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Abstract: Popcorn lines with genetic resistance to foliar diseases allow the production of 

higher yields at lower costs. Thus, the development of resistant genotypes becomes 

essential, while the selection efficiency of parents and hybrids depends on the existence 

of genetic variability and knowledge about the genetic trait control. The objective of this 

study was to determine the genetic merit of the hybrid lines and genotypes, as well as the 

reciprocal effect; to draw conclusions on the genetic control of the traits of disease 

incidence and severity associated with resistance to Exserohilum turcicum, Bipolaris 

maydis, Puccinia polysora and of the agronomic traits grain yield and popping expansion; 

and to assess the effects of the trait interrelations on parent and hybrid selection. Fifty-six 

hybrid combinations (F1 and reciprocal crosses) were evaluated in two growing seasons. 

A randomized block design with four replications was used. Regardless of the growing 

season, the non-additive genetic component had the greatest influence on the studied 

traits, whereas no reciprocal effect was observed. The performance of lines L61, L70 and 

L76 was good in both growing seasons by increasing the level of multiple disease 

resistance associated with high gains in GY and PE. The hybrids L61 x L76; L61 x L77; 

L76 x P1 were the most promising of the tested crosses for cultivation in both seasons, 

targeting a decrease in the levels of several diseases and higher grain yields and popping 

expansion. 
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Introduction 

Popcorn (Zea mays L.) is a specialty maize 

that is widely consumed in Brazil and cultivated 

on a large scale by the country’s farmers, mainly 

due to the higher economic value than that of 

field maize (Vieira et al., 2011; Amaral Júnior et 

al., 2016; Ribeiro et al., 2016). However, this 

crop shows is highly susceptible to pests and 

diseases and attacked by numerous pathogens 

causing foliar diseases, which can significantly 

reduce grain yield and quality (Ribeiro et al., 

2016; Kurosawa et al., 2017). 

Among the leaf diseases that affect 

popcorn, one can highlight leaf spots caused by 

the fungi Exserohilum turcicum (Pass.) Leonard 

& Suggs (synonym Helminthosporium turcicum 

Pass.) and Bipolaris maydis (Nisik.) Shoemaker 

(synonymous with Helminthosporium maydis 

Nisik) as the two main diseases (Ishfaq et al., 

2014; Wang et al., 2014; Hurni et al., 2015; 

Amaral Júnior et al., 2016; Kurosawa et al., 

2017). Under favorable climatic conditions 

associated with susceptible hosts, grain yield 

losses of 27 to 90% caused by E. turcicum are 

reported (Ferguson and Carson, 2007; Muiru et 

al.,  2010; Wang et al., 2010; Ding et al., 2015) 

and of about 70% for B. maydis (Hussain et al., 

2016; Mubeen et al., 2017). 

Another important disease is American 

corn rust, caused by Puccinia polysora 

(Underwood), in which this fungus significantly 

reduces the photosynthetic capacity of the plants, 

occasionally causing premature leaf senescence 

and, consequently, productivity losses. This 

disease can induce a productivity loss of up to 

65%, particularly in areas where occurrence of 

the disease has been reported in the past (Costa 

et al., 2012; Teixeira et al., 2017). 

To reduce the problems of yield losses in 

this scenario, an important strategy is the 

development of cultivars with genetic resistance 

to the main diseases (Vieira et al., 2009; Ayiga-

Aluba et al., 2015; Ding et al., 2015; Chen et al., 

2016; Ribeiro et al., 2016; Amaral Júnior et al., 

2016; Kurosawa et al., 2017). To this end, the 

study of the combining abilities of the previously 

selected parents is an essential step in the 

optimization of breeding strategies. In this 

regard, the diallel crosses constitute feasible 

options for this purpose (Hallauer et al., 2010). 

Combining ability studies indicate that the 

genetic effect for resistance to E. turcicum may 

consist of additive (Carson, 1995; Vivek et al., 

2010; Kaefer et al., 2017) or, predominantly, 

non-additive gene effects (dominance and/or 

epistasis) (Carson, 2006; Ogliari et al., 2007; 

Nihei and Ferreira, 2012). According to Vieira et 

al. (2009), the two effects together may also be 

important in the genetic control of the disease. 

Additive and non-additive effects, respectively, 

were also observed for B. maydis (Kumar et al., 

2016) and P. polysora (Colombo et al., 2014), 

but the additive effects are reported to be more 

influential in most studies focused on the 

inheritance of resistance to these diseases.  

Differences in the genetic trait control may 

occur due to the population involved in diallel 

crosses (Oliveira et al., 2011) or due to 

environmental variations. In a diallel analysis of 

the combining ability of parents, Engelsing et al. 

(2011) and Nihei and Ferreira (2012) observed 

that the components of GCA and SCA varied 

according to the environment. Therefore, there is 

a notable lack of consistent information to guide 

direct breeding programs for popcorn leaf 

diseases under distinct cultivation conditions. 

Thus, the objective of this study was to 

determine the genetic value of popcorn lines and 

the genotypic value of hybrids, as well as the 

reciprocal effect, to draw conclusions on the 

genetic control of traits associated with 

resistance to E. turcicum, B. maydis, and P. 

polysora and of the agronomic traits grain yield 

and popping expansion in popcorn lines crossed 

in a diallel mating scheme and evaluated in two 

growing seasons, as well as to assess the effects 

of trait interrelations on the selection of parents 

and hybrids. 

Material and methods 

For this study, eight lines (L88, L77, L76, 

L70, L55, L61, P8 and P1) in the seventh selfing 

generation (S7) (Table 1) were crossed in a 

complete diallel mating design, according to the 

methodology proposed by Griffing (1956), 

including the reciprocal crosses, resulting in 56 

hybrid combinations. 
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Table 1. Parent popcorn lines used in a complete diallel scheme with the reciprocal crosses, resulting in 56 
hybrid combinations. 

Genotypes Original variety Climate adapatation Institution desenvolvimento 

P8 Hybrid IAC-112 Temperate/Tropical UEM 
P1 Triple hybrid Zelia Temperate/Tropical UEM 

L55 Beija-flor Temperate/Tropical UENF 

L61 BRS-Angela Temperate/Tropical UENF 

L70 BRS-Angela Temperate/Tropical UENF 

L76 Viçosa Temperate/Tropical UENF 

L77 Viçosa Temperate/Tropical UENF 

L88 Viçosa Temperate/Tropical UENF 

UEM = Universidade Estadual de Maringá; UENF = Universidade Estadual do Norte Fluminense Darcy Ribeiro. 

 

The diallelic hybrids, together with the 

parent lines, were evaluated in experiments 

performed in two growing seasons: first season 

(October 2014 to January 2015), at a mean 

temperature of 25 °C and mean air humidity of 

73%, and the second season (April to July 2015), 

at a mean temperature of 22 ºC and mean 

humidity of 82%. 

The experiments were carried out in an 

experimental area of the State University of 

Northern Rio de Janeiro (UENF), of the Antônio 

Sarlo State College, Campos dos Goytacazes, in 

the northern region of the State of Rio de Janeiro, 

Brazil. The experiment was arranged in a 

randomized block design with four replications. 

Experimental plots consisted of single 5-m rows 

with 25 plants per row and spaced 0.2 x 0.9 m 

between plants and rows, respectively. At 

sowing, the plots were fertilized with 60 kg ha-1 

K2O, 30 kg ha-1 N, and 60 kg ha-1 P2O5, and 100 

kg ha-1 N. Irrigation was provided by sprinkler 

irrigation and herbicide and insecticide were 

applied whenever necessary. 

The following foliar diseases were 

evaluated: leaf spots caused by the pathogens B. 

maydis and E. turcicum and American corn rust 

caused by the pathogen Puccinia polysora, 

manifested by natural pathogen infection in the 

field. The performance of the genotypes under 

disease pressure was monitored by estimates of 

incidence - proportion of injured leaves, in 

relation to all leaves of the plant, expressed as 

percentage, and severity - quantified by the 

percentage of diseased leaf area along the first 

leaf below the first ear. 

The following procedure was used for 

these evaluations: of the 25 plants in the 

experimental plot, the five first and five last 

plants were eliminated, and the 15 central plants 

were considered for evaluation. The first plant of 

the evaluation plot was marked and assessed and 

the following two were omitted, subsequently 

repeating the procedure. In this way, five plants 

per plot were evaluated and the mean of three 

evaluations, in intervals of seven days after 

female flowering, was calculated. 

The incidence of B. maydis (IBM), E. 

turcicum (IET) and P. polysora (IPP) was 

evaluated visually on the grading scale proposed 

by Agroceres (1996). On this 1-9 score scale, 

score 1 indicates 0% incidence; 2 - 0.5% 

incidence; 3 - 10% incidence; 4 - 30% incidence; 

5 - 50% incidence; 6 - 70% incidence; 7 - 80% 

incidence; 8 - 90% incidence and 9 - 100% 

disease incidence. 

The severity was assessed visually on a 

disease-specific diagrammatic scale. Thus, the 

severity of B. maydis (SBM) was estimated on a 

diagrammatic scale with percentages of 1, 5, 25 

and 50% of injured leaf area, according to the 

methodology of James (1971). The severity of E. 

turcicum (SET) was estimated on the 

diagrammatic scale based on the percentage 

values 0.5, 1.6, 5.0, 15, 37, 66, 87, 96% of the 

injured leaf area (Viera et al. 2014). The severity 

of Puccinia polysora (SPP) was estimated on a 

diagrammatic scale Cobb modified (Chester, 

1950), based on percentage values between 5 and 

100% of the injured leaf area. 

The agronomic traits grain yield (GY) and 

popping expansion (PE) were also evaluated. The 

GY was determined by weighing the grains after 

removing the cob and expressed in kg.ha-1. 

Popping expansion was determined by averaging 
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two replications per treatment, each one 

represented by 30 g grains. The grains were 

popped in a microwave oven at 1,000 W, for 2 

min 20 sec. After expansion, the popcorn volume 

was quantified in a 2,000 mL beaker, and the 

final result was adjusted relative to the initial 

weight of 30 grams, expressed in mL/g. 

The following model was used for the 

statistical analysis: 

𝑦𝑖𝑗𝑘𝑙 = 𝜇 + 𝑒𝑙 + 𝑏𝑘(𝑒𝑙) + 𝑔1𝑖
+ 𝑔2𝑗

+ 𝑠𝑖𝑗 + 𝑟1𝑖 +

𝑟2𝑗 + 𝑔𝑒1𝑖𝑙
+ 𝑔𝑒2𝑖𝑙

+ 𝑠𝑒𝑖𝑗𝑙 + 𝑟𝑒1𝑖𝑙 + 𝑟𝑒2𝑗𝑙 + 𝑒𝑖𝑗𝑘𝑙  

(Eq.1) 

Where: µ = general constant; 𝑒𝑙 = fixed season 

effect; 𝑏𝑘(𝑒𝑙) = fixed effect of the block x season 

interaction; 𝑔1𝑖  and 𝑔2𝑗
 = random effects of 

general combining ability (GCA) involving 

parents i and j, where 𝑔1𝑖
 and 𝑔2𝑗

~𝑁(0, 𝜎𝑔
2); 𝑠𝑖𝑗 

= random effects of the specific combining 

ability (SCA), involving the parents i and j, 

where 𝑠𝑖𝑗~𝑁(0, 𝜎𝑠
2); 𝑟1𝑖

 and 𝑟2𝑗
 = random 

effects of specific combining ability manifested 

in the reciprocal cross (RE) involving parents i 

and j, where 𝑟1𝑖
 and 𝑟2𝑗

~𝑁(0, 𝜎𝑟
2); 𝑔𝑒1𝑖𝑙

 and 

𝑔𝑒2𝑖𝑙
  = random effects of the interactions of 

general combining ability (GCA) x season, 

involving seasons s1 and s2, where 𝑔𝑒1𝑖𝑙
 and 

𝑔𝑒2𝑖𝑙
~𝑁(0, 𝜎𝑔𝑒

2 ); 𝑠𝑒𝑖𝑗𝑙 = random effect of the 

interaction of specific combining ability (SCA) x 

season, involving seasons s1 and s2, where 

𝑠𝑒𝑖𝑗𝑙~𝑁(0, 𝜎𝑠𝑒
2 ); 𝑟𝑒1𝑖𝑙

 and 𝑟𝑒2𝑗𝑙
 = random effects 

of the interactions of specific combining ability 

manifested in the reciprocal cross (RE) x season, 

involving the seasons s1 and s2, where 𝑟𝑒1𝑖𝑙
 and 

𝑟𝑒2𝑗𝑙
~𝑁(0, 𝜎𝑟𝑒

2 ); and 𝑒𝑖𝑗𝑘𝑙   = mean random 

residue r associated with observations ijkl, where 

𝑒𝑖𝑗𝑘𝑙~𝑁(0, 𝜎𝑒
2).  

The variance components were estimated 

by the REML method, using algorithm AI with 

package asreml (Butler, 2009), and the 

hypotheses on the components of genetic 

variance were tested with the likelihood ratio test 

(LRT) and Asreml + package (Brien, 2016). 

To estimate the genetic merit of the lines, 

BLUPs of the general combining ability (GCA) 

of the parents were used, and the genotypic 

values of the hybrids were used to estimate the 

genetic merit of the hybrids, added to the overall 

mean of the trait in each season. Thus, the GCA 

of a parent in a given season was expressed by: 

𝐺𝐶𝐴𝑖𝑙 = µ + 𝑔1𝑖
+ 𝑔𝑒1𝑖𝑙

  (Eq. 2) 

While the genotype value of the hybrid for 

a given season (ℎ𝑖𝑗𝑙) is given by: 

ℎ𝑖𝑗𝑙 = µ + 𝑔1𝑖
+ 𝑔2𝑗

+ 𝑠𝑖𝑗 + 𝑔𝑒1𝑖𝑙
+ 𝑠𝑒𝑖𝑗𝑙  (Eq. 3) 

To obtain the relationship between the 

parent responses and the hybrid combinations in 

both evaluation periods, the correlations between 

the traits within each period/season were 

estimated. To this end, the BLUP values of the 

general combining ability (GCA) of the parents 

and the genotypic values of the hybrids were 

used. All genetic-statistical analyses were carried 

out using software R (R Core Team, 2014). 

Results and discussion 

Components of variance 

The effect of the variance component of 

SCA proved significant by the Likelihood Ratio 

Test (LRT) for incidence and severity of E. 

turcicum (IET and SET, respectively), incidence 

of B. maydis (IBM), grain yield (GY) and 

popping expansion (PE), indicating 

predominance of component SCA over 

component GCA for these traits (Table 2). These 

results suggest that the performance of certain 

hybrid combinations differs, which cannot be 

explained by simple parent means and their 

GCA, since the non-additive gene effects are 

more relevant for the control of these traits. 

With regard to the genetic control of 

resistance to E. turcicum, some authors claimed 

that it is predominantly qualitative, with non-

additive effects (Carson, 2006; Ogliari et al., 

2007; Nihei and Ferreira, 2012). The occurrence 

of variance components with predominance of 

non-additive effects found in this study suggests 

the possibility of developing new cultivars from 

crosses by exploiting the effect of allelic 

complementation more efficiently, with a view to 

improving E. turcicum resistance. On the other 

hand, some studies reported several genes with 

additive effects responsible for controlling the 

expression of E. turcicum resistance (Carson, 

1995; Vivek et al., 2010; Kaefer et al., 2017). 
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However, quantitative resistance can be 

influenced by additive and non-additive effects 

(Vieira et al., 2009). 

The trait B. maydis incidence (IBM) differed 

statistically in the genetic variance  components of 

the GCA and SCA effects (Table 2), indicating the 

existence of variability between the GCA effects 

associated with additive gene effects, and the SCA 

effects associated with non-additive gene effects. 

However, there is a predominance of SCA over 

GCA, demonstrating that the non-additive gene 

effects are more relevant in the control of this trait. 

In a QTL mapping study, Carson et al. (2004) 

observed that additive and non-additive gene 

effects play a role in the genetic control of B. 

maydis resistance in maize. 

However, Kumar et al. (2016) stated that 

only the additive effects are essential for the 

genetic control of B. maydis resistance in tropical 

maize genotypes. Thus, it is suggested to 

consider both the additive and non-additive 

effects in the expression of the trait and, 

therefore, breeding methods that exploit both 

effects, e.g., interpopulation recurrent selection, 

are adequate strategies to develop B. maydis-

resistant cultivars. 

Table 2. Combined analysis of variance components for the traits incidence and severity to E. turcicum (IET, 
SET), B. maydis (IBM, SMB), P. polysora (IPP, SPP), grain yield (GY) and (PE) in popcorn in two growing 
seasons. 

Parameters 
Traits 

IET SET IBM SBM IPP SPP GY PE 

GCA 0.00ns 2.08ns 10.68* 0.00ns 0.00ns 0.00ns 0.38ns 1.04ns 

SCA 68.69** 2.71** 18.41** 0.00ns 0.00ns 0.04ns 1156418.00** 4.57** 

RE 0.00ns 0.00ns 0.00ns 0.00ns 0.00ns 0.01ns 0.04ns 0.00ns 

GCA x Season 40.66** 0.87** 3.55** 0.09** 2.96** 1.03** 24209.30* 1.66** 

SCA x Season 22.39ns 0.82ns 2.26* 0.18** 1.54* 1.86* 3304.20ns 1.65* 

RE x Season 0.00ns 0.01ns 0.00ns 0.00ns 0.00ns 0.39* 0.06ns 0.06ns 

Residue 57.92 9.91 2.26 0.13 31.63 16.58 583291.00 13.12 

**P<0.01, *P<0.05 and ns non-significant by the LRT (Likelihood Ratio Test) test. GCA = component of genetic variance 
of GCA effect; SCA = genetic variance component of the SCA effect, RE = component of the genetic variance of the 
reciprocal effect GCA x Season = interaction of the genetic variance component of the GCA with the season effect, SCA 
x Season = interaction of the genetic variance component of the SCA effect with the season, RE x Season = interaction 
of the genetic variance component of the reciprocal effect with the season, Residue = component variance of the residue. 

 

For grain yield, the predominance of the 

genetic variance components of the SCA effect 

on the trait indicated that the mean hybrid 

performance was better than that of the lines 

involved. Similar results were reported by 

Pereira and Amaral Júnior (2001), Rangel et al. 

(2007) and Oliveira et al. (2016), reinforcing the 

importance of non-additive effects for the 

expression of this trait.  

For the set of parents in studies, the genetic 

component of variance for PE was 

predominantly non-additive. These results were 

also reported by Oliveira (2016), who observed 

the most important non-additive effects in the 

inheritance of this trait and recommended the 

exploration of hybrids for a significant increase 

in mean popcorn expansion. In four QTLs for 

popping expansion, Babu et al. (2006) and Li et 

al. (2007) found dominant, partially dominant 

and overdominant gene action. However, other 

authors demonstrated the greater influence of 

additive gene action to increase PE (Pereira and 

Amaral Júnior, 2001; Freitas Junior et al., 2006; 

Cabral et al., 2015). A possible explanation for 

this difference is that the genetic structure of a 

population can induce distinct gene actions for 

the same trait. 

The genetic component of variance of the 

reciprocal effect RE was not significant for any 

of the traits evaluated (Table 2), showing that the 

hybrids and their reciprocals did not differ 

significantly, i.e., there would be no gains by 

inverting the order of parents in the crosses. The 

variance component of the RE x season 

interaction for the trait P. polysora severity (SPP) 

was significant at P <0.05; however, these 

estimates were low, which seems to be rather 

irrelevant for the resistance to this disease in the 
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set of evaluated parents. Similar results were 

reported by Vieira et al. (2012), in an evaluation 

of maize diseases under different environmental 

conditions. 

Highly significant differences (p <0.01) for 

most of the traits evaluated were also observed 

for the GCA x Season interaction (Table 2), 

showing that the environmental variations in 

both growing seasons resulted in differences in 

the mean parent performance, indicating the 

existence of season-specific parents. Thus, the 

estimated contribution of the additive gene 

effects should be expressed separately for each 

evaluation period. In a sense, these results had 

been expected, since the intensity and severity of 

the diseases vary according to the growing 

season (Kurosawa et al., 2016). 

For the SCA x Season interaction, the 

Likelihood Ratio (LRT) test detected significant 

differences for the variables IBM, SBM, IPP, 

SPP and PE (Table 2), showing a differentiated 

response of the genotypes in each season, with 

regard to the combining ability of the evaluated 

lines and hybrid performance (Niehi and 

Ferreira, 2012). In this situation, the genetic 

SCA components should also be analyzed 

separately for each environment. Other authors 

also described a significant interaction of the 

GCA and SCA effects with environments in 

studies related to disease resistance and maize 

yield (Paterniani et al., 2000; Carson, 2001; 

Lopes et al., 2007; Guimarães et al., 2009; 

Vivek et al., 2010; Niehi and Ferreira, 2012; 

Vieira et al., 2012).  

Genetic merit of the lines 

From parents selected based on the additive 

genetic merit, genotypes with a genetic potential 

to be phenotypically superior can be obtained. 

According to Cruz et al. (2012), high positive or 

negative GCA values indicate that the parent is 

far superior or inferior to the other parents used 

in the diallel. 

Based on the estimates of the additive 

genetic merit (GCA), which corresponds to the 

predicted estimates (GCA + GCA x Season) 

added to the overall trait mean, it was observed 

in the first season that the lines L61 and L70 

stood out with the lowest GCA estimates for the 

traits related to resistance to E. turcicum, P. 

polysora and B. maydis (incidence and severity) 

(Table 3).  

Table 3. Estimates of the additive genetic merit (GCA), added to the overall trait mean, in the first and second 
growing season for the traits incidence and severity of E. turcicum (IET, SET), B. maydis (IBM, SBM), P. 
polysora (IPP, SPP), and grain yield (GY) and popping expansion (PE). 

Parents 
1st season 

IET SET IBM SBM IPP SPP GY PE 

L55 15.53 6.78 13.2 0.08 30.62 15.25 3385.90 31.11 

L61 12.58 2.84 8.36 0.07 25.89 12.06 3265.31 31.31 

L70 13.72 3.77 8.81 0.07 25.30 13.14 3240.61 32.58 

L76 14.43 2.70 11.85 0.08 27.49 12.71 3364.63 32.05 

L77 17.09 3.61 14.18 0.09 29.47 14.17 3378.01 32.27 

L88 16.67 3.44 16.45 0.11 31.10 15.27 3406.71 30.45 

P1 13.29 4.39 11.73 0.09 26.98 13.31 3519.61 32.39 

P8 13.25 4.04 13.73 0.07 29.64 14.64 3339.81 33.52 
 

Parents 
2nd season 

IET SET IBM SBM IPP SPP GY PE 

L55 34.65 7.49 18.06 0.25 0.88 0.06 3390.34 25.84 

L61 30.56 4.81 15.47 0.12 1.09 0.07 3553.74 30.53 

L70 28.98 5.42 16.04 0.17 0.81 0.05 3652.34 28.41 

L76 13.70 2.09 16.52 0.17 0.87 0.05 3553.94 26.98 

L77 14.14 2.42 22.66 0.53 0.65 0.03 3486.24 28.01 

L88 16.68 2.52 25.72 0.54 0.61 0.05 3524.14 26.03 

P1 26.37 5.00 23.50 0.56 0.51 0.05 3295.34 30.46 

P8 21.74 4.11 23.88 1.30 1.00 0.05 3538.84 28.37 
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Thus, in the first season, these lines were the 

parents that contributed most with favorable 
alleles to increase the disease resistance levels in 
the diallel crosses. In contrast, line L88 had the 

highest GCA estimates for the traits related to 
resistance against B. maydis and P. polysora. For 
E. turcicum, lines L77 and L55 contributed least 
to raise the resistance levels (Table 3). These lines 

tend to produce hybrids with higher susceptibility 
to these diseases. For grain yield (GY) and 
popping expansion (PE), no lines were found 

responsible for increasing the means of both traits 
simultaneously, which can be explained by the 
fact that these traits are negatively correlated 

(Rangel et al., 2011; Freitas et al. al., 2013; Cabral 
et al., 2015). In this way, line P8 had the highest 
GCA estimates for PE, increasing the mean of this 
trait in its crosses. For GY, the highest GCA 

estimates were observed in lines P1 and L88. 

In the second season, lines L76 and L61 
contributed most to the reduction of E. turcicum 

and B. maydis incidence and severity, 
respectively. As in the first season, parent L61 
stood out as an important source of favorable 

alleles to favor B. maydis resistance. In relation to 
P. polysora, the lowest GCA estimates for this 
trait were observed in lines P1 and L77, which are 
the most promising (Table 3). In the second 

season, the GCA estimates for disease incidence 
and severity of the parents were generally higher 
than in the first, except in the case of polysora rust, 

for which the variability for GCA in the second 
growing season was not significant (Table 3).  

According to Engelsing et al. (2011) and 
Nihei and Ferreira. (2012), environmental factors 

may influence the expression of resistance-related 
genes, possibly due to variations in latitude, 
temperature, relative air humidity and 

fertilization. In this study, environmental factors 
favored a higher intensity of B. maydis and E. 
turcicum in the second growing season, which 

caused differences in the GCA of the lines 
between the seasons. In this way, the selection of 
parents in the second season is more promising to 
distinguish resistant genotypes. On the other hand, 

for polysora rust resistance, the environment was 
unfavorable for selection of parents. 

For GY, highest GCA estimates were 

found in lines L70 and L76, contributing to 
increase popcorn grain yield in the second 
season. Similarly, highest GCA estimates for PE 

were observed in lines L61 and P1, which are 

therefore considered promising for breeding 
programs, if increased popping expansion is 
targeted (Table 3). 

Lines L61, L70 and L76 had the best GCA 
values for the set of variables, in both growing 
seasons, demonstrating that these genotypes are 
very promising and can be used in popcorn 

breeding programs as sources of favorable alleles 
for the development of cultivars that are more 
resistant to E. turcicum, B. maydis and P. 

polysora, along with high gains for grain yield 
and popping expansion. 

Trait correlations with the 
genetic merits of the lines 

The correlation between traits based on the 

additive genetic merit (𝐺𝐶𝐴 + 𝐺𝐶𝐴 x season) 

indicates the possibility of simultaneous trait 

selection for the parents to obtain faster results 

for two traits than with direct selection. However, 

the correlation between popcorn traits may differ 

due to the growing season, indicating that certain 

simultaneous gains between traits will occur 

because of the adaptation of a genotype to a given 

growing season. For this reason, the correlations 

of the genetic merit of the parents between traits 

within each season were estimated (Table 4). 

The results of the first season showed a 

significant correlation between IBM and IPP (r = 

0.93, p <0.01), IBM and SPP (r = 0.84, p <0.01); 

and between IPP and SPP (r = 0.81, p <0.01). The 

high correlation between B. maydis and P. 

polysora incidence in the first growing season 

allows simultaneous gains with the selection of 

parents for resistance to only one disease. In 

breeding programs, simultaneous selection 

accelerates the process for more than one trait 

and, consequently, cultivars that are resistant to 

more than one disease can be developed. 

In the second season, significant 

correlations were observed between IBM and 

SBM (r = 0.75, p = 0.03); and EIT and SET (r = 

0.96, p <0.01). In this way, resistant parents for 

B. maydis and E. turcicum can be selected using 

only one trait - incidence or severity. Therefore, 

and for greater practicality, it is recommended to 

use incidence-related traits as the main variable 

in field experiments, under natural disease 

infection, as pointed out by Kurosawa et al. 2017. 
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Table 4. Correlations between the estimates of additive genetic merit (GCA) for the first (upper diagonal) and 
second growing season (lower diagonal), for  IET (%), SET (%), IBM (%), SBM (%), IPP (%), SPP (%), GY 
(kg.ha-1) and PE (mL.g-1). 

Traits IET IBM IPP SPP SET SBM PE GY 

IET -        

IBM -0.44ns - 0.93** 0.84** 0.21ns    

IPP   - 0.91** 0.43ns    

SPP    - 0.61ns    

SET 0.96** -0.35ns   -    

SBM -0.27ns 0.75*   -0.18ns -   

PE 0.26ns -0.13ns   0.10ns 0.04ns -  

GY        - 

P value:  ** p < 0.01; * p < 0.05; ns non-significant. 
 

Genotype value of the hybrids 

For the disease-related traits in both 

growing seasons, at least one line with low GCA 

estimate was observed among the hybrid 

combinations with lowest of ℎ𝑖𝑗𝑙  estimates 

(Table 5). This shows that the desirable effect of 

allelic accumulation of the parents resulted in 

good gene complementation in the hybrid 

combinations. It is desirable that the hybrid 

combinations with more favorable SCA estimates 

involve at least one of the parents with the most 

favorable GCA effect (Cruz et al., 2012). 

The traits popping expansion, yield and 

disease resistance are considered the most 

important in popcorn (Scapim et al., 2010) and 

the development of genotypes that aggregate all 

these traits is therefore fundamental for 

producers. In this aspect, the ℎ𝑖𝑗𝑙  estimates of the 

hybrids L61 x L70, L70 x L77, L61 x L76, L70 

x L76, L61 x P1 and L61 x P8 were the lowest 

for the studied disease group in the first growing 

season, indicating these hybrids as promising. 

However, only hybrids L70 x L76, L70 x L77, 

L61 x P1 and L61 x P8 had high ℎ𝑖𝑗𝑙  estimates 

for GY and PE as well (Table 5). 

Table 5. Estimates of the genotypic value of the hybrids (ℎ𝑖𝑗𝑙), added to the overall trait mean, for the traits 
incidence and severity to E. turcicum (IET, SET), B. maydis (IBM, SBM), P. polysora (IPP, SPP), grain yield 
(GY) and popping expansion (PE) in the first and second growing season. 

Genotype 

IET SET IBM SBM 

season season season season 

1st 2nd 1st 2nd 1st 2nd 1st 2nd 

L55xL61 14.27 45.36 5.06 8.36 5.61 9.97 0.04 0.02 

L55xL70 13.30 44.96 5.43 8.59 7.35 10.51 0.04 0.03 

L55xL76 10.60 18.07 3.30 3.81 11.87 13.10 0.05 0.06 

L55xL77 15.39 13.84 6.10 3.76 14.64 18.77 0.06 0.25 

L55xL88 18.47 21.54 5.11 3.63 14.43 20.12 0.33 0.14 

L55xP1 13.88 45.93 7.21 9.52 8.98 19.41 0.06 0.22 

L55xP8 13.67 21.55 6.94 6.37 14.41 20.45 0.06 0.50 

L61xL70 17.81 48.18 3.95 8.31 5.26 11.28 0.04 0.04 

L61xL76 7.64 14.75 1.30 1.92 6.95 9.12 0.06 0.06 

L61xL77 5.77 6.72 0.95 0.87 8.14 15.56 0.09 0.07 

L61xL88 8.06 13.05 0.96 1.60 8.62 17.93 0.04 0.04 

L61xP1 6.14 25.60 2.29 4.14 4.95 13.38 0.05 0.02 

L61xP8 7.56 27.97 2.45 5.05 5.81 14.72 0.05 0.09 

L70xL76 10.82 15.87 3.31 3.25 6.15 9.26 0.06 -0.05 



Functional Plant Breeding Journal / v.2, n.2, a2 

 

 

p. 41 

Table 5. Estimates of the genotypic value of the hybrids (ℎ𝑖𝑗𝑙), added to the overall trait mean, for the traits 
incidence and severity to E. turcicum (IET, SET), B. maydis (IBM, SBM), P. polysora (IPP, SPP), grain yield 
(GY) and popping expansion (PE) in the first and second growing season (Continuation) 

Genotype 

IET SET IBM SBM 

season season season season 

1st 2nd 1st 2nd 1st 2nd 1st 2nd 

L70xL77 7.03 5.04 1.39 0.95 6.91 17.02 0.07 0.09 

L70xL88 10.90 13.35 1.64 2.06 9.81 18.48 0.06 0.12 

L70xP1 11.77 29.41 4.49 5.90 5.37 17.84 0.06 0.05 

L70xP8 9.44 23.28 3.35 4.90 8.04 17.51 0.09 0.17 

L76xL77 12.09 2.33 2.90 0.36 11.28 16.04 0.09 0.06 

L76xL88 14.59 7.73 2.22 0.62 13.75 21.07 0.10 0.12 

L76xP1 9.39 9.51 3.62 2.17 9.37 17.70 0.05 0.15 

L76xP8 7.79 8.41 1.68 1.09 10.82 18.73 0.13 0.26 

L77xL88 16.41 4.64 2.28 -0.01 17.42 27.57 0.10 0.26 

L77xP1 11.78 12.21 3.51 2.44 11.64 23.59 0.10 0.61 

L77xP8 12.71 6.55 2.99 1.48 14.20 25.60 0.07 1.34 

L88xP1 12.96 16.62 2.51 2.67 15.02 30.54 0.20 0.92 

L88xP8 15.21 12.45 5.01 2.98 18.13 31.62 0.06 1.85 

P1xP8 13.35 19.31 5.31 5.37 14.91 26.73 0.07 1.03 

L55xL61 27.37 1.38 12.27 0.17 3302.29 3474.31 31.70 28.80 

L55xL70 27.88 1.14 12.81 0.02 3480.87 3750.99 31.56 25.24 

L55xL76 29.81 0.79 14.96 0.04 3841.81 3882.34 32.64 23.59 

L55xL77 32.49 0.56 15.87 0.03 3074.09 3057.53 31.18 26.35 

L55xL88 33.71 0.69 16.68 0.06 3621.80 3599.89 32.46 26.93 

L55xP1 29.00 0.52 13.49 0.04 3196.31 2827.93 29.35 28.11 

L55xP8 34.18 1.23 16.35 0.06 2821.10 2920.34 30.15 23.27 

L61xL70 23.75 0.90 11.33 0.04 2633.58 3187.01 32.42 30.78 

L61xL76 24.81 1.63 10.75 0.06 4204.83 4561.54 32.67 31.91 

L61xL77 26.05 1.14 13.79 0.06 3895.82 4175.34 33.65 30.78 

L61xL88 28.42 0.68 13.32 0.03 4086.31 4381.94 30.43 28.86 

L61xP1 24.28 1.00 12.47 0.13 3792.34 3722.76 33.79 34.54 

L61xP8 25.58 1.21 10.73 0.04 3810.01 4141.29 34.21 31.97 

L70xL76 23.85 0.90 13.22 0.06 4115.13 4605.04 32.54 26.73 

L70xL77 25.71 0.70 14.59 0.04 4386.84 4771.64 33.97 28.64 

L70xL88 27.50 0.84 15.09 0.12 4758.33 5167.74 33.67 29.50 

L70xP1 22.88 0.63 13.15 0.06 3737.59 3807.34 34.95 31.90 

L70xP8 27.02 0.75 12.66 0.01 3865.63 4347.88 34.08 27.36 

L76xL77 28.73 0.61 12.79 0.01 4443.05 4600.85 31.28 24.50 

L76xL88 30.32 0.65 14.70 0.09 4248.77 4425.11 29.56 24.04 

L76xP1 25.13 0.47 11.55 0.02 4215.93 4019.64 33.38 31.22 

L76xP8 29.09 1.32 15.90 0.13 3933.59 4183.37 34.47 29.64 

L77xL88 32.66 0.41 15.89 0.03 4552.71 4623.61 32.00 26.39 

L77xP1 27.80 0.28 13.12 0.01 3405.41 3151.47 34.09 32.12 

L77xP8 30.17 1.06 15.42 0.09 4066.81 4232.17 33.63 27.52 

L88xP1 29.44 0.31 15.59 0.03 4450.01 4184.32 34.20 31.09 

L88xP8 33.26 0.72 18.31 0.05 4097.39 4260.17 32.08 25.25 

P1xP8 27.90 0.56 13.85 0.03 3595.02 3423.09 35.04 31.80 
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In the second growing season, not many 

combinations could be selected with simultaneous 

gains for disease resistance and agronomic traits. 

However, some hybrids were promising for 

selection for higher grain yield and popping 

expansion, and reduction of incidence and 

severity of at least one disease. In this respect, the 

combinations L61 x L77, L76 x P1 and L77 x P1 

stood out with the lowest estimates for E. turcicum 

and with high positive estimates for GY and PE. 

Likewise, the combinations L61 x L76 and L61 x 

L70 were promising for their high positive PE and 

GY estimates and lower estimates for the traits 

related to B. maydis resistance. 

In both growing seasons, the ℎ𝑖𝑗𝑙  estimates 

of the hybrids L61 x L76, L61 x L77 and L76 x 

P1 were low for the evaluated disease set and 

high for grain yield, indicating that they are the 

most indicated for official recommendations for 

cultivation in both evaluated seasons. 

Correlation between traits with the 
genotype value of the hybrids 

The correlations with the genotypic value 

of the hybrids (ℎ𝑖𝑗𝑙) were estimated among the 

traits evaluated in two growing seasons, to 

analyze the degree of association of these traits 

for hybrid selection. These estimates were only 

considered in cases in which the variance 

components of the genotypic value were 

statistically higher than zero (p <0.05). 

Therefore, the correlations with SBM were not 

computed in the first growing season, while in 

the second season, the correlations with IPP and 

SPP were not shown (Table 6). 

Table 6. Correlations between estimates of the genotypic value of the hybrids (ℎ𝑖𝑗𝑙), for the first growing 
season (upper diagonal) and second growing season (lower diagonal), for EIT (%), SET (%), IBM), SBM (%), 
IPP (%), SPP (%), GY (kg.ha-1) and PE (mL.g-1). 

Traits IET IBM IPP SPP SET SBM PE GY 

IET - 0.52** 0.55** 0.40* 0.64**  -0.41* -0.37* 

IBM -0.41* - 0.87 * 0.80** 0.23ns  -0.19ns 0.15ns 

IPP   - 0.81** 0.37*  -0.46** -0.06ns 

SPP    - 0.20 ns  -0.14ns 0.13ns 

SET 0.96** -0.32ns   -  -0.36ns -0.70** 

SBM -0.25ns 0.82**   -0.12ns -   

PE 0.13ns -0.09ns   0.04ns -0.10ns - 0.25ns 

GY -0.59** 0.55ns   -0.70** -0.07ns -0.05ns - 

P value:  ** p < 0.01; * p < 0.05; ns non-significant. 
 

In relation to the correlation estimate of 

grain yield (GY) with the other traits in both 

growing seasons, there was a significant and 

negative association between EIT (r = -0.37, p 

<0.05) and SET r = -0.70, p <0.01) in the first 

(above the diagonal) and in the second growing 

season (below the diagonal) for trait SET (r = -

0.70, p <0.01) (Table 6). This relationship shows 

that the higher the intensity and severity of E. 

turcicum, the lower the grain yield of the crop. 

Negative correlations between grain yield and 

leaf diseases in maize were reported by Santos et 

al. (2002) and Dudienas et al. (2013). 

In the first growing season, the incidence of 

B. maydis was positively correlated and 

statistically higher than zero (p <0.01), with EIT 

(r = 0.52), IPP (r = 0.87) and SPP (r = 0.80). Along 

this line, hybrids can be selected for these traits 

simultaneously, resulting in the development of 

genotypes that confer resistance to the main foliar 

diseases affecting popcorn. 

In the second growing season, there was a 

significant and positive correlation between 

IBM and SMB (r = 0.82, p <0.01); (P <0.01), 

i.e., the higher the proportion of diseased leaves, 

the greater the percentage of injured leaf area on 

the leaf of the first ear for these traits. According 

to Amorim (1995) and Bergamin Filho (1996), 

for leaf diseases, the severity adequately 

represents the disease level, although the 

determination is somewhat unreliable, due to the 

high subjectivity of estimation and the need of 

training or continuous use of a diagrammatic 

scale (Bordin et al., 2018). Analogously to the 

GCA correlation between these traits in the 

second season, it is possible to recommend and 



Functional Plant Breeding Journal / v.2, n.2, a2 

 

 

p. 43 

use only the incidence of B. maydis and E. 

turcicum to discriminate the most resistant 

hybrids, optimizing the time of disease 

evaluation in the field. However, new 

evaluations are required to extrapolate these 

data to other sets of genotypes. 

Conclusions 

The non-additive gene effects are more 

important for the traits related to E. turcicum, B. 

maydis and P. polysora, popping expansion and 

grain yield, in the set of evaluated genotypes. 

There was no reciprocal effect on the traits 

associated with disease resistance and on the 

main agronomic traits. In both growing seasons, 

the genotypes L61, L70 and L76 increased the 

resistance level to E. turcicum, B. maydis and P. 

polysora more than the other lines and induced 

satisfactory gains in GY and PE. The 

combinations L61 x L76, L61 x L77 and L76 x 

P1 are promising for cultivation in both seasons, 

targeting a reduction in the levels of several 

diseases and increases in grain yields. The high 

correlation between the traits of one of the 

diseases (B. maydis and E. turcicum) in the 

second growing season indicated that the parents 

and hybrids can be selected based only on the 

respective disease incidence.  
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