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ABSTRACT: Choosing breeding populations in a common bean (Phaseolus vulgaris L.) breeding
program via recurrent selection is a crucial step since it maximizes the effort to find superior inbred lines. The
application of the mixed models methodology (REML/BLUP) in predicting breeding values has shown good
results in animal and perennial crops breeding programs. Conversely, studies on the application of this
methodology to annual crops are still scarce. The present work aimed to use the REML/BLUP methodology to
select breeding populations of a common bean breeding program via recurrent selection. Thirty-five F;
populations were evaluated. Individual plants data were assessed for grain yield and hypocotyl diameter, and
the genetic potential of the population was estimated via the mixed models and the Jinks and Pooni’s
methodologies. A selection index was applied to the selection among and within population, considering both
characters simultaneously, using the population and individual BLUP means. REML/BLUP has shown to be a
feasible methodology to predict and select the potential of breeding populations, considering more than one
character. Selecting individual plants within population provides positive genetic gain estimates for both
characters. BLUP breeding values are fundamental to the choice of the number of populations and single plants
to be conducted in a common bean breeding program via recurrent selection.
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INTRODUCTION

Most traits in common bean (Phaseolus
vulgaris L.) are controlled by several loci, and
favorable alleles are present in different lines.
Hybridization is widely used in common bean
breeding program to gather favorable alleles in a
single inbred line. This method can generate several
populations, which are usually improved by the
recurrent selection strategy. However, the use of
several populations can hinder the breeder’s work in
conducting these populations to homozygosity. In
addition, the assessment of quantitative traits
requires the evaluation of progenies, which are
derived by selecting individual plants within
population. Choosing the best breeding populations
and plants is a crucial step in a breeding program via
recurrent selection since it maximizes the use of
human and financial resources (Alves et al. 2015;
Bernardo, 2012; Mendes et al., 2012; Pires et al.
2014; Silva et al. 2010).

The Jinks and Pooni’s (1976) methodology
has assisted bean breeders in choosing the best
breeding populations (Cunha et al., 2005; Menezes
Junior et al., 2016; Otubo et al., 1996; Rocha et al.,

2013). However, this methodology is based only on
individual plants data, which varies among
populations due to differences in the final stand.
This fact is one of the main impairments affecting
the implementation of balanced experiments.
Furthermore, the population evaluation excludes the
existence of experiments with replications. Thus, the
Jinks and Pooni’s methodology hinders a highly
accurate estimation of variance components
(Menezes Junior et al., 2016).

The mixed models methodology consists of
estimating variance components via restricted
maximum likelihood (REML) and using the best
linear unbiased predictor (BLUP) to predict the
genetic values (Henderson, 1984; Mendes et al.,
2012; Piepho et al., 2008; Bernal-Vasquez et al.,
2016). Moreover, this methodology provides the
BLUP of each plant, even under unbalanced
conditions. Thus, the mixed models methodology
allows the selection among and within populations,
increasing the success of the population breeding
process. Only a few studies have reported the use of
this methodology in common bean. Therefore, this
work aimed to use the REML/BLUP methodology
in selection among and within breeding populations
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in common bean breeding program via recurrent
selection.

MATERIAL AND METHODS

Thirty-five populations were generated from
a partial diallel scheme, consisting of five black
bean parents (Group I) and seven carioca bean
parents (Group II) (Table 1). These populations,
together with the 12 parents (checks), were
evaluated in the F; generation, in an experiment
carried out in the municipality of Coimbra, state of
Minas Gerais, Brazil (lat. 20°45” S; long. and 42°51°
W; alt. 690 m asl), during the 2014 winter season.

Table 1. Information on origin, seed type, architecture, and disease resistance of the 12 parents used in partial

diallel crosses
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The experiment consisted of a randomized blocks
design, with three replications. Plots consisted of
four 4-meters (m) rows, spaced at 0.50 m. One of
the central rows was harvested for subsequent
individual evaluation of grain yield (GY), in grams
per plant (g plant™); and hypocotyl diameter (HD),
in millimeters (mm), measured at 1 centimeter (cm)
below the cotyledon node.

Data were subject to Deviance analysis. The
maximum likelihood ratio (LRT) was used to check
the significance of population effect at mean level,
considering 1% of probability. The mean of each
population was estimated considering all the plants
evaluated in the three replications.

Parents Origin Seed type (Diallel group) Architecture Resistance
L20 UFV Black (Group I) Semierect Rust/Anthracnose
Xamego PESAGRO/EMBRAPA Black (Group I) Erect Fusarium wilt
BRS Expedito EMBRAPA Black (Group I) Erect -
BRS Valente EMBRAPA Black (Group I) Erect Anthracnose
Diamante Negro  EMBRAPA/EMGOPA Black (Group I) Semierect Bacteriosis
VC12 UFV Carioca (Group II) - Rust
VC20 UFV Carioca (Group II) Semierect Rust
BRS Estilo EMBRAPA Carioca (Group II) Erect Rust
CNFC 10720 EMBRAPA Carioca (Group II) Erect White mold
MAI 1813 UFLA Carioca (Group II) - Angular leaf spot
VC 16 UFV Carioca (Group II) Semierect Angular leaf spot
BRSMG Uai UFLA Carioca (Group II) Erect Fusarium wilt

Sourse: Adapted from MOURA, 2013 -: No information.
Predicting the genetic potential of the breeding
populations

The genetic potential of the breeding
populations was estimated via the BLUP of their
genetic values. The greater the genetic value of the
population, the greater was the potential to extract
superior inbred lines from it.

The genetic-statistic model used to estimate
the variance components and the BLUPs of both
population and individual genetic values are given
in a two-step process. The first step, which intends
to obtain the BLUP values of individual plants, is
described as follow:
y=Xr+ Za+Wp+Tb+t+e (D)
where y is the data vector; r is the checks and the
set of the populations effect vector (assumed as
fixed); a is the vector of individual additive genetic
effect (assumed as random); p is vector of plot
effect (assumed as random); & is the vector of block

effect (assumed as random); e is the vector of error
(random). X, Z, W, and T are the incidence
matrices for r, a, p, and b effects, respectively.

The second step consisted of obtaining the
BLUP of the population genetic value, which is
given by the following model:
y=Xr+ Zg+Wp+Th+e 2)
where g is the population genetic effect, and the
other effects are identical to model 1, as well as the
mean and variance structure and the mixed model
equations.

The estimation of additive variance (o2)
using F; generation data implies assuming 0.25 of
the dominance variance (o), which tends to zero
both among and within-population variation.
However, even without this assumption, the little
portion of o3 will not affect the rank since both
heritabilities (among and within populations) are
used to calculate the BLUP of the genetic values.
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The proportionality between heritabilities will not
be affected since both are inflated by the same
amount of &3 (Resende, 2007).

The SELEGEN-REML/BLUP software was
used to predict the individual and population genetic
values (Resende, 2016).

For comparison purpose, the potential of the
breeding populations was also predicted via the
Jinks and Pooni’s methodology (1976). For this
methodology, each population was represented by
the set of plants from the three replications,
regardless of the experimental design.

Selection among and within a breeding
population

Common  bean  breeding  programs
conducted via recurrent selection usually work with
a total of 20 populations, and at the evaluation step,
19 progenies are obtained from each population.
Those 380 progenies are evaluated in a 20 x 20
lattice scheme, together with 20 checks (Alves et al.,
2015; Batista et al., 2017; Resende et al., 2016). In
this sense, 20 breeding population and 19 plants
within each population were selected to start a
common bean program via recurrent selection.

A selection index was used for the selection
among and within population, aiming at obtaining
balanced genetic gains for both characters
simultaneously. Therefore, the BLUPs of the genetic
values for HD and GY were standardized and
summed up. This procedure is known as the additive
selection index.

The selection within each population allows

predicting a new mean (X ;) and a selection gain
[GS;(%) ], as follow:

X, =G, +X
where G, is the accumulated genetic gain, given by

the mean of genotypic effects of the 19 selected

individuals; and X is the overall mean of the
character.

The selection gain to an i population is
given by:

Gsi(%)=(100*%j—1oo

Selecting individual plants

At the end of each cycle in a recurrent
selection program for a self-pollinated crop, the
breeder has the option to extract improved inbred
lines from the populations (Bernardo, 2012). Thus,
the best plants were selected, regardless of their
population, for HD and GY. Similarly to the
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selection among and within population, the additive
selection index was also used in this step. The new
mean and the selection gain from the populations to
which those plants belong were also estimated.

RESULTS
Deviance analysis and genetic parameters

Based on the Deviance analysis, the genetic
effect of the population was significant for both
characters, indicating genetic variability among the
breeding populations. Most of the total phenotypic
variance is related to the phenotypic variance within
plot, which corresponded to 91.5% for HD and
91.9% for GY (Table 2).

Heritability estimates at the population
mean level was 77% for HD and 71% for PY, while
heritability estimates of individual plants were much
lower, 6% for HD and 5% for GY. The estimates of
accuracy were 88% for HD and 84% for GY in the
selection among population, and 24% for HD and
22% for GY, in the selection within population
(Table 2). The accuracy values for the selection
among population are classified as high.
Conversely, the accuracy values for the selection of
individual plants are classified as low (Resende and
Duarte, 2007).

Predicting the genetic potential of the breeding
population

The mixed models and the Jinks and
Pooni’s methodologies were equivalent in indicating
the potential of the breeding population, mainly of
those with the highest potential (best ranked). This
result is shown in Figure 1 as a linear regression
between both methodologies in the rank of the 35
populations. The coefficient of determination for
HD and GY was 89% and 96%, respectively,
revealing a high regression adjustment between the
two methodologies. The estimates of the
Spearman’s  correlation  between the two
methodologies for the rank of the breeding
populations were also high for both characters (0.94
and 0.98, for HD and GY, respectively). The
equivalence between the methodologies was higher
when quantifying the genetic potential of GY than
when quantifying the genetic potential of HD.
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Table 2. Parameters estimates regarding hypocotyl diameter (HD) and grain yield (GY), evaluated in 35

common bean F; populations

Parameter’ HD GY
Additive variance among populations 0.083 5.379
Individual additive variance within population 0.042 2.690
Phenotypic variance within plot 1.269 101.545
Total phenotypic variance 1.385 110.489
Narrow-sense population heritability (%) 77 71
Population selection accuracy (%) 88 84
Narrow-sense individual heritability (%) 6 5
Individual selection accuracy (%) 24 22
*: Heritabilities and accuracies estimates were based on the BLUP values.
A HD B GY
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Figure 1. Linear regression between the Jinks and Pooni’s methodology (ordinate) and BLUP (abscissa) in the
rank of the 35 breeding populations, regarding hypocotyl diameter (HD) (A) and grain yield (GY)

(B)

Selection among and within population

The top 20 breeding populations were
selected based on the additive selection index, by
assigning equal weights to the two characters.
Selection gain estimates of the populations were
3.1% and 7.6% for HD and GY, respectively.

A new population mean and the genetic gain
could be estimated after selecting 19 plants within
each one of the 20 top populations. The estimated
gain of the 380 selected individuals was 4.3% for
HD and 10.8% for GY. Results also show that the
top 15 populations had positive gains for both
characters, while the other five worse-ranked
populations showed a negative gain for at least one
of the characters (Table 3).

Selection of individual plants

The selection gain of the 380 best individual
plants, regardless of the population, was 6.5% and
22.2% for HD and GY, respectively. This selection
led to higher gains when compared with the 380
individuals selected among and within populations.
Out of the 35 breeding populations, only ten
contributed to the selection of the 380 best
individuals. Furthermore, the parent BRS Valente
provided 235 of the 380 individuals selected among
those ten populations, corresponding to 61.8% of
the total of selected plants. Therefore, BRS Valente
is a promising parent to generate superior bean lines
with high HD and GY (Table 4).
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Table 3. Prediction of new mean and genetic gain in 19 plants selected within the 20 best populations for

hypocotyl diameter (HD) and grain yield (GY)

New mean Genetic gain

Population HD GY HD GY
BRS VALENTE X CNFC 10720 5.68 21.09 6.6% 35.6%
BRS VALENTE X RP1 5.76 18.99 8.0% 22.1%
TB9401 X VC12 5.74 18.83 7.7% 21.1%
TB9401 X CNFC 10720 5.60 19.63 5.0% 26.2%
BRS VALENTE X VCI12 5.86 17.64 9.8% 13.4%
DIAMANTE NEGRO X RP1 5.65 18.87 5.9% 21.3%
DIAMANTE NEGRO X VC12 5.52 19.48 3.5% 25.2%
BRS VALENTE X VC16 5.76 17.26 8.0% 11.0%
BRS VALENTE X VC20 5.82 15.84 9.2% 1.8%
BRS VALENTE X MAI1813 5.56 17.43 4.3% 12.1%
TB9401 X VC16 5.64 16.42 5.8% 5.6%
XAMEGO X RP1 5.55 16.36 4.1% 5.2%
L20 X RP1 5.61 15.78 5.1% 1.5%
XAMEGO X CNFC 10720 5.47 16.58 2.6% 6.6%
TB9401 X RP1 5.45 15.66 2.2% 0.7%
XAMEGO X VC12 5.51 14.55 3.4% -6.5%
L20 X CNFC 10720 5.22 16.78 -2.1% 7.9%
XAMEGO X VC16 5.49 14.58 2.9% -6.2%
DIAMANTE NEGRO X CNFC 10720 5.04 17.54 -5.5% 12.8%
TB9401 X VC20 5.27 15.44 -1.2% -0.7%
Overall mean 5.56 17.24 4.3% 10.8%

Table 4. Prediction of new mean and genetic gain in the selection of the 380 best plants, regardless of the

population, for hypocotyl diameter (HD) and grain yield (GY)

Number New mean Genetic gain
Populations' of plants HD GY HD GY

BRS VALENTE x CNFC 10720 92 5.63 20.57 5.6% 32.3%
BRS VALENTE x RP1 91 5.71 18.53 7.1% 19.1%
TB9401 x VC12 57 5.70 18.47 6.9% 18.8%

BRS VALENTE x VC12 46 5.84 17.35 9.5% 11.6%
TB9401 x CNFC 10720 44 5.58 19.33 4.6% 24.3%
DIAMANTE NEGRO x RP1 33 5.64 18.73 5.8% 20.4%
DIAMANTE NEGRO x VC12 11 5.54 19.68 3.9% 26.5%
BRS VALENTE x VC16 4 5.79 17.70 8.6% 13.8%

BRS VALENTE x VC20 1 5.86 16.73 9.9% 7.5%
BRS VALENTE x MAI 1813 1 5.63 18.44 5.5% 18.6%
Total 380 5.68 19.00 6.50% 22.20%

1: The other populations did not contribute to any of the selected plants, based on the index.
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DISCUSSION

Deviance analysis and genetic parameters
estimation

The significant effect of populations by the
deviance analysis suggests that the variability
among populations, for both characters, originates
from the genetic difference between the parents.
These results corroborate those of Moura et al.
(2016), who found a significant difference between
the two groups of parents for grain yield and plant
architecture in a diallel analysis study. Common
bean plants with a desirable architecture are
positively correlated with higher HD values. Thus,
populations with high genetic variability for HD,
associated with high genetic variability for GY,
have great chances to obtain erect and yielding
lines, which are the goals of most common bean
breeding programs (Moura et al., 2013; Pires et al.,
2014).

Selection among populations is efficient, as
evidenced by the high values of heritability and
selective accuracy at mean population level. These
estimated values are originated from a high number
of plants per population, resulting in low estimates
of residual variance and high reliability of the
selective process (Holland et al., 2003; Nyquist and
Baker, 1991).

Individual-based selection is less efficient
for both characters, considering the values of the
estimates of individual heritability and selective
accuracy, which results in poor efficiency when
using mass selection. These values are associated
with high environmental influence on individual
plant data. Oliveira et al. (2015) also reported low
estimates of individual heritability for HD,
associating the great environment influence in the
obtainment of individual phenotypic data. Other
studies using individual plant data in common bean
have already been reported in the literature, which
highlighted the difficulty in obtaining reliable values
for mass selection (Menezes Juanior et al.,, 2016
Rocha et al., 2013). Westneat et al. (2015) reported
that errors associated with individual plant
measurements are unavoidable for they are not
homogeneous at the sampling time, and each plant
can uniquely interact with the environment.

Prediction of breeding populations potential

The equivalence between the mixed model
and the Jinks and Pooni’s methodologies in
indicating the most promising populations to be
included in a recurrent selection program confirms
that both can be used for this purpose. The Jinks and
Pooni’s methodology has been routinely used in
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annual crops, leading to satisfactory results (Cunha
et al., 2005, Menezes Juanior et al., 2016, Morais
Junior et al., 2015, Rocha et al., 2013). However,
reliable estimates of the genetic parameters of the
populations cannot be obtained, nor can the
individual genetic values. In this sense, the
REML/BLUP methodology is more advantageous
for being considered as an optimal process to
estimate genetic parameters. It also enables the
selection of plants based on their predicted genetic
values, taking into account the relationship among
plants (Cowling, 2013; Resende, 2007; Viana et al.,
2010).

Another advantage of the REML/BLUP
methodology over the Jinks and Pooni’s
methodology is the possibility of selecting the best
populations considering more than one character by
the additive selection index. This fact is beneficial
for selection based on the genetic value, instead of
the phenotypic value. According to Entringer et al.
(2016), the additive selection index based on
REML/BLUP is more efficient when compared with
other selection indices, such as those based on the
least squares. Thus, the selection index based on
BLUP values is appropriate to select the best
population considering more than one character.

Selection among and within populations

Selection of the best populations based on
HD values resulted in positive gains for both
characters, which indicates that HD and GY are
positively correlated. Pires et al. (2014) reported
positive gains for plant architecture and grain yield
in one cycle of recurrent selection when the
selection was based only on plant architecture. Jost
et al. (2014) found similar results. Due to high
accuracy values for both characters, equal selection
for both characters implies positive gains when
using BLUP mean values.

The Jinks and Pooni’s methodology allows
selecting more promising populations. The plants
that will originate the progenies are randomly
selected. On the other hand, the REML/BLUP
methodology enables selection within population,
besides estimating the selection gain by the
selection of a given number of plants per
population.

The present results indicate the need to
reduce the number of populations to be conducted in
a common bean recurrent selection program, instead
of selecting a fixed number of 20 populations (Table
3). The number of parents that contributed to the
selection among and within the 15 best populations
is the same when considering the 20 best
populations, which guarantees the maintenance of
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genetic variability. The disposal of the last five
selected populations would not hinder the recurrent
selection process since the estimated gains for at
least one of the characters were negative. A
desirable strategy to be applied to a self-pollinating
crop breeding program would be to work with a
small number of breeding populations (Witcombe,
2001). Selections based on BLUP values of
population and individuals within population can
help the breeder identify the most appropriate
number of populations to be used in the recurrent
selection breeding program.

Selection of individual plants

At the end of each recurrent selection cycle,
new inbred lines are generated to be used in other
assays. Selection based on the best individuals,
regardless of the population, allows the breeder to
obtain more expressive gains for both characters.
The large number of individuals selected from BRS
Valente indicates that this parent has a larger
number of favorable alleles for HD and GY,
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suggesting that the lines from these plants may have
a high potential in the black bean breeding program.

The advantage of mixed models at this stage
of the breeding program is due to the fact that using
individual BLUP is more reliable than selecting
plants by their phenotypic value. The main reason
for this advantage owes to the fact that BLUP relies
on the population genetic merit to predict the
individual genetic value (Bauer, 2006, Cowling,
2013). Thus, selecting individual plants via BLUP
values should be indicated at this stage when
seeking improved inbred lines.
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RESUMO: Na cultura do feijoeiro (Phaseolus vulgaris L.), a escolha de populacdes segregantes em

programas de melhoramento conduzidos por sele¢do recorrente € etapa crucial, uma vez que se aumenta a
chance de extrair linhagens superiores. A aplicacdo da metodologia de modelos mistos (REML/BLUP) na
predicdo de valores genéticos tem mostrado bons resultados em programas de melhoramento animal e de
culturas perenes, enquanto que em culturas anuais, sua utilizagdo ainda necessita resultados adicionais. O
objetivo deste estudo foi utilizar a metodologia REML/BLUP na selecdo de populagdes segregantes em um
programa de melhoramento de feijoeiro por selecdo recorrente. Trinta e cinco populacdes F; foram avaliadas
por meio de dados individuais de plantas quanto aos caracteres rendimento de graos e didmetro do hipocétilo.
Os potenciais genéticos das populacdes foram estimados por meio da metodologia de modelos mistos e da
metodologia de Jinks e Pooni. Um indice de selecdo foi utilizado a fim de selecionar entre e dentro de
populagdes para ambos os caracteres simultaneamente, por meio do BLUP de populacdes e de individuo. A
metodologia de modelos mistos mostrou-se vidvel para predizer o potencial de populacdes segregantes, bem
como para selecionar tais populag¢des, considerando mais de um cardter ao mesmo tempo. A selecdo de plantas
individuais permite estimativas de ganho genético positivas para ambos os caracteres. Os valores genéticos
preditos sdo de grande importincia em um programa de melhoramento por sele¢do recorrente, pois permite
escolher o nimero de populacdes e plantas individuais dentro de populagdes.

PALAVRAS-CHAVE: Phaseolus vulgaris. Indice de selecio. Sele¢io recorrente. Cultura autégama.
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