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ABSTRACT. The development of common bean cultivars with high 
technological quality that are biofortified with minerals, is required 
to meet the demand for food with health benefits. The objectives of 
this study were to evaluate whether common bean genotypes differ 
in terms of technological and mineral biofortification traits, to study 
the correlations between these characters, to analyze the genetic 
dissimilarity of common bean genotypes, and to select superior lines 
for these traits. For this, 14 common bean genotypes were evaluated 
in experiments conducted in three growing seasons in the Rio Grande 
do Sul State, Brazil. A significant genotype x environment interaction 
was observed for technological quality (mass of 100 grains and 
cooking time) and biofortification traits (concentration of potassium, 
phosphorus, calcium, iron, zinc, and copper). Positive correlation 
estimates were obtained between phosphorus and potassium (r = 
0.575), iron and zinc (r = 0.641), copper and iron (r = 0.729), and 



2S. de M. Steckling et al.

Genetics and Molecular Research 16 (1): gmr16019527

copper and phosphorus (r = 0.533). In the main component cluster 
analysis, four groups of genotypes were formed. The following lines 
are recommended for selection: LP 11-363 for fast-cooking, CNFC 11 
948 for high iron concentration, and LEC 03-14 for high potassium, 
phosphorus, and calcium concentrations in grains. Common bean lines 
with high phosphorus and iron concentrations in grains can be indirectly 
selected based on higher potassium, copper, and zinc concentrations. 
Controlled crossings between LP 11-363 x CNFC 11 948 and LP 11-
363 x LEC 03-14 are recommended to obtain segregating lines that are 
fast-cooking and biofortified with minerals.

Key words: Phaseolus vulgaris; Cooking time; Minerals; 
Correlation analysis; Cluster analysis; Selection

INTRODUCTION

Mineral deficiency in humans can be considered a global public health problem, 
because it affects people from different countries, different social classes, and of different ages. 
The most common mineral deficiencies reported in the literature are: iron, which causes anemia 
and decreases workability (Lynch, 2003); zinc, which affects immune function, growth, and 
development (Prasad, 2012); and calcium, which causes abnormalities in bone structure, such 
as osteoporosis (Martínez-Ballesta et al., 2010).

Potassium, phosphorus, and copper deficiencies are not common in humans. However, 
low potassium intake can lead to increased blood pressure and cardiovascular disease (He 
and MacGregor, 2008), phosphorus deficiency leads to painful bones, anxiety, and fatigue 
(Martínez-Ballesta et al., 2010), and reduced copper causes hypochromic anemia, neutropenia, 
and skeletal disturbances (Guerrero-Romero and Rodríguez-Morán, 2005).

Genetic biofortification is a promising strategy used to prevent mineral deficiencies 
in humans. Among the crops produced in most countries and consumed by people daily, the 
common bean (Phaseolus vulgaris L.) is a strategic crop for use in biofortification programs. 
Common bean contains high concentrations of potassium, phosphorus, calcium, iron, zinc, 
and copper (Blair et al., 2010; Talukder et al., 2010; Tryphone and Nchimbi-Msolla, 2010; 
Akond et al., 2011; Jost et al., 2013; Ribeiro et al., 2013a,b, 2014a; Maziero et al., 2015) and 
is consumed without the need to polish or remove the seed coat, i.e., integrally. In addition, 
common bean is a source of vegetable protein used widely in the diet of people with low 
incomes, vegetarians, and vegans. Therefore, it is consumed widely throughout the world by 
people from different social classes.

Biofortification with minerals has been successfully performed by common bean 
breeding programs. As a result, common bean lines containing high concentrations of 
potassium, phosphorus, calcium, iron, zinc, and copper in grains have been obtained (Blair 
et al., 2010; Jost et al., 2013; Ribeiro et al., 2013a,b, 2014a; Pereira et al., 2014; Maziero et 
al., 2015). In these lines, the iron concentration exceeds 95 mg/kg dry matter (DM) (Jost et 
al., 2013; Ribeiro et al., 2013a), zinc exceeds 31 mg/kg DM (Tryphone and Nchimbi-Msolla, 
2010; Zemolin et al., 2016), and calcium exceeds 1.4 g/kg DM (Ribeiro et al., 2013a). For 
the other minerals, no classes have been defined that characterize the goal of common bean 
biofortification programs. Furthermore, for the biofortified common bean cultivars can be 
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accepted for consumption it is necessary to evaluate whether there is any change in cooking 
time or in the grain pattern most preferred by the consumer.

Analyses of genetic dissimilarity are important to identify duplication, to select 
superior lines, and to plan new controlled crossings aimed at common bean biofortification. 
The application of the analyses of genetic dissimilarity has allowed the identification of 
groups of common bean lines that differ for two (Blair et al., 2010; Talukder et al., 2010) and 
four minerals (Pereira et al., 2011). However, studies evaluating the genetic dissimilarity of 
common bean lines obtained by breeding programs, considering technological quality and 
biofortification with minerals are lacking in the literature.

Therefore, the objectives of this study were to evaluate whether common bean 
genotypes differ in terms of technological quality and biofortification with mineral traits, to 
study the correlations between these characters, to analyze the genetic dissimilarity of common 
bean genotypes, and to select superior common bean lines for these traits.

MATERIAL AND METHODS

Growth conditions

The experiments were conducted in the field area of the Common Bean Breeding 
Program of the Federal University of Santa Maria, Santa Maria, Rio Grande do Sul (RS), 
Brazil, in three growing seasons: 2014 rainy, 2015 dry, and 2015 rainy. The rainy (sowing 
between the months of September to November) and dry (sowing in January and February) 
growing seasons are traditional in southern Brazil.

Santa Maria is located at the latitude 29°42'S, longitude 53°49'W, and 95 m above sea 
level (asl). The climate is humid subtropical, with rainfall usually well distributed throughout 
the year, according to the Köppen classification. The soil of the experimental area is a typical 
alitic Argisol (Hapludalf), and was prepared in the conventional manner. The amount of 
fertilizer needed for the experiments was calculated based on the interpretation of the soil 
chemical analysis report. Fertilizer applied at the base was 200 kg/ha of the 5-20-20 formula 
(urea: 45% nitrogen, superphosphate: 18% P2O5, and potassium chloride: 60% K2O). In furrow 
sowing, 50 kg/ha nitrogen was applied in the form of urea at the first trifoliate leaf stage (V3).

The experimental design was a randomized block, with four replicates. Treatments 
consisted of 14 common bean genotypes evaluated in the South Brazilian Use and Cultivation 
Value experiment. Of these, 10 lines were obtained by different breeders: CHC 01-175-1, CHP 
99.65 24 (Empresa de Pesquisa Agropecuária e Extensão Rural de Santa Catarina - EPAGRI, 
Santa Catarina), CNFC 11 954, CNFC 11 948 (Empresa Brasileira de Pesquisa Agropecuária 
- EMBRAPA Arroz e Feijão, Goiás), LP 12-601, LP 11-363 (Instituto Agronômico do Paraná 
- IAPAR, Paraná), FAP F3-2, C10-2-4/41 (Instituto Agronômico de Campinas - IAC, São 
Paulo), and LEP 04-14, LEC 03-14 (Universidade Estadual de Maringá - UEM, Paraná), and 
four cultivars were used as controls (Pérola, BRS Valente, Guapo Brilhante, and Carioca). 
The inbred lines represent the technological advances of common bean breeding in public 
institutions of southern Brazil in the biennium 2014 and 2015. All genotypes evaluated belong 
to the Mesoamerican gene pool and characterize the most consumed bean types in Brazil: Black 
(LP 12-601, CHP 99.65 24, LEP 04-14, BRS Valente, and Guapo Brilhante) and Carioca (other 
lines and cultivars). The experimental unit consisted of four 4.0-m long rows, 0.50-m apart. The 
two central rows of each experimental unit were considered as the useful area (4 m2).
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Sowing was performed manually, with 16 seeds per linear meter for the indeterminate 
growth habit genotypes (IGH) with short guides (type II), and 13 seeds per linear meter for 
the IGH genotypes with long guides (type III). Seeds were treated with Maxim XL fungicide 
(Fludioxonil and Metalaxyl-M) and the Cruiser insecticide (Thiamethoxam), both at a dose of 
200 mL/100 kg seeds.

During the vegetative development of common bean plants, insect control was carried 
out with the application of EngeoTM (Thiamethoxam and lambdacyhalothrin) at a dose of 125 
mL/ha. The weeds were eliminated by hoeing. No fungicide was applied for disease control.

Technological quality and biofortification traits

Common bean plants within the useful area were harvested and threshed by hand 
at the maturity stage to prevent metal contamination. Broken grains and impurities were 
removed and grains were dried in a forced-air oven (65°C) (1.5 Odontobrás, Odontobrás, 
Ribeirão Preto, SP, Brazil) at 13% average moisture. The mass of 100 grains was determined 
by counting and weighing three samples of 100 grains from each genotype, in a balance with 
precision of the two decimal.

The grains were placed in a plastic cup containing 50 mL distilled water and soaked 
for 8 h at room temperature (20° ± 2°C). Cooking time was determined using a Mattson cooker 
of 25 pegs (EMBRAPA Instrumentation, São Carlos, SP, Brazil) according to the methodology 
described by Ribeiro et al. (2014a). The mean falling time of the first 13 pegs was considered 
as the cooking time of each sample (Ribeiro et al., 2007).

Samples of grains (50 g) were ground in a knife micro-mill (Q298A21, Quimis, São 
Paulo, SP, Brazil) to obtain particles smaller than 1 mm in diameter, and were not sieved. 
The mineral concentration was determined in aliquots containing 0.5 g of the raw bean flour 
obtained by nitric-perchloric digestion, according to the method described by Jost et al. 
(2013). The potassium concentration was read using a flame photometer (B262, Micronal, 
São Paulo, SP, Brazil) and the phosphorus concentration was measured in an optical emission 
spectrophotometer (AA-7000, Shimadzu, São Paulo, SP, Brazil). The concentrations of 
calcium, iron, zinc, and copper were determined using an atomic absorption spectrophotometer 
(ICE 3000, Thermo Scientific, San Jose, USA), with wavelengths of 422.70, 248.30, 213.90, 
and 324.8 nm, respectively.

Statistical analysis

The data were submitted to individual and joint analyses of variance. The homogeneity 
of residual variance was tested using Hartley’s Fmax test (Cruz et al., 2012). The F test (P < 
0.05) was used to test the hypotheses of the main effects (genotype and environment) and the 
genotype x environment interaction (G x E), considering these effects as fixed. The Scott-
Knott test at 0.05 probability was used to group genotypes and environments.

Pearson linear correlation coefficients were estimated using the phenotypic 
correlation matrix among traits. The significance of the correlation coefficients was tested by 
the Student’s t test (P < 0.05). The multicolinearity diagnostic was accomplished using the 
phenotypic correlation matrix, and its effect evaluated by the number of conditions, as defined 
by Montgomery and Peck (1981).

The mean data obtained in the three environments were used for the genetic 
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dissimilarity analysis. Principal components analysis was performed to identify the traits with 
greater and lesser contribution to the total variation and cluster analysis. For this purpose, a 
dispersion graph was generated from the first two principal components. The first principal 
component was represented by the x-axis and the second principal component by the y-axis, 
allowing visualization of the groups formed. All statistical analyses were performed using 
Microsoft Office Excel and Genes software (Cruz, 2016).

RESULTS AND DISCUSSION

Joint analysis of variance

The variance of the experimental error was homogeneous for all traits evaluated in 
three environments (P > 0.05), enabling a joint analysis of variance to be performed. In the 
joint analysis of variance, a significant G x E interaction was observed for all traits (Table 1). 
As a result, the technological quality traits and mineral concentration in grains of common 
bean genotypes were not constant under different growing environments. The differential 
response of common bean genotypes to growing environments has been previously described 
for the mass of 100 grains, cooking time (Ribeiro et al., 2013a, 2014b), and concentrations 
of potassium, phosphorus, calcium, iron, zinc, and copper in grains (Hossain et al., 2013; 
Pereira et al., 2014). Thus, there is genetic variability for the evaluated traits, which enables 
the selection of common bean lines with high technological quality traits that are biofortified 
with minerals.

Table 1. Joint analysis of variance containing the mean squares, degrees of freedom (DF), average, variation 
coefficient (VC%) for the mass of 100 grains (M100G, g), cooking time (cooking, second), concentrations of 
potassium (K, g/kg of dry matter [DM]), phosphorus (P, g/kg DM), calcium (Ca, g/kg DM), iron (Fe, mg/kg 
DM), zinc (Zn, mg/kg DM), and copper (Cu, mg/kg DM) in grains of 14 common bean genotypes evaluated in 
three experiments carried out in 2014 and 2015.

*Significant by the F test (P = 0.05); ns = non-significant.

Sources of variation Mean square 
d.f. M100G Cooking K P Ca Fe Zn Cu 

Block/Environment 6 3.02 11,485.14 0.57 0.58 0.21 142.14 2.57 0.86 
Genotype (G) 13 19.71* 64,294.45* 1.29* 0.64* 1.55* 862.04* 15.96* 4.40* 
Environment (E) 2 4.26ns 2,207,895.72* 15.10* 8.56* 23.55* 10,972.44* 40.95* 186.40* 
G x E 26 7.02* 16,970.54* 2.02* 0.34* 0.61* 614.98* 10.32* 1.38* 
Residue 78 1.91 7,793.99 0.54 0.18 0.13 63.96 3.36 0.44 
Mean  22.15 1,009.75 12.30 4.93 3.46 89.01 22.95 8.36 
VC (%)  6.24 8.74 6.00 8.67 10.46 8.98 7.99 7.95 
 

Technological quality traits

The mass of 100 grains of common bean genotypes varied from 17.21 (LP 12-601, 
2015 rainy season) to 26.76 g (Pérola, 2014 rainy season) (Table 2), and was within the 
expected range for common bean grains from the Mesoamerican gene pool (Blair et al., 2010). 
None of the genotypes evaluated showed a medium size for mass of 100 grains (25 to 30 g) 
for the three environments. This grain pattern is most preferred by packing companies, and 
by black and Carioca-type common bean consumers in Brazil, according to Carbonell et al. 
(2010). Therefore, this pattern has been prioritized in the selection of common bean lines. In 
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the present study, the high rainfall recorded during the three growing seasons (Table 3) may 
have affected grain filling, contributing to the mass of 100 grains being lower than expected 
for the different genotypes. The mass of 100 grains in common bean is greatly influenced by 
the environment (Ribeiro et al., 2013a, 2014b; dos Santos et al., 2016).

Table 2. Average* mass of 100 grains, cooking time (min: s), potassium and phosphorus concentrations in 
grains of 14 common bean genotypes evaluated in three experiments carried out in 2014 and 2015.

Genotype Mass of 100 grains (g) Cooking time (min:s) 
Env. 11 Env. 2 Env. 3 Env. 1 Env. 2 Env. 3 

Pérola 26.76 a A 22.88 a B 20.90 c B 16:00 a B 13:33 a B 22:58 a A 
FAP F3-2 21.62 c A 22.78 a A 20.32 c A 17:52 a B 17:33 a B 22:01 a A 
CHC 01-175-1 23.46 b A 22.57 a A 21.59 c A 16:40 a B 14:32 a C 24:02 a A 
LP 12-601 20.24 c A 21.64 a A 17.21 d B 14:39 b B 14:12 a B 20:22 b A 
BRS Valente 20.08 c A 21.76 a A 21.13 c A 17:34 a B 12:39 a C 20:43 b A 
LP 11-363 22.66 b A 21.22 a A 21.67 c A 12:43 b B 11:43 a B 15:37 c A 
CHP 99.65 24 20.29 c A 21.23 a A 22.67 b A 14:04 b B 13:15 a B 19:27 b A 
LEP 04-14 21.55 c B 23.11 a B 25.87 a A 14:08 b B 13:52 a B 22:33 a A 
G. Brilhante 20.33 c A 20.42 a A 17.87 d B 15:35 b B 13:25 a B 23:02 a A 
CNFC 11 954 23.72 b A 23.09 a A 23.60 b A 18:03 a B 13:38 a C 22:21 a A 
CNFC 11 948 23.26 b A 23.05 a A 25.33 a A 17:15 a B 13:09 a C 21:59 a A 
C10-2-4/41 22.76 b A 25.64 a A 24.27 a A 13:32 b B 14:01 a B 20:10 b A 
Carioca 21.08 c A 23.73 a A 22.40 b A 16:50 a B 14:20 a C 21:03 b A 
LEC 03-14 22.12 c A 21.56 a A 20.93 c A 16:26 a B 14:15 a C 22:02 a A 
Mean 22.14  22.48  21.84  15:49  13:52  21:30  
VC (%) 7.07  4.07  7.17  7.64  9.80  8.55  
Genotype Potassium (g/kg dry matter) Phosphorus (g/kg dry matter) 

Env. 1 Env. 2 Env. 3 Env. 1 Env. 2 Env. 3 
Pérola 12.17 a A 11.51 a A 12.83 a A 5.48 a A 4.35 a B 5.19 a A 
FAP F3-2 12.76 a A 12.25 a A 13.42 a A 5.42 a A 4.64 a B 4.52 b B 
CHC 01-175-1 12.39 a A 12.83 a A 12.32 a A 5.08 b A 4.73 a A 4.78 b A 
LP 12-601 13.42 a A 12.98 a A 10.12 c B 5.64 a A 4.29 a B 4.47 b B 
BRS Valente 12.54 a A 12.32 a A 9.97 c B 4.58 b A 4.62 a A 4.46 b A 
LP 11-363 12.69 a A 12.76 a A 11.15 b B 5.58 a A 4.67 a B 4.83 b B 
CHP 99.65 24 13.86 a A 11.81 a B 11.81 b B 6.24 a A 4.39 a C 5.40 a B 
LEP 04-14 13.49 a A 12.39 a B 11.66 b B 4.79 b A 4.59 a A 4.65 b A 
G. Brilhante 13.27 a A 13.57 a A 11.22 b B 6.10 a A 4.62 a B 5.08 a B 
CNFC 11 954 12.83 a A 11.95 a A 11.22 b A 4.85 b A 4.89 a B 4.72 b A 
CNFC 11 948 12.25 a A 11.95 a A 11.37 b A 5.09 b A 4.53 a B 5.48 a A 
C10-2-4/41 13.49 a A 11.37 a B 12.83 a A 5.72 a A 4.37 a B 5.37 a A 
Carioca 12.69 a A 11.59 a B 11.29 b B 5.39 a A 4.28 a B 4.43 b B 
LEC 03-14 13.20 a A 12.10 a A 13.13 a A 5.62 a A 5.02 a A 5.02 a A 
Mean 12.93  12.24  11.74  5.40  4.50  4.88  
VC (%) 4.47  7.24  6.11  10.07  8.40  6.74  

 *Means not followed by the same lower case letter in the column differ by the Scott-Knott test (P = 0.05), and 
uppercase letters on each row by the Scott-Knott test (P = 0.05). 1Environments: Env. 1: 2014 rainy season; Env. 2: 
2015 dry season; Env. 3: 2015 rainy season.

Common bean lines had a cooking time equal to or less than that of the Pérola, 
BRS Valente, Guapo Brilhante, and Carioca cultivars (Table 2). All genotypes evaluated 
presented a cooking time of less than 25 min, which is characteristic of fast-cooking, 
according to dos Santos et al. (2016). However, cooking time varied from 11 min 43 s to 
15 min 37 s for the LP 11-363 line, in the three environments evaluated. The development 
of very fast-cooking common bean cultivars, i.e., those that reach softness considered ideal 
for consuming before less than 15 min cooking, meets the demand for fast preparation 
food. Common bean lines that cook in less than 15 min were previously identified by 
Ribeiro et al. (2013 a,b).
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Biofortification traits

In this study, a significant difference was found for potassium concentration in grains 
by genotype via the F test (Table 1). However, no stratification among treatments was observed 
at the same significance level in the 2014 rainy and 2015 dry seasons by Scott-Knott test 
(Table 2). In the 2015 rainy season, three groups of genotypes were formed. The group with 
the lowest potassium values (less than 10.12 g/kg DM) contained the LP 12-601 line and the 
BRS Valente cultivar. The FAP F3-2, CHC 01-175-1, C10-2-4/41, and LEC 03-14 lines and 
the Pérola cultivar formed the group with the highest potassium values (from 12.32 to 13.42 
g/kg DM). These potassium values were similar to those obtained in black and Carioca-type 
common bean genotypes (Ribeiro et al., 2013b; Maziero et al., 2015), and lower than those 
observed in common bean of varied colors (Pinheiro et al., 2010; Pereira et al., 2011; Silva et 
al., 2012; Ribeiro et al., 2014a).

Based on the results of this study, the following classification is proposed for potassium 
concentration in common bean grains: low (<10 g/kg DM) and high (>12 g/kg DM). The 
FAP F3-2, CHC 01-175-1, C10-2-4/41, and LEC 03-14 lines, and the Pérola cultivar have 
a high potassium concentration in their grains. Common bean biofortified with potassium is 
important for the control of high blood pressure and cardiovascular disease, which, according 
to He and MacGregor (2008), are caused by low dietary potassium intake.

Common bean genotypes were classified into two groups based on their phosphorus 
concentrations in the 2014 rainy season: group 1 (4.58 to 5.09 g/kg DM) and group 2 (5.39 
to 6.24 g/kg DM). In the 2015 rainy season, the range was from 4.43 to 4.83 g/kg DM in 
group 1 and from 5.02 to 5.48 g/kg DM in group 2. Those phosphorus values are within the 
range found in common bean genotypes grown in the United States (Hacisalihoglu and Settles, 
2013; Hossain et al., 2013), Portugal (Pinheiro et al., 2010), and Brazil (Pereira et al., 2011; 
Silva et al., 2012; Maziero et al., 2015). Therefore, common bean lines with a phosphorus 
concentration higher than 5.00 g/kg DM should be considered of high nutritional value due to 
the phosphorus values in grains.

In the present study, the LEC 03-14 line was identified as having a high phosphorus 
concentration under the three environments investigated. Similarly, Maziero et al. (2015) 
selected common bean lines with high phosphorus concentration in their grains, independently 
of the growing environment. This shows that common bean can be biofortified with phosphorus 
and used to reduce symptoms such as painful bones, anxiety, fatigue, and skin sensitivity, which 
are observed in cases of phosphorus deficiency in humans (Martínez-Ballesta et al., 2010).

The lowest calcium value was observed for the C10-2-4/41 line (1.85 g/kg DM, 2015 
dry season) and the highest value was observed for the CNFC 11 954 line (4.81 g/kg DM, 

Table 3. Meteorological data showing average monthly minimum temperature (Tmin), maximum temperature 
(Tmax), mean temperature (Tmed), and rainfall (Rain) during the 2014 rainy, 2015 dry, and 2015 rainy seasons 
collected in the 8th Meteorology District, in Santa Maria Meteorological Station, set at the Federal University 
of Santa Maria (29°42'S, 53°49'W, and 95 m asl), in the State of Rio Grande do Sul, Brazil.

 Rainy season 2014 Dry season 2015 Rainy season 2015 
 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Nov Dec Jan Feb 
T min (°C) 17.0 17.4 19.3 20.8 20.2 18.8 15.1 13.1 10.7 11.5 16.9 19.6 20.8 21.2 
T max (°C) 27.0 29.7 29.7 30.8 30.0 29.9 27.0 22.4 20.9 19.4 25.5 28.6 31.5 31.3 
T med (°C) 22.0 23.5 24.5 25.8 25.1 24.3 21.0 17.7 15.8 15.4 21.2 24.1 26.1 26.2 
Rain (mm) 256.8 59.7 198.1 54.9 84.3 132.4 129.8 136.4 128.2 214.7 164.3 336.0 101.9 96.5 
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2014 rainy season) (Table 4). These calcium values are higher than those previously described 
for common bean grains (Pinheiro et al., 2010; Akond et al., 2011; Pereira et al., 2011; Jost 
et al., 2013; Ribeiro et al., 2013a,b; Morais et al., 2016) and characterize a high calcium 
concentration (Ribeiro et al., 2013a).

Table 4. Average* calcium, iron, zinc, and copper concentrations in grains of 14 common bean genotypes 
evaluated in three experiments carried out in 2014 and 2015.

Genotype Calcium (g/kg dry matter) Iron (mg/kg dry matter) 
Env. 1 Env. 2 Env. 3 Env. 1 Env. 2 Env. 3 

Pérola 3.86 b A 3.23 a A 3.37 c A 85.27 d A 77.00 c A 76.03 b A 
FAP F3-2 3.51 b A 3.13 a A 2.31 d B 78.38 d A 79.62 b A 69.17 b A 
CHC 01-175-1 4.20 a A 2.30 b B 4.29 a A 140.68 a A 72.86 c B 67.67 b B 
LP 12-601 3.58 b A 2.72 a B 3.59 b A 103.61 c A 70.08 c B 72.57 b B 
BRS Valente 4.38 a A 2.14 b B 4.17 a A 74.34 d A 80.84 b A 70.40 b A 
LP 11-363 3.59 b A 2.22 b B 3.34 c A 101.00 c A 79.63 b B 92.17 a A 
CHP 99.65 24 4.64 a A 2.62 a C 3.81 b B 138.83 a A 70.40 c C 94.87 a B 
LEP 04-14 4.16 a A 2.63 a C 3.39 c B 134.31 a A 66.19 c C 99.77 a B 
G. Brilhante 4.72 a A 2.77 a C 3.93 b B 120.12 b A 89.57 a B 88.67 a B 
CNFC 11 954 4.81 a A 3.29 a C 3.92 b B 84.48 d A 64.76 c B 91.70 a A 
CNFC 11 948 4.09 a A 2.08 b C 2.87 d B 113.38 b A 95.00 a B 99.47 a B 
C10-2-4/41 3.57 b A 1.85 b C 2.57 d B 94.24 c A 63.00 c B 89.07 a A 
Carioca 4.30 a A 3.15 a B 4.53 a A 115.28 b A 73.59 c B 79.93 b B 
LEC 03-14 4.10 a B 2.83 a C 4.74 a A 113.36 b A 75.79 c C 91.57 a B 
Mean 4.11  2.64  3.63  106.95  75.58  84.50  
VC (%) 10.00  10.52  10.55  7.52  11.00  9.02  
Genotype Zinc (g/kg dry matter) Copper (g/kg dry matter) 

Env. 1 Env. 2 Env. 3 Env. 1 Env. 2 Env. 3 
Pérola 20.42 b A 20.51 a A 22.16 b A 8.40 c A 9.00 b A 6.48 a B 
FAP F3-2 18.77 b B 21.43 a B 24.16 a A 8.91 c A 8.98 b A 5.40 a B 
CHC 01-175-1 21.17 b A 21.60 a A 21.35 b A 9.11 c A 11.40 a A 6.25 a C 
LP 12-601 24.02 a A 20.15 a A 22.39 b A 9.28 c B 9.52 b A 5.55 a B 
BRS Valente 23.05 a A 23.36 a A 21.61 b A 8.33 c A 9.06 b A 5.75 a B 
LP 11-363 23.29 a B 20.66 a B 26.15 a A 8.77 c A 8.65 b A 5.84 a B 
CHP 99.65 24 24.62 a A 22.41 a A 23.51 b A 11.28 a A 10.47 a A 5.85 a B 
LEP 04-14 27.33 a A 21.88 a B 27.70 a A 9.70 c A 10.25 a A 6.88 a B 
G. Brilhante 24.87 a A 24.30 a A 24.31 a A 10.04 b B 11.33 a A 5.92 a C 
CNFC 11 954 18.99 b B 20.97 a B 24.53 a A 9.78 c A 8.42 b B 5.91 a C 
CNFC 11 948 19.81 b B 24.14 a A 25.35 a A 11.36 a A 10.71 a A 6.17 a B 
C10-2-4/41 24.75 a A 21.65 a A 24.41 a A 9.26 c A 10.14 a A 6.05 a B 
Carioca 24.30 a A 23.81 a A 22.33 b A 7.85 c A 8.63 b A 4.56 a B 
LEC 03-14 24.92 a A 21.24 a B 25.72 a A 8.86 c B 10.42 a A 6.51 a C 
Mean 22.88  22.01  23.98  9.35  9.78  5.94  
VC (%) 8.22  8.87  6.91  6.91  6.79  11.49  

 *Means not followed by the same lower case letter on a column differ by the Scott-Knott test (P = 0.05), and the 
uppercase letters on the row differ by the Scott-Knott test (P = 0.05). 1Environments: Env.1: 2014 rainy season; Env. 
2: 2015 dry season; Env. 3: 2015 rainy season.

The LEC 03-14 line and the Carioca cultivar presented the highest calcium values in the 
three growing environments. These genotypes are promising for use in the calcium biofortification 
program. This mineral is essential for health as it participates in the biological function of various 
tissues, such as the musculoskeletal, nervous, and cardiac systems, and in bones and teeth 
(Martínez-Ballesta et al., 2010), and is therefore important for the prevention of osteoporosis.

Iron concentration in grains ranged from 63.00 to 140.68 mg/kg DM for the C10-2-
4/41 (2015 dry season) and CHC 01-175-1 (2014 rainy season) lines, respectively. This range 
is similar to that described previously for common bean genotypes grown in Brazil (Silva et 
al., 2012; Jost et al., 2013; Ribeiro et al., 2013a,b). However, this is greater than the range 
observed for iron in common bean genotypes grown in other countries (Gelin et al., 2007; 
Nchimbi-Msolla and Tryphone, 2010; Pinheiro et al., 2010; Akond et al., 2011).
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The ranking of common bean genotypes with the highest iron concentration varied by 
growth environment. In the 2014 rainy season, the CHC 01-175-1, CHP 99.65 24, and LEP 04-
14 lines stood out above all cultivars evaluated. In the 2015 dry season, the CNFC 11 948 line 
and the Guapo Brilhante cultivar had the highest iron values. Those two genotypes were also 
grouped by the Scott-Knott test in the group of genotypes superior for iron in the 2015 rainy 
season, without significantly differing from the LP 11-363, CHP 99.65 24, LEP 04-14, CNFC 
11 954, C10-2-4/41, and LEC 03-14 lines. Of those lines, only CNFC 11 948 showed an iron 
concentration superior to 95 mg/kg DM in the three growing environments. The development 
of common bean cultivars with an iron concentration in the grains greater than 95 mg/kg DM 
has been the goal of biofortification programs (Jost et al., 2013; Ribeiro et al., 2013a,b). Use of 
the CNFC 11 948 line in the diet can help to reduce symptoms associated with iron deficiency, 
such as pallor, fatigue, weakness, dizziness, and reduced workability, which are common in 
individuals with anemia (Lynch, 2003).

The common bean genotypes presented zinc concentrations in their grains from 18.77 
to 27.70 mg/kg DM. Higher zinc values have been previously described for common bean 
genotypes (Blair et al., 2010; Pinheiro et al., 2010; Talukder et al., 2010; Silva et al., 2012; 
Pereira et al., 2011, 2014; Ribeiro et al., 2014a; Maziero et al., 2015; Morais et al., 2016). None 
of the common bean genotypes studied showed a high zinc concentration, i.e., greater than 31 
mg/kg DM, according to the classification proposed by Tryphone and Nchimbi-Msolla (2010). 
Therefore, no common bean genotype is selected for use in the zinc biofortification program.

However, the identification of common bean genotypes containing low zinc 
concentration is also important for breeding programs, because some individuals need to 
reduce their dietary zinc intake. This is justified when it is necessary to normalize the levels 
of high density lipoprotein (HDL) in the blood and immune activity (Guerrero-Romero and 
Rodríguez-Morán, 2005). The selection of common bean lines with a low zinc concentration 
in their grains is a recent development in breeding programs and has shown promising results 
in the Andean gene pool (Zemolin et al., 2016).

The copper concentration in grains, as observed for other minerals, varied among 
genotypes and growing environments, from 4.56 (Carioca, 2015 rainy season) to 11.40 mg/kg 
DM (CHC 01-175-1, 2015 dry season). This range is similar to that observed in other studies 
in common bean genotypes (Pinheiro et al., 2010; Silva et al., 2012; Ribeiro et al., 2014a; 
Morais et al., 2016). However, the CHP 99.65 24 and CNFC 11 948 lines were grouped by the 
Skott-Knott test in the group of genotypes with the highest copper concentration in the three 
growing environments. Those lines are promising for use in copper biofortification programs. 
Increasing the copper concentration in common bean grains is desirable for the prevention of 
symptoms associated with copper deficiency, such as hypochromic anemia, neutropenia, and 
skeletal disorders (Guerrero-Romero and Rodríguez-Morán, 2005).

Correlation between technological quality and biofortification traits

Positive correlation estimates of moderate magnitude were obtained between 
phosphorus and potassium (r = 0.575) and between iron and zinc (r = 0.641) (Table 5). 
Low (Silva et al., 2012), moderate (Maziero et al., 2015), and high (Hossain et al., 2013) 
correlations have been reported between phosphorus and potassium in common bean grains. 
Correlation estimates described between iron and zinc in common bean grains range from 
moderate (Nchimbi-Msolla and Tryphone, 2010; Silva et al., 2012; Pereira et al., 2014; Morais 
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et al., 2016) to high magnitude (Hossain et al., 2013). When the correlation estimates between 
two minerals are of moderate magnitude, the selection of one mineral will result in a moderate 
increase in the concentration of the other.

Table 5. Pearson correlation estimates between the traits mass of 100 grains (M100G), cooking time (CT), 
concentrations of potassium (K), phosphorus (P), calcium (Ca), iron (Fe), zinc (Zn) and copper (Cu) in grains 
of 14 common bean genotypes evaluated in three experiments carried out in 2014 and 2015.

*Significant by the Student’s t-test (P = 0.05); ns = non-significant.

 CT K P Ca Fe Zn Cu 
M100G 0.122ns -0.157ns -0.168ns -0.280ns 0.012ns -0.074ns 0.071ns 
CT  0.150ns -0.301ns 0.245ns -0.245ns -0.394ns 0.007ns 
K   0.575* -0.123ns 0.233ns 0.227ns 0.393* 
P    -0.184ns 0.496ns 0.291ns 0.533* 
Ca     0.160ns 0.028ns -0.100ns 
Fe      0.641* 0.729* 
Zn       0.355ns 
 

Copper was highly positively correlated with iron (r = 0.729) and moderately correlated 
with phosphorus (r = 0.533). Previous studies have revealed no correlation between copper and 
iron in common bean grains (Silva et al., 2012; Hossain et al., 2013; Ribeiro et al., 2013b) 
or a correlation of low magnitude (Morais et al., 2016). Copper and phosphorus were also 
moderately correlated (r = 0.630) in common bean genotypes evaluated by Hossain et al. (2013).

The study of correlations between minerals in common bean is of great importance 
for the development of biofortified cultivars. In the present study, an increase in phosphorus 
concentration was found to be accompanied by increases in potassium and copper concentrations, 
and increases in iron provided increments in the concentrations of zinc and copper in grains. 
This enables the development of common bean cultivars that are more nutritionally complete. 
Furthermore, the increased concentrations of potassium, phosphorus, calcium, iron, zinc, and 
copper did not result in an increase in cooking time of common bean grains, since these traits 
are not correlated. Similar results were observed in a preliminarily study by Ribeiro et al. 
(2013b) and Morais et al. (2016) in common bean genotypes. This indicates that there will be 
no change in the preparation time of biofortified common bean.

Cluster analysis for technological quality and biofortification traits

The first two principal components explained 99.9499% of the total variation (Table 
6). The first principal component accumulated the highest percentage of total variation 
(98.6971%). In this way, it was possible to identify the characteristics contributing the most to 
the genetic dissimilarity between genotypes evaluated: cooking time (0.9996), followed by the 
calcium (0.0012) and potassium (0.0007) concentrations. Several studies have shown genetic 
variability for the cooking time of common bean (Ribeiro et al., 2013a,b, 2014b; dos Santos 
et al., 2016; Morais et al., 2016). However, the present study is the first report showing that 
the cooking time of grains is an efficient descriptor to distinguish common bean genotypes. 
Regarding calcium, Pereira et al. (2011) observed that this mineral had the greatest and lowest 
contribution to the genetic dissimilarity of common bean genotypes in the first and second year 
of growth, respectively. Therefore, calcium is a descriptor that may or may not be efficient in 
the differentiation of germplasm.
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The first two principal components separated the common bean genotypes into four 
groups - G (Figure 1). Among the groups, there is genetic dissimilarity, especially for cooking 
time (G3), calcium concentration (G2), and iron concentration (G1). The LP 11-363 line (G3) 
has the lowest cooking time and should be used in controlled crossings with the CNFC 11 
948 line (G2), which has a high iron concentration. The controlled crossing of the LP 11-363 
line (G3) is also indicated with the LEC 03-14 line, which has a high potassium, phosphorus, 
and calcium concentration. Recombinants with fast-cooking time that are biofortified with 
minerals can be selected from the segregating generations obtained. The obtained progenies 
should be evaluated for phytate concentration, because phytates have an inhibitory effect on 
iron and zinc absorption by the body (Ariza-Nieto et al., 2007).

Table 6. Estimation of eigenvalues (root and % cumulative) and relative importance of the characters mass of 
100 grains (M100G), cooking time (CT), concentrations of potassium (K), phosphorus (P), calcium (Ca), iron 
(Fe), zinc (Zn), and copper (Cu) in the grains obtained in each principal component (PC) to estimate the genetic 
dissimilarity among 14 common bean genotypes evaluated in three experiments carried out in 2014 and 2015.

PC Root (%) Cumulative (%) M100G (g) CT (s) K P Ca Fe Zn Cu 
g/kg dry matter mg/kg dry matter 

PC 1 98.6971 98.6971 0.0021 0.9996 0.0007 -0.0010 0.0012 -0.0289 -0.0062 0.0000 
PC 2 1.2528 99.9499 0.0069 0.0292 0.0112 0.0122 0.0099 0.9947 0.0791 0.0554 
PC 3 0.0302 99.9801 0.9900 -0.0025 -0.0516 -0.0263 -0.0954 0.0003 -0.0824 0.0238 
PC 4 0.0129 99.9930 0.0847 0.0038 0.0618 -0.0346 -0.0177 -0.0748 0.9876 -0.0806 
PC 5 0.0041 99.9971 -0.0338 -0.0005 0.4123 0.2460 -0.4885 -0.0456 0.0327 0.7256 
PC 6 0.0014 99.9986 0.0426 0.0002 0.7300 0.3133 -0.1118 0.0284 -0.0862 -0.5886 
PC 7 0.0011 99.9997 0.0974 -0.0023 0.3431 0.1373 0.8590 -0.0348 0.0154 0.3385 
PC 8 0.0003 100.0000 0.0115 0.0012 -0.4157 0.9058 0.0375 -0.0084 0.0529 -0.0479 

 

Figure 1. Dispersion graph obtained from the technological quality descriptors and biofortification of 14 common 
bean genotypes for the first two main components (PC1 and PC2).
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The development of common bean cultivars biofortified with minerals by genetic 
breeding represents a technological advance and offers food with higher nutritional value that 
can contribute to the prevention of mineral deficiencies in humans. The biofortification of 
beans with minerals no increase the cooking time and the costs with the preparation of food, 
and meets the approach of food security.
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