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Abstract

:

The soils in the common bean-producing regions (Phaseolus vulgaris L.) of Brazil are usually acid and conta\y66\yin toxic levels of aluminum (Al) for plants. This ion causes yield losses by inhibiting root cell expansion, thus reducing water and nutrient uptake. This study investigates the optimal Al concentration for the screening of genotypes in hydroponics cultivation and tries to identify cultivars and lines for cultivation in Al-toxic soils. The study consisted of two series of experiments. In the first one, four cultivars were evaluated at five Al concentrations (0, 2.5, 5, 7.5 and 10 ppm) and in the second, four independent tests were carried out (1-carioca, 2-black, 3-red, and 4-white), each with seven genotypes and two Al concentrations (0 and 4 ppm). The optimized concentration of Al in the first stage was 4 ppm, which allowed the early identification of genotypes with less affected development under Al toxicity in the second stage. The common bean cultivars IPR Quero-Quero (carioca group), BRS Esplendor (black group), KID 44 (red group), and WLine 5 (white group) may be indicated for cultivation under Al toxicity.
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1. Introduction


Common bean (Phaseolus vulgaris L.) is considered one of the most important legumes for direct human consumption, especially in developing regions such as Central and South America and Southwest Africa. In the countries of these regions, common bean is the main source of protein, vitamins, and minerals [1,2]. In the international scenario, Brazil holds the position of the world’s largest common bean producer, growing the crop on 3.18 million hectares, with a mean annual yield of 1069 kg ha−1 [3]. The country is also one of the largest consumers of the legume, consumed routinely by about 72% of the population [4].



In Brazil, common bean is cultivated year-round in a wide diversity of ecosystems. Consequently, several adverse environmental conditions interfere in the cultivation of the crop. Aluminum (Al) toxicity is one of the most limiting factors to plant development, especially in acid soils [5]. Approximately one-third of the common bean-producing areas in Brazil are located in regions with sandy soil, low fertility, and high acidity and Al concentration, negatively affecting the plant development and causing yield losses [6,7,8,9].



The use of lime and gypsum to neutralize Al is a common practice [10]. However, since the correctives are incorporated only into a thin surface layer, Al remains soluble in the subsoil. This restricts the root system to the surface layer, which can cause difficulties in water uptake from deeper layers, making the plants more drought-susceptible [11].



The existence of genetic variability for response to Al toxicity in common bean has motivated researchers to identify better-adapted genotypes and develop cultivars with desirable agronomic characteristics under this stress condition, which is contributing efficiently to increase the yield and improve yield stability [12,13]. Therefore, the development of tolerant cultivars represents a sustainable and economical solution, which can provide yield gains in Al-contaminated soils.



For the development of tolerant cultivars, genotypes with favorable characteristics for cultivation under Al stress must be identified. Considering that Al directly affects the root system, the hydroponic cultivation is advantageous for interaction studies of this element with plants, since it enables free access to the root system and the possibility of monitoring and controlling pH, Al concentrations and other ions that are relevant for the expression of sensitivity or tolerance responses [14,15]. To this end, the Al concentrations in nutrient solution at which the genotypes can be efficiently discriminated must be determined.



With a view to the need of establishing methods for the identification of Al-tolerant common bean genotypes, this study tries to define the optimal Al concentration for an early and efficient screening of genotypes in hydroponic cultivation and also identify cultivars and lines that can be used in breeding programs for Al tolerance.




2. Material and Methods


The study was methodologically divided into two stages. In the first, an experiment was carried out to determine optimized Al concentration in nutrient solution for common bean genotype discrimination. In the second, the concentration determined in the previous stage was used to screen the tested genotypes. All tests were carried out in a greenhouse of the Agronomic Institute of Paraná (IAPAR), at Londrina city, Paraná, Brazil, (23°21′22.99″ S, 51°9′48.01″ W; 570 m above sea level).



2.1. Stage 1: Determination of the Optimized Al Concentration


The experiment was carried out between May and August 2016, at a mean temperature of 17.5 ± 5 °C and relative air humidity of 71.3%. The experiments were arranged in a randomized block design with four replications and the treatments arranged in a 4 × 5 factorial scheme, with four genotypes (BRS Realce, IAC Formoso, IPR Curió and IPR Garça) (Table 1) and five Al concentrations (0, 2.5; 5, 7.5, and 10 parts per million—ppm).



The cultivars were sown in 128-cell plug trays filled with substrate and in growth stage V2, upon the opening of the primary leaves (±seven days after sowing), healthy seedlings were transplanted to 3.35 L pots containing Hoagland–Arnon nutrient solution [16], modified by Pavan and Bingham [17]. Each experimental plot consisted of one pot with one plant. The amount of each nutrient (in ppm) in the final solution was N (111); P (3.1); K (23.36); Ca (20.04); Mg (4.86); S (67.41); B (0.5); Zn (0.1); Fe (5.0); Mo (0.05); Mn (0.5) and Cl (0.65). Aluminum chloride hexahydrate (AlCl3.6H2O) was used as an aluminum source. The pH of the solution was maintained at 4.0 ± 0.1, with the addition of 1 N HCl or NaOH, and the initial electrical conductivity was 0.3 dS cm−2. The nutrient solution was continuously aerated and exchanged whenever the electrical conductivity dropped to 40% of the initial value.



The plants were evaluated at the stage of physiological maturity (R8) for the following variables:



Plant height (PH) and root length (RL): with a centimeter graded ruler, the plant height was measured from the root collar to the tip of the main stem and the root length from the first roots on the stem to the tip of the largest root.



Root volume (RV): the root was inserted in a measuring cylinder, and the volume (in mL) calculated based on the displacement of the water column measured.



Shoot (SD) and root dry weight (RD): shoots and roots were wrapped in paper bags, oven-dried for 72 h at 65 °C and then weighed on an analytical balance.



Yield components: number of pods per plant (PN), number of grains per plant (GN), grain weight per plant (GW), 100-grain weight (W100) and harvest index (HI) latter computed by the equation:


   HI    =     GW    (  SD + RD  )     



(1)







The data were subjected to the Bartllet homogeneity analysis of error variances and Lilliefors error normality. A two-way analysis of variance was performed, with Scott–Knott’s mean clustering test (p < 0.05) for comparison of cultivars within each Al concentration and regression analysis for Al concentrations (p < 0.05). These analyses were performed using the software Sisvar [18]. Pearson’s correlation analysis (p < 0.01) was also performed with software R [19], package ‘corrplot’ [20].




2.2. Stage 2: Screening of Mesoamerican and Andean Genotypes


Four independent trials were carried out, two with Mesoamerican common bean genotypes (market classes carioca and black) and two of Andean origin (red and white market classes), each with seven genotypes. The experiments lasted from April to October 2017, when the mean temperature was 19.9 ± 4 °C) and relative air humidity 69.4%. The evaluated genotypes are described in Table 2.



The experiments were arranged in a randomized block design with eight replications and the treatments arranged in a 2 × 7 factorial scheme, testing the combinations of seven genotypes and two concentrations of Al (0 and 4 ppm), in the form of aluminum chloride hexahydrate (AlCl3.6H2O). Each experimental plot consisted of one pot with one plant.



The genotypes were sown in 128-cell plug trays containing substrate and at growth stage V2, upon the opening of the primary leaves (± seven days after sowing). Uniform seedlings were transplanted into 3.35 L plastic pots, leaving one plant per pot (experimental unit). The pH of the solution was maintained at 4.0 ± 0.1 by adding 1 N HCl or NaOH, and the initial electrical conductivity was 0.3 dS cm−2. The composition of the nutrient solution was the same as described in item 2.1, i.e., it was not exchanged during the plant cultivation period. The solution was permanently aerated and the solution level maintained constant at 3.35 L per pot by adding distilled water at pH 4.



At the beginning of growth stage V4, when the third trifoliolate leaf is formed (±20 days after transplanting), root and shoot samples were collected and the following variables were measured: maximum root length (RL), root volume (RV) and root dry weight (RD), by the same methodologies as described in Section 2.1. The reduction rate (RR) was also calculated for the three variables, according to the equation [21,22]:


  RR  ( % )    =    (    0    ppm  − 4    ppm    0    ppm     )  ×   100  



(2)




where 0 ppm corresponds to the value of the variable of plants grown in AL-free solution (control) and 4 ppm corresponds to the value of the variable of plants grown in the presence of 4 ppm aluminum.



The data of the four trials were subjected separately to the Bartllet homogeneity analysis of error variances and Lilliefors error normality. A two-way analysis of variance was performed, with the F test (p < 0.05) for comparison of the effects of Al concentrations within each cultivar and Scott–Knott’s mean clustering test (p < 0.05) for comparison of cultivars as affected by each Al concentration. These analyses were performed using software Sisvar [18]. With the mean data of the four trials, principal component analysis was performed using R software [19], package ‘factoextra’ [23].





3. Results


3.1. Stage 1: Determination of the Optimized Al Concentration


Analysis of variance showed a significant effect of the Al × genotype interaction for all analyzed variables, demonstrating that the genotypes responded differently to Al concentrations in solution. Analyzing the morphological variables, the difference between the cultivars was greater when grown in Al-free solution, while under increasing Al concentrations, the differential response was lower (Figure 1). For the variables PH and SD, there was practically no differences between the genotypes at a concentration of ≥5 ppm (Figure 1A,D) and for RL, RV, and RD at ≥7.5 ppm (Figure 1B,C,E).



Regression analysis showed that increasing Al concentrations decreased the response in the variables, with a quadratic polynomial fit (Figure 1). Based on the regression equation, the minimum response points for the variables RV and SD were 9.22 and 8.52 ppm Al (Figure 1C,D). For the variables PH, RL and RD, the minimum point was outside the studied concentration range (Figure 1A,B,E).



Figure 2 shows the results of the yield-related variables. For PN, GN, and GW, there was practically no difference between the cultivars at an Al concentration of ≥5 ppm (Figure 2A–C). For W100, the difference between the genotypes in the absence of Al was maintained up to an Al concentration of 10 ppm (Figure 2D), evidencing that this characteristic is little influenced by Al stress. For HI, only the highest Al concentrations were able to alter the response of the cultivars (Figure 2E).



The response of all yield-related variables tended to decrease at increasing Al concentrations, especially of PN, GN, and GW, which had a quadratic polynomial fit with minimum response points of 8.81, 9.41, and 8.76 ppm Al, respectively (Figure 2). For W100 and HI, the adjustment was linear, and it was not possible to establish a minimum point within the range studied.



The correlation between the studied variables showed that most of the variables were negatively correlated with the Al concentrations factor so that the response of the variables decrease with increasing Al concentrations in the solution (Figure 3). The correlation of W100 and PH with the Al concentrations was lower, and HI was also weakly correlated with the other variables, whereas the variable RL was most closely correlated with the Al factor.



Based on the analyzed variables, it can be inferred that the tested Al concentrations were enough to interfere negatively with plant development and that at ≥5 ppm Al, the differentiation of common bean genotypes was less clear. Root length was most closely correlated with the Al concentrations factor, as well as with the yield-related variables, which shows that this variable can be used for the early screening in common bean genotypes stressed by Al in nutrient solution. Based on the results of stage 1, the concentration of 4 ppm Al was determined for the screening stage of cultivars, and bean lines and the root-related traits (RL, RV, and RD) were chosen as response variables.




3.2. Stage 2: Genotype Screening


3.2.1. Mesoamerican Genotypes


The variable RL was most strongly influenced by the Al presence so that all cultivars in the market class carioca were significantly affected when subjected to a concentration of 4 ppm Al. In the market class black, the root length of all cultivars except for IPR Tuiuiú was significantly reduced (Table 3). For RV and RD, the effect of Al presence was less pronounced, with lower reduction indices, which can be explained by the fact that, despite the reduced root length, the roots were thicker, thus compensating for the lost volume and dry matter under stress conditions.



In the presence of 4 ppm Al, the best-performing cultivar of the market class carioca was IPR Quero-Quero, the only one in the group with the highest mean for all three root-related variables. For the black market class, the cultivars with the best results were BRS Esplendor, IAC Una, and IPR Tuiuiú, which were grouped with higher means for RL, RV, and RD (Table 3).



The highest reduction (RR) indices were observed for variable RL, followed by RV and RD. In the carioca group, the RR for RL was 38%, while for the black group, it was 26.86%. The cultivars with the lowest RR for RL were IPR Bem-Te-Vi in the carioca group and IPR Tuiuiú in the black group. However, when grown in Al-free solution, both cultivars were classified in the group with the shortest RL (Table 3).



When analyzing only RL (Figure 4), the cultivar IPR Quero-Quero of the market class carioca was the only one with an above-average root length both under Al-stress (4 ppm) as well as in the absence of Al and was assigned to the ideal quadrant (Figure 4A). Of the black group, the cultivars BRS Esplendor and BRS Campeiro had above-mean values (Figure 4B).




3.2.2. Andean Genotypes


As similarly observed earlier for the genotypes of Mesoamerican origin, the variable most influenced by Al in solution was RL, for both the red and white market classes (Table 4). The root length of all cultivars and lines of the red and white groups was significantly reduced when cultivated in Al-contaminated solution. For RV and RD, the difference between the condition without and with Al stress was less pronounced, so that no significant difference between the tested genotypes was observed for RD.



When subjected to 4 ppm Al, the best-performing genotypes of the red group were DRK18, KID44, and RLine 1, and line Wline5 of the white group, since they were classified in the group with highest mean in all three root variables (Table 4). For lines DRK18 and RLine 1 of the red group, the lowest reduction rates (RR) were observed for RL. However, when these lines were grown in an Al -free solution, their root length was also shorter, indicating that the lower RR was not associated with a higher tolerance of these lines.



For the lines WLine 1 and WLine 5 of the white group, the RR was the lowest for RL. However, WLine 1 also had the shortest RL when grown at 0 ppm Al, while WLine 5 had the longest RL in the absence and presence of AL. In a comparison of the RR for RL of both groups, they were similar (30.57% for the red and 32.14% for the white group).



Considering only RL (Figure 5), the cultivars BRS Embaixador and KID 44 of the red group were allocated in the ideal quadrant, with above-average values​​ in the presence and absence of Al (Figure 5A). The performance of the cultivars IPR Garça and WLine 5 of the white group was above-average when cultivated at 0 and 4 ppm Al (Figure 5B).



Analyzing Table 4 and Figure 5, the lines KID44 of the red and WLine 5 of the white group performed better under Al stress.




3.2.3. Mesoamerican × Andean Genotypes


The principal component analysis (PCA), including all genotypes, showed that the first two components explained 77.5% of the variation (Figure 6). In Component 1, the variables that contributed most to explain the formation were RD at 4ppm, RD at 0ppm, and RV at 4ppm, while for the Component 2, the variables that contributed most were the reduction rate for RL and RL at 0 ppm (Figure 6B). The PCA showed that the black group was less sensitive to Al toxicity, while the red group was the most sensitive and the Carioca group had the highest variability in Al-stress response (Figure 6A).






4. Discussion


The presence of Al in acid soils is considered one of the main problems for the cultivation of agricultural species. It is estimated that approximately 50% of the areas with agricultural potential in the world have problems with Al, causing productivity losses of 25% to 80% depending on the species and levels of Al [24]. In Brazil, the soils of more than 200 million hectares of arable land are acidic and contain Al [25], and common bean (P. vulgaris) is highly sensitive to the toxicity of this element. Moreover, as an additional challenge, nitrogen-fixing bacteria-legume plants are also sensitive to Al and soil acidity [26].



The common bean cultivars used in stage 1 have different growth habits, cycles, grain color, seed size and diversity centers, which are characteristics that represent great genetic variability [27]. In Al-free solution, the cultivars expressed this variability by means of distinct responses to the analyzed variables (Figure 1 and Figure 2). However, as the Al concentration in the nutrient solution increased, these differences were reduced to the point where it was impossible to differentiate the cultivars.



In a study on common bean responses to aluminum toxicity, Toth and Grusak [5] concluded that genotypes have the ability to respond differently to Al stress. However, for observations of this differential response, it is necessary to use adequate evaluation methods.



The results of this study (item 3.1) show that high Al concentrations, at ≥ 5 ppm, are not efficient in discriminating genotypes. According to Zeffa et al. [28], at a concentration of 10 ppm Al in nutrient solution, genotypes could not be differentiated by root length in stage V4. Higher Al concentrations were shown to be effective in discriminating bean genotypes when plant roots are exposed to toxicity for a short period of time, i.e., between 24 and 72 hours [15,29,30].



The establishment of Al concentration, as well as variables that allow the differentiation of cultivars and lines, is fundamental for the identification of promising genotypes for cultivation under Al toxicity. According to Blair, López-Marín, and Rao [12], root-related variables such as root length, total root length and mean root diameter are useful variables in the selection of Al-tolerant genotypes. Root length was most closely correlated with Al concentrations in solution and also the variable that grouped the cultivars and lines tested most clearly in the second stage of the study (Table 3 and Table 4; Figure 3 and Figure 4).



According to Rangel, Rao, and Horst [31], the first response of common bean plants under Al toxicity is the inhibition of root growth, with Al accumulation in the root apex. Thus, tolerant genotypes may have a longer RL and less Al accumulation in the meristematic root regions. Considering the importance of root evaluation for the determination of Al-tolerant genotypes [29], the use of hydroponics is essential for accurate measurements of the root system [32,33].



As showed above, root-related characteristics are highly influenced by Al concentration demonstrating the potential to distinguish early bean genotypes in a hydroponic crop. Efficient methods for the identification of Al toxicity tolerant genotypes are very important in bean breeding programs since, in some steps, it is necessary to evaluate a large number of genotypes. These steps range from germplasm characterization to evaluation of promising breeding lines.



The reduction rate for the variables RV and RD was lower (%) and less capable of differentiating the genotypes than RL. Common bean plants exposed to Al toxicity tend to thicken the roots, resulting in a less altered root volume and dry root weight compared to Al-free cultivation [28].



The evaluation of the root system, mainly of RL, detected genotypes with a better development in the presence of Al toxicity. Considering the Mesoamerican diversity center, the cultivars IPR Quero-Quero (Carioca group) and BRS Esplendor (Black group), and for the Andean diversity center, the lines KID 44 (Red group) and WLine 5 (White group) may be indicated for cultivation under Al-toxicity conditions (Table 3 and Table 4, Figure 3 and Figure 4) and for future breeding programs focused on the development of new Al-tolerant cultivars.



Studies evaluating dozens of common bean genotypes from different regions and diversity centers in nutrient solution also reported a great variability in Al-toxicity responses, with the identification of Al-tolerant and -sensitive genotypes [5,12,13]. According to Blair, López-Marín, and Rao [12], genotypes from the Andean diversity center tend to be more tolerant to Al toxicity, contrary to the results of this study, which indicated that genotypes of the black group (Mesoamerican) were most Al-tolerant.



The inheritance of Al tolerance in common bean is quantitative [34], and the expression of phenotypic characteristics that may contribute to an improved development of a genotype under Al toxicity depends on the molecular responses, physiological, and biochemical mechanisms [33,35,36].



The two main mechanisms favoring plant development on soils with aluminum toxicity consist of exclusion (apoplastic mechanism) and tolerance (symplastic mechanism). The exclusion mechanism uses physical–chemical barriers to prevent aluminum from passing through the plasma membrane and entering the cells, while the tolerance mechanism immobilizes the element by exuding organic acids, in particular citrate, forming complexes with Al in the rhizosphere and decreasing the root–metal interaction [24,30,37,38].



Common beans exposed to Al toxicity increase the expression of citrate transporter gene family MATE (multidrug and toxin extrusion family protein), although citrate transporter expression is a prerequisite for citrate exudation, genotypic tolerant of aluminum in common bean depends on the ability to sustain citrate synthesis to maintain the cytosolic citrate reserve which allows exudation [39].



Considering that the market class carioca is the most widely produced and consumed in Brazil [40], grown on a cultivation area of 1.44 million hectares [3] and that a great part of these areas are acid and Al-contaminated soils, the cultivar IPR Quero-Quero, registered and protected by the Ministry of Agriculture—MAPA, may be an option under Al toxicity conditions. However, genotypes that behaved as tolerant to aluminum in a hydroponic condition are not necessarily tolerant to Al toxicity, so phenotypic assessments are necessary for acid soil conditions with high Al saturation to prove tolerance [41].




5. Conclusions


Concentrations of >5 ppm Al in nutrient solution are not recommended for screening of common bean genotypes.



Root length is most closely correlated with increasing Al concentrations and is most adequate to differentiate genotypes.



An Al concentration of 4 ppm Al was effective in discriminating the tested cultivars and lines, allowing the early identification of genotypes with improved development under Al toxicity.



The common bean cultivars IPR Quero-Quero (Carioca group), BRS Esplendor (Black group), KID 44 (Red group), and WLine 5 (White group) can be grown under Al toxicity conditions or used in breeding programs for the development of new Al-tolerant cultivars.
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Figure 1. Response of morphological variables of common bean cultivars exposed to increasing Al concentrations in nutrient solution. (A) plant height (cm) (PH); (B) root length (cm) (RL); (C) root volume (cm3) (RV); (D) shoot dry weight (g) (DS); (E) root dry weight (g) (RD); CV (%) = coefficient of variation. Means followed by the same letter did not differ significantly between cultivars within each Al concentration by the Scott–Knott test (p ≤ 0.05). * significant regression analysis at 5% probability. 






Figure 1. Response of morphological variables of common bean cultivars exposed to increasing Al concentrations in nutrient solution. (A) plant height (cm) (PH); (B) root length (cm) (RL); (C) root volume (cm3) (RV); (D) shoot dry weight (g) (DS); (E) root dry weight (g) (RD); CV (%) = coefficient of variation. Means followed by the same letter did not differ significantly between cultivars within each Al concentration by the Scott–Knott test (p ≤ 0.05). * significant regression analysis at 5% probability.



[image: Agronomy 10 00296 g001]







[image: Agronomy 10 00296 g002 550] 





Figure 2. Yield components of common bean cultivars at increasing Al concentrations in nutrient solution. (A) number of pods per plant (PN); (B) number of grains per plant (GN); (C) grain weight per plant (g) (GW); (D) 100-grain weight (g) (W100); (E) harvest index (HI); CV (%) = coefficient of variation. Means followed by the same letter did not differ significantly between cultivars within each Al concentration by the Scott–Knott test (p ≤ 0.05). * significant regression analysis at 5% probability. 
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Figure 3. Pearson’s correlation analysis for Al concentrations in nutrient solution, morphological variables, and yield components based on the evaluation of common bean cultivars. [Al]—Al concentrations; (PH)—plant height; (RL)—root length; (RV)—root volume; (PN)—number of pods per plant; (GN)—number of grains per plant; (GW)—grain weight; (W100)—100 grain weight; (SD)—shoot dry weight; (RD)—root dry weight; (HI)—harvest index. (X) = not significant at 1% probability. 
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Figure 4. Relationship between root length (cm) of commercial bean cultivars of the market classes carioca (A) and black (B) grown in Al-free nutrient solution (0 ppm) and exposed to Al-stress (4 ppm). 
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Figure 5. Relationship between root length (cm) of common bean cultivars of the red (A) and white market classes (B) in nutrient solution grown in Al-free solution (0 ppm) and under Al stress (4 ppm). 
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Figure 6. Principal component analysis of cultivars and bean lines grown in nutrient solution at 0 and 4 ppm aluminum. (A) Distribution of genotypes in the two most important components. (B) Contribution of variables to the formation of components; Variables: RL0: root length—0 ppm Al; RL4: root length—4 ppm Al; RRL: reduction root length; RV0: root volume—0 ppm Al; RV4: root volume—4 ppm Al; DR0: root dry weight—0 ppm Al; DR4: root dry weight—4 ppm Al. 
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Table 1. Characteristics of common bean cultivars used in the test to determine the optimized Al concentration.
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	Cultivar
	Institution 1
	Origin
	Group
	Growth Habit
	Cycle





	BRS Realce
	Embrapa
	Andean
	Red
	Determinate
	Early



	IAC Formoso
	IAC
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	IPR Curió
	IAPAR
	Mesoamerican
	Carioca
	Determinate
	Early



	IPR Garça
	IAPAR
	Andean
	White
	Determinate
	Early







1 Embrapa: Brazilian Agricultural Research Corporation; IAC: Agronomic Institute of Campinas; IAPAR: Agronomic Institute of Paraná.
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Table 2. List of Mesoamerican and Andean genotypes evaluated under Al toxicity.
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	Cultivars
	Institution 1
	Origin
	Group
	Growth Habit
	Cycle





	BRS Estilo
	Embrapa
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	IAC Alvorada
	IAC
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	IPR Bem-Te-Vi
	IAPAR
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	IPR Campos Gerais
	IAPAR
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	IPR Quero-Quero
	IAPAR
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	IPR Sabiá
	IAPAR
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	IPR Tangará
	IAPAR
	Mesoamerican
	Carioca
	Indeterminate
	Medium



	BRS Campeiro
	Embrapa
	Mesoamerican
	Black
	Indeterminate
	Medium



	BRS Esplendor
	Embrapa
	Mesoamerican
	Black
	Indeterminate
	Medium



	BRS Esteio
	Embrapa
	Mesoamerican
	Black
	Indeterminate
	Medium



	FT 110
	FT Sementes
	Mesoamerican
	Black
	Indeterminate
	Medium



	IAC Una
	IAC
	Mesoamerican
	Black
	Indeterminate
	Medium



	IPR Tuiuiú
	IAPAR
	Mesoamerican
	Black
	Indeterminate
	Medium



	IPR Uirapuru
	IAPAR
	Mesoamerican
	Black
	Indeterminate
	Medium



	BRS Embaixador
	Embrapa
	Andean
	Red
	Determinate
	Early



	DRK15
	CIAT
	Andean
	Red
	Determinate
	Early



	DRK18
	CIAT
	Andean
	Red
	Determinate
	Early



	KID44
	CIAT
	Andean
	Red
	Determinate
	Early



	RLine 1
	IAPAR
	Andean
	Red
	Determinate
	Early



	RLine 2
	IAPAR
	Andean
	Red
	Determinate
	Early



	RLine 3
	IAPAR
	Andean
	Red
	Determinate
	Early



	BRS Ártico
	Embrapa
	Andean
	White
	Determinate
	Early



	IPR Garça
	IAPAR
	Andean
	White
	Determinate
	Early



	WLine 1
	IAPAR
	Andean
	White
	Determinate
	Early



	WLine 2
	IAPAR
	Andean
	White
	Determinate
	Early



	WLine 3
	IAPAR
	Andean
	White
	Determinate
	Early



	WLine 4
	IAPAR
	Andean
	White
	Determinate
	Early



	WLine 5
	IAPAR
	Andean
	White
	Determinate
	Early







1 Embrapa: Brazilian Agricultural Research Corporation; IAC: Agronomic Institute of Campinas; IAPAR: Agronomic Institute of Paraná; CIAT: International Center for Tropical Agriculture.













[image: Table] 





Table 3. Common bean cultivars of Mesoamerican origin, market classes carioca and black, grown in Al-free and Al-contaminated nutrient solution.
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Genotypes

	
Root Length (cm)

	
Root Volume (cm3)

	
Root Dry Weight (g)




	
0 ppm

	
4 ppm

	
RR(%)

	
0 ppm

	
4 ppm

	
RR(%)

	
0 ppm

	
4 ppm

	
RR(%)






	
Carioca Group




	
BRS Estilo

	
50.4 Ab

	
31.2 Bb

	
38

	
4.5 Ab

	
3.4 Bd

	
26

	
0.22 Ac

	
0.18 Ac

	
16




	
IAC Alvorada

	
54.6 Aa

	
30.3 Bb

	
44

	
5.8 Aa

	
4.9 Bb

	
15

	
0.28 Ab

	
0.26 Aa

	
5




	
IPR Bem-Te-Vi

	
45.1 Ab

	
33.4 Ba

	
26

	
5.4 Aa

	
4.7 Ab

	
13

	
0.32 Aa

	
0.27 Aa

	
15




	
IPR Campos Gerais

	
48.5 Ab

	
29.4 Bb

	
39

	
5.4 Aa

	
4.9 Ab

	
10

	
0.27 Ab

	
0.27 Aa

	
0




	
IPR Quero-Quero

	
60.4 Aa

	
39.8 Ba

	
34

	
6.4 Aa

	
6.0 Aa

	
6

	
0.30 Aa

	
0.31 Aa

	
0




	
IPR Sabiá

	
59.1 Aa

	
27.8 Bb

	
53

	
5.9 Aa

	
4.4 Bc

	
26

	
0.36 Aa

	
0.31 Aa

	
14




	
IPR Tangará

	
51.1 Ab

	
34.6 Ba

	
32

	
4.4 Ab

	
4.1 Ac

	
7

	
0.22 Ac

	
0.24 Ab

	
0




	
CV(%)

	
16.49

	
14.14

	
18.56




	
Black Group




	
BRS Campeiro

	
52.1 Aa

	
37.3 Ba

	
29

	
6.4 Aa

	
5.7 Ab

	
11

	
0.42 Aa

	
0.41 Ab

	
3




	
BRS Esplendor

	
52.4 Aa

	
38.1 Ba

	
27

	
5.6 Ab

	
6.2 Aa

	
0

	
0.44 Aa

	
0.46 Aa

	
0




	
BRS Esteio

	
49.9 Aa

	
38.5 Ba

	
23

	
5.2 Ab

	
5.9 Ab

	
0

	
0.34 Ab

	
0.44 Ba

	
0




	
FT 110

	
49.6 Aa

	
30.4 Bb

	
39

	
6.4 Aa

	
6.2 Aa

	
3

	
0.46 Aa

	
0.52 Ba

	
0




	
IAC Una

	
55.7 Aa

	
36.0 Ba

	
35

	
5.7 Ab

	
6.7 Ba

	
0

	
0.43 Aa

	
0.46 Aa

	
0




	
IPR Tuiuiu

	
44.0 Ab

	
38.9 Aa

	
12

	
6.0 Aa

	
6.2 Aa

	
0

	
0.45 Aa

	
0.45 Aa

	
0




	
IPR Uirapuru

	
51.1 Aa

	
39.4 Ba

	
23

	
5.7 Ab

	
5.2 Ab

	
9

	
0.40 Ab

	
0.38 Ab

	
4




	
CV(%)

	
13.81

	
12.52

	
13.30








RR: Reduction rate of the variable (%) measured in plants grown in the presence of Al; means followed by the same capital letter did not differ significantly between Al concentrations by the F test (p ≤ 0.05); means followed by the same lowercase letter did not differ significantly between genotypes by the Scott–Knott test (p ≤ 0.05).
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Table 4. Common bean cultivars of Andean origin, red and white market classes, grown in Al-free and Al-contaminated nutrient solution.
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Genotypes

	
Root Length (cm)

	
Root Volume (cm3)

	
Root Dry Weigth (g)




	
0 ppm

	
4 ppm

	
RR(%)

	
0 ppm

	
4 ppm

	
RR(%)

	
0 ppm

	
4 ppm

	
RR(%)






	
Red group




	
BRS Embaixador

	
34.7 Aa

	
21.6 Ba

	
38

	
4.7 Ab

	
4.0 Ab

	
15

	
0.28 Aa

	
0.25 Aa

	
11




	
DRK15

	
26.8 Ab

	
20.1 Ba

	
25

	
5.1 Aa

	
3.8 Bb

	
26

	
0.25 Aa

	
0.23 Aa

	
9




	
DRK18

	
27.1 Ab

	
20.4 Ba

	
25

	
5.7 Aa

	
5.0 Aa

	
12

	
0.26 Aa

	
0.25 Aa

	
4




	
KID44

	
36.0 Aa

	
21.7 Ba

	
40

	
5.1 Aa

	
4.7 Aa

	
8

	
0.24 Aa

	
0.23 Aa

	
2




	
RLine 1

	
28.8 Ab

	
22.5 Ba

	
22

	
4.0 Ab

	
4.6 Aa

	
0

	
0.23 Aa

	
0.20 Aa

	
13




	
RLine 2

	
27.2 Ab

	
18.7 Ba

	
31

	
5.2 Aa

	
4.2 Bb

	
20

	
0.29 Aa

	
0.21 Ba

	
26




	
RLine 3

	
30.9 Ab

	
20.6 Ba

	
33

	
4.5 Ab

	
4.3 Ab

	
6

	
0.25 Aa

	
0.22 Aa

	
13




	
CV(%)

	
14.58

	
16.24

	
17.64




	
White group




	
BRS Artico

	
43.4 Ab

	
29.5 Bb

	
32

	
6.6 Aa

	
6.0 Ab

	
9

	
0.38 Aa

	
0.38 Aa

	
1




	
IPR Garça

	
47.4 Aa

	
30.0 Bb

	
37

	
6.1 Aa

	
6.6 Aa

	
0

	
0.41 Aa

	
0.45 Aa

	
0




	
WLine 1

	
49.0 Aa

	
24.6 Bb

	
50

	
6.1 Aa

	
5.6 Ab

	
8

	
0.43 Aa

	
0.36 Aa

	
16




	
WLine 2

	
35.4 Ac

	
26.1 Bb

	
26

	
5.1 Ab

	
6.6 Ba

	
0

	
0.40 Aa

	
0.45 Aa

	
0




	
WLine 3

	
36.6 Ac

	
30.5 Bb

	
17

	
5.0 Ab

	
6.5 Ba

	
0

	
0.36 Aa

	
0.42 Aa

	
0




	
WLine 4

	
43.5 Ab

	
26.7 Bb

	
39

	
6.6 Aa

	
5.5 Bb

	
17

	
0.41 Aa

	
0.35 Aa

	
15




	
WLine 5

	
51.7 Aa

	
39.3 Ba

	
24

	
6.1 Aa

	
6.8 Ba

	
0

	
0.35 Aa

	
0.41 Aa

	
0




	
CV(%)

	
14.96

	
15.93

	
21.83








RR: Reduction rate of the variable (%) measured in plants grown in the presence of Al; means followed by the same capital letter did not differ significantly between Al concentrations by the F test (p ≤ 0.05); means followed by the same lowercase letter showed no significant differences between genotypes by the Scott–Knott test (p ≤ 0.05).
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