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ABSTRACT. In recent years, there has been a large incidence of fungi 
causing “ear rot” in maize in Brazil, the main fungus being Fusarium 
verticillioides. The most efficient and competitive alternative for control 
of this disease consists of using maize hybrids resistant to this pathogen. 
Thus, the aims of this study were to analyze the genetic variability of 
maize inbred lines in regard to resistance to ear rot to observe if there 
is a maternal effect to resistance to ear rot, to study genetic control 
of the traits evaluated in hybrids originating from inbred lines of the 
maize breeding program at the Agriculture Department of Universidade 
Federal de Lavras (Lavras, MG, Brazil), and characterize the gene 
expression pattern related to the plant defense mechanism against F. 
verticillioides. High genetic availability was observed for resistance to 
this disease among the inbred lines evaluated. Considering combined 
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diallel analysis, it was observed that the mean square of general 
combining ability (GCA) was not significant for the characteristic under 
study. However, specific combining ability (SCA) was significant, 
which indicates the predominance of non-additive effects involved in 
control of the characteristic for the population evaluated. A maternal 
effect was not observed for the characteristic of ear rot resistance in 
this study. Inbred lines 22, 58, and 91 showed potential for use in 
breeding programs aiming at resistance to F. verticillioides. Only two 
genes, LOX8 and Hsp82, had a satisfactory result that was able to be 
related to a plant defense mechanism when there is ear rot infection, 
though expression of these genes was observed in only one susceptible 
genotype. Thus, the genes LOX8 and Hsp82 are potential molecular 
markers for selection of maize inbred lines resistant to F. verticillioides.
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INTRODUCTION

The increase in maize cultivation in the no-tillage system, the lack of crop rotation and 
succession, and favorable climatic conditions are among the most relevant causes of the high 
incidence of pathogens that cause ear rot (Casa et al., 2006), such as Fusarium verticillioides, 
Fusarium graminiareaum, Gibberella zeae, Diplodia maydis, and Diplodia macrospora. 
Among them, F. verticillioides stands out from the other fungi that cause ear rot due to its 
wide occurrence throughout the world and because it produces mycotoxins of the fumonisin 
group (van Egmond et al., 2007; Reid et al., 2009). It is a fungus that can damage the quality 
of products, leading to loss of yield and nutritional value of the kernels, as well as reducing 
their palatability to animals (Silva et al., 2007).

The most efficient control method for this disease consists of the use of hybrids 
resistant to F. verticillioides; thus, maize breeding programs throughout the world have 
invested resources aiming to obtain genetic gain for resistance to this and to other fungi of 
the ear rot complex. In the literature, heritability of resistance to the symptoms caused by 
Fusarium spp and manifested in kernels is estimated to be of medium to high magnitude 
(Robertson et al., 2006; Martin et al., 2012), showing that there is correspondence between 
the phenotypic value and genetic value, which facilitates gain from selection. However, 
genetic control and the mechanisms of plant resistance to this fungus have not yet been fully 
explained. Some studies have also indicated the presence of a maternal effect in resistance to 
ear rot (Kovács et al., 1994; Mukanga et al., 2010). Diallel analysis may be an alternative for 
studying genetic inheritance of characteristics that are controlled both by nuclear genes and 
maternal or extrachromosomal inheritance.

In addition, identification of genes related to resistance to ear rot through quantitative 
analysis of the gene expression profile may be effective for developing functional markers 
for use in the process of selecting superior genotypes for such a characteristic. It should be 
borne in mind that evaluation of the percentage of ear rot constitutes an important difficulty 
in carrying out maize breeding programs because of the time necessary for evaluation of all 
the progenies before selection of the best. Thus, knowledge and use of markers can facilitate 
evaluation of plant resistance to F. verticillioides.
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In general, the plant defense system is associated with an increase in the activity of 
proteins related to pathogenesis (PR) and to other defense processes such as oxidative burst, 
phytoalexin accumulation, lignification, and cell wall stiffening (Durrant and Dong, 2004). 
Nevertheless, PR are detected due to their accumulation in plants under the action of some 
biotic stress and not necessarily for their antipathogenic action. Real time PCR has been very 
effective in studies for identification of genes of resistance to biotic and abiotic stresses.

Up to now, there have not been a large number of studies in the literature for the 
purpose of analyzing inheritance of the disease using genotypes developed in Brazil. Thus, 
the aims of this study were to evaluate the reaction of maize inbred lines originating from the 
germplasm bank of the Agriculture Department of Universidade Federal de Lavras (UFLA) 
when inoculated with F. verticillioides, to observe if there is a maternal effect for resistance to 
ear rot, to study genetic control of this characteristic and the correlation of the traits studied, 
and to characterize the gene expression pattern related to the plant defense mechanism against 
the aforementioned pathogenic agent.

MATERIAL AND METHODS

This study was carried out in different steps. In the first step, screening was carried 
out for selection of the four most susceptible and the four most resistant inbred lines, which 
were used in obtaining hybrid and reciprocals. Subsequently, these genotypes were evaluated 
together with the inbred lines in a partial diallel arrangement in two regions of the south of 
Minas Gerais, Brazil. Finally, the aforementioned inbred lines were also evaluated in regard to 
gene expression for response to infection by F. verticillioides.

Screening of the inbred lines

In this step, 30 elite inbred lines from the maize active germplasm bank of UFLA 
were evaluated in relation to infection from F. verticillioides. The experiment was conducted 
in completely randomized blocks with three replications and 30 treatments in an experimental 
area of the Agriculture Department of UFLA in the 2011/2012 crop season. Each plot consisted 
of two 5-m rows at a spacing of 0.8 m, and each row consisted of 20 plants.

At sowing, 400 kg/ha of formula 8 (N): 28 (P2O5): 16 (K2O) were used. Later, 300 
kg/ha of formula 30 (N): 00 (P2O5): 20 (K2O) was applied in the fully expanded 4-5 leaf 
stage. The control of the invasive plants was done with the herbicide Primestra Gold (atrazine 
+ metalaclor) in the dosage of 4 L/ha of commercial product, applied in pre-emergence. 
The other crop and plant health treatments were undertaken at suitable periods according to 
recommendations for the crop.

The inoculum of the fungus came from the mycology collection of Embrapa Milho 
e Sorgo, and it was replicated in the mycology laboratory of the Plant Pathology Department 
of UFLA. The isolates were grown in a complete medium for seven days before inoculation. 
The suspension of fungus conidia was adjusted through counting in a Neubauer chamber to 
106 conidia/mL at the time of inoculation. Inoculations of the pathogen were carried out 15 
days after 100% of the plants of the plot had developed style-stigmas in the field. A pipette was 
used for inoculation of 1 mL of the suspension obtained, in the central region of each ear, as 
proposed by Clements et al. (2003). The monthly mean temperatures and relative humidities 
of the 2011/2012 crop season are shown in Figure 1.
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The incidence of kernel damage was determined according to the procedure proposed 
by directive No. 11 of April 12, 1996 (Brasil, 1996). In a 300-g sample per plot, kernels 
were visually separated and the percentage of kernels with discoloration symptoms in more 
than one-fourth of the total surface area was determined. The data obtained were subjected to 
analyses of variance by the R software. The mean values were grouped by the Scott-Knott test 
at 5% probability using the Genes program.

Broad sense heritability (h2) in the mean of the cultivars was estimated using the 
expression cited by Ramalho et al. (2012):

Figure 1. Mean temperatures and relative humidities for the months of October 2011 to April 2012.

( )2 2 2 /    100m g fh xσ σ= (Equation 1)

where h2
m is the estimated mean heritability, σ2

g corresponds to genetic variance among the 
inbred lines, and σ2

f is phenotypic variance among the inbred lines estimated from the mean 
squares obtained.

Selective accuracy (rgg) was also estimated as a measure of experimental precision 
according to the expression proposed by Cargnelutti Filho and Storck (2009):

11gg F
r

c
= − (Equation 2)

in which Fc is the value of the F test for the effect of inbred lines associated with analysis of 
variance.

The field for production of hybrid cross seeds was composed of eight blocks of four 
10-m rows, and each block consisted of 160 plants. One of the selected inbred lines was sown 
in each block. To prevent undesired crosses, the ears were protected with plastic bags before 
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development of the style-stigmas. When the stigmas were receptive, self-pollinations and the 
desired crosses were performed manually. The hybrids and their reciprocals were obtained 
through a partial diallel cross between two groups of inbred lines, with one group composed 
of inbred lines 22, 37, 58, and 91, resistant to the disease, and another composed of inbred 
lines 40, 64, 81, 83, susceptible to the disease. After harvest, the ears were dried and manually 
shelled and the seeds were cleaned and classified in regard to physical and health quality, 
eliminating those with visual signs of kernel damage.

Diallel analysis

In this step, two experiments were conducted, one in the experimental area of the 
Technology Development Center in Agriculture of UFLA, in the municipality of Lavras, MG, 
and the other in Instituto Federal do Sul de Minas in Inconfidentes, MG. The experiments were 
planted at the end of November 2013.

The climate of both municipalities is classified as mesothermic. In Table 1, the climate 
characteristics and geographical coordinates of each municipality are shown.

Table 1. Altitude, latitude, longitude, and climate characteristics of the municipalities of the south of Minas 
Gerais, Brazil - Inconfidentes and Lavras.

Location Altitude Latitude Longitude Mean annual temperature (°C) Mean annual rainfall 
Inconfidentes 1150 m 22o19'S 46o19'W 19.2 1400 to 1800 mm 
Lavras 919 m 21°75'S 45°W 19.3 1411 mm 

 

Evaluation was made of 40 maize genotypes, consisting of 16 single hybrids and their 
reciprocals, and eight inbred lines that gave rise to these hybrids by means of the partial diallel 
arrangement. The mean temperatures and monthly rainfall amounts of the 2013/2014 crop 
season in Lavras, MG are shown in Figure 2.

Figure 2. Mean temperatures and monthly rainfall of the 2013/2014 crop season in Lavras, MG, Brazil.
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The experiments were carried out in a randomized block design with three replications. 
Each plot consisted of two 4-m rows at a spacing of 0.6 m, and each plot consisted of 32 plants. 
All crop and plant health treatments were performed at suitable periods according to crop 
needs, as previously mentioned. The same inoculum of F. verticillioides from the mycology 
collection of Embrapa Milho e Sorgo mentioned in the previous step was used. Replication, 
growing procedures, and inoculation of the pathogen were also carried out as described above, 
and the following characteristics were evaluated: percent of diseased ears - all the ears and the 
number of diseased ears from each plot were counted to determine the percentage; percentage 
of damaged kernels - the incidence of damaged kernels was determined according to the 
procedure proposed by directive No. 11 of April 12, 1996 (Brasil, 1996); and grain yield - ears 
were manually harvested for determination of grain yield per hectare. The ears were shelled, 
the kernels were weighed, and then samples were taken for determination of moisture content. 
The grain yield data were corrected to 13% moisture and expressed in kg/ha. All the statistical 
and genetic analyses were carried out with the assistance of the Genes computational program 
(Cruz, 2013).

Initially, individual analysis of variance per location was carried out. The homogeneity 
of the residues was verified by the Hartley test. Pimentel-Gomes (2000) comments on the use 
of the maximum F test and concludes that if the ratio between the highest and lowest residual 
mean square is less than seven, combined analysis can almost always be carried out without 
problems. However, when this ratio goes much beyond this, it is appropriate to separately 
consider subgroups of experiments with not very heterogeneous residual mean squares.

After that, combined analysis of variance was carried out involving the two locations, 
using the following statistical model:

( ) ( ) ( )      Yijk m ti ak b k j ta ik e k ij= + + + + + (Equation 3)

in which Yijk is the observation of genotype i in block j within location k; m is the overall 
mean; ti corresponds to the effect of genotype i, i = 1, 2, ..., 40; ak is effect of location k, k = 
1, 2; b(k)j is the effect of block j within location k, j = 1,2, 3; (ta)ik corresponds to the effect 
of interaction between the genotypes i and the locations k; and ē(k)ij is the experimental error.

Individual diallel analysis was carried out using method 2 of Griffing (1956). Through 
this methodology, the values of the effects of general and specific combining abilities were 
determined. This method is characterized by the inclusion of the paternal inbred lines and of 
all the F1 hybrids resulting from the crosses, two by two and the reciprocals. The statistical 
model used was:

      Yij m gi gj sij eij= + + + + (Equation 4)

in which Yij is the observation of the hybrid combination involving the parents i and j; m is the 
overall mean; gi and gj correspond to the general combining ability of the i-th and j-th parent, 
respectively; and sij is the specific combining ability for the crosses between the parents.

After that, combined diallel analysis was carried out involving the two locations, 
considering all the effects as fixed, except for the genotypes and the experimental error, 
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assuming the same restrictions as individual diallel analysis. The statistical model adopted 
was the following:

( )                  Yij m gi gj sij ak gaik gajk saijk e k ij= + + + + + + + + (Equation 5)

where Yij is the observation of the hybrid combination involving the parents i and j; m is the 
overall mean; gi and gj are general combining ability of the i-th and j- th parent, respectively; 
sij corresponds to specific combining ability for the crosses between the parents of order i 
and j; ak is the effect of environment k; gaik and gajk are the effects of interaction between 
general combining ability (GCA) associated with the i and j-th parent with environment 
k, respectively; saijk is the effect of interaction between specific combining ability (SCA) 
associated with parents i and j and with the environment k; and, finally, ē(k)ij corresponds to 
mean experimental error.

Characterization of the gene expression pattern

Eight maize inbred lines numerically denominated as 22, 37, 58, 91, 40, 64, 81, and 
83 were evaluated, with the first four previously selected as resistant and the following four 
susceptible to F. verticillioides in regard to gene expression for response to infection from 
this pathogen. At 48 h after the period of inoculation, three replications were collected from 
each inbred lines. The material collected was stored in liquid nitrogen and conserved in a 
freezer at -80oC. Primers were developed in the Department of Plant Pathology of Kansas 
State University, Manhattan, KS, USA.

For analysis of gene expression by the qRT-PCR technique, the target genes chosen for 
primer design were those associated with the plant defense mechanism against pathogenicities 
in general and also genes that codify some respiration enzymes and heat shock proteins. A total 
of 18 target genes were selected to design the primers.

The primers used were designed using the Beacon Designer software after the search for 
gene sequences in the database of the NCBI (National Center of Biotechnology Information). 
The endogenous controls used were ubiquitin and ADH (alcohol dehydrogenase). To ensure 
the stability of the primers during the reaction cycles, some parameters were considered, such 
as size of the oligonucleotide, which ranged from 18 to 20 bp, and percentage of CG, from 30 
to 50%, and those with high capacity for dimer formation were eliminated.

For RNA extraction, the seed tissues in maize formation were macerated in liquid 
nitrogen with addition of the reagent Pure Link RNA Plant® (Invitrogen). RNA integrity was 
checked in 1% agarose gel. Quantification of the RNA was performed in a spectrophotometer, 
using wavelengths of 260 and 280 nm. After extraction of nucleic acids, the samples were 
treated with DNase to avoid any contamination with DNA. For that purpose, DNase Turbo Free 
(Ambion) was used and the protocol carried out according to manufacturer recommendations. 
After this treatment, the presence of DNA was verified in 1% agarose gel. After the RNA 
extraction and purification process, synthesis of cDNA was performed. To do so, the High 
Capacity cDNA Reverse Transcription cDNA® kit from Applied Biosystems was used, 
following the protocol recommended by the manufacturer.
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For analysis of quantitative gene expression by qRT-PCR, the ABI PRISM 7500 Real-
Time PCR (Applied Biosystems) device was used and the SYBR Green detection system. 
Programming for analysis was 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 
15 s at 95°C and 1 min at 60°C, and finishing with 15 s at 95°C. Each reaction used 1.0 μL 
cDNA diluted 1:5, 0.2 μL of each primer, and 5.0 μL Master Mix SYBR green UDG with 
ROX (Invitrogen) for a final volume of 10.0 μL/sample. The negative controls and the melting 
curves were included in all analyses.

Three biological replications in three technical replicates were used for each gene 
under study, with results normalized using the threshold cycle (Ct) obtained by the expression 
of the reference genes ubiquitin and ADH.

In this study, the comparative Ct method was used. Thus, a previous experiment of 
oligonucleotide validation was carried out to select those whose efficiency of amplification of 
the target gene and reference gene were similar and very near 100% (Tyagi et al., 1998). The 
cDNAs were diluted at 1:5, 1:25, 1:125, 1:625, and 1:3125 to generate the standard curves. 
This procedure also allowed definition of the best dilution for each reaction.

Random samples were used as calibrators and the method used to measure relative 
expression was the Relative Standard Curve Method, described in the manual of the device 
(Applied Biosystems). For quantification of gene expression by the real time PCR technique, 
the values obtained corresponding to the levels of mRNAs of the samples were compared to the 
values of the control mRNA levels. After obtaining crude data, they were analyzed through the 
7500 Software SDS program (Version 2.0.1). To calculate the level of expression of the selected 
genes, the following parameters were considered: Ct (exponential increase of the PCR product) 
of the target gene and endogenous control, ΔCt = Ct (sample) - Ct (endogenous control), and 
ΔΔCt = ΔCt (sample) - ΔCt (calibrator). After that, the level of expression was calculated by the 
formula: RQ = 2-ΔΔCt. The program SigmaPlot was used for plotting the graphs.

RESULTS AND DISCUSSION

In the step corresponding to screening, experimental precision in evaluation of the 
inbred lines in regard to resistance to ear rot caused by F. verticillioides was high, as indicated 
by the value of the selective accuracy estimate obtained of 0.8463. Accuracy is a parameter that 
refers to the correlation that exists between the true genotypic value of the genetic treatment 
and the values estimated or predicted from the data obtained in the experiment (Resende and 
Duarte, 2007). In addition, from the result of analysis of variance, it could be concluded that 
there is significant difference between the inbred lines in regard to the level of resistance to 
ear rot caused by F. verticillioides (data not shown). The climate conditions observed while 
carrying out the field experiment, with the drier climate during flowering and moisture during 
grain filling, were favorable to manifestation of symptoms caused by the pathogen and also 
contributed to screening of the inbred lines. According to White (1999), these conditions are 
ideal for high incidence of ear rot.

Mean heritability for the trait studied was 71.6%, highlighting the existence of 
genetic variance and indicating high correspondence between the phenotype and genotype 
of the individuals. This result corroborated that obtained by Robertson et al. (2006), who 
obtained a heritability estimate of 80% for the trait of resistance to F. verticillioides. Likewise, 
resistance to ear rot caused by F. graminearum verified by Martin et al. (2012) also showed 
high heritability (h2 = 0.79).
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The mean percentages of damaged kernels obtained constituted only two groups 
according to the Scott-Knott test (Table 2). Variability among the inbred lines was more evident 
analyzing the mean percentages of damaged kernels, which ranged from 4.38 in inbred line 
91 to 34.54 in inbred line 83, showing an amplitude of 30.16%. In a study conducted for the 
purpose of investigating the response of maize hybrids inoculated with ear-rot-causing fungi 
in two different crop seasons, Mendes et al. (2012) obtained mean percentages of damaged 
kernels from 2.63 to 7.06% in the 2006/2007 crop year; the mean values did not differ among 
themselves statistically. However, in the 2007/2008 crop season, the values obtained ranged 
from 4.72 to 33.05%, with statistical differences among the hybrids evaluated. According 
to the authors, the greater incidence of fungi in the second agricultural crop season was due 
to greater intensity of rain at the end of the crop cycle. The levels of resistance observed in 
this study compared to those observed by Mendes et al. (2012) in commercial hybrids in the 
second agricultural crop season can be considered high in dealing with a group of maize inbred 
lines, with low vigor. According to Hung and Holland (2012), hybrid vigor is important in 
expression of resistance to this disease because hybrids showed 27% fewer disease symptoms 
compared to the inbred lines. The four inbred lines that showed more promise in regard to 
resistance to ear rot were 22, 37, 58, and 91, and the most susceptible were 40, 64, 81, and 83 
(Table 2).

Table 2. Mean percentage of damaged kernels of 30 maize inbred lines. Lavras, MG, Brazil.

Means followed by the same letter in the columns do not differ among themselves by the Scott-Knott test at the 
level of 1% probability.

Line Mean percentage of damaged kernels Line Mean percentage of damaged kernels 
83 34.54a 3 17.10b 
64 33.15a 65 16.89b 
81 27.64a 9 15.79b 
40 27.09a 24 15.76b 
12 26.87a 43 15.44b 
45 25.07a 30 15.03b 
25 24.99a 26 15.02b 
G3 23.92a 70 14.80b 
84 23.09a 93 14.60b 
44 20.92a G2 13.69b 
57 20.68a 59 12.38b 
31 20.66a 37 11.31b 
17 20.28a 22 09.78b 
63 19.24b 58 06.84b 
99 17.38b 91 04.38b 
 

In the summary of analyses of variance carried out per location, for all the 
characteristics evaluated in the inbred lines and hybrids, significant differences (P ≤ 0.01) could 
be observed for the genotype source of variation for all the characteristics in Lavras. It should 
be highlighted that success in evaluation of cultivars is directly dependent on experimental 
precision. In this case, precision was evaluated by selective accuracy (rgg). The results showed 
that there was high experimental precision since the rgg values were mostly higher than 0.70 in 
the environment mentioned above for all the traits evaluated (Resende and Duarte, 2007). In 
addition, it was possible to detect significant differences among the genotypes for percentage 
of damaged kernels only in Lavras. Selective accuracy in this environment was of high 
magnitude (0.96429), indicating high experimental precision. Comparing this characteristic 
with the percentage of ears with symptoms of ear rot in Lavras, it can be inferred that evaluation 
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of the percentage of damaged kernels was more efficient for evaluation of resistance, due to 
high selective accuracy compared to the accuracy of the second characteristic mentioned, 
which was 0.7030.

In Inconfidentes, significant differences were observed only for percentage of ears with 
disease symptoms, there were not significant differences for percentage of damaged kernels. 
This may be attributed to selective accuracy for this characteristic, which was of low magnitude 
(0.2557), indicating low experimental precision. In this location, the climate conditions during 
the crop season were atypical, with a prolonged drought throughout the crop cycle, which 
hindered development of the disease and, consequently, the screening of genotypes in regard to 
resistance. This was evident upon comparing the mean percentage of damaged kernels among 
the locations. In Inconfidentes, this mean value was 1.29%, whereas in Lavras the mean was 
2.05%, that is, 37% higher (Tables 3 and 4). For the characteristics of grain yield and percent of 
ears with symptoms of ear rot, the genotypes in Lavras obtained better results, around 11.95 and 
4.9%, respectively, in relation to those obtained in Inconfidentes (Tables 3 and 4).

Table 3. Mean values for the characteristics of percentage of damaged kernels (DK), percentage of ears with symptoms 
of ear rot (ER), and grain yield (YIELD) obtained in the experiments conducted in Lavras, MG, Brazil, 2015.

Means followed by the same letter in the columns do not differ among themselves by the Scott-Knott test at the 
level of 1% probability.

Genotype DK ER Yield 
22 1.33c 13.71 8,985.64 
37 1.97c 30.09 7,989.58 
40 15.50a 38.54 1,239.81 
58 2.51c 8.76 6,987.50 
64 5.44c 30.99 562.73 
81 8.74b 57.46 1,483.56 
83 6.76b 29.49 659.02 
91 0.50c 18.42 9,647.68 
22/40 1.31c 13.88 8,756.94 
22/64 1.46c 41.20 9,385.87 
22/81 1.09c 8.36 9,491.20 
22/83 2.06c 30.46 8,031.71 
37/40 1.15c 34.97 7,174.07 
37/64 1.26c 14.67 7,809.62 
37/81 1.53c 14.82 9,250.46 
37/83 1.07c 26.32 6,193.05 
40/22 2.15c 27.21 9,397.91 
40/37 1.83c 25.42 7,851.15 
40/58 2.25c 7.69 8,621.52 
40/91 1.01c 8.59 8,940.50 
58/40 1.37c 17.64 9,003.70 
58/64 0.54c 11.59 8,137.03 
58/81 0.50c 9.29 6,235.18 
58/83 0.62c 5.98 7,083.79 
64/22 1.52c 12.30 8,474.07 
64/37 1.11c 21.68 7,429.86 
64/58 1.73c 41.89 8,137.03 
64/91 0.57c 13.76 10,153.24 
81/22 1.39c 13.25 9,671.75 
81/37 0.46c 17.55 7,411.80 
81/58 1.45c 10.53 9,124.07 
81/91 0.87c 14.98 7,493.05 
83/22 1.08c 39.48 7,273.37 
83/37 0.81c 25.54 5,591.20 
83/58 1.17c 47.38 7,291.43 
83/91 1.94c 39.48 8,218.28 
91/40 0.51c 7.13 8,991.66 
91/64 0.67c 1.59 9,151.15 
91/81 0.85c 10.42 8,844.21 
91/83 1.26c 16.37 6,581.25 
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The estimate of heritability of the percentage of ear rot obtained from the data 
collected in Lavras was 0.93, indicating that genetic value is very well represented by 
phenotypic value in this location. As already mentioned, this result emphasizes the existence 
of genetic variation for the characteristic and the possibility of success in the selection process. 
From the magnitudes of heritability obtained, it can be seen that the method of evaluation 
of the proportion of damaged kernels proved to be the more appropriate methodology for 
discrimination of resistance of genotypes to ear rot caused by F. verticillioides in Lavras 
compared to the methodology of evaluation of the percentage of ears with disease symptoms, 
which exhibited a lower estimate of heritability (49.43%), associated with lower environmental 
precision. Nevertheless, the results obtained in Inconfidentes were contrary to those obtained 
in the other location since the trait exhibited greater heritability (76.18%).

Through the result of combined analysis of variance (data not shown), it was observed 
that the genotypes responded in a different way in relation to percentage of damaged kernels 

Table 4. Mean values for the characteristics of percentage of damaged kernels (DK), percentage of ears with 
symptoms of ear rot (ER), and grain yield (YIELD) obtained in the experiments conducted in Inconfidentes, 
MG, Brazil, 2015.

Genotype DK ER Yield 
22 1.36a 4.34 7,898.15 
37 4.28a 19.24 7,555.52 
40 4.23a 34.33 3,634.71 
58 5.91a 4.36 6,428.69 
64 1.25a 44.49 1,939.18 
81 0.79a 17.69 4,381.48 
83 0.70a 94.29 1,717.55 
91 0.57a 8.87 9,122.92 
22/40 0.68a 12.76 8,272.23 
22/64 0.78a 37.18 6,041.73 
22/81 2.08a 13.54 7,487.99 
22/83 1.93a 39.37 5,049.96 
37/40 2.13a 21.04 7,530.14 
37/64 0.77a 5.12 5,866.72 
37/81 1.85a 7.99 7,566.84 
37/83 0.75a 12.74 8,926.20 
40/22 1.20a 22.75 8,821.38 
40/37 0.72a 7.43 9,300.00 
40/58 1.06a 17.31 8,575.64 
40/91 1.36a 11.40 9,174.00 
58/40 1.64a 34.79 6,392.28 
58/64 1.77a 35.31 6,119.29 
58/81 1.55a 2.89 5,835.45 
58/83 1.60a 17.82 3,843.98 
64/22 1.25a 12.62 7,633.10 
64/37 1.02a 26.55 8,164.72 
64/58 1.08a 38.00 7,185.32 
64/91 1.06a 4.53 6,048.93 
81/22 1.49a 21.38 5,345.82 
81/37 1.20a 13.26 6,586.71 
81/58 1.05a 13.10 5,336.80 
81/91 0.70a 6.41 5,881.84 
83/22 1.24a 51.90 6,634.21 
83/37 1.24a 12.22 7,518.13 
83/58 0.90a 34.05 6,936.18 
83/91 0.11a 33.59 5,557.30 
91/40 0.34a 3.00 9,002.67 
91/64 1.29a 2.15 9,189.25 
91/81 0.17a 19.11 4,938.49 
91/83 0.10a 19.78 5,624.59 

 Means followed by the same letter in the columns do not differ among themselves by the Scott-Knott test at the 
level of 1% probability.
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and to yield in the environments where the experiments were carried out, indicating influence 
of the environment on the response of the hybrids and inbred lines evaluated. Nevertheless, 
when the genotypes were evaluated in the two environments in a combined manner, they did 
not differ statistically for this characteristic. In this study, all the characteristics exhibited low 
heritability in combined analysis. Nevertheless, the percentage of ears with disease symptoms 
showed higher magnitude for heritability (11.68%) in relation to the estimate of heritability 
of the other characteristic related to resistance when the two locations were considered. 
Experimental precision for this trait was high, according to the accuracy estimate of 0.84 
(Resende and Duarte, 2007).

In the literature, there are many reports that the effect of the genotype x environment 
interaction has a big influence on the trait of resistance to ear rot (Olatinwo et al., 1999; 
Mukanga et al., 2010). This occurs because the development of pathogens of the ear-rot 
complex is highly influenced by environmental conditions. The genotype x environment 
interaction hinders selection of superior genotypes with the desired level of resistance to this 
disease throughout the period of the breeding program because development of the disease is 
highly influenced by environmental conditions and may lead to incorrect estimates of resistance 
and, consequently, to lack of success in selection. Thus, divergence between the locations may 
have contributed to differentiate development of the pathogen in experimental areas, which 
generated an inconsistent response of the genotypes in these environments (Matheson and 
Raymond, 1986).

Diallel analysis carried out with the data obtained in Lavras showed that the effect 
of SCA was highly significant and there were no differences between the GCA of the inbred 
lines and the reciprocals either for the characteristic of percentage of damaged kernels or 
for percentage of ears with disease symptoms (Table 5). However, the results obtained in 
Inconfidentes showed that the effects of GCA and reciprocals were not significant for the 
percentage of damaged kernels, as it was expected considering that the effect of the genotypes 
for this characteristic was not significant in this location. Nevertheless, the results for the other 
characteristic corroborate those obtained in Lavras.

The results of diallel analysis per location indicated that the non-additive effects were 
more relevant for explaining control of resistance. Thus, it is evident that this characteristic 
may be introduced through hybrid vigor. A significant effect of reciprocals for the two 
characteristics connected with disease resistance was not observed in either of the locations, 
indicating predominance of the action of nuclear genes and absence of maternal effect or of 
extrachromosomal inheritance.

Considering combined diallel analysis for the characteristic of percentage of damaged 
kernels, it can be observed that the mean square of the GCA was not significant (Table 6), just 
as in the analyses per location shown. This reinforces that the genotypes do not differ among 
themselves in the GCA.

The SCA, for its part, was also significant in combined analysis, which indicates that 
there are hybrids formed from crossing inbred lines that show better performance than others, 
due to the non-additive effects involved in genetic control, which may indicate the presence of 
heterosis for the trait in question. This result corroborated that obtained by Hung and Holland 
(2012), who observed 27% fewer disease symptoms in the hybrids, showing the importance of 
hybrid vigor in resistance to ear rot.

As the effect of the SCA x environment interaction was significant (P ≤ 0.05), it is 
assumed that the crosses are heterogeneous and differ from the response expected as based on 
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Table 5. Summary of the diallel analyses for the characteristics of percentage of damaged kernels (DK) and 
the percentage of ears with symptoms of ear rot (ER), obtained in the experiments conducted in Lavras and 
Inconfidentes, MG, Brazil, 2014.

*,**Significant at 5 and 1% of probability by the F test; n.snot significant; rgg- selective accuracy.

 Lavras 
  Mean square  
SV DF DK ER 
Genotypes (G) 63 16.9105** 654.97** 
G.C.A. 7 21.0134n.s 341.97n.s 
S.C.A. 28 32.3894** 1136.16** 
Reciprocal 28 0.4582n.s 252.01n.s 
Residue 78 1.5632 322.12 
 Inconfidentes 
  Mean square  
SV DF DK ER 
Genotypes (G) 63 3.731319n.s 890.06** 
G.C.A. 7 5.325418n.s 1623.87n.s 
S.C.A. 28 32.3894** 1136.16** 
Reciprocal 28 0.4582n.s 252.01n.s 
Residue 78 1.5632 322.12 

 

**,*Significant at 1 and 5% probability, respectively, by the F test; n.snon-significant, by the F test.

Table 6. Breakdown of the effect of genotypes on general combining ability (GCA), specific combining ability 
(SCA), and GCA x location and SCA x location interactions for the percentage of damaged kernels caused by F. 
verticillioides, considering combined diallel analysis involving the two locations. UFLA, Lavras, MG, Brazil, 2015.

SV DF MS Fc 
Genotypes (G) 63 14.241628 2.23n.s 

G.C.A. 7 15.039359 1.33n.s 

S.C.A. 28 27.979843 2.51* 
Reciprocal (R) 28 0.33398 0.75n.s 

Environment (E) 1 16.1376  
G x E 63 6.40001 1.91* 
G.C.A. x E 7 11.2994 3.36* 
S.C.A. x E 28 11.1304 3.31* 
R x E 28 0.445098 0.13n.s 

Residue 156 3.358  
 

the general combining ability of their parent inbred lines, and also that the heterosis obtained 
by the hybrids varied in the two locations. Highly significant effects of SCA and GCA among 
the environments evaluated and in each one individually were found by Mukanga et al. (2010). 
Moreover, the authors observed that the SCA was that which most contributed to resistance, 
indicating the predominance of dominance effects for resistance to the three fungi that cause 
ear rot, among which is F. verticillioides.

A significant effect of the reciprocal effect was not found for percentage of damaged 
kernels, as in analyses per location. Dorrace and Hinkelmann (1998) also did not find an 
effect of the reciprocals in crosses of maize inbred lines aiming at resistance to Stenocarpella 
maydis, indicating that resistance can be controlled by nuclear genes and there is no maternal 
effect. In contrast, Mukanga et al. (2010) observed differences among the reciprocal crosses, 
indicating interaction between nuclear genes and those of the cytoplasm and occurrence of 
the maternal effect in control of multiple resistance to Aspergillus flavus, F. verticillioides, 
and Stenocarpella maydis in maize. Kovács et al. (1994) aimed to check the occurrence 
of maternal effect for resistance to ear rot in reciprocal crosses and observed correlations 
between the hybrids and female parent and between hybrids and male parent of 0.65 and 0.85, 
respectively. These results showed a strong paternal influence.
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Considering combined diallel analysis of evaluation of the percentage of ears with 
symptoms of ear rot caused by F. verticillioides, a significant effect was not observed among the 
interactions (Table 7). The SCA effect was significant, in agreement with the diallel analyses per 
location; however, differences were found among the reciprocals in combined analysis.

Table 7. Breakdown of the genotype effect in general combining ability (GCA), specific combining ability (SCA), 
and GCA x location and SCA x location interactions for percentage of ears with symptoms of ear rot caused by F. 
verticillioides, considering combined diallel analysis involving the two locations. UFLA, Lavras, MG, Brazil, 2015.

SV DF MS Fc 
Genotypes (G) 63 1322.42 5.9* 
G.C.A. 7 1517.82 3.38n.s 

S.C.A. 28 2261.95 6.93* 
Reciprocal (R) 28 334.03 5.32* 
Environment (E) 1 9.54  
G x E 63 222.61 0.79n.s 
G.C.A. x E 7 448.03 1.59n.s 

S.C.A. x E 28 326.09 1.16n.s 
R x E 28 62.77 0.27n.s 

Residue 156 280.09  
 **,*Significant at 1 and 5% probability, respectively, by the F test; n.snon-significant, by the F test.

Although the effect of general combining ability was not significant for the 
characteristics related to ear rot, it is noteworthy that in Lavras all the inbred lines classified 
as resistant showed negative values of the effect of general combining ability, corroborating 
the result obtained in screening of the inbred lines for percentage of ear rot caused by F. 
verticillioides in the 2011/2012 crop season.

When the gi values are high, either positive or negative, it is a sign that the parent in 
question is superior or inferior to the other parents of the diallel in relation to mean performance 
of the progenies (Cruz and Regazzi, 2001). Nevertheless, for the characteristic of percentage 
of damaged kernels, it is desirable that the inbred line has negative gi in the sense of reducing 
the percentage of these infected kernels.

In relation to estimates of gi, inbred line 91 obtained the greatest negative and 
significant value for the characteristic of percentage of damaged kernels in the two locations, 
which indicates a tendency of reduction in the percentage of damaged kernels in the crosses 
in which this genotype participates. Inbred line 22 also exhibited a negative value in the two 
environments for percentage of damaged kernels, whereas inbred line 58 exhibited a negative 
value for percentage of ears with disease symptoms in the two environments.

Thus, inbred lines 22, 58, and 91 showed greater concentration of favorable alleles for 
an increase in resistance and have potential to be introduced in breeding programs and used 
as parent inbred lines in hybrid crosses when genotypes more responsive to resistance to F. 
verticillioides are desired.

Inbred line 64, classified in screening as susceptible to ear rot also exhibited negative 
and significant gi in the two environments for percentage of damaged kernels, whereas inbred 
line 81 showed negative gi in the two environments for the other characteristic related to 
resistance (Table 8).

The values of the effects of specific combining ability (sij) indicate that some specific 
combinations are better or worse than expected, based on the GCA of the parents. The greatest 
negative values for the percentage of damaged kernels were observed in the crosses between 
inbred lines 40 x 91 in Lavras and between inbred lines 40 x 37 in Inconfidentes, showing 
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the presence of heterosis due to complementarity between the genotypes and confirming the 
significant result for the SCA effect (Table 9). The values of sij are an important indication of 
the genes that exhibit epistasis and dominance effects and are measures of non-additive gene 
effects (Sprague and Tatum, 1942). In these hybrids, inbred lines 91 and 37 are involved, 
which exhibit a negative effect of gi for percentage of damaged kernels (Table 8).

Table 8. Estimates of the effects of general combining ability (gi) for percentage of damaged kernels and for 
percentage of ears with symptoms of ear rot from 40 genotypes, evaluated in two locations, in a partial diallel 
cross arrangement. UFLA, Lavras, MG, Brazil, 2015.

Lavras 
Line gi DK gi ER 
40 1.39 0.306 
64 -0.037 0.371 
81 0.33 -0.037 
83 0.2 4.704 
22 -0.351 -0.072 
37 -0.448 1.652 
58 -0.355 -2.826 
91 -0.728 -4.098 
Inconfidentes 
Line gi DK gi ER 
40 0.238 -0.658 
64 -0.141 2.54 
81 -0.132 -4.788 
83 -0.288 12.523 
22 -0.025 0.657 
37 0.279 -4.053 
58 0.543 -0.658 
91 -0.475 2.54 

 

Table 9. Estimates of the effects of specific combining ability (sij) of 40 genotypes for the characteristic of 
percentage of damaged kernels caused by Fusarium verticillioides, evaluated in two locations, in a partial 
diallel cross arrangement involving eight inbred lines. UFLA, Lavras, MG, Brazil, 2015.

Cross Lavras Inconfidentes 
Sij sij 

40 x 22 -0.580 -0.134 
40 x 37 -0.723 -0.470 
40 x 58 -0.496 -0.293 
40 x 91 -1.173 0.226 
64 x 22 0.607 0.320 
64 x 37 0.400 -0.104 
64 x 58 0.257 0.162 
64 x 91 0.115 0.930 
81 x 22 -0.010 1.081 
81 x 37 -0.158 0.517 
81 x 58 -0.271 0.027 
81 x 91 -0.013 0.181 
83 x 22 0.450 1.037 
83 x 37 -0.082 0.143 
83 x 58 -0.220 0.134 
83 x 91 0.858 -0.43 

 

The best performance of the hybrids in Lavras for percentage of diseased ears were 
those formed between inbred lines 64 x 91, 40 x 91, and 81 x 22, and in Inconfidentes, hybrids 
64 x 91 and 83 x 37 stood out (Table 10). These results confirm the potential of inbred lines 
91 as a donor of alleles favorable to resistance to damaged kernels caused by F. verticillioides.
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The single hybrid 40 x 91 was the most promising in relation to resistance to damaged 
kernels in Lavras since this genotype exhibited high values of sij for the two characteristics 
related to this trait.

Table 10. Estimates of the effects of specific combining ability (sij) of 40 genotypes for the characteristic of 
percentage of ears with symptoms of ear rot caused by Fusarium verticillioides, evaluated in two locations, in a 
partial diallel cross arrangement involving eight inbred lines. UFLA, Lavras, MG, Brazil, 20015.

Cross Lavras Inconfidentes 
Sij sij 

40 x 22 6.892 4.652 
40 x 37 14.818 5.842 
40 x 58 -1.765 14.084 
40 x 91 -1.768 0.502 
64 x 22 13.031 8.591 
64 x 37 2.732 4.235 
64 x 58 15.774 21.483 
64 x 91 -2.019 -6.565 
81 x 22 -2.505 8.487 
81 x 37 1.151 6.362 
81 x 58 -0.647 0.159 
81 x 91 3.415 10.192 
83 x 22 16.918 19.35 
83 x 37 6.156 -9.095 
83 x 58 11.381 0.787 
83 x 91 13.898 6.805 

 

It is clear that the breeder should focus attention on obtaining increasingly higher 
yielding hybrids and should select inbred lines with low percentage of damaged kernels and 
considerable heterosis for other traits. Therefore, this study of genetic inheritance of resistance 
to F. verticillioides is highly important for directing maize breeding programs in Brazil.

The results of analysis of gene expression generally indicated great variation of 
expression of the genes analyzed in the tissues collected from the different inbred lines 48 
hours after their inoculation with F. verticillioides. The reliability of the results of RT-qPCR 
is due to the use of a reference gene, or endogenous gene, which exhibits the same level of 
expression regardless of the treatment the sample underwent; in this study, the endogenous 
genes used were ubiquitin and ADH.

Among all the primers tested, only five - Hsp90, LOX8, GPN1, Hsp82, and LOX 11 
- exhibited satisfactory amplification to be analyzed in all the plots.

In Figure 3, the relative expression of the Hsp90 gene in relation to the tissues of the 
eight inbred lines is represented. The gene expressed in a similar manner in most inbred lines, 
with greater expression in inbred lines 64 and 91 and lower expression in inbred line 83.

Expression of the Hsp90 gene apparently did not relate to classification of the inbred 
lines in relation to susceptibility and resistance to the symptoms caused by F. verticillioides 
in the kernels. However, inbred lines 83, which had a greater percentage of damaged kernels, 
had the lowest expression of this gene. Considering that the Hsp90 gene codifies for heat 
shock protein with a weight of 90 kDa, and that these proteins are related to protection of cells 
against various kinds of stresses, low expression was expected not only in inbred line 83 but 
also in all the other susceptible inbred lines. It is important to emphasize that inbred line 64, 
susceptible to the disease under study, exhibited greatest expression of this gene.
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Relative quantitative expression of the gene LOX8, which codifies for a type of 
lipoxygenase represented in Figure 4, once more shows the differentiation of inbred line 83, 
the most vulnerable to ear rot in relation to the others; however, in this case, greater expression 
of the gene was observed. The lipoxygenases catalyze reactions of incorporation of oxygen in 
free fatty acids in the carbon chain that have lipid oxides as a product, such as jasmonic acid 
and methyl jasmonate, involved in inter- and intracellular communication and, above all, in 
the defense mechanism of the plants.

In addition, it was observed that the lipid oxides produced by the pathway of the 
9-LOX, codified by the gene ZmLOX3, in maize were required by three different fungal 
pathological agents of the maize crop, among them F. verticillioides, to produce spores and 
mycotoxins and, consequently, to colonize the hosts (Gao et al., 2008). The lipoxygenases 
codified by the genes ZmLOX6 and ZmLOX11 were significantly more abundant in the 
susceptible inbred line B73 in relation to the inbred line tolerant to F. gramineareum C0441 
in a proteomic study carried out by Mohammadi et al. (2011). Thus, relative expression of 
the gene ZmLOX8 was expected to be high in the tissues of the four susceptible inbred lines; 
however, only inbred line 83 had the expected result.

The results in Figure 5 show high relative expression of the gene GPN1 in inbred line 
81 in relation to the others, which is also highly susceptible to disease. Gene GPN1 codifies 
for the enzyme glyceraldehyde-3-phosphate dehydrogenase responsible for addition of a 
hydrogen molecule to the NAD, forming NADH in a glycolysis step. Possibly, the increase in 
the activity of this enzyme is understandable due to the increase in respiration of plants affected 
by attack from pathogens because the diseased tissues come to use their carbohydrate reserves 
as a function of the increase in metabolic activity; that is, biosynthesis and accumulation of 

Figure 3. Profile of relative quantitative expression of the Hsp90 gene in seeds of maize inbred lines resistant (22, 
58, 37, 91) and susceptible (40, 64, 81, 83) to ear rot caused by Fusarium verticillioides.
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various compounds linked to defense mechanisms. Nevertheless, expression of the GPN1 
gene was apparently not related to inbred line 83. On the contrary, greater expression of this 
gene was observed in resistant inbred lines 22 and 91 compared to inbred line 83.

Figure 4. Profile of relative quantitative expression of the gene LOX 8 in seeds of maize inbred lines resistant (22, 
58, 37, 91) and susceptible (40, 64, 81, 83) to ear rot caused by Fusarium verticillioides.

Figure 5. Profile of relative quantitative expression of the gene GPN1 in seeds of maize inbred lines resistant (22, 
58, 37, 91) and susceptible (40, 64, 81, 83) to ear rot caused by Fusarium verticillioides.
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Quantitative expression of the gene Hsp82, observed in Figure 6, was also lower in 
inbred line 83, which corroborated the result observed when expression of the gene Hsp90. The 
Hsp are a group of highly conserved proteins in plants and have the function of reestablishing 
cell homeostasis and the stability of cell membranes under stress conditions (Wang et al., 
2004). In tomato, rapid accumulation of proteins related to the plant defense mechanism 
was observed, among which are some varieties of Hsp, after inoculation with Sclerotinia 
sclerotiorum; nevertheless, the resistant inbred lines and tolerant inbred lines responded in a 
similar manner to infection with the fungus (Gorovits et al., 2007).

Figure 6. Profile of relative quantitative expression of the gene Hsp82 in seeds of maize inbred lines resistant (22, 
58, 37, 91) and susceptible (40, 64, 81, 83) to ear rot caused by Fusarium verticillioides.

In Figure 7, relative expression of the gene LOX11 is represented in relation to the 
tissues of the eight inbred lines. It was observed that the expression pattern of this gene was 
not consistent to differentiate the inbred lines in relation to susceptibility and resistance to 
symptoms caused by F. verticillioides in maize.

Figure 7. Profile of relative quantitative expression of the gene LOX11 in seeds of maize inbred lines resistant (22, 
58, 37, 91) and susceptible (40, 64, 81, 83) to ear rot caused by Fusarium verticillioides.
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From the results obtained, only the genes LOX8 and Hsp82 showed a satisfactory 
result in order to be related to the plant defense mechanism when there is ear rot, although 
expression of these genes was observed in only one susceptible genotype. It was expected that 
the genes analyzed would be expressed differently in the inbred lines of the same classification 
since resistance to ear rot caused by F. verticillioides and other fungi of the ear rot complex is a 
characteristic of polygenic inheritance with complex genetic control (Mesterházy et al., 2012).

From these considerations, it can be suggested that studies focusing on molecular 
analyses may lead to great benefits in understanding the mechanisms involved in resistance to 
biotic stresses and contribute to selection or development of superior genotypes.

With this study, it is concluded that there is genetic variability among maize inbred lines 
for resistance to ear rot caused by F. verticillioides. Inbred lines 22, 58, and 91 have potential 
for use in breeding programs aiming at resistance to F. verticillioides. The characteristic 
studied related to resistance to ear rot is controlled by genes whose effects are predominantly 
non-additive. There is no reciprocal effect for the characteristic studied related to resistance 
to ear rot caused by F. verticillioides. Most of the highest yielding genotypes evaluated in 
this study are also those that showed the lowest percentage of ear rot. In this study, relative 
expressions of the genes evaluated are not consistent with classification of the inbred lines. 
The genes LOX8 and Hsp82 are potential molecular markers for selection of maize inbred 
lines resistant to F. verticillioides.
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