (j = -15.51, negative) was significant, showing that additive and dominance components often act in opposite directions, thereby reducing the expression of the trait. Dominance × dominance interaction (l = -71.77, highly negative) revealed strong antagonistic epistatic effects, which suppress the overall trait expression despite positive dominance. Opposite signs (h and l) was present, which indicated the occurrence of duplicate epistasis influencing the trait. 
	Similar duplicate gene action was reported by Gnanamalar and Vivekanandan (2013) and Bassuony and Lightfoot (2019). Sreelakshmi and Ramesh babu (2019) and Singh (2019) observed complementary type gene action governing the head rice recovery in rice under normal temperature conditions
	

Table 1. ANOVA for head rice recovery in cross RNR 25842 × SVIN 301
	 Source
	Df
	Sum Sq
	Mean Sq
	F value
	Pr(>F)

	Replications
	1
	0.27
	0.27
	1.94
	0.22

	Treatments
	5
	1443.78
	288.76
	2072.07
	0.00**

	Residuals
	5
	0.70
	0.14
	
	


Df: Degree of freedom; ** Significant at 1 per cent level of probability
Table 2. Mean performance of six generations in cross RNR 25842 × SVIN 301
	Generations
	Means
	Variance
	Var of Mean
	Stand. Error

	P1
	67.74
	1.99
	0.20
	0.63

	P2
	35.11
	0.87
	0.09
	0.42

	F1
	44.61
	1.18
	0.12
	0.49

	F2
	39.10
	211.11
	1.10
	1.48

	BC1P1
	56.81
	46.98
	0.44
	0.93

	BC1P2
	48.25
	111.19
	1.09
	1.48




Table 3. Scaling tests for head rice recovery in RNR 25842 × SVIN 301
	Component
	Estimate
	Stand. Error
	t-Calculated

	A
	-1.271
	1.434
	-0.886

	B
	-16.781
	2.137
	-7.854

	C
	35.661
	4.284
	8.325

	D
	-26.857
	2.434
	-11.035






Table 4. Estimates of gene effects for head rice recovery in rice in cross RNR 25842 × SVIN 301

	Component
	Estimate
	Stand. Error
	t-Calculated

	Mean effect (m)
	39.10
	1.05
	37.29

	Additive effect (d)
	8.56
	1.24
	6.93

	Dominance effect (h)
	46.90
	4.89
	9.60

	Additive  × Additive  (i)
	53.71
	4.87
	11.04

	Additive  × Dominance ( j)
	-15.51
	2.53
	-6.14

	Dominance × Dominance (l)
	-71.77
	6.54
	-10.98




[bookmark: Fig5]
Figure 1. Mean performance of parents (P1 and P2), F1, F2 and backcross generations (BC1P1 and BC1P2) for head rice recovery

Figure 2. Estimates of gene effects for head rice recovery in rice in cross RNR 25842 × SVIN 301


Conclusion: 

	Thus, the inheritance of the trait is governed by a complex interplay of additive, dominance and epistatic effects. The presence of significant dominance and epistasis implies that selection in early segregating generations may not be effective, whereas selecting superior progenies should occur in advanced generations to mitigate the effects of epistatic genes while leveraging the benefits of transgressive segregants (Abdelsatar et al., 2021) or the use of recurrent selection strategies would be more appropriate for fixing favorable alleles and improving head rice recovery.
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P1	P2	F1	F2	BC1P1	BC1P2	67.739999999999995	35.11	44.61	39.1	56.81	48.25	


Estimate	
Mean	Additive 	dominance	Additive × additive 	Additive × dominance 	Dominance × dominance 	39.1	8.56	46.9	53.71	-15.51	-71.77	





