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Abstract:
							                           
One of the biggest limitations for the wheat crop expansion to Brazilian tropical regions is the high temperature in the rainy season. This study aimed to select, based on genetic divergence and path analysis, cultivars that tolerate cultivation in the summer (heat stress). Nine wheat cultivars were sown, using a randomized block design with three replications, with plots consisting of 10 rows of 6 m and row spacing of 0.15 m. The highest grain yield and number of ears m-2 were observed for the CD 150 cultivar and the largest 1,000-grain weight for CD 116. BRS 220, IPR 136, IPR 144 and BRS Pardela had the highest number of sterile spikelets. The highest number of grains per ear was observed for CD 150, CD 116, BRS Pardela, IPR 130 and IPR 85, showing direct effects on grain yield, evidenced by the path analysis. CD 116 and CD 150 were the most productive cultivars and can be considered as possible parents in wheat breeding programs. IPR 85, CD 116, CD 108 and CD 150 showed a greater tolerance to high temperatures.
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Resumo:
						                           
Uma das maiores limitações da expansão da triticultura para regiões tropicais do Brasil é a elevada temperatura no período chuvoso. Objetivou-se selecionar, com base na divergência genética e análise de trilha, cultivares que toleram ser cultivadas no verão (estresse térmico). Foram semeadas 9 cultivares de trigo, com delineamento experimental em blocos ao acaso e três repetições, sendo as parcelas constituídas por 10 linhas de 6 m, com espaçamento de 0,15 m. A maior produtividade e número de espigas m-2 ocorreram para a cultivar CD 150 e a maior massa de mil grãos para CD 116. BRS 220, IPR 136, IPR 144 e BRS Pardela tiveram maior número de espiguetas estéreis. O maior número de grãos por espiga foi verificado para CD 150, CD 116, BRS Pardela, IPR 130 e IPR 85, apresentando efeito direto na produtividade de grãos por meio da análise de trilha. CD 116 e CD 150 foram as mais produtivas, podendo ser consideradas possíveis genitoras em programas de melhoramento de trigo. IPR 85, CD 116, CD 108 e CD 150 mostraram maior tolerância a altas temperaturas.



Palavras-chave: 
Triticum aestivum
, correlações genotípicas, tolerância a alta temperatura, expansão tritícola.
                                







INTRODUCTION

For decades, the wheat cultivation in Brazil was predominant in a temperate climate zone extending from the Rio Grande do Sul to the Paraná state (Cargnin et al. 2006). As it presents adequate climatic conditions for the development of this cereal, southern Brazil still has the largest cultivated area (2.1 million hectares) (Conab 2020). Wheat cultivation in the Brazilian Savanna is an alternative for its expansion, as long as requirements such as altitude and appropriate cultivar choice are met (Oliveira Neto & Santos 2017). In the 1970s, wheat began to be cultivated on a commercial scale in the central region of Brazil (São Paulo, Minas Gerais, Goiás, Mato Grosso and Mato Grosso do Sul states), and, since the 1990s, it has been cultivated in Brazilian Savanna soils, under no-tillage, reaching high grain yields (Souza & Ramalho 2001). The main limitation for obtaining a high wheat grain yield in this region is the occurrence of high temperatures; thus, the choice of heat-tolerant cultivars is essential (Souza & Ramalho 2001).

The basic objectives of breeding programs for cultivated plants are the selection and recommendation of high-yield genotypes. The selection process is frequently based on the genotypes’ performance in different environments (Cargnin et al. 2006). With the increase in temperature due to global warming, the concern has been adapting existing cultivars to the stressful conditions of high temperatures (Naudts et al. 2014). The development of high-yield wheat cultivars requires important strategies to maintain the crop grain yield without affecting other important traits. This is done through indirect selection, in which characteristics are directly related to grain yield and high heritability (Moral et al. 2003). A breeder’s success depends, among several factors, on the genetic variability present in the studied population (Koundinya et al. 2013).

The characterization of genotypes used in breeding programs provides useful information to understand and take advantage of their diversity (Cerqueira-Silva et al. 2014). Studies on this genetic diversity provide basic information about parents, joining genotypes in heterotic groups and obtaining segregating populations with a greater variability in crossings (Bianchi et al. 2017). Thus, this study aimed to verify the direct and indirect effects of traits via path analysis on grain yield, as well as to quantify the genetic divergence among wheat cultivars grown under heat-stress conditions.




MATERIAL AND METHODS

The experiment was carried out at the Estância Zoz (53º44’W, 24º22’S and altitude of 380 m), in Maripá, Paraná state, Brazil, in an area conducted under no-tillage for 12 years. Before implementing the experiment, the area was cultivated with a succession of soybean and corn, in the 2009/2010 harvest. The soil is classified as Latossolo Vermelho Eutroférrico [clayey Oxisol (Rhodic Haplustox); USA (2014)], with a very clayey textural class (Santos et al. 2013). Before the implementation of the experiment, the soil chemical and particle size properties were analyzed (Table 1).

The region’s climate, according to the Köppen classification, is type Cfa, humid subtropical (mesothermal), with hot summers showing a tendency to concentrate rainfall (average temperature above 22 ºC) and winters with unusual frosts (average temperature below 18 ºC), without a defined station. While conducting the experiment, rainfall and temperature data were collected (Figure 1).

The experimental design was randomized blocks, with three replications. The treatments consisted of nine wheat cultivars (Table 2) and the plots of 10 rows, spaced 0.15 m apart, with 6.0 m long. The six central rows were used for the evaluations, disregarding 1.0 m at the end of each plot. The population density of 350 seeds m-2 was adopted for all cultivars, and the sowing was carried out on November 13, 2010. Heat-stress was defined by the cultivation being carried out during the Brazilian summer, when temperatures reached approximately 35 .C, which is harmful to the germination and growth of wheat plants. Because they are plants that accumulate degree-days to reach their flowering stage, they also shortened their cycle (Souza & Ramalho 2001).

For sowing fertilization, 20 kg ha-1 of nitrogen, 100 kg ha-1 of potassium and 100 kg ha-1 of phosphorus were applied. According to the soil chemical analysis, liming was not necessary, and the seeds were treated with insecticide and fungicide [thiamethoxam + lambda-cyhalothrin (0.2 L ha-1 of c.p.) and propiconazole (0.5 L ha-1 of c.p.), respectively].




Table 1




Soil chemical(1) and particle-size(2) properties before the experiment was implemented.
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 (1) Pavan et al. (1992); (2) pipette method (Santos et al. 2013).
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Figure 1




Precipitation accumulated every 15 days, minimum and maximum radiation (a), relative air humidity, and minimum, average and maximum temperatures (b), during the experiment (November 2010 to February 2011).


















Table 2




Cycle, average heading and maturation, plant height and 1,000-grain weight of the wheat cultivars used in the experiment.




[image: 253068033051_gt3.png]














During the conduction of the experiment, two preventive applications of fungicides and two applications for insect control were carried out with the combination of a contact and a systemic insecticide. Topdressing fertilization was carried out at the beginning of the tillering phase, at 10 days after emergence, applying 80 kg ha-1 of N in the form of urea.

At the end of the crop cycle, the following variables were evaluated: number of ears m-2: 4.0 m were demarcated within the plot’s useful area, and then the ears were counted. The data were converted to ears m-2; plant height (cm): 10 plants were selected within the plot’s useful area, and then the distance between the soil surface and the top of the ear was evaluated; number of sterile spikelets per ear: 20 ears were collected within the plot’s useful area, and the spikelets without grain were counted and considered sterile spikelets; number of grains per ear: 20 ears were collected within the plot’s useful area, and then the number of grains per ear was counted; 1,000-grain weight (g): eight samples of 100 grains were collected from each plot and weighed with a precision scale (0.0001 g); grain yield (kg ha-1): all plants in the useful area were collected and threshed. After cleaning, the grain mass was weighed and corrected to 13 % of moisture. The data were converted to kg ha-1.

The data were submitted to preliminary tests of normality and homoscedasticity. As the data for all variables showed normal distribution and homogeneous variances, they were subjected to analysis of variance. The F-test measured the significance of the mean squares obtained in the analysis of variance at 5 % of probability. The averages for the wheat cultivars were grouped by the Scott-Knott test at 5 % of probability.

The phenotypic, genotypic and environmental correlations among the evaluated characteristics were estimated using variance and covariance analysis. From the values observed for the traits X and Y in the same genotype, the variance analysis was performed for each trait separately and also for the sum of them (X + Y) (Cruz et al. 2012). From the variance analysis of the traits X, Y and the sum X + Y, the average product of the genotypes and the average product of the error were obtained. Based on the average product of the genotypes, average product of the error, average square of the genotypes, average square of the error and number of repetitions, the phenotypic, genotypic and environmental correlation coefficients were estimated. The coefficients of genotypic correlation were divided into direct and indirect effects of the evaluated traits (independent variables) on grain yield (dependent variable), using path analysis (Wright 1921).

The obtained data were used to carry out the genetic divergence analysis, applying the Tocher optimization method (Rao 1952). The generalized Mahalanobis distance (D.) was used as a measure of dissimilarity. The illustrative dendrogram of the dissimilarity pattern was prepared according to the unweighted pair group method with arithmetic mean (UPGMA), using the Genes software (Cruz 2013).




RESULTS AND DISCUSSION

There was difference between the wheat cultivars for number of ears m-2, plant height, number of sterile spikelets per ear, number of grains per ear, 1000-grain weight and grain yield (Table 3). Therefore, it can be said that there is genetic variability among the wheat cultivars evaluated under heat-stress conditions.

The heritability coefficients ranged from 68.07 % for number of sterile spikelets per ear to 99.41 % for 1,000-grain weight (Table 3). These values show the low effect of the environment on these traits. It is noteworthy that the selection of traits with heritability close to 100 % allows significant selection gains in the initial generations; however, with the reduction of genetic variability, these selection gains are significantly reduced (Silva et al. 2015). The coefficients of experimental variation ranged from 3.82 % for 1,000-grain weight to 31.46 % for number of sterile spikelets per ear (Table 3). The coefficient of genetic variation (CVg) ranged from 6.84 % for plant height to 74.57 % for grain yield (Table 3).

The traits with the highest CVg values have a greater genetic variation; therefore, they have a greater potential for selection. The CVg/coefficient of experimental variation (CVe) ratio ranged from 1.77 for plant height to 12.99 for 1,000-grain weight (Table 3). In all the evaluated traits, the CVg/CVe ratio had values greater than 1.00, what is very important, since CVg/CVe ratios greater than 1.00 indicate that the genetic variation is superior to the environmental variation, what favors the selection of plants with a greater efficiency and less environmental effect (Vencovsky & Barriga 1992).

There was no difference in plant height among the evaluated cultivars (Table 4). The highest grain yield and number of ears m-2 were observed for the CD 150 cultivar, with averages of 1,110 kg ha-1 and 452 ears m-2, respectively (Table 4). The CD 150 cultivar, with a dose of N similar to the one used in the present study, reached a grain yield of 2,185 kg ha-1 in Cascavel (Paraná state, Brazil), in the winter season (Oliveira et al. 2011). However, the average grain yield of the evaluated wheat cultivars was 605.07 kg ha-1, showing an effect of heat-stress, since, in the winter season of 2010, the average grain yield was 2,978 kg ha-1 in the same region of the present study (Hubner 2010). The number of ears m-2 is the main component linked to grain yield in wheat. In the winter of 2011, approximately 430 ears m-2 were found in the same cultivar, in Palotina (Paraná state, Brazil) (Coan et al. 2013).




Table 3




Summary of the analysis of variance and genetic parameters for the number of ears m-2 (NE), plant height (PH), number of sterile spikelets per ear (SSE), number of grains per ear (NGE), 1,000-grain weight (W1000) and grain yield of wheat cultivars.
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 **, * Significant at 1 % and 5 % of probability by the F-test, respectively. Var G: genetic variance; h2: heritability; CVe: coefficient of experimental variation; CVg: coefficient of genetic variation.











Table 4




Grain yield, 1,000-grain weight (W1000), number of grains ear-1 (NGE), number of sterile spikelets ear-1 (SSE), number of ears m-2 (NE) and plant height (PH) of wheat cultivars.
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 * Means followed by the same letter in the column belong to the same group by the Scott-Knott test at 5 % of probability.








The largest 1,000-grain weight was observed for CD 116, followed by IPR 85, both higher than the others (Table 4). The 1,000-grain weight of CD 116 increased by approximately 22 %, concerning the characterization from the breeding company that released this cultivar, what may be caused by the smaller plant population, causing a greater compensation for the reduction of plants m-2, results that are linked to the cultivar tolerance to high temperatures (Table 2), similarly to those obtained by Coan et al. (2013), in winter cultivation, in Palotina, the same cultivation region, with 1,000-grain weight of 42.4 g. The cultivars CD 150, CD 116, BRS Pardela, IPR 130 and IPR 85 had the highest number of grains per ear. However, the heat stress decreased the number of grains per ear in all cultivars, mainly for CD 116 and CD 150, in agreement with Coan et al. (2013), who, in the winter cultivation of 2011, in Palotina, found a number of grains per ear for the CD 116 and CD 150 cultivars in the range of 48 and 40 grains, respectively, approximately 38 % and 24 % higher than the same cultivars in the summer cultivation.

BRS 220, IPR 136, IPR 144 and BRS Pardela had the highest number of sterile spikelets per ear (Table 4). All the adverse effects verified in the evaluated traits may be explained due to the heat- stress effect to what the wheat plants were submitted. The ideal temperature for wheat cultivation is between 18 and 24 .C, and, when the temperatures exceed this range, they start to compromise the plant metabolic processes and become critical, causing irreversible damage to the crop development (Oliveira Neto & Santos 2017), such as reducing the viability of pollen grains by temperatures above 32 .C (Harsant et al. 2013). Above 30 .C, the photosynthetic rate, number of grains per plant and grain weight begin to decrease and damage the formation of ovules, making them unviable, due to the high temperature accelerating the process of vegetative and reproductive development (Narayanan 2018).

There were positive and significant genotypic and phenotypic correlations between grain yield and number of ears m-2, plant height, number of grains per ear and 1,000-grain weight. Negative and significant genotypic and phenotypic correlations were also found between grain yield and number of sterile spikelets (Table 5). There was also a negative and significant environmental correlation between grain yield and plant height and number of sterile spikelets, and a positive and significant environmental correlation between grain yield and number of grains per ear and 1,000-grain weight (Table 5). Vieira et al. (2007) evaluated the primary and secondary components of grain yield in wheat and realized that the primary factors that have a great influence and importance in determining the grain yield are the number of grains per spikelet and the number of tillers m-1, which result in the increase of ears in the area. Correlations linked alone to plant height may indirectly affect the grain yield. These effects are also attributed to the environmental effects on the physiological mechanisms that control the expression of these traits subjected to stress (Carvalho et al. 2004).




Table 5




Estimates of genotypic (G) and environmental (E) correlation coefficients among the evaluated traits in wheat genotypes.
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 NE: number of ears m-2, PH: plant height (cm); SSE: number of sterile spikelets ear-1; NGE: number of grains ear-1; W1000: 1,000-grain weight (g); yield: kg ha-1. **, * Significant at 1 % and 5 % of probability, respectively, by the t-test.








All genotypic correlations related to all the evaluated traits were negatively affected by the number of sterile spikelets. The genotypic correlations of the 1,000-grain weight were negatively affected by the number of ears m-2 and number of sterile spikelets; however, positive effects of high magnitude for the number of grains per ear and plant height were observed. There was a negative environmental correlation for the 1,000-grain weight, concerning height, and a positive one for the number of grains per ear (Table 5). Dutano et al. (2015), working with wheat traits, verified that especially the traits of grain yield, grain weight, number of ears per plant, number of grains per ear and plant height presented highly relevant genotypic and phenotypic correlations, which may be used indirectly to improve the other traits. Mohammadi et al. (2012) reported that, when analyzed a trait, such as grain weight that has a high magnitude genotypic correlation with grain yield, the use of this trait to assist in the plant genetic breeding is essential. There was a positive effect of plant height and number of grains per ear on the genotypic correlations for all the analyzed traits, except for number of sterile spikelets per ear (Table 5), coinciding with the greatest direct and indirect effects on grain yield found in the path analysis (Figure 2). The number of grains per ear had the greatest direct effect on grain yield (Figure 2). According to Kavalco et al. (2014), the direct effect of a trait on grain yield, if positive, evidences the magnitude of the data and proves the veracity of these traits association; that is, there is efficiency in the use of the trait to increase the crop yield.

There was a significant environmental correlation for most the correlated traits, except for number of spikelets m-2 with grain yield, 1,000-grain weight and number of grains per ear, also verified in the correlation of 1,000-grain weight with the number of sterile spikelets (Table 5). The number of sterile spikelets directly affected the grain yield, with a high negative genotypic correlation observed between the two traits (Figure 2). There is also the effect of thermal stress, which may cause an increase in plant sterility. As reported by Demirevska-Kepova et al. (2005), the heat excess induces the occurrence of qualitative and quantitative losses for yield, such as reduced leaf area, plant height and percentage of flower fertilization, and also shortens the grain-filling period.

The path analysis provided a detailed notion of the trait influences directly and indirectly related to grain yield. There was no direct and indirect effect for number of ears m-2 on grain yield; however, there was a positive genotypic correlation between these traits. There was also a direct positive effect of plant height on grain yield and an indirect one on number of grains per ear, consistently with the high genotypic correlation between the two characters (Figure 2).

There was an indirect effect of the 1,000-grain weight on wheat grain yield via number of grains per ear and plant height (Figure 2). The genotypic correlation between the 1,000-grain weight and grain yield was positive and highly significant (Table 5). Traits that showed a high correlation with the dependent variable, but with a direct effect in an unfavorable sense, indicate the absence of cause and effect; that is, the trait is not the main determinant of changes in the basic variable and there are others traits that may have a greater impact on selection gain (Cruz et al. 2012).
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Figure 2




Estimates of the direct and indirect effects of yield components and plant traits on grain yield of wheat cultivars. The columns in blue explain the positive effects of the path analysis variables, the red ones the negative effects, and the gray ones represent the coefficients calculated and used in the path analysis. NE: number of ears m-2, PH: plant height (cm); SSE: number of sterile spikelets ear-1; NGE: number of grains ear-1; W1000: 1,000-grain weight (g).















According to Cruz et al. (2012), for breeding purposes, it is important to identify, among the characteristics with high correlation with the dependent variable, those that have the greatest direct effect in favor of selection, in such a way that the correlated response through indirect selection is efficient. In the present study, it can be verified that the number of grains per ear and plant height showed a high genotypic correlation and a direct effect on grain yield.

A dissimilarity among the A, B and C groups was found by the UPGMA clustering method calculated by genetic distances using the Tocher method. Group A was composed of the IPR 85 and CD 116 cultivars, group B of CD 108 and CD 150, and group C of IPR 136, IPR 144, BRS Pardela, IPR 130 and BRS 220. The greatest similarity between the cultivars was observed in the group C, with the highest number of cultivars with a shorter distance between them (Figure 3). The greatest distance occured between the groups A and C, with the greatest genetic distance between the cultivars. The genotypes gathered in more distant groups are considered the most promising crosses; however, it is necessary to consider the agronomic performance of the cultivars, so that they can increase desirable characteristics such as yield, to use them as a source of genetic variability to obtain high-yield potential cultivars (Almeida et al. 2011).
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Figure 3




Dendrogram illustrating the dissimilarity pattern obtained by the unweighted pair group method with arithmetic mean (UPGMA), based on the Mahalanobis distance in wheat cultivars.















The UPGMA clustering method, based on the generalized Mahalanobis distance, is the most consistent and indicated to characterize the genetic divergence between cultivars, and provides a greater precision when selecting cultivars for future crosses (Araújo et al. 2014). The most productive genotypes in the summer period with high temperatures were CD 116 and CD 150, both present in different groups, suggesting that they have less similarity in response to cultivation in a stressful environment, being the most promising crossing with selection gain.




CONCLUSIONS




	
1. High temperatures affect the wheat spikelets fertility, grain weight and grain yield. The cultivars CD 116 and CD 150 were the most productive ones under heat-stress conditions, being considered as promising parents for plant breeding programs aiming to obtain heat-tolerant wheat cultivars;

2. The number of grains per ear is the most efficient trait for selecting high-yield wheat cultivars based on the path analysis under heat-stress conditions;

3. The greatest genetic divergence occurred between the groups A (IPR 85 and CD 116) and C (IPR 136, IPR 144, BRS Pardela, IPR 130 and BRS 220), while the cultivars from the groups A and B were the most tolerant to high temperatures.
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PR 136 33062d 21431 21.80b 327a 229.01d 54.50
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BRS 220 47748d 2647 24476 347a 31127¢ 56.33
BRS Pardela 569.13 ¢ 3120d 2840a 273a 21011d 53.00
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Mean 552.02 3077 26,66 218 297.56 55.89
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BRS 220 Medium 69 122 84 37
BRS Pardela Medium 67 122 79 36
CD 108 Super early 52 109 67 32
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IPR 136 Medium 67 122 80 34
IPR 144 Early 6 113 83 37
PR 85 Early 60 113 85 47





