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Abstract

The implementation of a network of maize trials is an onerous task, so breeding programs seek to eliminate
redundant environments, remaining only contrasting ones. The objective was to perform the homogeneous
environment grouping by studying the GXE interaction through different environmental stratification methods, as
well as to compare the efficiency of these methods. Four methods were used: environmental dissimilarity (Dj);
Decomposition of the genotype x environment interaction (GXE) into simple and complex parts by Cruz and
Castoldi; Pearson correlation coefficient; and factor analysis. Twenty-five single-cross corn hybrids and three
commercial cultivars were tested in eight cultivation environments in a randomized complete block design with
three replicates in the evaluation of grain yield. Quedas do Iguacu and Cascavel can be reduced into only one test
environment by methods of factor analysis and Pearson correlation. The environments of Pato Branco and
Ampére are grouped by two of the four methods employed. However, Clevelandia, Londrina, and Coxilha do not
group with other environments in three of the four methods, and Itapiranga in two of the four methods. Cruz and
Castoldi’s method and stratification by factor analysis are more rigorous in grouping criteria.
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1. Introduction

Corn, due to its nutritional value, adaptation to different edaphoclimatic conditions and high yields achievable, is
one of the most cultivated cereals in the world, showing great social and economic importance. It is also worth
noting the great increase in the employment of labor in the rural and urban areas, due to its participation as raw
material for more than 500 industrial segments and highlighting the production chain of biofuels (Duete et al.,
2009; Carvalho et al., 2015). Brazil stands out as one of the world’s largest corn producers, surpassed only by the
United States and China (Faostat, 2014). According to a Conab survey, the crop 2013/2014, Brazilian corn
production was 78.96 million tons in 15.49 million hectares, with an average yield of 5,095 kg ha™ (Conab,
2014). However, the national average of corn yields is much lower than desired, considering that its productive
potential, employing high technological levels, exceeds 16,000 kg ha™ (Duete et al., 2009; Carvalho et al., 2016;
Nardino et al., 2016; Rosa et al., 2018).

The cultivated plants are submitted to the most different cultivation conditions. These variations may be due to
soil fertility, temperature, precipitation, rainfall among other factors. Under these conditions, the behavior of the
genotypes is not expected to be consistent in the different environments that are evaluated, that is, expected the
occurrence of strong genotype x environment (GXE) interaction (Szareski et al., 2016). Thus, breeders are
required to evaluate their cultivars and/or lineages in experiments conducted at various locations and/or
agricultural crops (Ramalho et al., 2012).
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The evaluation of the GXE interaction becomes of great importance in plant breeding, because when present, it
influences the selection gain and hinders the correct recommendation of cultivars with wide adaptability
(Szareski et al., 2017; Nardino et al., 2017). Due to the importance of this interaction, it is in the interest of the
breeder to evaluate its magnitude and significance, quantify its effects on breeding techniques and strategies for
diffusion of technologies, providing subsidies that allow strategies to be minimized and/or exploited (Cruz et al.,
2012).

Implementing a test network is a costly and expensive task. One of the major concerns of breeding programs is
that the environments in which their genotypes are submitted are representative of the diversity of environments
where their hybrids are grown and whether these environments provide additional information. As a way to
reduce costs in breeding programs, it is necessary to eliminate redundant environments, remaining only the
contrasting environments (Pereira et al., 2010; Demari et al., 2016; Zimmer et al., 2017). Therefore, it is
fundamental to identify among the available environments, those that reveal similarity patterns regarding the
genotype response, in such a way that it allows to evaluate the degree of representativeness of the assays of the
crop adaptation range. Thus, we have the possibility of making decisions about the disposal of environments
when there are technical problems or resource scarcity, and identify groups of environments in which the
interaction may not be significant for the set of available genotypes (Cruz et al., 2012). There are several studies
in the literature that address methods of environmental stratification carried out on maize (Ribeiro & Almeida,
2011; Felipe et al., 2010; Garbuglio et al., 2007; Silva et al., 2004).

In this context, the objective of this work was to group homogeneous environments through the study of the GXE
interaction through different methods of environmental stratification, as well as to compare the efficiency of
these methods through the response of 28 single-cross corn hybrids in eight environments in the States of Parana,
Santa Catarina and Rio Grande do Sul.

2. Material and Methods

The VCU’s trials were conducted in eight environments, six in the State of Parand, one in Santa Catarina and one
in Rio Grande do Sul in the 2011/2012 crop, as described in Table 1. The germplasm used came from the
company KSP Seeds Ltda., with its head office in the municipality of Pato Branco-PR. The environments
adopted in the evaluation of the hybrids are part of the network of tests used by the genetic breeding program of
the company KSP Seeds Ltda.

There were used 28 single-cross pre-commercial hybrids resulting from the crossing of homozygous lineages
belonging to the breeding company and three commercial hybrids used as untreated controls: P30F53, DKB240
and SG6303, totaling 28 tested materials.

A randomized complete block design was used, with three replications for all environments. The experimental
units were composed of two rows of five meters, spaced 0.70 meters apart. The sowing time was performed
according to the agroclimatic zoning for each environment. Soil management and cultural practices were the
same for the eight environments, obeying the phenological stages and the need of the crop, where after the
emergence and establishment of the culture the manual thinning was performed to adjust the stand of 42 plants
per experimental unit, equivalent to 60,000 ha™ plants. Grain yield data were corrected for moisture content of
13% and adjusted for mass in kg per plot of each hybrid in the eight environments.

The data were submitted to analysis of individual variance by environment and joint, being considered the fixed
effect genotypes, the environments as random effect and the interaction GXE as random effects. In the analysis of
joint variance, it was verified that the ratio between the largest and the smallest mean square of the residue was a
magnitude lower than seven, indicating that the residual variances were homogeneous (Cruz et al., 2012).

The environments were stratified using four methods, with the aid of the Genes computational program (Cruz,
2013), being: methods of the squared Euclidean average distance based on the interaction GXE (Dj)); Cruz and
Castoldi’s (1991) method (percentage associated with the simple and complex part of the interaction); Pearson
correlation estimates; and factor analysis (Murakami & Cruz, 2004).

In the dissimilarity method between environments, the squared Euclidean average distance, based on the GXE
interaction (Dj) was used as measure, and, through the distances, the grouping was performed by the Tocher
optimization method. Cruz and Castoldi (1991) method consists of quantifying the GXE interaction among pairs
of environments in a simple and complex part. It was obtained the portion of the complex part of the interaction,
which is generated by the low correlation between the environments, due to the irregular behavior of the
genotypes (Cruz et al., 2012). The correlation magnitudes below 0.5 were considered as similar environments.
The Pearson correlation method was estimated between the averages of the genotypes in the pairs of
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environments, being considered as similar when evidenced magnitudes of correlations between the environment
pairs.

In the stratification of environments based on factor analysis (Murakami & Cruz, 2004), the grouping is carried
out from the information about the magnitude of the factorial loads, obtained after rotation, being: factorial loads
greater or equal to 0.70, in absolute value, indicate environments with high correlation; factorial loads with
values below 0.50 indicate that the environments should not belong to the same group; and factorial loads with
intermediate values do not guarantee any grouping definition. The number of final factors, considered in the
stratification, was considered a proportion in which up to 80% of the total variation was reached.

3. Results and Discussion

It was verified through the analysis of individual variance (Table 1), a high significance (p < 0.01) by the F test,
indicating a differentiated response of the genotypes in the study environments. The values of the coefficients of
variation (CVs) ranged from 5.10% for Clevelandia and 13.95% for Quedas do Iguagu, with an average of 9.90%,
indicating good experimental precision according to the scale proposed by Scapim et al. (1995). The average
grain yield in the plot (GY) was between 10.69 kg for Clevelandia and 5.39 kg for Londrina, with a general
average of 8.09 kg, revealing great variation in the conditions under which the tests were conducted. This fact
can be attributed, in part, to the geographic heterogeneity of the analyzed environments, with altitudes ranging
from 190 to 960 m, latitude 23°19'39" to 28°07'38" S, and longitude of 51°07'47" to 53°42'07" W, respectively, it
certainly reveals climatic differences among the environments used for the tests, due to the differences among
the environments, when verifying the values of the mean square residue (MSR), it can be verified that the
relation among the higher and lower values of this parameter, was equal to 4.43. According to Cruz et al. (2012)
a ratio less than seven indicates that there is homogeneity of the residual variances obtained in the analysis,
allowing the joint analysis of the sites to be performed without restrictions.

Table 1. Geographic characterization of the environments and summary of the analyzes of individual variances
of eight environments, related to the grain yield character

Mean Square

Environment Altitude (m) Latitude Longitude Gonotvnes Res gy GY ®(kg) CVP (%)
enotypes Residue
Clevelandia-PR 960 26°24'17"S  52°21'04"W  2,354** 0.297 10.69 5.10
Coxilha-RS 710 28°07'38"S  52°17'41"W  2,207** 0.833 6.54 13.95
Pato Branco-PR 760 26°13'46""S  52°40'15"W  3,448** 0.735 9.02 9.50
Quedas do Iguagu-PR 580 25°27'00"S  52°54'37"W  7,903%* 1.041 10.12 10.08
Itapiranga-SC 190 27°10'19"S  53°42'07"W  2,171** 0.493 7.88 8.91
Londrina-PR 560 23°19'39"S  51°07'47"W  4,898** 0.235 5.39 8.98
Cascavel-PR 785 24°58'03"S  53°24'51"W  5,453%* 0.458 7.46 9.07
Ampére-PR 495 25°55'02"S  53°28'08"W  2,448** 0.293 7.60 7.11
‘Average - - - 809 990

Note. "V The ratio between largest and smallest mean square of the residue was 4.43; ™ Not significant; * and **
Significant at 5 and 1% of probability, respectively, by the F test; @ CV = Coefficient of variation; ® GY = Grain
yield.

From the joint analysis (Table 2) it was revealed that the source of genotype variation was significant (p < 0.01)
for the set of environments studied, thus evidencing the existence of genetic variability among the analyzed
hybrids. High significance was also revealed for the source of environmental variation, where it can be inferred
that the set under study was composed of different environments. For the source of variation GXE, a significant
effect (p < 0.01) was observed, indicating a differentiated response of the genotypes in each environment, and
that there are changes in the magnitude of the GY response by varying the environments, thus justifying the
analysis of environmental stratification. According to Silva et al. (2008) the occurrence of distinction among
environments and genotypes is a favorable condition for the interaction to manifest.
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Table 2. Summary of the analysis of the combined variance for 28 hybrids of corn, in eight environments,
regarding the grain yield character

Sourceofvariation DF Mean Square
Block 2 5.39
Genotype (G) 27 10.06**
Environment (E) 7 265.39%*
GxE 189 2.97%*
Residue 446 0.64
‘Average - 800
CV (%) - 9.90

Note. ™ Not significant; * and ** Significant at 5 and 1% of probability, respectively, by the F test; DF = Degrees
of freedom; CV = Coefficient of variation.

In Table 3, the measure of dissimilarity among environments is shown by the Euclidean average distance method
based on the interaction GXE (Dj)). The Ampére environment, on average, revealed the lowest distance estimate
among all pairs of environments, with a magnitude of 1.489, the lowest values of Dj; observed among the
environment pairs were between Pato Branco and Ampére (1,012). On the other hand, Londrina environment had
the highest average distance among the pairs of environments, highlighting Quedas do Iguacu and Londrina
(3,982), with the highest number of Dj. For Cruz (2006) the evaluation of the pattern of similarities and/or
dissimilarities measures of different environments, as to their ability to discriminate genotypes, has been of great
relevance in breeding programs, since it quantifies the degree of representativity of the experimental network.

Table 3. Estimates of the Euclidean average distance based on the GXE interaction (Dj;) for 28 single-cross corn
hybrids evaluated in 8 growing environments

Environments ) El E2 E3 E4 ES E6 E7 E8 D;; Average
El - 1.471 1.551 3.112 1266 2250 2218 1.399 1.895
E2 - 1444 2707 1522 2.078 1.671 1131 1.718
E3 - 1.826 1317 20911 1.746 1.012 1.687
E4 - 2349 3982 1448 2,117 2.506
E5 - 1467  1.637 1.277 1.548
E6 - 3.146 1753 2512
E7 - 1.734 1.943
E8 - 1.489

Note. 'V E1 = Clevelandia, E2 = Coxilha, E3 = Pato Branco, E4 = Quedas do Iguagu, ES = Itapiranga, E6 =
Londrina, E7 = Cascavel and E8 = Ampére.

Concerning the clustering based on the Tocher optimization method, it can be observed in Table 4, the partition
of the eight environments analyzed in three groups. Group I was formed by PatoBranco, Ampére, Coxilha,
Clevelandia and Itapiranga, which stood out because it revealed the greatest number of environments, indicating
a proportion of 62.5% of the total environments contained in this group. The higher values of latitude
coordinates, revealed by the environments that composed this group, with amplitudes from 25° to 28° S, may
have favored the achievement of this result. However, there was discrepancy regarding the geographic location
of these environments in terms of altitude, revealing environments with low and high indexes. This divergence
was also obtained by Ribeiro and Almeida (2011), and Uitzil et al. (2016) showing that a possible justification,
for clusters of environments with such oscillations, would be compatible with similar conditions of thermal
amplitude and water availability, during the sowing period to flowering, referring to this subset of environments.
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Table 4. Clustering of eight environments by the Tocher optimization method based on the Euclidean average
distance based on the GxE interaction (D;;), considering the grain yield character
m

Groups Environments

I E3, E8, E2, E5, El
I E4,E7

11 E6

Note. ¥ E1 = Clevelandia, E2 = Coxilha, E3 = Pato Branco, E4 = Quedas do Iguagu, E5 = Itapiranga, E6 =
Londrina, E7 = Cascavel and E8 = Ampére.

Group II was formed by the environments Quedas do Iguagu and Cascavel. Group Il was formed only by
Londrina environment, indicating that the environment was more distant and did not show a pattern of similarity
with the others. Thus, it stands out as an important place to compose the network of competitive trials of
pre-commercial cultivars. A similar result was obtained by Carvalho et al. (2002) analyzing a network of
environments used to conduct competitive trials of early soybean lineages, where Londrina was the environment
that did not reveal patterns of similarity with any other that composed the analyzed network.

Therefore, in subsequent evaluations, it is possible to consider only one of the environments belonging to each
group formed, being the breeder’s decision the choice of the environment that best fits the needs and desires of
the breeding program. This reduction in the number of environments comprising the evaluation network of the
cultivars, which have similarity patterns due to genotype responses, will reduce hybrids’ evaluation costs, as well
as allow more rigorous evaluations in the remaining trials (Cruz et al., 2012; Peluzio et al., 2012; Olivoto et al.,
2016; Pelegrin et al., 2016; Ferrari et al., 2016/2018; Szareski et al., 2018). For Pacheco et al. (1998) the
conduction of experiments in several environments and years, aiming to mitigate the effects of GXE interaction,
demands the additional need of human and financial resources, in addition to a greater quantity of seeds. This
limits the number of environments and years in which the experiments can be conducted, making it necessary to
choose representative environments for which the hybrid will be adapted.

Robertson (1959) classified the GXE interaction into simple and complex. The first is provided by the difference
of variation among genotypes in the environments, since the relative position of the genotypes is not altered.
This type of interaction does not present great problems to the breeder, because genotypes that are superior in
one environment will also be it in another one. The second one is due to the lack of correlation between the
performances of the genotypes, revealing different responses to the variations of the environments, changing
their classification, considering the different environments.

In the decomposition of the interaction, using the expression proposed by Cruz and Castoldi (1991) (Table 5), it
was observed that the fraction due to the complex part represented, for the character GY, the totality of the GXE
interaction, not being verified any fraction due to the simple part among the pairs of environments, with limits
below 50%. For Peluzio et al. (2012) this shows the inconsistency of the behavior of the genotypes with the
variation of the environments. Quedas do Iguagu and Cascavel environments were identified as similar because
they showed a high correlation coefficient (r = 0.674**), but the 57.797% of the complex interaction exceeded
the limits of 50% in order to affirm that the interaction is of the simple type (Table 5). The significant correlation
among Quedas do Iguagu, Pato Branco (r = 0.543*) and Ampére (r = 0.428%) environments was also highlighted.
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Table 5. Estimates of the Pearson correlation coefficients among environments (upper diagonal) and percentage
of complex fraction (lower diagonal) resulting from the GXE interaction, among pairs of evaluated environments
of 28 single-cross hybrids of corn, regarding the grain yield character

E10 E2 E3 E4 E5 E6 E7 ES

El - -0.003™  0.171™ 0.067™  0.130™ 0.037™ 0.126™ 0.093"
E2 100.095 - 0.211" 0.202™  -0.081™  0.098™ 0.355" 0.244"
E3 89.068 86.122 - 0.543*  0.278™ -0.087%  0.400* 0.473*
E4 80.337 70.701 56.760 - 0.334" 0.033™ 0.674**  0.428%
ES 93.180 103.971 81.903 61.642 - 0.384* 0.368™ 0.140™
E6 91.677 87.225 102.779 95492  69.081 - 0.055" 0.273"
E7 84.779 69.184 74.185 54221  67.927 97.086 - 0.343"
E8 95.192 86.784 70.624 57.797  92.542 78.673 72.120 -

Note. ¥ E1 = Clevelandia, E2 = Coxilha, E3 = Pato Branco, E4 = Quedas do Iguagu, E5 = Itapiranga, E6 =
Londrina, E7 = Cascavel and E§ = Ampére. * and ** = significant correlation at 1 and 5% of probability by the t
test, respectively; ™ = not significant.

In the same way, Pato Branco environment showed good agreement with Cascavel and Ampére environments,
revealing significant correlation coefficients, although of moderate magnitude (r = 0.400* and r = 0.473%),
respectively, but not presenting in these pairs fraction of simple interaction. The same previous comment can
also be made with pairs of environments of Itapiranga and Londrina (r = 0.384*). The complex interaction
represented, on average, 81.11% of the total variation, and the average correlation coefficient was 0.225, which
corroborates with the existence of large differences among the evaluated environments (Table5).

Pereira et al. (2010), working with 16 carioca beans genotypes in 25 environments in the state of Goias and the
Federal District, found 94% of pairs of environments with predominance of complex interaction, and 92% of
pairs with low correlation. In soybean, analyzing 15 environments in the states of Parana and Santa Catarina,
Mendonga et al. (2007) found GXE interaction with predominance of complex part and coefficients of
correlation with low magnitude in 90% among the environments. Garbuglio et al. (2007) in a study with 27
maize cultivars in 22 environments, found in 87% of pairs of environments GXE interactions with predominance
of complex part and 56% with low magnitude of Pearson correlations. Pacheco et al. (2008) verified in ten
environments, working with a diallel cross involving 28 open-pollinated maize populations, which was
predominant in 100% of the interaction pairs of the complex part. Ribeiro and Almeida (2011), analyzing two
sets of genotypes (sets 1 and 2) in ten environments in the states of Parand, Minas Gerais and Bahia, revealed
predominantly complex interactions in 96% and 100% pairs of environments, respectively.

In the technique of factors proposed by Murakami and Cruz (2004), it was verified that five eigenvalues
explained 86.510% of the total variation (Table 6). The lowest value of cumunalities obtained was of 0.757,
revealing high efficiency in the representation of the variation by a common part. According to Cruz and
Carneiro (2006), a cumulative value of more than 0.64 has been accepted, being this magnitude equivalent to
having a correlation higher than 0.80 between the standardized variable (x;) and the common part (z;).

Table 6. Estimates of eigenvalues and environmental stratification by factor analysis for 28 single corn hybrids
evaluated in eight growing environments

Envi ) Estimatesofeigenvalues Factorloadsafterrotation .
nvironment Communality
Root % Accumulated  Factor 1 Factor 2 Factor 3 Factor4 Factor 5

El 2.830 35.340 0.050 0.024 0.000 0.991 0.067 0.990

E2 1.290 51.440 0.157 0.043 0.935 0.000 0.110 0.912

E3 1.080 64.920 0.476 -0.191 -0.024 0.148 0.687 0.757

E4 0.940 76.630 0.778 -0.055 0.085 -0.038 0.405 0.782

E5 0.790 86.510 0.656 0.544 -0.327 0.113 -0.030 0.846

E6 0.520 93.050 -0.023 0.950 0.088 0.003 0.100 0.921

E7 0.320 97.070 0.831 0.023 0.333 0.069 0.135 0.825

E8 0.230 100.000 0.108 0.251 0.167 0.010 0.886 0.887

Note. "V E1 = Clevelandia, E2 = Coxilha, E3 = Pato Branco, E4 = Quedas do Iguacu, E5 = Itapiranga, E6 =
Londrina, E7 = Cascavel and E§ = Ampére.
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Factor 1 allowed the grouping of the environments of Quedas do Iguacu and Cascavel, which revealed factorial
loads greater than 0.70. Itapiranga environment can not be safely included or excluded in this group because it
presents factorial loads with intermediate values. Factor 2 grouped only Londrina environment, and it is not
possible to include or exclude Itapiranga environment from the cluster. The Coxilha environment isolated the
cluster according to factor 3. Factor 4 grouped the environment of Clevelandia. Factor 5 generated an isolated
group formed by the Ampére environment, not allowing the inclusion or exclusion, safely, of the PatoBranco
environment in this grouping. PatoBranco and Itapiranga environments were not grouped in any of the five
factors, as they did not reach factorial loads above 0.70.

Comparing the results obtained by all methods, it is possible to verify the association between the environments
Falls of Iguacgu and Cascavel in the methods of dissimilarity among environments (Dj;), Pearson’s correlation and
factor analysis, revealing the possibility of exclusion of one of these environments in analysis of the future test
network. However, some caution is required because, according to Ribeiro and Almeida (2011), before the
exclusion of a safe environment, it is preferable to have information of a greater number of crops. However, in
the Cruz and Castoldi (1991) method, this pair of environments revealed predominance of a complex part in the
GxE interaction.

Another interesting result concerns the environments of PatoBranco and Ampére that revealed similarity by
Pearson correlation methods and dissimilarity between environments (Dj)), although the same previous comment
can also be made, since it is consistent with the Cruz and Castoldi’s (1991) method, with a predominance of a
complex part in the GXE interaction and no grouping of these environments via stratification by factor analysis,
since this method revealed formation of the cluster with Ampére environment, but not allowing the safe grouping
of PatoBranco environment, for presenting a factorial load with intermediate values between 0.50 and 0.70.

It is worth noting that the non-clustering of some environments, through the studied methods, reveals that these
environments were essential for the evaluation of the hybrids set for the correct recommendation of the
pre-commercial cultivars, namely: Clevelandia, Londrina and Coxilha, which did not cluster with other
environments in three of the four methods and Itapiranga in two of the four methods. The method of Cruz &
Castoldi (1991) did not reveal an association with environments, and along with the method of stratification by
factor analysis that grouped a smaller number of environments, they proved to be the most rigorous in the criteria
of clustering, in disagreement with the methods of Pearson correlation and dissimilarity between environments
(Dy)-

The execution of environmental stratification analyzes is important for the maintenance or alteration of the
evaluation network in an effective way. Ribeiro and Almeida (2011) analyzing several methodologies for
environmental stratification revealed a moderate to strong association, indicating a good degree of similarity
obtained by any of the methods, emphasizing the methods based on factor analysis and Cruz and Castoldi (1991),
who proved to be more stringent in the process of environmental stratification. In the same way, Oliveira et al.
(2005) verified that the method based on the factor analysis, showed to be more effective to show similarity
among the environments in the environmental stratification, in beans trials analyzed in 14 environments.

4. Conclusion
There are differences among methods of environments stratification applied in this study.

Quedas do Iguagu and Cascavel can be reduced to only one test environment by Pearson correlation and factor
analysis methods.

The environments of Pato Branco and Ampére are grouped by two of the four methods employed. However,
Clevelandia, Londrina, and Coxilha do not group with other environments in three of the four methods, and
Itapiranga in two of the four methods, being fundamental in the evaluation of pre-commercial hybrids.

The methods of Cruz and Castoldi (1991) and stratification by factor analysis are more rigorous in the clustering
criteria than the methods of Pearson correlation coefficient and dissimilarity among environments (D;;).
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