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ABSTRACT - Simultaneous selection for plant architecture and
yield traits will be more efficient if a minimum number of
experiments is established, but no such definition has been made for
common bean. The objectives of this study were to select superior
common bean lines for several plant architecture and yield traits and
identify the minimum number of experiments that provide greater
efficiency in simultaneous selection for agronomic traits. Twelve
plant architecture and five yield traits of common bean lines were
evaluated in four experiments. Analysis of variance and selection
index (multiplicative) were carried out using data from individual
experiments I (2016 rainy), II (2017 dry), III (2017 rainy), and IV
(2018 dry-season crops), or data from two (I and II), three (I, II, and
III), and four (I, II, III, and IV) experiments. Most agronomic traits
showed a significant genotype x experiment interaction effect. The
use of data from individual experiments resulted in variable
heritability and genetic gain estimates and in the selection of
different common bean genotypes for each growing environment.
However, data from three or four experiments allowed 100% of
coincidence in the selection of four superior common bean
genotypes: LP 09-33, BRS Valente, Pérola, and Carioca. Data from
at least three experiments should be used to select superior common
bean lines for plant architecture and yield traits to increase the
efficiency of simultaneous selection.

Keywords: Phaseolus vulgaris. Genotype x environment interaction.
Multiplicative index.

RESUMO - A sclec@o simultidnea para caracteres da arquitetura de
planta e de produtividade sera mais eficiente se um niimero minimo
de experimentos for estabelecido e essa definicdo ndo foi encontrada
para feijdo. Os objetivos deste trabalho foram selecionar linhagens de
feijdo superiores para varios caracteres da arquitetura de planta e da
produtividade de grdos e identificar o numero minimo de
experimentos que propicie maior eficiéncia na selecdo simultanea
para caracteres agrondmicos. Para isso, 12 caracteres da arquitetura
de planta e cinco caracteres da produtividade de linhagens de feijao
foram avaliados em quatro experimentos. A analise de variancia e de
indice de selecdo (multiplicativo) foi realizada para dados dos
experimentos individuais I (safra 2016), II (safrinha 2017), III (safra
2017) e IV (safrinha 2018) e para dados de dois (I e II), trés (I, Il e
II) e quatro (I, II, III e IV) experimentos. Interagdo genotipo x
experimento significativa foi observada para a maioria dos caracteres
agronomicos. O uso de dados de experimentos individuais resultou
em estimativas de herdabilidade e de ganho genético variaveis e na
selecdo de diferentes genotipos de feijao para cada ambiente de
cultivo. No entanto, dados de trés ou de quatro experimentos
possibilitaram 100% de coincidéncia na selecdo de quatro gendtipos
de feijdo superiores: LP 09-33, BRS Valente, Pérola e Carioca. No
minimo, dados de trés experimentos devem ser usados para
selecionar linhagens de feijdo superiores para caracteres da
arquitetura de planta e de produtividade para aumentar a eficiéncia da
selecéio simultanea.

Palavras-chave: Phaseolus vulgaris. Interagao genotipo x ambiente.
Indice multiplicativo.
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INTRODUCTION

The development of common bean (Phaseolus vulgaris L.) cultivars with
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upright plant architecture and high grain yield contributes to the common bean
agribusiness in Brazil. Therefore, common-bean breeding programs have put great
effort into the evaluation of morphological traits that characterize the upright
architecture, such as lodging, insertion of the first pod, plant height, internode
length, stem diameter, among others (BERTOLDO et al., 2010; MOURA et al.,
2013; SOLTANI et al., 2016; RIBEIRO et al., 2018a,b; NADEEM et al., 2020).
Simultaneous selection for agronomic, technological, and/or nutritional
traits has shown to be efficient in the selection of superior lines of common bean
(BERTOLDO et al., 2010; JOST et al., 2012; MAZIERO; RIBEIRO; STORCK,
2015; ARNS et al., 2018; RIBEIRO et al., 2018a,b, 2022; SILVA et al., 2018;
DIAS et al., 2020) and snap bean (MARINHO et al., 2014; GOMES et al., 2018).
To this end, several selection indices and economic weights have been employed
for traits important for selection. Nevertheless, the multiplicative index proved to
be more efficient for simultaneous selection in common bean, as it allowed
achieving a high total genetic gain and individual genetic gains favorable to the
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objectives of selection of superior common bean lines when
compared with other selection indices (JOST et al.,, 2012;
MAZIERO; RIBEIRO; STORCK, 2015; RIBEIRO et al.,
2022). It is also important to emphasize that the multiplicative
index does not require establishing economic weights
(SUBANDI; COMPTON; EMPIG, 1973), which simplifies
calculations and the interpretation of results. Thus, the
multiplicative index can be easily implemented in the routine
of a breeding program.

However, a significant genotype x environment
interaction effect has been reported for agronomic traits
evaluated in common bean lines (MOURA et al., 2013;
BOROS; WAVER; BORUCKA, 2014; SOLTANI et al.,
2016; DELFINI et al.,, 2017, RIBEIRO et al., 2018a,b;
NADEEM et al., 2020). For this reason, it is important to
consider environmental variability in selection index analyses.
Notwithstanding this, simultaneous selection for agronomic
traits in common bean has been carried out based on data
obtained from one (BERTOLDO et al., 2010; JOST et al.,
2012), two (MAZIERO; RIBEIRO; STORCK, 2015;
RIBEIRO et al., 2018b), and five (RIBEIRO et al., 2018a)
experiments. None of these studies described the criterion
used to define the number of experiments employed in
simultaneous selection.

The number of experiments to be considered in
simultaneous selection for plant architecture and yield traits
using the multiplicative index has not been defined for
common bean. Identifying the minimum number of
experiments to be used in simultaneous selection will result in
greater reliability in the selection of superior common bean
lines for agronomic traits, which represents an important
innovation for breeding programs. Therefore, the present

study was developed to select superior common bean lines for
several plant architecture and yield traits and identify the
minimum number of experiments that provide greater
efficiency in simultaneous selection for agronomic traits.

MATERIALS AND METHODS

The experiments were conducted on the campus of the
Federal University of Santa Maria (UFSM), in Santa Maria,
Rio Grande do Sul (RS), Brazil (29°42" S latitude, 53°49" W
longitude, and 95 m altitude). According to the Kdppen
classification, the climate in the region is humid subtropical
(ALVARES et al., 2013), and the soil is classified as a typic
alitic Argisol, Hapludalf (SANTOS et al., 2018).

A randomized-block design with three replicates was
adopted in all experiments. The experimental plot consisted of
four 4-m rows spaced 0.5 m apart, with only the two central
rows forming the usable area of the plot (4 m?). The analyzed
treatments were 17 common bean genotypes (lines and
cultivars) with the grain types most widely produced in Brazil,
namely, carioca (beige seed coat with brown streaks) and
black (Table 1). All genotypes evaluated belong to the
Mesoamerican gene pool and represent the technological
advances of public research institutions that participated in
Value for Cultivation and Use (VCU) experiments of the
Southern Brazilian Common-Bean Network in the 2016 and
2017 biennium. The composition of the VCU experiments is
defined by the Breeding Subcommittee at the Southern
Brazilian Common-Bean Meeting and will not change within
the biennium.

Table 1. Common bean genotypes evaluated, origin, and commercial type of grains (Type).
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Genotype Origin Type
1. Pérola Brazilian Agricultural Research Corporation - Rice and Beans Carioca
2. Carioca Campinas Agronomic Institute Carioca

Department of Diagnosis and Agricultural Research of the Secretariat of
3.SM 0312 Agriculture, Livestock, and Rural Development of the State of Rio Grande Carioca
do Sul

4. BRS MG Uai Brazilian Agricultural Research Corporation - Rice and Beans Carioca
5.CNEC 15097 Brazilian Agricultural Research Corporation - Rice and Beans Carioca
6. LEC 02-16 State University of Maringa Carioca
7. GEN 45-2F-293P Campinas Agronomic Institute Carioca
8. LP 09-33 Rural Development Institute of Parana Carioca
9. LEC 01-16 State University of Maringa Carioca
10. BRS Valente Brazilian Agricultural Research Corporation - Rice and Beans Black
11. Guapo Brilhante Brazilian Agricultural Research Corporation - Temperate Climate Black
12. IAC Netuno Campinas Agronomic Institute Black
13.LP 11-117 Rural Development Institute of Parana Black
14. TB 02-19 Brazilian Agricultural Research Corporation - Temperate Climate Black
15. CHP 04-239-52 Agricultural Research and Rural Extension Corporation of Santa Catarina Black
16. CHP 01-182-48 Agricultural Research and Rural Extension Corporation of Santa Catarina Black
17. TB 03-11 Brazilian Agricultural Research Corporation - Temperate Climate Black
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Two seasons are recommended for cultivation in Santa
Maria-RS: rainy (September or October) and dry (January or
February). The four experiments were conducted in the
following combinations of growing seasons and years: 2016
rainy-season crop (I), 2017 dry-season crop (II), 2017 rainy-
season crop (III), and 2018 dry-season crop (IV). Figure 1

shows the meteorological data of the four experiments. All
experiments followed the minimum requirements for the
determination of VCU for the registration of common bean
cultivars in the National Registry of Cultivars in Brazil
(BRASIL, 2006).
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Figure 1. Meteorological data of rainfall (Rainf., mm), maximum temperature (T max, °C), minimum temperature (T min, °C), mean
temperature (T mean, °C), and relative humidity (RH, %) collected by the Eighth Meteorology District at the Santa Maria Meteorology Station,
located at the Federal University of Santa Maria (29°42°S, 53°49°W, and 95 m of altitude) (Rio Grande do Sul State, Brazil).
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Management practices were similar in all experiments.
The soil was prepared conventionally, with two plowings and
one disking operation, and maintained with a black-oat crop
during the winter months. The amount of fertilizer applied in
each experiment was calculated based on the interpretation of
the soil chemical analysis report. Insects and weeds were
controlled as described in the technical recommendations for
common bean growing in southern Brazil (CTSBF, 2012).
Irrigation was only applied when necessary for the
establishment of the initial plant population, and no shoot
disease control was performed, following the VCU standards
for common bean (BRASIL, 2006).

Harvesting was carried out manually at the plant
maturity stage (R9). The harvested plants were identified and
kept in a greenhouse until the grains could be thrashed. After
thrashing, the grains were placed in paper bags and, if
necessary, oven-dried until reaching 13% moisture.

Plant architecture was analyzed based on 12 traits. The
traits of lodging and general adaptation score were determined
in the usable area of the plots, at the R9 stage. These traits
were evaluated on a scale of scores ranging from 1 to 9. On
the lodging scale, the value of 1 was assigned to upright plants
and the value of 9 to prostrate plants, that is, in contact with
the ground. On the general adaptation score scale, the value of
1 characterized plants that did not fall and had a large number
of pods, without disease symptoms, and the value of 9
represented fallen plants that exhibited few pods with many
disease symptoms.

The other plant architecture traits were determined in
10 plants randomly harvested from the usable area of the
plots. The traits of first- and last-pod insertion, plant height,
and first-, second-, third-, fourth-, and fifth-internode lengths
were measured and expressed in centimeters. Hypocotyl
diameter was quantified at 1 cm below the cotyledon node,
whereas epicotyl diameter was measured at 1 cm above the
cotyledon node, both with a digital caliper and expressed in
mm.

The following yield traits were also evaluated in 10
plants randomly harvested in the usable area of the plots:
number of pods per plant, number of grains per plant, number
of grains per pod, and mass of 100 grains (g). Grain yield was
calculated by summing the grains harvested from the usable
area and from the 10 plants and expressed in kg ha™.

The data obtained in the 2016 rainy (I), 2017 dry (II),
2017 rainy (III), and 2018 dry (IV) season experiments were
subjected to individual analysis of variance, following a
randomized-block model. Combined analysis of variance was
performed using data from the following numbers of
experiments: two (I and II), three (I, II, and III), and four (I,
I, 111, and IV). In all these combinations of experiments, only
the genotype effect was considered fixed. Hartley's maximum
F test was applied to check the homogeneity of residual
variances. Residual variance was homogeneous whenever the

ratio between the highest and lowest residual mean squares
was less than seven.

The phenotypic correlation matrix obtained from
combined analysis of variance of the four experiments was
used to make multicollinearity diagnostics. Collinearity was
classified as severe (condition number, CN > 1000), moderate
to strong (100 < CN < 1000), or weak (CN < 100), according
to the classes proposed by Montgomery, Peck, and Vining
(2012). Highly correlated traits and traits with a greater
weight on the latest eigenvectors, or with higher variance
inflation factors, were excluded to obtain weak collinearity.

Selection index analyses were performed by the
multiplicative method (SUBANDI; COMPTON; EMPIG,
1973), considering data from the four individual experiments
(I, 11, I, and IV) and from the combination of two (I and II),
three (I, II, and III), and four (I, 11, III, and IV) experiments.
For each of these seven situations, broad sense heritability and
genetic gain estimates were obtained and the four superior
genotypes were selected for the plant architecture and yield
traits. Selection intensity was set at 23.53%, aiming to achieve
the lowest values for lodging and general adaptation score
(inverse selection) and the highest values for the other traits
(direct selection). The coincidence percentage of common
bean genotypes selected by the multiplicative index was
obtained for all combinations of experiments, individually (I,
I1, 11, and IV) and combined (I and II; I, II, and III; and I, II,
II1, and IV). Statistical analyses were carried out using Genes
(CRUZ, 2016) software.

RESULTS AND DISCUSSION
Analysis of variance and multicollinearity diagnostics

Eleven of the evaluated traits exhibited a significant
genotype X experiment (environment) interaction effect
(Table 2). Therefore, the common bean genotypes varied for
most of the plant architecture and yield traits determined in
different growing seasons and years. Previous studies have
also reported a significant genotype X environment interaction
effect for several agronomic traits analyzed in common bean
genotypes (MOURA et al., 2013; BOROS; WAVER;
BORUCKA, 2014; SOLTANI et al., 2016; DELFINI et al.,
2017; RIBEIRO et al. 2018a,b; NADEEM et al., 2020). If the
plant architecture and yield traits evaluated in common bean
lines vary with the growing environment, the selection of
superior lines cannot be based on data obtained from a single
experiment. In this case, the environmental variability
between seasons and years in the same growing location must
be considered so that simultaneous selection for agronomic
traits is efficient and representative of the genetic diversity of
the germplasm.
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Table 2. Mean square values of genotype (G), experiment (E), and G x E interaction in analysis of variance for the traits of lodging (LDG),
general adaptation score (GAS), insertion of the first pod (IFP, cm), insertion of the last pod (ILP, cm), plant height (PH, cm), first-internode
length (1L, cm), second-internode length (2"™IL, cm), third-internode length (3™IL, cm), fourth-internode length (4™IL, cm), fifth-internode
length (5™IL, cm), hypocotyl diameter (HD, mm), epicotyl diameter (ED, mm), number of pods per plant (NPP), number of grains per plant
(NGP), number of grains per pod (NGPOD), mass of 100 grains (M100G, g), and grain yield (YIELD, kg ha™') obtained in 17 common bean
genotypes evaluated in the 2016 rainy (I), 2017 dry (II), 2017 rainy (IIT), and 2018 dry (IV) seasons and in combined experiments I and II; I, II,
and III; and 1, II, III, and IV.

] LDG  GAS IFP ILP PH 18I 2MIL 3L 4"
Experiment
Genotype (G)

I 2.9m 1.0™ 56.1" 127.1™ 192.4™ 0.7 1.5™ 1.9 3.5™
1I 14" 2.8" 3.0° 36.3" 58.7" 0.1™ 05™ 05" 04"
11 3.3m 0.8™ 214" 158.2° 468.0" 0.8™ 04" 0.6™ 29™
v 48" 19" 16.4" 145.9" 422.0" 0.1" 02" 03" 15"
Iand II 1.9m 1.6™ 28.5™ 103.5™ 180.2" 0.5™ 14" 1.6™ 2.7m
L 11, and III 1.6™ 1.9™ 433" 221.5° 499.3" 04" 14" 1.7° 3.4
L, IL, I1I, and IV 3.9 2.3m 405" 3323" 814.9" 0.4 13" 1.5m 3.9™

Experiment (E)
Iand II 43" 72% 250337 25,754.8"  36,972.6" 0.1 0.1™ 35" 57.3"
L 11, and III 2.4m 3.9™ 141647 17,9858  29,522.7° 17.1° 418" 483" 51.0°
L, IL, 111, and IV 268" 216" 980.7° 12,2239 21,7941 214" 432" 481" 454"

G x E interaction
Iand I 25" 227 30.5° 60.0™ 70.9™ 03™ 0.6™ 0.7 12m™
L 11, and III 3.0° 1.4m 18.6”" 50.1™ 130.3™ 0.6™ 0.5™ 06" 2.1m
L, IL, 111, and IV 29" 14" 18.8" 45.1™ 141.0" 0.5™ 07™  09™ 2.1™

) 5PIL HD ED NPP NGP NGPOD  MI100G YIELD
Experiments
Genotype (G)

I 58" 0.7 0.9 19.0™ 639.7" 1.0° 26.0" 824,724.8"
1l 0.5™ 07" 0.7 8.1 184.1° 0.6" 572" 102,321.6"
111 537 12m 08" 24.0" 3213° 04" 185" 611,667.7"
v 57" 02" 03" 12.8" 174.6" 03" 206" 232,940.9"
Iand II 3.4™ 1.o™ 1.0™ 17.5™ 499.5" 0.9™ 627" 554,634.6™
L, 11, and III 5.5m™ 1.4m 137 25.0™ 595.9" 1.0™ 68.8" 673,028.9™
L IL, 111, and IV 8.8™ 13™ 13" 32.8" 637.3" 09" 80.9" 593,732.9™

Experiment (E)
Iand II 288.0° 134.6° 158.2" 391.6" 8,961.5" 29™ 2.7 14,277,077.7°
L 11, and I 1483"  76.0" 823" 688.4" 9,701.4" 1.8™  40.6™ 15,684,271.8"
L IL, 111, and IV 023" 5227 555" 461.0" 6,468.8" 1.4™  570.1° 11,059,563.2"

G x E interaction
Iand I 2.9m 05" 0.6" 9.6™ 3243" 0.7" 204" 372,411.8"
L 11, and III 42™  09™ 0.6" 13.0" 274.6" 05" 164" 432,842.6"
L I, 111, and IV 4.5 0.9™ 0.5" 10.4" 2275" 0.5" 138" 392,640.7"

*Significant by the F test at 0.05 probability. "Not significant.

For the traits whose genotype x experiment interaction
was not significant in any of the combinations of experiments,
a significant genotype effect was observed for one or more
tested situations. These results indicate that there is genetic
variability for the plant architecture and yield traits, allowing
simultaneous selection. However, for the traits of first-, fourth

-, and fifth-internode lengths, genetic variability was detected
for a very small number of experiments. Therefore, these
three traits were not included in the selection index analyses.
Most combinations of experiments tested showed a
significant environment effect. Therefore, differences
recorded for rainfall, maximum temperature, minimum
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temperature, mean temperature, and relative humidity
indicated that the environmental conditions varied between
the four experiments (Figure 1). As a consequence, plant
architecture and yield traits vary with the growing
environment, highlighting the need to define the number of
experiments to be employed in simultaneous selection.

Multicollinearity ~diagnostics revealed a CN =
3,273.23, indicating severe collinearity according to the
classes established by Montgomery, Peck, and Vining (2012).
To solve the problem of multicollinearity, the following traits
were excluded: third-internode length, number of grains per
plant, plant height, and epicotyl diameter. This resulted in
weak collinearity (CN = 75.26) and prevents multicollinear
variables from implicitly receiving a greater weight in the
selection index analyses (CRUZ; CARNEIRO, 2006). These
four traits were removed before selection index analyses were
performed, which contributed to the correct interpretation of
results.

Simultaneous selection for agronomic traits based on
individual and combined experiments

Heritability estimates were of low (h* < 30%) to high
(h* > 60%) magnitude for the plant architecture and yield
traits evaluated in individual and combined experiments
(Table 3), according to the classes proposed by Soltani et al.
(2016). When data obtained from individual experiments were
considered, heritability ranged from O (general adaptation
score, experiment IIT) to 96% (mass of 100 grains, experiment
II). When evaluated in different experiments, the same trait
exhibited variations in heritability classes, which shows that
the effects of growing seasons and years affected the
magnitude of these estimates. This fact highlights the
importance of considering environmental variability to obtain
heritability estimates that are more representative of the
genetic variability that can effectively be exploited in
breeding programs.

Table 3. Heritability (h?), genetic gain (GG), and percentage of genetic gain (GG%) for the traits of lodging (LDG), general adaptation score
(GAS), insertion of the first pod (IFP), insertion of the last pod (ILP), second-internode length (2"IL), hypocotyl diameter (HD), number of
pods per plant (NPP), number of grains per pod (NGPOD), mass of 100 grains (M100G), and grain yield (YIELD) with simultaneous selection
by the multiplicative index considering the four superior common bean genotypes evaluated in the 2016 rainy (I), 2017 dry (II), 2017 rainy (III),
and 2018 dry (IV) seasons and in combined experiments I and I; I, II, and III; and I, II, III, and IV.

h’ GG K GG h’ GG h’ GG
Y (23 WO 23 WO .0 N (23 WO 0 WS Y (23 M 1) M )
Experiment Experiment Experiment Experiment
I 11 111 v

LDG 37.0 0.1 1.4 65.0 -0.1 -2.0 48.5 -0.2 -3.1 70.8 -09 -13.6
GAS 27.6 0.0 0.3 60.7 -0.3 -6.1 0.0 0.0 0.0 70.7  -05 -7.5
IFP 86.8 3.9 19.4 534 0.3 2.6 71.1 2.0 10.8 675 -00 -03
ILP 353 1.7 32 67.2 0.7 3.4 71.5 54 10.2 83.7 22 49
2"IL 30.3 0.0 0.0 39.5 0.1 1.5 51.2 -0.1 -1.6 580 0.1 1.8
HD 554 0.0 0.0 83.5 0.1 1.7 8.2 0.0 0.4 553 0.1 1.2
NPP 48.2 0.1 1.4 77.1 0.4 5.0 72.4 -1.0 -6.6 578 04 3.2
NGPOD 69.4 0.3 6.7 75.5 0.2 4.7 67.9 0.1 3.6 78.1 0.1 2.7
M100G 65.0 0.6 2.5 96.0 -0.9 -3.7 79.2 0.6 2.4 g9.1 -1.1  -3.7
YIELD 76.1 1613 11.0 62.3 1373 19.2 78.0 329.7 18.3 81.3 1315 85
Total gain 168.0 458 137.7 263 336.7 34.5 1274 -12.6

Trait Experiments Experiments Experiments

I and II I, I1, and 11T I, IL, 111, and IV

LDG 116.5 03 -53 0.0 0.0 0.0 26.1 -0.1 -1.0
GAS 334 -0.1 -2.2 279  -0.1 -1.3 40.4 -0.0 -0.8
IFP 341.1 3.7 246 57.1 0.9 5.4 53.7 0.5 33
ILP 86.8 2.2 6.1 77.4 3.6 8.6 86.4 4.4 10.2
2ndIL 66.0 0.1 1.0 649  -0.1 -2.7 68.1 -0.1 -2.5
HD 80.8 0.1 1.0 51.5 0.0 0.3 60.1 0.0 0.2
NPP 104.6 0.3 2.8 479 0.2 1.6 68.3 0.3 23
NGPOD 157.4 0.3 7.2 49.1 0.0 0.8 51.3 0.0 0.7
M100G 53.8 0.3 1.1 76.1 0.2 0.9 82.9 0.2 0.8
YIELD 2262 3314 304 357 425 32 33.9 324 2.4
Total gain 337.8  66.7 47.1 16.7 37.6 15.6
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When data from two experiments were used,
heritability values > 100% were observed, characterizing
overestimates. The hypothesis is that the environmental
differences observed in the 2016 rainy and 2017 dry-season
crops, especially regarding precipitation and relative humidity
(Figure 1), contributed to increasing the experimental error,
inflating the genetic and environmental variance estimates. On
the other hand, the use of data from three and four
experiments resulted in more homogeneous and similar
heritability values for the same trait. Heritability represents
the ratio between genetic variance and total variance (genetic
+ environmental variances), so low heritability values are
related to low genetic variance or high environmental
variance. Lodging showed low heritability, whereas the other
traits exhibited intermediate to high heritability. However,
previous studies with common bean genotypes described high
heritability for lodging (JOST et al., 2012; SOLTANI et al.,
2016). The greater number of common bean genotypes
analyzed in these studies contributed to the wide genetic
variability detected for lodging, which explains the higher
heritability values recorded. The observed low heritability for
lodging in the present study indicates less genetic variability
and high environmental influence, which may complicate the
selection of superior common bean lines for this trait.

Grain yield showed intermediate heritability, based on
data from three and four experiments. Heritability for grain
yield in common bean was classified as low (GONCALVES-
VIDIGAL et al., 2008; SOLTANI et al., 2016), intermediate
(CHECA; BLAIR, 2012), and high (JOST et al., 2012;
RIBEIRO et al., 2018a,b). The different heritability classes
described for grain yield in common bean can be related to the
genetic diversity of the germplasm, the number of
experiments analyzed, and the method used to obtain these
estimates. In common bean, grain yield has quantitative
inheritance (BLAIR et al., 2012), that is, the trait is governed
by several genes and is largely influenced by environmental
variation (RAMALHO et al, 2012). Therefore, for
quantitative traits, such as grain yield, it is important to obtain
heritability from a greater number of experiments, i.e., the
environmental variability between growing seasons and years
should be considered.

Carioca and black bean lines have a narrow genetic
base, which makes it difficult to differentiate superior
common bean lines for agronomic traits (DELFINI et al.,
2017; PEREIRA et al., 2019). This is because crosses between
parents of both grain types are used in the development of
carioca and black bean lines, which contributes to the high
genetic similarity (VELOSO et al., 2015). However, in the
present study, when data from three and four experiments
were considered, all traits exhibited intermediate to high
heritability, except for lodging. The greater genetic variability
observed in the evaluated lines for most of the plant
architecture and yield traits increases the chances of success
in the selection of superior carioca and black bean lines.

The highest total genetic gain values (positive and
negative) were obtained when data from one or two

experiments were considered. This can be attributed to the
fact that most agronomic traits showed a significant genotype
x experiment interaction effect (Table 2). In these cases,
genetic gain overestimates or underestimates may be obtained.
As a consequence, the four superior common bean genotypes
for the plant architecture and yield traits identified by the
multiplicative index in experiment I were different from those
selected for individual (II, II1, and IV) and combined (I and IT)
experiments (Table 4). In these experiment combinations, the
coincidence percentage of common bean lines selected varied
from 0 to 75% (Table 5), showing that the growing season,
year, and number of experiments used changes the result of
simultaneous selection. In this way, simultaneous selection for
agronomic traits in common bean will have little application
for breeding programs when performed based on data from
individual experiments, since the selection of superior lines
will be specific for each environment.

The use of data from three and four experiments
resulted in total genetic gain estimates of 16.7 and 15.6%,
respectively (Table 3). Data from five experiments revealed
similar total genetic gain values (RIBEIRO et al., 2018a)
when simultaneous selection was performed for agronomic
traits of common bean genotypes by the multiplicative index.
However, the use of data from one (JOST et al., 2012) and
two experiments (MAZIERO; RIBEIRO; STORCK, 2015;
RIBEIRO et al., 2018b) provided higher total genetic gain
estimates in selection for several traits by the multiplicative
index. These results reinforce the need to determine the
minimum number of experiments to be considered in
simultaneous selection, using the multiplicative index, which
provides more reliable and highly repeatable genetic gain
estimates. This will be decisive to increase the efficiency of
selection of superior common bean lines for agronomic traits.

Individual genetic gain estimates favorable to the
objectives of selection of high-yielding common bean lines
with upright plant architecture were detected for all traits
evaluated in three and four experiments, except for second-
internode length, which showed a negative value. The use of
selection indices has allowed simultaneous selection for
several agronomic, technological, and/or nutritional traits in
common bean (BERTOLDO et al., 2010; JOST et al., 2012;
MAZIERO; RIBEIRO; STORCK, 2015; ARNS et al., 2018;
RIBEIRO et al., 2018a,b, 2022; SILVA et al., 2018; DIAS et
al., 2020) and snap bean (MARINHO et al., 2014; GOMES et
al., 2018). However, the multiplicative index was considered a
promising strategy for simultaneous selection in common
bean, as it allowed attaining higher total and/or individual
genetic gain values with a sign and magnitude favorable to the
selection objectives compared with other selection indices
(JOST et al., 2012; MAZIERO; RIBEIRO; STORCK, 2015;
RIBEIRO et al., 2022). Nonetheless, some studies reported
the difficulty in obtaining favorable individual genetic gain
for all evaluated traits, but this fact did not constitute an
impediment to the simultaneous selection of superior
agronomic traits in common bean lines (BERTOLDO et al.,
2010; RIBEIRO et al., 2018a,b, 2022).
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Table 4. Common bean genotypes selected by the multiplicative index for the traits of lodging (LDG), general adaptation score (GAS),
insertion of the first pod (IFP, cm), insertion of the last pod (ILP, cm), second-internode length (2™IL, cm), hypocotyl diameter (HD, mm),
number of pods per plant (NPP), number of grains per pod (NGPOD), mass of 100 grains (M100G, g), and grain yield (YIELD, kg ha™") based
on evaluations carried out in the 2016 rainy (I), 2017 dry (II), 2017 rainy (III), and 2018 dry (IV) seasons and in combined experiments I and II;
I, II, and I1I; and [, II, III, and IV.

Genotypes LDG  GAS IFP ILP 2MIL HD NPP NGPOD MI100G YIELD
selected Experiment I
BRS Valente 53 5.7 21.5 53.0 6.5 7.2 11.5 5.1 214 1,658.6
Pérola 6.3 5.0 31.3 61.0 4.7 6.6 10.3 4.0 27.5 1,749.2
IAC Netuno 6.7 6.7 253 56.8 5.2 6.5 12.8 4.7 25.6 2,141.1
LP 09-33 3.0 5.0 19.7 54.5 5.0 6.8 12.5 4.0 24.4 1,154.7
Experiment II
TB 03-11 4.7 5.0 10.6 24.8 5.6 4.4 8.1 3.8 222 1,006.9
LP 11-117 5.0 4.0 10.8 18.1 5.4 4.1 6.9 4.2 26.8 1,150.8
Guapo Brilhante 4.3 4.3 10.8 17.4 5.6 5.0 7.8 4.3 20.8 818.4
BRS Valente 4.3 4.7 10.2 23.1 5.7 4.8 9.4 3.5 20.5 767.6
Experiment III
BRS Valente 33 5.0 16.3 49.5 3.6 6.1 15.5 4.0 23.6 2,547.1
CHP 01-182-48 5.0 5.7 22.0 63.1 4.2 7.8 14.0 4.1 229 1,860.7
Carioca 5.7 5.3 19.5 62.1 3.4 6.0 153 4.1 27.9 2,696.8
Pérola 4.0 53 259 67.7 3.5 6.8 9.4 3.5 293 1,781.6
Experiment IV
Guapo Brilhante 4.7 5.3 14.3 37.7 4.1 5.6 12.4 3.7 28.0 1,906.6
LEC01-16 6.7 6.7 12.8 49.5 3.7 5.8 15.0 3.8 32.7 1,961.8
TB 03-11 53 5.7 19.8 49.1 3.8 5.2 8.9 4.2 27.9 1,383.9
BRS MG Uai 3.7 5.7 10.5 36.1 3.8 5.8 13.1 3.7 29.2 1,568.5
Experiments I and IT
BRS Valente 4.8 5.2 15.8 38.1 6.1 6.0 10.4 43 21.0 1,213.1
LP11-117 5.0 4.7 12.9 31.8 5.5 5.4 9.8 4.5 25.6 1,668.8
Pérola 5.2 5.0 20.8 423 5.0 5.5 8.8 3.8 26.3 1,148.0
LP 09-33 3.8 4.8 15.0 40.8 5.1 5.8 10.0 3.7 23.7 914.8
Experiments I, II, and III
BRS Valente 4.3 5.1 16.0 41.9 5.3 6.0 12.1 4.2 21.8 1,657.8
Pérola 4.8 5.1 22.5 50.8 4.5 6.0 9.0 3.7 273 1,359.2
Carioca 4.8 5.2 159 452 4.2 5.7 13.2 4.2 24.7 1,524.9
LP 09-33 4.1 4.8 16.0 46.6 4.5 5.9 124 3.5 239 1,237.8
Experiments I, II, 111, and IV
BRS Valente 4.6 53 14.8 41.9 4.9 6.0 12.3 4.1 233 1,600.7
Pérola 5.6 5.8 20.5 52.5 4.4 5.8 9.8 3.7 29.0 1,460.1
Carioca 53 5.7 15.7 47.8 4.1 5.6 13.0 4.1 26.2 1,516.9
LP 09-33 4.7 5.2 154 48.3 43 5.8 12.1 3.6 25.7 1,326.7
The use of data from three and four experiments allows from four experiments did not change the classification of
the selection of line LP 09-33 and cultivars BRS Valente, superior common bean genotypes for plant architecture and
Pérola, and Carioca by multiplicative index (Table 4), i.e., a yield traits. This shows that the use of data from three
coincidence percentage of 100% was obtained in the experiments was sufficient for simultaneous selection for

identification of superior common bean genotypes for agronomic traits in common bean lines.
agronomic traits (Table 5). Therefore, the inclusion of data

Rev. Caatinga, Mossoro, v. 36, n. 2, p. 362 — 371, abr. — jun., 2023
369



LWL

REVISTA,

Caatinga

SIMULTANEOUS SELECTION FOR ARCHITECTURAL AND YIELD TRAITS IN COMMON BEAN LINES CONSIDERING
ENVIRONMENTAL VARIABILITY

N. D. RIBEIRO et al.

Table 5. Coincidence percentage of four common bean genotypes selected by the multiplicative index for the traits of lodging, general
adaptation score, insertion of the first pod, insertion of the last pod, second-internode length, hypocotyl diameter, number of pods per plant,
number of grains per pod, mass of 100 grains, and grain yield based on evaluations carried out in the 2016 rainy (I), 2017 dry (II), 2017 rainy
(II), and 2018 dry (IV) seasons and in combined experiments I and II; I, II, and III; and I, II, III, and IV.

Experiments II 111 v I and II I, I1, and III L II, 111, and IV
I 25 50 0 75 75 75
II 25 50 50 25 25
11 0 50 75 75
v 0 0 0
ITand I 75 75
L 11, and III 100
When data from three experiments were considered, it ACKNOWLEDGEMENTS
was possible to select three carioca bean genotypes (line LP
09-33 and cultivars Pérola, and Carioca) and one black bean To the National Council for Scientific and

cultivar (BRS Valente), which were superior to the other
evaluated genotypes regarding plant architecture and yield
traits (Table 4). Line LP 09-33 showed agronomic traits
similar to those of control cultivars (Pérola, Carioca, and BRS
Valente), as well as the lowest values of lodging and general
adaptation score, that is, it stood out for its upright plant
architecture. Line LP 09-33 will be selected by the breeding
program; however, its genetic superiority regarding plant
architecture and yield traits must be validated in experiments
conducted in a greater number of environments (growing
seasons, years, and locations).

The results obtained in the present study showed that
most of the plant architecture and yield traits in carioca and
black beans were significantly affected by the genotype x
experiment interaction (Table 2). As a result, heritability and
genetic gain estimates varied when data obtained from
individual (I, II, III, and IV) and combined (I and II; I, II, and
III; and [, II, II1, and IV) experiments were considered (Table
3). The use of data from individual experiments resulted in the
selection of different superior common bean genotypes for
each of the growing environments (Table 4), with a low
coincidence percentage in simultaneous selection (Table 5).
Nevertheless, the use of data from three or four experiments
allowed 100% of coincidence in the selection of four superior
genotypes for agronomic traits, namely, LP 09-33, BRS
Valente, Pérola and Carioca (Table 4). Therefore, the
minimum number of three experiments is appropriate for
simultaneous selection for plant architecture and yield traits in
common bean lines. Three experiments provide repeatability
and efficiency in simultaneous selection for agronomic traits
in carioca and black beans.

CONCLUSIONS

Line LP 09-33 and cultivars BRS Valente, Pérola, and
Carioca have several superior plant architecture and yield
traits. Data from at least three experiments should be used in
the selection of superior common bean lines for various plant
architecture and yield traits to increase the efficiency of
simultaneous selection.
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