 GENE ACTION AND COMBINING ABLITY ANALYSIS IN TOMATO ( Solanum lycopersicum L.)
ABSTRACT
Twenty-one hybrids with three testers and seven lines in a line x tester mating design were used to examine the ability of the parents and hybrids to combine for yield and yield-contributing traits in tomatoes. At the College of Horticulture, SKLTSHU, Hyderabad, Telangana, the genotypes were assessed using a Randomised Block Design with three replications. None of the parents were the best combiners for every character, according to the current analysis. Plant height (14.278 cm), number of flowers per cluster (1.41), days to first flowering (1.20), days to 50% flowering (2.63), days to first harvest (2.65), days to last harvest (16.96), number of marketable fruits per plant (12.31), fruit length (1.65 cm), fruit width (0.66 cm), average fruit weight (219.09 g), lycopene (0.28 mg/100 g), ascorbic acid (3.21 mg/100 g), TSS (0.043 0Brix). Combining ability analysis in the current study showed that parents' and crosses' combining abilities differed significantly for nearly all of the growth, earliness, yield, and yield-related characteristics and quality parameters.  For various qualities and genotypes, the strength and direction of combining ability impacts differed significantly. Pusa Ruby was determined to be a promising general combiner for nine yield-related qualities based on gca effects among lines, while Money Maker was found to be a promising general combiner among testers. Eight hybrids were found to be promising for yield per plant and other yield contributing characteristics based on significant sca effects: EC 620441 x AVTO 1314 (0.40), Pusa Ruby x AVTO 1219 (0.31), EC 914093 x AVTO 1219 (0.14), EC 620452 x Money Maker (0.30), EC 620452 x AVTO 1314 (0.22), EC 914093 x AVTO 1219 (0.10), and EC 914100 x AVTO 1314 (0.07). The study on Gene Action and Combining Ability Analysis in Tomato is important as it helps understand the genetic control of key traits in tomato. It identifies superior parental lines and their potential for hybrid development. The findings support efficient breeding strategies to improve yield and quality. This study provides valuable insights for sustainable tomato improvement programmes.
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Introduction
“The cultivated tomato (Solanum Lycopersicum L.) is the world's second most consumed vegetable crop. It is a warm-season vegetable with a large output potential. Tomatoes can be consumed either fresh or processed. Soup, juice, ketchup, sauce, puree, paste, and powder all contain a significant amount of tomato. Tomato is a prospective vegetable crop with a lot of room for improvement in India due to the country's diverse agroclimatic. It is a typical day neutral plant and self-pollinated crop; however, some cross pollination may occur. Tomatoes are regarded a protective food crop due to their high concentration of minerals, vitamins, and organic acids. Each 100g of fruit pulp includes around 900 IU of vitamin A and 23 mg of vitamin C. Tomatoes are high in lycopene, ascorbic acid, and beta-carotene, which are praised for their colour, flavour, and antioxidant effects. In India, a vegetable curry is regarded incomplete without tomato, which is an important component of the daily diet. Tomatoes can be consumed either fresh or processed. Soup, juice, ketchup, sauce, puree, paste, and powder all contain a significant amount of tomato. Tomato consumption is expanding, making it a high-value crop for farmers to generate cash” (Manjunath et al., 2023).
“Tomato is a prospective vegetable crop with plenty of room for improvement in India due to the country's diverse agro-climatic conditions. New cultivars have been produced to address a wide range of needs and are suitable for a variety of agroclimatic conditions. However, there is a significant difference between India's national average yield and the average yield of Telangana. The low yield is attributable to the scarcity of high-yielding cultivars and a shortage of quality seed. To increase crop output, hybrids and varieties with higher yield and quality must be developed” (Sunil et al., 2013).
[bookmark: _GoBack]General combining ability (gca) variations reflect additive gene activity, while specific combining ability (sca) variances signify non-additive gene action. Data on gca effects is valuable for choosing the ideal combiner parents, while sca effects reveal the most suitable cross combinations. The gca influences can be corrected, while the sca influences cannot. This approach is excellent for recognizing outstanding parents and hybrids through the effects of general and specific combining abilities, along with examining gene function.
Materials and methods
The experiment materials consisted of seven tomato lines i.e., Pusa Ruby, EC 620441, EC 914100, EC 914093, EC 914090, EC 620481, and EC 620452, which were crossed with three testers: AVTO 1219, AVTO 1314, and Money Maker in a line x tester mating pattern to produce twenty-one cross combinations. During early summer, the 21 hybrids, along with their parents and three standard checks (Arka Rakshak, Arka Vikas, and PKM-1), were examined at the PG students' Research Farm, College of Horticulture, Sri Konda Laxman Telangana State Horticultural University, Rajendranagar, Hyderabad-30. The experiment was set up in a Randomised Block Design, with three replications. Crosses were created manually using the conventional emasculation and pollination procedures. The resulting hybrids were examined using both parents and routine checks. Plant height (cm), number of flowers per cluster, days to first flowering, days to 50% flowering, days to first harvest, days to last harvest, number of marketable fruits per plant, fruit length (cm), fruit width (cm), average fruit weight (gm), fruit yield per plant (kg), ascorbic acid content (mg/100g), TSS (0Brix), beta carotene content (mg/100g)
Results and Discussion 
The analysis of variance for combining ability (Table 1a) revealed significant line effects for several traits, including plant height (277.2 cm), days to first flowering (7.57), days to last harvest (275.9), number of marketable fruits per plant (987.33), average fruit weight (1050.36 g), fruit yield per plant (0.88 kg), ascorbic acid content (15.37 mg/100g), beta-carotene content (0.21 mg/100g), and lycopene content (1.60 mg/100g). Significant effects were also found for plant height (1322.8 cm), number of marketable fruits per plant (72.73), average fruit weight (2263.64 g), fruit yield per plant (1.88 kg), ascorbic acid content (78.86 mg/100g), beta-carotene (0.61 mg/100g), and lycopene content (3.89 mg/100g). Furthermore, the Line × Tester interaction effects were found to be significant for all the characters studied, namely plant height (14.28 cm), number of flowers per cluster (1.41), days to first flowering (1.20), days to 50% flowering (2.63), days to first harvest (2.65), days to last harvest (16.96), number of marketable fruits per plant (12.31), fruit length (1.65 cm), fruit width (0.66 cm), average fruit weight (219.09 g), fruit yield per plant (0.20 kg), ascorbic acid content (3.21 mg/100g), total soluble solids (0.043 °Brix), and lycopene content (0.28 mg/100g), except for beta-carotene (0.01 mg/100g), which was found non-significant.
Gene action
For nine traits, number of flowers per cluster (0.11), days to first flowering (0.95), days to 50% flowering (0.10), days to first harvest (0.10), fruit length (0.09 cm), fruit width (0.38 cm), fruit yield per plant (0.85 kg), total soluble solids (0.10 °Brix), and beta-carotene content (0.76 mg/100g), the ratio of general combining ability (gca) variance was found to be less than unity. This suggests that the inheritance of these traits was mostly influenced by non-additive gene action. In order to improve tomato production and quality attributes, heterosis breeding and recombination breeding with delayed selection in subsequent generations might be useful strategies.
On the other hand, six characteristics i.e., plant height (14.57 cm), days to last harvest (1.70), number of marketable fruits per plant (9.58), average fruit weight (1.31 g), ascorbic acid content (3.01 mg/100g), and lycopene content (1.77 mg/100g) had ratios greater than unity. Given that additive gene action predominates for these traits, pedigree selection employing these characters as parents may be an efficient way to improve them.
General combining ability and Specific combining ability effects
While specific combining ability (sca) assists in determining the optimal cross combinations among genotypes for creating hybrids with high vigour for desired traits, general combining ability (gca) is helpful in selecting superior parents (good combiners) for use in hybridisation programs. In the current investigation, crossovers with medium × medium, high × medium, or medium × high combining parents showed the highest sca effects. The prevalence of non-additive gene activity, such as dominance × dominance and additive × dominance interactions, is indicated by this pattern. High sca effects and high gca in both parents, or at least one of them, are the most desired hybrid combinations because they are more likely to result in superior hybrids with improved performance.
 Plant height (cm)
gca effects
For plant height, parents with high general combining ability (gca) impacts are regarded as superior general combiners. The line EC 620441 (10.87) showed a strong and favourable gca effect in the current investigation (Table 2a), suggesting its potential as a promising combiner for this trait. The lines with the most significant and negative gca effect were EC 914090 (-8.49) and EC 914093 (-8.31). Money Maker (6.33) had a high positive gca effect, while AVTO 1314 (-8.90) showed a lower gca effect among the testers. These results coincided with the findings of Avdikos et al. (2011), Singh and Asati (2011), Sunil et al. (2013), Vekariya et al. (2019), Ibirinde et al. (2022) and Reddy et al. (2023).
sca effects
Three hybrids showed significant and negative specific combining ability (sca) effects (Table 2b) among the twenty-one crossings examined, while three hybrids showed significant and positive sca effects, indicating that they were the best specific combiners for the trait. The cross EC 914093 × Money Maker (-2.98) showed a high negative and significant sca effect, while EC 914093 × AVTO 1314 (4.84) showed a high positive and significant sca effect. Unfavourable gene combinations may be the cause of the detrimental sca consequences seen in some hybrids. The reports of Duhan et al. (2005), Premalakshmi et al. (2006), Hannan et al. (2007), Saleem et al. (2009), Singh et al. (2010), Ravindrakumar et al. (2013), Triveni et al. (2017), Vekariya et al. (2019),  Ibirinde et al. (2022) and Reddy et al. (2023) are consistent with these findings.
Number of flowers per cluster
gca effects
The general combining ability (gca) impacts between the lines varied from -0.08 in EC 620452 to 0.77 in EC 914090 (Table 2a). gca effects ranged from -0.23 in AVTO 1219 to 0.20 in Money Maker across testers. The parents EC 620452 (0.77) and EC 914100 (0.72) were shown to be good general combiners for this trait due to their positive and large gca effects. On the other hand, fewer flowers per cluster were linked to parents exhibiting negative and severe gca effects. These results align with those published by Ibirinde et al. (2022) and Reddy et al. (2023).
sca effects
The results for the number of flowers per cluster are presented in Table 2b. The specific combining ability (sca) effects among the crosses ranged from -0.805 in EC 914093 × AVTO 1314 to 1.11 in EC 914093 × Money Maker. Desirable cross combinations exhibiting significant and positive sca effects included EC 914090 × AVTO 1219 (0.53), EC 620452 × AVTO 1219 (0.53), EC 914090 × AVTO 1314 (0.50), EC 620481 × AVTO 1219 (0.46), EC 620441 × AVTO 1219 (0.44), EC 914100 × AVTO 1314 (0.42), and EC 620452 × AVTO 1314 (0.27). In contrast, eight hybrids recorded significant and negative sca effects for this trait. Similar results are shown by Hannan et al. (2007), Rehmani et al. (2010), Angadi et al. (2012), Ravindra kumar et al. (2013), Saeed et al. (2014), Vilas et al. (2015), Aminu and Mala (2015), Ibirinde et al. (2022) and Reddy et al. (2023).
Days to first flowering
The negative estimates of gca and sca effects were considered to be favourable for the days to first flowering.
gca effects
Among the lines, the general combining ability (gca) effects (Table 2a) ranged from -1.39 in EC 914100 to 1.47 in Pusa Ruby. Two lines, EC 914100 (-1.39) and EC 914090 (-0.50), exhibited significant and negative gca effects, while EC 620441 (0.09) and Pusa Ruby (1.47) showed significant and positive gca effects, indicating their potential as good general combiners for this trait. Among the testers, gca effects varied from -0.24 in Money Maker to 0.17 in AVTO 1314.
sca effects
In the hybrids, the specific combining ability (sca) effects (Table 2b) ranged from -0.94 in EC 914100 × AVTO 1314 to 1.47 in EC 914100 × AVTO 1219. The hybrid EC 914100 × AVTO 1314 (-0.94) exhibited significant and negative sca effects, while EC 914100 × AVTO 1219 (1.47) showed significant and positive sca effects, indicating its superiority as a specific combiner for this trait. The present results are in conformity with the findings of Akram et al. (2012) and Kumar et al. (2013).
Days to 50% flowering
Negative estimates of both general combining ability (GCA) and specific combining ability (SCA) effects are considered desirable for days to 50% flowering, as they indicate the potential to produce early-maturing hybrids.
gca effects
Significant and negative general combining ability (gca) effects (Table 2a) were observed in EC 914090 (-1.00) and EC 914100 (-0.99), indicating their potential for promoting early flowering and identifying them as good general combiners for this trait. Among the lines, significant and positive gca effects were recorded in EC 620441 (1.07) and EC 620452 (1.09), suggesting their association with late flowering. None of the testers exhibited significant gca effects for days to 50% flowering. The findings of present study are similar with the results of Singh et al. (2008), Ravindrakumar et al. (2013), Shankar et al. (2013) Chauhan et al. (2015), Vilas et al. (2015), Vekariya et al. (2019), Ibirinde et al. (2022), Reddy et al. (2023) and Madhavi et al. (2023).
sca effects
For the trait days to 50% flowering (Table 2b), two hybrids—EC 914093 × AVTO 1314 (1.15) and EC 914090 × AVTO 1219 (1.16) exhibited positive and significant specific combining ability (sca) effects. One hybrid, EC 914093 × AVTO 1219 (-1.46), showed negative and significant sca effects, indicating its potential for early flowering. Additionally, two cross combinations, EC 620441 × Money Maker (-0.17) and EC 620452 × Money Maker (-0.12), also recorded relatively high negative sca effects, suggesting their usefulness in breeding for earliness. Conformity results are reported by Singh et al. (2008), Shende et al. (2012), Shankar et al. (2013), Vekariya et al. (2019), Ibirinde et al. (2022), Reddy et al. (2023) and Madhavi et al. (2023).
Days to first harvest
gca effects
Early harvesting is generally desirable and preferable to late harvesting. For the trait days to first harvest (Table 2a), the line EC 620441 (-0.88) followed by EC 914093 (-0.75) recorded negative and significant general combining ability (gca) effects, indicating their potential for early harvest. In contrast, the line EC 620481 (0.94) exhibited a significant and positive gca effect, signifying late harvesting tendency. Among the lines, gca effects ranged from -0.88 in EC 620441 to 0.94 in EC 620481.
sca effects
For days to first harvest (Table 2b), among the 21 crosses evaluated, the hybrid Pusa Ruby × AVTO 1314 (1.25) exhibited significant and positive specific combining ability (sca) effects, indicating a tendency for late harvest. In contrast, the hybrid EC 914090 × AVTO 1314 (-1.48) showed significant and negative sca effects, suggesting its potential for early harvesting. Overall, the sca effects for this trait ranged from -1.48 in EC 914090 × AVTO 1314 to 1.25 in Pusa Ruby × AVTO 1314. Similar gca and sca findings are reported by Asati et al. (2008), Saleem et al. (2013), Sinam et al. (2015), Chandankumar and Singh (2016) and Kumar et al. (2016d).
Days to last harvest
gca effects
Among the lines, significant and positive general combining ability (gca) effects (Table 2a) were recorded in EC 620481 (2.67), Pusa Ruby (3.85), EC 620441 (4.76), and EC 620452 (5.98), indicating their favourable contribution to delayed maturity for this trait. In contrast, significant and negative gca effects were observed in EC 620481 (-6.56), EC 914100 (-4.16), and EC 914090 (-4.16), suggesting their potential for early maturity. Among the testers, AVTO 1314 (0.74) exhibited a significant and negative gca effect for this character.
sca effects
Among the twenty-one hybrids evaluated, significant and negative specific combining ability (sca) effects (Table 2b) were observed in two crosses EC 620441 × Money Maker (-4.10) and Pusa Ruby × AVTO 1219 (-2.81) indicating their association with early last harvest and, therefore, earliness. On the other hand, high and positive sca effects were recorded in Pusa Ruby × Money Maker (2.47), EC 620452 × Money Maker (2.60), and EC 620441 × AVTO 1219 (4.07), suggesting that these hybrids were late in reaching their last harvest.
Number of marketable fruits per plant
gca effects
Among the lines, general combining ability (gca) effects (Table 2a) ranged from -11.81 in EC 914100 to 10.80 in EC 620441. Among the testers, gca effects varied from -1.27 in AVTO 1314 to 2.13 in Money Maker. Significant and positive gca effects were recorded in the lines EC 620481 (6.73), EC 620452 (6.74), Pusa Ruby (8.96), and EC 620441 (10.80), indicating their favourable contribution toward increased performance for this trait. In contrast, significant and negative gca effects were observed in EC 914100 (-11.81), EC 914090 (-11.37), and EC 914093 (-10.06), suggesting their association with reduced expression of the trait. Among the testers, Money Maker (2.13) exhibited a significant and positive gca effect, while AVTO 1314 (-1.27) and AVTO 1219 (-0.85) showed significant and negative gca effects. The present results with respect to gca effects are similar to the findings of Vekariya et al. (2019), Ibirinde et al. (2022), Reddy et al. (2023), Madhavi et al. (2023), and Manjunath et al. (2025).
sca effects
For the character number of marketable fruits per plant (Table 2b), the specific combining ability (sca) effects ranged from -2.83 in Pusa Ruby × AVTO 1314 to 3.75 in Pusa Ruby × Money Maker. Significant and positive sca effects were recorded in three hybrids EC 620481 × Money Maker (2.44), EC 620441 × AVTO 1219 (2.56), and Pusa Ruby × Money Maker (3.15) indicating their potential as good specific combiners for higher fruit yield. Conversely, significant and negative SCA effects were observed in three hybrids, namely Pusa Ruby × AVTO 1314 (-2.83), EC 620481 × AVTO 1219 (-2.26), and EC 620481 × Money Maker (-1.42), suggesting their unfavourable combinations for this trait. The present results with respect to sca effects are similar to the findings of Vekariya et al. (2019), Ibirinde et al. (2022), Reddy et al. (2023), Madhavi et al. (2023) and Manjunath et al. (2025).
Fruit length (cm)
gca effects
Among the lines, the general combining ability (gca) effects for fruit length (Table 2a) ranged from -0.76 in EC 620452 to 1.02 in EC 620481. Among the testers, gca effects varied from -0.31 in Money Maker to 0.23 in AVTO 1314.
sca effects
Among the hybrids, specific combining ability (SCA) effects for fruit length (Table 2b) ranged from -1.18 in Pusa Ruby × AVTO 1219 to 1.54 in Pusa Ruby × AVTO 1219. Overall, eight hybrids exhibited significant and negative sca effects, while another eight showed significant and positive sca effects for this trait. The present results with respect to gca and sca effects are similar to the findings of Singh et al. (2010), Shende et al. (2012), Saleem et al. (2013), Chandankumar and Singh (2016), Reddy et al. (2023) and Madhavi et al. (2023).
Fruit width (cm)
gca effects
For the character fruit width (Table 3a), the general combining ability (gca) effects among the lines ranged from -0.63 in EC 620452 to 0.69 in Pusa Ruby. Among the testers, the gca effects varied from -0.39 in Money Maker to 0.26 in AVTO 1314. Positive gca effects were recorded in Pusa Ruby (0.69) and EC 914100 (0.23), indicating their favourable influence on fruit width. In contrast, negative gca effects were observed in EC 914090 (-0.12), EC 620441 (-0.08), EC 620452 (-0.63), EC 620481 (-0.06), and EC 914093 (-0.005), suggesting their contribution to reduced fruit width. These results are in agreement with the findings of Reddy et al. (2023).
sca effects
For the character fruit width (Table 3b), nine hybrids each exhibited significant positive and significant negative specific combining ability (sca) effects. The sca effects ranged from -0.52 in EC 620481 × Money Maker to 0.75 in EC 914090 × Money Maker, indicating considerable variability among the hybrids for this trait. These results are in agreement with the findings of Mondal et al. (2009), Singh et al. (2010), Shende et al. (2012), Saleem et al. (2013), Chandankumar and Singh (2016), Reddy et al. (2023) and Madhavi et al. (2023).
Average fruit weight (g)
gca effects
A significant and positive general combining ability (gca) effect (Table 3a) is desirable for the trait average fruit weight. The gca effects among the lines ranged from -13.83 in EC 620452 to 14.85 in Pusa Ruby. Among the testers, the gca effects varied from -0.18 in AVTO 1219 to 0.34 in Money Maker. These results are confirmed with the findings of Akramet al. (2012) and Pandiarana et al. (2015), Vekariya et al. (2019), Ibirinde et al. (2022), Reddy et al. (2023),  Madhavi et al. (2023) and Manjunath et al. (2025).
sca effects
Evaluation of hybrids for specific combining ability (sca) effects for average fruit weight (Table 3b) revealed that nine crosses exhibited significant and negative sca effects, while another nine crosses showed significant and positive sca effects. The SCA effects among the hybrids ranged from -12.30 in EC 914093 × Money Maker to 11.83 in EC 620441 × AVTO 1314, indicating a wide range of variability for this trait. These results are in accordance with the findings of Chishti et al. (2007), Saleem et al. (2009), Shende et al. (2012), Tanvi et al. (2017), Savale and Patel (2017), Vekariya et al. (2019), Ibirinde et al. (2022), Madhavi et al. (2023) and Manjunath et al. (2025). The superiority of low x low combinations might be due to concentration and interaction between favourable genes contributed by the parents.
Fruit yield per plant (Kg)
gca effects
A significant and positive general combining ability (gca) effect for fruit yield per plant indicates the presence of additive gene action. For this trait (Table 3a), a significant and high positive gca effect was recorded in Pusa Ruby (0.44), while a significant and negative gca effect was observed in EC 620481 (-0.03). Among the parents, EC 620452 (0.04), EC 620441 (0.35), and Pusa Ruby (0.44) exhibited significant and positive gca effects, identifying them as the most promising combiners for inclusion in hybridization programmes aimed at improving yield. Similar findings are observed in reports of Prabuddha et al. (2008), Kumar et al. (2010), Izge and Garba (2012), Narasimhamurthy et al. (2012), Sunil et al. (2013), Pemba et al. (2014), Pandiarana et al. (2015), Arun Kumar et al. (2016), Vekariya et al. (2019), Panchal et al. (2019), Ibirinde et al. (2022), Reddy et al. (2023), Madhavi et al. (2023), Essa and Alwan (2024) and Manjunath et al. (2025).
sca effects
Among the hybrids, ten crosses exhibited significant and negative specific combining ability (sca) effects (Table 3b). In contrast, eight crosses EC 620441 × AVTO 1314 (0.40), Pusa Ruby × AVTO 1219 (0.31), EC 914090 × Money Maker (0.31), EC 620452 × Money Maker (0.30), EC 620452 × AVTO 1314 (0.22), EC 914093 × AVTO 1314 (0.14), EC 620481 × AVTO 1314 (0.10), and EC 914100 × AVTO 1314 (0.07) showed significant and positive sca effects, indicating their potential as promising specific combiners for yield improvement in tomato. The sca effects for fruit yield per plant ranged from -0.24 in EC 620441 × AVTO 1219 to 0.40 in EC 620441 × AVTO 1314. The results are similar to findings of Chishti et al. (2008), Hannan et al. (2007), Yashavanthkumar et al. (2008), Saleem et al. (2009), Habu et al. (2016), Sujeetkumar and Ramanjinigowda et al. (2016), Tanvi et al. (2017), Nidhish et al. (2018), Vekariya et al. (2019), Panchal et al. (2019), Ibirinde et al. (2022), Reddy et al. (2023), Madhavi et al. (2023), Essa and Alwan (2024) and Manjunath et al. (2025). 
Ascorbic acid (mg/100g)
gca effects
Among the lines, EC 620441 (Table 3a) exhibited a significant and negative general combining ability (gca) effect (-0.87), while EC 914093 showed a significant and positive gca effect (1.98). Overall, three lines displayed significant and positive gca effects, whereas another three lines exhibited significant and negative gca effects for this trait. Among the testers, gca effects ranged from -1.92 in AVTO 1219 to 1.95 in Money Maker. The present results with respect to gca effects are similar to the findings of Panchal et al. (2019),  Ibirinde et al. (2022), Essa and Alwan (2024) and Manjunath et al. (2025).
sca effects
Ascorbic acid content in hybrids (Table 3b) ranged from -1.32 in EC 620481 × AVTO 1314 to 1.34 in EC 620441 × Money Maker. Among the hybrids, six crosses exhibited significant and negative specific combining ability (sca) effects, namely EC 620481 × AVTO 1314 (-1.32), EC 914093 × Money Maker (-1.19), EC 620441 × AVTO 1219 (-1.05), EC 914100 × AVTO 1219 (-0.98), EC 914090 × Money Maker (-0.08), and EC 620452 × Money Maker (-0.67). Conversely, six hybrids showed significant and positive sca effects, ranging from 0.74 in EC 620452 × AVTO 1219 to 1.34 in EC 620441 × Money Maker. Similar results are observed by Ravindrakumar et al. (2013), Pemba et al. (2014), Arun Kumar et al.  (2016), Savale and Patel (2017), Nidhish et al. (2018), Panchal et al. (2019),  Ibirinde et al. (2022), Essa and Alwan (2024) and Manjunath et al. (2025).
TSS (°Brix)
gca effects
For the trait total soluble solids (TSS), the general combining ability (gca) effects (Table 3a) among lines ranged from -0.17 in Pusa Ruby to 0.11 in EC 914093. Among testers, the gca effects varied from -0.03 in AVTO 1219 to 0.04 in Money Maker. Positive gca effects of this trait are confirmed with results of Narasimhamurthy et al. (2012), Vekariya et al. (2019), Panchal et al. (2019),  Ibirinde et al. (2022) and Essa and Alwan (2024).
sca effects
Among hybrids, the specific combining ability (sca) effects (Table 3b) for total soluble solids (TSS) ranged from -0.17 in EC 914100 x Money Maker to 0.15 in EC 620452 x Money Maker and EC 914100 x AVTO 1219. Evaluation of the cross combinations for this trait revealed that four crosses exhibited significant and negative sca effects, whereas seven crosses showed significant and positive sca effects, indicating the presence of both favourable and unfavourable non-additive gene interactions influencing TSS content. These results are in accordance with the findings of Premlakhmi et al. (2006), Chishti et al. (2007), Kumari and Srivastava (2007), Naveen et al. (2008), Saleem et al. (2009), Saeed et al. (2014), Arun Kumar et al. (2016), Nidhish et al. (2018), Vekariya et al. (2019), Panchal et al. (2019), Ibirinde et al. (2022) and Essa and Alwan (2024).
Beta carotene (mg/100g)
gca effects
The results for general combining ability (gca) effects of parents for β-carotene content are presented in Table 3a. Among the lines, gca effects ranged from -0.23 in EC 914090 to 0.21 in Pusa Ruby, while among the testers, they varied from 0.13 in AVTO 1219 to 0.19 in Money Maker. Significant and positive gca effects were observed in two lines, indicating their potential for improving β-carotene content. Conversely, two lines exhibited significant and negative gca effects, suggesting their lesser contribution toward this trait.
sca effects
Among hybrids, the specific combining ability (sca) effects (Table 3b) for β-carotene content ranged from -0.09 in EC 914090 × AVTO 1314 and Pusa Ruby × Money Maker to 0.11 in Pusa Ruby × AVTO 1314, which exhibited a significant and positive sca effect. Evaluation of the cross combinations revealed that ten hybrids showed negative sca effects, while only one hybrid displayed a significant and positive sca effect, indicating limited non-additive gene action contributing to higher β-carotene content. These results are in accordance with the findings of Premlakhmi et al. (2006), Chishti et al. (2007), Kumari and Srivastava (2007), Naveen et al. (2008), Saleem et al. (2009), Saeed et al. (2014) and Vekariya et al. (2019).  
Lycopene (mg/100g)
gca effects
The results for general combining ability (gca) effects of parents for lycopene content are presented in Table 3a. Among lines, gca effects varied from -0.54 in EC 620441 to 0.65 in EC 914100, while among testers, they ranged from -0.27 in AVTO 1219 to 0.49 in AVTO 1314. Significant and positive gca effects were recorded in EC 620452 (0.09), EC 914090 (0.08), and EC 914100 (0.65), indicating that these lines are good general combiners and can be effectively utilized in breeding programmes aimed at improving lycopene content in tomato. The present results with respect to gca effects are similar to the findings of Panchal et al. (2019), Ibirinde et al. (2022), Essa and Alwan (2024) and Manjunath et al. (2025).
sca effects
For the character lycopene content, the specific combining ability (sca) effects (Table 3b) ranged from -0.31 in EC 620481 × Money Maker and EC 620481 × AVTO 1219 to 0.62 in EC 620481 × AVTO 1314. Among the hybrids, twelve crosses exhibited significant and positive sca effects, while nine hybrids showed significant and negative sca effects. The hybrids with positive and significant sca effects are considered promising for enhancing lycopene content in tomato breeding programmes. The present results are in line with the earlier reports of Dechin et al. (2012), Narasimhamurthy et al. (2013), Arun Kumar et al. (2016), Savale and Patel (2017), Nidhish et al. (2018), Panchal et al. (2019), Ibirinde et al. (2022), Essa and Alwan (2024) and Manjunath et al. (2025).
Based on gca effects among lines, Pusa Ruby was promising general combiner (Table 2a.) for nine yield related traits in tomato viz., plant height (cm), days to first flowering, days to last harvest, number of marketable fruits per plant, fruit width (cm), average fruit weight (g), fruit yield per plant (Kg), beta-carotene (mg/100g) and lycopene content (mg/100g), whereas EC 620481 was promising general combiner for seven yield and yield related traits in tomato viz., number of flowers per cluster, days to first harvest, days to last harvest, number of marketable fruits per plants, fruit length (cm), average fruit weight (g) and TSS (0Brix).
Among testers, Money Maker was found promising general combiner for plant height (cm), number of marketable fruits per plant, fruit length (cm), fruit yield per plant (Kg), ascorbic acid content (mg/100g), TSS (0Brix) and beta-carotene (mg/100g).
Among hybrids, EC 914093 x AVTO 1219 (4.84) for plant height; EC 914093 x Money Maker (1.11) for number of flowers per cluster; EC 914100 x AVTO 1219 (1.47) days to first flowering;  EC 914090 x AVTO 1219 ( 1.16 ) for days to 50% flowering; Pusa Ruby x AVTO 1314 (1.25) for days to first harvest; EC 620441 x AVTO 1219 (4.07) days to last harvest; Pusa Ruby x Money Maker (3.15) for number of marketable fruits per plant; Pusa Ruby x AVTO 1314 (1.54) for fruit length; EC 620441 x AVTO 1314 (11.83) for average fruit weight; EC 620441 x AVTO 1314 (0.40) for fruit yield per plant; EC 620441 x Money Maker (1.34) for ascorbic acid; EC 620452 x Money Maker and EC 914100 x AVTO 1219 (0.15) for TSS; Pusa Ruby x AVTO 1314 (0.11) and EC 620481 x AVTO 1314 (0.62) for lycopene content possessed desirable genes for yield and yield related traits. Hence, these hybrids with positive alleles can be utilized for commercial cultivation.
Conclusion
The study on Gene Action and Combining Ability Analysis in Tomato is important as it helps understand the genetic control of key traits in tomato. It identifies superior parental lines and their potential for hybrid development. Based on significant sca effects, eight hybrids viz., EC 620441 x AVTO 1314 (0.40), Pusa Ruby x AVTO 1219 (0.31), EC 914093 x AVTO 1219 (0.14), EC 620452 x Money Maker (0.30), EC 620452 x AVTO 1314 (0.22), EC 914093 x AVTO 1219 (0.14), EC 620481 x AVTO 1314 (0.10) and EC 914100 x AVTO 1314 (0.07) were identified as promising for yield per plant and other yield contributing characters. The findings support efficient breeding strategies to improve yield and quality. This study provides valuable insights for sustainable tomato improvement programmes.

Table 1a. Analysis of variance for combining ability for yield and yield contributing characters in tomato 
	Source of variation
	Degrees of freedom (df)
	Plant height (cm)
	Number of flowers per cluster
	Days to first flowering
	Days to 50% flowering
	Days to first harvest
	Days to last harvest
	Number of marketable fruits per plant

	Replications
	2
	0.59
	0.045
	1.40
	1.07
	1.21
	12.67
	3.80

	Crosses
	20
	277.2**
	2.012**
	3.09**
	3.66**
	3.19**
	93.82**
	310.86**

	Line effect
	6
	454.7**
	3.55
	7.57**
	6.83
	4.35
	275.9**
	987.33**

	Tester effect
	2
	1322.8**
	0.99
	1.01
	0.31
	2.94
	8.81
	72.730*

	LxT effect
	12
	14.278**
	1.41**
	1.20*
	2.63**
	2.65**
	16.96**
	12.31**

	Error
	40
	1.724
	0.049
	0.59
	0.815
	0.59
	1.79
	1.22




**Significant at 1% level,* Significant at 5% 
Table 1a.(Contd...)
	Source of variation
	Degrees of freedom (df)
	Fruit length(cm)
	Fruit width (cm)
	Average fruit weight (g)
	Fruit yield per plant (kg)
	Ascorbic acid content (mg/100g)
	TSS(0Brix)
	Beta-  carotene (mg/100g)
	Lycopene (mg/100g)

	Replications
	2
	0.01
	0.01
	0.55
	0.004
	0.17
	0.10
	0.026
	0.009

	Crosses
	20
	2.16**
	1.08**
	672.93**
	0.57**
	14.43**
	0.06**
	0.13**
	1.042**

	Line effect
	6
	3.35
	1.45
	1050.36*
	0.88*
	15.37*
	0.10
	0.21**
	1.60**

	Tester effect
	2
	1.66
	2.53
	2263.64**
	1.88*
	78.86**
	0.041
	0.61**
	3.89**

	LxT effect
	12
	1.65**
	0.66**
	219.09**
	0.20**
	3.21**
	0.043**
	0.014
	0.28**

	Error
	40
	0.009
	0.005
	1.43
	0.003
	0.13
	0.003
	0.011
	0.003



**Significant at 1% level,* Significant at 5% 


Table 2a. Estimates of general combining ability (gca) effects of parents for plant height (cm), number of flowers per cluster, days to first flowering, days to 50% flowering, days to first harvest, days to last harvest, number of marketable fruits per plant and fruit length (cm)
	Parents
	Plant height (cm)
	Number of flowers per cluster
	Days to first flowering
	Days to 50% flowering
	Days to first harvest
	Days to last harvest
	Number of marketable fruits per plant
	Fruit length(cm

	LINES
	
	
	
	
	
	
	
	

	Pusa Ruby
	1.48**
	-0.78**
	1.47**
	-0.06
	0.55
	3.85**
	8.96**
	-0.23**

	EC 620441
	10.87**
	-0.69**
	0.09
	1.07**
	-0.88**
	4.76**
	10.80**
	-0.50**

	EC914100
	0.38
	0.72**
	-1.39**
	-0.99**
	-0.33
	-6.54**
	-11.81**
	0.42**

	EC914093
	-8.31**
	-0.21**
	-0.19
	-0.36
	-0.75*
	-4.16**
	-10.06**
	0.24**

	EC914090
	-8.49**
	0.77**
	-0.50*
	-1.00**
	0.00
	-6.56**
	-11.37**
	-0.18**

	EC620481
	-2.04**
	0.27**
	-0.23
	0.25
	0.94**
	2.67**
	6.73**
	1.02**

	EC620452
	6.09**
	-0.08
	0.76
	1.09
	0.47
	5.98**
	6.74**
	-0.76**

	S.E (d)
	0.50
	0.06
	0.24
	0.29
	0.32
	0.49
	0.39
	0.03

	CD(0.05%)
	1.01
	0.13
	0.50
	0.60
	0.64
	1.00
	0.80
	0.06

	CD(0.01%)
	1.36
	0.18
	0.67
	0.80
	0.86
	1.35
	1.07
	0.08

	TESTERS
	
	
	
	
	
	
	
	

	AVTO 1219
	2.56**
	-0.23**
	0.07
	0.12
	0.29
	-0.29
	-0.85**
	0.07**

	AVTO1314
	-8.90**
	0.02
	0.17
	-0.12
	0.13
	0.74*
	-1.27**
	0.23**

	Money Maker
	6.33**
	0.203
	-0.24
	0.002
	-0.42
	-0.44
	2.13**
	-0.31**

	S.E (d)
	0.32
	0.04
	0.16
	0.19
	0.21
	0.32
	0.26
	0.02

	CD(0.05%)
	0.66
	0.08
	0.33
	0.39
	0.42
	0.66
	0.52
	0.04

	CD(0.01%)
	0.89
	0.12
	0.44
	0.52
	0.56
	0.88
	0.70
	0.05














                   ** Significant at 1% level,* Significant at 5% level




Table 2b. Estimates of specific combining ability (sca) effects of crosses for plant height (cm), number of flowers per cluster, days to first flowering, days to 50% flowering, days to first harvest, days to last harvest, number of marketable fruits per plant and fruit length (cm)
	Crosses
	Plant height (cm)
	Number of flowers per cluster
	Days to first flowering
	Days to 50% flowering
	Days to first harvest
	Days to last harvest
	Number of marketable fruits per plant
	Fruit length(cm)

	Pusa Ruby x AVTO 1219
	2.10*
	0.23
	-0.58
	-0.86
	-0.63
	-2.81**
	-0.32
	-1.18**

	Pusa Ruby x AVTO 1314
	-0.83
	-0.12
	0.71
	0.17
	1.25*
	0.34
	-2.83**
	1.54**

	Pusa Ruby  x  Money Maker
	-1.27
	-0.10
	-0.13
	0.68
	-0.62
	2.47**
	3.15**
	-0.36**

	EC620441 x AVTO1219
	-0.10
	0.44**
	-0.47
	0.55
	0.74
	4.07**
	2.56**
	0.50**

	EC620441 x AVTO1314
	-0.6
	-0.08
	0.16
	-0.43
	-1.03
	0.03
	-1.14
	0.32**

	EC 620441 x Money Maker
	0.75
	-0.35**
	0.13
	-0.12
	0.28
	-4.10**
	-1.42*
	-0.82**

	EC914100 x AVTO1219
	-0.35
	-0.31
	1.47**
	0.42
	-0.21
	-0.68
	-0.74
	0.52**

	EC914100 x AVTO1314
	0.24
	0.42**
	-0.94*
	0.46
	0.54
	1.41
	1.14
	-0.64**

	EC914100 x Money Maker
	0.11
	-0.11
	-0.53
	-0.89
	-0.33
	-0.73
	-0.40
	0.12*

	EC914093 x AVTO1219
	-1.85*
	-0.31*
	-0.05
	-1.46**
	-0.45
	0.34
	0.03
	0.08

	EC914093 x AVTO1314
	4.84**
	-0.80**
	-0.08
	0.31
	-0.39
	0.56
	1.19
	-0.18**

	EC914093 x Money Maker
	-2.98**
	1.11**
	0.13
	1.15*
	0.85
	-0.90
	-1.22
	0.10

	EC914090 x AVTO1219
	-0.03
	-1.03**
	-0.27
	1.16*
	0.91
	1.20
	0.344
	0.15**

	EC914090 x AVTO1314
	-0.38
	0.50**
	0.16
	-0.45
	-1.48*
	-0.56
	0.83
	-0.64**

	EC914090 x Money Maker
	0.42
	0.53**
	0.11
	-0.71
	0.56
	-0.64
	-1.17
	0.49**

	EC620481 x AVTO1219
	-0.60
	0.46**
	0.05
	0.71
	-0.62
	-1.23
	-2.26**
	-0.04

	EC620481 x AVTO1314
	-0.56
	-0.19
	-0.17
	-0.77
	0.67
	-0.07
	-0.76
	-0.25**

	EC620481 x Money Maker
	1.17
	-0.27*
	0.11
	0.06
	-0.04
	1.31
	2.44**
	0.29**

	EC620452 x AVTO1219
	0.84
	0.53**
	-0.14
	-0.53
	0.27
	-0.88
	0.38
	-0.03

	EC620452 x AVTO1314
	-2.64**
	0.27*
	0.16
	0.71
	0.43
	-1.72
	0.97
	-0.14*

	EC620452 x Money Maker
	1.80*
	-0.80**
	-0.01
	-0.17
	-0.71
	2.60**
	-1.36
	0.17**

	S.E (d)
	0.08
	0.11
	0.43
	0.51
	0.55
	0.86
	0.68
	0.05

	CD (0.05%)
	1.76
	0.23
	0.87
	1.03
	1.12
	1.74
	1.39
	0.10

	CD (0.01%)
	2.35
	0.31
	1.16
	1.39
	1.50
	2.33
	1.86
	0.14



** Significant at 1% level,* Significant at 5% level














Table 3a. Estimates of general combining ability (gca) effects of parents for fruit width (cm), average fruit weight (g), fruit yield per plant (kg), ascorbic acid content (mg/100g), TSS (0Brix), beta carotene content (mg/100g) and lycopene content (mg/100g).
	Parents
	Fruit width (cm)
	Average fruit weight (g)
	Fruit yield per plant (kg)
	Ascorbic acid content (mg/100g)
	TSS (0Brix)
	Beta-carotene (mg/100g)
	Lycopene (mg/100g)

	LINES
	
	
	
	
	
	
	

	Pusa Ruby
	0.69**
	14.85**
	0.44**
	0.02
	-0.17**
	0.21**
	0.35**

	EC 620441
	-0.08**
	-0.05
	0.35**
	-0.87**
	0.07**
	0.14**
	-0.54**

	EC914100
	0.23**
	12.34**
	-0.37**
	0.98**
	-0.08**
	0.02
	0.65**

	EC914093
	-0.005
	-6.83**
	-0.33**
	1.98**
	0.11**
	-0.02
	0.08**

	EC914090
	-0.12**
	-9.07**
	-0.03
	0.72**
	-0.07**
	-0.23**
	-0.32**

	EC620481
	-0.06**
	2.59**
	-0.10**
	-1.41**
	0.09**
	0.005
	-0.317**

	EC620452
	-0.63**
	-13.83**
	0.04*
	-1.43**
	0.04*
	-0.13**
	0.09**

	S.E (d)
	0.02
	0.37
	0.01
	0.17
	0.01
	0.03
	0.01

	CD(0.05%)
	0.04
	0.74
	0.03
	0.35
	0.03
	0.06
	0.03

	CD(0.01%)
	0.06
	1.00
	0.05
	0.47
	0.05
	0.08
	0.04

	TESTERS
	
	
	
	
	
	
	

	AVTO 1219
	0.12**
	5.06**
	-0.18**
	-1.92**
	-0.03**
	-0.06**
	-0.27**

	AVTO1314
	0.26**
	6.87**
	-0.16**
	-0.03
	-0.01
	-0.13**
	0.49**

	Money Maker
	-0.39**
	-11.94**
	0.34**
	1.95**
	0.04**
	0.19**
	-0.22**

	S.E (d)
	0.01
	0.24
	0.01
	0.11
	0.01
	0.01
	0.01

	CD(0.05%)
	0.03
	0.49
	0.02
	0.23
	0.02
	0.03
	0.02

	CD (0.01%)
	0.04
	0.65
	0.03
	0.31
	0.03
	0.05
	0.03



	









** Significant at 1% level,* Significant at 5% level














Table 3b. Estimates of specific combining ability (sca) effects of crosses for fruit width (cm), average fruit weight (g), fruit yield per plant (kg), ascorbic acid content (mg/100g), TSS (0Brix), beta carotene content (mg/100g) and lycopene content (mg/100g).
	Crosses
	Fruit width (cm)
	Average fruit weight (g)
	Fruit yield per plant (kg)
	Ascorbic acid content (mg/100g)
	TSS (0Brix)
	Beta-carotene (mg/100g)
	Lycopene (mg/100g)

	Pusa Ruby x AVTO 1219
	-0.44**
	-4.46**
	0.31**
	-0.18
	0.06
	-0.01
	0.08*

	Pusa Ruby x AVTO 1314
	0.64**
	5.32**
	-0.16**
	0.06
	0.06
	0.11*
	-0.22**

	Pusa Ruby x Money Maker
	-0.20**
	-0.85
	-0.15**
	0.12
	0.12**
	-0.09
	0.14**

	EC620441 x AVTO1219
	0.13**
	-6.08**
	-0.24**
	-1.05**
	0.04
	0.02
	0.07*

	EC620441 x AVTO1314
	0.30**
	11.83**
	0.40**
	-0.28
	-0.02
	0.02
	-0.20**

	EC 620441 x Money Maker
	-0.43**
	-5.74**
	-0.16**
	1.34**
	-0.02
	-0.05
	0.13**

	EC914100 x AVTO1219
	-0.10*
	1.84**
	0.05
	-0.98**
	0.15**
	-0.006
	0.09**

	EC914100 x AVTO1314
	-0.04
	-6.09**
	0.07*
	0.79*
	0.02
	0.006
	-0.18**

	EC914100 x Money Maker
	0.14**
	4.25**
	-0.13**
	0.18
	-0.17**
	0.00
	0.09**

	EC914093 x AVTO1219
	-0.02
	8.22**
	0.14**
	1.00**
	-0.16**
	-0.04
	0.07*

	EC914093 x AVTO1314
	-0.13**
	4.07**
	0.02
	0.19
	0.067*
	0.01
	-0.18**

	EC914093 x Money Maker
	0.15**
	-12.30**
	-0.16**
	-1.19**
	0.09**
	0.03
	0.11**

	EC914090 x AVTO1219
	-0.27**
	3.26**
	-0.10**
	1.02**
	-0.02
	0.04
	-0.11**

	EC914090 x AVTO1314
	-0.47**
	0.32
	-0.21**
	-0.19
	0.06*
	-0.09
	0.39**

	EC914090 x Money Maker
	0.75**
	-3.59**
	0.31**
	-0.82*
	-0.04
	0.04
	-0.28**

	EC620481 x AVTO1219
	0.65**
	0.06
	-0.09**
	0.28
	-0.001
	0.02
	-0.31**

	EC620481 x AVTO1314
	0.12**
	-9.34**
	0.10**
	-1.32**
	-0.12**
	-0.009
	0.62**

	EC620481 x MoneyMaker
	-0.52**
	9.27**
	-0.008
	1.04**
	0.12**
	-0.01
	-0.31**

	EC620452 x AVTO1219
	0.06
	-2.84**
	-0.07*
	-0.07
	-0.08*
	-0.03
	0.10**

	EC620452 x AVTO1314
	-0.15**
	-6.12**
	0.22**
	0.74*
	-0.07
	-0.05
	-0.21**

	EC620452 x Money Maker
	0.09*
	8.96**
	0.30**
	-0.67*
	0.15**
	0.08
	0.10**

	S.E (d) 
	0.04
	0.64
	0.03
	0.30
	0.03
	0.05
	0.03

	CD(0.05%)
	0.08
	1.29
	0.06
	0.62
	0.06
	0.10
	0.06

	CD(0.01%)
	0.11
	1.73
	0.08
	0.83
	0.08
	0.14
	0.08



** Significant at 1% level,* Significant at 5% level



Table 4. Combining ability variances and their ratios for fifteen characters in tomato 
	S.NO
	Character
	σ 2GCA
	σ 2SCA
	σ 2GCA/ σ 2SCA

	1
	Plant height (cm)
	58.30
	4.00
	14.57

	2
	Number of flowers per cluster
	0.05
	0.45
	0.11

	3
	Days to first flowering 
	0.20
	0.21
	0.95

	4
	Days to 50% flowering 
	0.06
	0.61
	0.10

	5
	Days to first harvest
	0.06
	0.57
	0.10

	6
	Days to last harvest
	8.35
	4.90
	1.70

	7
	Number of marketable fruits per plant
	34.5
	3.60
	9.58

	8
	Fruit length(cm)
	0.05
	0.54
	0.09

	9
	Fruit width(cm)
	0.08
	0.21
	0.38

	10
	Average fruit weight (g)
	95.8
	72.6
	1.31

	11
	Fruit yield/plant(kg)
	0.06
	0.07
	0.85

	1.3112
	Ascorbic acid content(mg/100g)
	2.92
	0.97
	3.01

	13
	TSS (0Brix)
	0.001
	0.01
	0.10

	14
	Beta carotene(mg/100g)
	0.02
	0.026
	0.76

	15
	Lycopene content(mg/100g)
	0.16
	0.09
	1.77













σ2GCA, σ 2SCA = Additive and non-additive components of heritable variation,      	      respectively.
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