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ABSTRACT. The objective of this study was to determine the
effects of the general and specific combining abilities (GCA and
SCA, respectively) of 15 characteristics and to evaluate the most
promising crosses and the reciprocal effect between the hybrids of
six parents of the Capsicum annuum species. Six parents, belonging
to the Horticultural Germplasm Bank of Centro de Ciéncias Agrarias
of Universidade Federal da Paraiba, were crossed in complete diallel
manner. The 30 hybrids generated and the parents were then analyzed
in a completely randomized design with three replicates. The data were
submitted to analysis of variance at 1% probability, and the means
were grouped by the Scott-Knott test at 1% probability. The diallel
analysis was performed according to the Griffing method, model I
and fixed model. Both additive and non-additive effects influenced the
hybrids’ performance, as indicated by the GCA/SCA ratio. The non-
additive effects, epistasis and/or dominance, played a more important
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role than the additive effects in pedicel length, pericarp thickness, fresh
matter, dry matter content, seed yield per fruit, fruit yield per plant,
days to fructification, and total soluble solids. The GCA effects were
more important than the SCA effects in the fruit weight, fruit length
and diameter, placenta length, yield, vitamin C, and titratable acidity
characteristics. The results found here clearly show that ornamental
pepper varieties can be developed through hybridization in breeding
programs with C. annuum.

Key words: General combining ability; Specific combining ability;
Chili; Additive effect; Non-additive effect

INTRODUCTION

Capsicum annuum L. is the most cultivated species of its genus and shows great vari-
ability, encompassing bell peppers, paprika, spicy peppers (such as jalapefio, cayenne, serrano,
and cherry), and ornamental cultivars (Casali and Couto, 1984; Régo et al., 2012).

Pepper plants have been standing out by their growing acceptance in the consumer
market, making a difference in the variety of products that are present in nurseries and flower
shops; some characteristics such as fruit color and plant build are very important, and short
plants with erect, colorful, and upright fruit are preferred.

Despite the increase in cultivation and commercialization of pepper in the last few years
(Régo et al., 2011b), there is a growing demand in Brazil for new cultivars that present higher
quality, yield, and resistance to plagues, all of which can be achieved through breeding programs.

Studies on genetic divergence among individuals and populations in plant species
have been greatly important in breeding programs involving hybridization because they offer
parameters for identifying parents that enable a greater heterotic effect in the progeny and a
higher probability of obtaining superior genotypes in segregating generations (Sudré et al.,
2005; Régo et al., 2011b). According to Nascimento et al. (2012), genetic diversity is a crite-
rion that is used to select parents in the production of hybrids. Pickersgill (1997) and Régo et
al. (2011a) emphasize that the genetic variability that is available within domesticated Capsi-
cum species has been studied little and has not yet been exhausted.

Diallel crossing stands out for promoting estimative parameters that are useful in par-
ent selection for hybridization and in understanding the genetic effects involved in trait deter-
mination (Cruz and Regazzi, 2001; Gongalves et al., 2011; Régo et al., 2011b). Nascimento
et al. (2012) stated that there are few developed studies on the combining ability of fruit and
yield traits in ornamental pepper.

From this perspective, the objective of this paper was to estimate the general combin-
ing ability (GCA), specific combining ability (SCA), and reciprocal effects using 15 quantita-
tive characteristics and to determine the most promising crosses among six parents as a first
step in a pepper breeding program (C. annuum).

MATERIAL AND METHODS

The experiment was conducted in the Vegetable Biotechnology sector of Centro de
Ciéncias Agrarias, Universidade Federal da Paraiba (CCA-UFPB), Paraiba State, Brazil. In
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this location, six pepper lines belonging to the germplasm bank of CCA-UFPB (UFPB 01,
UFPB 77.1, UFPB 77.2, UFPB 132, UFPB 134, and UFPB 137) (Table 1) were used as par-
ents and crossed in a complete diallel manner, forming a generation of 30 hybrids.

Table 1. Description of some qualitative traits of the six pepper accessions (Capsicum annuum) used in this study.

Genotypes Characteristics

PGH LC CcC FP IFC MFC FS PWF
01 Intermediate  Dark green ~ White Erect  Black Red Almost round Intermediate
77.1 Erect Light green  White Erect  Orange Red Triangle Intermediate
772 Erect Green Purple Erect  Red Red Triangle Intermediate
132 Erect Light green Purple with white base  Erect ~ Orange and brown Red Elongate Slight
134 Intermediate  Dark green ~ White Erect  Yellow Orange  Triangle Persistent
137 Erect Green White Erect  Light brown Orange  Triangle Persistent

PGH = plant growth habit; LC = leaf color; CC = corolla color; FP = fruit position; IFC = fruit color at intermediate
stage; MFC = fruit color at mature stage; FS = fruit shape; PWF = persistence pedicel with fruit.

The parents and their progeny were sowed in a polystyrene tray with 200 cells. The
plants were transplanted after showing six definitive leaves and were cultivated in a 1300-mL
plastic pot filled with commercial substrate (Plantmax, Brazil).

Of the 15 traits studied, 10 referred to yield and five to fruit quality. The characteristics
that were evaluated for yield included the following: fruit weight, fruit length, fruit diameter,
pedicel length, pericarp thickness, fresh fruit matter, seed yield per fruit, fruit yield per plant,
yield, and days to fructification. The fruit quality characteristics that were evaluated were pla-
centa length, dry matter content of the fruit, vitamin C, titrable acidity, and total soluble solids.
All characteristics were based on the list of descriptors suggested by the International Plant
Genetic Resources Institute (1995).

A completely randomized design was used with 36 treatments (parents and hybrids)
in three repetitions. The data were subjected to analysis of variance, and then the means were
grouped by the Scott-Knott method at 1% probability. The diallel analysis was performed by
the Griffing method (1956), model I and fixed model; from this, the GCA and SCA estimates
were obtained.

The following statistical model was used: Yij = m + gi + gj + sij + rij + eij, where
Yij is the mean of the hybrid combination (i # j) or parent combination (i = j); m is the general
mean; gi and gj are the GCA values of the ith and jth parents, respectively (i,j=1,2,...,p);
sij is the SCA effects for the crosses between the ith and jth parents; 7ij is the reciprocal effect
that measures the differences made by parent i or j when used as male or female in the ij cross;
eij is the average experimental error associated with the observation of the ijk order (k =1, . .
., T), where r is the number of repetitions.

To evaluate the significant differences between GCA, SCA, and reciprocal effect, an
F-test was utilized. The comparison between gi, sij, and 7ij was made by a -test. All statistical
analyses were performed using the Genes computer software (Cruz, 2006).

RESULTS AND DISCUSSION

Significant variation was observed in the fruit quality and yield traits, except pericarp
thickness, among parents and hybrids (Table 2) according to the Skott-Knott grouping at 1%
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probability. The fruit diameter, pedicel length, seed yield per fruit, and vitamin C charac-
teristics formed two groups. The genotypes were separated in three groups for fruit weight,
placenta length, fresh matter, and dry matter content. The fruit length and total soluble solid
characteristics formed four groups. Six groups were formed for the titratable acidity and days
to fructification traits. For the fruit yield per plant and yield characteristics, the accessions and
hybrids formed five and eight groups, respectively (Table 2). These results proved to be of
great variability among the genotypes. Similar results were reported by Régo et al. (2009a).

Table 2. Means of 15 yield and fruit quality characteristics evaluated in six parents and 30 hybrids of pepper
(Capsicum annuum) at CCA-UFPB, Areia, in 2010 and 2011.

Accessions FW  FL FD PL PT PLL FFM DMC SYF FYP DTF Y VITC TA TSS

01 0.22¢ 0.87¢ 0.66* 1.59° 0.11* 0.52¢ 0.16° 19.12° 17.66° 20.00¢  89.00¢ 439 59.87* 19.17¢  7.26°
01x77.1 0.51¢ 1.52¢ 0.72° 1.94> 0.12* 0.85 036° 21.38° 30.00° 25.00° 80.00" 11.95> 5893 18.84¢ 7.60°
01x77.2 033 1.20¢ 0.70° 1.46°> 0.12* 0.67° 0.21° 21.06° 22.66° 25.00° 85.00° 10.44° 59.78" 19.15¢ 8.10°
01x 132 1.17° 3.46° 0.79° 227 0.12° 1.64* 088 15.05¢ 43.66* 25.00° 91.00¢ 35.50° 59.00° 18.87¢ 8.93°
01 x 134 0.73¢ 1.54¢ 0.81° 2.38 0.10° 1.12¢ 0.42° 26.03* 38.66* 20.00¢° 88.00° 1839 59.20* 18.95¢ 7.00°
01 x 137 0.93* 1.69° 1.06* 2.05° 0.14° 0.82° 0.69° 14.02° 43.66* 25.00° 85.00° 33.10° 63.17° 20.15° 7.96"
77.1x01 048 1.16¢ 0.82* 239 0.14° 0.90° 033 17.26° 37.66* 25.00° 83.00¢ 1291* 59.23* 18.99¢ 8.70°
77.1 034 1.15¢ 0.66° 2.12° 0.11* 0.51°¢ 025 27.86* 21.33> 20.00¢ 90.00¢ 6.88° 59.54* 19.15¢  6.66°
77.1x77.2 051° 1.06° 0.83* 253 0.12*° 0.60c 0.31¢ 16.13° 34.33*  30.00°  90.00¢ 7.87°  64.66° 20.17° 5.50¢
77.1x 132 0.73¢ 2.80* 0.66° 2.42* 0.10° 1.51* 0.52¢ 1858 35.66* 25.00° 92.00° 19.05* 59.85* 19.23¢ 4.66¢
77.1x 134 041° 1.50¢ 0.66° 1.66° 0.12* 091c 0.27° 18.23> 27.00> 20.00° 95.00° 20.36* 59.50° 18.99¢ 5.76¢
77.1x 137 0.80° 1.89° 0.86* 2.06° 0.13* 1.22° 0.56° 10.54° 50.66* 18.00° 95.00° 22.47° 66.27° 21.03* 6.16°
77.2x01 0.52¢ 1.14> 0.85* 1.63* 0.13* 0.67° 0.34° 3.95¢ 4233 21.00°  85.00 8.19* 59.74* 19.15¢ 7.86°
772x77.1 0.26° 1.11¢ 0.79° 247* 0.12* 0.74° 0.15° 19.91° 22.66> 30.00° 88.00° 15.31* 69.89° 22.39* 6.60
772 0.27° 1.04¢ 0.58° 1.96¢° 0.09" 0.61°c 0.14° 7.22¢ 2033 30.00°  95.00° 8.03> 60.14* 19.19¢ 7.66°
772x132  0.50° 1.80° 0.64* 236 0.12*° 1.07° 0.37¢ 18.46> 15.33> 30.00> 90.00¢ 1541 11.00® 3.52¢ 7.90°
772x 134 039 148 0.76° 258 0.10° 1.04° 0.31°c 10.76° 13.00> 40.00° 95.00° 15.04> 10.36°> 3.31° 8.66°
772x137 0.46° 1.46° 0.65° 1.40° 0.08 0.86° 029 10.51° 30.33> 23.00¢ 93.00° 2337° 9.78" 3.13* 9.06
132x01 1.43> 3.53* 0.88* 2.02* 0.12* 1.79* 1.09° 22.87° 47.33* 25.00° 91.00¢ 29.03* 926" 296 9.63°
132x77.1 076 239 0.77° 1.67° 0.11* 135 0.49° 19.49° 43.66" 32.00° 93.00° 1830° 880" 2.81c 4.83¢
132x772  1.03* 324 0.73> 241* 0.11° 1.65° 0.77° 18.15* 34.00* 15.00° 90.00¢ 1531® 838"  2.68 7.00°
132 1.37° 3.84* 0.66° 230° 0.15* 325 1.18 1545 1633 15.00° 95.00° 20.40° 8.00° 2.56° 6.66°
132x 134 0.83° 2.89° 0.75* 2.05° 0.13* 1.61° 0.65° 15.95° 36.00° 20.00° 97.00° 25.94*  7.65* 245 7.0
132x 137 1.59* 3.52* 0.90° 3.08 0.13* 1.74® 125 1591°¢ 43.33* 18.00° 92.00° 25.07°  7.33> 234" 7.73"
134x01 0.73° 1.41¢ 096 2.18 0.13* 0.78 0.48 35.54* 41.66* 25.00° 86.00" 14.58°  7.04> 225" 9.60°
134x77.1 1.0 2.06° 0.95* 294* 0.16* 1.08 0.78 15.06° 43.66* 20.00° 92.00° 819 677 2.16° 9.53
134x772 059 1.49¢ 0.80° 2.53* 0.10° 0.72¢ 0.39° 9.09° 22.00° 25.00° 95.00° 15.64°  6.52° 2.08" 9.86
134x 132 1.73* 3.00* 0.93* 2.50° 0.13* 1.59° 138 15.64° 41.66* 15.00° 97.00° 16.79* 6.29* 2.01' 8.83°
134 1.32° 247 098 227* 0.18 122¢ 083" 2939 51.00* 20.00¢ 92.00° 26.51* 6.07° 1.94" 7.50°
134x 137 2.07* 2.69° 1.04 1.75* 0.14* 128 1.41° 14.80° 47.66* 17.00° 90.00¢ 30.78*  5.87° 1.87"° 8.43°
137x01 1.32° 2.64° 1.01° 214> 0.11° 1.16° 1.04 17.55° 45.66* 25.00° 81.00" 20.12* 5.68 1.81" 9.03
137x77.1  1.12° 2.13° 0.97* 197° 0.14* 1.19c 0.78" 12.86° 50.66* 20.00¢ 93.00° 14.38"  550° 1.76" 7.00°
137x772  1.15° 221° 1.04 197 0.13* 1.02° 0.87° 20.65° 40.66* 20.00¢ 93.00° 10.61® 533> 170" 7.13¢
137x 132 1.12° 2.63* 0.67° 2.52* 0.11* 1.12¢ 0.79° 14.09° 31.66° 22.00¢ 92.00° 28.54* 5.18" 1.65" 7.73"
137x 134 1.24* 2.14° 1.04* 2.65 0.13* 0.88 0.86* 20.13> 25.66°> 25.00° 91.00¢ 34.64* 5.03* 1.61' 546
137 1.18 2,18 0.94* 2.02° 0.12* 091c 097° 18.56° 32.00° 20.00¢ 96.00° 23.65° 489" 1.56" 6.83°

FW = fruit weight (g); FL = fruit length (cm); FD = fruit diameter (cm); PL = pedicel length (cm); PT = pericarp
thickness (cm); PLL = placenta length (cm); FFM = fresh fruit matter (g); DMC = dry matter content (g); SYF
= seed yield per fruit; FYP = fruit yield per plant; DTF = days to fructification; Y = yield (g/per plant); VITC =
vitamin C (mg ascorbic acid/100 g); TA = titratable acidity (g citric acid/100 g fresh fruit); TSS = total soluble
solids (°Brix). Equal letters in columns do not differ statistically by the Scott-Knott test at 1% probability.

The average performance of parents and hybrids is listed in Table 2. Some hybrids
were superior for the following traits: fruit weight (134 x 132, 134 x 137, and 132 x 137), fruit
length (132 x 01 and 132 x 137), dry matter content (01 x 134), fresh matter (132 x 01, 132 x
137, 134 x 132, 134 x 137, and 137 x 01), fruit yield per plant (77.2 x 134), yield (01 x 132,
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01 x 137, and 134 x 137), vitamin C (77.2 x 77.1), and titratable acidity (77.2 x 77.1). These
are the combinations that are indicated for obtaining high yield per plant and high nutritional
quality. If, however, the goal is to obtain early plants, the interesting combinations are that
they had the lowest days to maturing value (01 x 77.1 and 137 x 01).

The mean square significance related to GCA (g7) (P <0.01) was observed in all evalu-
ated traits. The mean squares referring to SCA (sij) were significant at the 5% probability level
for the fruit diameter and weight, pericarp thickness, and fresh matter characteristics; for the
other variables, significance was observed at the 1% level. Reciprocal effects (P <0.01) were
also detected for all evaluated characteristics except pericarp thickness, placenta length, and
seed yield per fruit (Table 3). Régo et al. (2009a) also found reciprocal effects for these same
traits through diallel analysis in Capsicum baccatum.

Table 3. Analysis of variance and quadratic components of general combining ability (d? g ), specific
combining ability (®2s ), and reciprocal ((I)Zre) for 15 characteristics in pepper (Capsicum annuum) at CCA-
UFPB, Areia, in 2010 and 2011.

Y GCA SCA Reciprocal Error (i)zg b2 (i)zre ti)zg/ D2
d.f. 5 15 15 62 - - - -

FWwW 2.93%* 0.17ns 0.33ns 0.08 0.07 0.02 0.04 2.72
FL 11.75%%* 0.44%%* 0.53%%* 0.13 0.32 0.1 0.06 3.11
FD 0.19%* 0.02* 0.04%* 0.01 0.005 0.004 0.004 1.27
PL 0.64%* 0.43%%* 0.42%%* 0.009 0.01 0.11 0.05 0.1358
PT 0.002%* 0.001* 0.0007ns 0.0004 0.00004 0.0001 0.00003 0.4
PLL 4.18%* 0.28%%* 0.13ns 0.09 0.11 0.06 0.007 1.77
FFM 1.88** 0.08* 0.20%* 0.04 0.05 0.01 0.02 0.04
DMC 204.36%* 156.82%* 72.91%%* 36.88 4.65 39.98 6 0.11
SYF 687.94** 425.80%** 213.83ns 129.42 15.51 98.79 14.06 0.15
FYP 158.62%* 65.58%* 62.91%* 1.64 4.36 21.31 10.21 0.2
DTF 220.16** 52.93%* 4.80%* 1 6.08 17.31 0.63 0.35
Y 815.87%* 134.45%* 77.41% 37.26 21.62 32.39 6.69 1.72
Vit C 8885.42%* 432.92%* 1765.48** 1 246.78 143.97 294.08 1.71
TA 907.21%** 43.26%* 180.21%* 1 25.17 14.08 29.86 1.78
TSS 11.43%* 4.770%* 4.414%* 1 0.28 1.23 0.53 0.23

SV = source of variation; d.f. = Degrees of freedom; FW = fruit weight (g); FL = fruit length (cm); FD = fruit
diameter (cm); PL = pedicel length (cm); PT = pericarp thickness (cm); PLL = placenta length (cm); FFM = fresh
fruit matter (g); DMC = dry matter content (g); SYF = seed yield per fruit; FYP = fruit yield per plant; DTF = days
to fructification; Y = yield (g); Vit C = vitamin C (mg ascorbic acid/100 g); TA = titratable acidity (g citric acid/100
g fresh fruit); TSS = total soluble solids (°Brix). **Significant at 1% probability; *significant at 5% probability by
the F-test; ns = not significant.

Additive and non-additive effects influenced the hybrids’ performance, as indicated by
the GCA/SCA ratio (Table 3). The highest @25 value indicates that non-additive effects, epis-
tasis and/or dominance, played a more significant role than additive effects in the pericarp thick-
ness, fresh matter, dry matter content, seed yield per fruit, pedicel length, fruit yield per plant,
days to fructification, and total soluble solids (Table 3). The d?g values were more important to
the following variables: fruit length, diameter, and weight; placenta length, yield, vitamin C, and
titratable acidity (Table 3). This indicates that additive gene action was predominant in the con-
trol of these characteristics. Similar results were obtained by Geleta and Labuschagne (2004a)
and Régo et al. (2009a).
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Yield characteristics

The additive effects (GCA) and non-additive effects (SCA) were significant at 1%
probability in the F-test for all evaluated traits. Reciprocal effects (P <0.01) were also detected
for all evaluated characteristics except pericarp thickness and seed yield per fruit. According
to Régo et al. (2009a), the significant differences in reciprocal effect variations imply that
maternal effects are important in C. baccatum.

The variance magnitude due to SCA ( ¢ ) was higher than that due to GCA ( ¢ ) for all of
the yield characteristics evaluated except yield and fruit length, diameter, and we1ght indicating
the importance of non-additive gene action, epistasis and/or dominance, to the determmatlon of
the evaluated traits (Table 3). These results were also corroborated by the ¢2/ ¢ ratio (Table 3).

In relation to genetic component estimates, additive gene effects were observed for the
fruit weight variable. Similar results were reported by Ahmed et al. (1997), Ben-Chaim and Paran
(2000), Geleta and Labuschagne (2004a,b), Kamble et al. (2009), and Marame et al. (2009). On
the other hand, Patel et al. (1988), Doshi and Shukla (2000), Zambrano et al. (2005), and Reddy
et al. (2008) observed that non-additive effects, epistasis and/or dominance, influence this trait.

The highest GCA (¢g) value for the fruit diameter and length traits indicates the
predominance of additive gene effects in the control of these characteristics. Previous studies
have shown that these characteristics were governed by genes acting additively (Ben-Chaim
and Paran, 2000; Zewdie and Bosland, 2000; Geleta and Labuschagne, 2004a; Zambrano et
al., 2005; Gomide et al., 2008; Régo et al., 2009a).

Additive gene effects were also identified in this study for the yield variable. In pep-
per, previous reports have shown that this character can be governed by either additive effects
(Patel et al., 1988; Zambrano et al., 2005) or by non-additive effects (Ahmed et al., 1997;
Doshi and Shukla, 2000; Régo et al., 2009a). Because of the significant additive effect re-
ported in this study, an effective increase or decrease in these traits can be achieved through
successive generations of backcrossing and selection of desired recombinants from segregat-
ing populations or even through recurrent selection, thus increasing the frequency of favorable
alleles for these characteristics (Régo et al., 2009a).

The highest SCA (¢3S2) value was important for the pericarp thickness trait, indicating
non-additive gene effects, epistasis and/or dominance, in its determination. Similar results
were obtained by Ben-Chaim and Paran (2000) and Zewdie and Bosland (2001) in studies with
C. annuum and C. pubescens, respectively, and in pepper by Reddy et al., (2008). These results
diverge from those observed by Geleta and Labuschagne (2004a) and Régo et al. (2009a), who
also reported the presence of reciprocal effects that were not observed in this study.

Non-additive gene action, epistasis and/or dominance, was observed in the pedicel
length characteristic. This result agrees with that from the report by Reddy et al. (2008), who
evaluated combining ability in C. annuum.

A greater magnitude of non-additive effects, epistasis and/or dominance, was also ob-
served in this study for the fresh matter trait. Contrary to the findings of Marin and Lippert (1975),
Ahmed et al. (1999), Geleta and Labuschagne (2004a), and Régo et al. (2009a), whose researchs
with pepper showed that a greater magnitude of additive effects controlled the characteristic.

Regarding seed yield per fruit and fruit yield per plant, predominantly non-additive
gene actions influenced the traits. Similar results were reported by Reddy et al. (2008) and
Kamble et al. (2009). However, most research indicated that predominantly additive gene ac-
tions controlled these characteristics both in pepper (Doshi and Shukla, 2000; Somashekhar
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and Salimath, 2008) and in chili (Marin and Lippert, 1975; Patel et al., 1988; Ahmed et al.,
1997; Geleta and Labuschagne, 2004a; Régo et al., 2009a).

The non-additive effects also contributed more to the days to fructification character-
istic than additive effects, a result that was previously confirmed by Ahmed et al. (1997) and
Doshi and Shukla (2000). However, Patel et al. (1988) and Geleta and Labuschagne (2004a)
reported that the predominant effects for this trait were additive in nature.

The gi estimates presented values that were significantly positive and negative for all
evaluated characteristics except pericarp thickness (Table 4).

Table 4. Estimates of the general combination ability (g7) relative to 15 characteristics in pepper (Capsicum
annuum) at CCA-UFPB, Areia, in 2010 and 2011.

Parents 1 77.1 77.2 132 134 137
FwW -0.15 -0.25% -0.34* 0.27* 0.16 0.31%*
FL -0.31* -0.40* -0.54% 1.01* 0.03 0.21
FD 0.007 -0.04 -0.07 -0.06 0.06 0.10%
PL -0.20%* 0.01 -0.06 0.15 0.13 -0.03
PT 0 0 -0.01 0.0007 0.01 0.001
PLL -0.17 -0.17 -0.27* 0.66* 0 -0.03
FFM -0.11 -0.20% -0.27* 0.25% 0.08 0.24*
DMC 0.87 1.89% -3.27% -1.44% 3.13* -1.18%*
SYF 1.23 0.39 -7.99%* -0.74 2.09 5
FYP 0.28 0.39 3.73% -1.93* -0.51* -1.96*
DTF -4.61% -0.61 0.47 2.22% 1.80* 0.72%*
Y -1.61 -4.82% -5.75% 3.94 2.58 5.66*
Vit C 17.02* 18.49* 5.76* -13.14* -14.17* -13.96*
TA 5.46* 5.90* 1.81* -4.18* -4.52% -4.47*
TSS 0.67 -0.93* 0.17 -0.21 0.41 -0.12

FW = fruit weight (g); FL = fruit length (cm); FD = fruit diameter (cm); PL = pedicel length (cm); PT = pericarp
thickness (cm); PLL = placenta length (cm); FFM = fresh fruit matter (g); DMC = dry matter content (g); SYF
= seed yield per fruit; FYP = fruit yield per plant; DTF = days to fructification; Y = yield (g); Vit C = vitamin C
(mg ascorbic acid/100 g); TA = titratable acidity (g citric acid/100 g fresh fruit); TSS = total soluble solids (°Brix).
*Significant at 5% probability by the #-test.

Good genitors that presented elevated absolute GCA levels should be preferred to
form crossing blocks, favoring the selection of homozygotic lineages in autogamous species
(Ahmed et al., 1999; Geleta and Labuschagne, 2004a; Régo et al., 2009a). Parents 137 and
132 showed significant positive values for fruit weight and yield, while genitors 77.1 and 77.2
had significant negative values for both traits (Table 4). The fruit weight, in addition to being a
quality determinant, is an important characteristic for the yield determination in pepper plants.
It is important to highlight that the average fruit weight can be altered according to the fruit
yield per plant (Régo et al., 2009b).

The GCA estimates showed that parent 132 had a positive significant value for the
fruit length trait, and parent 137 had a significant positive value for the fruit diameter charac-
teristic; significant negative values were observed in parents 01, 77.1, and 77.2 for the fruit
length characteristic only. Fruit length and diameter are of the utmost importance in peppers
that are destined for fresh consumption. Casali and Couto (1984) and Heiden et al. (2007)
emphasized the importance of the fruit size, which must have a width compatible with the
preparation methods, either for dry or fresh pepper consumption.

Positive significant gi values were observed for fresh matter in parents 132, 134, and
137. Parents 77.1 and 77.2 presented negative significant values (Table 4). Fresh matter or
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fresh weight is considered a primary component of yield (Poulos, 1994), and it is important to
select plants with heavier fruits.

According to gi estimates, parent 77.2 had a significantly negative value for the seed
yield per fruit trait, which is not of interest (Table 4). However, that same genitor proved to be
a good parent, obtaining significantly positive values for fruit yield per plant. Seed yield per
fruit and fruit yield per plant are yield components.

Based on GCA, genitor 01 can be used as parent (Table 4) to obtain premature fruits,
and it can be used in crossings with the objective of reducing pedicel length. This character-
istic is of the utmost importance because it can base the selection of traits that lead to reduced
losses and that ease the harvest process (Heiden et al., 2007).

Genitors of interest should be used to increase the yield per plant, as well as increase
or decrease fruit size. The higher the gi (GCA) effects are, either negative or positive, the
more superior or inferior a certain parent will be considered relative to the other ones included
in the diallel cross (Cruz and Regazzi, 2004) for these characteristics (Régo et al., 2010). Tak-
ing this into consideration, the best parents with significantly positive and negative values
were 77.2, 132, 134, and 137.

Observing sij estimates, significantly positive and negative hybrid combinations were
verified for hybrids and their reciprocals (Table 5). These results indicate the possibility of
exploring hybrid vigor for the morphological characteristics that were studied in this article
(Régo et al., 2009a).

The SCA maximum value (positive) and minimum value (negative) for fruit weight
were obtained by hybrids 132 x 134 (+0.45) and 134 x 137 (-0.41). Hybrids 77.2 x 132 (+0.72)
and 132 x 137 (-0.44) presented higher significant values for the fruit length trait (Table 5).
Geleta and Labuschagne (2004a) and Régo et al. (2009a), in their studies with C. annuum and
C. baccatum, respectively, also reported higher values for both characteristics, which can be
explained by the different genotypes that were studied.

Only one hybrid had a significant SCA value for pedicel length, 77.2 x 137 (+0.19).
The same was observed for the yield trait; the significant combination was 134 x 77.1 (-0.01),
but it was negative in the reciprocal effect (Table 5). Low positive or negative §; estimates
indicate that the behavior of a certain hybrid is determined by its parents GCA, while high
absolute values indicate that some combinations are significantly better and others are worse
based on the parent’s GCA (Griffing, 1956; Cruz and Regazzi, 2004).

The highest significantly positive and negative values for the fruit yield per plant trait
were observed in combinations of reciprocal effect: 137 x 77.2 (+6.75) and 77.2 x 01 (-3.91)
(Table 5). Reciprocal effects were also important for the days to fructification characteristic;
the highest significantly positive and negative values were observed in the reciprocal combi-
nations 137 x 77.1 (+3.19) and 77.1 x 01 (-3.97) (Table 5). This last combination is of interest
for precocious production.

Preference must be given to hybrid combinations that obtained significantly positive
or negative values for the trait to be improved. In this case, hybrids 77.1 x 134, 132 x 134, 01
x 132,77.2x132,77.2 x 137, and 132 x 137 are indicated.

The reciprocals 134 x 77.2, 77.1 x 01, and 137 x 134 are indicated to further the pep-
per breeding program. As reported by Régo et al. (2009a), the reciprocal effects can affect fruit
characteristics in C. baccatum, which was also proved by data obtained in this paper. Such
results show the importance of indicating the correct direction of crossing.
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Table 5. Sii and sij values for 15 characteristics in six parents and 30 hybrids of pepper (Capsicum annuum) at

CCA-UFPB, Areia, in 2010 and 2011.

Accessions FW FL FD PL PT

01 -0.34 - -0.56 - -0.00 - -0.17 - -0.17 -

01 x77.1(77.1x01) -0.01 (0.03) -0.18 (-0.00) 0.08 (0.00) 0.05 (-0.01) 0.22 0.17)
01x77.2(77.2x01) 0.09 (0.05) -0.02 (-0.04) 0.00 (0.01) 0.07 (0.02) 0.08 (-0.35)
01 x 132 (132x01) 0.12 0.31) 0.03 (0.73) 0.00 (-0.00) 0.04 (0.07) -0.12 (0.02)
01 x 134 (134 x 01) 0.001  (-0.15) -0.06 (-0.31)*  0.01 (-0.01) 0.07 (-0.01) -0.09 0.17)
01 x 137 (137x 01) 0.19 (0.09) 0.47* (0.19)  -0.01 (0.00) -0.02 (0.09) 0.04 (0.16)
77.1 -0.00 - -0.10 - -0.01 - -0.07 - -0.09 -
771x77.2(772x77.1)  -0.12 0.12) 0.02 (-0.03) 0.00 (0.01) -0.02 (0.10) -0.03 (0.38)*
77.1x 132 (132 x 77.1) 0.01 (-0.13) -0.20 (-0.07) 0.00 (-0.01) 0.05 (0.00) -0.37 (-0.29)
77.1x 134 (134 x 77.1) 0.30 (-0.06) 0.27 (0.09) 0.01 (-0.00) 0.14 (-0.04) 0.64* (-0.03)
77.1x 137 (137 x 77.1) 0.16 (0.04) 0.12 (0.13) 0.00 (0.00) 0.05 (0.03) -0.04 (-0.13)
77.2 0.08 - 0.06 - -0.00 - -0.09 - -0.08 -
77.2x 132 (132x77.2) 0.26 (-0.03) 0.72*  (-0.19)  -0.00 (0.00) 0.04 (0.00) 0.02 0.12)
77.2x 134 (134 x77.2) 0.10 (-0.19) 0.005  (-0.06) 0.00 (-0.02) 0.02 (-0.03) -0.02 (0.30)
77.2x 137 (137 x 77.2) 0.34 (-0.03) 0.03 (0.09) 0.02 (-0.00) 0.19*  (-0.00) 0.28 (-0.38)*
132 -0.03 - -0.25 - 0.02 - -0.02 - -0.17 -

132 x 134 (134 x 132) 0.45*  (-0.01) 0.05 (-0.16) 0.00 (-0.00) 0.09 (0.01) 0.22 (-0.19)
132 x 137 (137 x 132) -0.23 (-0.09) -0.44*  (-0.21)  -0.01 (-0.00) -0.11 (-0.07) -0.28 (0.51)*
134 0.12 - 0.34 - 0.03 - 0.01 - -0.18 -

134 x 137 (137 x 134) -0.41%* (0.30) -0.27 (0.10)  -0.00 (-0.00) 0.00 (0.04) 0.44* (-0.07)
137 -0.31 - -0.31 - -0.00 - -0.09 - -0.08 -
Accessions PLL FFM DMC SYF FYP

01 -0.25 - -0.24 - 0.49 - -19.28 - -3.75 -

01 x77.1(77.1x 01) 0.02 (0.09) -0.15 0.04) -032 (2.06) 3.83 (-2.28) 0.00 0.91)
01x77.2(77.2x01) 0.00 (-0.00) 0.06 (0.03) -1.96 (8.55)* 9.83 (4.76) -2.00 (-3.91)*
01 x 132 (132 x 01) 0.07 (0.09) 0.10 021) -7.33 (6.09) 1.83 (10.51) 0.00 (-3.25)*
01 x 134 (134 x 01) -0.17 (0.00) 0.03 (-0.15) 9.90 (-4.75)* 1.50 (2.35) 2.5% (-0.08)
01 x 137 (137x 01) 0.17 (0.07) 0.17 (0.10)  -0.77 (-1.76) 3.93 (1.00) 0.00 (3.58)*
77.1 -0.20 - 0.03 - 7.20 - -13.95 - -4.41 -
77.1x77.2(77.2x77.1) 0.07 (-0.01) -0.07 (0.07) 2.53 (-1.88) -5.83 (1.60) 3.50 (2.75)*
77.1x 132 (132x77.1) -0.08 (-0.19) -0.01 (-0.17) 1.71 (-0.45) 4.00 (5.51) 0.00 (6.41)*
77.1x 134 (134 x 77.1) 0.08 (0.04) 0.25 (-0.01)* -5.24 (1.58) 8.33 (-1.64) 1.00 (-2.91)*
77.1x 137 (137 x 77.1) -0.01 (0.28) 0.11 (0.00)  -5.87 (-1.16) 0.00  (10.76) 0.00 (-2.75)*
77.2 0.03 - 0.05 - 3.09 - 1.82 - - (-0.08)
77.2x 132 (132x77.2) 0.29 (-0.16) 0.20 (-0.03) 6.15 (0.15) 9.33 (-1.09) -7.50 (-2.41)*
77.2x 134 (134 x77.2) -0.16* (0.03) 0.04 (-0.10)  -6.79 (0.83) 450  (-11.09) -7.50 (6.75)*
77.2x 137 (137 x77.2) 0.08 0.12) 0.29*  (-0.02) 3.17 (-5.07) 5.16 (3.99) -1.50%* (-3.08)*
132 0.78 - 0.04 - 1.47 - -16.67 - -4.75 -

132 x 134 (134 x 132) -0.01 (-0.18) 0.36* 0.04) -2.76 (0.15) 2.83 (2.99) -2.50%* (-3.08)*
132x 137 (13 7x 132) -0.30 (-0.33) -0.23 (-0.10) 0.76 (0.91) -5.83 (-1.25) 2.00* (0.58)
134 0.10 - 0.02 - 6.25 - 12.32 - -1.41 -

134 x 137 (137 x 134) 0.20 (-0.00) -0.27%  (-0.15)  -1.35 (-2.66)  -11.00 (-4.92) 4.00%* (0.75)
137 -0.14 - -0.15 - 4.04 - -12.50 - 0.91 -
Accessions DTF Y Vit C TA TSS

01 7.52 - -10.90 - -3.88 - -1.25 - -1.65 -

01 x77.1(77.1x01) 1.50*  (-3.97)*  0.33 (-0.48)  -6.14* (-0.14)*  -1.93 (-0.07) 0.83 (-0.55)
01x77.2(77.2x01) 0.00 (-1.55)*  -1.84 (1.12) 7.25% (0.018) 2.37* (0.00) -0.44 (0.11)
01 x 132 (132 x 01) 0.00 (2.69)* 11.40* (3.23) 0.54 (24.86)* 0.14* (7.95) 1.25% (-0.35)
01 x 134 (134x01) -1.00 (-0.88 -3.01 (1.90) 0.56 (26.07)* 0.17 (8.35* -0.36 (-1.30)*
01 x 137 (137 x 01) -2.00%  (-3.80)*  4.03 (6.49) 1.65%  (28.74)* 0.49 (9.16)* 0.37 (-0.53)
77.1 0.52 - -2.01 - -7.16 - -2.14 - 0.95 -
77.1x77.2(772x77.1)  -1.00 (-1.55)*  3.63 (-3.72)  13.29* (-2.61)* 4.07%  (-1.11) -0.77 (-0.55)
77.1x 132 (132x77.1) 0.50 (0.19) 1.01 0.37) -0.73 (25.52)*  -0.18 ®21)*  -1.67* (-0.08)
77.1x 134 (134 x 77.1) -1.50* (l.e)* -2.01 (6.08) -0.89 (26.36)*  -0.28 (8.41)* 0.59 (-1.88)*
77.1x 137 (137 x77.1) -1.00 3.19*  -0.95 (4.04) 1.64*  (30.38)* 0.47 (9.63)* 0.06 (-0.41)
77.2 3.36 - 1.05 - 18.89 - 6.06 - -0.26 -
772x132(132x77.2) 0.00 (-3.38)*  -1.36 (0.51) -12.63* (1.30)*  -4.02% 0.41) -0.08 (0.45)
77.2x 134 (134x77.2) 0.00 (2.02)*  -0.02 (-0.3)  -12.86* (1.91)*  -4.08* 0.61) 1.09 (-0.60)
77.2x 137 (137x77.2) 0.00 (1.11) -1.45 (6.38) -13.95* (222)*  -441* 0.71) 0.47 (0.96)
132 -0.13 - -6.02 - 4.58 - 1.43 - -0.47 -

132 x 134 (134 x 132) 0.00 227*  -3.69 (4.57) 4.58* (0.68) 1.44% 0.21) 0.49 (-0.56)
132x 137 (13 7x 132) 0.00 (-1.63)*  -1.33 (-1.73) 3.65*% (1.07) 1.16 (0.34) 0.49 (0.00)
134 -2.30 - 2.81 - 4.71 - 1.49 - -0.90 -

134 x 137 (137 x 134) 0.50%  (-2.72) 5.93 (-1.92) 3.88% (0.41) 1.25% (0.13) -0.91 (1.48)*
137 3.86 - -6.21 - 3.11 - 1.02 - -0.49 -

FW = fruit weight (g); FL = fruit length (cm); FD = fruit diameter (cm); PL = pedicel length (cm); PT = pericarp
thickness (cm); PLL = placenta length (cm); FFM = fresh fruit matter (g); DMC = dry matter content (g); SYF
= seed yield per fruit; FYP = fruit yield per plant; DTF = days to fructification; Y = yield (g); Vit C = vitamin C
(mg ascorbic acid/100 g); TA = titratable acidity (g citric acid/100 g fresh fruit); TSS = total soluble solids (°Brix).
*Significant at 5% probability by the #-test.
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Fruit quality characteristics

The mean squares associated with GCA, SCA, and the reciprocal effect were signifi-
cant at 1% probability by the F-test for all quality characteristics except placenta length, in
which the reciprocal effects were not identified (Table 3).

The highest 4? values indicate a predominance of additive gene effects for the pla-
centa length, vitamin é, and titratable acidity traits, as shown by the GCA/SCA ratio (Table 3).

There was a predominance of non-additive gene effects for the characteristics dry
matter content and total soluble solids. According to Lannes et al. (2007), the total soluble
solids content and the dry matter content are highly correlated and can be used effectively in
Capsicum breeding programs for the production of spice-market-oriented cultivars.

Additive effects controlled the expression of the placenta length characteristic. The
findings of this report agree with those Marin and Lippert (1975) working with pepper (C.
annuum L.) and Zewdie and Bosland (2001) working with pungency in C. pubescens. For
vitamin C and acidity, a greater magnitude of additive genetic effects controlling the traits was
observed. Similar observations were made by Schuelter et al. (2010).

Non-additive gene effects were predominant in the characteristic total soluble solids.
Similar results were obtained by Régo et al. (2009a). A greater magnitude of non-additive
effects, epistasis and/or dominance, were also observed to control dry matter content. The
opposite was reported by Marin and Lippert (1975), Ahmed et al. (1999), Geleta and Labus-
chagne (2004a), and Régo et al. (2009a), who observed a higher magnitude of additive effects
for this trait.

The gi estimates based on GCA indicate that genitor 132 had a high positive significant
value for the placenta length characteristic. Parent 77.2 had a significantly negative value, which
is not of interest (Table 4). The placenta length characteristic is extremely important because the
highest amounts of capsaicinoids are found in the placenta (Zewdie and Bosland, 2001).

Significant gi values were observed for the vitamin C and acidity traits. In both cases,
genitors 01, 77.1, and 77.2 presented significantly positive values. This is of interest for cross-
ings with the goal of increasing the nutritional quality in pepper. The other parents, 132, 134,
and 137, presented significantly low values both for vitamin C and acidity.

Significantly positive gi values were observed for dry matter content in genitors 77.1
and 134. Values with negative significance were obtained for parents 77.1, 132, and 137 (Table
4). Dry matter is important to the industry because a large amount of pepper produced in the
world is used in the form of powder (Sousa and Maluf, 2003).

For the characteristic total soluble solids, only the genitor 77.1 had a significant value;
however, it is not of interest because its significance was negative, and the goal of the program
is to increase this trait. According to Lannes et al. (2007), this characteristic is very important
in the cultivation of Capsicum for industrial purposes. Commercial cultivars and hybrids with
high content of soluble solids would reduce the production cost of food colorants because they
contain less water to be removed during drying, moreover decreasing the contamination by
fungal and bacterial pathogens.

Significantly positive and negative hybrids were verified for all evaluated quality
characteristics (Table 5).

For placenta length, the only significant hybrid combination was 77.2 x 134 (-0.16),
which was negative (Table 5) and can be used to select less pungent plants.

The highest positive and negative SCA values for vitamin C were found in the recip-
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rocals 137 x 77.1 (+30.38) and 137 x 77.2 (-13.95) (Table 5). According to Carvalho (1984),
the vitamin C content found in pepper is higher than that in oranges, with 60 mg per 100 g
pulp, equaling the content found in guava and acerola. This amount is the recommended daily
vitamin C dose (Régo et al., 2012), and it is of interest to select combinations that are positive
for this trait.

Reciprocal effects were also significant for the acidity characteristic, and the highest
values were observed in the 137 x 77.1 (+9.63) and 77.2 x 137 (-4.41) combinations (Table
5). The acidity control in conserved products is important in order to prevent the growth of
Clostridium botulinum (Gardner, 1973; Figueiredo, 2004). In addition to being an important
parameter to appreciate the conservation state of a food product (Oliveira et al., 1998), this
characteristic can be affected by the way it is harvested, damages sustained in handling and
storage, and maturation stages.

The reciprocal combinations that had the highest positive and negative significances
for total soluble solids were 137 x 134 (+1.48) and 134 x 77.1 (-1.88) (Table 5). For this trait,
significantly positive values are of interest.

Overall, for the purposes of improving characteristics related to the quality of pepper
plants (C. annuum), genitors 01 and 77.2 stood out, revealing an elevated genetic potential to
transfer favorable alleles to better the population’s performance in these characteristics (Cruz
and Regazzi, 2004).

The SCA effects stress the importance of non-additive interactions resulting from the
gene complementation between parents, enabling the prediction of genetic gain responses
through the exploration of heterosis (Bastos et al., 2003; Régo et al., 2009a). The hybrids in-
dicated for breeding quality characteristics are 137 x 77.1 and 137 x 134.

CONCLUSION

The results obtained here clearly show that pepper varieties can be developed through
hybridization in a C. annuum breeding program. For characteristics that presented non-addi-
tive gene effects, epistasis and/or dominance, such as pericarp thickness, fresh matter, pedicel
length, seed yield per fruit, number of fruits per plant, days to fructification, and total soluble
solids, the production of hybrids is indicated as the best strategy.

GCA effects were the most important to fruit weight, fruit length and diameter, pla-
centa length, yield, vitamin C, and acidity variables. For these traits, massal, pedigree, or bulk
selection can be applied.

Based on the gi and sij values, to continue the ornamental pepper (C. annuum) breed-
ing program, the selection of genitors 01, 132, 77.2, and 137 is indicated, as well as the selec-
tion of the 132 x 134, 01 x 132, 137 x 134, 77.2 x 137,137 x 77.1,77.1 x 01, and 134 x 77.2
families. These can be used to further the segregating generation analysis in the C. annuum
breeding program with the goal of increasing yield per plant, and to obtain fruits with large
amounts of pulp and placenta, high fresh and dry matter, and high nutritional values.
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