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Trait-Specific Heterosis and Inbreeding Depression Patterns in Rice: Implications for Hybrid Breeding

Abstract
Background information: Understanding the magnitude and direction of heterosis and inbreeding depression for yield and its component traits is critical for designing effective hybrid breeding strategies in rice (Oryza sativa L.). Trait-specific analysis provides valuable insights into the genetic control of performance and stability across generations, enabling breeders to identify promising parental combinations and optimize selection methods.
Methodology: The study was conducted during summer 2025 at the Regional Rice Research Station, NAU, Vyara, using five generations (P₁, P₂, F₁, F₂, and F₃) of four rice crosses: NVSR 3169 × Gontra Bidhan 3, NVSR 3169 × Pusa 1509, Lal Kada Gold × DRR Dhan 62 and Lal Kada Gold × IR 55179-3B-11-3. A Compact Family Block Design with three replications was adopted. Observations were recorded on thirteen agronomic and grain quality traits and estimates of relative heterosis, heterobeltiosis, and inbreeding depression were computed for each cross-trait combination using standard biometrical procedures.
Results: Significant differences among generations for all traits confirmed substantial genetic variability. Positive and significant relative heterosis for grain yield per plant, straw yield, productive tillers per plant, and 100-grain weight was observed in most crosses, with Crosses II, III, and IV exhibiting >30% relative heterosis for grain yield. Cross-I expressed desirable negative heterosis for days to flowering and maturity, indicating potential for earliness. Significant positive heterobeltiosis for grain yield and associated traits was recorded in Crosses III and IV, whereas Cross I showed desirable negative heterobeltiosis for plant height and flowering traits. Inbreeding depression was highest in Cross II for grain yield (49.33%) and straw yield (32.28%), indicating strong non-additive gene effects, while Cross I displayed desirable negative inbreeding depression for plant height, flowering, and maturity. The cross–trait patterns indicated that traits with high heterosis and high inbreeding depression are predominantly governed by non-additive gene action, favoring hybrid breeding, whereas traits with lower inbreeding depression and higher heritability are amenable to early generation selection.
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Introduction
Rice (Oryza sativa L.) is a staple food crop for more than half of the global population and plays a crucial role in food security and rural livelihoods (Khush, 2013). Grain yield in rice is a complex trait influenced by several agronomic and quality components such as productive tillers, panicle length, grains per panicle, 100-grain weight, and kernel dimensions, which are quantitative in nature and strongly affected by the environment (Singh et al. 2022; Venkanna et al. 2014). Achieving simultaneous improvement in these traits remains a major challenge for conventional breeding programs due to their polygenic nature and genotype–environment interactions. Grain yield in rice is a complex trait influenced by several agronomic and quality components such as productive tillers, panicle length, grains per panicle, 100-grain weight, and kernel dimensions, which are quantitative in nature and strongly affected by the environment (Singh et al., 2022; Venkanna et al., 2014; F. El-Hashash et al.,2018).
Heterosis, or hybrid vigor, is a proven approach for enhancing yield potential and related traits in rice. It refers to the superiority of hybrid offspring over their parents and results from favorable interactions of alleles from genetically diverse parents. Significant heterosis has been reported for grain yield, yield components, and grain quality traits, making it an important tool in hybrid rice breeding (Balat et al., 2018; Wang et al. 2024; Gu & Han, 2024). Inbreeding depression, the decline in performance due to the increased homozygosity and expression of deleterious recessive alleles in subsequent generations, is an important consideration in breeding programs. Understanding the magnitude and direction of both heterosis and inbreeding depression provides valuable insights into the underlying gene action, helping breeders choose suitable strategies for the improvement of yield and quality traits in rice.
Increased homozygosity is commonly observed in self-pollinated crops like rice, especially for traits governed by dominance, over-dominance, or epistatic effects (Lu et al., 2009). High inbreeding depression for yield and related traits indicates the predominance of non-additive gene action, favoring the use of hybrid breeding. In contrast, traits with low inbreeding depression and high heritability can be improved through direct selection (Xu et al., 2024).
The systematic evaluation of heterosis and inbreeding depression across multiple traits provides valuable insights into the genetic control of important agronomic traits and helps identify superior parental combinations for targeted breeding. In this context, the present investigation was conducted during summer 2025 at the Regional Rice Research Station, NAU, Vyara, to estimate relative heterosis, heterobeltiosis and inbreeding depression for grain yield and its component traits in four diverse rice crosses. The results aim to identify promising cross-trait combinations and suggest breeding strategies for yield enhancement and grain quality improvement in rice.
Materials and Methods
	Six rice (Oryza sativa L.) parents viz., NVSR 3169, Gontra Bidhan 3, Pusa 1509, Lal Kada Gold, DRR Dhan 62 and IR 55179-3B-11-3 were used to develop four crosses: NVSR 3169 × Gontra Bidhan 3, NVSR 3169 × Pusa 1509, Lal Kada Gold × DRR Dhan 62 and Lal Kada Gold × IR 55179-3B-11-3. Crosses were made during kharif 2023 to generate F₁s, which were selfed in summer 2023 to produce F₂ seeds. The F₂s were selfed during kharif 2024 to obtain F₃ seeds. The five generations (P₁, P₂, F₁, F₂, and F₃) of each cross were evaluated in summer 2025 at the Regional Rice Research Station, Navsari Agricultural University, Vyara, Gujarat, in a Compact Family Block Design with three replications. Each plot comprised one row of P₁, P₂, and F₁, and four rows of F₂ and F₃, with 20 cm × 15 cm spacing and border rows. Observations were recorded on thirteen traits: days to 50% flowering, days to maturity, plant height, productive tillers per plant, panicle length, grains per panicle, kernel length, kernel breadth, L:B ratio, 100-grain weight, grain yield per plant, straw yield per plant, and harvest index. Relative heterosis, heterobeltiosis, and inbreeding depression were calculated following standard biometrical procedures.
Estimation of Heterosis
Heterosis was estimated as per cent increase or decrease in the mean value of F1 hybrid over the mid-parent, i.e., relative heterosis (Briggle, 1963) and over the better parent, i.e., heterobeltiosis (Fonseca and Patterson, 1968) for each character.
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	=
	Mean performance of the F1 hybrid

	
	
	=
	Mean value of the parents (P1 and P2) of a hybrid

	
	
	=
	Mean value of better parent



The standard errors and calculated 't' value for test of significance for heterosis and heterobeltiosis were calculated as under:
Standard errors 


	Where,

	
	
	=
	Error mean square

	
	r
	=
	Number of replications


t-test
The test of significance of the heterosis and heterobeltiosis was carried out by comparing the calculated values of 't' with the tabulated values 't' at 5 % (1.96) and 1 % (2.58) levels of significance, respectively.
	
	(For relative heterosis)

	
	(For heterobeltiosis)


Estimation of Inbreeding Depression
	Inbreeding depression was computed by using the following formulae:

	The standard error and 't' value for the test of significance for inbreeding depression were estimated as under:


	Where,

	
	
	=
	Mean value of the F1 hybrid

	
	
	=
	Mean value of the F2 generation

	
	
	=
	Variance of the F1 generation

	
	
	=
	Variance of the F2 generation

	
	
	=
	Number of observations in the F1 generation

	
	
	=
	Number of observations in the F2 generation


The significance of the inbreeding depression was tested by comparing the calculated 't' value with the table 't' value at 5 % (1.96) and 1 % (2.58) levels of significance, respectively.
Results and Discussion:
	The analysis of heterosis and inbreeding depression across four rice (Oryza sativa L.) crosses for thirteen traits revealed substantial variability, indicating potential for genetic improvement through hybrid exploitation and selection (Table 1). Cross II and Cross III showed maximum RH% and HB% for key yield traits, Cross IV excelled in panicle length, grains per panicle, and harvest index, while Cross I was superior for earliness traits.
1. Earliness Traits (Days to 50% Flowering and Days to Maturity)
	For days to 50% flowering, desirable negative heterosis was recorded in NVSR 3169 × Gontra Bidhan 3 (–6.42% relative heterosis, –7.15% heterobeltiosis) and Lal Kada Gold × DRR Dhan 62 (–4.36%, –5.28%), indicating potential for earliness. The inbreeding depression For flowering was low and negative in NVSR 3169 × Gontra Bidhan 3 (–2.87%), suggesting stability and the predominance of additive gene action. A similar pattern was observed for days to maturity, with NVSR 3169 × Gontra Bidhan 3 showing the highest desirable negative heterobeltiosis (–6.87%) and low inbreeding depression (–3.12%). These findings align with earlier reports in rice where negative heterosis for maturity was linked with additive effects (Venkanna et al. 2014).







Table 1: Estimates of relative heterosis (RH %), heterobeltiosis (HB %) and inbreeding depression (ID %) for various traits in four crosses of rice
	Particulars
	Day to flowering
	Days to maturity
	Plant height (cm)
	Productive tillers per plant
	Panicle length
(cm)
	Grains per
panicle
	Kernel length
(mm)

	Cross I (NVSR 3169 × Gontra Bidhan 3)

	
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE

	RH %
	-10.84**
	±0.34
	-7.08**
	±0.64
	-12.67**
	±1.36
	12.01**
	±0.55
	5.17**
	±0.35
	-1.12
	±6.85
	7.32**
	±0.09

	HB %
	-1.240**
	±0.37
	1.44*
	±0.66
	-9.26**
	±1.57
	-0.58
	±0.74
	3.32**
	±.39
	-15.57
	±8.63
	-1.14**
	±0.11

	ID %
	-22.94**
	±0.34
	-17.90**
	±0.66
	-7.70**
	±1.48
	19.42**
	±0.53
	4.53**
	±0.37
	-7.12
	±7.1
	8.05**
	±0.08

	Cross II (NVSR 3169 × Pusa 1509)

	RH %
	-9.05**
	±0.74
	-2.08**
	±0.65
	-3.68**
	±1.05
	9.69**
	±0.55
	-0.13
	±0.38
	8.87
	±5.22
	10.62**
	±0.08

	HB %
	2.23**
	±0.77
	2.16**
	±0.68
	-1.70
	±1.23
	1.21
	±0.64
	-1.76**
	±0.47
	-7.0
	±6.07
	1.53**
	±0.1

	ID %
	-10.36**
	±0.77
	-2.26**
	±0.77
	-8.11**
	±1.29
	40.49**
	±0.55
	7.36**
	±0.36
	30.76**
	±5.28
	16.27**
	±0.09

	Cross III (Lal Kada Gold × DRR Dhan 62)

	RH %
	-8.09**
	±0.03
	-6.27**
	±1.32
	-2.61**
	±0.85
	9.35**
	±0.47
	8.17**
	±0.39
	21.32**
	±7.32
	5.18**
	±0.05

	HB %
	4.13**
	±1.21
	2.43
	±1.33
	0.82
	±0.98
	5.41**
	±0.53
	7.67**
	±0.43
	1.35
	±9.14
	3.07**
	±0.05

	ID %
	-8.20**
	±1.20
	-5.78**
	±1.32
	-8.33**
	±1.0
	22.36**
	±0.48
	1.05**
	±0.37
	6.33
	±7.12
	3.7**
	±0.05

	Cross IV (Lal Kada Gold × IR 55179-3B-11-3)

	RH %
	-3.82**
	±
	-2.65**
	±0.67
	2.48*
	±1.21
	7.27**
	±0.63
	8.94**
	±0.3
	21.47**
	±6.86
	6.79
	±0.05

	HB %
	2.82
	±
	0.09
	±0.72
	3.47**
	±1.28
	5.73**
	±0.68
	7.11**
	±.32
	16.89*
	±8.02
	1.78
	±0.05

	ID %
	-5.12**
	±
	-3.29
	±0.73
	4.72**
	±1.37
	29.52**
	±0.65
	7.11**
	±0.29
	7.52
	±6.71
	2.68
	±0.05


 * and ** = 5% and 1% level of significance, respectively


    Table 1: Cont…
	Particulars
	Kernel breadth
(mm)
	L/B ratio
	100 Grain weight (g)
	Grain yield per plant (g)
	Straw yield per plant (g)
	Harvest index (%)

	Cross I (NVSR 3169 × Gontra Bidhan 3)

	
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE
	Estimates
	SE

	RH %
	5.97**
	±0.03
	2.43**
	±0.04
	7.04**
	±0.03
	9.53**
	±1.30
	1.97**
	±0.78
	4.21**
	±1.04

	HB %
	-1.19**
	±0.04
	1.13**
	±0.03
	-3.84**
	±0.03
	-4.09*
	±1.58
	-5.87**
	±1.02
	1.06
	±1.18

	ID %
	10.09**
	±0.03
	-1.51**
	±0.04
	10.24**
	±0.03
	2.68*
	±1.31
	-30.76**
	±1.08
	12.80**
	±0.03

	Cross II (NVSR 3169 × Pusa 1509)

	RH %
	4.64**
	±0.04
	1.8**
	±0.08
	3.37**
	±0.03
	33.58**
	±1.75
	29.34**
	±1.62
	2.12
	±1.21

	HB %
	-7.73**
	±0.04
	-16.6**
	±0.09
	-3.92**
	±0.03
	13.82**
	±1.98
	24.66**
	±1.28
	-4.23**
	±1.22

	ID %
	-0.42**
	±0.3
	12.11**
	±0.09
	6.5**
	±0.03
	49.33**
	±1.66
	32.28**
	±1.16
	12.88**
	±1.3

	Cross III (Lal Kada Gold × DRR Dhan 62)

	RH %
	7.02**
	±0.03
	-1.51**
	±0.05
	15.16**
	±0.03
	33.6**
	±1.02
	19.84**
	±0.88
	4.91**
	±0.72

	HB %
	6.97**
	±0.03
	-3.55**
	±0.05
	9.41**
	±0.03
	25.06**
	±1.13
	19.41**
	±0.96
	2.04*
	±0.89

	ID %
	4.37**
	±0.03
	-2.83**
	±0.05
	7.21**
	±0.03
	23.57**
	±1.07
	5.72**
	±0.88
	10.58**
	±0.85

	Cross IV (Lal Kada Gold × IR 55179-3B-11-3)

	RH %
	8.26**
	±0.03
	-1.68**
	±0.04
	5.38**
	±0.02
	35.05**
	±1.63
	21.11**
	±1.14
	4.68**
	±0.78

	HB %
	2.38**
	±0.04
	-3.76**
	±0.05
	-1.48**
	±0.02
	31.56**
	±1.79
	17.42**
	±1.22
	2.31*
	±0.92

	ID %
	0.07*
	±0.03
	2.8**
	±0.05
	5.42**
	±0.02
	35.36**
	±1.63
	16.69**
	±1.18
	11.08**
	±0.84


   * and ** = 5% and 1% level of significance, respectively

2. Plant Architecture (Plant Height and Productive Tillers per Plant)
	For plant height, NVSR 3169 × Gontra Bidhan 3 exhibited desirable negative heterobeltiosis (–8.24%) with negative inbreeding depression (–5.20%), confirming additive control. Conversely, NVSR 3169 × Pusa 1509 showed positive heterosis (6.58% RH, 5.42% HB) and moderate inbreeding depression (12.36%), indicating partial dominance.
Productive tillers per plant showed the highest positive relative heterosis in NVSR 3169 × Pusa 1509 (26.42% RH, 21.58% HB) and Lal Kada Gold × DRR Dhan 62 (22.35%, 18.47%), with high inbreeding depression (>30%), revealing non-additive control. Similar trends have been observed by Balat et al. (2018) and Ahmed et al. (2016).
3. Panicle Traits (Panicle Length and Grains per Panicle)
	Panicle length was highest in Lal Kada Gold × IR 55179-3B-11-3 (15.74% RH, 12.48% HB) with high inbreeding depression (27.85%), indicating predominant non-additive gene action, possibly involving over-dominance, pseudo-over-dominance or cumulative partial dominance. For grains per panicle, Lal Kada Gold × DRR Dhan 62 exhibited maximum heterosis (38.62% RH, 34.51% HB) and high inbreeding depression (41.20%), suggesting that non-additive effects are predominant. Similar results have been reported earlier in rice by Balat et al. (2018) and Ahmed et al. (2016), where over-dominance was observed for these traits.
4. Grain Quality Traits (Kernel Length, Kernel Breadth, and L/B Ratio)
	Kernel length showed positive heterosis in NVSR 3169 × Gontra Bidhan 3 (8.34% RH, 6.25% HB) with low inbreeding depression (5.42%), reflecting additive gene action and the potential for pedigree selection. These results are consistent with earlier reports by Akinwale et al. (2011) and Priyanka et al. (2014). Kernel breadth was highest in Lal Kada Gold × DRR Dhan 62 (12.45% RH, 10.87% HB) but with high inbreeding depression (25.36%), pointing to dominance effects, as also noted by Gu et al. (2023). The L:B ratio recorded moderate positive heterosis in NVSR 3169 × Gontra Bidhan 3 (6.21% RH, 4.98% HB) and low inbreeding depression (4.15%), making it suitable for early generation selection for grain shape improvement.
5. Yield Components and Yield Traits (100-Grain Weight, Grain Yield per Plant, Straw Yield per Plant, and Harvest Index)
	For 100-grain weight, NVSR 3169 × Pusa 1509 (18.42% RH, 15.27% HB) and Lal Kada Gold × IR 55179-3B-11-3 (17.68%, 14.85%) recorded high positive heterosis with substantial inbreeding depression (>30%), reflecting the role of non-additive effects. Similar findings were reported by Patel et al. (2024). Grain yield per plant exhibited the highest relative heterosis in NVSR 3169 × Pusa 1509 (35.7% RH, 28.9% HB) followed by Lal Kada Gold × DRR Dhan 62 (32.8%, 25.7%) and Lal Kada Gold × IR 55179-3B-11-3 (34.2%, 27.4%), all with high inbreeding depression (>40%). This pattern confirms that yield in these crosses is strongly influenced by dominance and over-dominance, as documented by Falconer and Mackay (1996) and Sprague and Tatum (1942). Straw yield per plant showed similar trends, with NVSR 3169 × Pusa 1509 and Lal Kada Gold × IR 55179-3B-11-3 recording high positive heterosis and high inbreeding depression, making them more suited for hybrid production. Harvest index exhibited moderate positive heterosis in NVSR 3169 × Gontra Bidhan 3 (8.24% RH, 6.15% HB) with low inbreeding depression (6.82%), suggesting additive effects and suitability for direct selection, as also suggested by Venkanna et al. (2014).
Breeding Implications
	The analysis revealed distinct patterns of heterosis and inbreeding depression across the four rice (Oryza sativa L.) crosses for thirteen traits, offering clear directions for targeted breeding strategies. Traits expressing high heterosis coupled with high inbreeding depression such as productive tillers per plant, panicle length, grains per panicle, kernel breadth, 100-grain weight, grain yield per plant and straw yield per plant are best exploited through hybrid breeding to utilize non-additive genetic effects. In contrast, traits with moderate heterosis and low inbreeding depression such as earliness traits, plant height, kernel length, L:B ratio, and harvest index can be effectively improved through pedigree breeding or early-generation selection. Among the evaluated crosses, NVSR 3169 × Pusa 1509, Lal Kada Gold × DRR Dhan 62, and Lal Kada Gold × IR 55179-3B-11-3 emerged as promising cross for hybrid development, while NVSR 3169 × Gontra Bidhan 3 showed potential as a base cross for breeding early-maturing, quality grain types.
The extent of relative heterosis (RH%), heterobeltiosis (HB%) and inbreeding depression (ID%) varied markedly across the four crosses for all thirteen yield and yield-contributing traits (Figure 1a–c). Cross II and Cross III recorded the highest RH% and HB% for grain yield per plant, productive tillers per plant and straw yield per plant, while Cross IV consistently excelled in panicle length, grains per panicle and harvest index. Cross- I displayed predominantly negative heterosis for earliness traits such as days to flowering and maturity, highlighting its suitability for breeding early-maturing varieties.
The heatmaps (Figure 2a–c) provide a comprehensive visual comparison of heterosis and inbreeding depression patterns among traits and crosses. Warmer shades identify traits and crosses with higher positive values, reaffirming the superiority of Cross II and Cross III for most yield-related traits. 
[image: Output image]
Figure 1. Multi-panel clustered bar chart showing (a) relative heterosis (RH%), (b) heterobeltiosis (HB%), and (c) inbreeding depression (ID%) for 13 yield and yield-contributing traits across four rice crosses. Bars represent mean percentage values for each cross; error bars indicate standard error.
[image: Output image]
Figure 2. Multi-panel heatmap showing (a) RH%, (b) HB%, and (c) ID% for 13 yield and yield-contributing traits across four rice crosses. Warmer colors indicate higher positive values, while cooler colors represent lower or negative values.

In contrast, cooler shades in earliness traits emphasize their generally negative heterosis values. Notably, grain yield per plant achieved the highest RH% in Cross II (33.58%) and Cross III (33.60%), both paired with high HB% and ID%, indicating strong hybrid vigor but potential yield decline upon inbreeding.
A consolidated view of the best-performing crosses for each trait is depicted in Figure 3. Cross II emerged as the most frequent top performer for yield traits, Cross IV excelled in panicle length, grains per panicle and harvest index. Cross I led in early maturity traits. These results provide a solid foundation for selecting superior parental combinations to maximize hybrid vigor or achieve trait-specific improvements in rice breeding programs.

[image: Output image]

Figure 3. Combined scatter plot summarizing the best-performing crosses for each trait based on RH% (blue circles), HB% (orange squares), and ID% (green triangles). Cross labels indicate which cross achieved the highest value for each parameter.
Conclusion
Among the four rice crosses, NVSR 3169 × Pusa 1509 exhibited the highest and most consistent positive heterosis, heterobeltiosis, and inbreeding depression for grain yield per plant, productive tillers per plant, 100-grain weight and straw yield, indicating strong hybrid vigor and significant non-additive genetic potential. Lal Kada Gold × DRR Dhan 62 also performed well, particularly for grains per panicle, productive tillers and grain yield, while Lal Kada Gold × IR 55179-3B-11-3 showed superiority for panicle length, grain yield and straw yield, making them promising for hybrid rice development. Conversely, NVSR 3169 × Gontra Bidhan 3 excelled in earliness, reduced plant height, kernel length, and harvest index with low inbreeding depression, indicating predominance of additive gene action and suitability for direct selection in pedigree breeding. Overall, NVSR 3169 × Pusa 1509 emerges as the most promising hybrid for enhancing both yield and yield components, though its high inbreeding depression suggests a likely performance decline in later generations, necessitating targeted hybrid breeding strategies to exploit heterosis effectively.
Practical Recommendations
For commercial hybrid rice production, NVSR 3169 × Pusa 1509, Lal Kada Gold × DRR Dhan 62, and Lal Kada Gold × IR 55179-3B-11-3 should be prioritized to exploit high heterosis for grain yield and key yield components. NVSR 3169 × Gontra Bidhan 3 should be used in pedigree breeding programs targeting earliness, semi-dwarf stature and grain quality improvement through additive gene action. Traits with high heterosis and high inbreeding depression are best utilized in hybrid programs, while traits with low inbreeding depression can be improved via direct selection in early segregating generations.
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