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Abstract
Hybrid cultivars are commercially and economically important; hence, too much effort needed to improve the quality and quantity of hybrids. In this research
project, general (GCA) and speci�c (SCA) combining ability of 32 doubled haploid (DH) lines of sweet pepper produced via microspore embryogenesis were
evaluated. The DH lines were crossed with the top cross parent as the tester to evaluate general combining ability (GCA). Traits including morphological and
yield-related characteristics to assess the general combining ability of lines were recorded and analyzed. The half-diallel mating crosses were performed using
GCA based on the selected seven DH lines for SCA evaluation. Mean squares of GCA and SCA values were highly signi�cant for most of the characters. DH55

line indicated the highest positive GCA for average yield per plant, moreover, the highest positive SCA was obtained for 55×64 hybrid. The ratio of 
MS ( GCA)
MS ( SCA)

showed the non-additive gene actions in controlling all traits except fruit width and length and seed fresh weight. According to the results of speci�c
combining ability of DH lines, four F1 hybrids were selected for new cultivar registration. The results obtained in the present study are applicable to release
new F1- hybrids, which can be more reliable than those hybrids introduced by conventional sel�ng programs in sweet pepper due to 100% genetic purity of DH
lines.

Introduction
Sweet pepper (capsicum annuum L.) is an important remunerative vegetable with a high nutritional value throughout the world belongs to the family
Solanaceae used fresh or dried. This plant is diploid and has 2n = 2x = 24 chromosomes (Jindal et al., 2019). Pepper has an international market that is
consecutively increasing and world production has expanded greatly over the last decades.

One of the goals of sustainable agriculture is to enhance new strong cultivars. Hybridization program is an essential method to evolve the plants as an origin
of some new genetic combinations or as a tool of speciation (Rêgo and Rêgo, 2016). To achieve this goal, one of the most important parameters is the
selection of desired parents in every successful breeding program for creation of new hybrids with high yields. Diallel crossing, involves crossing parents in all
possible combinations to generate hybrids (Gri�ng, 1956) Through which information can be obtained to heritability, types of gene actions involved in the
expression of traits and predicting the performance of progeny in recent segregating generations (Syukur et al., 2010). Recognition of superior crosses requires
the survey of parental general and speci�c combining ability to reveal the nature of gene action in the expression of traits. Accordingly, the vision of combining
ability of parents and crosses and the gene effects of different traits is requisite to improve the sweet pepper.

Access to completely pure lines is a prerequisite for F1 hybrid breeding program. On the one hand, the production of inbred lines through conventional breeding
programs requires several generations of sel�ng. On the other hand, the procedure of inbred development is complicated because of existence of high
inbreeding depression. Production of doubled haploids (DHs) is the fastest way to create quite homozygous lines in a short time. Thus using DH technology
and the study of the inbred lines obtained from this method can lead to introduce strong hybrid cultivars.

According to literature and our knowledge, exploitation of haploidy system in diallel analysis of sweet pepper has not been studied (Kaushik and Dhaliwal,
2018; Kaushik, 2019a; Kaushik, 2019b).

Hereupon, this study was conducted to investigate general and speci�c combining abilities of the DH lines of sweet pepper, derived from microspore culture
system, to achieve the DH parental lines for being used in F1 hybrid breeding program followed by introducing new hybrid cultivars and improving the quality
of Capsicum annuum.

Materials And Methods

1. Plant materials and production of doubled haploid (DH) lines
All experiments were performed between 2018 and 2021. Commercial hybrid seeds including Magno (Enza Zaden), Mars, Wizard (Seminis) and Inspiration
(Rijk zwaan) were planted in the greenhouse of Agricultural Biotechnology Research Institute of Iran (ABRII) as anther donor plants in cultivation trays. After
20 days, donor plantlets were transferred in main pots in a mixture of soil, peat and perlite in the ratio of 2:1:1 (v/v/v) with the average temperature of 23◦C
under natural and LED light conditions (16 light/8 dark photoperiods).

Flower buds were excised early morning with a 3.5-4.0 mm length (Rodeva et al., 2007) or when the corolla was in the same size or slightly longer than calyx
(Supena and Custers, 2011; Çömlekçioğlu and Ellialtıoğlu, 2018), which were at uninuclear and early binuclear developmental stage of microspores.

The �ower buds at �rst kept in 2% sodium hypochlorite and one drop of Tween-20 solution for 10 minutes. Then the buds rinsed 3-4 times with sterile distilled
water. Based on our previously reported protocol (Heidari-Zefreh et al., 2018), the isolation of microspores and embryogenesis induction were carried out.
Chromosome doubling and creation of doubled haploid lines were performed by application of colchicine in the regenerated haploid seedlings (Gil-Humanes
and Barro, 2009; Esin, et al., 2016). The ploidy level of microspores-derived lines was detected using �ow cytometry analysis.

2. Top-cross test
Identi�cation of favorable doubled haploid (DH) lines conducted using the top-cross analysis. Thirty-two doubled haploid lines were crossed in a glasshouse
with the California wonder cultivar to evaluate general combining ability (GCA). California wonder is one of the earliest open pollinated bell pepper cultivars
that is the most important for improvement of pepper because of large size, favorable form, uniformity, thickness and �rm �esh (Boswell, 1937). DH lines were
used as maternal parents and California wonder applied as a paternal tester parent. The harvested F1 offspring were planted in a greenhouse. Only 27
doubled haploid lines led to the successful production of top-cross progeny from the crossing of the lines with the tester. The evaluation of general combining
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ability (GCA) of DH lines was conducted for morphological and yield traits, such as days to germination, �owering and fruit set, fruit fresh and dried weight,
length, width and thickness of fruit diameter, number of seeds, average yield per plant, number of fruits per plant and plant height. The seven DH lines with
better GCA for previously mentioned traits were selected to determine their speci�c combining ability through diallel cross analysis and used as superior
parental lines in future F1 hybrid breeding programs.

3. Diallel crosses method
The seeds of top-cross picked from superior DH lines were collected and grown in the greenhouse. All the possible crosses were done among seven superior
parental DH lines under protected greenhouse conditions in a half-diallel mating design to create twenty-one F1 hybrids. According to Möhring et al., (2011),
when the parents are completely inbred (DH), reciprocal crosses and selfed parents could be omitted from the analyses, so the diallel cross “Gri�ng’s model II -
method 4” was chosen (Gri�ng, 1956). On the other hand, the half-diallel design is more controllable, in comparing to full diallel mating scheme (Gri�ng,
1956). Twenty-one diallel F1 hybrids were planted in a completely randomized design (CRD) with three replications under aforementioned greenhouse
conditions. Plant cultivation was done as mentioned above and also morphological, and yield characteristics on 10 randomly chosen fruits in every entry over
the replications including days to germination, �owering and fruit set, fruit fresh and dried weight, length, width and thickness of fruit diameter, number of
seeds, average yield per plant, number of fruits per plant, main stem length, main stem diameter and plant height were measured.

4. Data analysis
The analysis of variance (ANOVA) and means comparison (Duncan’s multiple range means) test were performed at 5% of probability level, using SAS®
software (SAS Institute Inc., Cary, NC). The estimation of effects of general and speci�c combining ability (GCA and SCA) was calculated by SAS® software to
Gri�ng’s method 4. The used model in the SAS software was:

xijk = μ + gi + gj + sij + bk + eijk

(𝑖 = 𝑗 = 1 … 𝑝; 𝑘 = 1 … 𝑏)
μ = the population mean.

𝑔𝑖 = the general combining ability effect of the 𝑖th parent.

𝑔𝑗 = the general combining ability effect of the 𝑗th parent.

𝑆𝑖𝑗 = the speci�c combining ability effect of the cross between 𝑖th and 𝑗th parents.

𝑒𝑖𝑗𝑘 = the environmental effect associated with 𝑖𝑗𝑘th observation.

By dividing the mean squares of general on the speci�c combining ability and testing it according to F table determines the type of effects of genes as follow:

Effectofgene =
MS(GCA)
MS(SCA)

MS (GCA): The mean square of general combining ability.

MS (SCA): The mean square of speci�c combining ability.

Additive and dominance variances were calculated using the following formula:

σ2GCA =
1 + F

4 σ2A

σ2A : Additive variance

σ2GCA =
1 + F

2 σ2D

σ2D : Dominance variance

The parental lines were fully inbred, hence in assessment of additive and dominance effect’s variances, the inbreeding coe�cient was considered one (F=1)
(Dezfouli et al., 2019).

Private heritability was estimated using the following formula:

h2
ns =

σ2A
σ2P

h2
ns : Narrow-sense heritability.

σ2P : Phenotypic variance.

( )

( )
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Results

1. ANOVA and mean comparison analysis
Results of ANOVA for the studied traits were shown in Table 1. The genotype effect in the most of F1 hybrids based on the estimated traits were signi�cant at
1% or 5% probability level (Table 1) that indicated the high diversity of the studied hybrids. Based on this study, days to germination, �owering and fruit set,
length, width and diameter of fruit �esh, fruit volume, fresh and dry weight of fruit, number of lobes per fruit, length of main stem, average fruit yield per plant
were signi�cant at 1% probability level but the number of fruits per plant was signi�cant at 5% probability level. Also, number of days to harvesting, seed
number, fresh and dry weight of seeds, main stem diameter and plant height were not signi�cant (Table 1). Means comparison analysis using Duncan’s
multiple range test showed that the hybrid of DH217×DH218 for Average yield/plant, fresh seed weight and dry seed weight had the highest mean (Table 2),
whereas the largest number of seeds belonged to the hybrid DH64×DH217. The highest means of fresh and dry fruit weight and fruit volume were related to
the cross of DH55×DH53, while the lowest amount of these traits belonged to the DH57×DH53 hybrid. The hybrid of DH55×DH64 for the lobes number per
fruit and number of fruits per plant had a highest value, however there was no signi�cant difference between this hybrid and DH217×DH218, DH53×DH217,
DH55×DH217, DH55×DH57, DH90×DH218, DH55×DH53 and DH53×DH90 for number of fruit per plant (Table 2). The lowest number of days to germination
belonged to the hybrid resulting from the crosses of DH55×DH64, DH55×DH57 and DH217×DH90 (Table 2). Although the lowest mean values of number of
days to �owering were observed in a DH217×DH90 and DH53×DH218 hybrids, the hybrids DH55×DH53 and DH64×DH218 showed the least number of days
to fruit set (Table 2), which indicated the early maturity of these hybrids. The highest fruit length was related to the hybrid resulting from the cross of
DH64×DH57, while the maximum fruit width belonged to the hybrid DH217×DH57. In addition, the results of DH90×DH218 hybrid with an average of 6.67 mm
had the highest �esh diameter (pericarp) of fruit (Table 2). As shown in Table 2, no hybrids had signi�cant difference in terms of days to fruit harvest and
plant height.

Table 1
Analysis of variance of morphological and yield characteristics in pepper crosses of

S.O.V. df Days to
seed
germination

Days to
�owering

days to
fruit set

days to
fruit
harvest

Fruit
length

Fruit
width

Pericarp
thickness

Fruit
volume

Seed no. seed
fresh
weight

seed
dry
weight

lobes
no./fruit

Hybrid 20 9.64** 228.26** 240.37** 100.06n.s 41.17** 10.61** 0.26** 241.22** 991.47n.s 0.18n.s 0.05n.s 0.23**

Error 42 0.40 101.25 100.86 93.55 5.46 1.97 4.62 30.33 955.30 0.16 0.05 0.08

CV   0.63 11.50 9.84 5.81 14.52 2.35 0.08 3.59 35.92 28.30 49.77 8.78

** P <0.01

* P <0.05

n.s not signi�cant
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Table 2
Means comparison analyzing using Duncan’s multiple range test for morphological and yield characte

Crosses
(DH)

Days to
seed
germination

Days to
�owering

days to
fruit set

days to
fruit
harvest

Fruit
length

Fruit
width

Pericarp
thickness

Fruit
volume

Seed no. seed
fresh
weight

seed
dry
weight

lobe
no./

55*64 11.00a 87.33a-d 98.50a-d 169.01a 76.10ab 57.77eg 6.27a-d 156.00cd 107.05ab 1.58abc 0.54ab 3.87

55*57 11.00a 86.17a-d 96.17abc 163.51a 70.53a-d 59.29b-e 6.40abc 154.64cd 79.94ab 1.16abc 0.45ab 3.40

55*53 13.00bc 81.00abc 87.83a 161.03a 73.08a-d 61.93abc 6.13 a-d 173.47a 109.93ab 1.62abc 0.59ab 3.40

55*217 12.00ab 84.83a-d 95.17ab 159.56a 68.43cde 60.78bcd 6.37a-d 150.07d 94.65ab 1.63abc 0.59ab 3.39

55*90 16.00e 89.00a-e 112.17b-
e

173.77a 69.53bcd 57.92eg 6.27a-d 138.80ef 52.45b 0.94c 0.26ab 3.35

55*218 16.00e 89.83a-e 100.33a-
e

172.77a 69.78bcd 59.46b-e 6.35a-d 146.78de 88.73ab 1.37abc 0.49ab 3.30

64*57 16.00e 92.00a-e 105.67a-
e

158.61a 77.55a 57.02g 6.37a-d 162.55bc 71.22ab 1.22abc 0.38ab 3.29

64*53 15.00de 107.83e 118.83e 169.08a 74.98abc 57.22g 5.84d 12.96cd 78.27ab 1.16abc 0.30ab 3.23

64*217 16.00e 103.00de 109.83b-
e

172.73a 70.95a-d 60.91a-d 5.93cd 166.23ab 124.50a 1.80ab 0.60ab 3.20

64*90 13.00bc 99.67b-e 116.50de 173.14a 72.92a-d 56.20g 5.93cd 145.86de 72.25ab 1.19abc 0.19b 3.19

64*218 14.00cd 81.17abc 88.50a 159.53a 69.71bcd 57.92eg 6.18 a-d 150.367d 87.86ab 1.35abc 0.48ab 3.18

57*53 13.00bc 85.17a-d 100.33a-
e

159.73a 61.73e 60.25b-e 5.32e 134.89f 72.46ab 1.27abc 0.34ab 3.11

57*217 13.00bc 81.83abc 97.33a-d 164.98a 60.50bcd 63.51a 6.07bcd 167.59ab 100.96ab 1.54abc 0.54ab 3.06

57*90 15.00de 100.83cde 115.50c-
e

160.53a 68.46cde 60.00b-e 6.26a-d 155.80cd 87.07ab 1.29abc 0.50ab 2.99

57*218 12.00ab 79.83ab 98.67a-d 165.92a 66.13de 61.12a-d 6.35a-d 152.38cd 105.73ab 1.68ab 0.63ab 2.99

53*217 12.00ab 80.17ab 100.83a-
e

169.23a 67.76cde 60.91a-d 6.34a-d 155.43cd 94.62ab 1.53abc 0.52ab 2.96

53*90 15.33e 88.00a-d 110.00b-
e

174.19a 69.76bcd 58.74deg 5.87cd 147.94de 70.50ab 1.09bc 0.32ab 2.92

53*218 12.00ab 77.17a 93.83ab 167.18a 65.91de 61.17a-d 6.35a-d 154.15cd 70.24ab 1.31abc 0.39ab 2.87

217*90 11.00a 77.50a 95.83abc 158.99a 66.00de 61.97ab 6.28a-d 149.46d 95.48ab 1.52abc 0.57ab 2.83

217*218 14.00cd 84.83a-d 104.00a-
e

174.17a 70.63a-d 59.20cde 6.54ab 150.50d 107.94ab 1.82a 0.64ab 2.75

90*218 12.00ab 79.83ab 98.83a-d 170.32a 66.87cde 60.41c-e 6.67a 155.71cd 69.20ab 1.21abc 0.33ab 2.64

Within a column, means followed by similar letters are not signi�cantly different according to DMRT at α = 0.05

2. General and speci�c combining ability analysis
The results of analysis of variance for the studied traits showed a signi�cant effect of genotype in all traits, except number of days to harvesting, seed
number, dry seed weight, main stem dimeter and plant height (Table 3). According to Table 3, due to the signi�cant effect of genotype on the most of the
evaluated traits, diallel analysis for genetic analysis and estimation of genetic characteristics for these traits was possible. The effect of general and speci�c
combining ability was signi�cant for all traits except fruit dry weight, number of seeds, fruit fresh weight, seed dry weight, number of lobes per fruit and main
stem diameter (Table 3).
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Table 3
Analysis of Variance of diallel cross design for morphological and yield characteristics in 

S.O.V. df Days to
seed
germination

Days to
fruit set

Days to
�owering

Days to
fruit
harvesting

Fruit
length

Fruit
width

Pericarp
thickness

Fruit
fresh
weight

Fruit
dry
weight

Seed no. Seed
fresh
weight

S
d
w

Replication 2 0.12n.s 393.90* 116.96n.s 284.93* 10.43n.s 2.55n.s 0.18n.s 49.21n.s 1.13n.s 1899.24n.s 0.49* 0

Entry 20 9.28** 228.63** 236.90** 92.94n.s 41.44** 10.61** 0.26** 118.88** 1.46** 1109.01n.s 0.22* 0

GCA 6 3.24** 350.22** 343.82* 93.41** 83.21** 23.08** 0.45** 125.66** 0.73n.s 1600.08n.s 0.38n.s 0

SCA 14 12.39** 175.99* 196.03** 102.90** 23.16** 5.27** 0.18* 116.25** 1.85n.s 678.96n.s 0.09n.s 0

Error 40 0.58 85.33 101.10 87.37 14.66 1.94 0.07 48.81 0.54 832.82 0.11 0

CV   5.66 10.56 9.85 5.61 5.48 2.33 4.41 8.01 9.84 32.92 23.41 4

** P <0.01

* P <0.05

n.s not signi�cant

The speci�c combining ability (SCA) of the all hybrids (cross combinations) investigated from diallel cross of seven doubled haploid lines of pepper was
shown in Table 4. The diallel cross of DH55×DH64 indicated the highest positive SCA value for average yield per plant, however it showed the lowest SCA
effect for number of days to germination (Table 4). The highest SCA values of number of days to �owering and fruit set were obtained in hybrid combination
DH64×DH53 (Table 4). The cross combination DH55×DH53 demonstrated high positive SCA values for fruit width, fruit fresh weight, fruit dry weight and fruit
volume. Meanwhile, highly signi�cant SCA effects for fruit length and pericarp thickness were proved by hybrid DH64×DH57 (Table 4). In addition, the SCA
effects were positively signi�cant for fruit number per plant, lobes number per fruit and main stem length in hybrid DH57×DH90 (Table 4).
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Table 4
Estimation of speci�c combining ability (SCA) for different traits of evaluated pepper hybrids using diallel cross design

Hybrids Days to
seed
germination

Days to
�owering

Days to
fruit set

Fruit
length

Fruit
width

Pericarp
thickness

Fruit
fresh
weight

Fruit
dry
weight

Seed
fresh
weight

Fruit
no./plant

Lobes
no./fruit

Fruit
density

Ma
stem
leng

55*64 -2.98** -8.03n.s -3.90n.s -0.08n.s 0.52n.s 0.08n.s 1.99n.s 0.7* 0.21n.s 2.16n.s 0.16n.s 0.02n.s -0.8

55*57 -1.98** -0.17n.s -1.40n.s 0.01n.s -0.80n.s 0.16n.s -0.27n.s -0.16n.s -0.18n.s 1.16n.s -0.13n.s -0.11n.s -0.5

55*53 -0.04n.s -4.03n.s -10.67* 2.70n.s 2.04** 0.08n.s 14.72** 1.56** 0.32n.s 0.22n.s 0.30* 20.52** 2.86

55*217 -0.58n.s 1.23n.s -0.27n.s -1.97n.s -0.53n.s -0.02n.s -7.02* -1.02** -0.04n.s -0.84n.s -0.21n.s -6.97** 0.31

55*90 2.56** 0.87n.s 7.57n.s -0.91n.s -0.97n.s -0.07n.s -5.32n.s -0.67n.s -0.22n.s -0.64n.s -0.10n.s -9.09** -3.7

55*218 3.02** 10.13* 8.67n.s 0.24n.s -0.25n.s -0.22n.s -4.09n.s -0.43n.s -0.09n.s -2.04n.s 0.05n.s -4.37n.s 1.96

64*57 1.82** -4.90n.s -1.77n.s 4.08* -1.05n.s 0.39** -0.23n.s 0.59n.s -0.12n.s 1.56n.s -0.28* 4.96n.s -4.3

64*53 0.76** 12.23** 12.13** 1.65n.s -0.65n.s 0.04n.s -2.40n.s -0.95** -0.15n.s -1.38n.s -0.29* -2.83n.s 3.49

64*217 2.22** 8.83n.s 4.53n.s -2.39n.s 1.62* -0.21n.s 3.94n.s -0.22n.s 0.13n.s -0.44n.s 0.27* 6.36* 2.09

64*90 -1.64** 0.97n.s 2.03n.s -0.48n.s -0.67n.s -0.16n.s -0.61n.s -0.40n.s 0.04n.s -1.58n.s 0.09n.s -4.87n.s 3.98

64*218 -0.18n.s -9.10n.s -13.03** -2.78n.s 0.23n.s -0.14n.s -2.67n.s 0.27n.s -0.10n.s -0.31n.s -0.03n.s -3.63n.s -4.3

57*53 -0.24n.s -1.40n.s -1.53n.s -5.94** -0.45n.s -0.53** -9.54** -1.00** -0.01n.s -0.71n.s 0.07n.s -19.68** -1.7

57*217 0.22n.s -3.30n.s -3.13n.s 1.82n.s 1.40* -0.12n.s 5.96n.s 0.50n.s -0.11n.s -0.11n.s -0.09n.s 8.93** -2.8

57*90 1.36** 11.17* 5.86n.s 0.72n.s 0.30n.s 0.12n.s 2.95n.s 0.55n.s 0.16n.s -2.58* 0.37** 6.29* 6.33

57*218 -1.18** -1.40n.s 1.97n.s -0.70n.s 0.61n.s -0.02n.s 1.13n.s -0.47n.s 0.25n.s 0.69n.s 0.06n.s -0.40n.s 3.26

53*217 -0.84** -3.67n.s 1.10n.s 0.22n.s -1.01n.s 0.33* 0.07n.s 0.55n.s -0.08n.s 0.62n.s 0.11n.s -1.42n.s -0.9

53*90 1.62** -0.37n.s 1.10n.s 2.16n.s -0.77n.s -0.09n.s -2.30n.s -0.16n.s 0.00n.s 2.16n.s -0.27* 0.23n.s -1.0

53*218 -1.24** -2.77n.s -2.13n.s -0.79n.s 0.85n.s 0.16n.s -0.53n.s 0.01n.s -0.08n.s -0.91n.s 0.07n.s 3.17n.s -2.5

217*90 -0.89** 1.73n.s -5.80n.s -0.89n.s 1.34n.s 0.12n.s 1.03n.s 0.68n.s 0.2n.s -2.16n.s 0.36* 3.95n.s 3.47

217*218 1.22** 6.33n.s 9.43* 3.93* -2.53** 0.02n.s -1.03n.s 0.06n.s 0.06n.s 0.36n.s -0.08n.s -4.56n.s 4.28

90*218 -1.64** -3.20n.s -4.90n.s 0.11n.s 1.08n.s 0.19n.s 7.20* 0.56n.s -0.03n.s 2.22n.s -0.07n.s 9.79** -2.6

SE(gi) 0.34 14.19 14.13 3.26 0.90 0.02 5.66 0.05 0.01 0.87 0.02 9.01 3.26

** P <0.01

* P <0.05

n.s.: not signi�cant

In general, estimation of genetic variance components, narrow-sense heritability and mean squared ratio of GCA to SCA indicated that gene action in all gene
loci for fruit width and length and seed fresh weight were positive (Table 5).
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Table 5
Estimation of mean squared ratio of general to speci�c combining ability, type of gene action, additive and dominance variances, narrow-sense heritability and

the best combination(hybrid) for different traits in doubled haploid lines of pepper using diallel cross design.
Traits MS ( GCA)

MS ( SCA)
Type of gene
action

Additive
variance

Dominance
variance

Heritability
(h2)

The best combination
(hybrid)

Days to seed
germination

0.26 Non-additive
effect

-2.03 12.20 -0.22 55*64

55*218

↕

Days to �owering 1.99 Non-additive
effect

38.72 147.55 0.17 64*218

64*53

↕

Days to fruit set 1.75 Non-additive
effect

32.84 162.33 0.14 64*218

64*53

↕

Fruit length 3.59* Additive effect 13.34 18.27 0.32 217*218

57*53

↕

Fruit width 4.38* Additive effect 3.96 4.62 0.37 55*53

217*218

↕

Pericarp thickness 2.50 Non-additive
effect

0.06 0.16 0.23 64*57

57*53

↕

Fruit fresh weight 1.08 Non-additive
effect

2.09 99.98 0.02 55*53

57*53

↕

Fruit dry weight 0.39 Non-additive
effect

-0.25 1.67 -0.17 55*53

57*53

↕

Seed fresh weight 4.22* Additive effect 0.06 0.05 0.29 55*53  

Fruit no./plant 2.75 Non-additive
effect

3.10 6.12 0.25 90*218

57*90

↕

Lobes no./fruit 2.80 Non-additive
effect

0.06 0.12 0.26 57*90

64*53

↕

Main stem length 1.85 Non-additive
effect

8.13 38.75 0.15 57*90

64*57

↕

Average yield/plant 2.26 Non-additive
effect

3.56 12.42 0.20 55*64

55*218

↕

** P <0.01 ↑trait increase ↓ trait decrease

* P <0.05

The ratio of 
MS ( GCA)
MS ( SCA)  was not found to be signi�cant in all traits except fruit length, fruit width and seed fresh weight, which indicated the relative

importance of non-additive effects of genes (dominance effect) and low amount of additive effects in controlling these traits (Table 5). Therefore, the
signi�cance of the fruit length, fruit width and seed fresh weight indicated the additive gene actions on the inheritance of the above traits (Table 5).

The low amount of narrow-sense heritability for average yield per plant (0.20) also emphasizes the control of this trait under the in�uence of non-additive
effects of genes. In addition, the amount of dominance variance was more than additive variance and therefore the dominance effect was greater than the
additive effect in controlling the average yield per plant (Table 5). Based on the results, selection for this trait cannot be successful and attention to
hybridization can be very useful.

Discussion
Securing the higher yield plays as essential role in improvement of sweet pepper cultivars. In this study, the signi�cant differences were founded for most
evaluated characters such as fruit length, fruit width, fruit thickness and fruit volume, fruit fresh and dry weight, fruit number per plant, lobes number per fruit
and average yield per plant. Signi�cant differences between bell pepper or hot pepper genotypes were also observed by other researchers (Naresh et al., 2016;
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Devi et al., 2018; Aiswarya et al., 2020). Naresh et al. (2016) reported the signi�cant differences for all traits according to ANOVA analysis in chilli pepper. In
addition, analysis of variance showed the signi�cant differences in bell pepper for all traits by Devi et al. (2018).

The parents with good performance may not always be able to pass on their superior traits to the hybrids or the next generation, hence, combining ability
studies are required (Kadambavanasundaram, 1980). Combining ability analysis manifested high and signi�cant effects of GCA and SCA for the most studied
characters. General combining ability (GCA) is an average performance of a line in the crosses that is controlled by additive gene action and is �xable,
although speci�c combining ability (SCA) is the parental lines performance in a speci�c cross combination, that is non �xable due to non-additive gene action
(Sprague and Tatum, 1942; Rukundo et al., 2017). Furthermore, the low narrow-sense heritability indicates a lack of relative in�uence of selection on superior
offspring production, and therefore requires large populations, offspring test and complicated statistical methods to identify suitable genotypes (Taleei and
Noormohamadi, 1994). We founded signi�cant differences in the GCA and SCA variances for most studied traits that demonstrates the effect of both additive
and non-additive gene actions in hybrid performance. In addition, according to Table 5, heritability was small for most of traits such as average yield per plant,
fruit fresh weight and fruit dry weight, which have also been reported by other researchers (Hasanuzzaman et al., 2012; Bhutia et al., 2015; Aiswarya et al.,
2020). The signi�cant SCA effects was reported by Das et al., (2020) in �ve crosses for fruit yield per plant, PDI of downy mildew, total sugar content, number
of fruit per plant, fruit diameter, days to �rst female �ower appearance, and vine length.

High dominance variance compared to additive variance for days to �owering, days to fruit set, fruit fresh weight, fruit length and fruit width provides an
appropriate genetic potential for heterosis breeding in sweet pepper because, the optimal use of heterosis requires the dominance effects (Falconer and
Mackay, 1996). The high heterotic effect over standard parent was reported by Nimitha et al., (2018) for fruit yield per plant and number of fruits per plant in
cucumber that can be used in commercial cultivation. Manggoel et al., (2021) reported the signi�cant diversity between the cucumber genotypes studied. The
�ndings from this study showed the priority of dominant gene effects over additive gene effects for the genetic control of vine length and number of leaves
per plant (Manggoel et al., 2021).

In opposite, high additive gene action was obtained for the mean fruit mass and fruit length of sweet pepper (Yadahalli et al., 2017; Chagas et al., 2019).

Conclusions
In this research, general and speci�c combining ability of seven desired DH lines of sweet pepper were investigated. The lines were created using microspore
culture and examined by the top-cross method. The highest positive GCA value for average yield per plant was observed in DH55 line and then belonged to
DH64, DH57, DH53, DH217, DH90 and DH218, respectively. These cross combinations can be studied for improvement of superior entries and applying hybrid
vigor in sweet pepper. Based on speci�c combining ability representative, 64×57 cross combination was the best cross for creating F1 hybrid with the highest
fruit length. In addition, the best combination (hybrid) for average yield per plant was 55×64 cross, while this combination for fruit fresh weight, fruit dry
weight, fruit width and seed fresh weight was related to 55×53 cross. Therefore, this study founded that the above promising crosses can be designated for
exploiting commercial hybrids or applying in breeding programs of sweet pepper.

Abbreviations
ANOVA: Analysis of variance; DH: Doubled haploid; GCA: General combining ability; SCA: Speci�c combining ability; CRD: Completely randomized design, df:
degree of freedom.
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