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ABSTRACT. We estimated general and specific combining abilities and 
examined resistance to northern leaf blight (Exserohilum turcicum) and to 
gray leaf spot (Cercospora zeae-maydis) in a set of nine inbred popcorn 
lines. These inbreds were crossed in a complete diallel scheme without re-
ciprocals, which produced 36 F1 hybrids. Two experiments with a square 
lattice design and three replications were conducted during the 2008/2009 
crop season, in Maringá, PR, Brazil. The severity of northern leaf blight 
and gray leaf spot was assessed under natural infestation conditions. Data 
were examined by individual and joint analysis of variance. Individual and 
joint Griffing’s diallel analyses were carried out for adjusted means. General 
combining ability and specific combining ability were significant (P < 0.10) 
by the F-test for northern leaf blight and gray leaf spot infestation levels. 
This denotes that additive and non-additive gene effects both contributed 
to resistance to these diseases, but that the additive gene effects were more 
important. Among the inbred lines, P8 and P9 gave the highest resistance to 
northern leaf blight, and P3 and P4.3 gave the highest resistance to gray leaf 
spot. The hybrids P7.4 x P8 and P4.3 x P9 could be exploited by reciprocal 
recurrent selection to provide genotypes with both northern leaf blight and 
gray leaf spot resistance. Significant interaction between general combining 
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ability and crop season (P < 0.10) denotes the importance of environment, 
even though the disease levels in the hybrids were quite consistent.

Key words: Zea mays L.; Combining ability; Northern leaf blight; 
Exserohilum turcicum; Gray leaf spot; Cercospora zeae-maydis

INTRODUCTION

Since the advent of reduced tillage production systems and the continuous sowing 
of the same crop year round, in two agricultural seasons, leaf diseases of corn have greatly 
increased in their importance in Brazil. Furthermore, many commercial genotypes are suscep-
tible to leaf diseases, and the cropping season is coincident with the rainy season. In this re-
spect, northern leaf blight (NLB), caused by Exserohilum turcicum (Pass.) Leonard & Suggs, 
teleomorph Setosphaeria turcica (Luttrell) Leonard & Suggs and gray leaf spot (GLS), caused 
by Cercospora zeae-maydis Tehon & Daniels, have been among the most prevalent diseases.

The development of disease-resistant genotypes is one of the main objectives of corn 
breeding programs. Studies of combining ability and gene effects on leaf disease resistance have 
been extensively carried out in sets of common corn genotypes aiming to determine the most ap-
propriate breeding methods. In general, additive genes have greater importance than nonadditive 
genes for controlling both NLB and GLS (Thompson et al., 1987; Huff et al., 1988; Sigulas et al., 
1988; Elwinger et al., 1990; Ulrich et al., 1990; Donahue et al., 1991; Gevers et al., 1994; Carson, 
1995; Menkir and Ayodele, 2005; Vanegas-Angaritas et al., 2007; Derera et al., 2008). However, 
such studies have not been conducted for popcorn germplasm in Brazil and worldwide.	

Since the beginning of popcorn breeding in Brazil, which dates back to 1932 (Rangel 
et al., 2008), many breeding efforts have been made to develop superior genotypes. For this 
purpose, there are several areas of focus nowadays, namely cytogenetic (Ricci et al., 2007a,b; 
Silva et al., 2007), genetic diversity (Dandolini et al., 2008; Vilela et al., 2008), quality of 
seeds (Moterle et al., 2008), plant pathology (Vieira et al., 2009a), agronomic performance 
(Vendruscolo et al., 2001; Vieira et al., 2009b), and breeding methods (Simon et al., 2004; 
Daros et al., 2004a,b; Scapim et al., 2006; Rangel et al., 2008; Rodovalho et al., 2008; Santos 
et al., 2008; Arnhold et al., 2009; Freitas Júnior et al., 2006, 2009).

Diallel analysis has been applied to genetic studies of popcorn related to yield and 
popping expansion (Andrade et al., 2002; Scapim et al., 2002; Pinto et al., 2007; Vieira et al., 
2009c). Griffing’s (1956) diallel analysis provides information about the combining ability of 
genotypes and regarding the effect of genes on inheritance of traits. This methodology mea-
sures general combining ability (GCA), which provides information on the average behavior 
of parents as well as about the expression of additive gene effects. In addition, the effects of 
nonadditive genes are indicated by specific combining ability (SCA). Based on this approach, 
high positive or negative ĝi values indicate that GCA of the parent has greater influence on 
increasing or decreasing traits in their descendent hybrids. Regarding SCA, the ŝij effects rep-
resent the deviations of each hybrid combination from the expected values by GCA. Estimated 
ŝij values are used to infer which genotypes have appropriate genetic complementation, ex-
pressing the best trait indexes among the hybrids. For leaf disease control, negative values of 
ĝi and ŝij indicate genetic contribution to resistance. 

Therefore, the objectives of this study were to estimate GCA and SCA as well as to 
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examine gene effects on resistance to northern leaf blight (E. turcicum) and to gray leaf spot 
(C. zeae-maydis) in a set of nine popcorn inbred lines. This study aimed to provide information 
for the development of genotypes with appropriate genetic resistance levels. 

MATERIAL AND METHODS

Nine popcorn (Zea mays L.) inbred lines in the 7th endogamic stage (Table 1) were 
crossed in a complete diallel scheme without reciprocals, which provided 36 F1 hybrid combi-
nations. These inbreds were extensively tested for grain yield and popping expansion, but they 
were not previously selected or specifically tested for leaf disease resistance. For obtaining 
the hybrids, the inbreds were planted at 0.90 m between rows and 0.40 m between plants, in 
February 2008. Kraft paper bags were used to collect the pollen grains at flowering. Manual 
pollinations were then carried out for each pair of inbreds.

Inbred line	                                                     Genetic base		                             Reaction1

	                            Genotype	                 Genealogy	 Northern leaf blight	 Gray leaf spot

P1	 Three-way hybrid Zélia/Pioneer	 Temperate and tropical inbreds	 S2	 S2

P3	 Open pollinated variety CMS-42/Embrapa	 Tropical inbreds	 IR3	 nk
P4	 Open pollinated variety CMS-43/Embrapa	 Tropical inbreds	 IR3	 nk
P4.3	 Open pollinated variety CMS-43/Embrapa	 Tropical inbreds	 IR3	 nk
P5	 Open pollinated variety UEM-J1/UEM	 South American races of tropics	 IR3	 nk
P7	 Open pollinated variety UEM-M2/UEM	 Tropical inbreds	 IR3	 nk
P7.4	 Open pollinated variety UEM-M2/UEM	 Tropical inbreds	 IR3	 nk
P8	 Three-way hybrid ‘Zaeli’	 Temperate inbreds	 nk	 nk
P9	 Modified one-way hybrid IAC112/IAC	 Temperate and tropical inbreds	 R2	 nk
1R = resistant; IR = intermediate resistant; S = susceptible; nk = not known. 2According to Cruz and Pereira Filho 
(2008). 3Expected considering successive selection cycles for other traits, reported by Scapim et al. (2002).

Table 1. Origin of the inbred lines and their expected reaction to northern leaf blight, caused by Exserohilum 
turcicum, and to gray leaf spot, caused by Cercospora zeae-maydis.

Experimental trials were carried out over two cropping seasons in an experimental 
area of the State University of Maringá, in Maringá County, Northwest Paraná State, Brazil. 
Both trials had a 6 x 6-square lattice design, with three replications. In the first trial, the 36 
F1 hybrids were sowed in September 2008, and in the second one the hybrids were sowed in 
February 2009. The commercial hybrid IAC112 was included as check treatment by additional 
side plots. The plot was a row 5 m long with 25 plants. Plots were fertilized at sowing with 
50 kg/ha K2O, 20 kg/ha N, and 50 kg/ha P2O5, and at the V4 growth stage with 100 kg/ha N. 
Crop management in the experimental area followed the corn cropping recommendations for 
Southern Brazil. Foliar applications of fungicides were not used.

Severities of NLB and GLS were evaluated under natural infestation conditions at the 
R4 corn growth stage. Three leaves (1st leaf below the ear-leaf, ear-leaf, and 1st leaf above the 
ear-leaf) were assessed in four plants per plot. Diagrammatic scales were used for aiding the 
estimates of severity (Smith, 1989; Pataky, 1992).

Brown and Forsythe’s variation of the Levene test and the Kolmogorov-Smirnov meth-
od were implemented for examining traits about the homogeneity of variances and normal 
distribution of errors. Data transformation was not necessary. After these procedures, the data 
set from each cropping season was examined by analysis of variance (ANOVA). ANOVA was 
performed considering a statistical model of lattice intrablock analysis with adjusted treatments 
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and blocks within unadjusted replications, as follows: Yil(j) = µ + ti + rj + (b / r)l(j) + εil(j), in which 
Yil(j): observed values of ith F1 hybrid (i = 1 to 36) into block lth (l = 1 to 6) and replication jth (j = 
1 to 3); μ: overall mean of the trait; ti: effect of the ith F1 hybrid; rj: effect of the jth replication; 
(b / r)l(j): effect of lth block into the jth replication; εil(j): random error for each il(j) observation.

The homogeneity of the residual variances among cropping seasons was examined by the 
F-maximum test at 5% probability. Joint analysis of variance was carried out considering a statistical 
model of lattice intrablock analysis with adjusted treatments and blocks within unadjusted replica-
tions over the two cropping seasons. This statistical model is as follows: Yil(j)m = µ + ti + rj + (b / r)
l(j) + csm + (ti / csm)im + εil(j), in which Yil(j)m: observed values of ith F1 hybrid (i = 1 to 36) into block lth 
(l = 1 to 6) and replication jth (j = 1 to 3) at the mth cropping season (m = 1 or 2); μ: overall mean of 
the trait; ti: effect of the ith F1 hybrid; rj: effect of the jth replication; (b / r)l(j): effect of lth block into 
the jth replication; csm: effect of mth cropping season; (ti / csm)im: effect of interaction between the ith F1 
hybrid and the mth cropping season; εil(j): random error for each il(j)m observation. For joint analysis, 
entries, blocks and cropping seasons were considered to be as random model effects. Pooled error 
mean square was used to examine the significance of the sources of variation.

Mean adjustments of NLB and GLS severity values were obtained for each cropping 
season as well as for the combined seasons. It followed individual and joint statistical models for 
ANOVA. Adjusted means were used for individual and joint diallel analyses, following method 
IV, model I, proposed by Griffing (1956). Based on this procedure, the sum of squares from entries 
was partitioned into GCA and SCA, and their interactions with cropping season were estimated.

In the joint diallel analysis, the variance components for GCA and SCA were esti-
mated considering a random effect model. These components were used to decide whether 
GCA or SCA would be the most important for NLB and GLS resistance, helping to indicate 
the appropriate breeding techniques.

Tests of presuppositions and ANOVA procedures were performed by SAS 9.1, Win-
dows version (SAS Institute, Cary, NC). Individual and joint diallel analyses were carried out 
using the Genes program.

RESULTS

The F-maximum test did not disclose heterogeneity (P < 0.05) for mean square errors 
of individual analyses for NLB and GLS severities. Thus, it was possible to perform joint 
analysis considering the two cropping seasons. For both diseases, joint analysis indicated sig-
nificant differences (P < 0.01) for mean squares from entries, cropping season and interaction 
between entries and cropping seasons (Table 2).

Sources of variation	 d.f.	                                                           Mean square for severity of

		  Northern leaf blight	 Gray leaf spot

Entries (E)	   35	 205.23*	 11.19*

Replication	     2	    27.05ns	    5.64ns

Blocks within replication	   15	    23.42ns	    2.61ns

Cropping season (CS)	     1	 156.06*	 25.48*

E vs CS	   35	   41.75*	   4.67*

Pooled error	 127	  22.48	  2.07

Table 2. Analysis of variance for severities of northern leaf blight (Exserohilum turcicum) and of gray leaf spot 
(Cercospora zeae-maydis) in popcorn hybrids from complete diallel crosses over two cropping seasons.

*Significant at P < 0.01 by the F-test. nsNot significant (P > 0.05). d.f. = degrees of freedom.
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In the first trial, the adjusted means for NLB severity ranged from 2.40 (P4.3 x P8) to 
38.80% (P1 x P7.4) among the hybrid combinations (Table 3). For the second trial, the NLB ad-
justed severity means were from 0.00 (P3 x P8) to 24.90% (P1 x P7.4) (Table 3). Considering the 
joint analysis, the adjusted means for NLB ranged from 3.00 (P8 x P9) to 31.80% (P1 x P7.4). This 
denoted variability among the parental inbreds and among the hybrids, which allows breeding for 
this trait. Regarding the adjusted means of NLB severity in the joint analysis, the hybrid combina-
tions P8 x P9 (3.0%), P3 x P8 (3.4%), P4.3 x P8 (3.6%), P4 x P9 (5.1%), P7 x P8 (5.6%), P5 x P9 (5.4%), 
P7.4 x P8 (5.8%), P7 x P9 (6.0%), P4 x P8 (6.1%), P3 x P9 (6.2%), P4.3 x P9 (7.2%), P5 x P8 (7.4%), 
P7.4 x P8 (8.0%), P1 x P8 (8.3%) were the most outstanding when compared to the check treatment 
IAC112 (7.1%), which is a resistant standard according to Cruz and Pereira Filho (2008).

Hybrid			                             Severity (%)

		  Northern leaf blight			   Gray leaf spot

	 1st	 2nd	 Both	 1st	 2nd	 Both

P1 x P3	 23.3	 24.8	 24.1	 0.3	 3.1	 1.7
P1 x P4	 27.8	 19.1	 23.4	 1.6	 2.0	 1.8
P1 x P4.3	 17.3	 15.2	 16.3	 0.3	 2.2	 1.3
P1 x P5	 15.6	 11.3	 13.4	 4.6	 2.9	 3.8
P1 x P7	 21.4	   9.6	 15.5	 2.8	 3.1	 2.9
P1 x P7.4	 38.8	 24.9	 31.8	 1.5	 1.9	 1.7
P1 x P8	 10.8	   5.9	   8.3	 1.5	 4.6	 3.0
P1 x P9	 11.3	   8.3	   9.8	 2.5	 4.5	 3.5
P3 x P4	   6.7	 10.5	   8.6	 1.7	 2.0	 1.8
P3 x P4.3	 11.3	 10.0	 10.6	 1.0	 1.4	 1.2
P3 x P5	 10.8	   9.9	 10.3	 4.3	 1.9	 3.1
P3 x P7	 11.1	 11.5	 11.3	 4.4	 2.0	 3.2
P3 x P7.4	 20.6	 21.3	 21.0	 2.3	 2.6	 2.4
P3 x P8	   7.4	   0.0	   3.4	 1.0	 1.1	 1.1
P3 x P9	   6.7	   5.7	   6.2	 2.0	 3.8	 2.9
P4 x P4.3	   8.1	 11.6	   9.9	 3.3	 1.6	 2.4
P4 x P5	 11.7	 13.9	 12.8	 5.1	 3.6	 4.3
P4 x P7	 11.3	 13.0	 12.1	 3.8	 2.5	 3.1
P4 x P7.4	 26.4	 21.0	 23.7	 3.2	 1.9	 2.5
P4 x P8	   6.3	   6.0	   6.1	 1.6	 2.7	 2.2
P4 x P9	   4.6	   5.6	   5.1	 2.9	 3.0	 2.9
P4.3 x P5	 11.4	 14.2	 12.8	 4.4	 3.1	 3.7
P4.3 x P7	 11.9	 10.9	 11.4	 2.9	 2.2	 2.5
P4.3 x P7.4	 11.9	 19.0	 15.5	 2.3	 2.3	 2.3
P4.3 x P8	   2.4	   4.8	   3.6	 0.0	 2.7	 1.3
P4.3 x P9	   8.7	   5.6	   7.2	 1.4	 2.4	 1.9
P5 x P7	   9.1	 11.0	 10.1	 5.2	 4.4	 4.8
P5 x P7.4	 13.3	   9.3	 11.3	 3.8	 5.3	 4.5
P5 x P8	   6.6	   8.2	   7.4	 2.0	 1.6	 1.8
P5 x P9	   3.1	   7.7	   5.4	 5.9	 4.8	 5.4
P7 x P7.4	 17.7	   8.1	 12.9	 3.6	 6.8	 5.2
P7 x P8	   6.1	   5.0	   5.6	 1.9	 4.3	 3.1
P7 x P9	   7.8	   4.2	   6.0	 6.1	 10.0	 8.1
P7.4 x P8	   8.6	   7.4	   8.0	 2.1	 5.2	 3.6
P7.4 x P8	   8.9	   2.6	   5.8	 4.6	 7.9	 6.2
P8 x P9	   3.4	   2.6	   3.0	 0.5	 5.8	 3.1
IAC112	    5.9	   8.3	   7.1	 1.3	 3.6	 2.5

Table 3. Adjusted means (in the 1st, 2nd or both trials) for northern leaf blight (Exserohilum turcicum) severity 
and for gray leaf spot (Cercospora zeae-maydis) severity in 36 popcorn hybrids from complete diallel crosses 
without reciprocals (Maringá, Brazil, 2008/2009).

For GLS severity, the adjusted means were from 6.1 (P7 x P9) to 0.0% (P4.3 x P8) in the 
first trial, and from 10.0 (P7 x P9) to 1.1% (P3 x P8) in the second trial. Considering the joint 
analysis, the adjusted means ranged from 8.1 (P7 x P9) to 1.1 (P3 x P8). As the resistance reaction 
of the check treatment, IAC112, to GLS is unknown, the most outstanding hybrids from this 
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study were those that showed the lower GLS severity levels in the individual and joint analyses. 
These hybrids and their GLS severity means in the joint analysis were: P3 x P8 (1.1%), P3 x P4.3 
(1.2%), P4.3 x P8 (1.3%), P1 x P7.4 (1.7%), P3 x P4 (1.8%), P5 x P8 (1.8%), and P4.3 x P9 (1.9%).

Mean squares for GCA and SCA were significant by the F-test (P < 0.10) for both 
NLB and GLS (Table 4). This indicated that both additive and nonadditive gene effects con-
tributed to genetic resistance to NLB and GLS in the set of inbred lines. The relative magni-
tude of GCA and SCA by the variance components for random effects model indicated that 
additive gene effects accounted for major partitioning of variation among crosses for both 
diseases (Table 4). Significant mean squares were verified for the interaction between entries 
and cropping seasons. By partitioning this interaction value into GCA and SCA versus crop-
ping seasons, only the GCA versus cropping season interaction was detected (Table 4).

Source of variation	 d.f.	                                                         Mean square (MS) for severity of

		  Northern leaf blight	 Gray leaf spot

Entries (E)	   35	  260.76*	  13.61*

   General combining ability (GCA)	     8	  888.87*	  42.78*

   Specific combining ability (SCA)	   27	    74.65*	    4.98*

Cropping season (CS)	     1	 152.51	 25.63
E vs CS	   35	    32.33*	     5.59*

   GCA vs CS	    8	    69.37*	  15.85*

   SCA vs CS	   27	    21.35ns	     2.56ns

Pooled error	 110	   19.84	   1.82
GCA1	 	 116.32	   5.40
SCA2		    54.81	   3.16

Table 4. Joint Griffing’s (1956) diallel analysis, by method IV, model I, for the severity of northern leaf blight (Exserohilum 
turcicum) and gray leaf spot (Cercospora zeae-maydis) of 36 popcorn hybrids from complete diallel crosses.

*Significant at P < 0.10 by the F-test. nsNot significant (P > 0.10). 1Variance component for GCA considering random 
effect model (MSGCA - MSSCA / p - 2). 2Variance component for SCA considering random effect model (MSSCA - 
MSpooled error). d.f. = degrees of freedom.

Considering the individual diallel analyses, the highest negative ĝi values for NLB 
were found with the inbred lines P8 (-6.60), P9 (-6.19), P5 (-2.32), and P4.3 (-2.12) in the 
first trial, and only with the inbred lines P8 (-6.35), P9 (-6.01) in the second trial (Table 5). 
It means that these inbred lines could contribute to greater NLB resistance levels, espe-

Inbred line			                                  ĝi

		  Northern leaf blight			   Gray leaf spot

	 1st	 2nd	 Both	 1st	 2nd	 Both

P1	   9.78	   4.96	  7.37	 -0.97	 -0.44	 -0.70
P3	   0.01	   1.33	  0.67	 -0.70	 -1.35	 -1.03
P4	   0.73	   2.33	  1.53	  0.19	 -1.15	 -0.48
P4.3	 -2.12	   0.99	 -0.56	 -0.90	 -1.35	 -1.13
P5	 -2.32	   0.16	 -1.08	  1.92	  0.03	   0.98
P7	 -0.20	 -1.58	 -0.89	  1.26	  1.13	   1.20
P7.4	   6.91	   4.18	  5.54	  0.22	  0.93	   0.58
P8	 -6.60	 -6.35	 -6.50	 -1.61	  0.09	 -0.76
P9	 -6.19	 -6.01	 -6.10	  0.58	  2.12	   1.35
 SD ĝi	   0.75	   1.06	  0.91	  0.26	  0.29	   0.28
 SD ĝi - ĝj	   1.13	   1.59	  1.36	  0.40	  0.44	   0.42

Table 5. Estimated values (in the 1st, 2nd or both trials) of general combining ability (GCA) effects (ĝi) for 
northern leaf blight (Exserohilum turcicum) and gray leaf spot (Cercospora zeae-maydis) resistance in 9 popcorn 
inbred lines (Maringá, Brazil, 2008/2009).

SD = standard deviation.
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cially P8 and P9, unlike lines P1, P4 and P7.4, which showed high positive ĝi values and then 
tended to produce susceptible hybrids. For GLS, important negative ĝi values were found 
for P8 (-1.61), P1 (-0.97), P4.3 (-0.90), and P3 (-0.70) in the first trial, and with the inbred 
lines P3 (-1.35), P4.3 (-1.35) and P4 (-1.15) in the second trial (Table 5). This indicated that 
these inbred lines, especially P3 and P4.3, can lead to reduction in GLS severity. On the 
contrary, P5, P7 and P9 contributed to GLS susceptibility in their hybrid combinations.

Examining the estimated ŝij values from joint analysis, the hybrid combinations P7.4 
x P8 and P3 x P4 were promising genotypes for controlling NLB by genetic resistance (Table 
6). Even though P7.4 x P8 was considered to be the most outstanding due to having a parental 
inbred with high negative ĝi. On the contrary, hybrids P1 x P7.4 and P4 x P7 showed high positive 
ŝij, performing worse than the expected based on GCA of its parental inbred lines. In short, it 
means that the NLB severity levels shown by these hybrids were higher than expected levels, 
in accordance with GCA of their parental inbred lines.

Hybrid			                                 ŝij

		  Northern leaf blight			   Gray leaf spot

	 1st	 2nd	 Both	 1st	 2nd	 Both

P1 x P3	   1.23	  7.96	   4.62	 -0.77	   1.47	   0.35
P1 x P4	   5.06	  1.26	   3.16	 -0.36	   0.17	 -0.09
P1 x P4.3	 -2.59	 -1.30	 -1.95	 -0.57	   0.57	   0.00
P1 x P5	 -4.09	 -4.37	 -4.23	   0.91	 -0.11	   0.40
P1 x P7	 -0.41	 -4.33	 -2.37	 -0.23	 -1.01	 -0.62
P1 x P7.4	   9.88	  5.22	   7.55	 -0.49	 -2.01	 -1.25
P1 x P8	 -4.61	 -3.25	 -3.93	   1.35	   1.53	   1.44
P1 x P9	 -4.52	 -1.20	 -2.86	   0.16	 -0.60	 -0.22
P3 x P4	 -6.26	 -3.71	 -4.99	 -0.53	   1.09	   0.28
P3 x P4.3	   1.18	 -2.87	 -0.85	 -0.14	   0.69	   0.27
P3 x P5	   0.88	 -2.14	 -0.63	   0.34	 -0.20	   0.07
P3 x P7	 -0.94	   1.20	   0.13	   1.10	 -1.20	 -0.05
P3 x P7.4	   1.45	   5.25	   3.35	   0.04	 -0.40	 -0.18
P3 x P8	   1.76	 -5.53	 -1.88	   0.57	 -1.06	 -0.24
P3 x P9	   0.65	 -0.17	   0.24	 -0.61	 -0.39	 -0.50
P4 x P4.3	 -2.74	 -2.27	 -2.50	   1.27	   0.69	   0.98
P4 x P5	   1.06	   0.86	   0.97	   0.26	   1.30	   0.78
P4 x P7	 -1.45	   1.70	   0.13	 -0.39	 -0.90	 -0.64
P4 x P7.4	   6.54	   3.95	   5.24	   0.06	 -1.30	 -0.62
P4 x P8	 -0.05	 -0.53	 -0.29	  0.29	   0.34	   0.31
P4 x P9	 -2.16	 -1.27	 -1.72	 -0.60	 -1.39	 -0.99
P4.3 x P5	   3.61	   2.50	   3.06	   0.64	   1.00	   0.82
P4.3 x P7	   1.99	   0.95	   1.47	 -0.20	 -1.00	 -0.60
P4.3 x P7.4	 -5.12	   3.29	 -0.92	 0.24	 -0.70	 -0.23
P4.3 x P8	 -1.11	 -0.38	 -0.75	 -0.23	   0.54	   0.16
P4.3 x P9	   4.78	   0.08	   2.43	 -1.01	 -1.79	 -1.40
P5 x P7	 -0.61	   1.88	   0.63	 -0.71	 -0.19	 -0.45
P5 x P7.4	 -3.52	 -5.58	 -4.55	 -1.07	   0.91	 -0.08
P5 x P8	   3.29	   3.85	   3.57	 -1.04	 -1.94	 -1.49
P5 x P9	 -0.62	   3.00	   1.19	   0.67	 -0.77	 -0.05
P7 x P7.4	 -1.24	 -5.04	 -3.14	 -0.61	   1.31	   0.35
P7 x P8	   0.68	   2.39	   1.53	 -0.49	 -0.34	 -0.41
P7 x P9	   1.96	   1.25	   1.60	   1.53	   3.33	   2.43
P7.4 x P8	 -3.94	 -0.97	 -2.45	   0.76	   0.76	   0.76
P7.4 x P8	 -4.05	 -6.11	 -5.08	   1.07	   1.43	   1.25
P8 x P9	   3.96	   4.42	   4.19	 -1.20	   0.17	 -0.51
SD ŝij	   1.83	   2.57	   2.20	   0.64	   0.71	   0.68
SD ŝij - ŝik	   2.77	   3.88	   3.33	   0.97	   1.07	   1.02
SD ŝij - ŝkl	   2.52	   3.55	   3.04	   0.89	   0.97	   0.93

Table 6. Estimated values (in the 1st, 2nd or both trials) of specific combining ability (SCA) effects (ŝij) for 
northern leaf blight (Exserohilum turcicum) and gray leaf spot (Cercospora zeae-maydis) resistance in 36 
popcorn hybrids from complete diallel crosses (Maringá, Brazil, 2008/2009).

SD = standard deviation.
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For GLS, the most outstanding ŝij values from joint analysis were found for the 
hybrid combinations P5 x P8 (-1.49) and P4.3 x P9 (-1.40). Hence, these hybrid combinations 
could be promising for controlling the disease. On the other hand, the hybrids P7 x P9 (ŝij of 
2.43) and P1 x P8 (ŝij of 1.44) performed worse than expected, in accordance with GCA of 
their parental inbred lines.

DISCUSSION

It was observed based on the variance components that additive gene effects were 
more prevalent than nonadditive gene effects for both NLB and GLS resistance in this set of 
Brazilian popcorn inbreds. In fact, heterotic effects by ŝij values were reduced and less dis-
crepant compared to the overall mean. Thus, the predominance of additive gene effects in the 
inheritance of resistance to both diseases was confirmed. Other studies also concluded that 
additive gene effects were greater than nonadditive ones for GLS (Thompson et al., 1987; 
Huff et al., 1988; Elwinger et al., 1990; Ulrich et al., 1990; Donahue et al., 1991; Gevers et 
al., 1994; Menkir and Ayodele, 2005; Vanegas-Angaritas et al., 2007; Derera et al., 2008) and 
NLB (Sigulas et al., 1988; Carson, 1995). In fact, it is believed that due to the prevalence of 
additive gene effects, breeding methods based on recurrent selection are more effective. In this 
respect, P8 and P9 were considered to be the most useful for providing NLB resistance, and P3 
and P4.3 were considered to be the most useful for providing GLS resistance.

Even although additive genes were prevalent, nonadditive effects were also significant 
for reducing both diseases. It was demonstrated that additive and nonadditive genes act together 
in controlling NLB and GLS. Hence, we have to consider the average performance of an in-
bred in hybrid combinations and the specific hybrid combinations. Regarding GLS resistance, 
significant SCA effects were also reported by Huff et al. (1988), Elwinger et al. (1990), Gevers 
et al. (1994), and Vanegas-Angaritas et al. (2007). However, nonadditive gene effects of SCA 
have never been considered predominant over additive gene effects (Derera et al., 2008). In our 
study, some hybrid combinations were identified for successfully controlling the disease. In this 
respect, hybrid combinations P7.4 x P8 and P4.3 x P9 can be exploited by reciprocal recurrent selec-
tion aiming to provide populations and inbreds with resistance to both NLB and GLS.

Hallauer and Miranda Filho (1988) pointed out that external environmental fac-
tors such as weather, soil, and pests probably have a greater effect on single crosses than 
other types of hybrids. Single hybrids usually interact more with the environment than 
double-cross hybrids (Troyer, 1996). In addition, the development of diseases usually 
is different between environments due to the environmental conditions, which also con-
tribute to genotype-by-environment interactions. The results for all interactions observed 
in the joint analysis suggest that the hybrids did not have the same relative performance 
across cropping seasons. In partitioning the entries versus cropping season’s interaction 
into GCA versus cropping seasons and SCA versus cropping seasons, only the GCA ver-
sus cropping season interaction was significant (P < 0.10). It means that SCA effects, 
being positive or negative, are supposed to be consistent over the two trials. This also 
denotes the importance of environment and genotype-environment interaction effects for 
these traits. In general, even though some variation in performance was observed based 
on the GCA versus cropping season interaction, the severity levels of NLB and GLS in the 
hybrids were quite consistent across the two cropping seasons.
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