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Abstract
Background information: Cotton (Gossypium hirsutum L.) is an economically important fiber crop, also valued for its seed, which serves as a source of oil and protein. Genetic enhancement of complex traits such as seed cotton yield, fiber quality and oil content remain primary objective in cotton breeding programs. The exploitation of heterosis offers a potential avenue for improving these traits through the development of superior F₁ hybrids. Conversely, inbreeding depression resulting from successive selfing leads to a decline in trait performance due to increased homozygosity and expression of deleterious alleles. Assessing the magnitude and direction of heterosis and inbreeding depression provides critical insights into the genetic architecture of target traits and aids in formulating effective selection strategies for the development of high-performing genotypes.
Methodology: The present investigation carried out at Regional Cotton Research Station, Navsari Agricultural University, Bharuch during kharif 2023-24 with a view to estimate heterosis and inbreeding depression by adopting generation mean analysis. The experimental materials were consisting of four different crosses of cotton viz., GBHV 276 × GBHV 278, GBHV 276 × GN Cot32,G. Cot 16 BG II × GBHV 281 and BC-68-2 BG II × GBHV 217to estimate genetic parameters on various five characters viz., seed cotton yield per plant (g), fibre length (mm), fibre fineness (mv), fibre strength (g/tex) and oil content (%).
Results: Highly significant and positive relative heterosis as well as heterobeltiosis were recorded in majority of the crosses for most of the characters. For the seed cotton yield per plant, the best heterotic cross was the cross III [G. Cot 16 BG II × GBHV 281] which also showed significant heterosis and heterobeltiosis in the desired direction for fibre length, fibre fineness, fibre strength and oil content. Hence, heterosis breeding in this cross i.e., cross III [G. Cot 16 BG II × GBHV 281] would be a more practical approach for getting higher seed cotton yield. With respect to the inbreeding depression, significant inbreeding depression was observed for majority of crosses for most of the characters included in present investigation. 
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Introduction
Cotton (Gossypium spp.) is one of the most important fibre crops in the world, serving as the primary source of natural textile fibre and contributing significantly to the global economy. Cultivated in over 70 countries, cotton supports the livelihoods of millions of farmers and is a key raw material for the textile industry (Anon., 2024). Cotton belongs to the family Malvaceae and the genus Gossypium, which comprises more than 50 species, including both diploid (2n = 2x = 26) and tetraploid (2n = 4x = 52) forms. The cultivated species are primarily G. hirsutum (upland cotton) and G. barbadense (Egyptian or Pima cotton), which are allotetraploids with an approximate genome size of 2.3 Gb. Cotton is predominantly self-pollinated, although a small proportion of cross-pollination can occur through insect vectors. The genome of G. hirsutum is an allotetraploid composed of A and D sub genomes, originating from hybridization between African and American ancestral species (Wendel & Cronn, 2003).
Fibre quality in cotton is determined by a set of traits including fibre length, fibre strength, micronaire (a measure of fineness and maturity), uniformity index, and elongation. However, improving fibre quality through traditional breeding methods has proven challenging due to the complex, quantitative nature of these traits, and their susceptibility to environmental influences (Iqbal et al. 2021). Recent QTL mapping studies have revealed the genetic basis of heterosis for yield and yield components across multiple cotton populations, highlighting key loci influencing fibre quality traits (Li et al. 2018).
Heterosis, or hybrid vigor, offers a promising approach to simultaneously improve yield and fibre quality in cotton. It refers to the phenomenon where hybrid offspring exhibit superior performance compared to their parents. The term “heterosis” was first coined by George Harrison Shull in 1914, building upon earlier work by Charles Darwin (1876) who studied the benefits of cross-fertilization in plants. In cotton, significant heterosis has been observed not only for yield but also for various fibre traits, making it a valuable tool in modern breeding programs (Patel et al. 2020).
In this context, the present study was undertaken to assess the extent of heterosis for fibre quality traits in cotton hybrids derived from diverse parental lines. The findings aim to provide insights into the potential of hybrid breeding for enhancing fibre quality and to identify superior hybrid combinations for commercial exploitation (Zhang et al. 2022).
Inbreeding depression, defined as the reduction in performance due to increased homozygosity from selfing, is commonly observed in cotton, especially for traits governed by dominant or over-dominant gene actions. Traits such as seed cotton yield and fibre strength often show considerable inbreeding depression, reflecting their sensitivity to non-additive genetic effects. (Basal & Turgut 2005)
The systematic evaluation of heterosis and inbreeding depression in diverse genetic backgrounds provides critical insights for cotton improvement. It aids in the identification of superior parental combinations and potential hybrids for commercial exploitation. Moreover, it informs the choice of breeding strategies such as recurrent selection, population improvement, and marker-assisted hybrid development to maximize both yield potential and fibre quality in new cultivars (Khan et al. 2020).
Materials and Methods
[bookmark: _Hlk205990440][bookmark: _Hlk205990498][bookmark: _Hlk205990511]	The present investigation entitled “Genetic Insights into Heterosis and Inbreeding Effects on Yield and Quality Attributes in Cotton (Gossypium hirsutum L.)” was conducted at the Regional Cotton Research Station, Navsari Agricultural University, Bharuch, Gujarat, India, during kharif 2023 for hybridization and kharif 2024 for field evaluation. Cotton (G. hirsutum, family Malvaceae) is a predominantly self-pollinated crop with a chromosome number of 2n = 4x = 52, although a moderate level of natural outcrossing may occur through insect activity. The experimental site is located in the South Gujarat heavy rainfall agro- climatic zone (21°10′ N latitude, 72°48′ E longitude, and 12.0 m above mean sea level), with black to heavy black soils of fine texture and pH 7.3–7.5.
The experimental material comprised four single-cross hybrids, GBHV 276 × GBHV 278, GBHV 276 × GN COT 32, G. COT 16 BG II × GBHV 281 and BC-68-2 BG II × GBHV 217 along with their respective parents and F₂ generations. These crosses were selected to represent wide genetic diversity for yield and fibre quality traits. The characters recorded were seed cotton yield per plant (g), fibre length (mm), fibre fineness (micronaire value), fibre strength (g/tex), and oil content (%). Hybridization was performed during kharif 2023 following Doak’s (1934) hand emasculation and pollination technique. Female flower buds at the appropriate developmental stage were emasculated in the late afternoon, covered overnight with paper bags, and pollinated the following morning with freshly collected pollen from the male parent. Selfing was carried out in both parental and F₁ plants to ensure genetic purity, and all flowers were tagged. Recommended agronomic and plant protection practices were followed throughout the season.
	Field evaluation was conducted during kharif 2024 in a randomized complete block design (RCBD) with three replications. Each plot comprised two rows of 6.0 m length with a spacing of 120 cm between rows and 45 cm between plants. Observations were recorded on ten competitive plants per replication for the parents and F₁ generation, while forty plants per replication were observed in the F₂ generation. Fibre quality traits were assessed using a High-Volume Instrument (HVI) at the Fibre Testing Laboratory, and oil content was determined by Soxhlet extraction.
	Heterosis was computed as relative heterosis (over mid-parent) according to Briggle (1963) and heterobeltiosis (over better parent) as per Fonseca and Patterson (1968). Inbreeding depression was calculated as the percentage reduction in mean performance from F₁ to F₂ generation. The significance of heterosis and inbreeding depression was tested using t-tests at the 5% and 1% probability levels. All statistical analyses were performed using INDOSTAT software (Version 8.5, Indostat Services, Hyderabad, India).
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. All statistical analyses were performed using INDOSTAT software (Version 8.5, Indostat Services, Hyderabad, India) to compute heterosis, inbreeding depression and test their significance.
Results and Discussion:
	The estimates of relative heterosis (RH%), heterobeltiosis (HB%), and inbreeding depression (ID%) for yield and fibre quality traits are presented in Table 1. A summary of the best-performing crosses for each parameter is provided in Table 2, while the comparative performance of these crosses across traits is visualized in Figure 1.
Seed cotton yield per plant (g) 				
Seed cotton yield is one of the most critical agronomic and economic traits in cotton (Wang et al., 2019), making its improvement a central objective in breeding programs. Since yield is influenced by multiple component traits, it is important for plant breeders to understand the relationships among these components. This implies that heterosis for yield is either a result of heterosis in its components or due to the multiplicative effects of partial dominance across these traits. Supporting this, William and Gilbert (1960) reported that even simple dominance in individual yield components can contribute to overall yield heterosis.
For the seed cotton yield per plant, the relative heterosis (Table 1) ranged from 15.46 (cross I) to 26.60 per cent (cross III).  The highest positive significant relative heterosis for this character was recorded by the cross III (26.60 %) followed by the cross IV (18.34 %), cross II (16.95 %) and cross I (15.46 %). 
[bookmark: _Hlk199281211]With regards to seed cotton yield per plant, the heterobeltiosis (Table 1) ranged from 14.09 (cross II) to 23.26 per cent (cross III). The highest positive significant heterobeltiosis for this character was exhibited by the cross III (23.26 %) followed by the cross IV (15.40 %), cross I (15.17 %) and cross II (14.09 %).
For the seed cotton yield per plant, the inbreeding depression (Table 1) ranged from 8.77 (cross IV) to 31.88 per cent (cross III). The highest positive significant inbreeding depression for this character was reported by cross III (31.88 %) followed by cross I (20.41 %), cross II (10.92 %) and cross IV (8.77 %). 
Fibre length (mm)         					
While a cotton variety is evolved, the staple length is considered as the major quality characteristic (Sahito et al., 2015). The magnitude of relative heterosis (Table 1) for fibre length was ranged from 6.33 (cross I) to 11.66 per cent (cross III) in four crosses. Among the four crosses, the cross III (11.66 %) recorded the highest positive significant relative heterosis for fibre length followed by the cross IV (9.05 %), cross II (8.53 %) and cross I (6.33).
Same way, magnitude of heterobeltiosis (Table 1) was ranged from 5.67 (cross I) to 11.17 per cent (cross III) in four crosses. Among all the four crosses, the cross III (11.17 %) recorded highest positive significant heterobeltiosis for fibre length followed by the cross IV (9.02 %) and cross II (7.74 %), and cross I (5.67 %). 
With respect to fibre length in cotton genotypes under present investigation, the inbreeding depression (Table 1) was ranged from 9.74 (cross IV) to 21.65 per cent (cross III). Among all the crosses evaluated, cross III (21.65 %) exhibited the highest amount of positive significant inbreeding depression followed by cross I (12.43 %), cross II (10.77 %) and cross IV (9.74 %). A similar type of result was also obtained by Hussain et al. (2009), Carvalho et al. (2018) and Panchal et al. (2025).
Fibre fineness (mv)         					
Negative heterosis for micronaire (i.e., finer fibers in hybrids) is consistently achievable and desirable. For the fibre fineness in all the four crosses evaluated under present experiment as one of the quality parameters, a relative heterosis (Table 1) ranged from -8.89 (cross II) to -25.94 per cent (cross III). The cross III (-25.94 %) was the top cross depicting the highest significant and negative relative heterosis for fibre fineness followed by the cross IV (-17.88 %), cross I (-10.67 %) and cross II (-8.89 %). 
The observed range of heterobeltiosis (Table 1) for the fibre fineness in all of the four crosses was from -9.34 (cross II) to -28.65 per cent (cross III). The cross III (-28.65 %) was the top cross depicting highest significant and negative heterobeltiosis for fibre fineness followed by the cross IV (-17.90 %), cross I (-12.10 %) and cross II (-9.34 %). 
The inbreeding depression (Table 1) for fibre fineness in cotton genotypes under present investigation ranged from -11.87 (cross I) to -58.19 per cent (cross III). Among all the crosses evaluated, the cross III (-58.19 %) reported the highest magnitude of negative significant inbreeding depression followed by cross IV (-57.24 %), cross II (-30.41 %) and cross I (-11.87 %). 
The similar type of results for fibre fineness in cotton were also reported by Kumar et al. (2015), Isong et al. (2017), Isong et al. (2019), Vaghela et al. (2022), Vaid et al. (2022) Udaya et al. (2023), Patel et al. (2024) and Panchal et al. (2025).
Fibre strength (g/tex)         					
The relative heterosis (Table 1) for the fibre strength in all the four crosses evaluated under present experiment ranged from 5.65 (cross II) to 11.54 per cent (cross III). The cross III (11.54 %) recorded the highest positive significant relative heterosis for fibre strength followed by the cross IV (10.98 %), cross I (9.76) and cross II (5.65 %). 
The heterobeltiosis (Table 1) for the fibre strength in all of the four crosses evaluated under present experiment ranged from 4.92 (cross II) to 12.34 per cent (cross III). The cross III (12.34 %) recorded the highest positive significant heterobeltiosis for fibre strength followed by the cross IV (10.10 %), cross I (7.57 %) and cross II (4.92 %). 
The observed range of inbreeding depression (Table 1) for fibre strength was from 7.68 (cross IV) to 12.34 per cent (cross III). The cross III (12.34 %) reported the highest positive significant inbreeding depression followed by cross I (11.00 %), cross II (8.13 %) and cross IV (7.68 %), indicating that F2 generation has low fibre strength as compared to F1 generation. Similar types of results were also obtained by Hussain et al. (2009), Karademir et al. (2011), Carvalho et al. (2018) and AL-Hibbiny et al. (2020). 	
Oil content (%)         						
For the oil content, the relative heterosis (Table 1) ranged from 7.56 (cross I) to 20.62 per cent (cross IV). The highest positive significant relative heterosis for this character was reported by the cross IV (20.62 %) followed by the cross II (12.15 %), cross III (10.75) and cross I (7.56 %). 
With regards to oil content, the heterobeltiosis (Table 1) ranged from 6.49 (cross II) to 17.13 per cent (cross IV). The highest positive significant heterobeltiosis for this character was exhibited by the cross IV (17.13 %) followed by the cross III (10.59 %), cross I (6.91 %) and cross II (6.49 %).
For the oil content, the inbreeding depression (Table 1) ranged from 5.41 (cross II) to 19.28 per cent (cross I). The highest positive significant inbreeding depression for this character was reported by cross I (19.28 %) followed by cross III (18.06 %), cross IV (13.62 %) and cross II (5.41 %). The current results for seed cotton yield per plant are comparable with those published by Patel et al. (2014b) and Panchal et al. (2025).
The results are matching with the results obtained by Hussain et al. (2009), Karademir et al. (2011), Panni et al. (2012), Patel et al. (2014b), Islam et al. (2015), Khan et al. (2017a), Tigga et al. (2017) and Carvalho et al. (2018), AL-Hibbiny et al. (2020) and Panchal et al. (2025).
Conclusion
[bookmark: _Hlk201835975][bookmark: _Hlk193540946][bookmark: _Hlk180402183][bookmark: _Hlk183680988][bookmark: _Hlk197173371]The present study demonstrated that substantial and significant heterosis exists for both yield and fibre quality traits in upland cotton. Cross III (G. COT 16 BG II × GBHV 281) consistently expressed the highest and most positive relative heterosis and heterobeltiosis for seed cotton yield, fibre length, and fibre strength, along with highly desirable negative heterosis for fibre fineness, indicating strong hybrid vigour and superior genetic potential. Cross IV (BC-68-2 BG II × GBHV 217) also showed outstanding performance for oil content and favourable improvement in fibre traits, making it a promising candidate for quality enhancement.
The observed positive and significant inbreeding depression for key traits such as seed cotton yield, fibre length, and fibre strength suggests that a large portion of the heterotic advantage in these crosses is governed by non-additive gene action, which may diminish in later generations. This implies that hybrid performance in cotton should be exploited primarily in F₁-based commercial cultivation, while breeding programmes aiming for varietal development must consider appropriate selection strategies such as recurrent selection or biparental mating to fix favourable alleles.
Overall, the results highlight Cross III as the most promising hybrid for simultaneous improvement of yield and fibre quality, while Cross IV offers potential for enhancing oil content alongside quality traits. The findings provide a strong genetic basis for targeted hybrid breeding in cotton and emphasize the necessity of integrating heterosis exploitation with strategies to manage inbreeding depression for sustainable yield and quality gains.
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Table 1: Estimation of relative heterosis (RH%), heterobeltiosis (HB%) and inbreeding    depression (ID%) for yield and fiber quality traits 
	Seed cotton yield per plant

	Cross
	RH (%)
	HB (%)
	ID (%)

	
	Estimates
	SE±
	Estimates
	SE±
	Estimates
	SE±

	I
	15.46
	1.51
	15.17
	1.62
	20.41
	3.60

	II
	16.95
	1.13
	14.09
	1.36
	10.92
	3.07

	III
	26.60
	1.88
	23.26
	2.06
	31.88
	3.46

	IV
	18.34
	1.60
	15.40
	1.79
	8.77
	2.57

	Fibre length

	I
	6.33
	0.10
	5.67
	0.14
	12.43
	0.19

	II
	8.53
	0.11
	7.74
	0.15
	10.77
	0.19

	III
	11.66
	0.09
	11.17
	0.09
	21.65
	0.21

	IV
	9.05
	0.15
	9.02
	0.20
	9.74
	0.19

	Fibre fineness

	I
	-10.67
	0.08
	-12.10
	0.09
	-11.87
	0.09

	II
	-8.89
	0.08
	-9.34
	0.08
	-30.41
	0.09

	III
	-25.94
	0.13
	-28.65
	0.15
	-58.19
	0.15

	IV
	-17.88
	0.04
	-17.90
	0.04
	-57.24
	0.08

	Fibre strength

	I
	9.76
	0.11
	7.57
	0.12
	11.00
	0.20

	II
	5.65
	0.14
	4.92
	0.19
	8.13
	0.20

	III
	11.54
	0.12
	12.34
	0.16
	12.34
	0.16

	IV
	10.98
	0.12
	10.10
	0.12
	7.68
	0.22

	Oil content

	I
	7.56
	0.20
	6.91
	0.21
	19.28
	0.32

	II
	12.15
	0.26
	6.49
	0.28
	5.41
	0.27

	III
	10.75
	0.45
	10.59
	0.48
	18.06
	0.50

	IV
	20.62
	0.23
	17.13
	0.24
	13.62
	0.28

	Cross I
	GBHV 276 × GBHV 278
	Cross II
	GBHV 276 × GN Cot 32

	Cross III
	G Cot 16 BG II × GBHV 281
	Cross IV
	BC-68-2 BG II× GBHV 217







Table 2. Summary of superior cross performance for RH, HB, and ID across yield and fibre quality traits in cotton
	Trait
	Best Cross for RH (%)
	Best Cross for HB (%)
	Best Cross for ID (%)
	Desirability Direction

	Seed cotton yield/plant
	Cross III (26.60)
	Cross III (23.26)
	Cross III (31.88)
	Higher values desirable

	Fibre length
	Cross III (11.66)
	Cross III (11.17)
	Cross III (21.65)
	Higher values desirable

	Fibre fineness (mv)
	Cross III
 (-25.94)
	Cross III
 (-28.65)
	Cross III 
(-58.19)
	More negative = finer fibre desirable

	Fibre strength
	Cross III (11.54)
	Cross III (12.34)
	Cross III (12.34)
	Higher values desirable

	Oil content
	Cross IV (20.62)
	Cross IV (17.13)
	Cross I (19.28)
	Higher values desirable
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Figure 1. Comparative performance of best crosses for each trait based on Relative Heterosis (RH%), Heterobeltiosis (HB%), and Inbreeding Depression (ID%) in cotton. Cross III (G. Cot 16 BG II × GBHV 281) recorded the highest and most consistent positive values for yield, fibre length, and fibre strength, along with desirable negative values for fibre fineness. Cross IV (BC-68-2 BG II × GBHV 217) was superior for oil content. Positive values are desirable for yield, fibre length, strength, and oil content, while negative values indicate finer fibre in fibre fineness.
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