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Abstract — The objective of this work was to estimate the phenotypic correlation and the direct and indirect
effects of the aerial part components of common bean (Phaseolus vulgaris) that are associated with root
distribution, in order to facilitate the indirect selection for this character. Sixteen genotypes were used, from
which 12 are segregating populations in the Fs generation and four are fixed populations, which were conducted
in field conditions in a randomized complete block design, with two replicates. The root system evaluation
was performed according to B6hm’s method. Pearson’s phenotypic correlation was estimated by the path
analysis. The characters stem diameter, leaf area index, first pod set, and root angle showed the highest positive
correlations with root distribution and, therefore, may help the indirect selection for this character. The residual
effect was higher than the determination coefficient, which indicates that the independent characteristics do
not have a total influence on root distribution, and the low values of the determination coefficients can be
attributed to environmental effects, competition for nutrients, and to different physiological mechanisms that
control the expression of several genes with minor effects.

Index terms: Phaseolus vulgaris, abiotic stress, indirect selection, path analysis.

Correlagao fenotipica e efeitos diretos e indiretos de componentes
da parte aérea com a distribuicao radicular de feijao-comum

Resumo — O objetivo deste trabalho foi estimar a correlagdo fenotipica e os efeitos diretos e indiretos dos
componentes da parte aérea do feijoeiro (Phaseolus vulgaris) que estdo associados a distribuigdo radicular,
para facilitar a selegdo indireta quanto a este carater. Utilizaram-se 16 geno6tipos, dos quais 12 sdo populagdes
segregantes em geragdo Fs e quatro populagdes fixas, conduzidas em campo em delineamento de blocos ao
acaso, com duas repeti¢cdes. A avaliacdo do sistema radicular foi realizada conforme o método de Bohm. A
correlagdo fenotipica de Pearson foi estimada por meio da analise de trilha. Os caracteres didmetro de caule,
indice de area foliar, inser¢do da primeira vagem e dngulo de raiz apresentaram as maiores correlagdes positivas
com a distribui¢do radicular e podem, portanto, auxiliar a sele¢@o indireta quanto a esse carater. O efeito
residual foi superior ao coeficiente de determinagdo, o que ¢ indicio de que as caracteristicas independentes
ndo tém influéncia total sobre a distribui¢do radicular, e os baixos valores dos coeficientes de determinacdo
podem ser atribuidos a efeitos de ambiente, a competi¢ao por nutrientes ¢ a diferentes mecanismos fisiologicos
que controlam a expressao de varios genes com efeitos menores.

Termos para indexacdo: Phaseolus vulgaris, estresse abiotico, sele¢do indireta, analise de trilha.

Introduction

One of the largest bean producers worldwide,
Brazil accounts for about 20% of the world bean
production. In 2016, the country produced 2.696
teragrams, in an area of 2.8 million ha, with 955
kg ha' average productivity of, according to Conab

(Acompanhamento..., 2016). However, the crop
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productive potential, under adequate conditions, is
greater than 4,000 kg ha'. This low productivity has
been attributed mainly to abiotic factors, including
water deficit. Sixty percent of bean crop worldwide is
estimated to grow under dry conditions, which results
in the reduction of up to 80% of grain yield in some
regions (Cuellar-Ortiz et al., 2008). In addition, global
climate change aggravates the crop water limitation,
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increasing the evaporative demand, accelerating soil
degradation, and changing the distribution of rainfall
over time and space (Wheeler & Von Braun, 2013).

Theroot system architecture is a promise for improving
agricultural productivity, which is essential to increase
the plant absorption capacity (Wasson et al., 2012;
Lynch, 2013, 2015). Thus, several breeding programs
focus on genetically manipulating the root system of
plants, in order to improve water and nutrient absorption
capacity as a way to minimize abiotic effects on grain
yield (Dorlodot et al., 2007; Melo et al., 2016). Therefore,
the evaluation of characteristics associated with root
(distribution, architecture, length, among others) is of
extreme importance for plant selection programs.

The root system of common bean is complex,
it results from the expression and association of
different components, and is highly influenced by the
environment effect (Wasson etal., 2012). It is necessary,
then, to know the effects that interact in the behavior
of the character, in order to obtain a higher efficiency
in selection (Kurek et al., 2001). Hence, it is important
to estimate the correlation between the root system
and the components of the aerial parts. This estimate
allows to diagnose the magnitude and direction of
relationships between characters, and to assess the
feasibility of the use of indirect selection, which can
lead to a faster and highly expressive genetic progress
for the genetic breeding program (Cruz et al., 2012).

The objective of this work was to estimate the
phenotypic correlation and the direct and indirect
effects of the aerial part components of common bean
that are associated with root distribution, in order to
facilitate the indirect selection for this character.

Materials and Methods

The experiment was carried out in the field, in
the 2014/2015 crop season, in the experimental
area of the agroveterinary science center (CAV) of
Universidade do Estado de Santa Catarina (Udesc), in
the municipality of Lages, in the state of Santa
Catarina, Brazil (27°47'S, 50°18'W, at 920 m average
altitude). The climate, according to the classification
of Koppen-Geiger, is a humid temperate, mesothermal
Cfb, with warm summer. The soil is classified as a
Cambissolo Humico Aluminico 1éptico (Inceptisol
Udepts Humudepts), with a moderate A horizon and
clayey texture, in which siltitet+argilite substrate is

prominent, with undulating relief. The soil shows the
following properties: clay, 340 g kg'; water pH, 5.93;
potential acidity by SMP, 5.21; P, 10.06 mg dm?; K, 80
mg dm?; organic matter, 2.61%; Ca, 5.42 cmol, dm?;
and Mg, 2.10 cmol, dm?>,

Soil preparation was performed in a conventional
system, with one plowing and two light harrowings.
Fertilization was performed based on the results of
the soil analysis. No basic fertilization was carried
out, except for a 50 kg ha' N topdressing fertilization.
Phytosanitary management was carried out according
to crop requirements, and weed control was performed
by manual weeding.

Sixteen common bean genotypes were evaluated,
from which four were fixed populations — BAF 50,
BAF 009, BAF 007, and 'IPR Uirapuru' —, and 12 were
segregating populations in generation Fg, originated
from a complete diallel cross between the four
populations mentioned. A randomized complete block
experimental design was carried out with two replicates
per treatment. The experimental unit consisted of six
rows of 4.0 m, with 0.5 m spacing between rows,
and 0.90 m between plots. Sowing was done manually,
with a density of 10 seed per linear meter, in the four
central rows (in which root angle, the components of
the aerial parts, and grain yield were evaluated); in the
two external rows, 0.5 m spacing was used between
plants, where a profile was opened in the soil parallel
to the seeding line.

The evaluation of the root system in the soil profile
was performed by the Bohm’s method (1979), with
modifications. When the genotypes showed full
flowering, profiles perpendicular to the seeding line
were opened at 0.05 m from plants, and the roots were
exposed with a sharp tool. After that, a 0.5 m wide and
0.3 m high rectangle, subdivided into 60 grids cells of
0.05 m, was placed on the soil profile. The profile was
photographed for further evaluation of the distribution
of the roots, with a camera of 7.2 MP, and it was
positioned at a standard distance of 60 cm from the
grid. Root distribution was determined in the binary
system through digital photography, and scaled (1) for
root presence and (0) for root absence in each grid.

The method of Shovelomics, developed by Trachsel
et al. (2011), was used to evaluate the root angle. For
this, roots were excavated at 25-30 cm around plant’s
neck, at a 30 cm soil depth. After the removal of excess
soil, roots were immersed in a vessel with water and
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0.5% detergent; subsequently, the material was rinsed
with water only, until roots were thoroughly cleaned.
The angle of basal roots was then measured using a
protractor.

The leaf area index was estimated with an Accupar
LP-80 ceptometer (Decagon Devices, Inc., Pullman,
WA, USA), which integrates the transmission and the
penetration of light with the structural characteristics of
the plant, such as the angle and the distribution of the
leaves, and it estimates an indirect measurement of the
leaf area index. The readings were made on the canopy
of plants and below the canopy (at ground level).

When plants reached the harvest-time, five plants
of each plot were randomly collected for estimation
of plant height (PH), insertion of first pod (IFP), stem
diameter (SD), fresh weight of aerial parts (FWAP),
root angle (RA), number of pods per plant (NPP), and
number of grains per plant (NGP). Leaf area index
(LAI) and grain yield (GY) were estimated in the plot
area. Data were subjected to the phenotypic correlation
analysis by the method proposed by Steel & Torrie
(1980), and were later divided into direct and indirect
effects by path analysis (Cruz et al., 2012).

The quantification and interpretation of the correlation
coefficient between two characters can cause confusion
during the selection, as a high correlation may be due to
the effect of a third character, or of a group of characters
(Cruz et al., 2012). In order to reduce such problems,
Wright (1921) proposed a methodology of path analysis,
which unfolds the estimated correlations in direct and
indirect effects of characters on a basic variable, which
is based on the evaluation of the effect of an independent
variable (x) on a dependent one (y), after removal of the
influence of all other independent variables.

L.P.S. Velho et al.

Results and Discussion

The phenotypic correlations between the
characteristics of the aerial parts and root distribution
are presented in Table 1. The magnitude of the
correlation coefficients ranged from -0.04 to 0.72. The
characters insertion of first pod (0.40), stem diameter
(0.42) and leaf area index (0.38) showed a positive
and significant association with the character root
distribution. This result is advantageous in breeding
programs, since the selection of prominent genotypes
for root distribution may be facilitated by the selection
of characters with easy phenotyping. Similarly, Bizari
et al. (2010) found a linear correlation between leaf area
index and root distribution. The other evaluated traits
showed no significant effects; thus, it is not possible to
carry out an indirect selection based on these characters,
as they are not associated with root distribution.

Therefore, the increase of the number of positive
and significant characters of the aerial parts with the
root system allows the breeder to perform the indirect
selection, which may lead to a faster and expressive
genetic progress in a breeding program. According to
Falconer & Mackay (1996), one of the causes for high
correlations is the occurrence of pleiotropism, which
means that a gene is responsible for the expression of
more than one character.

For stem diameter, a significant linear correlation
coefficient was observed between plant height (0.38)
and the first pod set (0.39) (Table 1). This result is
important, as it shows that it is possible to identify
plants with higher stem diameter, height and high first
pod set, and with reduction of bedding. Such characters,
thus associated, enable a satisfactory improvement of

Table 1. Correlation coefficients between the phenotypic characters root distribution (RD), plant height (PH), insertion
of first pod (IFP), stem diameter (SD), number of pods per plant (NPP), number of grains per plant (NGP), leaf area index
(LAI), grain yield (GY), root angle (RA), and fresh weight of aerial parts (FWAP).

Character PH IFP SD NPP NGP LAI GY RA FWAP
RD 0.34 0.40* 0.42* 0.11 0.22 0.38* 0.26 0.34 -0.07
PH 0.72* 0.38* 0.05 0.20 0.46* -0.05 0.23 -0.11
IFP 0.39% 0.005 -0.04 0.38%* 0.32 0.12 -0.25
SD 0.37* 0.54* 0.06 0.07 0.20 -0.34
NPP 0.69* 0.038 0.04 0.07 -0.06
NGP 0.1 0.06 0.34 -0.22
LAI 0.15 0.10 0.09
GY 0.21 -0.31
RA -0.52%

*Significant at 0.05 probability.
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plant architecture and they facilitate the mechanized
harvesting. Stem diameter also showed a correlation
with the number of pods per plant (0.37) and the
number of grains per plant (0.54). In an improvement
program, a balance is sought between the characters
studied, in a manner that plant has an ideotype that
maximizes grain yield, taking into account the other
characters. As an example, an expressive increase in
the number of pods cannot be supported by a plant
that does not show a parallel increase of stem diameter
(Rocha et al., 2009).

The root angle showed a significant and negative
correlation with the fresh weight of aerial parts (-0.52).
Under restrictive conditions or with low-input crops,
the growth of plant aerial parts may be affected.
This indicates that the angle of the root system
negatively affects the root/shoot ratio. According to
Burridge et al. (2016), the production of a larger root
volume and root depth leads to a high metabolic cost
and energy expenditure by the plant. According to
Lynch & Brown (2008), the root angle (gravitropism)
is strongly affected by the environment, mainly due to
the low-P availability in the soil, which often causes
changes in the root system architecture.

The leaf area index showed a high correlation with
plant height (0.46) and the insertion of first pod (0.38)
(Table 1); thus, the higher the leaf area index, the
higher the photosynthetic rate and plant transpiration
that, generally, have greater height, and in which the
first pod set is higher. In addition, the plant height and
insertion of first pod characters showed the highest
linear correlation (0.72).

Although the correlation coefficients are important to
quantify the magnitude and direction of the influences
of factors in the determination of characters, the
study of these correlations do not corroborate the true
cause and effect relationships between explanatory
variables and the main variable (Cruz et al., 2012).
The estimates obtained by path analysis of direct and
indirect effects of the characters that influence the
variable root distribution, are presented in Figure 1.
It is important to identify among the characteristics
which show high correlation with the basic variable
those with the highest direct effect in favor of the
selection, so that the response of indirect selection is
efficient.

The insertion of the first pod, stem diameter, leaf
area index, root angle, and grain yield exhibited the

highest direct effects and correlation coefficients with
the root distribution, in comparison with the other
evaluated traits. Among the characters involved in the
unfolding of correlations, stem diameter (0.435), LAI
(0.243), root angle (0.406), and first pod set (0.227)
showed a positive correlation and direct effect, in the
same direction with the variable root distribution,
which allows of an association between these characters
(Figure 1). Therefore, the direct selection of these
characters is efficient in improving root distribution.

Plant height showed a direct and negative effect
(-0.138) on the root distribution; however, it displayed
a positive correlation coefficient (0.339). This
result was certainly due to indirect effects of the
characters first pod insertion (0.163), stem diameter
(0.167), LAI (0.111), and root angle (0.095), indicating
that the selection truncated at the plant height may
not provide satisfactory gains in the variable root
distribution (Figure 1). In this case, the best strategy
is to select the variables that have significant indirect
effects, that is, a combined selection (Oliveira et al.,
2010).

Toaldo (2012) studied the correlation between root
distribution and aerial parts, and found that stem
diameter and height showed greater direct effect on
root distribution. Subbarao et al. (1995) observed
a negative correlation between the root system and
the aerial parts, in conditions of water deficiency,
and showed that plants with water stress tend to
allocate more photoassimilates to the root system,
consequently reducing the aerial parts. Under these
conditions, plants will increase the development of the
root system as an adaptation mechanism to improve
water absorption (Scalon et al., 2011; Gongalves, 2013).

Leaf area index displayed a total correlation of 0.382
and direct effect of 0.243 on root distribution, which
corroborates the results observed by Toaldo (2012).
Rocha et al. (2010) observed both positive and negative
correlations between root distribution and the LAI,
when working with mutant common bean genotypes.

Fresh weight of the aerial parts exhibited a direct
effect on root distribution, which was annulled
by the indirect negative effects of stem diameter,
insertion of first pod, number of grains, grain yield,
and root angle, and resulted in a total negative
correlation (Figure 1); that is, the indirect effects may
be the possible causes of the correlation, by playing
a fundamental role at the moment of selection.
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Phenotypic Indirect effect Direct effect Direct effect Phenotypic Indirect effect
correlation (r,) (Pr,) (P) (P) correlation (r,) (Pr,)
IFP (0.1635) PH (-0.0635)
SD (0.1676) IFP (0.0858)
NPP (-0.0010) SD (0.0280)
03399 RO (D00 PH LAI SEP 00008 03828
LAI (0.1113) -0.1389 0.2432 NGP (-0.0063)
GY (-0.0073) GY (0.0220)
RA (0.0953) RA (0.0426)
FWAP (-0.0379) FWAP (0.0318)
PH (-0.1000) PH (0.0072)
SD (0.1697) IFP (0.0727)
NPP (-0.0001) SD (0.0295)
0.4009 NGP (0.0027) IFP GY NPP (-0.0009) 02633
LAI (0.0918) 0.2272 0.1396 NGP (-0.0039)
GY (0.0447) LAI (0.0383)
RA (0.0493) RA (0.0862)
FWAP (-0.0845) FWAP (-0.1056)
PH (-0.0535) PH (-0.0326)
IFP (0.0886) IFP (0.0276)
NPP (-0.0082) SD (0.0881)
04218 NGP (-0.0337) SD RA NPP (-0.0016) 03451
LAI (0.0156) 0,4350 0.4060 NGP (-0.0215)
GY (0.0094) LAI (0.0255)
RA (0.0822) GY (0.0296)
FWAP (-0.1137) FWAP (-0.1760)
PH (-0.0066) PH (0.0156)
IFP (0.0013) IFP (-0.0570)
SD (0.1602) SD (-0.1468)
01142 NGP (-0.0434) NPP FWAP NPP (0.0013) 00693
LAI (0.0092) -0.0224 0.3368 NGP (0.0137)
GY (0.0061) LAT (0.0230)
RA (0.0301) GY (-0.0438)
FWAP (-0.0202) RA (-0.2122)
PH (-0.0281)
IFP (-0.0098)
SD (0.2345) Determination coefficient: 0.4578
NPP (-0.0156) NGP Residual effect: 0.7362
0.2180 LAI (0.0246) -0.0625
GY (0.0087)
RA (0.1402)
FWAP (-0.0741)

Figure 1. Estimates of direct and indirect effects on the root distribution (RD) by the characters plant height (PH), insertion
of the first pod (IFP), stem diameter (SD), number of pods per plant (NPP), number of grains per plant (NGP), leaf area index
(LAI), grain yield (GY), root angle (RA), and fresh weight of aerial parts (FWAP).
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Root angle showed a high positive correlation (0.343)
and high direct effect (0.390) with the root distribution.
In a study by Uga et al. (2013), root angle was directly
related to the root system architecture, in which roots
with wider angle provided a more widely dispersed
and superficial root system with better absorption of
nutrients; however, roots with less angulation produced
deeper roots, a feature more favorable for water
absorption. Beebe et al. (2008) selected genotypes
that have a good root distribution, both in the most
superficial and in the deeper soil layers, that is,
genotypes completely adapted to environments with
both water deficit and low-nutrient availability. This
indicates that a direct selection, by root angle, can
provide satisfactory gains for root distribution and is a
less expensive measuring method, in comparidon to
the opening of the soil profile to assess roots.

As to the grain yield components, the characters
number pods (-0.062) per plant and number of grains
per plant (-0.002) had a direct negative effect on
root distribution and a low-correlation coefficient
of (0.114) and (0.218), respectively (Figure 1). These
results indicate that both the direct and indirect
selections for grain yield components do not predict
a satisfactory gain in root distribution. Toaldo
(2012) assessed the correlation of root distribution
with the aerial parts, and found that genotypes
with high vegetative and root developments tend
to spread photoassimilates between these characters,
and to reduce them in the characters responsible for
productivity increase, which shows that there is a
high-energy cost in the production of roots and leaves.
Some authors like Beebe et al. (2008) observed that
the correlation was positive between productivity and
the root system, under water deficit conditions, which
suggests that some genes of resistance to drought are
expressed under stress conditions.

Grainyield displayed a positive correlation, however,
it showed a low direct effect, and this indicates that the
character may not provide satisfactory gains in the basic
variable. Therefore, the best strategy is a simultaneous
selection of characters, with an emphasis on characters
whose indirect effects are high and significant (Cabral
et al., 2011).

The coefficient of determination (R?) showed
a lower value (0.457) than the residual effect
(0.736), and it shows that the independent variables
do not completely affect the entire root distribution. A

low coefficient of determination may be related to
environmental effects, competition for nutrients, and
to different physiological mechanisms that control the
expression of the variables. According to Toaldo (2012)
and Miguel et al. (2015), root distribution is affected by
various factors, both genetic and environmental, such
as root architecture, plasticity of root in relation to the
availability of water and nutrients, different types of
soil, and environmental variations.

Conclusions

1. The characters stem diameter, leaf area index,
insertion of first pod, and root angle show the highest
positive correlations with root distribution and can aid
the indirect selection.

2. The evaluated common bean populations do not
show a complete relationship between characters,
which indicates that the best strategy should be the
simultaneous selection of characters, with an emphasis
on characters with significant indirect effects.
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