
ABSTRACT: Wheat (Triticum aestivum L.) is highly sensitive to aluminum (Al), an abiotic factor that limits productivity in acidic soils. In this 

way, the use of Al-tolerant cultivars associated with liming could increase the productive potential in these unfavorable growing environments. 

The objectives of this study were to determine the effective concentration of Al in a minimum solution and to identify sources of Al tolerance. 

Initially, an experiment was conducted in a randomized block design with three replicates, evaluating five concentrations of Al in minimum 

solution (calcium + Al) on eight wheat genotypes. The experiment had a split-plot design, analyzing the effect of Al concentrations in plots 

and the effect of genotypes in subplots. To select sources of tolerance, a second experiment was conducted in a randomized block design 

with three replicates, evaluating 88 inbred lines, six commercial cultivars, and the Anahuac and BH 1146 controls (sensitive and tolerant, 

respectively). Al tolerance was assessed through the root growth difference of the main root. Results showed that a concentration of  

4 mg.L-1 of Al was effective for discriminating between sensitive and tolerant genotypes. The wheat germplasm demonstrated wide genetic 

variability for tolerance to Al, with the L34 and L72 inbred lines standing out as excellent sources of tolerance. These lines could be used in 

future crosses in breeding programs to obtain progeny with greater tolerance to Al, improving wheat productivity under acid soil conditions.
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INTRODUCTION

Aluminum (Al) is the third most abundant metal in Earth’s crust, is generally found bound to soil minerals, such as 
aluminosilicates, and is not easily available to plants. In acidic soil conditions (pH < 5.5), aluminosilicates dissociate, leading 
to the release of Al ions, which become soluble in the soil, with the Al(H2O)6

3+ form prevailing. Al3+ is easily absorbed by 
plants and potentially toxic at micromolar levels (Chandra and Keshavkant 2021). The primary site of action of Al3+ is the 
root apex, interfering with cell division and elongation. The most rapid and evident effect of Al3+ toxicity is the inhibition 
of root growth, followed by the thickening and reduction of its ramifications, significantly reducing the volume of soil 
explored by the roots, limiting the absorption of water and nutrients (Kochian 1995, Matsumoto 2000). Al also reduces 
photosynthesis and plant growth, results in the accumulation of reactive oxygen species, and causes damage to cellular and 
biochemical components (Ofoe et al. 2023).

Toxicity caused by Al3+ is considered to be the second most important abiotic stress factor in reducing agricultural 
production worldwide, because acidic soils account for approximately 50% of the world’s potentially arable areas (Von 
Uexküll and Mutert 1995). In Brazil, it is estimated that 70% of areas with potential for agricultural activity have soil 
acidity problems, with a pH between 3.8 and 5.5 (Quaggio 2000). The intensification of human activities, lixiviation 
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of basic cations from soils and occurrence of acid rain have considerably accelerated soil acidification in recent years 
(Hajiboland et al. 2023).

Wheat (Triticum aestivum L.) is one of the most sensitive agricultural crops to toxicity caused by Al3+ and is considered 
the second most produced and consumed cereal in the world, with global production of 799.71 million tons (2024/2025 
harvest) (USDA 2025). In Brazil, the crop occupied 3.058 million ha in the 2024 harvest, with a production of 7.889 million 
tons and average productivity of 2.57 tons.ha-1. National demand for wheat grains is approximately 12.64 million tons, 
making it necessary to import this cereal, with 6.2 million tons imported in 2024 (CONAB 2025).

Liming is one of the main alternatives to increase soil pH and, consequently, reduce the solubilization of Al3+. In areas 
under a long-term no-till system, pH correction is generally restricted to the subsurface layers, since lime is applied to the soil 
surface without mechanical incorporation and has low solubility (Caires and Guimarães 2018, Fontoura et al. 2019). Below 
0.20 m, low levels of calcium (Ca) and magnesium (Mg) are observed, which limits root growth. Additionally, high levels of 
available Al in deeper soil layers can impair root growth further, reducing the crop’s ability to access water and nutrients. This 
increases its sensitivity to drought and decreases its productive potential (Caires and Guimarães 2018, Lollato et al. 2019).

Al-tolerant wheat cultivars have been cultivated in soils with high levels of this toxic element because they can endure 
the negative effects of toxicity better (Aguilera et al. 2016, Boff et al. 2019). However, Al-tolerant genotypes are also affected 
by high levels of available Al in the soil. When aluminum saturation exceeds 30% of the cation exchange capacity, sensitive 
cultivars suffer total crop loss, whereas tolerant cultivars exhibit a 12–52% reduction in grain yield compared to soil conditions 
with Al saturation below 30% (Kariuki et al. 2007). Therefore, using Al-tolerant cultivars combined with correcting the soil 
pH through liming are important strategies in regions with predominantly acidic soils. This benefits the agricultural system 
and improves the soil’s chemical quality (Foloni et al. 2023).

Selection of tolerant genotypes using a complete nutrient solution containing Al facilitates the assessment of damage 
caused by the toxic element in the root system of seedlings, permitting a non-destructive assessment during the early stages 
of development, by controlling both the pH and Al concentrations in solution (Crestani et al. 2009). In recent years, the 
minimum nutrient solution technique has been widely used to reduce the number of reagents, facilitate the preparation 
of solution and reduce the interaction of Al3+ with other ions in solution, which significantly reduces the chemical activity 
of this toxic element.

The minimum solution is composed only of Al and Ca and has been used to characterize Al tolerance in maize (Mazzocato 
et al. 2002, Coelho et al. 2015), oats (Crestani et al. 2011, Silveira et al. 2013), and wheat (Ferraz et al. 2020), with variations 
in concentrations of Al and Ca depending on the plant species and the period of exposure to the toxic element. In this 
work, the objectives were to determine the effective concentration of Al in minimum solution and to select sources of Al 
tolerance in wheat germplasm.

MATERIAL AND METHODS

Aluminum concentration in minimum solution

Six wheat inbred lines from the genetic breeding program at the Universidade Estadual de Ponta Grossa were evaluated, 
as well as the cultivars BH 1146 and Anahuac (Instituto Agronômico de Campinas), used as experimental Al-tolerant and 
Al-sensitive controls, respectively. 

The experiment was carried out in a randomized block design with three replicates. Treatments were arranged in a split-
plot design, analyzing the effect of Al concentrations (0, 2, 4, 6, and 8 mg.L-1) in the plots and the effect of wheat genotypes 
(L24, L34, L59, L62, L72, L77, BH 1146, and Anahuac) in the sub-plots, evaluating 12 seedlings.replicate-1. 

Seeds were germinated on sterilized Germitest paper and kept in a germination chamber at an average temperature 
of 23°C and relative humidity of 100% for a period of 60 hours to allow for the main root of the seedlings to achieve a 
minimum length of 2 to 3 cm.
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After the germination period, secondary roots were removed, seedlings with uniform main root length were selected, and 
the initial length of the main root in cm was determined (first evaluation). Subsequently, seedlings were transferred to expanded 
polystyrene trays, which were placed on top of the minimum solution, and maintained in a plastic tray with capacity of 8 L.

Minimum solutions were prepared with deionized water, pH 7 and conductivity of 1.8 µS.cm-1. Solutions were composed 
of 40 mg.L-1 of Ca (CaCl2) and Al (AlCl3.6H2O) at concentrations of 0, 2, 4, 6 and 8 mg.L-1.

Roots of the seedlings remained in contact with the minimum solution for 48 hours. Solutions were maintained under 
constant aeration and light, and pH was adjusted daily, maintaining it in the 4 to 4.5 range. After the seedling roots had been 
exposed to the treatment solution, length of the main root in cm (second evaluation) was evaluated again. The difference 
between the first and the second values was denominated root growth difference (RGD) (Mazzocato et al. 2002).

The normality of the residuals and homoscedasticity of the data for the RGD variable were tested. Then, the RGD data 
were submitted to an analysis of variance. In the presence of a significant effect (p < 0.05) for Al concentrations × wheat 
genotypes interaction, the Al concentrations were analyzed within each genotype by polynomial regression analysis using 
the quadratic regression model in the Genes program (Cruz 2016).

SELECTION OF SOURCES OF ALUMINUM TOLERANCE

We evaluated 88 inbred wheat lines from the genetic breeding program at the Universidade Estadual de Ponta Grossa, 
derived from artificial biparental crosses between eight obsolete wheat cultivars (Alcover, BH 1146, BR 18 - Terena, BRS 208, 
BRS 210, BRS 220, Ônix, and OR 1). In addition, six commercial cultivars (TBIO Audaz, TBIO Ponteiro, OR Quartzo, OR 
Safira, TBIO Sinuelo, and TBIO Toruk) recommended for cultivation in southern Brazil and in the states of São Paulo and 
Mato Grosso do Sul were evaluated. The cultivars Anahuac (Al-sensitive) and BH 1146 (Al-tolerant) (Instituto Agronômico 
de Campinas) were used as experimental controls.

The experiment was carried out in a randomized block design with three replicates, evaluating eight seedlings.replicate-1. 
The minimum solution was prepared with 40 mg.L-1 of Ca (CaCl2) and 4 mg.L-1 of Al (AlCl3.6H2O), and maintained in a 
fiberglass tank with capacity of 280 L.

The procedures adopted for germinating the seeds, preparing seedlings and assessing the length of the main root of each 
seedling, before and after exposure to the minimum solution, were carried out as described above. 

The data relating to the RGD variable were submitted to analysis of variance and the genotype averages to Scott-Knott 
cluster analysis (p < 0.05). Based on the results of the analysis of variance, genetic parameters were estimated using the 
Genes program (Cruz 2016). In addition, the Al relative tolerance index (RTIAl) was calculated using Eq. 1, adapted from 
Camargo et al. (1991): 

				    RTIAl =	 #
("#$%	'	"#$()
("#$*	'	"#$()

	x	4.0( + 1.0 (1) 

 

 � (1)

where: RGDx: RGD obtained for each genotype; RGDs: RGD obtained for the sensitive experimental control; RGDt: RGD 
obtained for the tolerant experimental control. 

The sensitive and tolerant experimental controls assumed RTIAl values equal to 1 and 5, respectively.

RESULTS AND DISCUSSION

Aluminum concentration in minimum solution

Results of the analysis of variance for the RGD variable showed a highly significant effect by the F test (p < 0.01) for 
the concentrations × genotypes interaction (Table 1). Analysis of Al concentrations within each genotype showed that at a 
concentration of 2 mg.L-1 of Al, there was a drastic reduction in the root growth of all the wheat genotypes (Fig. 1). 
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Table 1. Summary of the analysis of variance for root growth difference (RGD) in the experiment to determine the effective concentration of 
aluminum in a minimum solution and in the experiment to select sources of aluminum tolerance. 

Sources of variation1 Degrees of freedom Mean square
Blocks 2 0.012

Concentrations 4 143.606*
Residue (a) 8 0.293
Genotypes 7 3.981*

Concentrations × genotypes 28 0.704*
Residue (b) 70 0.049

General average (cm) 2.17
CV plot (%) 24.98

CV subplot (%) 10.25
Sources of variation2 Degrees of freedom Mean square

Blocks 2 0.061
Genotypes 95 0.189*

Residue 190 0.008
General average (cm) 0.95

CV (%) 9.30

Genetic parameters

σ̂p
2 σ̂g

2 σ̂e
2 ĥ 

bs
2 CVg CVe b

0.0629 0.0603 0.0026 95.94 25.97 9.28 2.81
1Experiment to determine the effective concentration of aluminum in a minimum solution; 2experiment to select sources of aluminum tolerance; *significant 
at 1% probability; CV: coefficient of variation; σ̂p

2: phenotypic variance; σ̂g
2: genotypic variance; σ̂e

2: environmental variance; ĥ 
bs
2 : broad-sense heritability;  

CVg: coefficient of genetic variation; CVe: coefficient of environmental variation; b: b quotient.

L24, L59, L62, and the cultivar Anahuac, used as an Al-sensitive control, showed a very evident reduction in root growth 
after the roots were exposed to 2 mg.L-1 of Al, while they maintained relatively stable root growth at concentrations of 4, 6, 
and 8 mg.L-1. On the other hand, L34, L72, L77, and cultivar BH 1146, used as an Al-tolerant control, showed a significant 
reduction in root growth at a concentration of 4 mg.L-1 of Al, while maintaining constant root growth at concentrations of 6 
and 8 mg.L-1. According to Silveira et al. (2013), to observe RGD under Al stress conditions, the percentage reduction of this 
variable must be evaluated, as this data can reflect how much the toxic element affected the plant’s metabolism. Thus, the results 
showed that at a concentration of 2 mg.L-11 of Al, the genotypes presented an average reduction in RGD of 71%, compared 
to the RGD observed in the absence of Al in the minimum solution. At a concentration of 4 mg.L-1, there was an average 
reduction of 84% (Fig. 1), while at concentrations of 6 and 8 mg.L-1, the average reduction was 88 and 90%, respectively. Thus, 
it can be observed that, starting at a concentration of 4 mg.L-1 of Al, the genotypes did not show a significant average reduction 
in RGD, evidencing that this concentration was effective in discriminating between Al-tolerant and Al-sensitive genotypes.

Results of this study indicated that, in Al-sensitive genotypes, low concentrations of the element cause root growth to stop, due 
to inhibition of cell division and elongation. However, in Al-tolerant genotypes, root growth is paralyzed only after the roots are 
exposed to higher concentrations of Al (Kochian 1995). Root apices are the most sensitive part of the root system and respond to 
micromolar concentrations of Al. Thus, rapid inhibition of root growth is one of the main symptoms of Al toxicity (Huang et al. 
2014) and is widely used as a marker in the evaluation of Al sensitivity/tolerance (Awasthi et al. 2017). Al-induced root growth 
inhibition occurs because Al initially targets the epidermis and cortex of the roots and instantly binds to the root cell walls through 
negatively charged phosphate and carboxyl groups, constituents of pectin, cellulose, and hemicellulose, which are compounds 
of root cell walls that serve as a protective barrier against abiotic stress. The binding of Al to root cell walls compromises cell wall 
integrity and functions, including cell expansion and whole root growth (Geng et al. 2017, Silva et al. 2020, Wu et al. 2022).

A recent study has shown that in wheat roots, Al stress triggers excessive accumulation of short-chain aldehydes 
derived from Al-induced lipid peroxidation. Aldehydes exacerbate Al toxicity in wheat seedlings, considerably increasing 
Al retention in root cell walls. This occurs due to an increase in the polysaccharide content of the cell wall and in the levels 
of pectin demethylation, resulting in an increase in the number of potential Al-binding sites and, consequently, in a high 
accumulation of Al in wheat roots (Liang et al. 2022).
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Figure 1. Effect of aluminum (Al) concentrations (0, 2, 4, 6, and 8 mg·L-1) in minimum solution on the root growth difference (RGD) variable 
in lines L24, L34, L59, L62, L72, and L77, and in cultivars Anahuac (Al-sensitive control), and BH 1146 (Al-tolerant control). Percentage values 
indicate the reduction in RGD with 4 mg·L-1 of Al.
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Results showed that, in the absence of Al in minimum solution, L24 had an RGD of 7.08 cm, while Anahuac cultivar 
had an RGD of 5.89 cm (Fig. 1). This difference in root growth between the genotypes in the absence of Al can be attributed 
to the quantity of reserve tissue in the seeds, which includes endosperm and the aleurone layer in wheat. Reserve tissue is 
directly related to the mass of the seed, a characteristic that is intrinsically related to the genotype and directly affects the 
initial growth of the seedlings (Peterson et al. 1989).

Adapting the minimum solution methodology to evaluate Al tolerance in maize genotypes, Mazzocato et al. (2002) 
observed that a concentration of 6 mg.L-1 of Al (Al2(SO4)3.18H2O) and 40 mg.L-1 of Ca (CaCl2.2H2O), during the 48-hour 
exposure period, was efficient for characterizing Al tolerance by assessing RGD. In contrast, Coelho et al. (2015) observed 
that there was a significant decrease in the RGD variable as the concentration of Al increased in a minimum solution 
containing 40 mg.L-1 of Ca (CaCl2.2H2O). The authors noted that exposing the roots to 4 mg.L-1 of Al (AlCl3.6H2O) for 48 
hours was effective in selecting Al-tolerant maize hybrids.

Evaluating the response of oat genotypes subjected to Al stress using minimum solution, Silveira et al. (2013) observed that 
exposing the roots to a concentration of 6 mg.L-1 of Al (Al2(SO4)3.14-18H2O) and 5 mg.L-1 of Ca (CaCl2.2H2O) for a period of 
72 hours, followed by exposure of the roots to a solution containing 50 mg.L-1 of Ca (CaCl2.2H2O) for a period of 96 hours, 
was suitable for differentiating between Al-sensitive and Al-tolerant oat genotypes, by assessing the regrowth of the roots.

Studies on the evaluation of Al tolerance in wheat, using the minimum solution methodology, showed that a concentration 
of 4 mg.L-1 of Al (AlCl3.6H2O) and 40 mg.L-1 of Ca (CaCl2.2H2O), and exposure for 48 hours, was effective in screening 
wheat inbred lines for Al tolerance and/or sensitivity (Ferraz et al. 2020).

The use of the minimum solution methodology to assess Al tolerance reduces the quantity of reagents compared to 
complete nutrient solutions, as well as offering agility in the production of solutions (Crestani et al. 2011). Results of this 
study with cultivars BH 1146 and Anahuac, tolerant and sensitive controls to Al, respectively, confirmed the efficiency of 
using the minimum solution methodology (4 mg.L-1 of Al + 40 mg.L-1 of Ca) to characterize tolerance and/or sensitivity 
to Al in wheat seedlings.

Selection of sources of aluminum tolerance

Results of the analysis of variance for RGD showed a highly significant effect (p < 0.01) for wheat genotypes (Table 1), 
demonstrating the existence of wide genetic variability for Al tolerance in the germplasm studied. 

Cluster analysis of the genotypes for the RGD variable revealed the formation of nine statistical groups (Table 2). The 
highest RGD was observed for cultivar BH 1146 (1.90 cm), an Al-tolerant control, while the lowest value was found for 
cultivar Anahuac (0.31 cm), a sensitive control. L34 and L72 stand out positively, with RGD of 1.59 and 1.53 cm, respectively, 
demonstrating that they are excellent sources of Al tolerance. These lines can be recommended for cross-block composition 
in wheat breeding programs to produce more Al-tolerant progeny. Further studies should be conducted with these lines 
under acidic soil conditions with high Al saturation to validate their tolerance to this toxic element. The results also showed 
that 60 inbred lines from the evaluated wheat germplasm have higher RGD than the commercial cultivars, indicating the 
germplasm’s high potential for Al tolerance.

The Anahuac cultivar originated in Mexico and is recognized worldwide for its high sensitivity to Al, as it has undergone 
low selection pressure for tolerance, since many Mexican soils do not have acidity problems and, consequently, toxic Al 
(Sousa 1998). Due to this high sensitivity to Al, Anahuac is widely used in studies as a sensitive experimental control. 

Camargo et al. (2006) observed high sensitivity to Al in Anahuac cultivar, evidenced by the absence of root growth after 
exposure to complete nutrient solutions containing 2, 4, 6, 8 and 10 mg.L-1 of Al (Al2(SO4)3.18H2O) for 48 hours. On the 
other hand, cultivar BH 1146, from the cross between cultivars Alfredo Chaves and Polyssu, is recognized as a source of Al 
tolerance (Garcia-Oliveira et al. 2015). Camargo et al. (2006) reported high tolerance to Al in BH 1146 cultivar, with the 
highest root growth among ten commercial cultivars, after exposure for 48 hours to a complete nutrient solution containing 
2, 4, 6, 8, and 10 mg.L-1 of Al (Al2(SO4)3.18H2O). Subsequently, Camargo et al. (2008) found that the genotypes that showed 
the highest root growth in complete nutrient solutions containing 2, 4, 6, 8, and 10 mg.L-1 of Al (Al2(SO4)3.18H2O) for a 
period of 48-hour were the genotypes that showed the greatest productivity under acid soil conditions and rainfed cultivation.
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Table 2. Root growth difference (RGD) of wheat genotypes subjected to Al stress in minimum solution*.

Genotypes RGD (cm) Genotypes RGD (cm) Genotypes RGD (cm) Genotypes RGD (cm) Genotypes RGD (cm)

BH 1146 1.90 a L42 1.08 e L16 0.94 f TBIO 
Ponteiro 0.86 f L14 0.74 g

L34 1.59 b L27 1.07 e L63 0.94 f L05 0.86 f L10 0.74 g

L72 1.53 b L87 1.06 e L66 0.94 f L86 0.85 f L68 0.73 g

L77 1.46 c L26 1.06 e L04 0.93 f L32 0.85 f L70 0.71 g

L44 1.40 c L18 1.04 e L02 0.92 f TBIO 
Audaz 0.84 f TBIO 

Sinuelo 0.71 g

L74 1.39 c L80 1.03 e L48 0.92 f TBIO Toruk 0.84 f OR Safira 0.71 g

L83 1.39 c L31 1.01 e L51 0.92 f L25 0.81 g L40 0.70 g

L78 1.38 c L45 1.00 e L52 0.91 f L20 0.80 g L79 0.68 g

L37 1.36 c L09 1.00 e L15 0.91 f L38 0.80 g L13 0.67 g

L82 1.30 d L29 0.99 e L19 0.90 f L61 0.79 g L28 0.66 g

L73 1.28 d L53 0.99 e L49 0.90 f L33 0.79 g L23 0.65 g

L35 1.25 d L75 0.99 e L22 0.90 f OR 
Quartzo 0.78 g L21 0.61 h

L57 1.23 d L88 0.98 e L08 0.90 f L50 0.78 g L24 0.53 h

L76 1.21 d L39 0.97 e L11 0.90 f L12 0.78 g L62 0.52 h

L69 1.20 d L67 0.96 f L47 0.89 f L84 0.78 g L59 0.52 h

L36 1.19 d L06 0.96 f L55 0.88 f L03 0.76 g Anahuac 0.31 i

L56 1.15 d L54 0.95 f L07 0.88 f L85 0.76 g

L46 1.15 d L01 0.95 f L60 0.87 f L65 0.76 g

L81 1.11 d L58 0.95 f L41 0.86 f L64 0.75 g

L30 1.11 d L71 0.94 f L17 0.86 f L43 0.75 g

*Averages followed by the same lowercase letter in the column do not differ according to the Scott-Knott test (p < 0.05).

Wide genetic variability for Al tolerance was also observed by Bertan et al. (2006), when they evaluated 23 wheat cultivars 
exposed to a treatment solution containing 1 μM of Al for 48 hours, and then to a complete nutrient solution for 72 hours, 
assessing root regrowth. According to the authors, 11 genotypes stood out positively and could be used in crossbreeding 
programs to obtain higher progeny for Al tolerance.

Portaluppi et al. (2010) classified 14 wheat genotypes regarding their tolerance to Al after exposure for 96 hours to a 
nutrient solution containing 2 mg.L-1 of Al (AlCl3). Based on the evaluation of growth of the main and major secondary 
roots, using cultivars IAC 5-Maringa and Anahuac 75 as an Al-tolerant and Al-sensitive control, respectively, the authors 
classified the genotypes BRS Guamirim, BRS 194, IPR 85, BRS Buriti, BRS Angico, BRS Guabiju, and IAC 5-Maringa as 
Al-tolerant. Genotypes Jesuíta, PF 844005, IPR 87, and BRS 229 were classified as moderately tolerant, BRS 209 as moderately 
sensitive, and the cultivars Anahuac 75 and CD 104 as sensitive to Al.

Evaluating the Al tolerance of 20 wheat cultivars grown in pots containing acidic soil and high levels of exchangeable Al, 
in a short-term experiment, Pereira (2018) observed that there was a clear separation between genotypes widely recognized 
as sensitive to Al or tolerant, since the lowest relative root length was observed for genotypes Tiacena 1, Embrapa 10, and 
Anahuac 75, previously characterized under field conditions as sensitive to Al, and the highest lengths for genotypes BH 
1146 and C33 classified as tolerant (Aguilera et al. 2016).

Screening of Al tolerance and/or sensitivity of different genotypes based on the RTIAl showed that the lines had RTIAl 
values varying from 1.43 to 4.21, while the sensitive (Anahuac) and tolerant (BH 1146) controls had values of 1 and 5, 
respectively. L34 and L72 stood out positively, with RTIAl of 4.21 and 4.07, respectively, and were considered the most tolerant 
to Al. Of all the inbred lines analyzed, 74 exhibited RTIAl values between 2.1 to 3.9, and only 12 with RTIAl values below 2 
were considered the most sensitive to Al (Fig. 2).
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Figure 2. Al relative tolerance index (RTIAl) of wheat genotypes. Cultivars Anahuac (Al-sensitive control) and BH 1146 (Al-tolerant control).

Assessing the root growth of wheat genotypes subjected to Al stress in a complete nutrient solution containing  
10 mg.L-1 of Al (Al2(SO4)3.18H2O) for 48 hours, Camargo et al. (2006) reported that the genotypes BH 1146, IAC-364,  
IAC-377, IAC-24, IAC-373, and IAC-378 showed RTIAl ranging from 4 to 5.4, demonstrating high tolerance to Al. In contrast, 
Anahuac, IAC-289, IAC-350, and IAC-370 showed RTIAl between 1 and 1.7, indicating high sensitivity to the toxic element. 

Ferraz et al. (2020), evaluating 45 wheat genotypes exposed to a minimum solution containing 4 mg.L-1 of Al for 48 
hours, showed that the inbred lines L01, L03, and L38 had RTIAl higher than 4, demonstrating high tolerance to Al among 
the genotypes studied.

Estimates of the genetic parameters showed a greater contribution of the genetic component in relation to environmental 
component in formation of the phenotypic variance (σ̂p

2) of the RGD, indicating that the growth of the main root is a reliable 
phenotypic characteristic for identification and prospecting of wheat genotypes tolerant to Al, using minimum solution 
methodology (Ca + Al). The genotypic variance (σ̂g

2) was 0.0603 and the environmental variance (σ̂e
2) only 0.0026 (Table 1). 

This high value for genotypic variance indicated the presence of genetic variability for Al tolerance, enabling success with 
artificial selection. On the other hand, the low value for the estimated environmental variance indicated good uniformity 
of the experimental condition, i.e., the minimum solution used to expose the roots of the seedlings to Al.

The broad-sense heritability (ĥ 
bs
2 ) was 95.94% (Table 1), indicating that the genetic component contributed more to 

the phenotypic variance than the environmental component. This result was higher than that found by Ferraz et al. (2020) 
when assessing Al tolerance in 45 wheat genotypes exposed to a minimum solution containing 4 mg.L-1 of Al for 48 hours, 
with an estimate of 83.6%. The results of this study indicated that artificial selection is very easy and that genetic gain can be 
achieved by selecting for Al tolerance, since most of the phenotypic variation in tolerance and/or sensitivity was explained 
by genetic effects. 

The coefficient of genetic variation (CVg) was 25.97%, much higher than the coefficient of environmental variation (CVe) 
(Table 1), indicating the existence of wide genetic variability for Al tolerance in this germplasm. The b quotient expresses 
the relationship between CVg and CVe and is considered a genetic parameter of great importance in breeding programs, as 
it estimates the proportion of phenotypic variation that is attributed to genetic differences between individuals (Vencovsky 
and Barriga 1992). In this work, the b quotient was 2.81, indicating a very favorable condition for artificial selection, by 
selecting genotypes with higher phenotypic performance for the RGD variable.

Estimates of the genetic parameters indicated a large contribution from genetic variance, a small effect from the 
environmental component and high broad-sense heritability for the RGD variable, suggesting that the inheritance of Al 
tolerance is probably based on the action of a few genes with a large phenotypic effect. In addition, the high b quotient 
demonstrated a very favorable situation for selecting Al tolerance in segregating populations of wheat, based on the evaluation 
of the root growth of the main root in minimum solution.
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CONCLUSION

A concentration of 4 mg.L-1 of Al was effective for discriminating sensitive genotypes from those tolerant to Al using 
the minimum solution methodology.

The inbred lines from the evaluated wheat germplasm showed wide genetic variability for Al tolerance.
L34 and L72 stood out as excellent sources of Al tolerance within the germplasm, based on the minimum solution 

methodology, and could be used in future crosses to obtain superior progeny for Al tolerance.
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