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Abstract

C.M.O.M. Carias, J.H.S. Guilhen, T.S. Marçal, A. Ferreira, and M.F.S. Ferreira. 
2018. Genetic divergence towards selection of promising bean progenitors via mixed 
multivariate models. Cien. Inv. Agr. 45(3): 251-262. The genetic variability present in the 
bean (Phaseolus vulgaris L.) germplasm that is currently used as an agricultural crop has 
been shown to be stable in production and is acceptable for human sustenance. Accordingly, 
to maintain as much of the available variability as possible, this study aimed to examine the 
genetic divergence in the bean using multivariate analysis to identify the sources of genetic 
variability and enable breeders to recognize genetic combinations that have a greater chances 
of success before crossings are performed. This study was conducted in a randomized block 
design with three replications in the agricultural year 2015. The agronomic traits evaluated 
were the stem diameter (DIAM) in millimeters, plant height (PH) in centimeters, number of 
seedsper plant (NS), protein percentage (PROT), height of the first pod (HFP) in centimeters, 
pod number (PN), grain mass per plant (GM) in g plant-1, grain yield (GY) in kg ha-1, and straw 
yield (SY) in kg ha-1. To enable selection of the most divergent genotypes, twenty different 
genotypes were analyzed via clustering according to the average linkage criterion (UPGMA) 
using a matrix of the mean standardized Euclidean distances and principal component analysis 
based on the values predicted via a multivariate mixed model. The results obtained in this study 
revealed a high degree of genetic divergence and allowed the progenies to be allocated into 
different groups, as well as recommended crossings for future bean breeding programs.
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Introduction

According to current projections, our planet may 
reach nine billion inhabitants by 2050, with a paral-
lel increase in food demand of 70% (FAO, 2009). 

Unfavorably, severe climatic changes at the global 
scale may occur (FAO, 2014), which may completely 
alter the production system as we know it. Therefore, 
novel techniques should be employed to potentiate 
food production to secure the food supply.

In this regard, genetic breeding constitutes a 
successfully strategy that has been adopted with 
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the aim of generating productive and adapted 
cultivars that produce high quality products for 
human consumption.

The bean (Phaseolus vulgaris L.) is a basic food 
of many populations; in Brazil, seven out of ten 
people consume bean grains on a daily basis. 
The bean is a legume of the family Fabaceae, 
whose importance goes beyond the economic 
aspect, as it is highly relevant as a human feed 
and as a source of amino acids (Ribeiro, 2010), 
potassium, iron, zinc, calcium, copper (Plans et 
al., 2013; Ribeiro et al., 2012), and soluble and 
insoluble fibers (Londero et al., 2015).

Brazil is the third largest bean producer worldwide 
and is responsible for approximately 13% of the 
world’s bean production, ranking only behind 
India and Myanmar (FAO, 2015). In the harvest 
of 2015, 3.4 million tons of beans were produced 
in Brazil. Thus, the crop has been considered to 
be promising among all of the legumes cultivated 
in Brazil. Genetic breeding of the bean plant is 
one strategy that has been adopted to prevent the 
culture from becoming uneconomic, with the aim 
of generating increasingly productive cultivars.

Genetic breeding programs for beans should strive 
to select genitors while aiming for hybridization 
and the formation of segregating populations to 
ultimately provide cultivars with characteristics 
that are acceptable for consumption and/or in-
dustrialization and allows them to adapt to the 
cultivation regions. Selection based on only one 
trait is not as interesting as that based on a set of 
traits; therefore, multivariate analysis constitutes a 
viable alternative to help breeders work with a set 
of traits (Dos Santos et al., 2017; Streck et al., 2017).

Another relevant aspect is the study of genetic 
divergence, both to discriminate promising genitors 
according to the performance of hybridizations 
and to identify the genotypes that are most attrac-
tive for breeding programs. Genetic divergence 
is the key to the success of such programs, as it 

allows larger heterotic effects on the progeny, 
thus increasing the chances of obtaining superior 
genotypes in segregating generations (Gonçalves 
et al., 2016). The application of methodologies 
that allow the estimation of genetic divergence 
by means of multivariate techniques promotes 
successful planning and work strategies in plant 
breeding (Rao et al., 1981).

Alternatively, a more accurate selection process 
can be achieved by applying variance compo-
nents that are estimated by restricted maximum 
likelihood (REML) and genetic values that are 
predicted by the best linear unbiased prediction 
(BLUP) (De Resende et al, 2014). The prediction 
of genetic values using REML/BLUP has been 
applied to plant breeding of the bean (Coimbra et 
al., 2009; Bertoldo et al., 2009; Cruz Baldissera 
et al., 2012; Torres et al., 2015). This approach 
allows for a satisfactory interpretation of biological 
phenomena, thus providing reliable and important 
information to obtain higher genetic gains in the 
species undergoing the breeding process.

Based on these considerations, the present work 
aimed to evaluate the genetic divergence among 
bean genotypes via multivariate mixed models to 
facilitate the selection of promising progenitors 
for hybridization.

Material and Methods

Seeds from 20 different genotypes were acquired 
from commercial cultivars (14) and local varieties 
(6). The commercial cultivars were selected based 
on information from the literature regarding their 
high grain yield, upright aspect, precociousness, and 
drought tolerance. Local varieties were obtained 
from producers who have cultivated beans over 
generations in the state of Espírito Santo (Brazil), 
with the aim of selecting beans that have some 
of the agronomic traits cited above, particularly 
resistance to biotic and abiotic factors. The em-
ployed bean genotypes are listed in Table 1.
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Table 1. Identification, common name, region of origin and seed type of bean (Phaseolus vulgaris L.) genotypes.

ID NAME M TC CHARACTERISTICS RESISTANCE P

G1 CNFC 15475 EL C

G2 CNFC 15625 EL C

G3 CNFC 15462 EL C

G4 Pérola EC C Normal cycle; High 
productivepotential; High 
grainanduprightbearing

Intermediatereactionto angular spot andrust AE

G5 BRS Nótavel EC C Semiprecocecycle; High 
productivepotential; 

Stabilityofproduction; Light 
grains

Anthracnose, fusariumwilt, common 
bacterialblightandshortbitewiltrium

AE

G6 BRS Estilo EC C Normal cycle; 
Adaptedmechanicalharvesting; 

High productivepotential; 
Stabilityofproduction

Moderatelyresistanttoanthracnose, 
rustandbacterialblight

AE

G7 IPR Colibri EC C EarlyCycle; Porte erectplant Common mosaic AE

G8 CNFC 15310 EL B

G9 CNFP 15304 EL B

G10 CNFP 15290 EL B

G11 Capixaba Precoce IC B EarlyCycle Anthracnoseand bacteriose tolerance AE

G12 IPR Uirapuru IC B Mediumcycle; Standingcarrier; 
High productivepotential; 

Wideadaptation

ResistanceRust, Oídiumand Common 
Mosaic

AE

G13 BRS Campeiro EC B Semi-precociouscycle; 
Standingcarrier; High 
productivepotential

Beddingresistance; Common mosaic; 
Intermediateresistancetorustandfuasarium

AE

G14 BRS Esplendor EC B Normal cycle; Porte erectplant Resistancelodging, common mosaicand 
new typesoffungicausinganthracnose, 
tolerancetofusariumwiltandcrusting

AE

G15 Bico de Ouro FL R

G16 Vagem Riscada FL B

G17 Preto Hort FL B

G18 Macuquinho FL Br

G19 Verde FL G

G20 Carioca FL C

Identification: ID; Material: M; Commercial Type: TC; Public: P; Embrapa/linhagem: EL; Embrapa/cultivar: EC; fairs/landrace: 
FL; Incaper/cultivar: IC;Carioca: C; Black: B; Red: R; Brown: Br; Green: G; Farmers and Company: AE.

The genotypes selected at this step were sub-
jected to a competition assay in the fields of São 
Francisco Farm, Alegre–ES. The experiment 
followed a randomized block design, with three 
repetitions and plots consisting of four 4 m-long 
lines, with 0.5 m between rows and 12 seeds per 
linear meter, for a total area of 3 m2. Crop handling 
was carried out according to the recommenda-
tions available for the culture (Vieira et al., 2006; 
Prezotti et al., 2007).

The nine morphoagronomical traits evaluated in 
the experiment were the stem diameter (DIAM) 
in millimeters, plant height (PH) in centimeters, 
number of seeds per plant (NS), protein percent-
age (PROT), height of the first pod (HFP) in 
centimeters, pod number (PN), grain mass per 
plant (GM) in grams plant-1,grain yield (GY) 
in kilograms hectare-1 and straw yield (SY) in 
kilograms hectare-1 (Collicchio et al., 1997; Ni-
etzsche, 2000).
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The assessed traits, DIAM, PH, NS, PROT, HFP 
and PN, refer to the individual phenotypic value 
of ten plants inside in a plot, whereas GM, GY 
and SY were analyzed at the level of the mean 
plot value.

The traits were subjected to an analysis of mixed 
models via REML/BLUP using the AI algorithm 
(Gilmouret et al., 1995) according to the model-
ing methodology of the expanded matrix form 
for multiple traits:
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The mixed models equations system:

where y is the vector of the observed data, β is the 
vector of the block effects that are assumed to be 
fixed and are added to the general mean, g is the 
vector of the genotypic effects that are assumed 
to be random, ɛ is the vector of the random errors, 
X is the incidence matrix for the fixed effects, Z is 
the incidence matrix for the genotypic effects, G 

is the matrix of genetic covariance among i traits, 
and R is the matrix of environmental covariance 
among i traits.

Analysis of genetic divergence was performed 
through clustering by the average linkage criterion 
(UPGMA) using the matrix of the mean standard-
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ized Euclidean distances and principal component 
method and based on the genetic values predicted 
via a multivariate mixed model, with the aim of 
selecting the most divergent genotypes.

All analyses were performed with the computa-
tional application R (R Core Team, 2016).

Results and Discussion

The likelihood ratio test detected significant genetic 
variation among the bean lines for the various 
studied agronomic traits at a 1% probability level 
for individual and plot-adjusted models (Table 
2). Therefore, genetic variation was assessed as 
existing among the tested bean lines, both for 
the traits sampled in individual plants within 
the plot (DIAM, PH, NS, PN and GM) and for 
those obtained from the total set of plants in the 
allotment (GY, SY and PROT) (Table 2).

Table 2. Analysis of deviance for the agronomic traits 
measured individually in the plots (Individual) and for 
those representing the totality of the plot (Plot).

Effect
Individual† Plot‡

Deviance LRT Deviance LRT

Genotypes 10993.10 528.96** 1682.70 24.87**

Complete model 10464.14 --- 1657.84 ---

†Stem diameter (DIAM) in mm; plant height (PH) in cm; number 
of seeds (NS); height of the first pod (HFP) in cm; number of 
pods (PN); grain mass per plant (GM) in g plant-1. ‡Grain yield 
(GY) in Kg ha-1; straw yield (SY) in Kg ha-1; percentage of 
protein (PROT). LRT: Likelihood ratio test. ** p≤0.01.

The above results are essential for effective 
selection, as genetic heterogeneity was verified 
among the lines in the group; hence, the observed 
phenotypic variation sis not receive contributions 
exclusively from the environment (Vivas et al., 
2015). Moreover, the genotypic contrast among 
bean lineages for multiple agronomic attributes 
is a fundamental condition for the planning 
of crossings in breeding programs that aim at 
generating variability; that is, selection factors 
derived from these genotypic contrasts can be 
used by breeders when they attempt to develop 
new cultivars (Torres et al., 2015).

Nevertheless, as observed in Table 3, environ-
mental variation strongly contributed to the 
phenotypic variation of the studied quantitative 
traits, which promoted low heritability in a broad 
sense. This effect is quite common for quantitative 
attributes, which are controlled by many genes, 
with the phenotypes being greatly influenced by 
the environment.

The heritability estimated in the total plot showed 
a lower contribution from the environment to 
the phenotypic variation (GY=0.38; SY=0.41; 
PROT=0.37) than those sampled individually 
in the plot (DIAM=0.20; HFP=0.31; PH=0.23; 
PH=0.08; NS=0.12; GM=0.14) (Table 3), reveal-
ing that the selection of these traits may be more 
effective at the level of the plot mean. Heritabil-
ity in the genetic study of a trait has a predictive 
role, expressing the reliability with which the 

Table 3. Broad-sense heritability estimation ( 2
gĥ ), environmental coefficient of determination 

( 2
aĉ ), and mean selective accuracy ( ggr̂%) for the agronomic traits measured individually in the 

plots (Individuals) and for those representing the total plot (Plot).

Parameters
Individual† Plot‡

DIAM HFP PH PN NS GM GY SY PROT

2
gĥ 0.20 0.31 0.23 0.08 0.12 0.14 0.38 0.41 0.37

2
aĉ 0.80 0.69 0.77 0.92 0.88 0.86 0.62 0.59 0.63

ggr̂% 0.92 0.93 0.93 0.86 0.88 0.88 0.81 0.81 0.81

†Stem diameter (DIAM) in mm; height of the first pod (HFP) in cm; plant height (PH) in cm; 
number of pods (PN); number of seeds (NS); grain mass per plant (GM) in g plant-1. ‡Grain yield 
(GY) in Kg ha-1; straw yield (SY) in Kg ha-1; percentage of protein (PROT).
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phenotypic value represents the genetic value 
(Silva et al., 2013).

According to Fehr (1987), elevated heritability is 
associated with a greater additive genetic vari-
ance, lower environmental variation, and smaller 
interaction between the genotype and environment. 
However, the trait pod number (PN), number of 
seeds (NS), grain mass per plant (GM) and stem 
diameter (DIAM) presented results that differed 
from those of the other variables, indicating a 
marked environmental influence on these charac-
teristics, thus exposing their complexity (Zilio et 
al., 2011; Torga et al., 2013; De Faria et al., 2014).

Nevertheless, despite the low heritability values, 
the mean selective accuracy value ( ggr̂%) varied 
between 0.81 and 0.93 for the variables sampled 
in individual plants in the plot as well as in the 
set of plants constituting the plot. In this way, the 
adequacy of the prediction of genotypic values 
was attested, leading to a greater precision for 
selection in the studied bean lines (Table 3). 
According to De Resende and Duarte (2007), 
selective accuracy values above 80% should 
be pursued and assays with selective accuracy 
inferior to 60% should not be utilized.

Selection accuracy refers to the correlation 
between the predicted genetic values and real 

values of individuals. This correlation aims to 
corroborate the correct ranking of the cultivars 
for selection purposes as well as for the effica-
ciousness of inferring the genotypic value of 
the cultivar, which is possible because selection 
accuracy depends not only on the magnitude of 
the residual variation and number of repetitions 
but also on the proportion of the variation of the 
genetic and residual nature that are associated 
with the evaluated trait (De Resende, 2002; De 
Resende and Duarte, 2007).

Figure 1 shows the disparate response of the 
genotypes for the evaluated traits; this type of 
evaluation is becoming an essential condition for 
breeders to exert an artificial selection pressure 
and achieve superior genotypes. The variability 
detected in the evaluated population is of utmost 
importance when breeding programs begin, as 
this type of variability allows selection and cross-
ing according to the breeder’s interests (Silva et 
al., 2014).

The G20, G14, G6 and G3 genotypes contributed 
the most for the identification of promising geno-
types regarding PN, PROT, NS and PH. In turn, 
G19 presented higher yields of grain and straw 
(Figure 1). These observations are evidence of 
the existence of variations in the genetic effects 
predicted for the studied traits; hence, they will 

Figure 1. Genetic divergence among the 20 genotypes of Phaseolus vulgaris L. for nine agronomic traits through predicted 
genetic effects (BLUP) in terms of the deviation from the mean and according to the multivariate model. The following 
traits can be observed: stem diameter (DIAM) in mm, plant height (PH) in cm, number of seeds (NS), protein percentage 
(PROT), height of the first pod (HFP) in cm, number of pods (PN), and grain mass per plant (GM) in g plant-1 [Figure A]; 
grain yield (GY) in kg ha-1 and straw yield (SY) in kg ha-1 [Figure B].
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serve as the basis for breeders who seeks individu-
als that concentrate favorable alleles to generate 
segregating populations that will produce superior 
recombinants.

The estimates for genetic and phenotypic correla-
tions among the evaluated traits are included in 
Figure 2. The values for the positive genetic and 
phenotypic correlations for all of the traits varied 
from 0.0 to 0.85; a coefficient of correlation of 
zero does not imply a lack of relation between 
two variables, but reflects the absence of a linear 
relation between the evaluated traits (Cruz and 
Regazzi, 1997).

For the trait grain yield, the estimates of the genetic 
and phenotypic correlations were overall highly 
significant and positive, except for the height of 
the first pod (HFP), percentage of protein (PROT), 
plant height (PH) and number of seeds (NS) (Fig-
ure 2). Thus, if selection occurs in favor of HFP, 
the genetic and phenotypic relationship will be 

unfavorable to the other production components. 
For Ramalho et al. (1993), the correlation between 
traits is a very important parameter, as it makes 
plant breeders aware that the modifications that 
occur in a certain trait may result from the selec-
tion of another trait correlated to it.

The genetic and phenotypic correlations among 
certain traits such as the number of seeds, number 
of pods and grain mass presented values that were 
positive and superior to those of the others. Thus, 
the selection of plants for these traits will promote 
larger production gains than the selection of more 
productive plants. According to Barili et al. (2016), 
higher productivity levels are associated with an 
increased number of pods per plant, number of 
grains per pod, and number of locules per pod.

The protein content and grain yield traits pre-
sented a negative genotypic correlation (-0.79). 
However, direct selection for the grain yield trait 
or indirectly via the production components NS or 

Figure 2. Matrix of the genetic (above the diagonal) and phenotypic correlations (below the 
diagonal) for nine agronomic traits of 20 Phaseolus vulgaris L. genotypes. The following traits 
are observed: protein percentage (PROT), grain yield (GY) in kg ha-1 and straw yield (SY) in kg 
ha-1, stem diameter (DIAM) in mm, height of the first pod (HFP) in cm, plant height (PH) in cm, 
number of pods (PN), number of seeds (NS), and grain mass per plant (GM) in g plant-1.
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GM has a negative impact on the protein content 
of the grains, indicating the low importance of 
this trait for selection. Hence, the breeder should 
be careful to consider these correlations when 
directing the selection of plants.

In the analysis of genetic divergence shown in 
Figure 3, the most distant genotypes shown in 
Figure 3A for eight agronomic traits were discarded 
in Figure 3B according to the three first principal 
components obtained from the matrix of correla-
tion between the predicted genetic values. The 
genotypes at the center of the figure are the most 
similar; hence, they are not recommended for ap-
plication in genetic breeding programs based on 
hybridization; to include them might restrict the 
genetic variability, which would render the gains 
obtained with the selection infeasible (Correa and 
Gonçalves, 2012). Nevertheless, promising hybrid-
izations should be planned between dissimilar 
genotypes that present a superior performance for 
the desirable traits, highlighting the four genotypes 
removed for the analysis of Figure 3B in addition 
to G3, G11 and G18.

The distribution of the genotypes in the dendrogram 
reveals the formation of five groups, with G3, G11 

and G18 belonging to distinct groups, which allows 
their use for crossings. Crossings between diverg-
ing genitors that exhibit a superior performance 
for the desirable traits, such as precociousness, are 
recommended (Lucena and Dantas, 2017).

In Figure 4B, the formation of three groups com-
posed of a single genotype (G3, G11 and G18) was 
observed. This result is similar to that shown in 
Figure 3 (B); that is, the results shown in Figures 
3B and 4B are similar.

The existence of genetic diversity as observed in 
the analyses informs, in a multivariate manner, 
that a capacity for advancement exists in breeding 
programs using the evaluated database. Accord-
ing to Falconer (1987), variability is one of the 
key factors for the formation of populations with 
selection potential. In addition, Ramalho et al. 
(1993) affirmed that hybridization in progenitors 
with desired or potential trait responses results 
in improved progenies.

For the selection of the most suitable genitors 
those that are capable of generating productive 
populations application of the REML/BLUP 
methodology allows the ranking of the potential 

Figure 3. Genetic divergence among 20 (A) and 16 (B) genotypes of Phaseolus vulgaris L. for eight agronomic traits 
according to the first three principal components obtained from the matrix of correlation between the predicted genetic 
values.
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genotypes, exploring the entire genotypic variation 
while considering each analyzed trait separately. 
Thus, crossings involving G2, G3 and G19 will 
have high contributions to GY (BLUP=142.70; 

204.66; 222.39). Moreover, gains are expected in 
NS (BLUP=0.01; 0.83; 0.37), PN (BLUP=0.92; 
0.42; 0.57) and GM (BLUP=1.16; 1.06; 1.43), as 
they correlate positively to GY (Figures 5 and 6).

Figure 4. Genetic divergence among 20 (A) and 16 (B) genotypes of Phaseolus vulgaris L. for eight agronomic traits via 
clustering by the average linkage criterion (UPGMA) using the mean standardized Euclidean distance matrix, obtained 
from the predicted genetic values.

Figure 5. Genotypic values predicted (BLUP) for nine agronomic traits of the 20 Phaseolus vulgaris L. genotypes. 
Number of pods (PN); number of seeds (NS); protein percentage (PROT); grain mass per plant (GM) in g plant-1.
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Among the 20 evaluated genotypes, seven (G2, G3, 
G7, G11, G13, G14 and G19) presented a superior 
genetic quality for the number of pods, number of 
seeds and grain yield. Based on the results, these 
genotypes are recommended for future crossings; 
however, the genotypes G3 (BLUP=204.66) and 
G19 (BLUP=222.39) occupied the first ranking 
positions, as they presented a superior perfor-
mance in relation to the others for the grain yield 
attribute (Figures 5 and 6).

Notably, in the segregating populations, crossings 
involving G2 and G3 also show high contribu-
tions to GY (BLUP=142.70; 204.66). Moreover, 
gains are expected in NS (BLUP=5.08), PN 
(BLUP=0.92; BLUP=0.42) and GM (BLUP=1.16; 
1.06). In turn, the negative gains for PH (BLUP=-
2.55) and PROT (BLUP=-4.60) indicate that the 

improvement of one trait will be detrimental to 
the other, so that selection based on one of them 
is not recommended in these cases (Figures 5 
and 6). Thus, the strategy of performing selection 
based on the evaluated parameters is indicated 
to single out promising genotypes.

The results of the multivariate analysis proved 
efficacious in the allocation of progenies into 
divergent groups as well as in the recommendation 
for crossings in future programs of bean breeding.
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Figure 6. Genotypic values predicted (BLUP) for nine agronomic traits of the 20 Phaseolus vulgaris L. genotypes. Stem 
diameter (DIAM) in mm; height of first pod (HFP) in cm; plant height (PH) in cm; straw yield (SY) in kg ha-1.
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Resumen

C.M.O.M. Carias, J.H.S. Guilhen, T. S. Marçal, A. Ferreira, y M.F.S. Ferreira. 2018. 
Divergencia genética hacia la selección de progenitores de frijol prometedores a través de 
modelos multivariados mixtos. Cien. Inv. Agr. 45(3): 251-262 La variabilidad genética presente 
en el germoplasma de frijol (Phaseolus vulgaris L.) actualmente utilizada en la agricultura es la 
garantía más pronunciada de estabilidad de la producción y sustento humano en relación con este 
cultivo. En consecuencia, para mantener la mayor variabilidad disponible posible, este estudio tuvo 
como objetivo examinar la divergencia genética mediante análisis multivariante para identificar 
fuentes de variabilidad genética y permitir a los mejoradores reconocer las combinaciones 
genéticas con mayores posibilidades de éxito antes de que se realicen los cruces. El experimento 
se realizó en diseño de bloques al azar con tres repeticiones en el año agrícola 2015. Los caracteres 
agronómicos evaluados fueron: diámetro del tallo (DIAM) en mm; altura (ALT) en cm; cantidad 
de semillas (CS); porcentaje de proteína (PROT); altura de la primera vaina (APV) en cm; número 
de pod (NP); masa de grano por planta (MG) en g planta-1; rendimiento de grano (RG) en kg 
ha-1; y rendimiento de paja (RP) en kg ha-1. Para seleccionar los genotipos más divergentes, se 
analizaron 20 diferentes agrupando según el criterio de ligamiento promedio (UPGMA) usando la 
matriz de distancias euclidianas estandarizadas medias, y el análisis de componentes principales 
en base a los valores predichos mediante el modelo mixto multivariante. Los resultados obtenidos 
en este estudio revelaron un alto grado de divergencia genética y permitieron la asignación de las 
progenies en diferentes grupos, así como recomendaciones para cruces en futuros programas de 
mejoramiento de frijol.

Palabras clave: Análisis de conglomerados, Phaseolus vulgaris L, REM / BLUP, reproducción, 
variabilidad genética.
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