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Abstract

:

Black Sigatoka, a disease caused by the fungus Pseudocercospora fijiensis, can lead to the complete loss of banana and plantain production in the absence of chemical control. The development of resistant cultivars is the focus of many banana breeding programs and is an alternative to the use of fungicides. In order to define a refined method of selection in genetic breeding programs, this study evaluated 23 improved diploids, seven tetraploids, and two commercial cultivars in the presence of P. fijiensis. Four selection criteria were considered: means of the disease severity index (ID) and area under the disease progress curve (AUDPC) estimated over the total period of the experiment, only in summer, only in winter, and the emission and harvesting of bunches. The selection of genotypes was more effective in the winter, and the evaluation of four leaves no. 3 emitted after six months of growth was efficient at differentiating the resistant and susceptible genotypes. For the improved diploids and tetraploid hybrids, DI varied from 0.0 to 48.8 and from 15.1 to 63.5, respectively, and the AACPD for the improved hybrids and tetraploid hybrids varied from 0.0 to 2439.5 and 1000.2 to 3717.7, respectively. The tetraploid hybrid of the Prata-type CNPMF0906 and the commercial cultivar, which is a hybrid of the BRS Princesa Silk type, showed quantitative resistance and can be used by banana producers. Results suggest that the guidelines adopted for the selection of genotypes resistant to black Sigatoka may include methodologies that reduce the evaluation time. In addition, new sources of resistance to the disease and the influence of its genetic inheritance in future crosses were found.
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1. Introduction


Bananas and plantains are cultivated in tropical and subtropical regions of 150 countries, and are among the four most important foods in the world [1]. The world’s banana production was more than 114 million tons and plantains exceeded 40 million in 2018, cultivated in a total area of approximately 11 million hectares. Banana production is estimated to reach 154 megatons (Mt) and the 10 largest banana producers are India (30.5 Mt), China (11.4 Mt), the Philippines (9.1 Mt), Indonesia (7.2 Mt), Colombia (7.1 Mt), Ecuador (6.9 Mt), Brazil (6.7 Mt), Cameroon (5.7 Mt), Democratic Republic of the Congo (5.1 Mt), and Uganda (3.8 Mt) [2]. Together with rice, wheat, and corn, these fruits are considered some of the most important sources of food in the world, serving as basic foods and sources of income for numerous families, especially in Africa and Asia [3,4].



Some diseases are responsible for significant losses in the production of bananas and plantains, notably black Sigatoka, caused by Pseudocercospora fijiensis (sexual form: Mycosphaerella fijiensis) [5]. This fungus was described in 1963 on the islands of Fiji [6]. The disease was first reported in Brazil in 1998, near Colombia and Peru, when it was introduced in the municipalities of Tabatinga and Benjamin Constant, in the State of Amazonas [7]. The fungus propagates from two types of spores, conidia, which are asexual, and ascospores, which are sexual [8].



The first symptoms of the disease occur between 7 and 14 days after infection and manifest themselves as striae, which at more advanced stages lead to leaf necrosis, which limits photosynthesis. This condition can result in production losses of up 100%, depending on the environmental conditions, due to a reduction in the weight of the fruits and bunches, early fruit maturation, reduction in green growth, and changes in pulp color [9,10,11]. Black Sigatoka is routinely controlled using a combination of contact and systemic fungicides. However, this practice can increase the production costs by up to 30%, which is estimated to be 550 million dollars at the global level [8]. In addition, it can potentially impact health and contaminate the environment. Biological control of the pathogen is still very limited, due to the effective efficiency of some biological agents and production and application costs. Other management strategies are based on cultural practices, such as surgery or defoliation, which consists in partial or total elimination of the affected plant tissue and furthermore, the use of adequate fertilizers to reduce the predisposition of plants to the pathogen [12].



The development of cultivars resistant to black Sigatoka is the focus of various genetic breeding programs around the world, including at Empresa Brasileira de Pesquisa Agropecuária–Embrapa, in Brazil [13,14]. The main commercial cultivars of bananas and plantains are susceptible to black Sigatoka, and although chemical control is considered efficient, its indiscriminate use is harmful to human health and the environment [8].



It is inferred that genetic resistance to P. fijiensis is associated with a recessive allele (bs1) and two independent alleles with additive effects (bsr2 and bsr3) [15]. There are also intralocus interactions at the bs1 locus that are apparently associated with the appearance of the first symptoms in the leaves and with intraloci interactions at the bsr locus, which influence the development of the disease [16]. Therefore, it is necessary to study cultivars that present in their genealogy these resistance genes for P. fijiensis in bananas.



Since 1982, Embrapa has made crosses involving improved diploids and triploid commercial cultivars susceptible to black Sigatoka, Pseudocercospora musicola and Fusarium oxysporum f. sp. cubense race 1 [17]. Eleven tetraploid hybrids have been developed and recommended to Brazilian farmers using this strategy.



Developing improved diploids is a routine activity at Embrapa, which annually generates hybrids resistant to yellow Sigatoka and Fusarium wilt race 1. Some of these are also resistant to black Sigatoka, tolerant to weevil borer and nematodes, and present other agronomic characteristics of interest for improvement. It is a dynamic process, since new improved diploids with superior characteristics are routinely used in crosses and others are excluded for technical reasons [17]. The best strategy to develop new improved diploids is to cross genotypes that exhibit qualitative resistance with those that exhibit quantitative response to the pathogen. This strategy aims to develop hybrids with two types of resistance, increasing the durability of the resistance level in the field [13]. In the future, the improved diploids developed, after a complete agronomic evaluation, will be crossed with susceptible commercial cultivars, aiming for the transfer of resistant alleles. In this context, the new commercial cultivar could make use of two defense strategies: qualitative resistance, which could possibly be overcome by the pathogen, and quantitative resistance. Another strategy is to intercross the three diploids with complete resistance with the goal of gene pyramiding for resistance in a new hybrid, increasing the possibility of durable resistance to black Sigatoka in the field.



Properly identifying genotypes that are partially or moderately resistant to black Sigatoka is fundamental when conducting works that have the goal of selecting genotypes for crosses (improved diploids). Thus, in this study, new diploid and tetraploid banana hybrids developed by Embrapa were evaluated in the presence of P. fijiensis, with the goal of selecting resistant genotypes to use in crosses or to be recommended to farmers. In addition, using early selection criteria accelerates the development time of cultivars that will be made available to farmers. In this context, we tested four selection strategies: early yearly evaluation, during the entire period of the experiment, only in the summer months, only in the winter months, and a classical analysis during the emission and collection of bunches aiming to select resistant genotypes for use in the banana genetic breeding program.




2. Materials and Methods


2.1. Plant Material and Experimental Design


The experiment was conducted from May 2016 to January 2018 in the experimental field of Embrapa in Cruz das Almas, Bahia, Brazil (12°40′19″ S and 39°06′22″ W, 220 m a.s.l.). The climate is tropical hot and humid (Aw to Am) according to the classification by Köppen, with an average annual temperature of 24.5 °C, relative humidity of 80%, and average annual precipitation of 1.250 mm [18]. Evaluations were carried out in the first cycle, which comprises the period between plantation and the first harvest of bunches. Thirty-two genotypes with unknown profile responses to P. fijiensis were selected for the evaluation, including 23 improved diploids, seven tetraploids, and one commercial cultivar (BRS Princesa). As a susceptible control, the commercial cultivar Grand Naine was used, whose susceptibility to the disease is already known. The diploid and tetraploid hybrids were selected according to their genealogy since at least one of the parents has some level of qualitative or quantitative resistance to black Sigatoka, such as Malaccensis, Tjau Lagada, Pahang, Calcutta 4, and Tuugia (Table 1).



The experimental design was completely randomized, with 10 replicates per genotype, spaced 4 m × 2 m × 2 m apart and irrigated with a micro sprinkler according to the needs of the crop. This management method avoids plant stress due to a water deficit, since the experiment was conducted in a region with dry periods.



The experiment was established in an area naturally infested by Pseudocercospora fijiensis, for more than 5 years, when the pathogen was first reported in the region of the State of Bahia in farms in regions close to the experimental field [19]. Since then, this environment has been used for studies for efficient selection of genotypes resistant to the disease [20]. A similar evaluation method was used by Kimunye et al. [21], evaluating 93 banana accessions in Uganda, Africa.




2.2. Disease Measurement and Selection Criteria


Four selection strategies for genotypes resistant to black Sigatoka were evaluated: (1) evaluation of symptoms during the summer months; (2) evaluation of symptoms during the winter months; (3) evaluation of symptoms of the disease during the entire period of the experiment, and (4) classical evaluation of symptoms at the emission and harvest of bunches. These methods are the most used for the evaluation of the disease in the field, and to our general knowledge, there are no reports in the literature of studies that used more than one method, in the greenhouse and in the field.



In the experimental condition of the location of the study, winter comprises the months from May to August and is characterized by an average temperature of 22.6 °C, relative humidity of 86.4%, and average rainfall index of 4.75 mm/day, with average light hours of 11.4 h/day. Summer comprises the months from November to February and is characterized by an average temperature of 25.6 °C, relative humidity of 73.8%, rainfall index of 1.20 mm/day, and average 12.8 h of light per day. These data were collected during the study by a weather station located 50 m from the experiment.



For evaluations carried out in winter, summer, and all year round, the genotypes were evaluated for their behavior in the presence of black Sigatoka using a scale of scores of symptoms of the disease in the leaves, which was proposed by Stover [22] and modified by Gauhl [23], where: (1) up to 1% of the leaf blade with symptoms; (2) 1 to 5% of the leaf blade with symptoms; (3) 6 to 15% of the leaf blade with symptoms; (4) 16 to 33% of the leaf blade with symptoms; (5) 34 to 50% of the leaf blade with symptoms; and (6) 51 to 100% of the leaf blade with symptoms.



In the classical evaluation method performed using the evaluation scale described by Fouré [24], a single evaluation was performed at the time of the bunch emission and another at the harvest period. This scale of notes ranges from 0 (absence of symptoms) to 6 (center of the spots become dry, gray-whitish and the edges become depressed, where a black ring is often surrounded by a yellow halo surrounding the gray center, and these spots remain visible after the leaf dries completely). The evaluation was performed by analyzing all leaves of plants that presented more than 50% of the active leaf area and still in a position parallel to the soil. At the end, the averages of the grades of each leaf were used to estimate the disease index (ID) in the emission and harvest of bunches and it was not possible to generate an AUDPC, since the evaluations were not performed over time.



The evaluations started in the sixth month after planting when symptoms of black Sigatoka on leaf number 3 were observed until senescence. At this stage, the next leaf number 3 was identified, and a new evaluation of the symptoms began (Table S1). This same methodology was used by Kimunye et al. [21] in studies of selection of black Sigatoka-resistant diploids for use in crosses at International Institute of Tropical Agriculture (IITA) and National Research Organization (NARO).



This process was standardized to four number 3 leaves, considering that more than 80% of the plants had emitted this quantity of leaves at harvest. Additional details about the duration of the n° 3 leaves are provided in Table S2. It is important to note that the plants emitted a variable number of leaves, but due to the criterion for evaluating the symptoms until senescence, some of these leaves were not evaluated. These issues were also reported by Kimunye et al. [21]. The scores were recorded at intervals of 15 days and transformed into a disease severity index (DI, %) based on the formula described by Mckinney [25]:


   DI     %  =     ∑    disease   score    ×    number   of   plants   with   a   certain   disease   score       ×   100     ( number   of   plants   evaluated   per   plot   ×   the   highest   score   adopted   in   the   scale )       











For each hybrid, the average DI was estimated based on the evaluations made every 15 days and the number of replicates per genotype.



The area under the disease progress curve (AUDPC) was estimated with the formula proposed by Madden et al. [26], where n is the number of evaluations, DI is the disease severity index, and T1–T2 is the time interval between two consecutive evaluations, as follows:


  A U D P C =   ∑ n − 1 n     D I 1 + D I 2      2    x     T 2 − T 1    











The AUDPC was standardized by the number of evaluations made every 15 days until the harvesting of the bunches, considering that the duration of the number 3 leaves varied among the genotypes.



Evaluations to select the hybrids in the summer (December to March) and winter (June to September) and estimates of the DI and AUDPC for these intervals (seasons of the year) were based on evaluations of the symptoms at 15-day intervals and the number of replicates per genotype.




2.3. Data Analysis


Data from internal disease index (ID) and area below the disease progress curve (AUDPC) were transformed using the sine arc function [root(Y/100)] to achieve normality of the data. The analysis of variance with ID and AUDPC for each of the evaluation methods was carried out separately, whereas only the effect of genotypes, and the different methods as replicates of the experiment over time were observed. In the classical method, the evaluation was carried out only with IDs. The genotypes were compared in each method by the Scott–Knott test (p < 0.05). These analyses were performed with the ‘ExpDes.pt’ package in the software in R [27].



Using the same DIs and AUDPCs, a heat map analysis was conducted that produced a graphic interpretation, where data referring to each genotype are represented by colors; shades of green in the scale are associated with levels of genetic resistance and those of red in the scale indicate levels of susceptibility. This same analysis is often used in studies aimed at the evaluation of diseases both in the field and in a greenhouse, as it is an analysis of easy interpretation when compared to the classical methods of grouping, which are based on dendograms [20,28,29]. The statistical packages used for the analyses were devtools, NbClust, and gplots, executed in the R software.



The genotypes + genotypes vs. environments (GGE) interaction model was used, considering a GGE biplot (i.e., G + GE), which is constructed by the first two symmetrically scaled main components (PC1 and PC2), derived from the decomposition of a singular value of data from multiple environments. For this study, the different selection criteria were considered as environments. Detailed formulas of the models used are provided in Yan and Tinker [30] and Yan et al. [31]. From the ID values in the different selection criteria, for environmental evaluation, singular value partitioning with a focus on the environment (SVP = 2) was used. Was used the ‘Which-won-where ‘testers’ relationship option in order to identify which genotype was the winner in a given selection criterion (here taken as environments). These analyses were performed in the R software with the package “metan” [32].





3. Results


From the analysis of heat maps, based on the four strategies used to select genotypes resistant to P. fijiensis in summer (A), winter (B), annual (C), and harvest of clusters (D), it was possible to undo three clusters of genotypes, based on their similarity, classifying them as susceptible (S), moderately resistant (MR), and resistant (R) (Figure 1). However, it can be inferred that the most efficient way to differentiate genotypes in the resistant, moderately resistant, and susceptible classes is to evaluate the symptoms of P. fijiensis during the winter season. This is because this criterion seems to be more rigorous than the others, since a smaller number of genotypes are classified as resistant and/or moderately resistant to the disease, when compared to the other time periods (Figure 1B).



Absolute values for the DI and AUDPC are shown in Table 2. In the table, there are some inversions in the classification of the genotypes, depending on the evaluation strategy adopted. The improved diploids CNPMF0496, CNPMF0542, CNPMF0978, CNPMF1105, and CNPMF1272 were classified as susceptible to black Sigatoka in the evaluations made only in the winter; however, for the other analyses, the same genotypes were classified as resistant or moderately resistant. The same observation was made for some of the tetraploid hybrids (CNPMF0241, CNPMF0282, and CNPMF0351). Higher mean values were observed in the DI and AUDPC for the evaluations made in the winter.



This period benefits the development of the disease, because there are environmental conditions that favor key points in the life cycle of the pathogen, such as dispersion, germination, penetration, colonization, and survival, increasing the severity of the disease and allowing the selection of resistant hybrids with greater rigor. In fact, with this criterion, fewer hybrids were classified as resistant and/or moderately resistant, when compared to the other evaluation times. It is also important to point out that this strategy is faster, since it does not require the evaluation of plants until the harvest of bunches, a classical methodology adopted in breeding routines to date, including at Embrapa.



One of the final objectives of genetic breeding programs is to develop cultivars resistant to black Sigatoka, and an incorrect evaluation of the behavior of a genotype against the disease can delay this for many years. For all selection criteria used, genotypes CNPMF0897, Grand Naine, CNPMF0038, and CNPMF0908 were classified as susceptible with the highest ID and AUDPC scores and cnpmf1171 genotypes, CNPMF0572, CNPMF0811, CNPMF0536, CNPMF1323, CNPMF0519, CNPMF0557, and CNPMF0612 were classified as resistant (Table 2).



For the analysis based on GGE Biplot, considering the 32 genotypes and the four selection methods (here taken as environments), the two main components (PC1 and PC2) represented approximately 95.0% of the genotypes vs. environments interaction, regarding the type of analysis “which-won-where”, which, therefore, was significant (Figure 2). From the lines perpendicular to the sides of the polygon that divide the biplot into sectors, it was possible to distinguish two environments, one composed of the criteria of annual selection, summer, emission, and harvest and the other composed of only the selection criterion in winter. For the first case, the cultivar Grand Naine was considered the most responsive, and for the second, the genotype CNPMF0897 (Figure 2). Regarding susceptibility, the genotypes allocated at the vertex of the polygon are more distant from the origin than the other genotypes and are classified as more responsive, being CNPMF0897, Grand Naine, CNPMF0038, and CNPMF0908 in relation to susceptibility and CNPMF0572, CNPMF0811, CNPMF0536, CNPMF1323, CNPMF0519, CNPMF0557, and CNPMF0612 in association with resistance, as they are arranged on the opposite side to the susceptible ones and in a quadrant where a selection method was inserted (Figure 2). Arranged in the central region of the biplot, there are genotypes with a median response in both environments, such as CNPMF0998, CNPMF0906, CNPMF0542, CNPMF0565, CNPMF0496, CNPMF0513, CNPMF1102, CNPMF0731, CNPMF0978, and BRS Princesa, classified as moderately resistant. In general, in the cluster harvesting environment, the genotypes considered susceptible respond better to the evaluations, while the other environments, especially winter, include genotypes with different responses to P. fijiensis as susceptible and moderately resistant, demonstrating that this method can be more efficient for selection in a set of genotypes with different responses to the disease.



From the biplot of ranking of the environments, where the “ideal” environment is used as the center of a set of concentric lines that serve as a ruler to measure the distance between any environment and the ideal environment, it can be inferred that the selection criteria in winter, annual, summer, and emission of the bunches approach in the same way the ideal environment represented by the arrow with the small circle (Figure 3A). Thus, all test environments are desirable for selection of P. fijiensis under the study conditions, except for the evaluation performed in the collection of the bunch, which most distanced itself from the ideal environment. However, in the analysis of the relationship between environments, although all methods are correlated, the evaluation methods performed in the collection of the bunch and in winter have greater discriminating power of the genotypes, considering that they have the longest vectors, in their respective directions. Conversely, the method of analysis performed in the emission of the bunch has low discriminating power of genotypes (Figure 3B) and this characterizes a measure of the response capacity of genotypes for these environments [31]. These data are evidenced by the progress of the disease, since after flowering, banana trees do not produce new leaves and the severity of the disease increases as the plant ages; therefore, the performance of disease assessments at emission and harvest represents two extremes of genotype responses to the disease.




4. Discussion


This study compared different selection strategies of diploid and tetraploid hybrids and noticed that there are differences in the grouping of genotypes as resistant, moderately resistant, or susceptible, according to the selection criterion adopted (Figure 1, Table 2). It is known that the symptoms of P. fijiensis may vary according to the phenological stage of the plant, leaf age, period of infection of the pathogen, pressure of the inoculum, and cultivar used. Thus, the response to black Sigatoka differs in the evaluation of young and adult plants, suggesting the need to standardize the period and stage of symptom evaluation in the selection of resistant genotypes [33].



Many genotypes were considered susceptible with the evaluation criterion performed in winter. In Cruz das Almas (Bahia, Brazil), this period takes place between June and September in the southern hemisphere, favoring the development of the disease because it has environmental conditions adequate for key points of the life cycle of the pathogen, such as dispersal, germination, penetration, and survival. This increases the severity of the disease, allowing for a more rigorous selection of resistant genotypes. It is known that environmental conditions with high rainfall, humid climate, and temperatures ranging from 25 to 28 °C provide a favorable environment for the development of P. fijiensis and the establishment of its sexual and asexual phases continuously [34]. Regardless of the strategy adopted, the results presented corroborate those in the international literature, which classify the Grand Naine cultivar as susceptible to the disease, reinforcing the accuracy of the evaluations. Furthermore, some genotypes kept their profile regardless of the type of evaluation [8,35].



The summer and winter seasons have distinct average temperatures, relative humidity, and total and daily precipitation. The average data for summer was 26 °C, 73% humidity, and 105 mm of rain (1.2 mm/day) and the data for winter was 22 °C, 86% humidity, and 460 mm of rain (4.7 mm/day). Some environmental conditions are required for black Sigatoka to develop, such as temperatures around 27 °C and moisture on the leaf surface, whereas for the conidia formation in the cycle of the pathogen, high relative humidity is necessary (RH) and for the formation and expansion of the leaf lesions, high temperatures are necessary [36]. Although, according to these authors, in environments with high humidity, water on the leaf surface is not always necessary, especially when conidia are the main source of inoculum of the disease, whose germination is not affected by leaf wetting [37]. The response evaluation of 22 NARITA hybrids to P. fijiensis, under natural field conditions, in four sites in Africa, considered environments with high pressure of the disease as ideal. Additionally, the evaluation can be performed in cycle 2 or cycle 1 of the crop, besides using highly susceptible cultivars as propagators, to act as sources of inoculum, before establishing a test [37]. In this study, this environment was provided by the presence of inoculum in the area for long periods and the optimal conditions for the development of the disease were increased in the winter period. In addition, it was shown that evaluations performed every 15 days are adequate to obtain satisfactory results, regardless of the crop cycle in which the evaluations are conducted (Supplementary Materials Table S2).



Considering the efficient discrimination of the genotypes for the analysis of the symptoms of black Sigatoka during winter under the climatic conditions in the study area (Figure 2), more detail is provided about the results of the genotypes for this period. It is important to note that this strategy is faster, since it eliminates the evaluation of plants until the fruits are harvested, a classic methodology that is still routinely used by banana breeding programs, including Embrapa, as cited previously. Therefore, the strategy adopted in this study was mainly due to the difficulty in evaluating the large amount of plants developed by the breeding program in different locations so that selection is viable in a single environment from replicated measurements in time and considering the effect of the environment on the development of the disease. This methodology can be replicated in selection cycles initially with hybrids originating from seeds and then with clones of plants selected that likewise will be evaluated from the measurements in time and with a number of replicates. Therefore, at the end of two production cycles, it will be possible to perform evaluations with many measurements in time, which will provide greater reliability in the identification of resistant genotypes.



For the set of improved diploids, the DI varied from 0.0 to 48.8 and the AUDPC varied from 0.0 to 2439.5 (Table 2). Three improved diploids presented high resistance to black Sigatoka: CNPMF0519, CNPMF 0557, and CNPMF0612. Another nine exhibited quantitative resistance to the pathogen, notably CNPMF0811 and CNPMF0993, which had the lowest DI and AUDPC among the genotypes. These five genotypes have potential for use in crosses with susceptible cultivars, with the goal of developing commercial cultivars resistant to black Sigatoka, because sources of alleles are likely to be favorable to the combination of qualitative and quantitative resistance, presenting potential for use as parents in breeding programs to increase the frequency of these alleles. All these improved diploids that presented some kind of resistance have Calcutta 4 or Malaccensis in their genealogy, corroborating the studies by Nascimento et al. [20] and Kimunye et al. [21].



Considering the genealogies of the three improved diploids that exhibited complete resistance in our study, it is possible to speculate that the genetic control of their resistance to black Sigatoka is monogenic, while for the genotypes with quantitative resistance, it is inferred that the control is polygenic. However, new studies are needed to confirm these hypotheses. It is reported that the resistance to black Sigatoka in the diploid CNPMF0557 comes from the alleles of the wild diploid Pisang Lilin, which is resistant to the pathogen [35]. In the case of CNPMF0612, the SH3263 hybrid probably transferred alleles of resistance during crossing. CNPMF0811 and CNPMF0993 have Calcutta 4 and Tuu Gia in their genealogies, which are both resistant to black Sigatoka [20,38,39]. Embrapa considers disease resistance in the diploid germplasm, especially to Fusarium wilt race 1 and black Sigatoka, as a criterion for planning crosses. Other agronomic characteristics are also considered, such as a short height, production of over 100 fruits per bunch, male fertility, and peduncle architecture of the bunch [40]. Thus, these data are in accordance with the recently reviewed literature, which indicates a large number of studies where wild diploids of M. acuminata, such as Calcutta 4 and other diploid cultivars, may harbor sources of resistance genes, serving as parents for the generation of improved diploids and subsequent introgression of genes in new cultivars [14].



Embrapa has been developing improved diploids for use in crosses since 1982. All of the hybrids selected, until now, are resistant to yellow Sigatoka and Fusarium wilt race 1, and some are also resistant to black Sigatoka, tolerant of weevil borer and nematodes, and have other agronomic characteristics of interest for improvement. It should be noted that developing improved diploids is a dynamic process, since new genotypes with superior characteristics are developed and selected each year [17].



For the tetraploid hybrids evaluated for resistance against black Sigatoka, the DI varied from 15.1 and 63.5 and the AUDPC varied from 1000.2 to 3717.7 (Table 2). The genotype CNPMF0906 (Prata type) and the cultivar BRS Princesa (Silk type) exhibited moderate resistance to the pathogen. This is the first work to report the level of resistance of BRS Princesa to black Sigatoka, which also exhibits resistance to Fusarium wilt race 1 and yellow Sigatoka [28].



The development of cultivars resistant to black Sigatoka is an excellent alternative to overcome problems caused by the susceptibility of commercial cultivars, since depending on the cultivar, environmental conditions, and level of infection, losses caused by the disease can vary from 30–100% [8]. These losses are not necessarily associated with the death of the plant but are reflected in the reduced weight of the bunch and early ripening of the fruits [40,41]. Furthermore, when using fungicides, there is the risk of contamination of the environment and humans, especially people living near banana plantations [42].



In the context of global climate change, according to probabilistic models associated with an increase in the average temperature, a 50% increase is estimated in areas on the planet cultivated with bananas, especially in subtropical regions, such as southern Brazil, and areas at higher elevations. In this scenario of higher temperatures, water will be supplied by irrigation, which will also increase the severity and incidence of black Sigatoka, since the fungal spores will be in more favorable conditions for germination, because the use of certain irrigation systems may increase disease severity [43,44]. Therefore, cultivars adapted to this new condition will be in increasing demand by farmers, especially those associated with genetic resistance to pests and diseases.




5. Conclusions


This study demonstrated that the selection of genotypes resistant to Pseudocercospora fijiensis in the condition of the Recôncavo Region of Bahia, Brazil, is more effective during the winter, given the better conditions for the development of the pathogen. Additionally, the evaluation of symptoms in four number 3 leaves emitted six months after planting until complete senescence was efficient at discriminating between susceptible and resistant banana genotypes. The improved diploids, CNPMF 0519, CNPMF 0557, and CNPMF 0612, showed complete resistance to black Sigatoka and have potential for use in crosses with susceptible commercial cultivars, with the objective of transferring resistance alleles to commercial germplasm. A tetraploid hybrid of the Prata type exhibited quantitative resistance to black Sigatoka with potential for tests in production areas, with the objective of quantifying its potential for commercial use. Likewise, the commercial cultivar BRS Princesa, a Silk-type hybrid developed by Embrapa, displayed quantitative resistance to black Sigatoka. This same hybrid has resistance to Fusarium wilt, race 1, and tolerance to low temperatures, characteristics that surpass the traditional Silk cultivar. In order to reduce the screening for resistance using replicated measurements in time, the selection of a single environment is suggested, considering the effect of different environments in the development of the disease as shown here.
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Figure 1. Clustering of banana genotypes for resistance to black Sigatoka from the disease severity index (DI) and area under the disease progress curve (AUDPC), estimated by evaluating the symptoms of four n° 3 leaves: (A) evaluation in the summer, (B) winter, (C) year, and (D) classical. DI-e: bunch emission DI; DI-h: bunch harvest DI. S: susceptible, MR: moderately resistant, R: resistant. Embrapa 2021. 
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Figure 2. Interaction of the genotypes × environments biplot showing the performance of 32 banana genotypes based on the severity of Pseudocercospora fijiensis evaluated by different selection criteria according to visualization “who won where”. The biplot was based on the decomposition of a singular value (Scaling = 1, Centering = 2). The partition of the singular value focused on the dotted line (SVP = 2) was used. The analysis was performed based on the data from the internal disease index (ID). Code: Env: environment; Gen: genotype, using the GGEBiplotGUI package in the R statistic software. 






Figure 2. Interaction of the genotypes × environments biplot showing the performance of 32 banana genotypes based on the severity of Pseudocercospora fijiensis evaluated by different selection criteria according to visualization “who won where”. The biplot was based on the decomposition of a singular value (Scaling = 1, Centering = 2). The partition of the singular value focused on the dotted line (SVP = 2) was used. The analysis was performed based on the data from the internal disease index (ID). Code: Env: environment; Gen: genotype, using the GGEBiplotGUI package in the R statistic software.



[image: Agronomy 11 02483 g002]







[image: Agronomy 11 02483 g003 550] 





Figure 3. Classification of different selection criteria (environments) based on their performance close to the ideal method of selection of banana genotypes for resistance against Pseudocercospora fijiensis (A) and the relationship between the selection criteria of banana genotypes resistant to Pseudocercospora fijiensis (B). The data were generated from the values of the internal index of the disease. 
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Table 1. Banana hybrids evaluated for resistance to Pseudocercospora fijiensis in a naturally infested area in Brazil, Embrapa 2021.
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Codes

	
Genealogies




	
Improved Diploids






	
CNPMF0038

	
[(M53 × Madu)] × [(Malaccensis × Tjau Lagada)]




	
CNPMF0496

	
[(M61 × Pisang Lilin)] × [(Terrinha × Calcutta 4)]




	
CNPMF0513

	
[(M61 × Pisang Lilin)] × [(M53 × Kumburgh)]




	
CNPMF0519

	
Self-fertilization (wild diploid Tambi)




	
CNPMF0534

	
[(Calcutta 4 × Madang)] × [(Borneo × Guyod)]




	
CNPMF0536

	
[(Calcutta 4 × Madang)] × [(Borneo × Guyod)]




	
CNPMF0542

	
[(SH3263)] × [(Malaccensis × Sinwobogi)]




	
CNPMF0557

	
[(M61 × Pisang Lilin)] × [(Malaccensis × Tjau Lagada)]




	
CNPMF0565

	
[(Calcutta 4 × Pahang) × (Borneo × Madang)] × Khae




	
CNPMF0572

	
[(Khai × (Calcutta 4 × Madang)] × [(Calcutta 4 × Madang)]




	
CNPMF0612

	
[(M53 × Madu) × Madu)] × SH3263




	
CNPMF0731

	
[(Malaccensis × Madang)] × [(Tuugia × Calcutta 4)]




	
CNPMF0767

	
[(Malaccensis × Madang)] × [(Khai × (Calcutta 4 × Madang)]




	
CNPMF0811

	
[(Khai × (Calcutta 4 × Madang)] × [(Calcutta 4 × Pahang) × (Borneo × Madang)]




	
CNPMF0978

	
[(Calcutta 4 × Madang)] × [(Terrinha × Calcutta 4)]




	
CNPMF0993

	
[(Borneo × Guyod) × (Tuugia × Calcutta 4)] × [(Khai × (Calcutta 4 × Madang)]




	
CNPMF0998

	
[(Borneo × Guyod)] × [(Borneo × Guyod) × SH3263]




	
CNPMF1102

	
[(Jari Buaya × (Calcutta 4 × Madang)] × [(Borneo × Guyod) × (Tuugia × Calcutta 4)]




	
CNPMF1105

	
[(Borneo × Guyod) × (Calcutta 4 × Heva)] × [(Calcutta 4 × Madang)]




	
CNPMF1171

	
[(Malaccensis × Madang)] × [(M53 × (Tuugia × Calcutta 4)]




	
CNPMF1272

	
[(Borneo × Guyod) × (Calcutta 4 × Heva)] × [(Tuugia × Calcutta 4)]




	
CNPMF1286

	
[(Calcutta 4 × Madang)] × [(Terrinha × Calcutta 4)]




	
CNPMF1323

	
[(Malaccensis × Sinwobogi)] × [(Calcutta 4 × Heva)]




	

	
Tetraploids hybrids




	
CNPMF0241

	
[(Pacovan × improved diploid *)]




	
CNPMF0282

	
[(Pacovan × improved diploid *)]




	
CNPMF0351

	
[(Prata Anã × improved diploid by FHIA 18)]




	
CNPMF0897

	
[(Prata Anã)] × [(Malaccensis × Sinwobogi) × (Zebrina × Heva)]




	
CNPMF0898

	
[(Prata Anã)] × [(Malaccensis × Sinwobogi) × (Calcutta 4 × Galeo)]




	
CNPMF0906

	
[(Prata Santa Maria × improved diploid *)]




	
CNPMF0908

	
[(Silk × improved diploid *)]




	

	
Commercial cultivars




	
BRS Princesa

	
[(Yangambi × M53)]




	
Grand Naine

	
-








* Open pollination involving improved diploid unidentified.
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Table 2. Levels of resistance to black Sigatoka among the improved diploids and tetraploids hybrids. Embrapa 2021.
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Genotypes

	
Summer

	
Winter

	
Whole Year

	
Emission

	
Harvest




	
ID

	
AUDPC

	
LR

	
ID

	
AUDPC

	
LR

	
ID

	
AUDPC

	
LR

	
ID

	
ID

	
LR






	
CNPMF0897

	
57.2a

	
3014.0a

	
S

	
53.6a

	
3460.9a

	
S

	
56.4a

	
3408.2a

	
S

	
40.7a

	
75.9a

	
S




	
G. Naine

	
68.0a

	
3146.3a

	
S

	
57.3a

	
3974.8a

	
S

	
55.8a

	
3303.5a

	
S

	
52.9a

	
80.6a

	
S




	
CNPMF0351

	
33.3b

	
1865.4b

	
MR

	
50.0a

	
3454.4a

	
S

	
41.0a

	
2832.6a

	
S

	
30.7a

	
97.2a

	
S




	
CNPMF0038

	
52.0a

	
2748.8a

	
S

	
32.8b

	
2126.4a

	
S

	
39.3a

	
2471.6a

	
S

	
36.1a

	
93.5a

	
S




	
CNPMF0282

	
38.5b

	
1922.3b

	
MR

	
45.8a

	
1857.0b

	
S

	
38.5a

	
2436.4a

	
S

	
27.9a

	
50.0a

	
S




	
CNPMF0908

	
45.2a

	
2255.7a

	
S

	
36.3b

	
2896.4a

	
S

	
38.1a

	
2310.2a

	
S

	
35.4a

	
37.8a

	
S




	
CNPMF0241

	
33.8b

	
1856.6b

	
MR

	
46.4a

	
2707.0a

	
S

	
37.0a

	
2338.5a

	
S

	
15.8b

	
36.1a

	
MR




	
CNPMF1105

	
3.7c

	
347.3c

	
MR

	
45.1a

	
211.1d

	
S

	
34.3a

	
2227.1a

	
S

	
14.9b

	
25.0c

	
MR




	
CNPMF0898

	
33.2b

	
2748.8a

	
S

	
23.9b

	
1340.2b

	
MR

	
25.0a

	
1535.1b

	
S

	
16.6b

	
25.0b

	
MR




	
CNPMF0998

	
30.6b

	
2405.6a

	
MR

	
31.0b

	
2622.8a

	
MR

	
23.3b

	
2001.2b

	
MR

	
14.3b

	
16.7b

	
MR




	
CNPMF0906

	
30.6b

	
1623.7b

	
MR

	
28.9b

	
1984.8b

	
MR

	
30.0a

	
1804.0b

	
MR

	
22.2b

	
44.4a

	
MR




	
CNPMF0542

	
37.1b

	
2111.2b

	
MR

	
36.7a

	
2018.5a

	
S

	
28.4a

	
1680.0b

	
MR

	
13.0c

	
35.3a

	
MR




	
CNPMF0565

	
30.1b

	
2313.3b

	
MR

	
30.8b

	
1327.8b

	
MR

	
27.5a

	
1337.4b

	
MR

	
23.7b

	
36.8a

	
MR




	
CNPMF0496

	
24.8b

	
1816.7b

	
MR

	
35.6a

	
1816.7a

	
S

	
23.3b

	
1135.5b

	
MR

	
11.1c

	
20.3b

	
MR




	
CNPMF0513

	
30.4b

	
1533.3b

	
MR

	
10.7c

	
403.8c

	
R

	
22.0b

	
1124.2b

	
MR

	
19.0b

	
24.8b

	
MR




	
CNPMF1102

	
10.8c

	
1208.4b

	
R

	
19.1b

	
1123.2b

	
MR

	
19.1b

	
1190.3b

	
MR

	
8.3c

	
29.7d

	
R




	
CNPMF0731

	
8.8c

	
659.8c

	
R

	
20.4b

	
905.6c

	
MR

	
17.5b

	
808.2c

	
MR

	
17.1b

	
18.5b

	
MR




	
CNPMF0978

	
6.9c

	
125.0d

	
R

	
48.7a

	
1757.0a

	
S

	
16.0b

	
356.1c

	
MR

	
16.0b

	
21.5b

	
MR




	
BRSPrincesa

	
19.5b

	
438.8c

	
R

	
13.3c

	
860.2c

	
MR

	
15.7b

	
795.4c

	
MR

	
14.9b

	
25.9b

	
MR




	
CNPMF0767

	
6.3c

	
573.0c

	
R

	
12.6c

	
778.7c

	
MR

	
14.0b

	
921.3c

	
MR

	
3.8d

	
7.4e

	
R




	
CNPMF1286

	
6.8c

	
652.9c

	
R

	
14.1c

	
581.1c

	
MR

	
13.4b

	
590.2c

	
MR

	
14.9b

	
16.6b

	
MR




	
CNPMF0534

	
7.3c

	
856.0b

	
R

	
10.3c

	
525.7c

	
R

	
8.9b

	
581.5c

	
R

	
2.0d

	
14.8b

	
R




	
CNPMF1272

	
10.8c

	
757.0c

	
R

	
43.4a

	
1425.0b

	
S

	
9.1b

	
524.8c

	
R

	
14.8b

	
25.0d

	
MR




	
CNPMF0993

	
4.0c

	
444.5c

	
R

	
11.1c

	
515.6c

	
R

	
10.9b

	
481.0c

	
R

	
7.4c

	
16.7b

	
MR




	
CNPMF1171

	
2.1c

	
222.3c

	
R

	
11.5c

	
778.7c

	
R

	
5.9c

	
379.2c

	
R

	
7.4c

	
14.9d

	
R




	
CNPMF0572

	
3.7c

	
474.1c

	
R

	
9.5c

	
357.9c

	
R

	
4.5c

	
291.5c

	
R

	
1.9d

	
1.9f

	
R




	
CNPMF0811

	
0.0d

	
0.0d

	
R

	
5.9d

	
169.4d

	
R

	
4.3c

	
121.3d

	
R

	
3.8d

	
14.8d

	
R




	
CNPMF0536

	
0.4d

	
20.9d

	
R

	
4.1d

	
238.1d

	
R

	
4.3c

	
233.6d

	
R

	
3.8d

	
5.7e

	
R




	
CNPMF1323

	
0.0d

	
0.0d

	
R

	
0.7d

	
41.7d

	
R

	
2.2c

	
100.7d

	
R

	
11.0b

	
11.2e

	
R




	
CNPMF0519

	
0.0d

	
0.0d

	
R

	
0.0d

	
0.0d

	
R

	
0.0d

	
0.0e

	
R

	
0.0d

	
0.0f

	
R




	
CNPMF0557

	
0.0d

	
0.0d

	
R

	
0.0d

	
0.0d

	
R

	
0.0d

	
0.0e

	
R

	
1.4d

	
1.41f

	
R




	
CNPMF0612

	
0.0d

	
0.0d

	
R

	
0.0d

	
0.0d

	
R

	
0.0d

	
0.0e

	
R

	
2.8d

	
2.9f

	
R








Averages followed by the same letters are grouped by the Scott–Knott (p < 0.05) test. Data was transformed to arch sine [root(Y/100)]. DI: disease severity index; AUDPC: area under the disease progress curve; LR: level of resistance; DI-e: disease severity index measured at bunch emission; DI-h: disease severity index measured at bunch harvest; S: susceptible; MR: moderately resistant; R: resistant.
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