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The objective of this study were to identify incompatibilities in mixtures of herbicides applied in
common bean crops and assess the effects of herbicide interactions on weed control. Experiments | e Il
were conducted in a completely randomized design, with four replications, using a 4 x 4 factorial
arrangement consisted of four herbicides (applied alone or in combinations) and four evaluation times
(0, 1, 2, and 3 hours). a physical evaluation of the syrup was carried out. Experiments lll e IV were
conducted under the same design but with solution applied immediately after preparation and
evaluations of weed control at 7, 14, and 28 days after application. The results showed homogeneity for
all formulations, but persistent foam formation in some cases. No incompatibility was found for the
herbicide mixtures. Satisfactory control of Eleusine indica and Euphorbia heterophylla was not
achieved in Experiment lll (bentazon and imazamox, alone or in combination) due to the antagonistic
effect of the herbicide combination. Combining bentazon and imazamox was promising for controlling
Cyperus esculentus and Bidens pilosa, while combining fomesafen and imazamox was promising for
controlling all evaluated weed species.

Key words: Herbicide incompatibility, sustainable production, environmental preservation, sprays solution
stability.

INTRODUCTION

Brazil is one of the largest consumers of herbicides due
to its vast cultivated areas and high demand for grain
exports to meet international market demands.
Consequently, agricultural production in the country is
carried out on a large scale, requiring extensive herbicide
use. However, maintaining or increasing food production,
particularly common bean crops, poses significant

challenges, mainly related to biotic and abiotic stresses in
agricultural fields. Weeds are a major concern for
agriculture, directly and indirectly interfering with crop
yields by competing for nutrients, water, space and light.
They also host diseases and pests that can attack crops
and hinder machinery operations in the field (Kubiank et
al., 2022; Mehdizadeh et al., 2024). Weeds can cause up
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to 80% loss in common bean yield (Schiessel et al.,
2019).

To mitigate crop losses and the evolution of weed
resistance to herbicides, several strategies are necessary.
These include using machinery to monitor and manage
weeds and reducing environmental impacts through
rational herbicide use (Mehdizadeh et al., 2024; Oliveira
et al., 2023; Anderegg et al., 2024). Additional strategies
involve using herbicides with different modes of action
from those commonly applied to each crop and
combining different modes of action to broaden the
control spectrum and delay weed resistance (Marchioretto
and Dal Magro, 2017; Costa et al., 2020).

The reduced efficacy of herbicides in controlling various
weed species in different crops has led farmers to use
higher rates and more frequent applications, increasing
costs, selection pressure and negative environmental
impacts. However, using herbicide mixtures with different
modes of action has shown promise in weed control and
preventive management of weed resistance.

Herbicide mixtures have effectively managed weeds in
wheat crops (Punia et al., 2020), offering a broader weed
control spectrum compared to single herbicide
applications (Samota et al., 2024). Although single
herbicide applications may not effectively control weeds,
combining pyroxasulfone with other herbicides has
proven more effective against narrow-leaf weeds than
using pendimethalin or metribuzin alone (Chhokar and
Sharma, 2023). Despite the benefits, herbicide mixtures
pose a recurrent problem: potential incompatibility
resulting in clumps and precipitates. This can cause
nozzle and filter clogs during application and loss of
product efficacy due to reduced active ingredient
amounts in spray droplets (Petter et al., 2012).

The mixture of bentazon and imazamox herbicides is
commonly used in various Brazilian crops due to its
efficacy, selectivity and economic impact. This
combination effectively controls several weed species in
common bean crops, particularly in postemergence
applications (Marchioretto and Dal Magro, 2017; Costa et
al., 2020). However, little research has been done on
combining fomesafen and imazamox herbicides,
especially in Santa Catarina's highlands, which have a
temperate climate (Cfb), unlike many Brazilian regions.
Herbicide combinations are widely used in Brazil to
mitigate selection pressure and prevent new herbicide-
resistant weed species from emerging.

Herbicide selectivity in weed control depends on
environmental factors, making it crucial to investigate
herbicide interactions in Santa Catarina's highlands,
where climate conditions frequently vary and common
bean crops are prevalent. The hypothesis is that mixing
herbicides with different mechanisms of action may be
compatible for weed control in bean crops. This study
aimed to identify incompatibilities in herbicide mixtures
applied to common bean crops and assess herbicide
interaction effects on weed control in Santa Catarina's

highlands, Brazil.

MATERIAL AND METHODS

Four experiments were conducted at the Faculty of Agricultural and
Veterinary Sciences of the State University of Santa Catarina
(CAV/UDESC), in Lages, Santa Catarina, Brazil, to assess physical
and chemical incompatibilities in herbicide mixtures (Experiments |
and Il) and the efficacy of these herbicide treatments in controlling
weed species (Experiments 1l and 1V).

Experiments | and Il

Two experiments were conducted to evaluate herbicide solutions,
alone or in combination, based on the methodology described in the
NBR13875 pesticides and related products: assessment of physical
and chemical compatibility (ABNT, 2014), with some modifications,
to visually assess the occurrence of incompatibilities (Table 1).

Physical stability of herbicide solutions

The physical stability of the spray mixture was evaluated by
preparing the mixture with well water having a hardness of 20 mg
kg' CaCO; equivalent, with four replications per treatment. The
herbicides were added according to the treatments and rates
described in Table 1, utilizing a 250 mL graduated cylinder with a
lid, a metal 149 ym mesh sieve, and a graduated pipette. After
preparation, the cylinder was capped and shaken 10 times to
homogenize the solutions. The solutions were visually evaluated
immediately after preparation (0 h), and at 1, 2, and 3 h after
preparation and resting. The possible effects of interactions
between products were assessed by observing homogeneity,
flocculation, sedimentation, phase separation, oil suspension, and
formation of clumps, crystals, cream, and foam.

Chemical stability of the solution

The chemical stability of the solution was evaluated using a
completely randomized experimental design with four replications in
a 4 x 4 factorial arrangement. The first factor consisted of herbicide
solutions (alone or in combination) and a control (water), and the
second factor consisted of evaluation times (0, 1, 2, and 3 h after
preparation). The pH and electrical conductivity (EC) of the mixtures
were measured using a benchtop pH meter and a conductivity
meter (QUIMIS) that were properly calibrated for acidic and basic
ranges.

Surface tension of spray droplets

Surface tension of spray droplets was assessed using a precision
balance (grams, with four decimal places), beakers, 1-L volumetric
flasks, a 50 ml burette, a stopwatch, and disposable gloves, based
on the droplet count method. A calibrated burette was used with
only distilled water; a 25 ml beaker containing an oil layer was
placed on the balance to prevent potential losses due to
evaporation. The burette was calibrated by timing the interval from
the initial formation of the drop to its complete fall from the burette
tip. The opening and closing of the burette valve were adjusted to
maintain the liquid column at 50 ml. The surface tension of spray
droplets of all treatments was quantified by the weight of the
droplets formed at the burette tip over 30 s; then, the obtained
values were converted considering the mean droplet weight of
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Table 1. Description of the treatments and herbicides used in Experiments | and Il to assess physical and chemical
incompatibilities in herbicide mixtures. CAV/UDESC, Lages, SC, Brazil, 2024.

Herbicide treatments Rate (c.p.) Rate (a.i.) Group HRAC) Mode of action
Experiment |

Control (water) - -—- - -—-
Bentazon 1.2 L ha' 600 g ha' 6 FSII (6)
Imazamox 60 g ha™! 42 g ha' 2 ALS (2)
Bentazon + Imazamox 1.2Lha'+60gha' 600 +42gha 6+2 FSII (6) + ALS (2)
Experiment Il

Control (water) -—- -
Fomesafen 1.0L ha' 250 g ha 14 PPO (14)
Imazamox 60 g 42 g ha™ 2 ALS (2)
Fomesafen + Imazamox 1.0 L ha'+60gha' 250+ 42gha" 14 +2 PPO (14) + ALS (2)

c.p. = commercial product; a.i. = active ingredient; 14 = protoporphyrinogen oxidase (PPO/PROTOX) inhibitors; 2
acetolactate synthase (ALS) inhibitors; 6 = photosystem Il inhibitors. Manufacturer's recommended rates. HRAC
Brazilian Herbicide Resistance Action Committee (HRAC, 2024).
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distilled water, 71.97 mN m™ at 25°C. The surface tension (ST; mN
m') was determined using the formula ST = W1 x 71.97 / W2,
where W1 is the weight (grams) of the treatment droplets and W2 is
the weight (grams) of the distilled water droplets (Silva-Matte et al.,
2014).

Experiments lll and IV

Following the analyses of herbicide solutions in Experiments | and
Il, the same herbicide treatments and rates (Table 1) were
evaluated in Experiments Il and IV to assess their control of the
following weed species: Bidens pilosa, Euphorbia heterophylla,
Eleusine indica, and Cyperus esculentus in a greenhouse (Table 1).
Both experiments were conducted in a completely randomized
design with four replications; the herbicide treatments (Table 1)
were applied at post-emergence of weeds.

The evaluated weed species were manually seeded in 1 dm™
pots at a depth of approximately 1 cm, using approximately 5 seeds
(B. pilosa and E. heterophylla) or 7 seeds (E. indica and C.
esculentus) per pot. A density of two plants (B. pilosa and E.
heterophylla) or three plants (E. indica and C. esculentus) per pot
were maintained at the time of treatment application.

Herbicide treatments were applied using a COz-pressurized
backpack sprayer at a constant pressure of 210 kPa, equipped with
boom with four AIXR 110 015 spray nozzles spaced 50 cm apart,
for applying a spray volume of 150 L ha™'. Weather conditions at the
time of applications were: temperature of 23°C, relative air humidity
of 68%, and wind speed of 3.8 km h'. Daily irrigation was carried
out manually.

The weed control efficacy was assessed at 7, 21, and 28 days
after application (DAA) based on a percentage scale from 0 to
100%, in which zero represents no symptoms and 100% represents
the death of the plant. The effect of the interaction between
herbicides on weed control (%) was determined using the equation
proposed by Colby (1997) to calculate the expected value (EV) of
the herbicide interaction:

=

EVF =4 +1 -

1oix

where EV is the expected control or injury caused by the herbicide

combination, and X and Y are the percentages of weed control
provided by herbicide applied separately.

Statistical analysis

The data from Experiments | and |l were subjected to univariate
analysis of variance (ANOVA) using the F-test (p < 0.05).
Significant means were subjected to analysis of the interaction
effect between factors (herbicide solution and evaluation time); pH
data were subjected to regression analysis using polynomial
decomposition based on orthogonal contrasts. However, the choice
of graphs was based on the significance of degree of polynomials
(*), sum of squares (SS), and coefficient of determination (R?).

The data from Experiments Ill and IV were subjected to ANOVA
using the F-test at a 5% significance level. Significant means were
subjected to multiple comparison using the Tukey's test (p < 0.05)
based on the interaction effect between factors (herbicide
application and weed species).

The data obtained through the Colby method were subjected to
ANOVA, and means were compared using the Tukey's test (p <
0.05). When significant differences were found among treatments,
the effect of an herbicide interaction was considered antagonistic or
synergistic when the weed control from applying an herbicide
combination was lower or higher, respectively, than that expected
from the sum of control percentages provided by the herbicides
applied separately.

All statistical analyses were carried out using the academic
version of the Statistical Analysis System - SAS software (SAS
University Edition). Graphs were developed using the SigmaPlot
10.0 software (Systat Software, San Jose, USA).

RESULTS
Experiments | and Il

No physical instability was found for the herbicide
solutions tested in Experiments | and Il, with all solutions
(herbicides alone or in combination) showing homogeneity
(Table 2). However, foam formation was observed for the
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Table 2. Physical characteristics of herbicide solutions at different times after preparation: homogeneity
(HG), flocculation (FL), sedimentation (SD), phase separation (FS), oil suspension (OS), and formation
of clumps (CL), crystals (CR), cream (CE), and foam (FO).

Ti " . Experiment |
ime after preparation Control Bentazon Imazamox Herbicide combination
0 HG HG; FO HG; FO HG; FO
1h HG HG; FO HG; FO HG; FO
2h HG HG; FO HG HG; FO
3h HG HG; FO HG HG; FO
Time Experiment Il
Control Fomesafen Imazamox Herbicide combination
0 HG HG; FO HG; FO HG; FO
1h HG HG; FO HG; FO HG; FO
2h HG HG HG HG
3h HG HG HG HG

Table 3. Analysis of variance for pH and electrical conductivity of herbicide solutions evaluated at different
periods after preparation. UDESC, Lages, Santa Catarina, Brazil, 2024.

Source of variation Degrees of freedom pH Electrical conductivity (S m™)
Experiment |

Herbicide solution 3 194.81* 36,169.90*
Evaluation time 3 78.43* 1.50NS
Herbicide x Time 9 9.57* 0.82NS
Residue 48 - -
Total 63
Mean 7.74 1,117.91
CV (%) 0.92 1.49
Experiment Il

Herbicide solution 3 262.60* 4,707.75*
Evaluation time 3 14.54* 2.19Ns
Herbicide x Time 9 10.89* 1.07NS
Residue 48 - -
Total 63
Mean 7.71 601.83
CV (%) 2.22 1.88

CV = coefficient of variation; * and NS = significant and not significant (p < 0.05), respectively, by the F-test.

bentazon solution (Experiment I) at all evaluation times,
whereas imazamox solution exhibited this phenomenon
only at one hour after preparation, Moreover, a persistent
foam formation was found in the solution combining both
herbicides. In Experiment 1l foam formation was
observed immediately after solution preparation,
extending for one hour for solutions with fomesafen and
imazamox alone or in combination (Table 2).

ANOVA showed a significant interaction effect (p <
0.05) between the factors (herbicide solution and
evaluation time) for pH in both experiments (I and II). This

result denotes a pH variation in the herbicide solutions
over time; similarly, there was a pH variation for each
evaluation time. This indicates that pH may vary as a
function of the solution resting time, providing useful
information about the ideal timing for herbicide application
after solution preparation. No significant interaction effect
was found for electrical conductivity, only an individual
effect of the herbicide solution factor (Table 3).

Herbicide solutions had a significant effect on surface
tension of spray droplets in both experiments (Table 4).
The means found differed significantly among single



Joaquim et al, 1053

Table 4. Analysis of variance for surface tension (MNm™) of spray droplets of herbicide solutions (alone and in

combinations), Lages, Santa Catarina, Brazil, 2024.

Source of variation Degrees of freedom Sum of squares Mean square F-test (p <0.05) p-value
Experiment |

Treatment 3 1.058.49 353.16 60.16 < 0.001
Residue 12 70.45 5.87 -—- -—-
Total 15 1.129.92 - -
Mean 80.51

CV (%) 3.01

Experiment ||

Treatment 3 1.752.98 584.32 112.35 < 0.001
Residue 12 62.40 5.20 -—- -—-
Total 15 1.815.38 --- ---
Mean 64.68

CV (%) 3.53

CV = coefficient of variation.

herbicide solutions in both experiments, with bentazon
showing higher mean than fomesafen, which is explained
by the particularities of each product.

The evaluated herbicide solutions presented significant
differences in electrical conductivity (EC). Combining
bentazon and imazamox resulted in the highest EC,
differing significantly from the other treatments (Figure
1A). Analysis of contrasts showed a linear regression for
the evaluated treatments; however, the choice of graph
was based on the significance of degree of polynomials
(*), sum of squares (SS), and coefficient of determination
(R?).

Linear regression for Experiments | and Il showed a
significant increase in pH in solutions of all treatments as
resting time increased (Figure 1B); these increases were
0.07 (bentazon), 0.20 (imazamox), and 0.17 (bentazon +
imazamox) for every hour the solution remained at rest
(Figure 1B).

The solution with imazamox alone showed lower EC,
with means significantly lower than the control in both
experiments. This increased EC in solutions combining
herbicides is due to the high means found for the
solutions with herbicides alone. The surface tension (ST)
of spray droplets varied in both experiments. Bentazon
alone was the only treatment that increased ST, differing
significantly. However, imazamox alone and the
combination of these two herbicides did not significantly
differ from the control (Figure 1C). The solution combining
fomesafen and imazamox increased EC compared to the
control (Figure 2A).

Fomesafen alone significantly decreased pH by 0.31
per hour of rest (Figure 2B), whereas imazamox alone
and these two herbicides combined significantly
increased pH by 0.21 and 0.23, respectively, per each
hour of rest (Figure 2B). Moreover, fomesafen alone and
its combination with imazamox significantly decreased ST

compared to the control, as well as imazamox alone
(Figure 2C).

Experiments lll and IV

The weed control (phytotoxicity) by the tested herbicide
treatments was significantly different (p < 0.05) for all
species and evaluation times (7, 14, and 28 DAA) in both
experiments (lll and IV). This result indicates that the
treatments promoted different weed control and the
control percentage varied according to the herbicide
treatment and weed species (Table 5).

In Experiment lll, the control of B. pilosa and C.
esculentus was more effective compared to the other
species for all herbicide treatments applied, alone or in
combination, with control of approximately 100% (Figure
3A, 3B, and 3C).

E. indica was the least affected by the herbicides at all
evaluations, with a control of approximately 20%. The
control of E. heterophylla was gradual over of the
evaluations, but not exceeding 50%; however, the
application of imazamox alone resulted in 60% and 95%
control at 14 DAA and 28 and DAA, respectively (Figure
3B and 3C).

In Experiment IV, the control of B. pilosa and C.
esculentus was more effective at 7 and 14 DAA
compared to the other species, in all treatments applied,
with a control above 90%; however, imazamox alone
resulted in approximately 60% and 80% at 7 and 14 DAA,
respectively, being the less effective herbicide treatment
(Figure 4A and 4B).

Applying herbicides alone and in combination resulted
in approximately 100% control of B. pilosa, C. esculentus,
and E. Heterophylla at 28 DAA (Figure 4C). As in
Experiment Ill, E. indica was the least affected by the
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Figure 1. Comparison of means of electrical conductivity (S m™) (A) and surface tension (mNm™') (C), and
regression for pH (B) of the evaluated herbicide solutions. CAV/UDESC. Lages, SC, Brazil, 2024.
Means followed by the same letter in Figures A and C are not significantly different from each other by the

Tukey's test (p < 0.05).

herbicide treatments (Figure 4A, 4B and 4C).

In Experiment 1ll, the herbicide combination (bentazon
+ imazamox) had an additive effect on the control of C.
esculentus and B. pilosa; however, this treatment
resulted in an antagonistic effect on the control of E.
indica and E. heterophylla. In Experiment IV, the
herbicide combination (fomesafen + imazamox) had an
additive effect on all species (Table 6).

DISCUSSION

The results showed no physical incompatibility in the
herbicide solutions evaluated in Experiments | and Il, with
all solutions (herbicides alone or in combination) showing
homogeneity. Incompatibility is evident when a solution
presents flocs, crystals, clumps, or phase separation,
indicating that the products calnnot be uniformly mixed.
The presence of foam in the solution combining bentazon

and imazamox can be attributed to the formation of foam
characteristic of bentazon. This effect is explained by
agitation immediately after solution preparation, which
can disappear after some preparation time, as also found
in other studies (Tavarese and Cunha, 2023). A longer
duration of foam presence is not an advantage for the
applicator, as foams can occupy spaces intended for the
spray solution, compromising the accuracy in tank filling,
which can result in alterations, errors of rates, and an
increased risk of contamination during solution
preparation.

The herbicide was the most important factor, which
accounted for 94.0% of the variation in pH in the
experiment, whereas the evaluation time factor was
responsible for 3.8% of the variation. The herbicide factor
was responsible for 99.9% of the variation in EC,
whereas the evaluation time factor accounted for 0.004%
of the variation. This indicates that adjustments in
herbicide use are more critical for managing phytotoxicity
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Figure 2. Comparison of means of electrical conductivity (S/m) (A) and surface tension (mNm-') (C) and
regression for pH (B) of the evaluated herbicide solution treatments. CAV/UDESC. Lages, SC, Brazil, 2024.
Means followed by the same letter in Figures A and C are not significantly different from each other by the

Tukey's test (p < 0.05).

in weeds than the selection of species.

Therefore, further studies involving the resting time of
herbicide solutions should assess the herbicide factor,
alone or in combinations, with different evaluation
intervals, despite it presented significant variations.
Despite the herbicide treatments showed variation in EC,
this was not found over time (Figures 1A and 2A).
However, the solutions with imazamox alone showed EC
below that of the control in both experiments (I and II),
whereas bentazon and fomesafen alone presented
increased EC compared to the control; this increase was
also found when these herbicides were combined with
imazamox.

The effect of EC on herbicide efficacy is not fully
understood, as since there is little information on the
dynamics of EC in the physiological aspect of plants.
However, it is believed that a high EC provides the
presence of large amounts of ions, which can decrease
product efficacy, affecting water solubility, absorption,
and hydrolysis, by plants. Moreover, little is known about

the ideal EC range for a satisfactory effect on the plant.
Therefore, detailed information is still needed for a better
understanding of the dynamics of EC (Tavarese and
Cunha, 2023).

EC decreased in the imazamox solution because it is a
weak acid that partially dissociates in aqueous solutions,
releasing few H* and CH3COO™ ions, resulting in a low
EC. EC is dependent on the presence of free ions in the
solution, that is, the higher the presence of ions, the
higher the solution EC.

The decrease in pH of the solutions shown in Figures
1B and 2B was due to the low pH of imazamox alone;
these two treatments had pH below neutrality (7.0), which
is considered acid. This may result in a higher efficacy of
the herbicides, as their efficacy is higher when the
solutions have pH between 6 and 6.5 (Murphy, 2004). In
addition, the hydrolysis rate is delayed under a low pH,
maintain leaf moist for a longer period, as leaf surfaces
have, in general, neutral pH and interact with the solution
pH (Cunha and Alves, 2009).
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Table 5. Analysis of variance for phytotoxicity in weed species at 7, 14, and 28 days after application (DAA) of herbicide solutions. UDESC, Lages, Santa Catarina, Brazil, 2024.

sV DF C. esculentus E. indica B. pilosa E. heterophylla
7 DAA 14 DAA 28 DAA 7 DAA 14 DAA 28 DAA 7 DAA 14 DAA 28 DAA 7 DAA 14 DAA 28 DAA

Experiment IlI

TR 3 7.8" 25.87* 409.4* 6.41* 12.33* 8.4* 93.3* 319.48* 1533.9* 3.46* 7.9* 15.8*

Error 12 - - --- --- --- ---

Total 15 -—- - - - -—- - -—- - -—- -—- -
Mean 50.93 62.62 71.75 8.56 9.43 14.68 67.06 69.87 72.81 15.75 29.37 41.43
CV (%) 49.07 28.39 6.60 52.95 41.23 49.12 13.84 7.46 3.40 76.57 59.29 45.80
Experiment IV

TR 3 38.6" 471.4* 981.6* 14.4* 34.4* 23.3* 46.3% 325.6* 1801.5* 28.5* 16.8* 26.5*

Error 12 - - -—- - - - - - - - -

Total 15 - - - - - -
Mean 62.12 69.50 71.87 37.50 47.62 52.18 59.12 67.93 71.18 33.75 55.37 69.68
CV (%) 22.52 6.18 4.25 40.74 26.38 28.05 21.36 7.46 3.14 32.57 35.77 26.24

SV = source of variation; DF = degrees of freedom; TR = treatment; * and N° = significant and not significant (p < 0.05), respectively, by the F-test.
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Figure 3. Comparison of means for the interaction effect (herbicide x species) regarding phytotoxicity at 7, 14, and 28 days
after application (DAA), in Experiment Ill. UDESC, Lages, Santa Catarina, Brazil, 2024.

Means followed by the same uppercase letter comparing herbicides or lowercase letter comparing weed species are not
significantly different from each other by the Tukey's test (p < 0.05).
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Figure 4. Comparison of means for the interaction effect (herbicide x weed species) regarding phytotoxicity at 7,
14, and 28 days after application (DAA) in Experiment IV. UDESC, Lages, Santa Catarina, Brazil, 2024.

Means followed by the same uppercase letter comparing herbicides or lowercase letter comparing species are not
significantly different from each other by the Tukey's test (p < 0.05).

Imazamox is a weak acid and its charge depends on pH,
thus, when introduced to an acid aqueous solution or
medium (pH < pKa), it is not dissociated, resulting in a
higher quantity in non-ionic form (HA) and lower quantity
in ionic form (dissociated — HA"); however, when it is
introduced to a basic aqueous medium (pH > pKa), it is
dissociated, resulting in a lower quantity in non-ionic form
(HA) and a higher quantity in ionic form (dissociated —HA-
) (Carvalho, 2013).

Contrastingly, bentazon and fomesafen alone (Figures
1B and 2B) exhibited a pH above neutrality (7.0), which is
considered alkaline; this pH can cause mixture instability
and consequently ineffective control (Murphy, 2004).
Most pesticides decompose rapidly at alkaline pH
(Kissmann, 1997). Moreover, excessive acidification is
undesirable because the action of these products can be
altered due to precipitation (Murphy, 2004). Furthermore,
a pH lower than 5.0 increases the potential for
volatilization of these products and can promote off-target
deposition (drift) (Striegel et al., 2021).

The pH of the evaluated herbicide solutions increased
gradually and significantly over time. This indicates that
these products should be applied soon after solution
preparation. This increased pH over of time can lead to
herbicide incompatibility, which can result in negative
effects such as changes in stability, efficacy, and
degradation molecules, inhibition of target site activity,
and stimulation or inhibition of metabolic detoxification
processes in some target biotypes (Vechia et al., 2018).
However, these results should be confirmed under field
experimental conditions.

Additionally, adversities in weed control in crop fields
can be determinants for pH variations. A study evaluating
the effect of spray solution pH on the efficacy of
herbicides against volunteer rapeseed (Brassica napus
L.) showed that the application of mesotrione at a pH of
4.0 contributed to greater efficacy in controlling rapeseed

(87%) (Gzanka et al., 2021).

The surface tension (TS) of spray droplets varied
among the herbicide treatments; however, similar to pH,
ST decreased with the combination of herbicides (Figure
2C). Imazamox, alone and combined with bentazon,
maintained ST similar to the control, with no significant
difference. Thus, there was no increase in ST in herbicide
combination compared to the control (Figures 1C and
2C). These results show a potential efficiency in the
deposition and spreading of the solution on the target
when applying a solution combining herbicides (Song et
al., 2021), as decreases in droplet surface tension are
commonly positively correlated with droplet dispersion,
that is, the lower the ST and the contact angle with the
target surface, the greater the dispersion and,
consequently, the greater the deposit and coverage of
the target (Decaro Jr. et al., 2015).

All treatments showed effective control of B. pilosa and
C.s esculentus at 28 DAA, differing from E. indica and E.
heterophylla, which were less affected by the herbicide
effect (Figure 3C). The herbicide efficacy in controlling E.
indica and E. heterophylla varied between Experiments IlI
and IV; control was less effective in Experiment Ill (Figure
3) than in Experiment IV (Figure 4). This may be
attributed to the tolerance of these species to bentazon
and its antagonistic effect when interacting with
imazamox (Table 6). Moreover, there is no current history
of resistance of B. pilosa and E. heterophylla to ALS
inhibiting herbicides, which may explain the action of
imazamox on these species.

Regarding the control effect of bentazon alone and in
combination with imazamox on E. heterophylla, this
herbicide decreased the effect of imazamox in controlling
this species. This can be attributed to antagonism in the
interaction between these two herbicides, as bentazon
mixed with some herbicides can cause antagonism in
weed control. This herbicide can inhibit photosynthetic
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Table 6. Weed control percentage (phytotoxicity) at 28 days after application (DAA) of herbicide treatments, UDESC,

Lages, Santa Catarina, Brazil, 2024.

Cyperus esculentus

Eleusine indica

Bidens pilosa Euphorbia heterophylla

Treatment ~V6 Ve I Vo Ve I Vo Ve I __ Vo Ve I
Experiment Il

Control 0.0 - - 0.0 - -- 0.0 - - 0.0 - --
Bentazon 96.8 - - 155 -- - 975 - -- 38.8 - --
Imazamox  91.3 - - 245 -- - 96.0 - -- 90.3 -- -
Mixture 99.0 995N AD 188 36.4* AN 97.8 999N AD 36.8 93.9* AN
Experiment IV

Control 0.0 - - 0.0 - -- 0.0 - - 0.0 - --
Fomesafen 97.3 -- - 743 -- - 96.3 -- -- 82.0 -- -
Imazamox  92.5 -- -- 608 -- - 908 -- -- 96.8 -- --
Mixture 97.5 99.8N¢ AD 73.8 88.0" AD 978 99.7N8 AD 100.0 100.0N  AD

Vo = observed value; Ve = expected value (Colby); | = interaction (AN = antagonistic; AD = additive; SG = synergistic). * and

NS = significant and not significant (p < 0.05), respectively, by the F-test.

electron flow in chloroplasts of sensitive tissues, which
contributes to decreasing photosynthetic activity. The
oxidative stress promoted by this herbicide hinders
proteins and membranes of photosynthetic cells and
causes cell death in weeds (Radwan et al., 2019).

Therefore, the antagonistic effect of the interaction
between bentazon and imazamox may be due to a
decreased absorption and/or translocation and changes
in the metabolism of imazamox by the action of bentazon.
This results in reduced efficacy in weed control, as
bentazon promotes a protective effect in the plant against
ALS-inhibiting herbicides due to its acting in photosystem
II (PSIl). It decreases the proportion of production and
translocation of photoassimilates, decreasing the rate of
absorption and transport of ALS-inhibiting herbicides in
the plant phloem (Bauer et al., 1995).

However, these results are consistent with those found
by Joaquim Juanior et al. (2023), who reported that the
mixture of bentazon and imazethapyr resulted in lower
phytotoxicity in cowpea plants (Vigna unguiculata), which
may be connected to the antagonism found in the
mixture.

A mixture is considered antagonistic, additive, or
synergic when its effect is, respectively, less than, equal
to, or greater than the sum of the effects of applying the
products separately (Staker and Oliver, 1998). Therefore,
none of the evaluated herbicide combinations showed a
synergistic effect in the present study.

The mixture of fomesafen and imazamox showed an
additive effect, resulting in a satisfactory weed control.
Studies on the combination of these herbicides have
shown their efficacy in controlling several weed species
in common bean crops, with high control for
postemergence applications (Marchioretto and Dal
Magro, 2017; Costa et al., 2020). This should raise the
interest in similar research under field conditions for this

region, as these herbicides have different modes of
action and translocation in the plant.

Imazamox is a systemic herbicide that is absorbed and
translocated in the plant to the site of action, which is the
acetolactate synthase (ALS) enzyme, resulting in the
blockage of the production of branched-chain amino
acids (valine, leucine, and isoleucine) and in decreases in
protein synthesis and cell division (Gurbuz and Yenturk,
2022). Fomesafen is a contact herbicide and does not
translocate in the plant, that is, it acts specifically at the
site  of deposition. It inhibits the action of the
protoporphyrinogen oxidase (PROTOX) enzyme, which
prevents the formation of chlorophylls and, consequently,
the formation of reactive oxygen species, resulting in lipid
peroxidation and destruction of cell membranes, leading
the total plant collapse (Brusamarello et al., 2021).

Improving product retention on leaves by using
adjuvants in the solution formulation is one of the
strategies to achieve complete control of E. indica, as
found for the other evaluated species, as it can assist in
overcoming the cuticle barrier, increasing the deposition
and efficacy of the spray solution on leaf tissues,
resulting in a better penetration of the active ingredient
through the plant surfaces (Rasch et al., 2018).

Further investigations should address formulation
aspects (rates) to assess whether reduced rates in the
herbicides mixtures used in this study result in
satisfactory control for these weed species, as some
research studies have shown promising weed control
with reduced rates of active ingredients (Khaliq et al.,
2011; Vechia et al.,, 2018), with can minimize the
environmental impacts of herbicide applications (Kudsk,
2008) and reduce production costs.

The results found in the present study should be tested
under field conditions, since the results for weed control
by the interaction of herbicides can vary due to



experimental conditions and weed species. Research
conducted by (Sorensen et al.,, 1987) showed that the
effect of mixing bentazon and acifluorfen to for the control
of Amaranthus retroflexus L. can be described as
antagonistic under greenhouse conditions, but was
synergistic under natural environmental conditions.
Additionally, combining these herbicides under the
greenhouse conditions resulted in a synergistic
interaction for controlling Chenopodium album L., without
the use of adjuvants; however, the same interaction was
considered additive when a vegetable oil was used in the
formulation.

Conclusion

No physical or chemical incompatibilities were found in
the evaluated herbicide mixtures. However, Experiment
Il revealed that bentazon and imazamox, alone or
combined, failed to satisfactorily control E. indica and E.
heterophylla due to an antagonistic effect. In contrast,
combining bentazon and imazamox showed promise in
controlling C. esculentus and B. pilosa. Meanwhile,
combining fomesafen and imazamox demonstrated
potential in controlling all evaluated weed species.
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Chemical insecticides are used to manage Chrysodeixis includens in soybean (Glycine max (L.) Merrill). Flu-
bendiamide was selected for this study due to its widespread application and its role as a key insecticide for
controlling lepidopteran pests, including C. includens. Frequent insecticide use exerts high selection pressure that
can cause control failure caused by an increased frequency of resistant insects in the population. However, in the
absence of selection pressure, resistant insects may exhibit fitness costs that can restore susceptibility. Therefore,
this study aimed to examine the stability of C. includens resistance to flubendiamide and to evaluate the asso-
ciated fitness costs. Resistance dynamics were evaluated for eight generations without selection pressure by
flubendiamide, using three populations: resistant (CiResFlu), susceptible (SUSCI-15), and a mixture of 50%
SUSCI-15 and 50% CiResFlu (SusRes). In each generation, a subset of insects were exposed to 0.5053 pg a.i.
em 2. To investigate the fitness costs, the biological parameters of the life cycle of the SUSCI-15 and CiResFlu
populations were compared, and these parameters were used to construct the fertility life table. In the absence of
selection pressure from flubendiamide, the CiResFlu population reverted to susceptibility. Based on the evalu-
ation of the duration and viability of immature and adult stages and the estimation of parameters of the fertility
life table, no adaptive costs were detected between the resistant and susceptible populations. Thus, flubendia-
mide resistance in C. includens is unstable, and no fitness costs were observed.

1. Introduction

Brazil is the world’s largest producer of soybean (Glycine max [L.]
Merrill), with approximately 154.6 million tons harvested from 44.1
million hectares during the 2022/23 crop season (CONAB, 2024).
However, pest insect damage is estimated to reduce Brazilian soybean
production by approximately 5% (Oliveira et al., 2014). Among
ecologically responsible control methods, integrated pest management
(IPM) stands out as a program that promotes more sustainable and
economically viable agricultural practices through the rational use of
pest control methods (Bueno et al., 2021). The efficiency of IPM lies in
from its ability to consider the economic injury level and integrate
different control strategies, reducing the reliance on chemical products,

* Corresponding author.

especially in soybean cultivation, which typically requires large quan-
tities (Bueno et al., 2021). Consequently, IPM contributes to reducing
environmental impacts and mitigating pest resistance.

The soybean looper, Chrysodeixis includens (Walker, 1858) (Lepi-
doptera: Noctuidae), is a polyphagous pest with more than 170 host
species across 39 botanical families (Specht et al., 2015). Until the late
1990s, it was considered a secondary pest in soybean crops. However,
following population outbreaks during the 2003-2004 harvest, it
became a key pest in all soybean-producing states in Brazil (Specht et al.,
2015). Due to its widespread presence and economic impact, it is now
regarded as one of the most significant species of the subfamily Plusiinae
affecting soybeans in Brazil (Silva et al., 2020).

Chemical insecticides are commonly used across various crops to
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manage C. includens. However, this approach often fails in soybean due
to factors such as the pest’s habit of remaining sheltered under the plant
canopy (Zulin et al., 2018), its high tolerance to certain active in-
gredients (Dowd and Sparks, 1986), and increased resistance resulting
from selection pressure (Perini et al., 2019). Cases of C. includens resis-
tance to various insecticides have been reported, including dichlor-
odiphenyltrichloroethane (DDT), benzene hexachloride (BHCQ),
acephate, methyl parathion, methomyl, thiocarb, cypermethrin, fen-
valerate, permethrin, and tefluthrin in the United States of America
(Felland et al., 1990; Leonard et al., 1990; Thomas et al., 1996; Mas-
carenhas and Boethel, 1997), chlorantraniliprole in Puerto Rico (Isbilir
et al, 2023), and flubendiamide, teflubenzuron, and
lambda-cyhalothrin in Brazil (Schneider and Sosa-Gomez, 2016; Stacke
et al., 2019, 2020a, 2020b; Perini et al., 2021; Restelatto et al., 2021;
Contini et al., 2022). Diamides (IRAC MoA group 28) are a class of
innovative insecticides that have become widely adopted for managing
Lepidoptera pests due to their effectiveness and novel mechanisms of
action (Liu et al., 2010; Kadala et al., 2020). Active ingredients chlor-
antraniliprole, cyantraniliprole, cyclaniliprole, flubendiamide, and tet-
raniprole are included in the diamide chemical group (IRAC, 2024).
They are considered efficient insecticides with a low environmental risk
compared to other chemical insecticides (Lin et al., 2022).

The presence of resistance alleles may lead to fitness costs in insects,
which is a fitness disadvantage for resistant insects compared to sus-
ceptible ones in the absence of selection pressure (Belinato and Martins,
2016). Despite a high frequency of resistant individuals, pest insect
populations can still be managed effectively (Bird et al., 2020). Thus,
understanding the dynamics of resistance is fundamental for improving
management strategies, potentially delaying further increases in resis-
tance, and enabling the use of insecticides that had previously failed in
pest control (Liu et al., 2021). Therefore, to enhance insect resistance
management (IRM) strategies, this study aimed to investigate the sta-
bility of flubendiamide resistance in C. includens and assess the presence
of any fitness costs in the biological parameters of its life cycle.

2. Material and methods
2.1. Rearing populations in the laboratory

The reference susceptible population of C. includens (SUSCI-15) was
collected from the municipality of Engenheiro Coelho, SP in 2015 and
provided by the company PROMIP Manejo Integrado de Pragas Ltda.
This population was maintained in a laboratory without insecticide se-
lection pressure (Restelatto et al., 2021). The flubendiamide-resistant
population of C. includens (CiResFlu) was collected from the munici-
pality of Londrina, PR, in 2018, and it has been under selection pressure
ever since, with flubendiamide applied at a concentration of 0.5053 pg
a.i. cm™2. This concentration is approximately equal to the LCos of the
SUSCI-15 population, which has been designated as the diagnostic
concentration (Contini et al., 2022).

Adult insects were placed in polyvinyl chloride (PVC) tubes (200 x
200 mm in diameter), which were closed at the top with voile fabric. The
tubes were lined with yellow bond paper as an oviposition substrate.
Approximately 30 C. includens adults were placed in each cage. Feed was
provided using three 50-mm Petri dishes containing cotton soaked in
different solutions: 10% diluted honey, 0.1% sorbic acid, and 0.1%
methylparaben; 1% diluted honey, 10% sugar, 0.1% sorbic acid, and
0.1% methylparaben with beer at a 3:2 ratio; and distilled water
(Contini et al., 2022).

Every 2 days, the bond paper containing the eggs was cut into strips
and placed in 500 mL plastic pots with an artificial bean-based diet
(Greene et al., 1976). The paper was secured with adhesive tape to
prevent contact with the diet. The third-instar larvae were transferred to
50-mL plastic pots containing the artificial diet, which were sealed with
an acrylic lid (3 larvae per plastic pot). The pupae were disinfected in a
1% copper soluction and transferred to adult cages (PVC tubes).
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Chrysodeixis includens individuals were reared in a temperature-
controlled room at 25 + 2 °C, with a relative humidity of 60 + 10%,
and a photoperiod of 14 h.

2.2. Toxicological bioassays

The toxicological bioassays used the active ingredient flubendiamide
(480 g a.i. L1, Belt®), employing the diet ingestion method with the
insecticide applied as an overlay on the diet (Stacke et al., 2019; Mas-
carenhas and Boethel, 2000; Contini et al., 2022). Approximately 1.5 mL
of artificial diet was placed in 24-well acrylic plates (Costar®, model
3526, Cambridge, MA, USA). After setting the diet, 30 pL of the insec-
ticide solution diluted in distilled water containing 0.1% Triton X-100®
surfactant (Labsynth Produtos para Laboratério) was applied as an
overlay on the diet. The control treatment consisted solely of distilled
water.

After the insecticide had dried on the diet overlay, a third-instar
larva was transferred to each well. Mortality was assessed after 96 h.
The criterion for mortality was the absence of movement after touching
the backs of the larvae with tweezers (Mascarenhas and Boethel, 2000;
Contini et al., 2022).

2.3. Characterization of resistance

To characterize the resistance of C. includens to the active ingredient
flubendiamide, 6-7 logarithmically spaced concentrations were used to
determine mortality, ranging between 5% and 95%. The concentrations
were 0.0051-0.5053 pg a.i. cm ™2 for SUSCI-15 and 0.2842-15.7895 jig
a.i. cm~2 for CiResFlu. Each replicate consisted of an acrylic plate with
24 larvae, and 2 to 5 repetitions were performed for each treatment.

2.4. Resistance stability under laboratory conditions

The flubendiamide resistance stability of C. includens was evaluated
over eight generations without selection pressure. This experiment used
the pupae from SUSCI-15 and CiResFlu populations. Based on these
populations, a third population (SusRes) was established, corresponding
to a mixture of 50% pupae from each population. For all populations,
two cages containing 52 pupae were set up with the same number of
males and females.

In each generation, third-instar larvae were subjected to bioassays
with a diagnostic concentration of 0.5053 pg a.i. cm~2 (Contini et al.,
2022). Each replicate was composed of two acrylic plates with 48 larvae.
Five replicates were performed per treatment. Survival data were cor-
rected based on the control treatment (Abbott, 1925).

2.5. Fitness cost study

The fitness cost experiment used 288 neonate larvae (<24 h old)
from each population (SUSCI-15 and CiResFlu), and with each larva
transferred to individual acrylic plates. Upon reaching the third instar,
they were transferred to 50 mL plastic cups. In both types of containers,
they were fed an artificial bean-based diet. Subsequently, the pupae
were placed in individual 50-mL plastic cups, which were turned upside
down on a tray lined with germination paper moistened with distilled
water until adult emergence.

For the adult life table study, at least 14 pairs (one male and one
female) were formed per treatment. They were maintained in 200 x 200
mm PVC tubes, covered at the top with voile fabric and lined with yellow
bond paper to serve as an oviposition substrate. The eggs were removed
daily and counted. The following parameters were assessed daily:
duration (days) and viability (%) of the egg, larval, pupal, and adult
longevity periods. Egg viability was assessed by counting the number of
neonates that hatched during the second oviposition.
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2.6. Data analysis

The experiments were conducted in a completely randomized design.
To characterize resistance, the concentration-mortality data from diet-
overlay bioassays were analyzed with a Chi-square (x?) goodness-of-fit
test in SAS to asess whether they met the assumptions of the probit
model. If the y? values predicted by the model did not significantly differ
from the observed values (P > 0.05), the model was considered a good
fit. Probit analysis was then performed, using the normal distribution
option of the PROC PROBIT procedure in SAS, to estimate the lethal
concentrations for 50% (LCsp) and 95% (LCgs) of individuals in both
populations. The resistance ratio (RR) was calculated by comparing the
LCs of the CiResFlu population to that of the SUSCI-15 population. The
LCos of the SUSCI-15 population was used as the diagnostic concentra-
tion. Probit regressions were used to test the hypotheses of parallelism
and equality using PoloPlus software (version 1.0).

Insecticide resistance stability was assessed using SAS statistical
software with PROC GLM (generalized linear models). Initially, an
analysis of variance (ANOVA) was performed to investigate the effects of
treatments and their interactions. The “slice” option was applied to
determine the decomposition of simple effects, allowing for an analysis
of specific variations within the treatment interactions. The populations
were compared using Tukey’s test, with a significance level of 5%.

Statistical analysis was performed using the PROC GLIMMIX pro-
cedure (generalized linear mixed models) in SAS software. This pro-
cedure was selected because the variable duration (in days) and viability
of the biological parameter estimates did not follow a normal distribu-
tion. This was due to the intrinsic nature of these variables, which
involved counting, causing the data to fit a Poisson distribution.

The estimates of the evaluated parameters were used to construct the
fertility life table to determine the net reproduction rate (R,), mean
generation length (T), doubling time (DT), intrinsic rate of increase (ry,),
and finite rate of increase (1). The population parameter estimates were
obtained using the Jackknife method, and the means were compared
using a t-test (P < 0.05) with the “lifetable.sas” program in SAS statistical
software (Maia et al., 2000).

3. Results
3.1. Characterization of resistance

Based on the dose-response analysis for the susceptibility of Chrys-
odeixis includens populations to flubendiamide, the LCsy values were
estimated at 0.064 (0.049-0.082) pg a.i. cm =2 for the SUSCI-15 and
2.52 (2.14-2.98) pg a.i. cm ™2 for CiResFlu (Table 1). There was no
overlap between the confidence intervals, indicating a significant dif-
ference in susceptibility between the two populations. The slope of the
regression line was 1.51 + 0.13 for SUSCI-15 and 1.57 + 0.11 for CiR-
esFlu. The hypothesis of equality was rejected (y* = 327; df = 2; P <
0.05) while the hypothesis of parallelism was accepted (Xz = 0.60; df =
1; P > 0.05) for the angular coefficients and the intercepts between
populations. The estimated RR was 39-fold, based on the LCsg (Table 1).
The LCos was 0.778 (0.529-1.355) g a.i. cm ™2 for SUSCI-15 and 28.121
(20.067-43.247) pg a.i. cm ™2 for CiResFlu.
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3.2. Resistance stability under laboratory conditions

Significant differences were observed for population (F = 189.16; df
= 2; P < 0.0001), generation (F = 23.78; df = 7; P < 0.0001), and
population-generation interaction (F = 5.40; df = 14; P < 0.0001). Thus,
it was important to qualitatively describe the interaction by separately
analyzing the variation attributable to the population factor at each
level of the generation factor. This analysis revealed that the mortality
variation across generations was significant for both the SusRes (F =
7.83; df = 7; P < 0.0001) and CiResFlu populations (F = 25.55; df = 7; P
< 0.0001). However, for the SUSCI-15 population, there were no
changes in the survival pattern across generations because the differ-
ences were not significant (F = 1.20; df = 7; P = 0.3083).

The boxplot in Fig. 1 illustrates the distribution of survival per-
centages across eight generations for the three populations: CiResFlu,
SUSCI-15, and SusRes. Considering the Tukey test at a 5% significance
level, the CiResFlu population exhibited the highest survival rate across
generations, while the SUSCI-15 population had the lowest survival rate.
During the first five generations, the survival rates among the three
populations (CiResFlu, SusRes, and SUSCI-15) were significantly
different, with CiResFlu showing the highest survival rate, followed by
SusRes and SUSCI-15. After the sixth generation, the SUSCI-15 and
SusRes populations no longer showed significant differences, although
both continued to differ significantly from the CiResFlu population,
which maintained the highest survival rate. This pattern indicates a
convergence in survival rates between SusRes and SUSCI-15, although
both populations continued to have significantly lower survival rates
compared to CiResFlu until the eighth generation, when the survival
rates of CiResFlu and SusRes became equal.

3.3. Fitness costs of flubendiamide resistance in Chrysodeixis includens

There were no significant differences between the populations dur-
ing the larval development period, with the SUSCI-15 population
exhibiting an average of 18.1 + 0.15 days (15-27 days) and the CiResFlu
population exhibiting an average of 17.7 + 0.11 days (16-31 days) (F =
0.89; df = 1, 411; P = 0.3472) (Fig. 2). For the pupal period, no sig-
nificant differences were found between the SUSCI-15 and CiResFlu
populations, which showed an average of 8.0 + 0.07 days (6-10 days)
and 8.2 + 0.05 days (5-10 days), respectively (F = 0.15; df = 1, 373; P
= 0.6990) (Fig. 2). There were no significant differences in pupal
weight; the SUSCI-15 population weighed 0.264 + 0.002 g, on average,
while CiResFlu weighed 0.270 + 0.002 g (F = 0.49; df = 1; P = 0.484).

The viability of the egg phase did not show significant differences
between the populations: 58.0 + 2.48% in SUSCI-15 and 62.8 + 4.29%
in CiResFlu (F = 1.80; df = 1, 19; P = 0.1959) (Fig. 3). During the larval
period, viability was significantly lower in the SUSCI-15 population
(64.6 £ 4.05%) than in CiResFlu (78.8 + 2.38%) (F = 16.90; df = 1, 22;
P = 0.0005) (Fig. 3). No significant differences in pupal viability, with
rates of 86.5 + 3.68% for the SUSCI-15 population and 94.1 + 1.55% for
the CiResFlu population (F = 3.83; df = 1, 22; P = 0.0633) (Fig. 3).

The longevity of male adults did not differ between the SUSCI-15 and
CiResFlu populations. It was 17.8 + 0.8 days, on average, for SUSCI-15
and 17.4 + 1.3 days for CiResFlu (F = 0.07; df = 1, 25; P = 0.7992)

Table 1

— Concentration-mortality (LC; pg a.i. cm?) response of Chrysodeixis includens populations, including susceptible (SUSCI-15) and resistant (CiResFlu) strains, to

flubendiamide.
Population n’ Slope + SE LCs (95% CI)" ¥ (df9) P RR¢
SUSCI-15 504 1.51 £ 0.13 0.064 (0.049-0.082) 2.51 (4) 0.64 -
CiResFlu 888 1.57 £ 0.11 2.52 (2.14-2.98) 4.88 (5) 0.43 39

@ Number of larvae tested.
b Degrees of freedom.

¢ LC s0: Lethal concentration required to kill 50% of insects (confidence interval at 95% probability).

4 Resistance ratio = LCsq of CiResFlu/LCsq of SUSCI-15.
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Fig. 1. — Survival percentage of Chrysodeixis includens populations, namely flubendiamide-susceptible (SUSCI-15), flubendiamide-resistant (CiResFlu), and 50%
SUSCI-15 and 50% CiResFlu (SusRes), over eight generations without selection pressure.
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Fig. 2. — Duration of immature stages of Chrysodeixis includens (Lepidoptera: Noctuidae) populations susceptible (SUSCI-15) and resistant (CiResFlu) to flu-

bendiamide.
" non-significant difference between treatment means (P < 0.05).

(Table 2). There were no differences in longevity of female adults: 19.2
+ 0.6 days for SUSCI-15 and 20.2 + 0.9 days for CiResFlu (F = 0.34; df
=1, 29; P = 0.5632) (Table 2). The populations did not present signif-
icant differences for female age at first oviposition: 31.9 + 0.4 days for
SUSCI-15 and 34.3 + 0.3 days for CiResFlu (F = 22.08; df =1, 32; P =
0.2472) (Table 2). Regarding fecundity, the cumulative total number of
eggs per female differed among populations. SUSCI-15 had a total of
1295 + 258 eggs per female, while CiResFlu had 1807 + 258 eggs per
female (F = 1340; df = 1, 32; P = 0.0001) (Table 2).

The biological cycle study generated the fertility life table to estimate
the population growth parameters of flubendiamide-susceptible SUSCI-
15 and flubendiamide-resistant CiResFlu populations of C. includens.
Regarding the net reproduction rate (R,), there was a difference between
the two populations: 379.1 + 54.1 for CiResFlu and 222.4 + 44.3 for
SUSCI-15 (P = 0.03219) (Table 3). There were no significant differences

for the other parameters in the fertility life table. The mean length of a
generation (T) was 37.4 + 0.36 days for CiResFlu and 38.2 + 0.78 days
for SUSCI-15 (P = 0.3806) (Table 3). The doubling time (DT) was 4.3 +
0.14 days for CiResFlu and 4.8 + 0.24 days for SUSCI-15 (P = 0.0734)
(Table 3). The intrinsic rate of increase (r,) was 0.16 & 0.005 for CiR-
esFlu and 0.14 & 0.007 for SUSCI-15 (P = 0.0569) (Table 3). The finite
rate of increase (A) was 1.17 £ 0.006 for CiResFlu and 1.15 4 0.008 for
SUSCI-15 (P = 0.0561) (Table 3). The comparison of ry, and A revealed a
high degree of similarity between the populations, indicating that the
CiResFlu population did not exhibit a fitness cost.

4. Discussion

Research on the dynamics of insecticide resistance is crucial for
making informed decisions in IPM. This study is the first to report the
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Fig. 3. — Viability of immature stages of Chrysodeixis includens (Lepidoptera: Noctuidae) populations susceptible (SUSCI-15) and resistant (CiResFlu) to flu-

bendiamide.

*Significant and ™ non-significant differences between treatment means (P < 0.05).

Table 2
— Biological parameters of the adults of Chrysodeixis includens populations
susceptible (SUSCI-15) and resistant (CiResFlu) to flubendiamide.

Biological parameters SUSCI-15 CiResFlu

Male longevity (d) 17.8 £ 0.8 a 174+13a
Female longevity (d) 19.3+ 0.6 a 20.2+09a
Female age at first oviposition (d) 319+ 04a 343 +03a
Eggs laid per female 1295 + 258 b 1807 £+ 258 a

Means =+ standard errors within rows followed by the same letter are not
significantly different (P < 0.05).

Table 3
— Estimation of fertility life table parameters for Chrysodeixis includens adult
populations susceptible (SUSCI-15) and resistant (CiResFlu) to flubendiamide.

Population parameters SUSCI-15 CiResFlu

Net reproduction rate (R,) (2/9) 222.4+443b 379.1 £ 54.1a
Mean generation time (T) (d) 38.2+0.78 a 37.4+0.36a
Doubling time (DT) (d) 48+024a 43+0.14a
Intrinsic rate of increase (rm) (d™1) 0.14 £ 0.007 a 0.16 £+ 0.005 a
Finite rate of increase (1) (d’l) 1.15 + 0.008 a 1.17 + 0.006 a

The values in the table are the means + standard error. Means within the column
with the same letter do not differ according to the t-test using the Jackknife
method (P < 0.05).

instability of flubendiamide resistance in C. includens. Similar instability
was observed in other Lepidoptera pests with diamide resistance. For
instance, in chlorantraniliprole-resistant populations of Spodoptera exi-
gua (Hiibner, 1808), susceptibility was restored under laboratory con-
ditions. In a population from China, the RR ranged from 70.2- to 3.7-fold
after 6 generations (Liu et al., 2021). In a population from the United
States, the RR was 629-fold in the 2nd generation, 80-fold in the 13th
generation, and 15-fold in the 27th generation, indicating a decline in
resistance over time (Rabelo et al., 2022).

Although C. includens showed flubendiamide resistance instability,
no fitness costs were detected in the biological parameters or in the
fertility life table. If a few parameters are evaluated, the fitness costs
may not be detected among populations (Freeman et al., 2021). The
fitness cost of a resistant population may be low or occur in an un-
evaluated biological parameter, such as behavioral parameters, phero-
mone production, number of spermatophores, and development on
different hosts.

The fitness costs in C. includens have been reported previously as
autosomal and exhibiting incomplete dominance when associated with

lambda-cyhalothrin (IRAC MoA group 3A) resistance (Stacke et al.,
2020a) and as autosomal, recessive, and polygenic when associated with
teflubenzuron (IRAC MoA group 15) resistance (Stacke et al., 2020b).
For other species of the order Lepidoptera, such as,
chlorantraniliprole-resistant S. exigua, fitness costs were associated with
the parameters of the fertility life table and the reduction in mating due
to the overexpression of the neuropeptide SeNPF (Gong et al., 2021; Liu
et al., 2021). In studies with Spodoptera frugiperda (J. E. Smith, 1797)
resistant to chlorpyrifos (IRAC MoA subgroup 1B) (Garlet et al., 2021)
and plants expressing insecticidal proteins from Bacillus thuringiensis
(Berliner, 1915) (IRAC MoA group 11) (Garlet et al., 2022), the fitness
costs when comparing biological parameters were influenced by the host
plant used for the diet fed to the larvae, possibly due to the nutritional
quality of the plant.

In Brazil, cases of diamide resistance in C. includens were detected in
populations collected between 2013 and 2018 (Schneider and
Sosa-Gomez, 2016; Restelatto et al., 2021; Contini et al., 2022). Since
2013, soybean crops expressing the CrylAc protein from B. thuringiensis
were commercially released for the control of some Lepidoptera species
in soybean crops. Currently, this genetically modified soybean accounts
for about 99% of crops in Brazil (USDA, 2023). According to Horikoshi
et al. (2021), the expression of the insecticidal protein in soybean has
not caused failure in the control of C. includens.

Currently, C. includens populations collected from soybeans fields
present variations in susceptibility to synthetic insecticides. Based on the
characterizations of the concentration-response curve, the 90% lethal
concentration (LCq) is higher than the field-recommended dose of flu-
bendiamide (Braga et al., 2024). Thus, considering the effectiveness of
the control provided by the insecticidal protein and the instability of
flubendiamide resistance in the laboratory, it can be inferred that there
is a possibility of flubendiamide susceptibility restoration in C. includens
populations on soybean fields in Brazil. This hypothesis is supported by
some evidence, as reported in China, for populations of Helicoverpa
armigera (Hiibner, 1808) resistant to insecticides lambda-cyhalothrin,
phoxim (IRAC MoA subgroup: 1B), and endosulfan (IRAC MoA sub-
group 2A). After the introduction of cotton cultivation, the insertion of
the B. thuringiensis gene allowed for the reduction of RR in field pop-
ulations (Wu et al., 2005).

Susceptibility restoration in C. includens may occur more quickly in
populations with a lower frequency of resistant insects, as observed in
the SusRes population, initially composed of 50% of insects resistant to
flubendiamide. After six generations without selection pressure, sus-
ceptibility was similar to that of the susceptible population (Fig. 2).
Therefore, proactive studies monitoring the increase in C. includens
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resistance to synthetic insecticides can provide crucial information for
IRM.

Additionally, adoption of IPM principles, including accurate pest
identification, insecticide rotation, reduced insecticide use, and the use
of genetically modified plants, may be effective. These practices, along
with inherent resistance instability, contribute to the rapid reestablish-
ment of susceptibility in the population.

Moreover, to date, there are no records of B. thuringiensis resistance
in C. includens in Brazil. However, Rachiplusia nu (Guenée, 1852) and
Crocidosema aporema (Walsingham, 1914) are considered secondary
pest insects in soybean crops, but there have already been cases of
increased resistance to insecticidal proteins from B. thuringiensis
(Horikoshi et al., 2021). In particular, R. nu is similar in appearance to C.
includens, as both belong to the subfamily Plusiinae. However, despite
these visual resemblances, they exhibit significant interspecific differ-
ences in susceptibility to insecticides; for example, C. includens is more
tolerant of flubendiamide than R. nu. This emphasizes the importance of
accurate pest identification for effective control, ensuring that appro-
priate management strategies are tailored to each species (Braga et al.,
2024).

In addition to employing genetically modified plants, recommending
other control strategies is crucial for exploiting the flubendiamide
resistance instability of C. includens and for prolonging the efficacy of
diamides. For instance, using baculovirus-based insecticides (IRAC MoA
Group 31) is beneficial for reducing selection pressure from synthetic
insecticides, as these baculoviruses do not exhibit cross-resistance with
C. includens populations resistant to synthetic insecticides, such as
teflubenzuron and lambda-cyhalothrin (Godoy et al., 2019). Therefore,
incorporating baculoviruses into resistance management strategies,
especially in refuge areas and other host crops, can enhance manage-
ment practices through moderation and contribute to effective pest
control.

Since synthetic insecticides have been a primary method for con-
trolling C. includens (Ramos et al., 2017; Perini et al., 2019), another
important tool for IRM is the strategy of employing multiple modes of
action. This approach involves rotating insecticides based on their
mechanisms of action to manage resistance more effectively (Bernardi
et al., 2012; Stacke et al., 2020a). In a study evaluating the residual
effect of chlorantraniliprole and cyantraniliprole for the control of
flubendiamide-resistant C. includens, a possible case of cross-resistance
was detected between active ingredients with the same mechanism of
action (Contini et al., 2022). For the population of C. includens resistant
to lambda-cyhalothrin (RR = 73-fold), there was cross-resistance with
deltamethrin and cypermethrin, which have the same mechanism of
action (IRAC MoA group 3A), probably due to the chemical similarity of
these molecules (Stacke et al., 2020a). In the case of
teflubenzuron-resistant C. includens (RR = 36,361-fold), there was also
cross-resistance with other active ingredients of the same mechanism of
action (IRAC MoA group 15), such as novaluron and lufenuron (RR
between 953 and 6147-fold) (Stacke et al., 2020b). However, for active
ingredients of other mechanisms of action, such as methoxyfenozide
(IRAC MoA group 18), flubendiamide (IRAC MoA group 28), and
indoxacarb (IRAC MoA subgroup 22A), RR was considered low (less
than 3-fold) (Stacke et al., 2020b). These findings indicate the necessity
of rotating insecticides with different mechanisms of action to prevent
an increase in resistance, as suggested by the cross-resistance ratio.

Diamides are one of the main chemical groups used for Lepidoptera
control due to their unique mechanism of action, effectiveness, low
toxicity, and selectivity to mammals, fish, and natural enemies (Teixeira
and Andaloro, 2013; Lin et al., 2022). Therefore, to extend the life of
these molecules in IPM programs for C. includens, management by
multiple attacks and other control methods based on the principles of
management by moderation and IPM should be adopted since flu-
bendiamide resistance was unstable in the absence of selection pressure.
In addition, further research should be conducted on the detection of
resistant populations, resistance stability, and cross-resistance ratios to
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improve future recommendations for IRM.

5. Conclusion

The flubendiamide resistance of C. includens indicated instability
after eight generations. Despite this instability, no significant fitness
costs were observed in the life table or biological parameters. There
were no statistical differences between the susceptible (SUSCI-15) and
resistant (CiResFlu) populations in terms of the duration of immature
stages, pupal period, pupal weight, adult longevity, or age at first
oviposition. The only significant difference noted was the higher
fecundity in the resistant population. Therefore, resistance did not result
in a significant fitness cost.
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RESUMO

A estimativa de correlagdo e sua particdo em causa e efeito é vista como uma ferramenta valiosa na
obtencdo de ganhos com a sele¢cdo no melhoramento de plantas. I1sso permite a antecipagdo da escolha
dos melhores gendtipos. Deste modo, o objetivo do trabalho foi considerar a selec¢éo indireta para melhoria
simultdnea de caracteristicas radiculares e de parte aérea em populagbes segregantes de feijdo. O
experimento foi executado na safra 2021/22, considerando seis genoétipos de feijdo, sendo dois genitores e
quatro geracdes segregantes (F, Fs, F4 e Fs), sob delineamento latice. Foram mensuradas variaveis do
sistema radicular por dois métodos de fenotipagem, denominados de Shovelomics e WinRHIZO. As
variaveis avaliadas de parte aérea foram os teores de clorofila, estatura de plantas, diametro de caule,
altura de inser¢do do primeiro legume e componentes do rendimento (nUmero de legumes, nimero de
graos e peso de gréos por planta). Foram executadas as andlises de correlagdo e analise de causa e efeito
(trilha). Foram evidenciadas estimativas de correlacéo (1) significativas entre caracteristicas radiculares e de
parte aérea, com destaque para o teor de clorofila B com comprimento horizontal esquerdo (1 = -0,22) e teor
de clorofila A com comprimento total de raizes (1 = 0,24). O desdobramento destas estimativas pela analise
de trilha indicou que o teor de clorofila A tem correlagdo e elevado efeito direto sobre o comprimento total
de raizes e que o teor de clorofila total influencia indiretamente os comprimentos radiculares horizontais
esquerdo e direito. Este fato possibilita a obtencdo de ganhos coma a selecdo de plantas de feijao
melhoradas para sistema radicular com base na avaliacdo direta e indireta dos teores de clorofila,
facilmente mensurados na parte aérea das plantas. Isso permite a otimiza¢cdo de tempo e recursos nos
programas de melhoramento, visando a obten¢do de plantas agronomicamente superiores.

PALAVRAS-CHAVE: analise de trilha; correlagédo; ganhos com a selecdo; melhoramento de plantas.

ABSTRACT

The correlation estimation and its partition into cause and effect is seen as a valuable tool in obtaining gains
from selection in plant breeding. This allows the anticipation of choosing the best genotypes. Thus, the
objective of this study was to consider indirect selection for simultaneous improvement of root and above-
ground traits in segregating common bean populations. The experiment was carried out in the 2021/22
season, considering six common bean genotypes, two parents and four segregating generations (F2, Fs, F4
and Fs), under a lattice design. Root system traits were measured by two phenotyping methods, called
Shovelomics and WIinRHIZO. The aerial part traits evaluated were chlorophyll content, plant height, stem
diameter, first pod height insertion and yield components (number of pods, number of grains and weight of
grains per plant). Correlation analysis and cause and effect analysis (path analysis) were performed.
Significant correlation estimates (1) were found between root and aerial traits, with emphasis on chlorophyll
B content with left horizontal length (1 = -0.22) and chlorophyll A content with total root length (1 = 0.24). The
unfolding of these estimates by path analysis indicated that the chlorophyll A content has a correlation and a
high direct effect on the total length of roots and that the total chlorophyll content indirectly influences the left
and right horizontal root lengths. This fact makes it possible to obtain gains with the selection of improved
common bean plants for root system based on the direct and indirect evaluation of chlorophyll contents,
easily measured in the aerial part of the plants. This allows the optimization of time and resources in
breeding programs, aiming at obtaining agronomically superior plants.

KEYWORDS: path analysis; correlation; selection gains; plant breeding.
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INTRODUCAO

O cultivo de feijao (Phaseolus vulgaris L., 2n = 2x = 22), apresenta relevancia principalmente em
paises em desenvolvimento. A principal razdo associada ao seu consumo se deve a quantidade e qualidade
de proteina e elementos minerais presentes nos graos (BULYABA et al. 2020). Além deste apelo
comestivel, esta leguminosa também é importante em sistemas produtivos, j4 que participa ativamente da
rotacao de culturas em areas agricolas, contribuindo para melhoria das condi¢cdes de solo e econdmicas dos
produtores rurais (BISATO et al. 2021).

Com base na relevancia da cultura do feijao, os programas de melhoramento genético ao longo dos
anos tém direcionado os seus esfor¢os no desenvolvimento de cultivares aprimoradas para rendimento de
gréos e componentes associados (KARAVIDAS et al. 2022). Desta forma, a sele¢cdo de plantas superiores
foi fundamentada no ideétipo de feijdo voltado a maior produtividade de grdos, plantas com ciclo
intermediario (85 — 100 dias), maior estatura, maior altura de insercao do primeiro legume, maior diametro
de caule e tolerancia a doencas (DA ROCHA et al. 2014, ROCHA et al. 2019).

O desenvolvimento de gendtipos mais produtivos que contemplaram estas caracteristicas
potencializou a producéo agricola e o aumento de renda na cadeia produtiva da cultura. Porém, no decorrer
deste processo, também foi observado uma reducao da produtividade dos genétipos quando submetidos ao
cultivo em ambientes com condic¢des limitantes, em especial agua e elementos minerais. Estas condicdes
suprimem o crescimento e desenvolvimento das plantas e consequentemente fazem com que o potencial
genético para a producdo de graos nao seja atingido (STROCK et al. 2019). Na tentativa de reduzir ou evitar
os problemas voltados ao cultivo em ambientes desfavoraveis, melhoristas de plantas tém voltado sua
atencdo para a identificacdo de caracteristicas radiculares que potencializem o desenvolvimento de
cultivares mais eficientes na aquisicdo de recursos hidricos e minerais do meio de cultivo (SCHNEIDER et
al. 2020).

Deste modo, o cenario atual de producdo agricola conduz os programas de melhoramento a
reconsiderar o ideétipo para a cultura, combinando tanto caracteristicas de parte aérea quanto radiculares.
A fenotipagem (ato de avaliar o fenétipo das plantas) em caracteres acima do solo é facilitada,
comparativamente a caracteristicas ocultas (sistema radicular), além de que quantificar variaveis radiculares
€ um processo demorado e dificultoso, demandando tempo e mao-de-obra abundante e qualificada
(MARSHALL et al. 2016). Com base nisso, surge a importancia de considerar a melhoria simultanea de
mais de uma caracteristica agrondmica de interesse. Esta melhoria conjunta de caracteristicas pode ser
possivel por meio de estimativas de associagdo entre caracteres. Isso permite diagnosticar a alteracdo de
uma caracteristica quando se modifica outra, promovendo ganhos facilitados com a selecéo (BARILI et al.
2011).

Somado a estimativa de associacdo entre caracteristicas de interesse, a particdo desta associacdo
em efeitos diretos e indiretos é importante pelo fato de possibilitar a predi¢cdo do valor de uma caracteristica
a partir do conhecimento de outra. Isto permite ao melhorista de plantas a selec¢éo indireta de caracteristicas
dificeis de serem fenotipadas, como por exemplo o sistema radicular (CRUZ et al. 2012). Deste modo, o
objetivo do trabalho foi considerar a selecdo indireta como ferramenta para melhoria simultdnea de
caracteristicas radiculares e de parte aérea na cultura do feijao.

MATERIAL E METODOS

Para a aplicacdo da selecdo indireta em feijdo entre caracteres de parte aérea e radicular, foi
realizado um experimento a campo na safra 2021/22. A area onde foi implantado o experimento possui solo
do tipo Cambissolo Humico Aluminico Léptico, de textura argilosa (EMBRAPA 2018). A interpretacdo da
andlise do solo realizada até a profundidade de 0,40 m indicou: pH = 5,9; teor de matéria organica = 3,2%;
P= 3,1 mg/dm3 e K = 124,0 mg/dm3. Os teores de fosforo e potassio foram determinados pelo método
Mehlich-1 (CQFS-RS/SC 2016).

De acordo com os atributos quimicos da area experimental a adubacao de manutencao foi realizada
com expectativa de producdo de 4000 kg ha?, utilizando a formulagdo 04 -24 -12 (nitrogénio, fésforo e
potassio). Nesta safra, 36 tratamentos foram conduzidos a campo. Os 36 tratamentos foram aleatorizados a
campo sob delineamento latice parcialmente balanceado com duas repeticdes. Neste caso bloco nao é
sinbnimo de repeticdo, sendo que a area experimental € dividida em blocos com poucos tratamentos (seis),
aumentando assim a precisdo experimental (GOMEZ & GOMEZ 1985). Esta disposi¢cdo a campo formou 72
unidades experimentais com dimensdes de 4 m2 espac¢adas 0,5 m entre si.

A densidade de semeadura foi de 13 sementes por metro linear. As praticas de manejo (adubacéo,
controle de pragas, doencas e plantas daninhas seguiram as recomendacgdes técnicas para a cultura do
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feijdo (FANCELLI & NETO 2007, CQFS-RS/SC 2016). Durante a execucdo do experimento, a precipitacdo
pluviométrica atingiu 490 mm, as temperaturas minima, média e méxima registradas foram de 13, 17 e 32°
C. Estas informagfes de tempo foram obtidas pela NASA POWER Global Meteorology, Surface Solar
Energy and Climatology Data Client for R, presente em SPARKS 2018.

Estes 36 tratamentos foram formados pela combinacdo de trés fatores (gendétipos x métodos de
fenotipagem de raizes x estadios fenoldgicos de desenvolvimento). O fator gendtipo com seis niveis foi
constituido por dois genitores (BAF07 e BRS Embaixador) e quatro progénies advindas da hibridacédo entres
estes genitores, sendo BAF07 x BRS Embaixador nas geracdes filiais F2, F3, F4 € Fs. O BAFO7 € um acesso
pertencente ao banco ativo de germoplasma da Universidade do Estado de Santa Catarina, no Centro de
Ciéncias Agroveterinarias (UDESC/CAYV). O BRS Embaixador é uma cultivar do grupo comercial de cores
(vermelho), j& utilizada para cultivo por produtores nacionais.

O fator método de fenotipagem radicular foi composto pelos métodos “Shovelomics e WinRHIZO”. O
Shovelomics assim denominado foi desenvolvido por pesquisadores da Penn State College of Agricultural
Sciences. Ele permite a fenotipagem de alto rendimento de plantas no campo. A avaliacdo é realizada
posicionando-se as raizes das plantas em um gabarito, e assim sdo mensuradas as variaveis de interesse
(TRACHSEL et al. 2011). O método WinRHIZO consiste de um conjunto digitalizador e de um software
denominado de Epson Expression 10.000 XL (Regent Instruments Canada Inc.). Nesse método, as raizes
das plantas sdo posicionadas no equipamento e o software mede as variaveis de forma quantitativa,
automatica e simultanea por meio de uma imagem gerada pelo sistema (PORNARO et al. 2017). O fator
estadio fenoldgico de desenvolvimento foi formado por Vi (quatro folhas trifolioladas), Re (florescimento
pleno) e Rs (enchimento de grdos), de acordo com a escala fenoldgica proposta e mais utilizada na cultura
do feijdio (GEPTS & FERNANDEZ 1982).

Quando os gendétipos de cada unidade experimental atingiram os estadios fenol6gicos propostos,
foram realizadas avaliagdes do sistema radicular. Em ambos os métodos, esta etapa consistiu em escavar o
solo ao redor do caule da planta a uma distancia de 0,25 a 0,30 m a 0,30 m de profundidade para retirar o
conjunto solo e raizes. Cinco plantas de feijdo (unidade de observacéo) foram coletadas aleatoriamente de
cada unidade experimental. Em seguida, retirou-se o excesso de solo para expor as raizes, realizando a
limpeza por imersdo em recipientes com agua e detergente neutro a 5% (TRACHSEL et al. 2011). Com o
método Shovelomics, foram quantificadas as varidveis radiculares: i) angulo de raiz basal (AR, °); ii)
comprimento vertical de raiz (CV, cm); iii) comprimento horizontal de raiz/lado esquerdo (CHE, cm) e iv)
comprimento horizontal da raiz/lado direito (CHD, cm). Pelo método WinRHIZO, as variaveis v) comprimento
total da raiz (CT, cm); vi) area radicular projetada (AP, cm?2); vii) volume da raiz (VL, cm3) e viii) didametro
médio da raiz (DR, mm) foram avaliadas. As variaveis respostas de parte aérea mensuradas foram: teores
de clorofila A, B e total (CLA, CLB e CLT; mg L), estatura de plantas (EST, cm), diametro de caule (DC,
mm), altura de inserc¢éo do primeiro legume (IPL, cm), nimero de legumes por planta (NL), nUmero de graos
por planta (NG) e peso de grdos por planta (PG, g). A determinacdo do peso de grdos foi executada
mediante a correcdo da umidade da massa de gréos para 13%, utilizando estufa de circulacdo de ar
forcado. Os terrores de clorofila foram obtidos com o auxilio do medidor portatil Clorofilog (FALKER
CFL1030). Estas variaveis agronbmicas foram avaliadas em cinco plantas diferentes em cada estadio
fenoldgico proposto, em fungéo do crescimento e desenvolvimento da cultura do feijdo de V4.4 até Rs.

Apés a coleta das informacdes, foi realizada a analise descritiva para cada método de fenotipagem,
utilizando o procedimento univariate (proc univariate). Posteriormente, foi aplicada a anélise de correlacdo
de Kendall Tau-b (1), considerando o nivel de significancia de 0,05. A significancia das estimativas de
correlacéo foi obtida pelo teste Z, sendo Ho: 1= 0 e Ha: T # 0. A correlagdo de Kendall foi utilizada por se
tratar de uma medida ndo paramétrica baseada no numero de concordancias e discordancias em
observacbes pareadas, apropriadas para a situacdo deste trabalho (KOWALSKI 1972). Apés a obtengéo
das matrizes de correlagéo, as estimativas de 1 foram particionadas em efeitos diretos e indiretos, por meio
da analise de trilha. Estas andlises foram executadas no software SAS Studio®, disponivel na plataforma
SAS OnDemand forAcademics e no software GENES® (CRUZ 2013).

RESULTADOS E DISCUSSAO

A analise descritiva de média, desvio e erro padrdo da média para as 13 caracteristicas avaliadas nas
unidades de observacdo com o método de fenotipagem radicular Shovelomics, foram representadas na
Tabela 1. A média das caracteristicas relacionadas ao sistema radicular variou de 10,83 (CHD), 11,53
(CHE), 24,56 (CV) e 65,5 (AR). Os comprimentos horizontais esquerdo e direito apresentaram valores
proximos. Isso indicou uma simetria na formacao horizontal do sistema radicular em ambos os lados.
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A formacdo do sistema radicular estd associada ao gravitropismo. Este por sua vez tem estreita
relacdo com o angulo de raiz basal (AR). O desenvolvimento da massa de raizes em camadas superficiais
do solo (angulo de raiz em torno de 180°) é um indicativo de que o solo apresenta maior disponibilidade de
nutrientes nesta profundidade ou a maior eficiéncia genotipica na aquisicdo destes nutrientes. Ja a
disposi¢do de um sistema radicular desenvolvido em camadas mais profundas do solo (dngulo de raiz basal
proximo a 90°), e consequentemente maior comprimento de raiz vertical indica que o solo possivelmente é
escasso na quantidade de elementos minerais em camadas superficiais ou 0s genétipos sdo pouco
eficientes na sua aquisicdo, sendo necessario aprofundar o sistema radicular (BURRIDGE et al. 2020).

Nas caracteristicas mensuradas acima do solo, se observou valores de estatura de plantas e
didmetro de caule elevados (87 e 7,87), respectivamente. As plantas com maior estatura tém maior
capacidade de formacéo de legumes, sendo necessario o desenvolvimento de um diametro do caule capaz
de suportar a carga granifera. Além disso, a altura de insercdo do primeiro legume foi proxima a 0,20 m
indicando a reducéo de perdas com a colheita mecanizada (maior distancia dos graos em relacdo ao solo).
Estas caracteristicas contribuem para otimizar e potencializar o nimero de legumes, o nimero de gréos e
peso de graos por plantas, contribuindo com o rendimento de grdos como um todo (DIANATMANESH et al.
2022).

Tabela 1. Estatistica descritiva de média (X), desvio (Sd ) e erro padrdo da média (Ep), para as 13 variaveis
respostas considerando o método de fenotipagem Shovelomics.

Table 1. Descriptive statistics of mean (X), deviation (Sd ) and mean standard error (Ep), for the 13
response traits considering the Shovelomics phenotyping method.

Caracteristica X Sd Ep

AR 65,51 16,43 1,22
Ccv 24,56 8,75 0,65
CHE 11,53 7,04 0,52
CHD 10,83 6,99 0,52
CLA 42,22 9,24 0,69
CLB 11,05 4,62 0,34
CLT 53,27 12,74 0,95
EST 86,82 70,54 5,25
DC 7,86 1,92 0,14
IPL 18,76 13,15 0,98
NL 20,19 13,82 1,02
NP 90,23 53,58 3,99
PG 26,86 11,68 0,87

Caracteristicas: angulo de raiz basal (AR); comprimento vertical de raiz (CV); comprimento horizontal de raiz/lado
esquerdo (CHE); comprimento horizontal de raiz/lado direito (CHD); teores de clorofila A, B e total (CLA, CLB e CLT),
estatura de plantas (EST), didmetro de caule (DC), altura de inser¢é@o do primeiro legume (IPL), nimero de legumes por
planta (NL), numero de gréos por planta (NG) e peso de gréos por planta (PG).

Para a grande maioria das caracteristicas foram observados valores de erro padrdo da média baixos
(proximos a zero). Os valores de erro e desvio padrao da média para as variaveis nimero de graos por
planta e estatura de plantas foram respectivamente de 3,99; 53,58 e 5,25 e 70,54. Esta maior variacdo dos
dados em relagdo & média para estatura e altura de inser¢céo do primeiro legume pode ser explicada pelo
componente genético. Isso porque os genitores utilizados sdo contrastantes para estas caracteristicas
agronémicas. O genitor BAF 07 pertence ao grupo génico mesoamericano, caracteristico pela formacéo de
sementes pequenas (25 - 30 g / 100 sementes), habito de crescimento indeterminado e faseolina do tipo
“S”, predominantemente. Ja o BRS Embaixador faz parte do grupo génico andino, apresentando maior
massa de sementes (30 — 35 g/ 100 sementes), habito de crescimento determinado e faseolina do grao do
tipo “T” (BEEBE et al. 2013). Em fung&o da divergéncia entre os genitores, € comum ter a variabilidade de
plantas nas progenies segregantes, em especial em gera¢des iniciais de autofecundacéo (F2).

Do mesmo modo, na Tabela 2 se destacou a andlise descritiva considerando o método de
fenotipagem WinRHIZO. Em termos de média, se observou que as caracteristicas do sistema radicular
apresentaram outra magnitude de medida, comparativamente aquelas obtidas pelo método Shovelomics.
Este fato ocorre em fungéo do método de fenotipagem. As avaliacdes radiculares no método WinRHIZO sao
obtidas pela quantificacdo de uma imagem gerada pelo sistema por meio do software especifico,
contrariamente ao método Shovelomics, em que as caracteristicas sdo mensuradas manualmente
(TRACHSEL et al. 2011, PORNARO et al. 2017).
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Tabela 2. Estatistica descritiva de média (X), desvio (Sd) e erro padrao da média (Ep) para as 13 variaveis

respostas considerando o método de fenotipagem WIinRHIZO.

Table 2. Descriptive statistics of mean (X), deviation (Sd ) and mean standard error (Ep) for the 13
response traits considering the WinRHIZO phenotyping method.

Caracteristica Ep Sd Ep
CT 800 310,63 23,15
AP 42,36 13,92 1,037
VL 1748 783 59,03
DR 0,54 0,11 0,08
CLA 41,92 9,48 0,70
CLB 11,28 4,95 0,36
CLT 53,21 13,61 1,01
EST 78,30 29,17 2,17
DC 7,86 1,54 0,11
IPL 19,02 7,30 0,54
NL 19,39 11,20 0,83
NG 86,14 53,64 3,99
PG 26,42 12,94 0,96

Caracteristicas: comprimento total da raiz (CT); area radicular projetada (AP); volume da raiz (VL); diametro médio da
raiz (DR); teores de clorofila A, B e total (CLA, CLB e CLT), estatura de plantas (EST), didmetro de caule (DC), altura de
insercdo do primeiro legume (IPL), nimero de legumes por planta (NL), nimero de gréos por planta (NG) e peso de
gréos por planta (PG).

Em funcdo da forma de avaliacdo e da diversidade entre os genétipos (fixos = genitores
comparativamente a segregantes = progénies), se observam maiores valores de desvio e erro padrdo da
média para as caracteristicas comprimento total, volume e area projetada de raizes. Em termos de um
idedtipo para o melhoramento genético de caracteristicas radiculares, incrementos no comprimento e no
volume de raizes, associado com a reducdo do didmetro médio dessas raizes conduz a formacdo de
gendtipos mais eficientes na aquisicéo de recursos em condi¢des limitantes, em funcdo da maior exploracéo
do solo (APPIAH-KUBI et al. 2022).

Ademais da estimativa dos valores fenotipicos das caracteristicas radiculares e de parte aérea,
avaliadas em cada método de fenotipagem radicular, foram representados na Figura 1, as estimativas dos
coeficientes de correlacdo de Kendall Tau-b (1) entre as caracteristicas agrondmicas. Estas estimativas
apresentam relevancia em programas de melhoramento genético pois permitem o calculo do grau de
associacdo entre os caracteres, advindos do efeito genético e de ambiente (CRUZ et al. 2012). De forma
geral, se observa uma associacdo entre duas caracteristicas quando mudancas em uma delas provoca
alteracBes na outra caracteristica (CARVALHO et al. 2004). A interpretacdo da andlise de correlacdo é
fundamentada em trés aspectos, sendo: magnitude, direcdo e significancia. A magnitude de uma estimativa
de correlacéo diz respeito ao seu valor numérico propriamente dito, variando de -1 a 1. A direcdo indica se a
associagdo € positiva ou negativa. Ja a significancia indica se o valor obtido difere ou ndo de zero, sendo
fundamentado pelo teste Z (NOGUEIRA et al. 2012).

Considerando o método Shovelomics, foi observado uma variagdo na magnitude das estimativas de
correlagédo (1) de -0,22 a 0,85. Neste sentido, algumas caracteristicas estdo fortemente associadas de forma
positiva e outras de forma contraria. Os maiores valores de correlacdo obtidos foram entre os teores de
clorofila (CLA x CLB, 1 = 0,60; p= 0,0001); (CLA x CLT, T = 0,85; p = 0,0001); (CLB x CLT, 1=0,78; p =
0,0001); numero e peso de graos por planta (NG x PG, 1= 0,70; p =0,0001). Estas estimativas elevadas de
correlagdo (proximas a 1), salientam o éxito obtido dos programas de melhoramento na sele¢@o de plantas
com caracteristicas melhoradas de parte aérea, principalmente voltadas ao rendimento de graos (PEREIRA
et al. 2013).

Dentre as caracteristicas radiculares, se observou uma associacdo negativa e significativa entre
angulo de raiz basal e comprimento vertical (1 = -0,16; p = 0,005) e entre 0s comprimentos horizontais
esquerdo e direito (1 = 0,37; p = 0,001). Estes valores de correlagédo salientam que plantas com maior
comprimento vertical de raizes apresentam menor angulo de raiz basal, ou seja, apresentam um sistema
radicular com desenvolvimento em profundidade no solo. A associagdo positiva entre 0s comprimentos
horizontais esquerdo e direito de raizes indicam a simetria de desenvolvimento horizontal do sistema
radicular.
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Figura 1. Estimativas de coeficientes de correlacdo de Kendall Tau-b (1) entre as 13 variaveis respostas
para cada um dos métodos de fenotipagem radicular.

Figure 1. Estimates of kendall's correlation coefficients (1) between the 13 response variables for each of the
root phenotyping methods.

Em relacdo a associacdo entre caracteristicas da parte aérea com as de sistema radicular, foram
observadas duas estimativas de correlacdo significativas, entre o teor de clorofila B com comprimento
horizontal esquerdo (1 = -0,22; p = 0,0011) e com o comprimento horizontal direito (t = 0,20; p = 0,0012).
Outro trabalho com a cultura do feijdo, em que as raizes foram avaliadas pelo método Shovelomics, indicou
associacao negativa e significativa de r = -0,52 entre angulo de raiz basal com massa fresca de parte aérea
(VELHO et al. 2017). As associa¢des significativas entre caracteristicas de parte aérea com as de sistema
radicular podem beneficiar a sele¢do de plantas nas etapas de conducdo de populagbes segregantes, ja
gue variaveis acima do solo apresentam relativa facilidade de medida, comparativamente aquelas ocultas.
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As estimativas de correlacdo obtidas pelo método de fenotipagem WinRHIZO, também destacadas na
Figura 1, variaram de -0,33 a 0,91. Nesta figura se observa a associacdo significativa e positiva entre os
teores de clorofilas (CLA, CLB e CLT), bem como entre as varidveis de componentes produtivos, como
ndamero de legumes, nimero de graos e peso de gréos por planta. Dentre as caracteristicas radiculares, foi
verificado uma associacao positiva e significativa entre comprimento total da raiz com a area projetada (1 =
0,71; p=0,0001) e com o volume de solo explorado pelo sistema radicular (1 = 0,40; p = 0,0001). Isso indica
gue plantas com maior comprimento radicular possuem maior area projetada e por consequéncia, maior
volume de solo é explorado para a captagéo de recursos. As variaveis comprimento total e volume de raizes
apresentaram associa¢do negativa com didmetro médio de raizes, salientando que o desenvolvimento de
um sistema radicular denso, volumoso, acarreta na formacao de raizes finas, com menor diametro.

Em relacdo a associagdo entre sistema radicular e parte aérea, as trés caracteristicas relacionadas
aos teores de clorofila apresentaram associagdo positiva com comprimento radicular (CLA x COMP, 1 =
0,24; p = 0,0002), (CLB x COMP, 1 = 0,18; p = 0,0004) e CLT x COMP, 1 = 0,23; p = 0,0001) e associagao
negativa com didmetro médio de raizes (CLA x DR, 1=-0,21; p = 0,001), (CLB x DR, 7 = -0,20; p = 0,0001),
CLT x DR, 1 = -0,23; p = 0,0001). As variaveis radiculares comprimento total, area projetada e volume de
raizes apresentaram associagdo positiva e significativa com a altura de inser¢do do primeiro legume (CT x
IPL, 1=0,15; p=0,0431; (AP x IPL, 1= 0,20; p = 0,0127) e VL x IPL, 1= 0,18; p = 0,018). Ja a caracteristica
didmetro médio de raizes apresentou associagdo com a estatura de plantas (DR x EST, 1 = 0,16; p = 0,006).

Estes resultados sdo de extrema importancia, pois vao de acordo com a selecéo do idedtipo de feijédo
tanto para sistema radicular quanto para a parte aérea. Considerando a tematica de selecionar plantas de
feijdo com caracteristicas simultaneamente melhoradas de parte aérea e sistema radicular visando a
mitigacdo do efeito de estresses abioticos, a selecdo indireta € uma ferramenta chave para acelerar o
processo de melhoramento, com vistas a descartar 0s genotipos pouco promissores, direcionando os
esforcos naqueles considerados superiores agronomicamente (PEREIRA et al. 2013).

O conhecimento da relacdo entre caracteristicas é de grande valia no melhoramento genético,
principalmente se 0s caracteres possuirem baixa herdabilidade ou forem dificeis de se fenotipar. Como
forma de complementar as estimativas de correlacdo, pode-se estimar a relacdo de causa e efeito entre os
caracteres (Tabelas 3 e 4). Isso é obtido pela analise de trilha, que consiste no estudo dos efeitos diretos e
indiretos dos caracteres sobre uma variavel basica (CARVALHO et al. 2004). O somatério dos efeitos
diretos e indiretos resulta no valor da estimativa de correlacdo entre as caracteristicas consideradas.

Deste modo, na Tabela 3 foi representada a particdo das estimativas de correlacdo em efeitos diretos
e indiretos sobre as variaveis basicas comprimento horizontal esquerdo e direito de raizes considerando o
método de fenotipagem Shovelomics. Esta tabela indica a particdo dos valores de correlagcdo entre (CHE e
CHD) x CLB, ou seja, sistema radicular versus parte aérea.

Considerando a caracteristica comprimento horizontal esquerdo de raizes, se observou elevado efeito
direto de CLB (0,555), porém com sinal contrario, ou seja, existem outras caracteristicas que atuam na
associacdo entre CHE e CLB (CRUZ et al. 2012). Por exemplo, se destacou o elevado efeito indireto do teor
de clorofila total (-1,550) sobre estimativa de correlagdo entre CHE x CLB. J& para a correlacdo entre CHD e
CLB, se contatou elevado efeito direto de CLB (-0,422). Isso indica que a caracteristica CLB com efeito
direto e de mesmo sinal que CHD ¢é a principal responsavel por esta correlacao, facilitando a selecéo direta,
ou seja, plantas com menor teor de clorofila B, apresentam sistema radicular desenvolvido horizontalmente
no perfil do solo. Os teores de clorofila sédo diretamente ligados a eficiéncia fotossintética das plantas,
promovendo o maior crescimento e desenvolvimento.

A andlise das diferencas fenotipicas em relacdo aos teores de clorofila, conjuntamente ao
desenvolvimento radicular auxilia no entendimento ndo somente de como as caracteristicas fotossintéticas
influenciam o sistema radicular, mas também favorecem a identificagdo de gendtipos superiores que podem
ser utilizados nos programas de melhoramento genético voltados ao desenvolvimento de cultivares
adaptadas a ambientes marginais (com limitag&o de recursos) (SUAREZ et al. 2021).

Com base nisso, a observacdo desta associacdo entre os teores de clorofila e desenvolvimento
radicular é Util no momento da fenotipagem a campo em programas de melhoramento genético, j4 que
atualmente, a mensuragdo dos teores de clorofila € facil de ser executa, com equipamentos portateis e sem
a destruicdo das plantas a campo, facilitando a escolha dos melhores genétipos (SANCHEZ-REINOSO et
al. 2019).

O desdobramento em efeitos diretos e indiretos das estimativas de correlagao obtidas considerando o
método de fenotipagem radicular WinRHIZO, foram expostas na Tabela 4, com as variaveis comprimento
total e diametro médio de raizes designadas como principais. Para o valor de correlagéo entre CT x CLA, T =
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0,24, se observou elevado efeito direto da caracteristica CLA (2,26) e efeitos indiretos de CLB (0,76) e AP
(0,13).

Tabela 3. Estimativas dos efeitos diretos e indiretos considerando as varidveis comprimento horizontal
esquerdo e direito como principais, para o método de fenotipagem Shovelomics.

Table 3. Estimates of direct and indirect effects considering the left and right horizontal length variables as
the main ones, for the Shovelomics phenotyping method.

CHE CHD
Efeito direto CLB 0,555 Efeito direto CLB -0,422
Efeitos indiretos Efeitos indiretos
CLA 0,947 CLA -0,253
CLT -1,550 CLT 0,570
AR -0,005 AR 0,001
Ccv -0,002 CVv 0,008
CHD -0,078 CHE -0,108
EST -0,040 EST -0,003
DC -0,060 DC 0,011
IPL 0,003 IPL -0,005
NL 0,002 NL -0,005
NG -0,004 NG 0,001
PG 0,003 PG 0,001
Total - 0,22 Total - 0,20
Coeficiente de determinacéo (R?) 0,31 0,29
Efeito da variavel residual (EvR) 0,88 0,83

Caracteristicas: angulo de raiz basal (AR); comprimento vertical de raiz (CV); comprimento horizontal de raiz/lado
esquerdo (CHE); comprimento horizontal de raiz/lado direito (CHD); teores de clorofila A, B e total (CLA, CLB e CLT),
estatura de plantas (EST), diametro de caule (DC), altura de insercéo do primeiro legume (IPL), nimero de legumes por
planta (NL), nimero de graos por planta (NG) e peso de graos por planta (PG).

Tabela 4. Estimativas dos efeitos diretos e indiretos considerando as variaveis comprimento total e didametro
meédio de raizes como principais, para o método de fenotipagem WinRHIZO.

Table 4. Estimates of direct and indirect effects considering the main variables total length and mean
diameter of roots, for the WinRHIZO phenotyping method.

CT DR

Efeito direto CLA 2,26 Efeito direto EST 0,045

Efeitos indiretos Efeitos indiretos
CLB 0,760 CLA -0,871
CLT -2,970 CLB -0,325
AP 0,130 CLT 1,250
VL 0,019 AP 0,058
DR 0,077 VL 0,181
EST -0,017 DR -0,160
DC -0,001 DC -0,001
IPL 0,006 IPL -0,025
NL 0,002 NL -0,001
NG -0,011 NG 0,013
PG -0,013 PG 0,004

Total 0,24 Total 0,16

Coeficiente de determinacgéo (R?) 0,92 0,80

Efeito da varidvel residual (EVR) 0,25 0,30

Caracteristicas: comprimento total da raiz (CT); &rea radicular projetada (AP); volume da raiz (VL); didametro médio da
raiz (DR); teores de clorofila A, B e total (CLA, CLB e CLT), estatura de plantas (EST), diametro de caule (DC), altura de
insercdo do primeiro legume (IPL), nimero de legumes por planta (NL), nimero de gréos por planta (NG) e peso de
gréos por planta (PG).

O valor elevado do efeito direto indica a melhoria simultédnea e conjunta de CT e CLA, ou seja, plantas
com maior teor de clorofila A, apresentam maior comprimento total de raizes. Este efeito direto € ideal para
a selecao de plantas agronomicamente superiores. Por outro lado, para a estimativa de correlacéo entre DR
x EST, foi verificado um efeito direto baixo, proximo a nulo da caracteristica estatura de plantas sobre o
didametro médio de raizes. Isto indica que a estimativa de T = 0,16 entre as variaveis foi advinda
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preponderantemente de efeitos indiretos, advindos das caracteristicas CLT (1,250) e volume de solo
ocupado pelo sistema radicular (0,181). Este fato salienta que melhorias no sistema radicular podem ser
executadas tanto de forma direta (selecdo de plantas com maior teor de clorofila A), quanto de forma
indireta (pela selecdo de plantas com teores melhorados de clorofila total e maiores valores de volume de
solo ocupado pelas raizes). A possibilidade de selecdo de plantas com caracteristicas melhoradas para
sistema radicular considerando caracteres de parte aérea torna-se atrativa pela facilidade de se executar a
fenotipagem a campo, promovendo melhorias na otimizagdo dos custos e recursos do programa de
melhoramento genético (PEREIRA et al. 2013).

Os resultados deste trabalho indicaram que para ambos os métodos de fenotipagem radicular
recomenda-se a mensuracao simultdnea de caracteristicas de parte aérea voltadas a fisiologia das plantas.
Dessa forma, a avaliacdo e quantificagdo da resposta das plantas a condi¢des de cultivo com indicativo de
melhoria simultanea de caracteres é aconselhavel em programas de melhoramento genético, almejando o
desenvolvimento de gendtipos mais eficientes agronomicamente para a interceptacdo da energia luminosa e
a absorcado de agua e elementos minerais (GOLTSEV et al. 2012).

No que se trata do desenvolvimento de gendtipos mais eficientes na aquisicao de recursos, plantas
sob estresse hidrico por exemplo apresentam uma ampla gama de respostas de ordem morfolégica,
fisiologica, bioquimica e molecular. Somado a isso, a diminuicdo do teor de clorofila em estresse hidrico
rotineiramente tem sido considerada como um sintoma de estresse oxidativo, podendo ser resultante da
foto-oxidagdo e degradacéo do pigmento fotossintético (ZANDALINAS et al. 2018, SANCHEZ-REINOSO et
al. 2019).

A consideracdo sobre a natureza e a magnitude de associacfes existentes entre caracteristicas
agronbmicas € notavelmente relevante, ja que o melhoramento genético vegetal preocupa-se em
desenvolver genétipos melhorados ndo para apenas uma caracteristica, mas para um conjunto delas
concomitantemente. Este conhecimento das associacdes torna-se um subsidio de valor inestimavel para os
melhoristas de plantas, principalmente voltados a definicdo dos procedimentos mais eficientes para a
selecdo das plantas mais adaptadas. No melhoramento genético a correlagdo entre caracteristicas pode ser
afetada por efeitos pleiotropicos dos genes (genes que controlam a manifestacdo de uma ou mais
caracteristicas simultaneamente) ou por falta de equilibrio de ligacdo (VENCOVSKY & BARRIGA 1992).

As estimativas de correlacdo sdo geralmente condicionadas pelos efeitos aditivos do genes, no quais
afetem mais de um carater simultaneamente. Felizmente, o melhoramento de plantas autégamas (feijao) é
regido pela acdo génica aditiva, facilitando dessa maneira a fixacdo de caracteres e os ganhos com a
selecdo (MUKANKUSI et al. 2019). No entanto em razdo dos baixos valores de correlacdo (> 0,50),
estimados para a associacado entre caracteristicas radiculares e de parte aérea, pontos importantes devem
ser considerados, como a avaliagdo de uma amostra representativa da populacéo, a utilizacdo de baixa
pressdo de selecdo, principalmente em geracdes iniciais de endogamia (F2, F3) e a consideracdo de
estimativas de herdabilidade que representam a proporcdo da varidncia fenotipica total de uma
caracteristica que € devida a heranca dos genes, aumentando a eficiéncia da sele¢éo visual dos caracteres.

CONCLUSAO

Foram evidenciadas relagfes lineares significativas entre as caracteristicas de parte aérea e as de
sistema radicular em populagfes segregantes de feijdo. H4 efeito direto do teor de clorofila A sobre o
comprimento total de raizes e efeitos indiretos do teor de clorofila total sobre os comprimentos radiculares
horizontais esquerdo e direito. Desse modo, a sele¢do direta e indireta via teores de clorofila podem
promover melhorias simultdneas para caracteres radiculares em feijdo, visando o desenvolvimento de
gendtipos adaptados agronomicamente a condi¢cdes adversas.
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Understanding the genetic basis of traits related to the physiological quality of seeds is a crucial step in
developing bean cultivars with superior performance and better adaptation to varying environmental
conditions. This study aimed to estimate the components of genotypic variation, identify the
predominant gene action, and explore its implications for selecting traits associated with the
physiological quality of bean seeds. The genotypes used in the study were derived from the artificial
cross between the parents IPR88 Uirapuru and BAF35, with the advanced progenies bulked up to the Fs
generation. In the field, progenies from the F2 and Fs generations were experimentally evaluated. After
harvest, traits such as seedling length, hypocotyl length, radicle length, and vigor index were assessed
in the subsequent generations (F23 and Fss). The distribution of probability density and kurtosis
estimates confirmed the quantitative nature of the physiological seed quality traits. Genetic variation
was observed in the segregating populations. Heritability estimates (both broad- and narrow-sense)
were higher in the Fs:;s generation compared to the Fz3, indicating the predominance of the additive
genetic component. These results suggest that plant selection in advanced generations (self-
fertilization) is more effective for improving seed physiological quality traits.

Key words: Phaseolus vulgaris L., seedling performance, variance components, gene action.

INTRODUCTION

Common bean (Phaseolus vulgaris L.) is a widely
cultivated crop, valued for its nutritional contribution as a
source of protein, carbohydrates, dietary fiber, and
minerals (Bai et al., 2023; Menga et al., 2023). In Brazil,
beans can be grown up to three times a year, employing

various production systems. However, due to the diversity
of growing environments, the crop faces numerous
abiotic and biotic challenges that directly and indirectly
reduce its grain yield potential (Mutari et al., 2023).
Consequently, improving the efficiency of the
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morphological and physiological traits of the bean plant
through breeding is essential to sustain and increase
grain yield.

Currently, numerous traits can be considered to
enhance this efficiency (Assefa et al., 2019), including
those related to the physiological quality of seeds
(Padilha et al., 2022). Traits such as germination rate,
seed vigor, seedling length, root length, and vigor index
contribute to the rapid and uniform emergence of
seedlings. These aspects are fundamental for establishing
the plant stand in the cultivation area (Krzyzanowski et
al., 2018), as they directly assist in competition with
weeds while promoting uniform development and
reducing the emergence of dominant and dominated
plants, which can affect grain production and temporal
maturity.

The physiological quality of seeds is generally affected
by the environment and genotypic differences (Monteiro
et al., 2021; Oliveira et al., 2020; Silva et al., 2023; Zhang
et al.,, 2019). Considering this aspect, a high rate of
saved seed use is observed in the bean production chain,
which generally exhibits lower physiological quality. In
this sense, focusing on these traits in bean breeding
could result in higher seed quality, intrinsically linked to
the genetic component of the phenotypic value, ensuring
its expression in subsequent generations.

Considering these aspects, genotypic differences in
seedling formation, particularly with superior performance
in physiological quality traits, highlight a gap in
information regarding their genetic basis. This raises
guestions about the feasibility of achieving success in
breeding and which strategies would be most appropriate
for plant selection in bean crops. Recognizing that
progress in breeding any trait depends on the magnitude
and nature of genetic variation within the population
under selection (Falconer and Mackay, 1996), this study
aimed to estimate the components of genotypic variation,
evaluate the predominant gene action, and analyze its
implications for the selection of traits related to the
physiological quality of common bean seeds.

MATERIALS AND METHODS
Genotypic constitutions and field experiment

The common bean genotypes used in this study originated from the
artificial hybridization between the cultivar IPR88 Uirapuru and the
accession BA35 (IPR88 Uirapuru x BA35). The latter was obtained
from the Active Germplasm Bank (BAF). Directed artificial
hybridization was performed in 2016 in a greenhouse, resulting in a
total of 20 viable hybridizations (approximately 60 F; seeds). The
hybrids derived from these parents gave rise to different
segregating populations in the advanced F;, F; F, and Fs
generations, conducted using the “bulk” method (Allard, 1971), with
these generations not being subjected to artificial selection.

The progenies from the F, and Fs generations, along with the
parents, were conducted under field conditions using a randomized
block design with 3 replications during the 2020/21 agricultural
season in Lages, SC, Brazil. From these populations, 20 progenies
derived from randomly selected individual plants were harvested

and used for evaluations in this study, with 10 from the F;
generation (comprising the Fz3 progenies) and 10 from the Fs
generation (comprising the Fs¢ progenies), along with the parents
IPR88 Uirapuru and BA35.

The progenies (F, and Fs) were conducted in the field in the
experiment using a 0.5 m spacing between rows and a sowing
density of 12 seeds per linear meter. The cultural practices during
the cycle were carried out in accordance with the technical
recommendations for the bean crop, while the sowing and top
dressing fertilization were carried out according to the soil analysis
interpretation, targeting to obtain a grain yield of 4000 kg ha. The
topdressing nitrogen fertilization was distributed into two
applications, at the vegetative stages of the first (V3) and third (V)
open trifoliate leaf. Harvesting was carried out after physiological
maturity, with seed moisture standardized to approximately 13% on
a wet basis of the grains and stored in a cold chamber.

The geographical coordinates of the site are latitude 27° 47' S,
longitude 50° 18" W, and altitude of 950 m. According to the Képpen
classification, the climate is described as Cfb (humid temperate
mesothermal with mild summers). The soil at the site is classified as
Humic Aluminum Cambisol, with a clayey texture, predominantly
clay + siltstone substrate, and undulating relief, with slopes
approximately 300 m in length and the following characteristics:
34% clay; pH in water of 5.93; potential acidity by the SMP method
of 5.21; 10.06 mg.dm™ of P; 80 mg.dm™ of K; 2.61% organic
matter; 5.42 cmolc.dm™ of Ca; and 2.10 cmolc.dm™ of Mg.

Assessment of the physiological quality of seeds

The assessments of the physiological quality of the seeds from the
20 progenies of the F,3 (10 progenies) and Fsg (10 progenies)
generations, along with the parents, were carried out in the
laboratory. To determine seedling length, a completely randomized
design was used, with samples of 20 seeds arranged in two lines
drawn in the upper third of Germitest® paper, which was moistened
with 2.5 times its dry weight, using distilled and deionized water
(obtained by reverse osmosis), following the Seed Analysis Rules
(Brasil, 2009). The prepared seed rolls were kept vertically in a
BOD incubator set at a temperature of 25°C, with an alternating
photoperiod of 12 hours, for five days. Subsequently, with the aid of
a caliper, the length (cm) of 10 seedlings, randomly selected, was
determined (Nakagawa, 1994). The length of the root (cm) was
measured parallel to the length of the seedling, from the insertion of
the root system in the seedling. The hypocotyl length (cm) was
calculated by subtracting the root length from the seedling length.
The vigor index was calculated using the following equation:

Vigor index = Germination (%) x Seedling length (cm).

Statistical analysis

The statistical analyses were carried out based on the variables of
the physiological quality of the seeds from the bean genotypes.
Kurtosis was estimated with the help of the Moments package in
the R software system (R Core Team 2019). The genotypic and
residual variance components (variances associated with the
random effects of the statistical model) were estimated considering
the model proposed by Henderson, denoted in matrix form by:

Y =Xb+Zu + e+ €,

where Y is the observation vector; X is the incidence matrix for fixed
effects (average); b is the fixed effects vector; Z is the incidence
matrix for random effects (genotype); u is the random effects vector;
€. composes the random vector inherent to the experimental error;
e, composes the random vector associated with the in-sample error.



The hypothesis to be tested for the genetic component of the
random model comprises Ho: o7 = 0, where the significance at a
given level by the Z test indicates genetic variance. The estimates
of the random components were based on the restricted maximum
likelihood method (REML), since their properties are considered
superior to those of the least squares and maximum likelihood
estimates, since their estimators are obtained by maximizing the
likelihood function, which is divided into two independent parts
referring to fixed and random effects, and the likelihood function is
inherent to the sum of each part (Searle et al. 1992).

Next, the genotypic variance of the progenies (cg) was
decomposed into additive (6%) and dominant (c3) components for
generations Fz3 and Fs;, according to Cockerham (1963), where cé
=kaok +kpod..., ka = (1 + ) e ko = (L+1)(1-1)(2-1g)(1-lg), so that I
is the endogamy coefficient in the reference generation; g is the
endogamy coefficient in the generation g of the offspring; and lg is
the endogamy coefficient in the generation g’ of the offspring. The
decomposition was performed using generalized least squares, and
the estimates were obtained according to:

B = (XVAX)IX VLY

where f is the vector inherent in the estimates of the components
of genetic variance; X is the matrix of genetic components; Y is the
genetic variance matrix observed in the progenies; and V is the
variance matrix associated with the Y observations (Vencovsky and
Barriga 1992). The heritability coefficients were estimated using the
following equation:

+82+083)" e hf =63 (65 + 6% + 63",

where h? is the broad-sense heritability coefficient; h2 is the narrow-
sense heritability coefficient; ﬁé is the genetic variance component;
62 is the environmental variance between the plots; and 83 is the
variance within the plot; while 33 is the additive component of
genetic variance. The purpose of these estimates can only be
achieved considering the units in which plant selection will be
performed. In this study, the phenotypic variation is considered at
the seedling level, that is, the sum of genetic variation,
environmental variation between and within the repetitions inherent
to the progenies assessed for the traits related to the physiological
quality of seeds of the common bean progenies (6% = 62 + G2 +
G4...). The analyses were carried out with the aid of the SAS

software system (SAS OnDemand for Academics), with the MIXED
and IML procedures, used respectively to estimate the variance
components and obtain estimates by generalized least squares.

RESULTS AND DISCUSSION

Quantitative traits are controlled by multiple genes,
generally exhibiting small individual effects and significant
environmental influence. When considering traits related
to seed physiological quality, whose measurements are
purely metric, it is expected that the distributions of these
variables follow a normal curve. Figure 1 shows the
probability density function for the parents (P1 - IPR88
Uirapuru and P2 - BAF35) and the progenies resulting
from this cross in the F2:3 and Fs:s generations, regarding
four traits: seedling length, hypocotyl length, root length,
and vigor index. These distributions indicate the
probability that a continuous variable will assume a value
within a given observed interval, with the probability
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density always positive and the total area under the curve
equal to 1, which reflects 100% probability for the
distribution of the random variable.

Through these graphical distributions, as well as
kurtosis and mean estimates, it is possible to assess
genetic variability in the populations. By considering the
kurtosis value of a normal distribution (equal to 3) as a
reference, higher estimates indicate a leptokurtic
distribution, where the data are more concentrated
around the mean, showing less variability. On the other
hand, lower kurtosis values indicate a platykurtic
distribution, characterized by greater variability and more
extreme values. In fact, when analyzing the range of
observed variation, the quantitative nature of the traits is
confirmed. The F23 and Fse generations show a
platykurtic distribution with greater variability (K < 3 for
most traits), except for hypocotyl length (Figure 1). A
similar occurrence was observed in soybean crops,
indicating genetic variability in traits related to seed
physiological quality in segregating populations (Monteiro
et al., 2021).

Additionally, similar estimates were observed for parent
P2 (BAF35), which demonstrated a leptokurtic form with
higher kurtosis values and observations concentrated
near the mean, in contrast to parent P1 (IPR88 Uirapuru).
This can be attributed to the fact that P1 is a widely
cultivated commercial pure line in Brazil, while P2 is an
accession from the Bean Germplasm Active Bank.
Previous studies have reported genetic variation within
these accessions, primarily because these genotypes are
composed of a mixture of pure lines that were collected
from family farmers (Coimbra et al., 2008).

In addition, considering that the classical plant breeding
methods are based on the assumption that the
phenotype results from the joint activity of the genotype
and the environment, expressed by their variances
associated with the effects of random factors, it is
fundamental to verify the occurrence of these variance
components. In general, the analytical study of the
properties of a population provides knowledge about its
genetic  structure, using estimates of variance
components that allow obtaining genetic parameters
mainly related to selection processes. These parameters
are mainly relevant to support the search for the best
selective strategies to be applied in the breeding of
different traits. Thus, based on the estimates of the
genetic variance components, carried out using the
restricted maximum likelihood method, different
magnitudes were observed in the estimates of phenotypic
variances between progenies (Gg), genetic variance
between progenies (GZ), environmental variance between
(62), within (G3) and heritability (h?), for the different
variables related to the physiological quality of seeds in
the progenies in different generations used in this study
(Table 1).

Considering the beginning of the evaluation of the
progenies in the Fz3 generation, different magnitudes
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Figure 1. Probability density distribution of the genotypes IPR88 Uirapuru (P1), BAF35 (P2), progenies F3 (F3) and
Fs: (F6), for the traits seedling length, hypocotyl length, root length and vigor index, with the respective estimates of

the kurtosis coefficient (K) and means (X).

were verified in phenotypic variance (Table 1), in the
variables seedling length (23.66), hypocotyl length (2.52),
root length (13.09) and vigor index (271025); these
values were similar for Fs:s progenies. In Table 1, similar
estimates are also observed for genetic variances
between progenies in Fz:3 and Fss generations, for the
variables seedling length (8.09 and 9.68), hypocotyl
length (0.63 and 0.83), root length (4.38 and 4.87) and
vigor index (116158 and 149457). Based on this
information, the null hypothesis of the genetic variance
component (Ho: 6; = 0) was rejected by the Z test
(P<0.05), for the traits seedling length, root length and
vigor index, which indicates genetic variance between the
samples of the F23 and Fss segregating progenies (Hi:
6§¢0) and the possibility of success based on the
phenotypic selection in these traits (Table 1). The
absence of significance of the genetic variance
component for the trait hypocotyl length agrees with with
the kurtosis estimates verified in the F23 and Fsse
generations, whose values were higher (K>3). It reveals a
leptokurtic distribution, with the data centered close to the

mean, which demonstrates lower genotypic variation,
also indicated by the lower estimates of the coefficient of
heritability (Table 1).

Knowledge of the magnitude of the genetic variance of
a given trait is essential to obtain the heritable proportion
of phenotypic variability, that is, the proportion of the total
variance attributed to the genetic effects of individuals,
also known as heritability (Falconer and Mackay, 1996).
These estimates vary numerically from 0 to 1; when close
to 0, the variability observed in the trait presents a low
fraction inherent to genetic variation; and when close to
1, the phenotypic differences are mainly caused by the
genetic differences between the individuals. Estimates of
broad-sense heritability (h?) were less than 50% in the
traits seedling length (0.34), hypocotyl length (0.25), root
length (0.33) and vigor index (0.43), considering the total
genetic variation among the progenies in the Fa23
generation. When these values are observed in Fss,
higher estimates are verified for the traits seedling length
(0.45), hypocotyl length (0.30), root length (0.58) and
vigor index (0.56). This is basically explained by the
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Table 1. Estimates of phenotypic variances between progenies (Gg), genetic variances
between progenies (G2), environmental variance between (62) and within (63), heritability

(h?), referring to traits related to physiological quality in F23 and Fs; generations of the

cross between IPR88 Uirapuru x BA35.

Generations

Trait Estimate
F2:3 Fs.6
G2 23.66 21.66
’6; 8.09* 9.68*
Seedling length 62 1.63 0.22
GF] 13.94 11.76
h? 0.34 0.45
62 2.52 2.78
’6; 0.63 0.83
Hypocotyl length 62 0.46 0.17
8?1 1.43 1.78
h? 0.25 0.30
G2 13.09 8.39
Gé 4.38* 4.87*
Root length G2 0.68 0.01
63 8.03 3.52
h? 0.33 0.58
G2 271025 265924
8§ 116158* 149457*
Vigor index 62 26145 9236
GF 128722 107231
h? 0.43 0.56

*Significant at 5% probability by the Z test, with Ho: 63 = 0.

reduced estimates in the environmental variances
between and within the progenies. In addition, increased
genetic variation was observed between the Fz:3 and Fs:s
generations in all traits.

Regarding this increase, it is worth emphasizing that
the genetic variance release is achieved by gene
exchange, and, since bean is a predominantly
autogamous plant, recombination occurs at each self-
fertilization in meiosis. From successive generations, a
redistribution of genetic variation is found in the
individuals of the population, which increases the
variation between progenies, to the detriment of genetic
variation reduction within the progenies (Ramalho and
Vencovsky, 1978). Therefore, environmental variation
reduction between and within may result from an
increased uniformity observed in the progenies in the the
Fs:6 generation, which helps reducing bias and sampling
issues within the progenies. Additionally, considering that
the genotypes expressed by the progenies are transient
in segregating populations, gene frequency is subject to

the variation caused by sampling between successive
generations, mainly in the bulk conduction method, in
which the progenies are sampled to compose the next
generation and may therefore favor such increase
observed in genetic variation (Falconer and Mackay,
1996).

The different magnitudes observed for the heritability
estimates considered in the study essentially imply that
different selection strategies can be employed for the
evaluated traits. In studies conducted on common bean
aimed at selecting traits related to seed quality, results
different from those of this study were observed.
However, it is worth noting that those studies were
conducted using homozygous lines, which may influence
the estimates (Oliveira et al., 2020). In the soybean crop,
the opportunity for gains was verified by evaluating and
selecting superior segregating progenies for the traits
related to the physiological quality of seeds, and jointly,
gains correlated with grain yield were observed. When
direct selection for grain yield was conducted, increases
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were reported in the traits germination, root length,
hypocotyl length, vigor, emergence speed index and
emergence percentage (Monteiro et al., 2021).
Considering the coefficient of genotypic determination in
traits of the physiological quality of bean seeds, it is
observed that approximately half of the variation has
genetic origin between lines (Silva et al, 2023).
Therefore, the results of the study are consistent with
those observed in the literature for seed quality traits,
which is mainly evidenced in the Fs:s generation, whose
homozygosity values are close to those of the lineages
used by authors of different works addressing bean
culture.

Based on the broad-sense heritability estimates
obtained, increased values are observed, considering the
advancement from the Fz23 generation to the Fsse
generation (Table 1), which indicates that greater
success can be achieved through the selection carried
out from the phenotypic values in the Fse generation,
which presents higher homozygosity level. Thus, the
basic conclusion of these and other results was mainly
related to the definition of the adequate moment to carry
out the selection of plants in these traits. It is assumed
that bean breeding is carried out in its entirety, in order to
obtain homozygous lineages that result in commercial
cultivars, whose genetic variability in the segregating
generations arising from the crossing of two lineages
follows a precise model over the course of inbreeding
generations. The aspect that differs between the
breeding methods is how these generations are
conducted until homozygosity is reached. In this sense,
the distribution of genetic variance between progenies
from the crossing of two lines, for the additive and
dominant components, results in (1+F)33 and (1-F?)63,
where F is the inbreeding coefficient; considering the F2
generation as the starting point, it is found that the
expected genetic variance components start from 6% +
63, reaching 263 in generation F. (Ramalho and
Vencovsky, 1978).

Therefore, if the ratio between genetic variation and
phenotypic variation is high enough, with the
predominance of the additive component, methods that
include the evaluation of progenies in the initial
generations are preferable, aiming at the possibility of
selection and early discard of undesirable genotypes, due
to the fixation of the traits. In the presence of a
dominance component with relevant magnitude in the
total genetic variance, the evaluation and selection of
progenies should be preferred in advanced generations
with adequate levels of homozygosity. This is mainly
explained by the absence of fixation of the traits
visualized in the progenies in initial generations, due to
the occurrence of dominance, in which fixation will only
occur from the decrease of heterozygosis and the
increase of loci in homozygosis (Falconer and Mackay,
1996).

Thus, based on the genetic variance components

present in the segregating generations, important
information can be obtained to subsidize the plant
selection process focused on the traits of seed
physiological quality considered in this study. The
contributions of estimates of additive genetic variance
(63), genetic variance of dominance (63) and narrow-
sense heritability (h?) of the F23 and Fss progenies are
exhibited in Table 2. The estimates of additive genetic
variance in the Fz3 generation were lower for the
variables seedling length (1.12), hypocotyl length (0.08),
root length (1.4) and vigor index (3188), compared to the
Fs:e generation, whose values obtained for these traits
were, respectively, 3.41; 0.35; 4,12 and 109068.
Regarding the estimates of the dominance components
of genetic variation, values with lower magnitude for the
additive genetic variance were observed in the Fz:3 and
Fsis generations, considering the traits seedling length
(0.54 and 0.11), hypocotyl length (0.05 and 0.01), root
length (0.80 and 0.13) and vigor index (1584 and 3518).

For the traits germination and germination speed,
related to germination tolerance at low temperatures, the
additive gene activity prevailed (Otubo et al., 1996).
Thus, together with the results obtained in this study,
there is a predominance of additive effects in the traits
related to the physiological quality of bean seeds.
However, a fraction of the original variation of the
dominance component was observed in F23. The
presence of the dominance fraction, allied to a
guantitative trait governed by many genes, highlights a
series of selection hindrances in autogamous plants,
since the superior phenotypes for the traits under study
can be attributed to genetically distinct individuals, which
evidences changes in the phenotypic values of the
progenies inherent to the different gametic values
observed in the recombination process (Vencovsky and
Barriga, 1992).

Estimates of additive genetic variance in the F2:3 and
Fss generations resulted in different narrow-sense
heritabilities (additive variance x phenotypic variance
ratio). In the F2:3 generation, low narrow-sense heritability
values were observed, and the highest value obtained
was 0.11, for the trait root length (Table 2). The values
observed are lower than those for the broad-sense
heritabilities, considering the total genetic variance, which
reflects the strong effect of the other components of
genetic variance on the different traits related to the
physiological quality of bean seeds in the F2:3 generation.
However, it is necessary to point out that heritability is not
an exclusive property of the trait under study, but rather
of the population and the circumstances to which
individuals in the population were subjected as well
(Falconer and Mackay, 1996). Thus, these estimates are
relevant, due to the lack of information on the genetic
base of these traits in the common bean crop. However,
comparisons and generalized uses must be conducted
with caution.

The genetic parameter narrow-sense heritability for the
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Table 2. Estimates of additive genetic variance (63), dominance genetic variance
(63) and narrow-sense heritability (h2), referring to the traits seedling length (cm),
hypocotyl length (cm), root length (cm) and vigor index in F,.3 and Fs¢ generations of

the cross between IPR88 Uirapuru x BA35.

Generations

Trait Estimate
Fa:3 Fs:6
Gi 1.12 3.41
Seedling length 63 0.54 0.11
h? 0.05 0.16
52 0.08 0.35
Hypocotyl length 63 0.05 0.01
h2 0.03 0.13
82 1.4 4.12
Root length 63 0.8 0.13
h? 0.11 0.49
6% 3188 109068
Vigor index 63 1584 3518
h2 0.01 0.41

Fs:6 generation obtained different magnitudes, compared
to the Fz3 generation (Table 2). This fact is mainly
explained by the fact that the estimates of the additive
variance of the traits are higher in the Fss generation,
which, consequently, presented higher narrow-sense
heritability values (Table 2) for the traits seedling length
(0.16), hypocotyl length (0.13), root length (0.49) and
vigor index (0.41). By comparing these results with Figure
1, it is observed that the traits root length and vigor index,
which presented lower values for kurtosis in Fss,
consequently presented higher estimates for the
coefficients of restricted heritability. Furthermore, similarly
to what was generally described for genetic variance by
Cockerham (1963), a decrease is reported in the
variance component inherent to dominance present in the
total genetic variation, for the traits of physiological seed
guality in common bean considered in this study, due to
homozygosity increase in different loci.

Considering the low narrow-sense heritability estimates
for the F2:3 generation compared to the Fs:s generation,
attributed to dominance variance, selection for these
traits should focus on advanced generations where
higher levels of homozygosity occur. This suggests that
greater success can be achieved by selecting in the Fss
generation in the present study. Progress in seed quality
traits through breeding primarily depends on the available
genetic variance and how much of this variation can be
fixed to contribute to the progenies’ genetic value.
Advanced generations, with higher levels of
homozygosity, facilitate the fixation of desirable traits.
Additionally, these generations generally provide a larger

quantity of seeds, enabling more precise physiological
quality testing.

Concerning breeding methods, strategies such as the
genealogical selection method, mass selection, or single-
seed descent can be employed, depending on the
breeding program’s objectives and their alignment with
traits related to physiological quality. Except for the
genealogical method, these approaches aim to fix alleles
by increasing homozygosity through inbreeding, followed
by selection in advanced generations. By selecting the
appropriate method, breeders can maximize the genetic
potential available in the populations to achieve
significant gains in seed quality traits and beyond.

Conclusion

The results of this study demonstrate that the additive
component of genetic variance predominated in
characteristics related to the physiological quality of
seeds of bean progenies in the F2:3 and Fs:s generations.
The greater heritability observed in the Fs:e generation,
particularly for seedling length, radicle length, hypocotyl
length and vigor index, indicates that selection in these
advanced generations is more effective due to increased
levels of homozygosity and reduced environmental
variance. These data provide important support for the
genetic improvement of beans, pointing to the viability of
selection strategies based on phenotypic values in more
advanced generations. Furthermore, the study reinforces
the relevance of a detailed understanding of genetic
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variance to maximize gains in agronomic characteristics,
contributing to the development of cultivars with greater
physiological seed quality and superior performance in
the field.
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RESUMO

O trabalho objetivou verificar a magnitude dos componentes da variagdo genotipica e
suas implicacbes na selecdo em caracteres da taxa de mobilizacdo de reservas em
sementes de feijdo. Os genotipos utilizados foram originados de cruzamento artificial
(IPR88 Uirapuru x BAF35), com suas progénies avancadas em bulk até a geracdo Fs. As
progénies F2 e Fs conjuntamente aos genitores, foram conduzidas experimentalmente a
campo na safra 2020/21. Posteriormente a colheita, foi procedida a avaliacdo referente
aos caracteres massa seca de plantulas (mg), massa seca de cotilédone (mg), taxa de
mobilizacdo de reservas (%) e taxa de reducdo de reservas (%). Com as avaliacOes,
verificou-se a presenca de variabilidade genética entre as progénies, revelando a
possibilidade de sucesso com a selecdo de plantas. Considerando 0s incrementos na
variancia aditiva e consequentemente na herdabilidade restrita nos caracteres massa seca
de pléntula e taxa de mobilizacdo de reservas, conjuntamente as estimativas da correlacédo
genética, a selecdo de plantas justifica-se em geracdes com maior homozigose nas
progénies de feijao.

REVISTA OBSERVATORIO DE LA ECONOMIA LATINOAMERICANA

ISSN: 1696-8352

Page 2

REVISTA OBSERVATORIO DE LA ECONOMIA LATINOAMERICANA, Curitiba, v.22, n.5, p. 01-21. 2024.


mailto:altamirguidolin@gmail.com

OBSERVATORIO
DE LA ECONOMIA
LATINOAMERICANA

Palavras-chave: Phaseolus vulgaris L., Variancia genética, Correlagdo Genetica.

ABSTRACT

The study aimed to verify the magnitude of genotypic variation components and their
implications in selection for traits related to the rate of reserve mobilization in bean seeds.
The genotypes used were derived from artificial crossing (IPR88 Uirapuru x BAF35),
with their advanced progenies bulked up to the Fs generation. The F> and Fs progenies,
along with the parents, were experimentally conducted in the field during the 2020/21
season. After harvest, evaluations were performed for the traits dry seedling mass (mg),
dry cotyledon mass (mg), reserve mobilization rate (%), and reserve reduction rate (%).
Through these evaluations, genetic variability among the progenies was observed,
revealing the potential for success through plant selection. Considering the increases in
additive variance and consequently in narrow-sense heritability in the traits of dry
seedling mass and reserve mobilization rate, together with estimates of genetic
correlation, plant selection is justified in generations with higher levels of homozygosity
in bean progenies.

Keywords: Phaseolus vulgaris L., Genetic variance, Genetic Correlation.

RESUMEN

El objetivo del trabajo fue verificar la magnitud de los componentes de la variacion
genotipica y sus implicaciones en la seleccion de caracteres relacionados con la tasa de
movilizacién de reservas en semillas de frijol. Los genotipos utilizados fueron originados
a partir de cruzamientos artificiales (IPR88 Uirapuru x BAF35), con sus progenies
avanzadas en bulk hasta la generacién Fs. Las progenies F2 y Fs, junto con los genitores,
fueron conducidas experimentalmente a campo en la cosecha 2020/21. Posteriormente a
la cosecha, se procedio a la evaluacion de los caracteres masa seca de plantulas (mg),
masa seca de cotiledon (mg), tasa de movilizacion de reservas (%) y tasa de reduccion de
reservas (%). Con las evaluaciones, se verifico la presencia de variabilidad genética entre
las progenies, revelando la posibilidad de éxito con la seleccion de plantas. Considerando
los incrementos en la varianza aditiva y, consecuentemente, en la heredabilidad
restringida en los caracteres masa seca de plantula y tasa de movilizacién de reservas,
junto con las estimaciones de la correlacion genética, la seleccion de plantas se justifica
en generaciones con mayores niveles de homocigosis en las progenies de frijol.

Palabras-clave: Phaseolus vulgaris L., Varianza genética, Correlacion Genética.

1 INTRODUCAO

O feijdo comum (Phaseolus vulgaris L.) é amplamente cultivado em territério
brasileiro e no mundo, devido a ser considerado um alimento importante, sendo fonte de
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proteinas, carboidratos, fibras e minerais (Los et al., 2018). Assim, 0 seu cultivo no Brasil
anualmente é realizado em até trés safras com sistemas de producdo diversificados. A
produtividade média para os tipos cores e preto na safra 2022/23 foi de 1559 kg ha*
(Conab, 2024). Em virtude desta diversidade de ambientes em que se realiza o seu cultivo,
inimeras sdo as restricGes abioticas e bidticas que podem acometer esta cultura (Assefa
etal., 2019). Estas restricbes podem atuar de maneira direta e indiretamente, favorecendo
a reducdo do potencial de rendimento de grdos. Com isso, 0 aumento da eficiéncia da
planta de feijdo com o melhoramento genético apresenta fundamental importancia,
visando manter e avangar os niveis da produtividade de gréos.

Um dos aspectos associados ao aumento do potencial produtivo estd no uso de
sementes de maior qualidade fisioldgica (Krzyzanowski et al., 2018). O uso de sementes
com qualidade superior favorece o desempenho durante a emergéncia e formacdo de
plantulas (Marcos Filho, 2015). Aliado a este fato, se verifica uma grande taxa de
utilizacdo de sementes salvas na cadeia produtiva do feijao, que geralmente demonstram
qualidade fisiologica inferior. Neste sentido, a consideracdo destes caracteres no
melhoramento do feijdo confere uma maior qualidade de sementes, intrinsecas ao
componente genético do valor fenotipico, assegurando sua expressdo em geracoes
subsequentes.

Durante a germinag&o é necessario que as reservas armazenadas sejam utilizadas
pelo eixo embrionario para a formacdo da plantula, e essa utilizagdo é positivamente
associada ao melhor desempenho das plantulas em fases iniciais (Pereira et al., 2015;
Andrade et al., 2019). Os caracteres de mobilizacdo de reservas das sementes foram
indicados com potencialidade na avaliacdo da qualidade fisiologica de sementes (Padilha
et al., 2020). Esses caracteres estdo associados a formacdo de plantulas de melhor
desempenho, e demonstraram variacdo genética (Shaibu; Ibrahim, 2016). Considerando
essas diferencas genotipicas, sdo observadas escassez de informacdes referentes aos
aspectos genéticos dos caracteres da mobilizacdo de reservas de sementes em feijéo,
surgindo o questionamento se ha possibilidade de sucesso com a selecdo de plantas e
quais seriam as melhores estratégias seletivas a serem utilizadas nestes caracteres?
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A partir destes questionamentos, sabe-se que 0 sucesso ou também chamado de
progresso genético no melhoramento de plantas em qualquer carater, dependente da
magnitude e natureza da variacao genética na populacdo em que a selecédo sera praticada.
Assim, com o auxilio de estimativas dos pardmetros genéticos ndo viciados pelo
ambiente, o melhorista pode direcionar o caminho mais apropriado para chegar a ganhos
realisticos (Allard, 1971). Partindo de um carater quantitativo, a sua variancia fenotipica
pode ser decomposta em diferentes componentes de um modelo basico, sendo esta
particdo inerente a porcao da variacao fenotipica devida as diferencas genotipicas que se
manifestam, e uma fragdo decorrente dos efeitos de ambiente (Falconer; Mackay, 1996).
No entanto, essa particdo em componentes genotipicos e de ambiente ndo conduzem ao
entendimento das propriedades genéticas da populacdo, necessitando que a variagdo
genotipica seja desdobrada em componentes fundamentados na expressdo genotipica do
individuo, resultante da soma dos efeitos genéticos aditivos, dominantes e epistaticos,
considerando mais de um gene (Vencovsky; Barriga, 1992). Esse conhecimento do
controle genético de um carater quantitativo, fornece uma base sélida para o processo de
selecdo de plantas, possibilitando a determinacdo das técnicas e métodos de
melhoramento mais adequadas.

Neste sentido, o trabalho teve por objetivo verificar a magnitude dos componentes
da variagdo genotipica e suas implicagdes em caracteres da taxa de mobilizacdo de

reservas em sementes de feijdo.

2 MATERIAL E METODOS

Os gendtipos de feijdo utilizados no estudo foram originados a partir do
cruzamento artificial entre a cultivar IPR88 Uirapuru x BAF35, este ultimo oriundo do
Banco Ativo de Germoplasma da Universidade do Estado de Santa Catarina. A hibridacao
artificial direcionada foi realizada no ano de 2016 em casa de vegetacdo, com
emasculacdo do botdo floral. Os hibridos destes genitores deram origem a diferentes
populacbes segregantes nas geragdes F2, Fs, Fs, Fs e Fe avancadas pelo método de

conduc¢do em “bulk”, sem aplicagdo da selegdo nestas geragdes. Destas populagdes, foram
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avaliadas neste estudo 20 progénies, sendo 10 progénies oriundas da geracdo F3 e 10
progénies referentes a geragéo Fes, conjuntamente aos genitores IPR88 Uirapuru e BAF35.

As progénies foram conduzidas em condi¢Ges de campo, na safra agricola de
2020/21 em Lages — SC. As coordenadas geogréficas sao latitude de 27° 47°S ¢ longitude
de 50° 18°W, com 950m de altitude, a clasificag@o climatica segundo segundo Koppen ¢é
cfb (temperado mesotérmico umido e verdo ameno) (KOPPEN; GEIGER, 1930). O solo
do local é classificado como um Cambissolo Hamico Aluminio Léptico, textura argilosa,
predominando o substrato siltito + argilito e relevo ondulado, com rampas de
aproximadamente 300m de comprimento, apresentando as seguintes propriedades: 34%
de argila; pH em agua de 5,93; acidez potencial pelo método SMP de 5,21; 10,06 mg dm-
3 de P; 80 mg dm de K; 2,61% de matéria organica; 5,42 cmolc dm=2de Ca e 2,10 cmolc
dm3 de Mg.

O espagamento entre linhas utilizado na conducdo das progénies foi de 0,5m com
densidade de semeadura de 12 sementes por metro linear. As praticas culturais durante o
ciclo foram realizadas conforme as recomendag6es técnicas da cultura do feijao, enquanto
a adubacdo de semeadura e cobertura tiveram como base a interpretacdo da analise de
solo, seguindo o disposto pela Comissdo de Quimica e Fertilidade do Solo, aumejando
um rendimento de grdos de 4000 kg ha* (CQFS-RS/SC, 2016). A adubagcdo nitrogenada
em cobertura foi parcelada em duas aplicacGes, nos estadios vegetativos de primeira (V3)
e terceira (V4) folha trifoliolada aberta. A colheita foi procedida apds a maturidade
fisiologica, realizando-se a padronizacdo da umidade das sementes para
aproximadamente 13% em base Umida, sendo armazenadas em sequéncia em camara
fria.

As avaliagdes referentes a taxa de mobilizacdo de reservas das 20 progénies
inerentes as geracOes Fs e Fs conjuntamente aos genitores, foram realizadas em
laboratério sob delineamento inteiramente casualizado, com 4 repeti¢cbes. Na
determinacdo da mobilizacdo da reserva de sementes (MRS), utilizou-se uma amostra
com 20 sementes, dispostas sobre duas linhas tracadas no ter¢o superior do papel
Germitest®, no sentido longitudinal umedecido com 2,5 vezes 0 peso seco, com agua
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destilada e deionizada. Os rolos confeccionados foram mantidos na vertical, em BOD
regulada a temperatura de 25°C, com fotoperiodo alternado de 12 horas, por cinco dias.

Posteriormente, os cotilédones e 0 eixo das plantulas foram entdo separados e
secos a 80 °C por 24 horas, para determinacdo do peso seco remanescente nos cotilédones
(MSRC) e do peso seco das plantulas (MSP) (Nakagawa, 1994). Para a determinacgéo da
mobilizacdo da reserva de as sementes, essas foram secas em estufa a 105 °C por 24 horas
para obtencdo do massa seca das sementes (MSS). A reducdo de reservas da semente
(RRS) foi determinada pela diferenca entre MSS e a MSRC (Soltani et al., 2006), com o
resultado expresso em mg de semente! (Equacéo 1).

RRS = MSS - MSRC (1)

A taxa de reducéo de reservas de sementes (TRRS) foi calculada pela razdo entre
RRS e MSS e expressa em porcentagem (PEREIRA et al., 2015). A taxa de mobilizagdo
de reservas da semente (TMR) foi determinada conforme descrito por Andrade et al.

(2019), expressa em porcentagem (Equagéo 2).

TMR (%) = ﬁ—z‘s’x 100 (2)

A partir das varidveis inerentes a mobilizacdo de reservas das sementes dos

genotipos de feijdo, foram procedidas as anélises estatisticas com base no modelo misto

(Equacéo 3).
Y=Xb+ Zu + €E+d (3)
Em que:

Y é o vetor das observagdes; X € a matriz de incidéncia dos efeitos fixos (média); Z é a matriz de
incidéncia dos efeitos aleatorios (gendtipo); b é o vetor dos efeitos fixos; u é o vetor dos efeitos aleatorios;

€ é o vetor de inerente ao erro experimental; d é o vetor de inerente ao erro dentro da parcela.
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A estimacao dos componetes de varancia genotipica e residual (ambiente) foram
realizadas considerando o modelo misto decorrente de estes parametros serem referentes
a populacdo (apresentam efeitos aleatorios). Estas estimativas foram fundamentadas no
método de maxima verossimilhanca restrita (REML), visto que seus estimadores sdo
obtidos maximizando a funcdo de verossimilhanca, a qual é dividida em duas partes
independenetes, referente aos efeitos fixos e aleatorios, sendo a funcdo de
verossimilhanca inerente a soma de cada parte, que resultam em propriedades
consideradas superiores as estimativas de quadrados minimos e de méaxima
verossimilhanca (Searle et al., 1992).

Em sequéncia, a variancia genotipica das progénies (cZ) foi decomposta em
componentes aditivos (%) € dominantes (¢3) para as geragoes Fs e Fs, de acordo com o

proposto por Cockerham (1963) (Equacao 4).

oé =kaoi + koo ..., (4)

Em que:

ka = (1 + Iy) e kp = (L+1)(1-1)Y(L-1g)(1-1¢), sendo I; 0 coeficiente de endogamia na geragédo de
referéncia, 1y o coeficiente de endogamia na geragéo g da descendéncia e I 0 coeficiente de endogamia na

geracdo g’ da descendéncia.

A decomposicdo foi realizada utilizando minimos quadrados generalizados, com

as estimativas obtidas de acordo com o seguinte estimador (Equacéo 5).

B =X VX)X V1Y (5)

Em que:

B = vetor inerente as estimativas dos componetes da variancia genética; X = matriz dos
componentes genéticos; Y = matriz de variancia genéticas observadas nas progénies e V = matriz de

variancias associadas as observagdes Y.
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Os coeficientes de herdabilidade foram estimados de acordo com as seguintes

equacdes (Equagdo 6 e 7), considerando a variagédo fenotipica em nivel de parcelas (62 =

f2 =

h*= 6% + 62 ©)
~2

h2=_ %A

hr= 62 + 62 ()
Em que:

h? = coeficiente de herdabilidade no sentido amplo, h? = coeficiente de herdabilidade no sentido
restrito, 63 = componete de variancia genética, G2 = variancia de ambiente entre parcelas, 3 = 0 componete

aditivo da variancia genética.

A associacao entre os pares de caracteres (x e y) foram estimadas com a correlacéo
fenotipica (rr = Covxy(o,z(o}%)'l’z) e correlacdo genotipica (rg = COVg(xy)(O'é:XGé:y)-llz). As
analises foram realizadas com auxilio o software SAS (SAS OnDemand for Academics),
com o procedimento MIXED utilizado para analise do modelo misto e estimacdo dos
componentes de variancia, além disso, o procedimento IML foi empregado na obtencéo

das estimativas por quadrados minimos generalizados.
3 RESULTADOS

O estudo analitico das propriedades de uma populagéo possibilita o conhecimento
da sua estrutura genética. Utilizando estimativas dos componetes de variancia, estas
permitem a obtencdo de parametros genéticos, que se relacionam principalmente aos
processos seletivos realizados no melhoramento de plantas. Estes parametros demonstram
importancia visando principalmente subsidiar a escolha das melhores estratégias seletivas
a serem aplicadas nos distintos caracteres. Neste sentido, diferentes magnitudes das
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estimativas inerentes as variancias fenotipicas entre progénies (65), variancias genéticas
entre progénies (Gg), variancia de ambiente (6¢) e herdabilidades (h?), foram verificadas

para as diferentes variaveis relacionadas a mobilizacdo de reservas nas progénies
inerentes as geracdes de autofecundacgéo Fs e Fg, utilizadas neste estudo (Tabela 1).

Nas geracOes Fs e Fe respectivamente, considerando o inicio da avaliagdo das
progénies, foram verificadas variancias fenotipicas com distintas magnitudes para 0s
caracteres massa seca de plantulas (Fs: 470,88 e Fe: 175,89), massa seca de cotilédone
(F3: 522,51 e F¢: 243,32), taxa de mobilizacdo de reservas (F3: 102,64 e Fe: 41,09) e taxa
de reducéo de reservas (Fs: 131,54 e Fe: 41,06) (Tabela 1). Observando os componentes
de variancia genética entre as progénies, verificou-se a significancia destes pelo teste Z

(P<0,05), rejeitando-se a hipétese de nulidade (Ho: 6@ = 0). Indicando deste modo que
estes parametros estimados diferem de zero (6@ # 0). O valor destas estimativas foram

respectivamente, nas variaveis massa seca de plantulas (Fs: 87,96 e Fs: 94,90), massa seca
de cotilédone (F3: 240,92 e Fe: 178,66), taxa de mobilizacdo de reservas (Fs: 24,35 e Fe:
22,60) e de reducdo de reservas (Fs: 73,92 e Fe: 24,99) (Tabela 1).
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Tabela 1. Estimativas das variancias fenotipicas entre progénies (G¢), variancias genéticas entre progénies
(Gg), variancias ambientais (62) e herdabilidade no sentido amplo (h?), referentes aos caracteres massa
seca de plantula, massa seca de cotilédone, taxa de mobilizagcdo de reservas e taxa de reducéo de reservas,
inerente aos genotipos de feijao nas geracdes Fse Fe.
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Caréter Estimativa Geracoes
Fa Fe
o 470,88 175,89
62 87,96* 94,90*
a g 1 1
Massa seca de plantula &2 382,92 80,99
h? 0,19 0,54
62 522,51 243,32
62 240,92* 178,66*
M -I 7 g L] 1
assa seca de cotilédone &2 19051 64.69
h? 0,46 0,73
Gr 102,64 41,09
G 24,35* 22,60*
T .I. ~ g 1 1
axa de mobilizacdo de reservas &2 78,29 18,49
h? 0,23 0,55
Gr 131,54 41,06
62 73,92* 24,99*
Taxa de redugdo de reservas & ' !
ue v 62 57,62 16,07
h? 0,56 0,60

*Significativo a 5% de probabilidade pelo teste Z, com Ho: 6@ = 0. Fonte: Autores.

As estimativas de herdabilidade no sentido amplo (h?) foram de 0,19; 0,46; 0,23
e 0,56, nos caracteres massa seca de plantulas, massa seca de cotilédone, taxa de
mobilizacdo de reservas e taxa de reducdo de reservas, considerando a varia¢do genética
total presente entre as progénies na geracdo Fs. Estas estimativas apresentaram valores
inferiores as observadas na geragdo Fs, em que para 0s respectivos caracteres foram 0,54;
0,73; 0,55 e 0,60, com excecdo do carater massa seca de cotilédone.

A partir dos componentes de varidncia genética presentes nas geracoes
segregantes, informagfes importantes podem ser obtidas para subsidiar o processo de
selecdo de plantas nos caracteres referentes a taxa de mobilizacdo de reservas
considerados neste estudo. As contribuicdes das estimativas da variancia genética aditiva
(6%), variancia genética de dominancia (63) e herdabilidade no sentido restrito (h?) das
progénies Fs e Fs podem ser visualizadas na Tabela 2.

As estimativas do componente aditivo da variancia genética em Fs e Fe foram as

seguintes, nos caracteres massa seca de plantulas (Fz: 7550,76 e Fs: 11466,50), massa seca
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de cotilédone (Fz: 128,49 e Fg: 92,11), taxa de mobilizacdo de reservas (Fz: 12,39 ¢ Fe:
11,49) e taxa de reducéo de reservas (Fs: 35,78 e Fe: 17,57). Os componentes genéticos
atribuidos a dominéncia foram inferiores em ambas as geracfes nos caracteres em estudo,
contudo demostrando ser um possivel fator perturbador na selecdo para os carateres da

mobilizacdo de reservas nas sementes de feijao na geracdo de autofecundacéo Fs.

Tabela 2. Estimativas da variancia genética aditiva (63 ) e dominancia (%), conjuntamente a herdabili-
dade no sentido restrito (h?), para os caracteres massa seca de plantula, massa seca de cotilédone, taxa de
mobilizacdo de reservas e taxa de reducdo de reservas de gen6tipos de feijdo nas geracoes Fse Fe.

Carater Estimativa F Geragoes Fe
A 7550,76 11466,50

Massa seca de plantula Grs 3710,38 379,88
h? 0,16 0,65

GA 128,49 92,11
Massa seca de cotilédone G 63,24 3,98
h? 0,24 0,37

G 12,39 11,49
Taxa de mobilizacéo de reservas G 9,17 0,36
h? 0,12 0,27

53 35,78 17,57
Taxa de reducdo de reservas 63 18,89 2,92
h? 0,27 0,42

Fonte: Autores

As estimativas da variancia genética aditiva resultaram em diferentes
herdabilidades no sentido restrito (proporcdo da variancia aditiva pela variancia
fenotipica). Na geracdo Fz 0s caracteres massa seca de plantulas, massa seca de
cotilédone, taxa de mobilizacdo de reservas e taxa de reducdo de reservas apresentaram
valores de 0,16; 0,24, 0,12 e 0,27, enquanto em Fe foram respectivamente 0,65; 0,37, 0,27
e 0,42. Esses valores se demonstraram inferiores a herdabilidade no sentido amplo, a qual
considera a variancia genética total, principalmente na geragdo Fz onde se tem um maior
nivel de heterozigose.

Adicionalmente a estimacdo da agdo génica predominante, com 0s componentes
de variancia, estimativas a respeito da associacdo dos caracteres sdo de fundamental
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importancia. Assim sendo, a partir da Tabela 3 observa-se as estimativas dos coeficientes
de correlacdo fenotipica e genotipica para os caracteres avaliados nas progénies de feijao,
onde apenas duas associacdes entre as variaveis foram significativas a 5% de
probabilidade de erro pelo teste t. Na associagdo entre 0s caracteres massa seca de
plantulas e taxa de mobilizacdo de reservas a correlacdo fenotipica foi de 0,80 e a
genotipica de 0,87, enquanto na associa¢do entre massa seca de cotilédone e taxa de

reducdo das reservas estas correlac6es foram de -0,90 e -0,98.

Tabela 3. Coeficientes de correlagdo fenotipica (rr) e genotipica (rg) entre os caracteres massa seca de
plantula (MSP), massa seca de cotilédone (MSC), taxa de mobilizacdo de reservas (TMR) e taxa de redu-
¢do de reservas (TRR) em gendtipos de feijdo nas geracoes Fse Fs.

Comparacéo dos caracteres CollERs
Fenotipica (rr) Genética (rg)
MSP x MSC 0,20 0,32
MSP x TMR 0,80* 0,87*
MSP x TRR -0,04 -0,14
MSC x TMR -0,10 0,08
MSC x TRR -0,90* -0,98*
TMR X TRR -0,11 0,14

*Significativo a 5% de probabilidade, pelo teste t.
Fonte: Autores.

4 DISCUSSAO

O conhecimento da magnitude da variancia genética presente em determinado
carater € primordial visando a obtencéo da proporgéo herdavel da variagéo fenotipica, ou
seja, a proporcdo da variancia total que € atribuida aos efeitos génicos dos individuos,
denominada também de herdabilidade (Falconer; Mackay, 1996). Estas estimativas
variam numericamente de 0 a 1, quando préxima de O, a variabilidade observada no
carater apresenta uma baixa fragdo inerente a variacdo genética, sendo proximas a 1, as
diferengas fenotipicas sdo ocasionadas em grande parte pelas diferencas genéticas dos
individuos. Para que essas estimativas cumpram com sua finalidade, as mesmas devem
ser estimadas considerando as unidades em que sera praticada a selecdo de plantas. Neste

estudo, estas estimativas de herdabilidade foram realizadas considerando a variagdo
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fenotipica entre progénies ao nivel de parcela, ou seja, 0 somatdrio da variacdo genética
e variagdo de ambiente inerentes as progénies em que foi realizada a avaliagdo (6% = 62
+ G62), para os caracteres relativos a taxa de mobilizagdo de reservas em sementes das
progénies de feijao.

Foram observados incrementos nos valores de herdabilidade para todos os
caracteres considerados neste estudo, o que pode ser inerente principalmente a uma
reducdo da variacdo de ambiente. Além disso, parea o carater massa seca de plantula
ocorreu um incremento nas estimativas da variacdo genética entre as geracdes Fs e Fe.
Referente a este aumento, € oportuno enfatizar que a liberacdo da variancia genética é
conseguida por permuta génica, em que, o feijdo sendo uma planta predominantemente
autdégama, a recombinacdo ocorre a cada autofecundacdo na meiose. Com isso, a partir
de sucessivas geracdes ocorre uma redistribuicdo da variacdo genética nos individuos da
populacdo, fazendo com que a variacdo genética entre progénies seja incrementada,
enquanto a variacao genética dentro das progénies reduz (Ramalho; Vencovsky, 1978).

A reducdo das variacbes de ambiente observada na geracdo Fz para Fs, nos
caracteres massa seca de plantulas e taxa de mobilizacao de reservas, pode ser oriunda de
uma maior uniformidade observada nas progénies na geracdo Fs, colaborando para a
reducdo do viés nos valores fenotipicos, principalmente relacionado as questbes de
amostragem dentro das progénies. No geral, as estimativas de herdabilidade no sentido
amplo foram superiores a 50% em todos os caracteres utilizados no estudo, para as
diferentes geragdes. Com excecdo da massa seca de plantula e taxa de mobilizacdo de
reservas, o que pode estar relacionado principalmente a maior estimativa da variacdo de
ambiente.

As diferentes magnitudes observadas para as estimativas de herdabilidade
consideradas no estudo, implicam basicamente que distintas estratégias de selegdo podem
ser utilizadas nos caracteres avaliados. Em alguns trabalhos realizados na cultura do
feijdo, visando a selecdo para caracteres relacionados a qualidade de sementes foi
observado a possibilidade de sucesso com a mesma, contudo vale ressalvar que estes
estudos foram realizados utilizando linhagens em homozigose, demonstrando
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informagdes pobres em termos do melhoramento de plantas (Padilha et al., 2020;
Mambrim et al., 2015).

Na cultura da soja, foi constatado a oportunidade de ganhos avaliando e
selecionando progénies segregantes superiores em caracteres relacionados a qualidade
fisiologica de sementes. De maneira conjunta, foram observados ganhos correlacionados
com a produtividade de gréos. Ou seja, ao melhorista efetuar a selecdo diretamente para
rendimento de graos, neste caso, foram visualizados acréscimos nas caracteristicas de
germinagdo, comprimento de radicula, comprimento de hipocétilo, vigor, indice de
velocidade de emergéncia e porcentagem de emergéncia (Monteiro et al., 2021). Se esta
situacdo for constatada na cultura do feijdo, indica que o melhorista esta correto em
realizar a selecdo apenas para o rendimento de graos.

Os resultados deste estudo sdo condizentes aos observados na literatura para os
caracteres de qualidade de sementes, demonstrando a possibilidade de sucesso com a
selecdo fenotipica nos caracteres relacionados a mobilizacéo de reservas, que colaboram
para uma maior qualidade fisiologica de sementes. Nas estimativas de herdabilidade
obtidas para o sentido amplo, foram constatados incrementos nestes valores para todos os
caracteres avaliados neste estudo, considerando o avango da geracdo Fs para Fs. Assim,
indicando previamente a possibilidade de obtencdo de um maior sucesso com a selecdo
fenotipica, realizada a partir da geracdo Fs, a qual apresenta maior nivel de homozigose.

A implicacdo basica destes e demais resultados € relacionada principalmente a
definicdo do momento adequado para realizacdo da selecéo de plantas nestes caracteres.
Considerando que o melhoramento do feijdo é realizado em sua totalidade visando a
obtencéo de linhagens homozigotas, resultando nas cultivares comerciais, a variabilidade
genética nas geracOes segregantes oriundas do cruzamento de duas linhagens segue um
modelo preciso com o decorrer das geragdes de endogamia, sendo que 0s aspectos que
diferem os métodos de melhoramento s&o 0 modo como essas geragdes sdo conduzidas
até atingir a homozigose. Neste sentido, a distribuicdo da varidncia geneética entre
progénies do cruzamento de duas linhagens, para os componentes aditivos e dominantes
resulta em (1+F)3% e (1-F?)33, em que F é o coeficiente de endogamia. Para a geracio

F2 (geracdo que o modelo genético de Cockerham foi proposto), constata-se que 0s
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componentes da variancia genética esperados partem de 63 + 63, chegando a 263 em F.,
(Ramalho; Vencovsky, 1978).

A partir disso, se a propor¢do da variacdo genetica pela variacdo fenotipica for
suficientemente alta, com predominéncia do componente aditivo, sdo preferiveis métodos
que oportunizem a avaliacdo das progénies nas geracdes iniciais. Visando a possibilidade
de selecdo e o descarte de gendtipos indesejaveis de maneira precoce decorrente da
fixacdo dos caracteres ser verificada ja nas primeiras geracfes segregantes. Na presenca
do componente de dominancia com magnitude relevante na variancia genética total, a
avaliacdo e selecdo das progénies devem ser preferidas em geragdes avancadas com niveis
adequados de homozigose, devido basicamente a auséncia de fixacdo dos valores
genotipicos visualizados nas progénies em gerac@es iniciais (Allard, 1971).

Com base nisso, 0os componentes genéticos atribuidos a dominancia foram
inferiores em ambas as geracbes nos caracteres em estudo. Um maior potencial
perturbador na selecdo foi verificado para os carateres massa seca de plantula e taxa de
mobilizag&o de reservas na geragdo Fs. A presenca da fragdo de dominéncia aliada a um
carater quantitativo, governado por muitos genes demonstra uma série de problemas para
a selecdo de plantas em espécies autdgamas. Isto porque os fendtipos superiores para 0s
caracteres considerados, podem ser atribuidos a individuos geneticamente distintos, os
quais podem evidenciar mudangas nos valores genotipicos das progénies inerentes dos
diferentes valores gaméticos derivados do processo de recombinagdo (Vencovsky;
Barriga, 1992).

As informac0es a respeito destes aspectos genéticos sdo escassas na literatura nos
caracteres considerados neste trabalho. Em estudo a respeito do controle genético da
tolerancia de germinacdo a baixas temperaturas em sementes feijdo, avaliado por
caracteres da qualidade fisiologica, os autores verificaram um controle poligénico, com
acdo genica predominantemente aditiva (Otubo et al., 1995). Desta forma, este estudo
colabora com os resultados obtidos, apontando para a predominancia de efeitos aditivos,
em ambas as geracgdes segregantes. Apesar da predominancia do componente aditivo da
variancia genética, os valores inerentes as herdabilidades no sentido amplo, foram
consideravelmente superiores as herdabilidades no sentido restrito. Este fato pode ser
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inerente basicamente a reducdo do componente de variancia inerente a dominancia
presente na variacdo genética total, para os atributos referentes a taxa de mobilizacao de
reservas, decorrente do aumento da homozigose nos diferentes locos, conforme descrito
para a variancia genética por Cockerham (1963). Com base nisso e nas magnitudes das
estimativas da variancia genética aditiva, 0 momento adequado para a realizacdo da
selecdo pode ser estipulado para esses caracteres, referentes a taxa de mobilizacao de
reservas das sementes em feijao.

No ambito geral, se verifica que para ambos 0s caracteres ouve incrementos na
herdabilidade no sentido restrito da geracdo F3 para Fe, 0 que de certa forma demonstra
uma obviedade, visto os incrementos nos niveis de endogamia. Este fato, indica uma
selecdo mais efetiva nestes caracteres a partir de geracBes com maiores niveis de
homozigose. Apesar da simplicidade destas observagdes, as mesmas séo relevantes
considerando a auséncia de informac@es sobre a base genética referente a esses caracteres
na cultura do feijdo. Entretanto sdo necessarios cuidados na utilizacdo e comparacao
destas estimativas de maneira generalizada, visto que a herdabilidade é uma propriedade
ndo exclusivamente do carater em estudo, mas também da populacéo e das circunstancias
a qual os individuos da populacdo foram sujeitos (Baldissera et al. 2014).

Além das informagdes referentes aos componentes da variancia fenotipica, as
estimativas das associacOes entre os caracteres observadas pelas correlagdes fenotipicas
e genotipicas demonstram um subsidio valioso na escolha dos procedimentos adequados
para a realizacdo da selecdo. Visto que na presenca da correlagdo genética observada e
sua da magnitude, verifica-se que 0s gendtipos apresentaram um desempenho genotipico
anélogo para os caracteres massa seca de plantulas e taxa de mobilizacéo de reservas.

Contrariamente, para a massa seca de cotilédone e taxa de reducdo das reservas
esta associacdo entre os valores genotipicos dos caracteres é negativa, demostrando que
incrementos na taxa de reducdo de reservas promovem decréscimos na massa seca de
cotilédone, sendo este fato j& observado na literatura (Padilha et al. 2020). Outro fato
particularmente importante, é relacionado a pressao de sele¢do nos caracteres, visto que
a partir do grau de correlacdo dos valores genéticos, os caracteres possivelmente sdo
governados por genes em comum, estritamente no sentido de incrementar o valor
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genotipico e fenotipico de ambas as caracteristicas com a realizag&o da selecéo de plantas,
mudando a frequéncia genica e genotipica na populacao (Falconer; Mackay, 1996).

Assim, considerando as circunstancias apresentadas decorrente do incremento
consideravel na herdabilidade no sentido restrito para os carateres, conjuntamente a forte
associacdo dos valores genotipicos com o carater taxa de mobilizacdo de reservas,
recomenda-se que a selecao para os caracteres relacionados a mobilizacdo de reservas em
sementes de feijdo deve ser realizada em geracdes avancadas, aguardando as progénies
avancarem em numeros de autofecundac@es, promovendo incrementos em seus niveis de
homozigose.

Também se verifica que os ganhos genéticos possiveis de serem obtidos pelo
melhoramento nestes caracteres em feijao, dependem da quantidade da variancia genética
disponivel e o quanto desta variacdo sera fixada no valor genético das progénies,
contribuido com a selecdo praticada. Aliado a este fato, o avanco em ndmeros de
autofecundacdes das progénies também pode favorecer o processo seletivo em termos de
precisao. Isso decorrente basicamente de uma maior quantidade de sementes obtidas nas
geragdes avangadas. O que possibilita uma melhor realizagio dos testes referentes aos
caracteres da taxa de mobilizag&o de reservas e uma estimativa fidedigna do componente

de ambiente e seu potencial perturbador na selecéo.

5 CONCLUSOES

A presenca de variabilidade genética nas progénies inerentes as geracoes Fse Fe,
revela a possibilidade de sucesso com a sele¢do nos caracteres relacionados a taxa de
mobilizacdo de reservas em sementes em feijdo. Os componentes da variacao genotipica
refletem incrementos nas estimativas dos coeficientes de herdabilidade no sentido restrito
da geracdo Fs em comparagdo a Fe, em todos os caracteres considerados. Estes
incrementos consideraveis, justificam a selecdo de plantas em geracbes com maiores

niveis de homozigose em feijao.
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ABSTRACT: The objective of the work was to verify the effect of the genotype x environment interaction and its implication
in the recommendation of bean genotypes in the first and second crop in Santa Catarina, together with the simultaneous
diagnosis of productive and stable genotypes. The data come from the state and southern Brazilian tests of lines and cultivars
conducted in the state, totaling twenty-four environments and forty-eight genotypes of beans, which were evaluated in the
conditions of first and second crop (12 environments each), in agricultural years 2012/13, 2013/14 and 2014/15. The analyzes
were divided into the two cultivation conditions, using the model of main additive effects and multiplicative interaction. The first
crop showed a greater effect of the genotype x environment interaction on the total variation, compared to the second. The
genotypes showed stability to few environments, with favorable or unfavorable association of grain yield. The stable genotype
with the highest production in the first crop condition was 46 and 26 in the second.

Key words: AMMI; Phaseolus vulgaris L.; stability; yield

Implicac6es da interagao genétipo x ambiente na indicagao de cultivares
de feijao em Santa Catarina, Brasil

RESUMO: O objetivo do trabalho foi verificar o efeito da interacdo gen6tipo x ambiente e sua implicagdo na recomendacao de
gendtipos de feijdo na primeira e segunda safra em Santa Catarina, conjuntamente ao diagnéstico simulténeo de genétipos
produtivos e estaveis. Os dados s&o provenientes dos ensaios estadual e sul brasileiro de linhagens e cultivares conduzidos
no estado, totalizando vinte e quatro ambientes e quarenta e oito genétipos de feijdo, que foram avaliados nas condi¢bes
de primeira e segunda safra (12 ambientes cada), nos anos agricolas de 2012/13, 2013/14 e 2014/15. As analises foram
divididas nas duas condig¢6es de cultivo, utilizando o modelo de efeitos principais aditivos e interagdo multiplicativa. A primeira
safra apresentou maior efeito da interacdo genétipo x ambiente na variagéo total, em comparagéo a segunda. Os genétipos
apresentaram estabilidade a poucos ambientes, com associagao favoravel ou desfavordvel do rendimento de gréos. O
genotipo estavel com maior producdo na condigao de primeira safra foi 0 46 e na segunda o 26.
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Implications of genotype x environment interaction in the indication of common bean cultivars in Santa Catarina, Brazil

Introduction

Foods from leguminous plants are considered important
for diverse, healthy, and nutritious diets. Because of these
characteristics, the common bean (Phaseolus vulgaris L.) is
widely cultivated. In Brazil, the average productivity of this
type of bean is approximately 1500 kg ha?, considered to be
below the crop’s potential (Conab, 2021). In Santa Catarina
the sowing occurs in two seasons, first crop from September
to November and the second from January to February
(Kavalco et al., 2018).

Grain yield is affected by many abiotic factors, such as
water stress, low or high temperatures, and nutritional
deficiencies (Konzen et al., 2019). This scenario is further
aggravated by the fact that most of the cultivation is carried
out by family farmers, in large proportion with low input
addition. Such characteristics of the production environments
favor the relative performance of the genotypes.

The differential effect of the production of these
genotypes, in the different environments, is conceptualized
as genotype x environment interaction (Falconer & Mackay,
1996). This variation in production may be due to the
polygenic control of the trait, leading to the occurrence of a
distinct reaction to changes in the environment, resulting in
different environment-induced interactions in the regulation
and gene expression of the genotypes (Berny Mier Y Teran et
al., 2020).

Thus, the genotype x environment interaction represents
one of the greatest difficulties for the breeder, evidenced
in the final phase of breeding programs. In previous studies
for the bean crop in Santa Catarina, these demonstrate
close genetic variability for the grain yield character in the
genotypes evaluated and a wide variation of environments
(Bertoldo et al., 2009). Thus, alternatives to this scenario are
related mainly to the use of stable genotypes, since these
present as a characteristic a constant production in different
environments (Falconer & Mackay, 1996).

Therefore, the study of this interaction and its correct
interpretation comprises a possibility for the consistent
indication of genotypes with high yields, for general or specific
environments. In this sense, tests are carried out at the time
of evaluation of the genotypes, since they are submitted to
comparative trials, in the final phase of the breeding programs.
The objective is the correct and reliable recommendation of
cultivars with better performance to certain regions (Ramalho
et al., 1993).

Toward this goal, trials are conducted in multiple
environments (year and locations). However, when interaction
is found to be present, analyzing and interpreting the results
additively becomes difficult (Gauch, 2013). The difficulty of
interpretation stems from the problem of obtaining estimates
of the magnitude of the interaction, since the growing regions
are extensive and so are the genetic differences between the
genotypes.

Based on this context, the study aimed to verify the effect
of the interaction genotype x environment and its implication
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in the recommendation of bean genotypes, along with the
simultaneous diagnosis of stable and productive genotypes,
in the first and second crop in the state of Santa Catarina.

Materials and Methods

The information for the execution of this work comes from
the state and South Brazilian trials of Value for Cultivation and
Use, of bean lines and cultivars. These trials are coordinated
by the Empresa de Pesquisa Agropecuaria e Extensdo Rural
de Santa Catarina (EPAGRI). The character under study is
grain yield (kg ha), from trials conducted in 9 cities in Santa
Catarina, Brazil, being: Chapecd (CH), Canoinhas (CA), Campos
Novos (CN), Aguas de Chapecé (AC), Ponte Serrada (PS),
Xanxeré (XA), ltuporanga (ITU), Urussanga (UR), and Lages
(LA), during three agricultural years 2012/13 (13), 2013/14
(14) and 2014/15 (15), totaling 24 environments, and a total
of 48 genotypes were evaluated in these environments.

The experimental design used was randomized blocks
with four repetitions. The experimental unit was composed
of four rows, four meters long, with uniform inter-row spacing
of 0.45 m and sowing density of 15 seeds per linear meter.
The usable area of each experimental unit was composed of
the two central rows, excluding the two outer rows, in order
to minimize border effects. The sowing and top dressing
fertilizations were based on the interpretation of the soil
analysis, following the technical recommendations for the
crop.

The additive and multiplicative interaction main effects
model (AMMI) analysis, was performed according to Gauch
(2013), with the model:

n
Yi =pn+e;+be;+g;+ Z}“k’Yik("jk + P55+ &k
k=1

where Yy is the observation in the i-th genotype (i = 1, 2, 3,
..., 8), evaluated in the k-th block (k = 1, 2, 3, 4), in the j-th
environment (j=1, 2, 3, ..., e); lis the average of all genotypes
in all environments (overall average); e is the main effect of
environment j; bej is the effect of blocks, in the j environments;
g, is the main effect of genotype i; A, y, and o, are the singular
decomposition (DVS) terms of the matrix Gnge={(ge)ij}, that
express and capture the model associated with the interaction
of genotype i with environment j, where is (ge)ij the additivity
deviations of the data (Y".) in relation to the main effects g and
e; P, is an additional noise to be eliminated in the analysis,
relative to the (ge)ij term, traditionally taken as the interaction
itself; €, is the average experimental residual.

The breakpoint determining AMMI model selection (PCA1,
PCA2, ..., PCANn) was obtained based on F-test significance for
successive interaction terms, pooling the remaining terms not
retained in the selected model into complementary portions
of SS_ . by F-test. Based on the analysis of variance, the genetic
variance component was estimated (ogz) and G x E interaction
(cgez), by the following expressions:
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c,” =(MSg —MSg )be™
and
Gy’ =(MSg —MSg )b

where: MS_: is the mean square of genotypes; MS_: is related
to the G x E interaction; MS_: referring to the mean square of
the environment; MS : is the residual mean square; e: number
of environments; b: is the number of blocks (Cruz, 2005).

The potential yield loss due to the G x E interaction was
estimated following the expression:

where, C is the potential productivity loss; ng is the genetic
variance component; csge2 is the variance component of the
interaction; and, o2 is the variance of the residual. The stability
index by AMMI (ASV) was calculated using the following
formula:

sS ’ ?
ASV = [[&j-(mu)} +PC2?
PC2

where, ASV is the AMMI stability value; SS, | and SS,, is the
sum of squares of the first and second interaction axis; PC1
and PC2 are the genotype scores from the AMMI model.
Analyses were performed in two steps: initially for first crop
and later for second crop, with 12 environments inherent to
each, using R software (R Core Team, 2018).

Results and Discussion

Theanalysis of variance forthefirstcrop, in 12 environments
with 48 genotypes (Table 1), revealed significance for
environments and genotypes (p < 0.05), along with genotype
X environments interaction (G x E). Environments showed
variation approximately 25 times greater than genotype
variation and 57% of the sum of squares (SS) explained.
Genotypes and G x E interaction show consecutively 9.5 and
17.7% of the SS, the effect of blocks within environments
represented 1.3% of the sum of squares. The percentage
explained of the residual is 13.5%, a value reflected by the
model’s coefficient of variation (CV) of 18.6%. The genotypic
variance component (ogz) was 47396, approximately 5.3 times
(ogez/ogz) smaller than the G x E interaction component (ogez),
estimated at 254826.

The second crop had 12 environments and 39 genotypes,
and differences (p < 0.05) were observed for genotypes,
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Table 1. Analysis of variance and AMMI model for first crop,
for 48 bean genotypes in 12 environments, evaluated for yield
in kg ha'
I

Environments 11

92365345% 57 -
Blocks (Environment) 36 656618 13 -
Genotypes 47 3555937* 9.5 -
G x E interaction 243 1280921* 17.7 -
PC1 57 3035082* 55.5 55.5
PC2 55 692468* 12.2 67.7
PC3 53 425440* 7.2 74.9
PC4 51 389867* 6.4 81.3
PC5 49 269304 4.2 85.5
PCl11 37 64753 0.8 100
Residue 910 261614 135 -
o2 =47396 02=261614 Mean = 2746 kg ha'
Ope? = 254826 C=0.26 CV (%) = 18.62

* Significant at 5% probability, by the F test; DF: degrees of freedom; MS: mean squares;
PE: proportion of the sum of squares explained; PA: proportion of cumulative sum of
squares; 0 % component of genotypic variance; o ez: variance component of the G x E
interaction; o2 residual variance; C: potential yield loss by the G x E interaction; CV:
coefficient of variation.

environments and G x E interaction (Table 2). The percentage
explained of the sum of squares (SS) for environments was
65%, with an increase in this proportion compared to the first
crop. Furthermore, there is a reduction in the proportion of
genotypes and G x E interaction, with consecutive values of
6.8 and 11.2%. Table 2 demonstrates a reduction in the value
of the genotypic variance (ogz), so that the buffering variations
of the genotypes’ production in different environments are
minimized. However, the interaction variance component
(ogez) also showed a lower value in the second crop compared
to the first crop, and this value was approximately 3.7 times
greater than the genotypic variance (ogez/ogz).

The results show an inconsistency in the relative
performance of the genotypes from one environment to
the other, given the significance of the G x E interaction.
However, the overall effects of genotypes are also significant,

Table 2. Analysis of variance and AMMI model for second
crop, for 39 bean genotypes in 12 environments, evaluated
for yield in kg ha™.

34500488* 65 -

Environments 11

Blocks (Environment) 36 406337 2.5 -
Genotypes 38 1047865* 6.8 -

G x E interaction 190 342137* 11.2 -
PC1 48 445690 * 32.7 32.7
PC2 46 325235 * 22.8 55.5
PC3 44 139541 9.4 64.9
PCi11 28 13058 0.6 100
Residue 682 124262 14.5 B
0g2 = 14702 o2=124262 Mean = 2202 kg ha*
Ope? = 54468 E=015 CV (%) = 16.00

* Significant at 5% probability, by the F test; DF: degrees of freedom; MS: mean squares;
PE: proportion of the sum of squares explained; PA: proportion of cumulative sum of
squares; ogz: component of genotypic variance; ogezz variance component of the G x E
interaction; 0% residual variance; C: potential yield loss by the G x E interaction; CV:
coefficient of variation.
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and some of these can be indicated in a generalized way
for all environments and not only with restricted interest
in one location. The proportion of the sum of squares of
environments, analyzed in the first and second crops were
equivalent to 57 and 65%, implying that much of the additive
effects of the model are related to the environmental
component. The magnitude of these values, is evidenced as
the main factor of influence for the bean genotypes tested
in the state of Santa Catarina, Brazil, being also reported by
Bertoldo et al. (2009).

The cause of variation genotypes, presented 9.5 and 6.8%
consecutively, of the percentage explained by the sum of
squares, for the first and second crop. The G x E interaction
observed in the additive model, demonstrates that the
analyses in the two growing seasons correspond to different
magnitudes of interaction. This is because the genotypes
interact with a greater number of environments for the first
crop. Looking at the variance components, different ratios of G
x E interaction variance, per genotypic variance, are found. In
the second crop this ratio is lower (3.7), inferring the presence
of more pronounced general genotype effects, compared to
the first (5.3). In this way, it is possible to indicate a larger
number of genotypes related to different environments for
the second crop condition.

In this sense, the genotypes in the first crop have higher
proportions of G x E interaction explained by the sum
of squares compared to the second crop. The explained
percentage of the G x E interaction, for the distinct growing
seasons, matches those reported by Gauch (2013), this author
reports a frequency in the range of 10 to 20% of the sum of
squares, attributed to the G x E interaction component.
However, in practical situations the researcher has the interest
directed beyond the knowledge of the magnitude of the G x E
interaction. It is important to know whether or not there are
different classifications of genotypes.

Thus, in addition to variance ratios (ogez/o;), the average
yields of the genotypes tied to potential grain yield losses
are relevant. The average yield in the first crop (2746 kg ha?)
was approximately 25% higher than the second (2202 kg ha
1). This lower productivity observed in the second crop can
be attributed mainly to the occurrence of high temperatures
during flowering and pod formation, which intensifies the
abortion of flowers and pods (an important yield component
of the crop). Together with a better distribution of rainfall
during the first crop season, favoring higher grain yields
(Carbonell et al., 2004).

However, in addition to higher grain yield, the first crop
also showed higher potential yield loss (C) inherent in the G
x E interaction. This value is approximately 0.25 for this crop
condition (Table 1), compared to 0.15 for the second crop
condition (Table 2). With this, in the first crop the genotypes
suffer yield oscillations with greater intensity, inherent to the
G x E interaction term. These oscillations in percentage terms
are in the range of 25% in the first and 15% in the second crop.
Thus, this fact can be attributed mainly to the environment
conditions, because in the first one where the yield is higher,
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consequently the vyield fluctuations of the genotypes are
also higher, inherent of the interactions of these with the
environments favorable and unfavorable to grain yield.

The magnitude of these variations captured by the G
x E interaction, has as a basic implication a difficulty in
interpreting the additive terms of the model, which results
in an inconsistent ordering of the genotypes in the different
environments. Due to changes in ranking, the focus is mainly
on whether the best genotype in one environment is also the
best in another, implying that relative characterizations and
comparisons of the genotypes (rankings) are more important
than absolute characterizations and comparisons. Based on
this context, Eisemann et al. (1990) emphasize that there
are at least three ways to mitigate the G x E interaction,
being: i) identifying specific cultivars for each environment;
ii) performing ecological zoning; and, iii) identifying cultivars
with greater phenotypic stability.

In general, the adaptability and stability of a cultivar is
intrinsically related to its genetic constitution, that is, to the
sum of genes that constitute this genotype. This fact results
in the characteristics of phenotypic plasticity, composed of
the modification of the phenotype that occurs at the expense
of the genotype. In practical terms it is the ability to respond
to environmental changes and adaptation, which allows the
genotype to withstand an environmental stress (Konzen et al.,
2019; Lyon et al., 2020).

Falconer & Mackay (1996) report a difficulty in
interpretation, when considering only as one character,
the measurement of a certain character in two different
environments. Because the physiological mechanisms that act
in different environments are not the same. Considering the
G x E interaction present, since its significance, the singular
value decomposition (SVD) adjustment was performed. This
technique is applied in order to obtain results derived from a
matrix with smaller dimensions.

Parallel to the use of this technique, the unfolding of
the sums of squares, for model validation, is observed on
the respective axes of the principal components (PC) for the
first and second crops (Table 1 and 2). These captured an
explained proportion of the SS of the interaction successively
of 55, 12, 7.2, and 6.4%, totaling a cumulative proportion
of 81% for the first crop, with the remaining unfoldings not
significant by the F-test at 5% error probability. In the second
crop condition, significance by the F-test at 5% is seen in the
first two components, with successive proportions of 32.7 and
28.8%.

Thus, with the significance of the components we
proceeded to graphical representation by means of
two dimensions, using the graphs called biplot for the
understanding of the G x E interaction. In this work, the
abscissa axis was used to represent the first component (PC1)
and the ordinate axis to represent the effect of the means
of genotypes and environments. With this visualization it is
possible to obtain adaptive inferences, considering the grain
yield of the genotypes. Also of relevance is the identification of
constant environments that are favorable or not favorable for
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grain production. For, the evaluation of genotypes in constant
environments infer that the differential effects observed are
mainly due to genetic variation.

With Figure 1, it is possible to observe the relationship of
CP1 and Productivity (Y) for the first crop, the environment
PS14 (Ponte Serrada 2013/14) presents low stability, favoring
the differential performance of the genotypes tested. The test
genotypes at this location, showed a similar behavioral trend.
This fact is due to the greater variation in the environment,
which contributes effectively to the sum of squares of
the interaction. The LA14 environment (Lages 2013/14)
demonstrates a behavior in this sense, favoring the differential
response of the genotypes.

Such behaviors are propitiated mainly by the variation
present at each site, that is, the greater the variation,
the less stable is the site. This concept is easy to interpret,
when we imagine that different responses of genotypes, in
a given environment, come from many micro-environments
constituting the macro-environment (Environment). With
this, the variation within the genotypes presents a great
magnitude due to the environmental differences, which
makes it difficult to differentiate them, regarding their higher
or lower production.

The genotypes with the highest average yield Y (kg ha?)
in the first crop are located in the upper part of the graph
(Figure 1), with 41, 38, 40, and 42. Above-average yield (line
perpendicular to the Y yield axis), is observed in genotypes
21, 22, 19, 24, 32, 17, 30, 27, 20, and 26, however they are
less stable, whereas, they correlate with environments CA14
(Canoinhas 2013/14) and LA14 (Lages 2013/14). Lower than
average yield and lower stability was observed in genotypes
36, 35, 11, and 13. Environments PS13 (Ponte Serrada
2012/13) and CA13 (Canoinhas 2012/13), demonstrate a
greater contribution to productivity, linked to the stability of
the genotypes. In parallel, LA15 (Lages 2014/15), PS15 (Ponte
Serrada 2014/15) and CN14 (Campos Novos 2013/14), are
stable, however with lower production stimuli, situated below
average.

4000

PS14

3000
|

LA

2000
1

1000

-60 -40 40 60

PC1(55.5)
Figure 1. Biplots of the AMMI model for first crop,
elucidating the effects of the primary component (PC1) and
yield in kg ha? (Y).
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Figure 2, shows that the genotypes with the highest yields,
coupled with good stability by visual biplot analysis are 39, 35,
38, and 18. The environments with above average production
rates are AC15 (Aguas de Chapecd 2015), IT14 (ltuporanga
2014), 1T13 (ltuporanga 2013), XA15 (Xanxeré 2015), CN14
(Campos Novos 2014) and CH13 (Chapecé 2013), the latter
two being superior as to production and stability, relative
to PC1. The UR14 environment (Urussanga 2014) shows a
lower production rate. The use of favorable or unfavorable
environments for production when evaluating and analyzing
genotypes has already been discussed in the literature.

Some authors point out that the testing of genotypes in
environments that favor production is of utmost importance,
so that genotypes can express their productive potential
(Whitehead & Allen, 1990). However, others advocate testing
genotypes in unfavorable environments, arguing a possible
greater ability to indicate the most promising genotypes
(Ceccarelli & Grando, 1991). Both conceptions are valid,
especially when we look at the different agricultural scenarios.

A test in stable environments favorable to production can
be advantageous, taking into consideration, the indication
of genotypes adapted to environments that provide their
maximum performance. Thus, the possible locations for
a grouping (use information already available, aiming at a
targeted analysis), aiming at the indication of genotypes in this
sense, may be Ponte Serrada (PS13) and Canoinhas (CA13), for
thefirst crop, the second indicates the environment of Chapecé
(CH13 and CH14). Besides performance, a positive point for a
correct indication of genotypes based on this situation would
be that the genotypic variance (ogz) is evidenced, in relation to
the G x E interaction variance (ogez), which would enable the
indication of genotypes with a greater phenotypic plasticity.

However, the opposite can also be advantageous, since
a considerable fraction of farmers are not provided with
favorable environments based on controllable characteristics.
These controllable characteristics can be, for example,
investments in fertility and irrigation, stemming from a limited
availability of financial resources. In this context, the first crop

2000
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o AC15 \T%Iz 28 .
4 1721 4
. o == 25
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™

UR15]
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PC1(327)
Figure 2. Biplots of the AMMI model for second crop,
demonstrating the effects of the primary component (PC1)
and yield in kg ha* (Y).
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indicates the environment Lages in the year 2015 (LA15) and
the second Urussanga in the year 2014, to be mined (Cluster
Analysis), aiming at an identification of superior genotypes in
stable and unfavorable environments for production.

The indication of genotypes, based on this environmental
condition is relevant mainly when the objective is to identify
stable genotypes. Thus, the recommendation for grain yield,
using information from trials conducted under unfavorable
conditions, tends the genotypes to be less sensitive to changes
in environments, compared to those tested for grain yield
under stable conditions and favorable to production.

The concept of stability observed in the biplots (Figure 1and
2) is derived primarily from conceptions of homeostasis, used
in quantitative genetics, and can be considered a biological
or static concept of stability. This concept is characterized
by the predictable response of the genotype, i.e. a stable
production in all environments, resulting from adaptations of
physiological functions, or the maintenance of these aspects,
in the face of environmental changes (Becker & Leon, 1988).

Traditionally, most breeders, since the first conceptions,
use the term stability aiming at the characterization of
genotypes that demonstrate a constant yield, regardless of
the environmental conditions they are submitted to. However,
this information is often not desired, because many times the
performance of the genotype does not follow theimprovement
of the environment, and stability may be associated with an
intermediate grain yield in certain environments, especially
favorable ones (Ramalho et al., 1993).

In this way, the indications of only the stability of the
genotypes, with stable production in different environments,
can be explored as a recommendation index for farmers with
less technological availability, since this is characterized by
constant production in different environments, due to the
small variation of the genotypes in the face of environmental
changes. This trait can ensure a relatively constant vyield,
however the response of these genotypes to favorable
environmental stimuli is limited in some cases. Its singular
use can be considered inconvenient for areas favorable to
production and with high technological level, such as areas
with irrigation and high investments in fertility and precision
agriculture (Becker & Leon, 1988; Pereira et al., 2014).

In contrast, the adaptive relationships of the genotypes in
the different environments can be observed based on their
degrees with the environmental vectors. Genotypes and
environments with the same sign of scores interact positively,
demonstrating an adaptive synergism to be taken advantage
of at the time of recommendation, and the indication may
be regionalized. This characteristic can be conceptualized
as adaptability (Becker & Leon, 1988). Although most G x E
interaction studies demonstrate importance for breeding,
many present inconclusive information about the behavior of
genotypes as a function of environmental changes.

To circumvent this situation, stability and adaptability
analyses are widely employed, with the objective of simplifying
or extracting more information about the genotypic behavior
of the genotypes to be studied and recommended (Eze et al.,
2020; Freiria et al., 2020; Inabangan-Asilo et al., 2019; Munda
etal., 2020; Mwiinga et al., 2020; Nascimento et al., 2020; Sarti
et al., 2020). Based on this, the indication taking into account
adaptability, considers the increase in grain yield, arising from
the G x E interaction. Thus, the genotypes present desirable
performance, responding to environmental improvements,
and can be considered at the time of recommendation.

These indications can be seen in Figure 1 in the first crop,
where genotype 41 showed association with environments
PS13 and CA13, and in the second crop (Figure 2), with the
association of genotypes 39 and 38 to CH13 and CH14. These
genotypes, present as characteristics responses in productivity,
to increments in the improvement of environments that are
associated with their production. According to the results
demonstrated, genotypes are often observed to exhibit
adaptability to specific environments or also agronomic
stability (Volpato et al., 2020).

In this sense, aiming to identify cultivars with stability in the
agronomic sense, Table 3 shows the stability values derived
AMMI model (ASV) and its classification, for the genotypes
in the first and second crop. A lower ASV score indicates
more stable genotypes across environments (Nowosad et al.,
2017; Bocianowski et al., 2019). Thus, according to the (rASV)
classification, in the first crop the five most stable genotypes
were 48, 31, 25, 14, and 46, while in the second crop those
classified as most stable were 21, 3, 11, 4, and 26.

Table 3. AMMI stability values (ASV), AMMI stability value classification (rASV) and average yield (u) in kg ha?® of 10 bean

0.15

1
0.15 2 2987
0.33 3 3139
0.99 4 2539
1.09 5 3770
1.38 6 2188
1.84 7 2363
2.30 8 3230
5.69 9 3339
7.57 10 3113

Mean = 2746 kg ha!

genotypes with higher stability for first and second crop in the state of Santa Catarina.

0.37 2125

1
0.49 2 2195
0.72 3 2219
1.34 4 2282
1.85 5 2419
2.62 6 1544
2.86 7 2124
2.89 8 2184
3.02 9 2096
3.74 10 2151

Mean = 2202 kg ha'!
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Although the different stability statistics generally indicate
intermediate grain yield performance associated with stable
genotypes. These are indispensable, since farmers usually
choose to sow genotypes with good yields, but which show
considerable stability in the different environments (Kavalco
et al., 2018). For this purpose, the ASV parameter can be a
useful tool, aiming at the simultaneous indication of yield and
stability. Based on the average yield of the first crop (2746 kg
ha), the five genotypes with greater stability show production
above this average, with the exception of genotype 14, which
shows yields below the average. In the second crop, most
genotypes classified as stable, have yields close to the average
(2202 kg hal).

Considering the stability together with the average yield, in
the five most stable genotypes, in the first crop the genotype
46 presents an average of 3770 kg ha, in the second crop
the genotype 26 shows an average yield of 2419 kg ha?, that
is, a proportion of 1.55 times greater yield in the first crop
than in the second crop, in the most stable genotype for
these conditions. As noted, the indication of stable genotypes
with above-average production is likely to be realized. Thus,
given the magnitude of the G x E interaction in the bean crop
observed in the work for the state, it is relevant to consider
yield and performance stability of genotypes in different
environments. These traits need further detailing, aiming to
explore the useful effects of the G x E interaction, thus making
the indication of the genotypes more precise and refined.

Conclusion

The first crop presents a greater effect of the interaction
genotype x environment and more pronounced potential
for reduction of productivity of the genotypes, in relation to
the second crop. Stability of genotypes is observed in a few
environments, regardless of whether they are favorable or
unfavorable for grain yield. For the first crop, genotype 46
showed higher production along with stability, for the second
crop condition the genotype with these characteristics was
26.
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The objective of this study was to assess the effect of crop seasons with contrasting climate conditions
on the selectivity of fomesafen, imazamox, and S-metolachlor herbicides for common bean genotypes.
Experiments were conducted under a split-plot arrangement with three replications, with herbicides
(fomesafen, imazamox, S-metolachlor, and a control) in the plots and genotypes (IPR-Campos-Gerais,
BRS-Perola, Caviano, BAF03, and BAF36) in the subplots; crop seasons (2022-2023 and 2023-2024)
were considered a third factor. Phytotoxicity, chlorophyll content, plant height, number of leaves, stem
diameter, root length, shoot weight dry, root basal angle, number of pods, number of beans per pod,
bean dry weight, and bean yield were evaluated. Herbicide applications affected the growth and bean
yield of genotypes, which varied between crop seasons. Plants were more affected when grown in the
second crop season due to the El Nifio effect, which causes large rainfall volumes and significantly
increases temperatures in southern Brazil. This indicates that climatic variations, mainly water regime,
were a determining factor for reductions in root and shoot growth, explaining the lower performance of
genotypes in the second crop season. The commercial cultivars showed better performance than the
two accessions. Climate variations affected the yield of common bean genotypes, which had higher
performance in the first crop season.

Key words: Phaseolus vulgaris, climate change, phytotoxicity, susceptibility, tolerance.

INTRODUCTION

Phaseolus vulgaris is an important bean legume for America, South America, and eastern Africa (Smith et al.,
human consumption and a staple food for millions of 2022). The importance of this crop species is due to the
people worldwide, especially in Tropical countries in Latin high nutritional value of its beans, which have high
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contents of proteins, minerals, antioxidants, and bioactive
compounds (Karavidas et al., 2022; Alves et al., 2021).

The increasing global demand for common beans is
partially due to macroeconomic factors such as fast
populational growth, political stability, and economic
growth (Casa, 2020). These factors make common beans
crops important in many countries as they provide a
source of income for small-scale farmers (Asiimwe et al.,
2024). Moreover, the use of new techniques and
technology is required to maximize agricultural production
(Nasar et al., 2021).

The world's common bean production was
approximately 28.3 million tons in 2022, cultivated on an
area of 36 million ha (Faostat et al., 2024). Although
Brazil is among the main producers and consumers of
common beans, the mean national production in the
2023-2024 crop season was approximately 3.11 million
tons, with a yield of 1,091 kg ha* on an area of 2.7 million
ha (Conab, 2024). Despite genetic progress in breeding
programs that have improved this species, bean yield is
still below the crop's production potential (Souza et al.,
2018).

Weed interference is one of the limiting factors in
common bean crop yield and a major challenge to
sustainable agricultural production. Herbicide application
is an important weed control method, essential for
modern agricultural practices, and an alternative to
reduce weed effects, maintaining production potential
and increasing the safety and stability of global
agricultural production (Dai et al., 2022). However, this
method requires selective herbicides for crops, which is
often unavailable due to varying responses of genotypes
to herbicide application. There are few broadleaf
herbicides approved for weed control in common bean
crops in Brazil (Agrofit, 2024). Therefore, selectivity can
be understood as the inability of an herbicide to
significantly affect crop yield, often due to the plant's
ability to metabolize the herbicide, reducing its toxicity or
inactivating it (Carvalho, 2013).

Herbicide toxicity can cause significant losses in crop
yield and, in extreme cases, plant death when the
herbicide is not selective for the crop. This occurs
because most herbicide molecules target specific sites,
inhibiting enzymes involved in major metabolic plant
pathways, and have a high specific affinity for these sites
of action (Dayan and Duke, 2010).

However, climatic variations can be a determinant
factor in herbicide selectivity for crops, including
variations in accumulated rainfall, soil moisture
availability, and deviations in rainfall and temperature
from historical averages, which are agrometeorological
parameters that are determinants for crop development.
However, these variations in Brazil are caused by the El
Nifio-Southern  Oscillation  (ENSO), a climatic
phenomenon that significantly affects climate variability in
several regions, negatively impacting crop yields, mainly
in southern Brazil. Therefore, information about the effect
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of these variations on herbicide dynamics is important to
understand herbicide selectivity in cultivated plants.

Therefore, the objective of this study was to assess the
effect of crop seasons with contrasting climate conditions
on the selectivity of fomesafen, imazamox, and S-
metolachlor for common bean genotypes.

MATERIAL AND METHODS

The experiment was carried out at the experimental field of the
Institute of Plant Breeding and Molecular Genetics (IMEGEM) of the
Center for Agro-Veterinary Sciences of the Santa Catarina State
University (CAV-UDESC), in Lages, SC, Brazil (27°47'33"S,
50°18'00"W, and altitude of 950 m) from December to April during
the 2022-2023 and 2023-2024 crop seasons. Climate data were
monitored during the experiments (Figure 1), which showed higher
rainfall volumes and mean temperatures in the second crop
season.

Soil samples were collected before the experiment commenced
and subjected to chemical analysis at the laboratory of the
Agricultural Research and Rural Extension Company of Santa
Catarina (EPAGRI). The soil of the area was classified as Typic
Dystrudept (Humic Aluminic Leptic Cambisol), which presented the
following characteristics: 47% clay; pH of 5.9; 3.2 mg dm? of
organic matter; 3.1 mg dm= of phosphorus; 124 mmol dm= of
potassium; 3.7 cmol dm of H+Al; 16.2 cmol dm of sum of bases;
and 81% base saturation. Soil fertilizers were applied at sowing
and as topdressing based on the interpretation of the soil analysis,
according to the Soil Chemistry and Fertility Commission, for a
common bean yield of 4,000 kg ha' (CQFS, 2016). Nitrogen
fertilizer was applied as topdressing, split in two applications, at the
stages of first (V3) and third (V4) fully expanded trifoliate leaf.

The experiments were conducted in a 4x5 factorial arrangement
(herbicidexgenotypes), with three replications. The herbicide
treatments consisted of fomesafen (250 g a.i. ha), imazamox (42 g
a.i. hal), S-metolachlor (1,200 g a.i. ha'), and a control (no
herbicide application), applied as described in Table 1.

The common bean genotypes used consisted of three
commercial cultivars (Caviano, IPR-Campos-Gerais, BRS-Perola)
and two accessions (BAF 03 and BAF 36). The accessions were
named BAF (Active Germplasm Bank of Common Bean of
UDESC), followed by sequential numbers in the seed bank.

A randomized experimental block design with split-plots was
used, with herbicides in the plots and common bean genotypes in
the subplots. Common bean seeds of each genotype were
manually sown in four three-meter rows, using 15 seeds per linear
meter, at a 5 cm depth. The evaluation area consisted of two
central rows, excluding 0.5 m at the end.

S-metolachlor herbicide was applied to the soil one day after
sowing, before crops emerge. Fomesafen and imazamox herbicides
were applied post-emergence when the plants had two to four
trifoliate fully expanded leaves. Herbicides were applied at the
recommended rates for the crop according to the manufacturer
(Table 1), using a CO,-pressurized backpack sprayer equipped with
a four-nozzle boom (AIXR 110 015) spaced 50 cm apart, calibrated
to apply a solution volume of 150 L ha?, maintaining a constant
pressure of 210 kPa.

Weather conditions during applications of pre- or post-
emergence herbicides were: temperatures of 18 and 23°C, air
humidity of 68% and 69%, and wind speed of 3.6 and 6.1 km ha,
respectively, in the 2022 to 2023 crop season; and temperatures of
23 and 25°C, air humidity of 67% and 65%, and wind speed of 5.6
and 6.7 km ha'l, respectively, in the 2023-2024 crop season.

A non-ionic spreader sticker (Mees) was applied with fomesafen
at 0.2% of the solution volume (200 mL 100 L) and a non-ionic
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Figure 1. Mean temperatures (°C) and rainfall (mm) during the experiments, in the 2022-2023 and 2023-2024 crop

seasons at CAV-UDESC.

Source: National Institute of Meteorology (INMET, 2023); Lages, SC Brazil ( 2024).

Table 1. Description of herbicides used in experiments in the 2022-2023 and 2023-2024 crop seasons. CAV-UDESC, Lages, SC,

Brazil.
Commercial name Manufacturer Molecule Rate (c.p.) Rate (a.i.) Group Mechanism of action
Flex Syngenta Fomesafen 1.0L hat 250 g hat 14 PROTOX
Raptor BASF Imazamox 60 g hat 42 g hat 2 ALS
Dual Gold Syngenta S-metolachlor 1.25L ha! 1200 g ha! 15 VLCFAs

c.p. = Commercial product; a.i. = active ingredient; 14 = protoporphyrinogen oxidase (PPO-PROTOX) enzyme inhibitor; 2 = acetolactate
synthase (ALS) enzyme inhibitor; 15 = very long-chain fatty acid synthesis inhibitor. Rates recommended for the common bean (Phaseolus
vulgaris) crops by the Herbicide Resistance Action Committee (HRAC-BR, 2023).

surfactant (Aterbane) was applied to imazamox at 0.5% of the
solution volume (500 mL 100 L?) to enhance foliar coverage and
herbicide absorption, as recommended by manufacturers.

Cultural practices were carried out during the experiments,
including manual removal of weeds in the plots. Pests and diseases
were controlled using products approved for the crop, including
systemic, contact, and ingestion insecticide and acaricide
(Acephate) (Cefanol) at 150 g a.. ha! to control white mold
(Sclerotinia sclerotiorum), as well as a systemic fungicide
(thiophanate-methyl) (Metiltiofan) at 70 g a.i. ha' to control powdery
mildew (Erysiphe polygoni).

Phytotoxicity was evaluated at 7, 14, 21, and 28 days after
herbicide application (DAA), using a percentage scale (0% to
100%), where zero represents no symptoms and 100% represents
total plant death.

Chlorophyll content, number of leaves, plant height, and stem
diameter were measured on five randomly sampled plants in each
subplot. Chlorophyll content was determined in the three leaflets of
the third leaf from the top using a SPAD-502 Plus chlorophyll meter,
and the results were expressed as SPAD index. The number of fully
expanded trifoliate leaves were counted and recorded. Plant height
was measured using a tape measure from the ground level to the
apical bud. Stem diameter was measured at 5 cm from the ground,
using a digital caliper, on five plants per subplot.

Root growth was evaluated in the field using the Shovelomics
phenotyping method, consisting of digging the soil approximately 25
to 30 cm from the base of the plant stem. Roots were carefully
shaken to remove excess soil, and remaining soil was removed by
immersing the roots in water containing 0.5% detergent and rinsing
with a low-pressure hose (Trachsel et al., 2011). Five randomly
selected plants were evaluated per treatment when plants were at
the full flowering stage (R6). After collecting roots in the field, they
were placed in a template to measure basal angle and length.

Shoot dry weight was determined at 28 DAA by drying in a
forced-air oven at 65°C for 72 h, using the mean of three plants in
each subplot. The number of pods per plant was determined by
counting all pods on five plants per subplot.

The number of beans per pod was determined by counting the
total number of beans on five plants per subplot. The dry weight of
grains was determined by weight of 1000 grains per subplot, placed
in a forced circulation oven at 65°C for 72 h. The bean yield was
determined by counting the number of total beans produced in each
subplot. Pods were harvested when 80% of the pods were dry, and
bean moisture was corrected to 13% to determine bean yield.

Variables were selected through a backward elimination
regression method, focusing on removing variables that did not
meet the study objective, using the model [(Y = X;-X2-X3-...-n) /
selection = backward slstay = 0.01], considering the number of



JUnior et al. 115

Table 2. Backward elimination regression analysis based on the number of pods per plant (NPP) as the primary variable for
common bean genotypes subjected to herbicide applications in the 2022-2023 and 2023-2024 crop seasons at CAV-UDESC,

Lages, SC, Brazil.

Source of variation  Degrees of freedom Sum of squares Minimum square F-value Pr>F
2022-2023 crop season

Model 6 1320.55 188.65 10.37 0.001
Error 53 945.86 18.19 - -

Corrected total 59 2266.4 - - -

Variable Estimate Standard error Sum of squares F-value Pr>F
Intercept 25.75125 8.09070 184.26696 10.13 0.0025
SD 2.96885 0.67198 355.05260 19.52 0.0001
PH 0.22550 0.10672 81.21432 4.46 0.0394
CL 0.33795 0.15620 85.14869 4.68 0.0351
RL 0.62288 0.26470 100.71943 5.54 0.0224
NBP 2.17136 1.16491 63.19784 3.47 0.0480
BY -0.00384 0.00171 92.37300 5.08 0.0285

2023-2024 crop season

Model 6 2207.84 367.97 21.19 <0.001
Error 53 920.51 17.37 - -

Corrected total 59 3128.35 - - -

Variable Estimate Standard error Sum of squares F-value Pr>F
Intercept 16.33811 6.34801 115.04828 6.62 0.0129
NL 0.62997 0.22584 135.14697 7.78 0.0073
PH 0.15856 0.06864 92.69138 5.34 0.0248
SDW 0.09500 0.04458 78.88035 4.54 0.0377
DWG -2.50262 0.92203 127.95453 7.37 0.0089
NBP -14.87798 3.41471 329.71075 18.98 < 0.001
BY 0.00424 0.00063236 779.75113 4490 <0.001

The F-test (p < 0.05); SD: stem diameter, PH = plant height, CL = chlorophyll content, RL = root length, NL = number of leaves, SDW =
shoot dry weight, DWG = dry weight of grains, NBP = number of beans per pod, BY = bean yield, intercept = primary variable.

pods per plant as the primary variable, where y is an independent
variable and x are the dependent variables.

Univariate analysis of variance (ANOVA) was performed using
the F-test (p < 0.05) for each variable selected by backward
elimination regression, in a mixed model (proc mixed). Significant
means were compared using the Tukey's test (p < 0.05) through the
academic version of the Statistical Analysis System (SAS) software
(SAS, 2006).

The variables selected through backward elimination regression
for the two crop seasons (2022-2023 and 2023-2024) were
analyzed in a three-way factorial arrangement, including crop
season (year) as a third factor.

RESULTS

A backward elimination regression was used to select a
small number of representative variables by removing
those that did not significantly contribute to decreasing
the sum of squared errors, thus facilitating interpretation
of the results. The selected variables, which best met the
objective of the study, were: stem diameter (21 and 28
DAA), plant height, chlorophyll content, root length,

number of pods per plant, number of beans per pod, and
bean yield for the 2022 to 2023 crop season, and number
of leaves, plant height, shoot dry weight, dry weight of
grains, number of pods per plant, number of beans per
pod, and bean yield for the 2023-2024 crop season. Crop
season was considered a third factor for analyzing plant
height, number of pods per plant, number of beans per
pod, and bean yield, as these variables were selected for
both crop seasons (Table 2).

Analysis of variance (ANOVA) showed a significant
interaction effect between herbicide and genotype for
stem diameter, chlorophyll content, root length, and bean
dry weight. The interaction had no significant effect on
the number of leaves and shoot dry weight. However, the
herbicide factor significantly affected the number of
leaves. The individual effects of the herbicide and
genotype factors, as well as their interaction, were not
significant for shoot dry weight (Table 3).

A three-way ANOVA showed a significant interaction
effect (herbicide x genotype x crop season) for plant
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Table 3. Analysis of variance ANOVA for stem diameter (SD; 28 DAA), chlorophyll content (CL), root length (RL), number of leaves (NL;
28 DAA), shoot dry weight (SDW), and bean dry weight (BDW) of common bean genotypes subjected to herbicide applications in the
2022-2023 and 2023-2024 crop seasons at CAV-UDESC, Lages, SC, Brazil.

Source of variation Degrees of freedom  SD (mm) CL SPAD RL (cm) NL SDW (g) BDW (g)
2022-2023 crop season 2023-2024 crop season
Block 2 0.64Ns 5.13NS 2.04Ns 5.30* 1.47NS 3.33Ns
Herbicide 3 1.5NS 0.23NS 8.01* 5.06* 0.02Ns 0.74Ns
Residue A 6 - - - - - -
Genotype 4 2.26NS 3.36* 13.66* 1.03\s 1.39NS 0.73Ns
Herbicide x Genotype 12 2.71* 2.84* 2.05* 0.50NS  0.96MNS 2.05*
Residue B 32 - - - - - -
Mean 5.76 44.08 10.00 13.82 31.19 0.400
Coefficient of variation (%) 14.33 6.89 12.31 18.27 40.85 46.13

*Significant by the F-test (p < 0.05); NS: not significant.

Table 4. Analysis of variance ANOVA for plant height (PH; 14 days after emergence), number of pods per plant
(NPP), number of beans per pod (NBP), and bean yield (BY) of common bean genotypes subjected to herbicide
applications in the 2022-2023 and 2023-2024 crop seasons at CAV-UDESC, Lages, SC, Brazil.

Source of variation Degrees of freedom PH (cm) NPP NBP BY (kg ha)
Block 2 0.77Ns 3.15Ns  5.08* 0.10Ns
Herbicide 3 13.07* 7.92% 1.08\S 73.34*
Residual A 6 - - - -
Genotype 4 30.66* 20.45* 38.65* 86.59*
Herbicide x Genotype 12 4.10* 1.65NS  1.03Ns 3.33*
Residual B 32 - - - -
Crop season 1 27.94* 27.34* 28.67* 91.25*
Herbicide x Crop season 3 3.08NS  1.09NS  0.90NS 7.54*
Genotype x Crop season 4 4,39* 0.76NS  6.19* 6.95*
Herbicide x Genotype x Crop season 12 4.75* 2.09* 1.46NS 2.07*
Residual C 40 - - - -
Total 119 - - - -
Mean 37.46 19.02 5.67 2.072.15
Coefficient of variation (%) 9.81 22.51 9.45 12.63

*Significant by the F-test (p < 0.05); NS:not significant.

height, number of pods per plant, and bean vyield. The
number of beans per pod was not significantly affected by
the three-way interaction but was significantly affected by
the genotype-crop season interaction. These results
indicate that, overall, the herbicide and the genotype
factors have significant effect on the evaluated variables
(Table 4).

Considering the herbicides within the evaluated
genotypes, there was a variation in stem diameter,
chlorophyll content, root length, and bean dry weight.
However, there was no significant effect of herbicides on
chlorophyll content and root length for the IPR-Campos-
Gerais genotype.

The effect of genotypes within herbicides was also
significant. Stem diameter decreased in all genotypes
according to the herbicide applied. However,

S-metolachlor decreased stem diameter in only two
genotypes and these decreases were, on average, 14%
for BRS-Perola and 21% for IPR-Campos-Gerais plants
compared to the control treatment.

Fomesafen decreased stem diameter in all genotypes,
except for BAFO3, which showed similar performance to
the control treatment. The decreases were, on average,
12.5% (BAF36), 14% (BRS-Perola), 13.7% (Caviano),
and 19% (IPR-Campos-Gerais) compared to the control
(Figure 2A).

Imazamox herbicide decreased stem diameter (SD), on
average, by 0.85, 1.25, and 1.38 mm for BAF03, BAF36,
and Caviano, respectively, compared to the contro
Itreatment (Figure 2A). The most significant decreases in
SD were found for Caviano, BAF36, and BAF03 plants
when applying imazamox and for IPR Campos gerais and
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Figure 2. Mean comparison based on the herbicide-genotype interaction effect for stem diameter (A), chlorophyll content
(B), root length (C), and bean dry weight (D) of common bean genotypes subjected to herbicide applications in the 2022-
2023 and 2023-2024 crop seasons at CAV-UDESC, Lages, SC, Brazil. Uppercase letters compare herbicides and
lowercase letters compare genotypes by the Tukey's test (p < 0.05).

BRS Pérola plants when applying S-metolachlor and
fomesafen, respectively. Overall, BAF36 (5.24 mm) had
higher decreases in SD, followed by BRS-Perola (5.61
mm), IPR-Campos-Gerais (5.65 mm), BAF03 (5.73 mm),
and Caviano (5.88 mm). Fomesafen caused higher
decreases in mean SD (5.37 mm), followed by imazamox
(5.40 mm), and S-metolachlor (5.58 mm) compared to
the control (6.14 mm).

Application of herbicides decreased chlorophyll
contents in all evaluated common bean genotypes,
except for IPR-Campos-Gerais and BRS-Perola, which
were not significantly affected. S-metolachlor significantly
decreased chlorophyll contents, on average, by 1.65 and
3.48 in BAF03 and Caviano plants, respectively.

Fomesafen significantly decreased chlorophyll contents
in BAF36 (6.89) and Caviano (3.05) plants compared to
the control. However, it resulted in increased chlorophyll
contents in BRS-Perola plants. Imazamox significantly
decreased chlorophyll contents in BAF03, BAF36, and
BRS-Perola plants, whereas IPR-Campos-Gerais and
Caviano were not significantly affected, showing similar

means to the control plants (Figure 2B).

When comparing genotypes, lower chlorophyll contents
were found for BRS-Perola plants when subjected to S-
metolachlor application and for BAF36 and BAF03 plants
when applying fomesafen and imazamox, respectively.
Overall, BRS-Perola plants showed higher decreases in
the chlorophyll content (42.31), followed by BAF36
(42.88), BAF03 (44.02), Caviano (45.04), and IPR-
Campos-Gerais (46.15). S-metolachlor (43.73) caused
higher decreases in chlorophyll contents, followed by
imazamox (43.80), and fomesafen (44.11), compared to
the control (44.68) (Figure 2B).

Root length (RL) reduced in all genotypes, except for
IPR-Campos-Gerais, which was not significantly affected
by herbicide applications compared to the control plants.
S-metolachlor was the only herbicide that significantly
decreased RL in BAF03, BAF36, and Caviano plants.
Fomesafen did not reduce root length in any of the
genotypes. Imazamox reduced RL only in BRS-Perola
plants compared to the other genotypes. BAF36 showed
the greatest decrease in RL, with a mean of 8.25 cm,
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followed by BRS-Perola (9.97 cm), Caviano (10.02 cm),
BAFO03 (10.05 cm), and IPR-Campos-Gerais (11.69 cm).
S-metolachlor resulted in the greatest decreases in RL
(mean of 8.29 cm), followed by imazamox (10.17 cm) and
fomesafen (10.50), compared to the control treatment
mean (11.03 cm) (Figure 2C).

Bean dry weight (BDW) reduced in all genotypes,
except for BAFO3, which showed an increase in this
variable when herbicides were applied, significantly
differing from the control. Applying herbicides significantly
decreased BDW in IPR-Campos-Gerais plants compared
to those in the control. S-metolachlor was the only
herbicide that significantly reduced BDW in BAF36 plants
(by 0.063 g), whereas the other herbicides significantly
increased it by 0.039 and 0.427 g compared to the
control. Fomesafen and S-metolachlor significantly
increased BDW in BRS-Perola plants by 0.045 and 0.035
g, respectively. In contrast, imazamox resulted in the
lowest mean, with a significant decrease by 0.115 g,
compared to the control treatment. S-metolachlor and
imazamox decreased BDW by 0.066 and 0.055 g in
Caviano plants, respectively. However, Fomesafen
significantly increased (by 0.163 g) in Caviano plants
(Figure 2D).

The herbicide-genotype interaction was not significant
for the number of leaves; however, this variable was
significantly affected by the herbicide factor. S-
metolachlor was the only herbicide that did not reduce
the number of leaves in the common bean genotypes and
did not significantly differ from the control. Fomesafen
and imazamox significantly reduced the number of leaves
by 3.20 and 3.34, respectively, compared to the control

(Figure 3A).

When considering the crop season factor, the number
of beans per pod (NBP) was significantly affected only for
the IPR-Campos-Gerais and BRS-Perola genotypes.
Therefore, climatic variations affected NBP only for these
two genotypes. However, NBP in BAF03, BAF36, and
Caviano plants did not significantly differ, denoting no
effect of the crop season. However, when considering the
genotype factor within each crop season, the difference
was significant for both crop seasons, indicating that the
genotypes yielded significant different NBP between crop
seasons.

In the first crop season (2022-2023), IPR-Campos-
Gerais and BRS-Perola plants had the highest mean
NBP values, with no statistical difference, but differing
significantly from the other genotypes. These two
accessions (BAF03 and BAF36) had the smallest NBP,
not differing significantly from each other. Regarding the
second crop season (2023-2024), Caviano, IPR-Campos-
Gerais, and BRS-Perola plants had significantly similar
mean NBP values; evident by BAFO3 and BAF36 that
also showed the smallest NBP, not differing significantly
between crop seasons. NBP for Caviano plants did not
significantly differ between crop seasons. IPR-Campos-
Gerais and BRS-Perola plants produced more beans per
pod in the first crop season (Figure 3B).

Plant height, number of pods per plant, and bean yield
of the genotypes were higher in the first compared to the
second crop season. Imazamox and fomesafen were the
herbicides that most reduced plant height, number of
pods per plant, and bean yield in the evaluated common
bean genotypes (Figure 4A, 4B and 4C).
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DISCUSSION

Using backward elimination regression significantly
contributed to the selection of a small number of
representative variables with statistical significance by
the F-test (Maya and Bhargavi, 2019). Therefore, the
purpose of variable selection methods is to select a small
number of representative variables and identify more
concise and efficient spectral data to facilitate analysis.
Removing irrelevant variables by using backward
elimination is effective for producing the best results,
facilitating data interpretation (Saboni et al., 2021).

Overal, imazamox applications resulted in the greatest
yield reductions among the evaluated common bean
genotypes. This herbicide inhibits the activity of the
acetolactate synthase (ALS) enzyme, blocking the
production of branched-chain amino acids (valine,
leucine, and isoleucine) and reducing protein synthesis
and cell division (Gurbuz and Yenturk, 2022). In sensitive
common bean genotypes, this causes yellowing of leaves
(leaf blades), especially in young leaves and leaf curling,
first in young leaves and then spreading to all leaves. In
addition, it increases the number of shoots and leaves,
mainly due to reduced leaf size and delayed flowering
and pod production.

Overall, accessions BAF03 and BAF36 were more
adversely affected by herbicide treatments compared to
the cultivars (IPR-Campos-Gerais, BRS-Perola, and
Caviano). BAF36 showed the worst performance in all
evaluated parameters, while IPR-Campos-Gerais had the
best performance, regardless of the crop season. This
can be explained by the improved genetics of the
cultivars, allowing them to express more advanced
genetic traits than the accessions.

The decreased vyield of the evaluated common bean
genotypes can be attributed to reduced pod production,
probably due to low plant growth and development.
Although genotypes may vary in their growth,
development, and bean yield, as found in the present
study, these yield reductions are mainly due to their
ability to optimize resource utilization or survive under
resource scarcity and maintain adequate production
(Coelho et al., 2023).

Plant growth, pod production, and bean yield of the
genotypes were higher in the first than in the second crop
season. These results indicate that the selectivity of the
evaluated herbicides varies with climatic variations, as
the performance of common bean genotypes in the
second crop season was probably affected by the El Nifio
phenomenon. El Nifio phenomenon commonly causes
droughts in the North and Northeast regions of Brazil,
while in the South region; it causes high rainfall and
increased temperatures, as shown in Figure 1.

A difference in bean yield between crop seasons was
also found by Brusamarello et al. (2017), who evaluated
the agronomic performance of different common bean
genotypes during different crop seasons under high and

low technology management systems in Paranda, Brazil.
They found that bean yield was significantly higher in
2014-2015 compared to the 2012 to 2013 and 2013 to
2014 seasons for both management systems, attributing
these results to better climate conditions (lower rainfall
and temperatures) in the 2014 to 2015 crop season.

According to Ribeiro et al. (2011), common beans can
be grown on both low and high lands that are not prone
to waterlogging, and preferably on gently sloping or
nearly flat terrain, with loose and friable soils, as these
crops have a shallow surface root system with a higher
volume in the top 20 cm of soil, and 80 to 90% of the
roots in the top 40 cm of soil.

The higher rainfall in the second crop season may have
caused soil waterlogging and reducing oxygen availability
to roots. This can lead to root asphyxia and a reduced
nutrient uptake, negatively affecting the growth and
development of common bean plants (Tavares et al.,
2020). Consequently, anaerobic respiration by plants and
soil microorganisms causes the accumulation of toxic
substances such as methane, ethylene, and hydrogen
sulfide (Taiz and Zeiger, 2015). Additionally, it affects
symbiosis between common bean plants and nitrogen-
fixing bacteria in root nodules. This process can result in
decreased biological nitrogen fixation and lower nitrogen
availability for plants, which may result in the survival of
only a few tolerant plants in the area, such as Sesbania
sericea (Pelaez and lzaguirre-Mayoral, 2021).

Excess water can also create favorable conditions for
the growth of soil pathogens, such as fungi and bacteria,
increasing the risk of diseases in common bean plants,
including root rot and other soil diseases (Ribeiro et al.,
2011; Tada et al., 2020). This condition is also favorable
to other diseases, such as white mold (S. sclerotiorum)
and powdery mildew (E. polygoni), as found in the
present study during the 2023 to 2024 crop season.

Despite the environmental challenges reported in the

present study, IPR-Campos-Gerais showed higher yields
in both crop seasons compared to the other genotypes,
because this cultivar has high efficiency and responds
well to adverse conditions that mainly include water and
nitrogen deficits. This is one of the reasons why this
genotype is recommended for breeding programs
focused on developing highly productive cultivars that are
simultaneously tolerant to water deficit (Arruda et al.,
2019).
Literature data have shown that IPR-Campos-Gerais is
one of the common bean genotypes with higher stability
and agronomic performance (Zanella et al., 2019).
Additionally, a study evaluating the use efficiency and
response of common bean cultivars to nitrogen showed
that IPR-Campos-Gerais was more efficient and
responsive than IAC-Imperador (Nunes et al., 2020). This
result indicates that this is a high-yielding cultivar
responsive to water (Coelho et al., 2023) that can tolerate
moderate to severe droughts and high temperatures
during flowering and the early stages of pod formation.



The results of the present study indicate that climate
variations affect the plant growth, pod production, and
bean yield of common bean genotypes. However, the
growth environment is not the only factor involved in
these variations. It is most probably the genotype factor
that is also responsible for this effect. Differences in
morphophysiological characteristics of the genotypes
determine  their resistance and adaptation to
environmental adversities.

The variation in the variables evaluated in the present
study for common bean genotypes can also be explained
by their performance in chlorophyll content, root length,
plant height, and pod production. These are attributes
that may have contributed to high adaptability and bran
yield for the IPR-Campos-Gerais genotype. This
variability is consistent with previous studies (Thapa et
al., 2022; Bharti et al., 2024), which reported significant
differences in yield among common bean genotypes
grown under field conditions in Nepal and the Trans-
Gangetic plains of India.

Additionally, significant differences in plant height due
to genetic variability among genotypes have been
reported (Zelaing et al., 2018; Akter et al., 2021). This
variation can also be explained by the high detox
capacity, rapid metabolism, decreased absorption and
translocation, sequestration, increased activity of
antioxidant, and genetic variation and mutation of some
genotypes, such as IPR-Campos-Gerais, which are
important mechanisms of plant tolerance to herbicides
(Powles and Yu, 2010; Busi et al., 2018; Adhikari et al.,
2020; Moore et al., 2022).

The El Nifio phenomenon has a significant impact on
decreasing common bean vyield in southern Brazil,
especially due to climate variability and extreme events
caused by it. A potential solution to mitigate
environmental stresses in common bean crops to
improve vyield, is the genetic improvement of this species
and to obtain new cultivars with characteristics adapted
to environmental adversities.

Common bean genetics and selective improvement
through breeding programs have produced significant
gains in bean yield and quality for this crop species over
the last 60 years (Uebersax et al., 2023), mainly due to
the selection for plant resistance to biotic and abiotic
stresses.

Conclusion

Application of imazamox herbicide caused the greatest
decreases in yield of common bean genotypes (IPR-
Campos-Gerais, BRS-Perola, Caviano, BAF03, and
BAF36) compared to the other evaluated herbicides
(fomesafen and S-metolachlor). It is evident that the
cultivars had better performance than the accessions
(BAF0O3 and BAF36); while BAF36 was the genotype
most adversely affected by herbicides, and IPR-Campos-
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Gerais had the best performance.

Climatic variations affected the yield of the evaluated
common bean genotypes, which performed better in the
first than in the second crop season. However, this result
can be attributed to the El Nifio effect, which increases
rainfall volumes and temperatures in the Southern region
of Brazil. Future studies should focus on obtaining new
cultivars tolerant to climatic variations caused by the El
Nifio effect, as tolerance is one of the most important
strategies to mitigate these negative effects and ensure
food security in different regions.
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Abstract: To assess the impact of different phenotyping methods and crop phe-
nological stages on the differentiation of parent versus progeny performance
for root traits in common bean breeding programes, a field experiment was car-
ried out in the 2021/22 growing season. In a lattice design, 36 field treatments
were tested, based on three genotypes and two root phenotyping methods
(Shovelomics and WinRHIZO) applied at six phenological stages (V, ,; V, ; R,
R, R, and R,). Eight response variables of the root system were evaluated.
The Shovelomics method significantly influenced parent-progeny distinction at
the V, , (vegetative) and the WinRHIZO method at the R, (reproductive) stage.
Mean heritability estimates of 0.35 and 0.30 were calculated. As the heritability
values were moderate to low, it is worth emphasizing that root phenotyping
can be performed in more advanced inbreeding generations, due to the strong
environmental influence on root trait expression.

Keywords: Phaseolus vulgaris L., Andean and Mesoamerican gene pool,
WinRHIZO, Shovelomics

INTRODUCTION

Due to the need to increase yields across a wide range of food crops
historically, plant breeding efforts have prioritized the improvement of above-
ground traits. Accordingly, the current common bean ideotype was developed
to prioritize high grain productivity, leading to significant gains in grain yield
over time. Yet, as climate changes have been reducing the availability of water
and mineral resources in most bean-producing regions, attention has shifted
toward plant traits hidden in the ground (Haus et al. 2020, Magbool et al. 2022).
The expression and quantification of root traits have become a key focus of *Corresponding author:
. . . . E-mail: paulohcerutti@gmail.com
studies on the development of agronomically efficient plants (Ambachew et @ ORCID: 0000-0001-6664-8449
and Blair 2023). Improved root systems in genotypes are now seen as a valuable
outcome of the green revolution (Atkinson et al. 2019). Nonetheless, the genetic Received: 13 September 2024
regulation of root traits in common bean remains insufficiently investigated. Accepted: 28 March 2025
Their inheritance is complex, governed by numerous genes with small individual Published: 13 May 2025
effects. Recent studies have identified markers linked to quantitative trait loci  Universidade do Estado de Santa Cataring
(QTLs) that determine total root length, fine root length, thicker root length, Centro de Ciéncias Agroveterindrias, Avenida
root length distribution with depth, and root biomass across bean populations | i, de Camaes, 2090, Conta Dinheiro, 88520-
(Castiano et al. 2023). 000, Lages, SC, Brazil
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Despite the relevance of the root system described above, the processes of evaluation and quantification are still
rather complicated. This is mainly due to loss of material when roots are collected in the field (Fried et al. 2019). Field
measurements of roots are arduous, complex and time-consuming (Marshall et al. 2016, Li et al. 2017, Sofi et al. 2018).
Therefore, studies centered on high-throughput phenotyping have led to the development of techniques that enable
efficient identification of superior progenies in plant breeding programs. Among the tools that can be used for high-
throughput phenotyping, the methods Shovelomics and WinRHIZO are worth mentioning. Both are destructive, since
the evaluated plants are removed from the cultivation environment (Trachsel et al. 2011, Pornaro et al. 2017, Appiah-
Kubi et al. 2022, Etana and Nebiyu 2023). To date, the application of these field phenotyping methods in plant breeding
programs is poorly documented.

In addition to the doubts about the best method for root phenotyping, the ideal moment (phenological stage) for
evaluations is also a concern of plant breeders. The reason is the high plasticity of root system traits. The term plasticity
means the ability of plants to adapt phenotypes in response to the environment (Fried et al. 2019, Lorts et al. 2020).
Plants are capable of modifying the root architecture (root angle, length and hair density) to adapt to different growth
environments, where drought, salinity and acidity or other stresses may occur. This adaption occurs by means of
combined physiological, biochemical and genetic mechanisms that regulate the expression of the root system (Ranjan
etal. 2022). Under water stress for example, plants can stimulate the growth of lateral roots and root hairs (Koevoets et
al. 2016). Based on this adaptation to the cultivation environment, the root system of common bean has been evaluated
in critical moments of development, e.g., at flower bud growth (R,), full flowering (R,) and the grain-filling stage (R,),
(Galvao et al. 2019, Burridge et al. 2020, Wu et al. 2021). The question about the ideal moment of the crop cycle when
phenotyping should be used arises because, regardless of the phenological stage, plant breeders need to distinguish
the phenotype of the progeny from that of its ancestors, in order to understand whether breeding achieved any genetic
gain for target traits or not.

Although plant breeders generally agree that root system measurement is essential and should be taken into
consideration in breeding programs, there is no literary consensus as to which root phenotyping method should be
used and at which point of the crop cycle assessments should be carried out. Thus, the objective of this study was to
evaluate the effect of combining phenotyping methods with different phenological development stages to assess and
compare the root system of fixed and segregating common bean genotypes, aiming to improve the selection of plants
with enhanced root traits.

MATERIAL AND METHODS

To accurately assess the impact of phenotyping methods and phenological stages on root system evaluation in common
bean genotypes, phenotyping studies were carried out since the growing seasons of 2019/20 and 2020/21 (Cerutti et al.
2023). In these tests, a strong influence of the physiological plant age on root expression was observed. For the same
purpose, another field experiment was initiated during the 2021/22 growing season in Lages, Santa Catarina (SC). The
experimental area is part of the State University of Santa Catarina (UDESC), Centro de Ciéncias Agroveterinarias (CAV)
(lat 272 47’ S, long 502 18’ W, alt 950 m asl). The overall average of maximum and minimum temperatures is 21.8 °C
and 11.8 °C, considering a historical series of 85 years (1940 a 2025) and annual precipitation 1500 mm according to
information from the Climatic Atlas of the Southern Region of Brazil (Wrege 2012). The soil of the experimental area
is classified as Cambissolo Himico Aluminico Léptico, characterized by a clayey texture (Embrapa 2018). The soil was
analyzed to a depth of 0.40 m, with the following results: pH = 5.9; organic matter content = 3.2%; P= 3.1 mg dm? and
K'=124.0 mg dm=. Phosphorus and potassium contents were determined by the Mehlich-1 method (CQFS-RS/SC 2016).

In this growing season, 36 field treatments were set up, resulting from the interaction among the levels of three
experimental factors: genotypes, phenotyping methods, and phenological stages of development. The levels of the
genotype factor (structured specific qualitative) were given by two parents (BAFO7 and BRS Embaixador), and the progeny
BAFO7 x BRS Embaixador F,. Parent BAFQ7 is an accession of Active Germplasm Bank of UDESC of the Mesoamerican
gene pool that belongs to the black bean group. Genotype BRS Embaixador is a common bean cultivar already planted in
Brazil, of the Andean gene pool and the market group colored (red). Controlled crosses to establish the progenies BAFO7
x BRS Embaixador F, were carried out in 2016. In that year, six common bean parents were artificially hybridized in a full
diallel design. The combination between the parents resulted in 30 F progenies. These progenies were taken to the field
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for evaluation of the root system and generation advancement (bulk method in all years). Among these combinations,
progeny BAFO7 x BRS Embaixador proved to be interesting for some agronomic traits, e.g., root distribution (% of the
soil occupied by roots) and grain yield and quality (Cerutti et al. 2021, Cerutti at al. 2023).

The phenotyping method factor (unstructured specific qualitative) consisted of two root evaluation methods,
called “Shovelomics” and “WinRHIZO”. The former method was developed by researchers at the Penn State College of
Agricultural Sciences for high-throughput phenotyping of plants in the field. In this technique, plant roots are adjusted
within a template, and the variables of interest are measured (Trachsel et al. 2011). The WinRHIZO method, on the
other hand, relies on scanning software. For this study, the system was operated using an Epson Expression 10,000 XL
scanner (Regent Instruments Canada Inc.). This method involves placing the plant roots onto the scanner, where the
software quantitatively measures and automatically records the relevant variables from an image generated by the system
(Pornaro et al. 2017). The phenological development stages represented the third experimental factor (structured as
specific qualitative), comprising the following stages: V,, (four trifoliate leaves), V, , (eight trifoliate leaves), R, (flower
bud growth), R, (full flowering), R, (early pod formation), and R, (grain filling) (Gepts and Ferndndez 1982). The 36 field
treatments were randomized in a simple, partially balanced lattice design (6 x 6), with two replications, resulting in 72
experimental units. In plant breeding. The use of lattice designs is common in experimental studies due to the large
number of treatments that need to be evaluated. Under these conditions, lattice designs prove to be more efficient
than randomized block designs, segmenting the experimental area into more uniform blocks contributes to increased
homogeneity within each block, thereby reducing variability caused by heterogeneous environmental factors. This
approach enables a more precise control of experimental conditions, which is particularly advantageous in evaluations
of a large number of treatments. In this experiment, the relative efficiency of the lattice design was compared to that
of the randomized block design reached 93.4%. This result not only justifies the use of the former but also underscores
its ability to enhance statistical analyses in agronomic studies (Gomez and Gomez 1985). The experimental units, each
measuring 2 x 2 m, were spaced 0.5 m apart and seeded at a density of 13 seeds per meter.

All management practices, including fertilization and control of weeds, insects, and crop diseases, were carried out
as needed, following the regional technical recommendations for common bean cultivation (Fancelliand Dourado 2007,
CQFS-RS/SC 2016). When the genotypes of each experimental unit reached the specified phenological stages, the root
system was evaluated. For both methods, this process involved excavating the soil around the plant stem, from 0.25 to
0.30 m away, to a depth of 0.30 m, in order to extract the soil-root set. Five randomly selected bean plants (observation
units) were collected from each experimental unit. The soil was then removed to expose the roots by immersing the
plants in water containing 5% neutral detergent (Trachsel et al. 2011). Using the Shovelomics method, the following
variables were measured: i) basal root angle (RA, °); i) vertical root length (VL, cm); iii) horizontal root length/left side (LL,
cm); iv) horizontal root length/right side (RL, cm). Using the WinRHIZO method, the following variables were evaluated:
v) total root length (TL, cm); vi) projected root area (PA, cm?); vii) root volume (RV, cm3); and viii) mean root diameter
(RD, mm). After data collection, multivariate analysis of variance was applied for each phenotyping method, considering
the four response variables of each method. For this step, the MANOVA (Multivariate Analysis of Variance) option of
the general linear procedure (proc glm) was used. To explore the simple effects of the genotype x phenological stage
interaction, orthogonal contrasts between mean vectors were established and tested by the F test, at 0.05 probability.
Broad-sense heritability (h?) was estimated by the relationship between variances, as follows:

2 — ~2 2 2 2
h? = og/(og +02 + 0%+ ZCovge)

where 05 represents the genetic variance, oze is the genotype x environment interaction variance, oi is the environmental
(residual) variance, and Cov,, is the genotype—environment covariance. The environmental effects considered in this
study are non-genetic, representing sources of variation not attributable to genetic factors. All these analyses were
performed using SAS Studio® software, available on the SAS OnDemand for Academics platform.

RESULTS AND DISCUSSION

Assignificant effect was observed by Wilks’ Lambda (A) test (p > 0.05) for the interaction genotype x phenological stage
(Table 1), both for Shovelomics (p=0.023) and WinRHIZO (p=0.001). This fact indicates the influence of the phenotyping
tool (method) and the moment when root evaluations are performed (physiological age). In terms of understanding a
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Table 1. Multivariate analysis of variance, using Wilks’ Lambda test (A), was performed to assess the effects of the experimental
factors: replication, blocks within replications, genotype, and phenological stages (V, ,; V, ;; R;; R;; R.; and R,) for each phenotyping
method, considering the response variables associated with each method

e Shovelomics WinRHIZO
Sources of variation
A P-value A P-value

Replication (Rep) 0.98 0.686 0.98 0.589
Rep (Block) 0.72 0.133 0.78 0.577
Genotype (G) 0.87 0.013 0.95 0.603
Stage (S) 0.63 0.001 0.22 0.001
GxS 0.67 0.023 0.62 0.001

Root traits measured using the Shovelomics method included basal root angle (RA, °), vertical root length (VL, cm), horizontal root lengths on the left (LL, cm) and right
sides (RL, cm). The WinRHIZO method evaluated total root length (TL, cm), projected root area (PA, cm?), root volume (RV, cm?), and mean root diameter (RD, mm).

breeding strategy for a root system ideotype in the case of common bean, the analysis of the phenotypic variation in
the root system within the genetic background is particularly important, due to the differences between the root system
phenotypes of the Andean and Mesoamerican genotypes (Jochua et al. 2020).

The multivariate analysis of variance indicated that the first two canonical components captured around 75% of the
total variation in the genotype x phenological stage interaction, as measured by the Shovelomics method. The canonical
coefficients of this interaction were -0.10 (left horizontal length); 0.16 (basal root angle); 0.20 (right horizontal length)
and 1.06 (vertical length). This indicates that basal root angle and vertical length are response variables that contribute
to the interaction effect. Considering the same interaction by the WinRHIZO method, the first two canonical components
captured 63 and 20% of the total variation, respectively, and the highest canonical coefficients were observed for the
variables mean root diameter (0.60) and projected root area (7.70). Studies focusing on understanding root expression
in common bean have particularly emphasized traits such as water stress tolerance, have highlighted the importance
of developing or identifying improved genotypes for root length, angle and mean diameter (Kachiguma et al. 2021, Wu
etal. 2021).

In addition to the interaction, the main effect of the phenological stage had a strong influence on the phenotyping
of the root system. The Wilks’ Lambda (A) value estimated for the Shovelomics method was approximately three times
higher than that for WinRHIZO. This estimate difference was expected since the methods are based on different variables
and scales of these response variables. However, this effect reinforces the need to consider the most appropriate moment
to evaluate the root system, according to the phenotyping method.

The distinction between the most suitable phenological stages for phenotyping in relation to the evaluation method
and the studied genotype may be related to the genotype factor itself. The reason is that the parents diverge for some
traits, for example: gene pool, tegument color and growth habit. Genotypes with an indeterminate growth habit
are positively associated with root development (Velho et al. 2018). Both genotype BAFO7 and the progeny have an
indeterminate growth habit. Plants with this type of development have a gradual transition between stages and often
maintain vegetative growth even after the emission of reproductive structures, i.e., a continuous form of development.
This peculiarity is considered an adaptative strategy to adverse conditions (Wu et al. 2021). The lack of significance
of the genotype factor when using the WinRHIZO method may be influenced by the environmental factor, as plants
of different genotype have distinct characteristics of rhizosphere exploration and, consequently, root development.
However, in view of the similarity between the progeny and its parent, these differences may be minimal, leading to
insignificance of this factor (Bulayaba et al. 2020).

In addition to the multivariate analysis, orthogonal contrasts between the mean vectors of the Shovelomics (Table
2) and WinRHIZO (Table 3) methods were used to estimate the simple effects of the genotype x phenological stage
interaction. In the composition of these simple effects, the phenological stage factor was fixed, and comparisons of
interest between the genotypes were performed. According to Table 2, three contrasts were significant, two between
parents (stages R, and R) and one between parents and the progeny (stage V, ). For the WinRHIZO method, only two
contrasts were significant - one between the parents (R) and the other between parents and the progeny (R,). In the
contrasts that differentiated the phenotyping of parents and the progeny, the variables vertical root length (VL) and
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projected area (PA) had the highest canonical coefficients, indicating the relevance of these variables for genotype
discrimination (Table 3).

In the context of breeding, it is fundamental to distinguish the performance of progenies in relation to their parents,
since a cultivar can be developed from a controlled cross with complementary traits of agronomic interest (De Paula

Table 2. Multivariate contrasts performed using the Wilks’ Lambda test (A) for the simple effects of genotype x stage interaction for
Shovelomics phenotyping method in common bean

Contrasts A P-value RA VL LL RL
V4-4

Parents (BAFO7 x BRS Embaixador) 0.96 0.334 0.98 -0.02 -0.23 -0.24
Parents vs. Progeny 0.93 0.033* 0.42 0.89 0.44 -0.26
V478

Parents (BAFO7 x BRS Embaixador) 0.97 0.507 -0.53 0.69 -0.59 0.51
Parents vs. Progeny 0.99 0.896 -0.24 0.53 0.81 -0.71
RS

Parents (BAFO7 x BRS Embaixador) 0.99 0.871 -0.31 0.72 0.16 0.71
Parents vs. Progeny 0.95 0.164 0.10 0.95 0.51 0.09
RG

Parents (BAFO7 x BRS Embaixador) 0.85 0.002* 0.47 0.78 0.61 -0.61
Parents vs. Progeny 0.97 0.512 0.30 0.66 0.02 0.78
R7

Parents (BAFO7 x BRS Embaixador) 0.94 0.059 0.15 0.40 0.85 0.50
Parents vs. Progeny 0.98 0.739 -0.29 -0.67 0.64 0.50
RS

Parents (BAFO7 x BRS Embaixador) 0.93 0.038* 0.48 -0.17 1.03 -0.51
Parents vs. Progeny 0.96 0.322 0.42 0.66 0.53 0.44

*: Significant at 5 % by the F test. Phenological stages (V4-4 - R8). The response variables included basal root angle (RA, °), vertical root length (VL, cm), horizontal root
length on the left side (LL, cm), and horizontal root length on the right side (RL, cm)

Table 3. Multivariate contrasts performed using the Wilks’ Lambda test (A) for the simple effects of genotype x stage interaction for
WinRHIZO phenotyping method in common bean

Contrasts A P-value TL PA RV RD

V474

Parents (BAFO7 x BRS Embaixador) 0.97 0.419 1.93 2.33 -4.94 2.61
Parents vs. Progeny 0.95 0.126 0.70 2.88 -3.01 2.56
V478

Parents (BAFO7 x BRS Embaixador) 0.99 0.945 4.14 -3.10 -1.51 2.48
Parents vs. Progeny 0.98 0.793 -1.07 6.75 -6.50 1.62
RS

Parents (BAFO7 x BRS Embaixador) 0.96 0.262 -0.13 -2.26 3.93 -0.90
Parents vs. Progeny 0.98 0.595 -7.00 11.6 -4.99 0.58
RG

Parents (BAFO7 x BRS Embaixador) 0.97 0.516 4.24 -7.4 4.91 -1.07
Parents vs. Progeny 0.98 0.795 -3.06 7.29 -3.47 1.16
R7

Parents (BAFO7 x BRS Embaixador) 0.93 0.038* 0.40 2.18 -1.49 0.86
Parents vs. Progeny 0.97 0.490 -4.80 12.62 -7.98 2.49
RS

Parents (BAFO7 x BRS Embaixador) 0.95 0.112 3.35 -7.59 6.04 -0.41
Parents vs. Progeny 0.86 0.003* -5.85 11.25 -5.23 -0.06

*: Significant at 5 % by the F test. Phenological stages (V4-4 - R8). The response variables included total root length (TL, cm), projected root area (PA, cm?), root volume
(RV, cm3), and mean root diameter (RD, mm).
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Table 4. Broad-sense heritability coefficients (hi) for the response variables obtained by the phenotyping methods (Shovelomics and
WInRHIZO) in the respective root systems

h;
) RA VL LL RL
Shovelomics
0.39 0.43 0.41 0.20
. TL PA RV RD
WinRHIZO
0.32 0.40 0.22 0.26

The Shovelomics method included the evaluation of basal root angle (RA, °), vertical root length (VL, cm), and horizontal root lengths on the left (LL, cm) and right (RL,
cm) sides. In turn, the WinRHIZO method measured total root length (TL, cm), projected root area (PA, cm?), root volume (RV, cm?), and mean root diameter (RD, mm).

et al. 2019). By the Shovelomics method, the distinction between progeny and parents occurred at an early V, , stage,
where vertical root length was the main differentiating variable. This fact was possibly associated with the trait root
system formation of parents and progeny, in addition to the peculiarity of the Shovelomics method. The genotypes of
the Andean and Mesoamerican gene pools differ in the expression of root phenotypes. Andean have a longer taproot
and more basal roots than the Mesoamerican lines in the vegetative development stages. These in turn have hypocotyl-
derived adventitious roots that can increase the biomass of shallow roots in later stages of the crop cycle (flowering),
and thus produce more adventitious roots than the Andean lines (Strock et al. 2019, Haus et al. 2020). This fact was
confirmed by Pearson’s simple correlation estimate, indicating a significant association of -0.39 between the number
of adventitious roots and taproot length in Mesoamerican lines, while this association was not observed in Andean
genotypes (Strock et al. 2019). The differentiation by the Shovelomics method in the early development stages can also
be explained by the particularity of the method, since the evaluations are done manually. In this way, as the plant root
system is less developed at this than in the reproductive stage, the results of root phenotyping become more accurate.

The divergence in plant development observed in relation to the gene pool and the development phase (vegetative
and reproductive) of the genotypes is in line with the distinction between parents and progeny in grain filling phase
(R,) detected by the WinRHIZO method. Mainly due to the higher amount of adventitious roots of genotype BAF07 and
progeny BAFO7 x BRS Embaixador than of genotype BRS Embaixador, the use of WinRHIZO for root phenotyping has
the advantage of a better measurement of this dense root mass, which is not easily done by hand (Wang and Zhang
2009, Pornaro et al. 2017).

Root phenotyping depends on the genetic nature (gene pool), together with the trait root formation of each pool and
the growth habit of the genotypes. On this basis, one can use the phenotyping methods and their traits to propose an
ideotype for the root system. The composition of a root system ideotype can indicate the development of a phenotype
with a trait assembly (York et al. 2013). The root phenotypes for maintaining or increasing grain yield under limiting
environmental conditions are particularly efficient in resource acquisition (Lynch 2018). Since phosphorus, nitrogen
and water are the most limiting resources for growth and development, root phenotypes can be improved specifically
for each purpose. For not very mobile nutrients, genotypes must be selected that contain traits of a root system that
is more densely developed in the soil surface layers. The opposite applies for the selection of improved genotypes for
uptake of mobile resources such as nitrogen and water (Lynch 2018, Strock et al. 2019).

In addition to the significance of developing genotypes with enhanced root traits for a given environmental condition,
the fraction of genetic variation transmitted over generations must be taken into account. The visual selection of any
trait depends on heritability estimates, i.e., on the level of environmental influence on the phenotypic expression. In
the case of common bean (mainly autogamous reproduction mode), high heritability (h?) values indicate a predominant
association of genetic variance with additive genetic variance, which may facilitate the selection of superior plants. In
this study, the mean heritabilities for the different response variables of the phenotyping methods Shovelomics and
WinRHIZO were 0.35 and 0.30, respectively (Table 4). These values are considered moderate to low (<0.50). Heritability
estimates of segregating populations grown in a greenhouse, for evaluation of the variables root length, volume and
area, averaged 0.40 (Cerutti et al. 2021). Under field conditions, for the variable root distribution (%), heritability was
also 0.40 (De Melo et al. 2016). In hydroponic medium, the heritability values were somewhat higher (0.89; 0.75; 0.67
and 0.87, respectively, for root length, area, volume and mean root diameter) (Ambachew and Blair 2023).
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Which common bean root phenotyping method is best? This depends on the phenological growth stage

The moderate to low heritability estimates found by field phenotyping proved the strong effect of the environment
on the root system, reinforcing the need to define effective methods for evaluation. In this way, selection with a view
to establishing a root ideotype must be applied in more advanced inbreeding generations, under low selection pressure
in the initial cycles. This selection can be further refined by considering the most suitable phenotyping method, based
on the genetic nature of the genotypic constitutions within the breeding program.

CONCLUSION

Root quantification in common bean was influenced by the phenotyping method associated with the phenological
stage. By Shovelomics phenotyping, fixed genotypes could be differentiated from their segregating progeny in the
vegetative phase (V,,), and at the end of the crop cycle (R,) by the WinRHIZO method. The definition of the most
adequate method and moment of root phenotyping of common bean is a strategy in the development of an ideotype

with improved root traits.
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CULTIVAR RELEASE

CROP BREEDING AND
APPLIED BIOTECHNOLOGY

Caviano: black bean cultivar with large root
system and wide adaptability

Rita Carolina de Melo'’, Paulo Henrique Cerutti!, Luan Tiago
dos Santos Carbonari’, Pedro Antonio Schwarzer?, Sydney
Antonio Kavalco?, Altamir Frederico Guidolin® and Jefferson
Luis Meirelles Coimbra®

Abstract: ‘Caviano’ is a black bean cultivar recommended for Santa Catarina, for
being highly adaptable to the main grain-producing regions of the state (mean
grainyield 2315 kg ha*). Compared to previously released cultivars, Caviano has
a larger root system and desirable characteristics for mechanical harvesting.

Keywords: Phaseolus vulgaris L., induced mutation, root distribution, adaptive
traits.

INTRODUCTION

For the Brazilian population, common bean (Phaseolus vulgaris L.) is a
staple food and an important protein source. Currently, Brazil is considered
the largest producer and consumer of common bean. On an estimated acreage
of 2.8 million hectares, 3.1 million tons of grain are produced, equivalent to a
grain yield of 1113 kg ha* (CONAB 2022). However, bean cultivation has been
hampered by challenges that limit the productive potential (Daryanto et al.
2015). One of these is sensitivity to abiotic stresses in the extremely varied
cultivation environments. On these grounds, all over the world root-related
characteristics have become a research focus (Burridge et al. 2016, Burridge
et al. 2019, Polania et al. 2017).

The root system is extremely important, since it determines the soil volume
that can be explored and, consequently, the water and nutrient uptake, which
are decisive for the adaptation of a genotype to an agroecosystem (Lynch 2018,
Burridge et al. 2019). If this trait is not considered in breeding, the probability
increases that specialized genotypes for highly favorable environments are
developed that lack plasticity and, consequently, underperform under stress.
Nevertheless, the evaluation of root characteristics has not yet become a routine
procedure in common bean breeding programs.

One of the possibilities of generating useful genetic variability for root
breeding is induced mutation (Rocha et al. 2010). This technique is useful
in the area of plant breeding, for being capable of altering a genotype only
slightly, in contrast to the procedures based on crosses between genetically
distinct genotypes (Coimbra et al. 2007). Thus, the release of a cultivar from
induced mutation, adapted to the local growing conditions and with a large
root system, could be an alternative for common bean producers. In this sense,
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cultivar “Caviano” (in honor of the Center of Agroveterinary Science - CAV) was developed from the original cultivar
IPR 88 Uirapuru by gamma irradiation. It has a mean grain yield above the state average, wide adaptability to the main
common bean growing environments of the state and the particular advantage of an extensive root system.

BREEDING METHOD

Cultivar Caviano was developed from seeds of cv. IPR 88 Uirapuru, irradiated at the Oncology Unit of the Federal
University of Pelotas (UFPel), Pelotas, Rio Grande do Sul, Brazil, in 2007. Seeds (250 g) of four cultivars (IPR 88 Uirapuru,
IPR Chopim, BRS Pérola and lapar 81) were irradiated with gamma rays of a mutagenic agent (Cobalt-60). First, the
response to total absorbed doses of 0, 100, 200 and 400 grays (Gy) of all four cultivars was evaluated. The dose of 400
Gy was considered lethal, and only the populations irradiated at 100 and 200 Gy were maintained. In this way, eight
M, populations (first mutant generation) were established. After irradiation, the M, seeds were washed under tap
water and sown in the field, growing to approximately 600 plants per mutant population, on the fields of the Institute
for Breeding and Molecular Genetics (IMEGEM) of the State University of Santa Catarina (UDESC-CAV), in Lages, Santa
Catarina, Brazil, in the 2007/08 growing season.

The harvested M, plants and the generations in each subsequent selfed cycle were named in ascending order
(subscript number). Since physiological and genetic effects were observed in the first generation, no selection was carried
out. Thereafter, each M, population was bulk-harvested to generate the M, population (Bulk selection method). The
procedure was repeated up to generation M., to establish populations with a high homozygosity level. In this period, the
mutant populations and original cultivars were planted in replicated experiments, at commercial density (12 - 15 plants
m™or about 200 plants plot?). The plants of these experiments were sampled to evaluate traits of agronomic interest
such as: stem diameter, plant height, first pod insertion height, mean pod length, mean number of grains per pod and
number of pods per plant. In addition, the plants were evaluated for root distribution in the field, which is still a rather
rare measurement in common bean breeding programs. Two mutant populations had a particularly well-developed
root system in the surface (0-10 cm) and intermediate (11-20 cm) soil layers (Rocha et al. 2010). To determine the
traits mentioned above, 298 M, plants were harvested separately (50% of the seeds were stored away and 50% sown
in individual rows in the next generation). Two additional selection cycles were carried out to eliminate phenotypically
inferior plants.

In the 2012/13 growing season, the 77 best mutant lines (in generations M,, M, or M.) were selected for grain
yield components. These mutant populations, together with other genotypes from the IMEGEM breeding program
(25 segregating genotypes from hybridization) and 5 commercial cultivars (IPR 88 Uirapuru, IPR Chopim, BRS Pérola,
lapar 81 and BRS Campeiro) were included in a preliminary assay with 100 treatments in Lages, in the 2013/14 growing
season. The experiment was arranged in Federer’s augmented block design, with five replications. Each plot consisted
of four 4-m rows, spaced 0.45m apart, with a total of 240 plants per plot or a density of 15 plants m™. Five plants were
sampled to measure the adaptive traits and the grain yield produced on the evaluated plot area (3.6 m?). To consider
the traits simultaneously, the Smith and Hazel selection index was used, assigning weight to the selection criteria: plant
height, first pod insertion height, stem diameter, number of pods per plant, number of grains per plant, 1000-grain
weight and grain yield. Based on this index, 15 genotypes were selected, including a candidate line for registration, for
which desirable traits for mechanical harvesting were recorded.

These genotypes together with commercial cultivars were further evaluated in preliminary tests over three growing
seasons (2014/15 to 2016/17) in Lages/SC, to assess the agronomic performance and adaptability. The experiments
were arranged in complete blocks with three replications. Each plot consisted of four 4-m rows, spaced 0.45m apart,
with a total of 240 plants per plot or a density of 15 plants m™. At the end of the period, the fixed mutant population,
resulting from irradiation of cv. IPR 88 Uirapuru at 100 Gy (experimental denomination UDESC|CAV17.EFM0006
“PMU_100 M8”), was indicated for the tests for Value for Cultivation and Use (VCU). In this way, it was included in the
state evaluation network of plant lines, coordinated by the Company of Agricultural Research and Rural Extension of
Santa Catarina (EPAGRI), in the growing seasons of 2018/19 and 2020/21, at six locations. Simultaneously, to validate
the recommendation, the line was planted in a so-called Strip Test, on the property of a rural producer in the county
of Campo Belo do Sul (high-altitude region of Santa Catarina), under the routine management practices of the farmer.
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Caviano: black bean cultivar with large root system and wide adaptability

An evaluation of the criteria of Distinguishability, Homogeneity and Stability (DHS) confirmed that the mutant
population UDESC|CAV17.EFMO0006 has differentiating characteristics from the already registered original cultivar (IPR
88 Uirapuru) and that these traits are stable and homogeneous.

The population also proved to be well-adapted, mainly to the rainy season, and produced grain yields equivalent (5%
probability) to the commercial cultivars tested (BRS Campeiro and IPR Tuiuit). Owing to the superior agronomic traits
and good performance recorded in the state evaluation network of plant lines, UDESC|CAV17.EFM0006 was registered
in 2022 under the commercial name Caviano.

CHARACTERISTICS OF THE CULTIVAR

The plant architecture of cv. Caviano is semi-upright, the growth habit indeterminate and vine length short. The
cultivar belongs to the black bean group and 1000 seeds weigh 200 g. The total cycle (from emergence to physiological
maturity) lasts 88 days.

Root distribution in the field

Among the characters considered for the evaluation of cv. Caviano, root distribution is worth mentioning. This trait
was measured in the field by the soil excavation method (B6hm 1979). By this methodology, perpendicular profiles
(width 0.50 m, depth 0.30 m) were opened at a distance of 0.05 m from the plant row and the roots were exposed by
cleaning with pocketknives and brushes. In the clean profile, a grid template (60 squares) of the same size as the trench
was inserted immediately close to the roots. Subsequently, a picture of the template with the profile underneath was
taken, for a quantitative assessment of root distribution, by assigning presence (1) or absence (0) of “root units” to
each square (Figure 1).

Given the nature of the response variable (count data) and its respective distribution, the trait was extensively evaluated
using Generalized Linear Models. Among the populations generated by induced mutation, cv. Caviano (PMU.100) stood

B'.) ; S R .‘:“i’: R

Figure 1. Steps to evaluate root distribution by the soil excavation method: a) Opening of a profile in the soil next to plants, perpen-
dicular to plant row, leaving plants in the soil; b) Cleaning of profile inside by removing excess soil in-between roots and insertion
of a grid template, with the same size as the profile (width 0.50, depth 0.30 m), with 60 squares; c) Photographing of the template
+ the profile underneath and determination of root presence or absence (1 or 0, respectively) in each square, indicating the root
percentage per plant.
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out with higher values of root distribution, at all depths assessed (Table 1). In fact, the observed values exceeded those
of the original cultivar (IPR 88 Uirapuru), indicating positive effects of mutation on breeding for this trait.

Grain yield and genotypic adaptability

Cultivar Caviano had a mean grain yield of 2315 kg ha™ and a yield potential of 4200 kg ha. In the evaluation
environments, the performance of the new black bean cultivar was statistically equivalent to that of the check cultivars
(BRS Campeiro and IPR Tuiuiu), particularly in the rainy season (Table 2). In addition, in environments with a lower expected
grain yield (dry season), the percentage reduction of cv. Caviano was lower (-16%) than that of cultivar SCS204 Predileto
(-28%), which was the genotype with the highest grain yield of the commercial black bean cultivars. This result indicates
the capacity of cv. Caviano to maintain the mean grain yield even under stressful growing conditions.

The positive results regarding the mean grain yield reflected in estimates considered ideal for the parameter
genotype adaptability. Based on the values estimated by linear regression, Caviano was classified as a cultivar with
wide adaptability (B = 1), as similarly observed for the check cultivars (Table 3). The significant regression deviation
(0?) of cv. Caviano indicates that the genotypic performance may vary depending on the cultivation environment, thus
reducing predictability (Vencovsky and Barriga 1992). However, this can be explained by the better root distribution
of cv. Caviano. Under restrictive cultivation conditions, the cultivar tends to increase the root system to maintain the
mean yield. For this reason, the grain yield differed between the “dry” and “rainy” environments. Under water stress,
most leguminous crops develop mechanisms that favor an increase in the root system, to the detriment of shoot growth
(Subbarao et al. 1995).

Table 1. Observed (X ) and transformed ()_(T) means (p = In (X /1 - X)) of the trait root distribution of cv IPR 88 Uirapuru and the popu-
lations derived by induced mutation.

Soil depth (cm)
Genotype 0-10 11-20 21-30
X, X X, X; X, X,
IPR 88 Uirapuru 0.827 1.564 0.169 -1.591 0.023 -3.746
Caviano (PMU.100) 1.000 - 0.525 0.100 0.050 -2.944
PMU.200 0.950 2.944 0.425 -0.302 0.000 -

Table 2. Grain yield (kg ha) of cultivar Caviano and the check cultivars (BRS Campeiro and IPR Tuiuit) for each evaluated location,
season and growing season in the state of Santa Catarina

Location Season Growing season Caviano BRS Campeiro IPR Tuiuia
Campos Novos rainy 2018/19 3180a 2845b 3526a
Chapecé rainy 2018/19 2864a 2898a 2584b
Canoinhas rainy 2018/19 2798a 2728a 2609a
Campos Novos rainy 2020/21 3060a 3727a 3528a
Xanxeré rainy 2020/21 4278a 4535a 4450a
Lages rainy 2020/21 1255a 1357a 1743a
Ituporanga dry 2018/19 1543a 1644a 1628a
Xanxeré dry 2018/19 2205a 2332a 2524a
Chapecé dry 2018/19 1757c 3013a 2215b
ltuporanga dry 2020/21 1685a 1770a 1576a
Xanxeré dry 2020/21 2148a 2059a 2059a
Chapecé dry 2020/21 1013a 1098a 1264a
Mean rainy 2906a 3015a 3073a
Mean dry 1755a 1986a 1878a
Overall mean 2315a 2500a 2475a

Means followed by the same letter in a row do not differ statistically according to the Tukey test at 5% error probability.
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Table 3. Genotypic adaptability (B) and stability (07) parameters

Suitability for mechanical harvesting
estimated by linear regression

Among the relevant traits for breeding, those related

to plant architecture are essential to ensure an adequate ~ Cultivar Mean (kg ha?) B o’

functioning of mechanical harvesting. In this regard, the  Caviano 2315 0.9361 54073

estimates for the agronomic traits first pod insertion height BRS Campeiro 2500 1.0086 25255
IPR Tuiuid 2475 0.9663 1733

and stem diameter (21.3 and 6.5 mm, respectively) of cv.
Caviano were significantly superior to those of the original
cultivar IPR 88 Uirapuru (14.6 and 5.1 mm, respectively),
at 5% error probability by the t test.

* Significant at 5% error probability by the t test.

BASIC SEED PRODUCTION

Cultivar Caviano was registered on February 1, 2022 by the National Register of Cultivars - Ministry of Agriculture,
Livestock and Supply (RNC-MAPA), under number 48627. The Center of Agroveterinary Science (CAV) of the State
University of Santa Catarina (UDESC) will be responsible for the production of basic seed.

CONCLUSIONS

Cultivar Caviano has a mean grain yield of 2315 kg ha* and is widely adaptable to the main bean-producing regions of
Santa Catarina, above all in the rainy season. An advantageous trait of this black bean cultivar is the larger root system.
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Genetic improvement of cooking time in common bean: the role of dominance
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ABSTRACT: This study aimed to understand how the genetic components involved in cooking time behave from the first generations of
self-fertilization to the formation of lines. Two targeted crosses were used, resulting in segregating progenies at different heterozygosity levels
(F,, F,, F, and F,). Cooking time was determined using the Mattson cooker. Variance components were estimated based on the mixed model,
and additive and non-additive fractions were calculated using the Cockerham method. Additionally, scale tests were performed, including
inbreeding as a genetic parameter. Regardless of the hierarchical variance model in the segregating families tested, the dominance component
was at least twice as high as the additive variance fraction. This was also corroborated by the scale tests, with a predominance of the dominance
over the additive component, primarily in the cross between different commercial groups (carioca x black), where the additive component was
zero. Additionally, this resulted in a lower broad-sense heritability coefficient, indicating a greater influence of non-genetic causes. The role of
dominance in cooking time implies the need to select genotypes at advanced inbreeding stages, but variation should be represented at this stage
by selecting parent plants with shorter cooking times.

Key words: cockerham method, weighted least squares method, variance components, selection, inbreeding.

Melhoramento genético do carater tempo de coccdo em feijio: o papel da dominancia

RESUMO: Este estudo teve como propdsito compreender como os componentes genéticos envolvidos no carater tempo de cocgdo se comportam
desde as primeiras geragdes de autofecundagdo até a formagao das linhagens. Dois cruzamentos dirigidos foram utilizados dando origem a
progénies segregantes em distintos niveis de heterozigose (F,, F,, F; € F). O tempo de cocgdo foi determinado pelo cozedor de Mattson.
Foram estimados os componentes de variancia com base no modelo misto e as fragdes aditiva e ndo aditiva pelo método de Cockerham.
Adicionalmente, foram realizados testes de escala incluindo a endogamia como parametro genético. Independente do modelo hierarquico de
variancia entre familias segregantes testado, o componente de dominancia foi no minimo duas vezes superior a fragdo aditiva da variancia.
Este fato também foi corroborado com os testes de escala, com predominancia do componente de dominancia sobre o componente aditivo,
principalmente no cruzamento entre grupos comerciais diferentes, carioca x preto, no qual o componente aditivo foi nulo. Além disso refletiu
no menor coeficiente de herdabilidade no sentido amplo, considerando a maior influéncia de causas ndo genéticas. O papel da dominancia
sobre o tempo de cocg@o implica na necessidade de selecionar os gendtipos em estagios avangados de endogamia, porém, a variagao deve estar
representada nesta fase por intermédio da escolha de genitores com tempo de coc¢do menor.

Palavras-chave: método de cockerham, método minimos quadrados ponderados, componentes da variancia, sele¢do, endogamia.

INTRODUCTION in consumption in Brazil between 2017-2018
compared to 2008-2009 (IBGE, 2020), with beans
being replaced by other food sources. It is well-

known that human food choices are based on factors

Beans are a functional, nutritious, and
tasty food (PEDDIO et al., 2022) that provide

an affordable source of protein and have high
bioavailability (WEN et al., 2022). However, there
has been a decline in national production in recent
years (CONAB, 2023) and a reduction in per capita
consumption in Brazil. Another issue to consider
is the decreased preference for this Fabaceae
compared to other protein sources, mainly due to an
undesirable characteristic in modern times: the long
cooking time. This trait has been linked to a decrease
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such as cost, convenience, accessibility, taste, and
nutrition (FURST et al., 1996; MONSIVAIS et al.,
2014). Thus, there is a clear need to develop bean
genotypes with shorter cooking times.

Cooking time is one of the descriptors
assessed for the registration and protection of bean
cultivars in Brazil. In the last five years, an average
of 13 cultivars per year have been registered, with
average cooking times varying between 21 and 37
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minutes, the majority being over 30 minutes (RNC,
2023). This genotypic variation is evidently related to
commercial bean types (black, carioca, and colored),
but also to the focus of breeding programs. For
convenience or simple practicality, this trait has been
assessed at later stages, when the lines are already
established. In other words, if present, the variation at
this stage is due only to the redistribution of genetic
variance, represented by homozygous loci MATHER
& JINKS, 1971).

The selection of bean genotypes with
shorter cooking times assumes the availability of
genetic variability. Studies on this topic have shown
positive results. A study conducted in Michigan
(USA), involving screening 206 bean accessions
with various grain types (color, pattern, and shape),
found cooking times ranging from 15 to 90 minutes
(CICHY et al., 2015). In Uganda, 15 genotypes
were tested in nine locations over two years of
assessment, revealing a much wider variation, from
19 to 271 minutes (KATUURAMU et al., 2020).
Given this genetic variability, there are opportunities
to combine alleles in a genetic makeup, thereby
contributing to shorter cooking times through
targeted crosses. The crucial question is how this
genetic variation behaves across generations of self-
fertilization, based on the genetic foundations of
bean cooking time.

The action of the predominant gene has
implications for the breeding methods that should
be used, and contributes to targeting crosses and
selection. Literature on this topic is scarce, and
most studies focus on the selection or study of
other traits with a direct or indirect relationship to
cooking time, such as the effect of seed coat thickness
(BASSETT et al., 2021; GODOY et al., 2016),
phytates and storage conditions (COELHO et al.,
2007), soaking time (COELHO et al., 2008, 2009)
and salt concentration in water (BERTOLDO et al.,
2010). Studies on the genetic control of cooking time
indicate the predominance of additivity (ELIA et al.,
1997; REGINA et al., 2006), which is commonly
observed for most traits of interest in autogamous
plants. Among additive properties, the heritability
of gametic values stands out, whereby selecting
superior individuals produces superior progenies. By
contrast, the presence of dominance may compromise
autogamous crops, considering the segregation
and redistribution of genetic variance. The present
study determined how genetic components influence
the heritability of cooking time in beans across
generations of self-fertilization.

MATERIALS AND METHODS

Genetic constitutions and obtaining segregating
generations

This study included four parent plants, three
from the Active Germplasm Bean Bank (AGB) at the
Universidade Federal de Santa Catarina (UDESC) and
one commercial cultivar from the Agronomic Instituto
do Parana (IAPAR): i) BAF(07: a commercial black bean
group with an average cooking time of 26 minutes; i)
BAF09: a commercial black bean group with an average
cooking time of 24 minutes; iii) BAF50: a commercial
carioca bean group with an average cooking time of 24
minutes; and iv) IPR 88 Uirapuru: a commercial black
bean group with an average cooking time of 20 minutes.
Targeted hybridizations (with floral-bud emasculation)
were carried out in parent plants in a greenhouse using
a complete diallel.

Two of the genotypic combinations
obtained from the crosses were selected to study
the variance components for cooking time: BAF50
x BAF07 F, and BAF09 x Uirapuru F,, due to their
significant differences in cooking times. These
progenies were grown in the field through self-
fertilization, resulting in progenies at both segregating
and advanced homozygous generations. To that end,
the plots were harvested in bulk.

Field experiment and cooking time assessment

With a view to representing the genetic
variation available in an autogamous plant breeding
program, a field experiment was conducted in the
same agricultural year, using populations from the
F, F,, F, and F, generations of the crosses and their
parent plants. The experiment was performed in
Lages, Santa Catarina state at the Universidade Federal
de Santa Catarina (UDESC), using a complete block
design with two replications. The minimal number
of replications was justified by the lower number of
seeds obtained from bean crosses. Thus, 24 plots were
established in the field, considering the nested scheme
of crosses and generations. Each experimental unit
comprised four one-meter-long rows, with a density of
10 seeds per linear meter. Plants from the two central
rows were harvested at physiological maturity (R,),
totaling an experimental area of 1.0 m? Given the
physiology of bean plant development, the harvested
seeds are an advanced generation in relation to the
mother plant and as such, the parent plants, F, F,, F,,
and F, were considered for assessment.

Cooking time was assessed using the
method proposed by PROCTOR & WATTS (1987).
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Genetic improvement of cooking time in common bean: the role of dominance. 3

After harvest, the beans were dried in an oven until
reaching 12% moisture content, then placed in paper
bags and stored for three months in a cold chamber
at 8 °C before undergoing the cooking test. Cooking
time was determined using the Mattson cooker, which
consists of 25 weighted plungers, each weighing 90 g
with a tip diameter of 2 mm. Considering the intrinsic
variability of the method, observation units were
taken as two samples (two replications) of beans for
each treatment, totaling 48 samples (ALMEIDA et
al., 2011). Initially, each sample, consisting of 16 g
of beans, was immersed in 50 mL of distilled water
and maintained at 25 °C for 12 hours. After soaking,
with an average bean water absorption of 97 %, 25
intact beans without seed coat rupture were used for
the cooking test. The beans were placed in the saddles
of the base plate so that each plunger was resting on
a bean. The plate and plunger assembly were inserted
into a container containing 3 liters of boiling distilled
water, kept hot until the end of the assessment.
Cooking time was recorded in minutes, with the
elapsed time measured from the start of cooking until
the 13th plunger of the device fell, indicating that 52
% of the beans were cooked.

Statistical analysis and variance component
assessment

The data were submitted to analysis of
variance using a general linear mixed model to infer
cooking time based on the sample of genotypes
considered in this study. The restricted maximum
likelihood estimation method was used:
Y, = XB+Zy + €

Where: Y represents the vector of observed
data; X the incidence matrix for fixed effects (blocks);
B the vector of fixed effects; Z the incidence matrix
for random effects (genotypes); and y the vector of
random effects. The linear predictor also considered
the vectors of errors between (experimental error)

and within (sampling error) the experimental units.
The concept of two errors was linked to the presence
of the experimental unit (plot) and the observation
unit (samples for cooking). This allows for accurate
characterization of the experimental error to derive
valid (unbiased) inferences.

Variance components were estimated
using the Cockerham method according to the Bulk
scheme (RAMALHO & VENCOVSKY, 1978). This
methodology uses information from segregating
generations resulting from the cross of two pure
lines. Thus, the genotypic variances and covariances
of a population with a hierarchical structure can be
expressed as a linear function that determines additive
and non-additive components (Table 1). Additive
genetic and dominance variance were estimated
according to three hierarchical models: F,/F,/ F, F,
/Fg/Fy,and F,/F,/F,/F,

Additionally, to associate the variance
components with the effects of inbreeding on each
cross, genetic models were tested using the weighted
least squares method (MATHER & JINKS, 1971;
ROWE & ALEXANDER, 1980). The parameter
vector was then obtained through matrix resolution:

M= (C'NS'IC)_I (C'NS'IY)

Where: C is the genetic coefficient matrix
for each population; N the matrix with the number
of individuals assessed in each population on the
main diagonal; S the matrix with the variance of each
population on the main diagonal; and Y the matrix
with observed cooking time values. In each cross,
four parameters (m: mean, a: additive, d: dominance,
and i: inbreeding) were determined based on six

populations:
P =m+a
P,=m-a
F,=m+0,5d

F,=m+0,25d +0,5i

Table 1 - Coefficients of total genetic variance components in generations F,, F3, Fg and Fy according to the Cockerham method:
coefficient of inbreeding (I,), additive genetic variance (%) and dominance genetic variance (o’p).

- S
ooy,

Generation I, a7 o8 Coge”
N
:s \ F, 0 1 1 Cyoo
P38 Fs 12 312 3/4 oz
N Fy 63/64 127/64 31/1000 Cons
Fs 127/128 255/128 31/2000 B

g and g’ are the generations from which a particular genotype in generation t descends. Following this notation, the genotype variance
between F, plants (generation t) is Caz,.
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F,=m+0,0078d + 0,9843i
F9=m+ 0,0039d + 0,99211i

To test the adequacy of the model, the
chi-square test was used with a 5% significance
level. If the test is not significant, it indicates that the
proposed model was sufficient to explain the average
phenotypic value of each population. Broad-sense
heritability (h®) estimates were obtained for each
cross using the expression that considers the average
variance of non-segregating generations (P, and P,) as
the best available estimate of environmental variance
(ALLARD, 1960):

hZ — Via—(Vpy+Vpy)/?
a- vV
F2
Where: V,,: population F, variance; V,:
Parent 1 and V,,: Parent 2 variance. All analyses were

performed using SAS software (SAS Studio) through
the MIXED and IML procedures.

RESULTS

The use of linear mixed models provides
the flexibility to model not only the means but also
the variances and covariances of a plant population,
especially when information on several fixed and
segregating generations is available. The covariance
estimates revealed that the genetic component (9.09)
was approximately 1.2 times greater than the non-
genetic or residual component (7.82). In other words,
genetic variations of interest can be explored in the
populations considered with respect to cooking time.
This variation is distributed across the different
generations or families. In this respect, examining the
genetic component by generation is a fundamental
aim of this study.

The F, generation showed the highest
genetic variance component (31.46) compared to its
F, counterpart (18.90) (data not shown). This result
contradicts the expected proportions for heritability
controlled by common nuclear genes, where the total
genetic variance in F, is greater than in F,. However,
in some cases, the influence of genes or gene products

present in the cytoplasm of the gamete is evident. In
the case of maternal effects; although, these are nuclear
genes, they are responsible for certain conditions
of the egg cytoplasm (gene products), triggering a
characteristic of this effect, namely, that phenotypic
expression always appears in a delayed generation.
This may explain the results obtained; although,
reciprocal crosses are needed for confirmation .In
relation to other generations, common segregation
patterns were observed based on the magnitude of
variation observed between the parent plants and
the F, generation (3.72 and 3.11), both showing high
expected homozygosity.

Additive and non-additive components
were determined using scheme 2 of the Cockerham
method, which assumes that in each family, grains are
harvested in bulk for planting in the next generation.
Based on the hierarchical structure between one
generation and its descendant, additive and dominance
genetic variances were obtained (Table 2).

Hierarchical or nested models assume a
structure of units where the levels of one factor (A) do
not repeat in combinations with the levels of another
(B) - A/B. The genetic application of this concept
in Cockerham’s method derives from obtaining
progenies in each self-fertilization generation that
do not maintain a direct or crossed relationship with
the ancestral generation; as demonstrated in various
methods for managing segregating populations in
autogamous plants. Three nested schemes were
applied to represent the increases or decreases of each
genetic component (additive and dominance): i) from
the F, generation harvested in bulk to the F, generation,
ii) from the F, generation harvested in bulk to the F,
generation, and iii) from the F, generation harvested
in bulk to the F, generation (Table 2). Predominantly
heterozygous (F, and F,) and homozygous (F; and F,)
generations were represented in all matrices.

Regardless of the model considered, the
dominance component was at least twice as high as
the additive variance fraction (Table 2). The F, / F,
/ F;, model exhibited the greatest difference between
components (approximately nine-fold). This could

Table 2 - Estimates of the total genetic variance components (additive - 7 and dominance -03) in beans for three hierarchical models
that consider generations F», F3, Fsand Fy conducted according to the Cockerham method.

Hierarchical model
Fz/ F3/ Fg

F3/ Fg/ F()

Fz/ F3/ Fg/ F()

af

8.27

391
4.92

a3

15.89

34.27
20.50
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Genetic improvement of cooking time in common bean: the role of dominance. 5

be related to the fact that the F, generation had the
highest total genetic variance component compared
to other generations. In this respect, the increase in
additive variance across self-fertilization generations
was lower in this model, even with the presence of
two homozygous generations. Conversely, the model
with the highest increase in additive variance among
those considered was F, / F, / F, (8.27). Despite
fluctuations between models, the additive component
was generally less important than dominance for
cooking time (Table 2).

Tests on the mean and variance parameters
help understand these results (t-tests and F-tests, with
a 5% significance level). No comparison between
each pair of means revealed significant differences
between generations. However, variances differed
when comparing parent plants and the F, generation,
and between the first segregating generation and the
F, generation. The F, vs. F, and F, vs. F generations
demonstrated similar variances. These results
highlighted the nature of quantitative traits, where
F, shows high genetic variability. Compared to
other generations, F, cannot be considered immune
to environmental effects, nor can it be attributed
only to environmental effects (ALLARD, 1960). In
F,, Mendelian gene segregation and recombination
are expected. Since no selection was performed in
this study, no change between population means
was expected. Thus, the importance of studying

the direction and partitioning of variance across
generations in order to understand how breeding for
this trait should be conducted.

The role of dominance in cooking time
can be better elucidated by including the inbreeding
parameter in scale tests. This also allows for the
presentation of genetic parameters for each cross
(BAF50 x BAF07 and BAF09 x IPR 88 Uirapuru)
(Table 3). The proposed models considered not
only additive and dominance parameters but also
the expected inbreeding value as predicted by the
Cockerham method. In this methodology, F, is
considered the initial population, and thus, the
inbreeding coefficient is zero (I = 0). Given that the
model estimates four parameters in the presence of
six populations, there are two independent means
(* = 5.99 at 0.05 probability). In this respect, both
proposed models were deemed suitable to explain the
phenotypic values obtained in each cross generation
(Table 3). The highest phenotypic variance values
were observed in the initial segregating generations of
the BAF50 x BAF07 cross, especially F,, with lower
values recorded for the parent plants and homozygous
generations. Regardless of the generation considered,
deviations between observed and expected means
were insignificant. The proximity between the
nominal and actual significance level observed in the
BAF09 x IPR 88 Uirapuru cross may be due to the
deviation between means in F,.

Table 3 - Combined scale test of BAF50 x BAF07 and BAF09 x IPR 88 Uirapuru crosses for cooking time (minutes).

BAFS50 x BAF07

Variance Observed mean Expected mean
BAF 50 8.50 23.66 23.65
BAF 07 9.01 26.17 26.16
F, 125.31 33.66 35.02
F3 18.50 30.75 30.38
Fs 3.73 26.45 25.89
Fo 4.60 25.10 25.82
XZa 0.87"

BAFO09 x IPR 88 Uirapuru

Variance Observed mean Expected mean
BAF 09 4.85 23.86 23.86
IPR 88 Uirapuru 3.44 20.01 20.01
F, 0.72 24.32 24.21
F3 3.57 21.92 22.95
Fs 0.94 21.00 21.73
Fo 0.67 22.33 21.71
XZa 5.81"

*Chi-squared test at 5% de probability.
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The genetic parameter estimated for each
cross corroborated the variance components, in terms
of the predominance of dominance over the additive
component (Table 4). In the BAF50 x BAF(07 cross,
the dominance effect almost completely negated
the average gene effects for cooking time. This
predominant effect of dominance may be related to
the degree of inbreeding in this family. Given that
inbreeding was estimated based on all generations,
including the parents, it is believed that a higher
proportion of homozygous loci in the parents results
in highly heterozygous populations, with a greater
degree of dominance. Indeed, the estimated inbreeding
value (0.83) was higher than that of the other cross.
By contrast, for the BAF09 x IPR 88 Uirapuru cross,
the effect of inbreeding was considered negligible,
and dominance was approximately 2.5 times greater
than additivity.

Additionally,  broad-sense heritability
estimates were obtained (Table 4). These estimates
also highlight the importance of the dominance
component for cooking time. The low heritability
estimate for the BAF50 x BAF(07 cross may be related
to the significant environmental component present,
as previously indicated by the variance components.
The variance in F, for this cross was higher than in
any other generation analyzed in the present study.
Nevertheless, both crosses can potentially obtain gains
by selecting progenies with shorter cooking times.

DISCUSSION

Breeding programs should manage
segregating populations not only with the aim of
selecting superior plants but also to advance studies on
the heritability of agronomic traits of interest (SONG
et al., 2024). This study presented significant results
on the variance component that predominates in
bean cooking time. Using an appropriate biometrical
model for autogamous plants, bean cooking time was

shown to be predominantly governed by dominance
effects. The dominance component was at least twice
as high as the additive variance fraction, regardless
of the hierarchical variance model between families
tested or the cross analyzed. Mean components were
also tested to include other parameters of interest, such
as inbreeding, revealing similar results. The role of
dominance in cooking time requires breeding strategies
aimed at using superior genetic constitutions, in this
case, with a decline in cooking time.

The study of variance components
suggested the use of a large and representative
segregating population. This allows for greater
confidence and repeatability of results (GINKEL
& ORTIZ, 2018). Although, this study included
only two crosses, similar results were found in both,
demonstrating the predominance of dominance over
the additive component. The role of dominance was
even more significant in the cross involving different
commercial groups, such as carioca x black (BAF50
x IPR 88 Uirapuru). Crosses between even more
divergent genetic groups (Andean x Mesoamerican) can
be studied to contribute to the results of this research. It
is important to note that, unlike other studies that have
addressed additional factors that may affect cooking
time, such as storage and hydration time, and salt
concentration (BERTOLDO et al., 2010), this study
was exclusively focused on understanding the genetic
factor. Another point to underscore is that regardless
of the method used to manage segregating populations
in autogamous species, all predict at least one cycle of
plant selection for the trait of interest. This step was
not performed in the present study. Selection could
alter the distribution of genetic variance, accelerating
the fixation of genotypes of interest (RAMALHO et
al., 1993). Thus, managing segregating populations
followed by the selection of superior plants should
complement this research.

Early reports on the genetics of cooking
time highlighted the importance of additive genetic

Table 4 - Genetic parameters estimated by the combined scale tests of BAFS0 x BAF07 and BAF09 x IPR 88 Uirapuru crosses for
cooking time, considering six generations or families (P;, P», F», F3, Fs and Fo) and four genetic parameters (m: mean, a:

additive, d: dominant and i: inbreeding).

Genetic parameter BAFS50 x BAF07 BAF09 x IPR 88 Uirapuru
m 2491 21.93

a -1.25 1.92

d 20.21 4.55

i 0.83 -0.24
Broad-sense heritability 4.22% 66.76%

Ciéncia Rural, v.55, n.5, 2025.
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variance in expressing this trait (ELIA et al., 1997).
Additionally, high heritability coefficients (greater
than 0.90) were identified. These results are not
consistent with those found in this study. However,
all traits studied by the authors (except maturity
and tannin content) exhibited partial dominance.
Based on the results obtained here, considering the
magnitude of the dominance component, there is
an absence of fixation in generations with higher
heterozygosity. In autogamous crops, the frequency
of heterozygous individuals progressively decreases
in each inbreeding generation and that of homozygous
individuals increases, regardless of the effectiveness
of selection (FEHR, 1987).

In other genetic constitutions, the role of
the additive over the dominant component has also
been revealed by estimating the mean components
(REGINA et al., 2006). The latter study reported
the presence of maternal effects associated with
cooking time in beans, concluding that the seed
coat was the main grain component responsible
for cooking time. This was also reported in
another study using RAPD (randomly amplified
DNA polymorphism) molecular markers, where
asymmetrical distribution in favor of the parent
with faster cooking time was observed, suggesting
that the trait exhibits maternal effects or is governed
by dominant genes (JACINTO-HERNANDEZ et
al., 2003). However, these authors emphasized the
importance of using appropriate genetic designs
that explore the variation obtained in reciprocal
crosses. Additionally, the study detected a high
estimate of narrow-sense heritability (0.74) and
genetic control expressed by only two genes.

Most cultivars of autogamous plants have
traits represented by loci with additive action. This
is due to the nature of the reproductive mode, where
each generation of self-fertilization reduces the
frequency of heterozygous individuals in detriment
of their homozygous counterparts (VENCOVSKY
& BARRIGA, 1992). In other words, there is a
decrease in the contribution of dominance variance.
When complete homozygosity is achieved, this
variance should logically approach zero, while
additive genetic variance increases up to the limit

explained by how the variance components were
determined here.

Incorporating segregating and homozygous
generations into the same biometrical model allows
for a comparative study, regardless of the expectations
for each individual generation. In this respect, the
overall genetic variation can be estimated, from the
cross to the formation of lines, providing important
information to the breeding program. The previously
cited research (ELIA et al., 1997; REGINA et al.,
2006) did not use this method to test their hypotheses.
Indeed, the “method” cannot be held responsible for
these results, since there would be no agreement
between the variance components estimated via
Cockerham and the joint scale tests applied here, but
rather, the presence of all representative generations of
genetic variation in autogamous plants (FALCONER
& MACKAY, 1996), which is not always considered
in other studies with the same objective.

In this respect, some practical issues can be
elucidated by understanding the role of dominance.
According to the descriptors used to assess cultivar
merit, the average cooking time in minutes should be
determined for the candidate cultivar and the controls.
This evaluation has traditionally been performed
at the end of the breeding program, when the lines
have been established. Since dominance is relevant
to this trait, individuals with high variation or shorter
cooking times may not be represented at the end
of the breeding program. Thus, the availability of
cultivars with faster cooking times than the controls
may depend on mere chance. This could explain the
low availability of cultivars in the main commercial
groups with an average cooking time of less than 23
minutes (RNC, 2023).

As previously mentioned, the
predominance of dominance was also confirmed by
the means-based models. When the least squares
method is used, additive effects are expected to
predominate, except in the event of epistasis,
linkage, or overdominance (BERNARDO, 2002).
In both crosses, there was an overestimation of the
dominance component, which may be related to the
presence of a genetic link. In this case, a strategy
that can be adopted in breeding programs targeting

- S
ooy,

cultivars with shorter cooking times is recurrent
selection, aimed at breaking these linkages through
crossovers and increasing the frequency alleles

of 26, (RAMALHO & VENCOVSKY, 1978).
Thus, even though certain traits exhibit dominant-
type mean and variance components, identified
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in early generations, this expression will decline
in each generation due to genetic segregation.
As such, readers might wonder how this study
identified dominance as having the greatest role
in cooking time expression in beans. This can be

favorable to the trait.

The genetic model based on means also
found a significant contribution of inbreeding to the
more divergent cross with the highest estimate of
dominance (BAF50 x IPR 88 Uirapuru). Inbreeding
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results from the combination of alleles identical by
descent atthe same locus, whether through the crossing
of related individuals or self-fertilization, and leads to
an increase in homozygous loci (CHARLESWORTH
& CHARLESWORTH, 1999). In this respect,
inbreeding conditions the redistribution of genetic
variance, increasing the variance component
between lines and decreasing it within lines. Given
that inbreeding was estimated in the presence of all
generations used in this study (parent plants, F,, F,,
F,, and F,), synonymous with the other components
determined here, its greater magnitude can be expected
in the cross with the highest dominance effect. Since
dominance is represented by heterozygous loci, the
increase in inbreeding will be more pronounced
across generations of self-fertilization.

The magnitude of heterozygous loci
observed, represented by the high dominance
component for cooking time, may be related to
the fact that targeted breeding and selection for
this trait did not occur. Primarily the accessions
from the Active Germplasm Bank retained their
heterozygosity at loci for this trait. This is why the
dominance component was more evident in the
cross between accessions (BAF50 x BAF07). In
this respect, the variation of interest for the trait
(shorter cooking time) is not yet available in most of
the genotypes that give rise to the main commercial
cultivars farmers are currently using.

This study determined the predominant
variance component for cooking time. Understanding
the magnitude of dominance in an autogamous crop
can be informative, given the difficulties it poses
for early selection. When dominance is high, the
generations should be advanced before selection.
However, considering the need to identify progenies
with shorter cooking times, both parent plants used
in the cross should exhibit shorter cooking time
to minimize segregation effects and ensure the
presence of this favorable phenotype at the end of
the breeding program.

CONCLUSION

The genetic component of dominance
showed a high magnitude affecting cooking time
across the generations of self-pollination, primarily in
the cross between accessions. This indicates the need
to select genotypes at advanced stages of inbreeding.
However, the variation must be represented at this
stage through the choice of parent plants with shorter
cooking times.
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Abstract: The cooking time of common beans is crucial for consumer acceptance, although its genetic basis is not yet fully
understood. Thus, the objective of this study was to estimate the components of genotypic variation to verify the
predominance of gene action and its implications for improving the cooking time trait in common beans. The genotypes
used were obtained from a cross between the parents BAF50 x BAF07, with 16 progenies sampled in each of the F2:3, F3.4,
Fs.9, and Fo:10 generations, resulting in 66 genotypes tested, considering the progenies along with the parents. These were
evaluated in the field in a randomized block design with three replicates. The cooking time of the beans was measured 30
days after harvest using the Mattson cooker, with a temperature of 100°C, and the response variable was obtained in minutes
until cooking was complete. The components of phenotypic variation were estimated according to the mixed model, with
genotypic variation divided into additive and dominant components. The dominance genetic variance component was
higher than the additive component. The estimates of dominance genetic variance were greater than expected for the
cooking time trait in the segregating generations. The estimates of additive genetic variance and selection gains in advanced
generations of self-fertilization were better when compared to the early generations. Despite this, the genotypic effects
demonstrated the possibility of selecting for reduced cooking time in the early generations. However, genotype elimination
is more effective at higher levels of homozygosity due to the reduction in dominance genetic variance and the increase in
additive genetic variance.

Keywords: Phaseolus vulgaris L, Cockerham, Additive variance, Dominance variance, Plant breeding.
Abbreviation: SNP_single nucleotide polymorphisms; R2_coefficient of determination; 6;_gen0Wpic variance; g7 _additive

variance; ag_dominance variance; h2_heritability; h?_narrow-sense heritability; y 2_chi-square.

Introduction

The common bean (Phaseolus vulgaris L., 2n=2x=22) is a staple crop widely cultivated and consumed in Brazil, valued for its
high protein, carbohydrate, fiber, and mineral content (Los et al., 2018). Over the years, plant breeding has played a crucial
role for both consumers and farmers. The primary goals of breeding programs have been the development of cultivars with
superior agronomic traits and the production of higher quality grains (Almeida et al.,, 2018).

When considering the characteristics related to grain quality, cooking time holds significant importance for consumers. A
long cooking time discourages frequent use in the diet, as it requires more time and energy for preparation, which directly
impacts consumer perception of the food. This factor plays a crucial role in the acceptance of a cultivar in the market
(Carbonel et al.,, 2003). As a result, numerous studies have investigated the occurrence and extent of genetic variation in the
cooking time trait among bean genotypes (Cichy et al., 2019; Katuuramu et al.,, 2020; Pereira et al., 2017; Wiesinger et al.,
2016).

The genotypic differences observed for the cooking time trait derive from physical and chemical factors intrinsic to the
genotypes, which shape the seed structure and affect the different phases of the cooking process (Bassett et al., 2021).
Despite the relevance of the genotype in the phenotypic expression of this trait, in practice, in the breeding of this crop,
selection is carried out for the grain yield trait. Thus, cooking quality is measured only in the final phase of the breeding
programs in the genotypes selected for grain yield.

Since the progress of genetic breeding is influenced by the magnitude and nature of genetic variation in the population being
selected (Allard, 1971), understanding the components of genetic variation for the cooking time trait is essential for devising
appropriate strategies to manage segregating populations. In this context, the existing studies in the literature do not reach
a consensus regarding the nature of genotypic variation. In other words, it remains unclear whether the predominant gene
action is due to additive effects or dominance allelic interactions (Elia et al., 1997; Hernandez et al., 2003; Ribeiro et al.,
2006).
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The Impact of gene action on the Improvement of cooking time In common bean Is primarily Influenced by the nature of the
genotypic variation. If the predominant variation is additive, the genetic values of individuals tend to stabilize in the progeny
as generations of self-fertilization progress (Falconer and Mackay, 1996). This occurs through the redistribution of
heterozygous alleles into homozygous forms at various loci (Mather and Jinks, 1982). On the other hand, if dominance plays
a significant role in influencing the phenotypic value, it introduces a complicating factor in identifying genotypes with
reduced cooking time in segregating populations. This is primarily due to unpredictable shifts in genotypic values, as
dominant gene action stems from deviations caused by dominance at heterozygous loci, which reduce by half with each
successive generation of self-fertilization in segregating common bean populations. Therefore, when breeding for the
cooking time trait, the magnitude of the additive variance component becomes crucial in determining the appropriate
selection method.

Recent molecular studies have contributed to the understanding of the genetic basis of cooking time in common bean. An
initial genome-wide association study with 206 accessions from the Andean Diversity Panel identified significant single
nucleotide polymorphisms associated with cooking time on chromosomes Pv02, Pv03, and Pv06 (Cichy et al., 2015). The
subsequent expansion of the analysis to 430 additional accessions revealed new SNPs on chromosomes Pv03, Pv04, Pv06,
Pv07,Pv08,and Pv11 (Bassettetal.,, 2020), reinforcing the polygenic nature of this trait. These findings suggest that multiple
genomic regions contribute to the variability in cooking time, which may have implications for breeding strategies aimed at
this trait, making further molecular and phenotypic research essential.

Therefore, this work aimed to estimate the components of genotypic variation, with the purpose of verifying the
predominance of gene action and its effects on the improvement of cooking time in bean progeny.

Results

Variance components and heritability

Advances in genetics and classical plant breeding methods are briefly based on the assumption that the phenotype is the
result of the joint action of the genotype and environment, in addition to the interaction of genotypes by environments.
These causes of variation are expressed in terms of their variances associated with the effects of these random factors on
quantitative traits (Mather and Jinks, 1982). Accordingly, it is known that the most important aspect of a quantitative trait
revolves around its variation, assuming that it is not possible to distinguish each of the genes that segregation presents in
the form of continuous variation. Therefore, verifying the presence and magnitude of the variance components is essential
for the analytical study of the properties of a population.

Thus, the variance components provide knowledge of the genetic structure of a given population, also allowing the
achievement of estimates of genetic parameters. These parameters relate the genotype with the phenotype of the
individuals, mainly by supporting the choice of the best selective strategies to be applied in breeding. In this sense, Table 1
presents the magnitudes of the estimates of the components of phenotypic variance, genotypic variance between progeny,
variance between generations and environmental variance, together with the heritability coefficient for the cooking time in
the respective bean progeny.

The genotypic variance component (56.04) had its null hypothesis (Ho: 692 = 0) rejected by the Z test (p < 0.05). This event
reveals the occurrence of variance in this cause of random variation of the mixed model, considering the different progeny
(Ha: 692 # 0), thus evidencing the feasible selection of plants for the cooking time trait. Additionally, an environmental
variance (203.90) was found to be greater than the genotypic variance, which together composes the phenotypic variance
(259.94), an indication of a broad sense heritability coefficient of approximately twenty percent.

Genetic parameters across generations

The knowledge of the magnitude of the components of genotypic variance can guide breeding work, as well as provide
information on the predominant gene action in different generations obtained from these estimates. Based on these
components, it is possible to obtain important information to support plant selection for the cooking time trait in common
beans. Considering the generations of self-fertilization with different levels of homozygosity, the additive (¢?) and dominant
(02) variance parameters were estimated based on the hierarchical genetic model. The model considered all generations of
the study (F2:3, F3.4, Fa:9, Fo:10), and obtained the following estimates of the genetic parameters: agz =f(27.48 ka+ 101.27 kp).
The estimate of the coefficient of determination (R2) was high (0.98), which reveals that a significant part of the genotypic
variance was represented. Using this adjusted model, it is observed that the estimate of the dominance genetic variance
component was approximately 3.7 times higher than the additive component, considering the coefficient equal to 1 for the
additive (k4) and dominance (kp) variance.

Table 2 presents the estimates of additive and dominance variance among progeny, together with the narrow-sense
heritability coefficient inherent to self-fertilization generations. In the F2:3 generation, an estimate of 27.50 was observed for
the additive component of genotypic variance; the magnitude of this estimate reflected a narrow-sense heritability of 0.10.
This value corresponds to approximately 50% of the total genotypic variance among progeny. The observed magnitude for
this estimate in the F 3.4 generation was 41.25, which resulted in a narrow-sense heritability of 0.15 (Table 2). As the self-
fertilization generations progressed to Fs.oand Fo:.10, the additive variance presented narrow sense heritabilities close to 0.20
in the progeny, since, in practice, all loci are in homozygosity as a result of inbreeding advance.

The additive component of genetic variation (¢?) presented no distinction between the estimated and expected values,
according to the Cockerham genetic model (1963), which is in agreement with the Chi- square test with significance level of
5%. On the other hand, the magnitude of the estimate inherent to the dominance component observed in the Fz:3 generation
was approximately 25.33. This is higher than the variation expected for the coefficient 1/4 63, which represents an expected
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Table 1. Estimates of phenotypic variance, variance between generations of self-fertilization, genetic and environmental
variance, along with the estimate of broad-sense heritability (%) for cooking time in common bean progeny.

Parameter Estimate
Phenotypic variance (672) 254.83
Genotypic variance (67) 55.961/
Environmental variance (62) 198.87
Heritability (h2) 0.22

1/Significant at 5% probability by the Z test, with Ho: 67 = 0.

Table 2. Estimates of additive genetic variance (67), dominance genetic variance (62) and narrow-sense heritability (h2),
for the cooking time trait in progeny obtained from the self-fertilization generations Fz:, F3.4, Fs.o and Fo.10.

) Additive variance (c?) Dominance variance (¢3) oy
Generation Estimated Expected Estimated Expected hir (%)
Fa2:3 27.50 28.02 25.33 7.00 0.10
F3.4 41.25 42.03 19.03 5.25 0.15
Fs:9 54.45 55.60 0.43 0.21 0.20
Fo:10 54.72 55.82 0.39 0.11 0.21
¥ 2 0.22 1/ 85.09 2/

1/Not significant; and ?/Significant by the Chi-square test at 5% probability.

value of 7.00 (Table 2). This value in the Fs:.4 generation was 19.03 for the estimate of the dominance variance component,
whose expected value was 5.25. Furthermore, in the self-fertilization generations Fgso and Fo:10, the estimate of this
component was close to what was expected. The distortions observed between the expected and observed values in the F2:3
and F3.4 generations resulted in a high Chi-square value (85.09), where the alternative hypothesis for the test is accepted,
thus reflecting a discrepancy between the estimated and expected values.

The estimates of narrow-sense heritability, along with the magnitude of the additive and dominance variance components
in the early and advanced self-fertilization generations, align closely with the redistribution of the genotypic variance
component. Initially, these results suggest that the dominance component accounted for a larger portion of the genotypic
variance than would be expected based on the Cockerham genetic model. Therefore, negative effects are observed when
considering the performance of plant selection in the early self-fertilization generations, with the goal of developing
genotypes with shorter cooking times.

Selection efficiency and expected genetic gains

The comparison of the efficiency of the breeding strategies in the present study can be carried out based on the expected
progress with selection. Considering the different generations at the beginning of the assessment of the progeny (F2:, F3.4,
Fs.9, Fo.10), it is observed, in Table 3, that this expected genetic progress was -2.81 minutes in the F2:3 generation. While
waiting for a generation of self-fertilization to derive the progeny and start the phenotypic evaluation aiming at plant
selection, the expected genetic gain was -4.22 minutes with selection in F3.4, which means an additional gain close to 50%
of the gain observed in the F2;3 generation. On the other hand, the expected gains in the Fs:.9and Fo:10 generations were close
to -5.60 minutes (12.5%), which demonstrates greater efficiency in plant selection in advanced generations of self-
fertilization, aimed at reducing cooking time in common bean.

The estimates of genotypic values presented in Fig. 2 consider the random effects of 64 progeny, from the self-fertilization
generations F2:3, F3.4, Fg.oand Fo.10, for the trait cooking time in common bean. These values reveal a dispersion of the random
effects for both generations under study. BLUP (Best Linear Unbiased Prediction) is a technique used to estimate the
genotypic values of individuals based on mixed models that consider both fixed and random effects. In the two smallest
genotypic effects in each generation, it is observed for the F2:3 generation, that the progeny F2:3-11 and F2:3-14 present the
smallest effects, with negative genotypic values, indicating potential for reducing cooking time. In the F3.1 generation, the
progeny F3:4-1 and F3:4-5 presented the smallest effects. It suggests that these lines can contribute to the reduction of
cooking time, which is desirable for the objective of the breeding.

In the generations with the highest level of inbreeding, where homozygosity increased, the F8:9-8 and F8:9-6 progeny
exhibited the lowest genotypic effects in the Fs:9 generation, with values similar to those found in previous generations,
which is consistent with the expression of alleles favorable to the reduction of cooking time in common bean throughout the
generations. In the Fo.10 generation, the F9:10-4 and F9:10-7 progeny exhibited the lowest genotypic effects, which only
reinforces the importance of these lines in the selection for reduced cooking time. Furthermore, these results expand the
inference space, provide an accurate assessment of genetic effects and allow the selection of the best progeny.

Discussion
Phenotypic variation and heritability for cooking time
The decomposition of the phenotypic variation observed in the results is a crucial step in a breeding program. Understanding

the magnitude of genetic variance present in a specific trait is essential to determine the heritable proportion of this
variation, which refers to the part of the total variance attributed to the genotypic effects of the individuals, also known as
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Table 3. Expected genetic progress with selection (Gs) in minutes (min) and percentage (%), for cooking time in common
bean progeny in generations Fz:3, Fs:4, Fs.9 and Fo:1o.

Generation Cooking Time (min) G s(min) Gs(%)
Fa3 46.36 -2.81 6.06
F3.4 46.47 -4.22 9.08
Fa:9 44.25 -5.57 12.58
Fo.10 44.86 -5.60 12.48

heritability (Falconer and Mackay, 1996). Based on these estimates, several studies have assessed the occurrence and
magnitude of genetic variation for cooking time in bean crops.

A study demonstrated marked phenotypic variation among 14 genotypes evaluated in 15 environments for cooking time,
with a considerable fraction of the phenotypic variation attributed to the genotypes (Cichy et al., 2019). Another study for
this trait described and studied the genetic variability of a collection of 295 bean genotypes, originating from germplasms
from the Americas, Europe and Africa (Sadohara et al.,, 2022). These authors indicated the occurrence of variation among
the genotypes evaluated, with values for cooking time ranging from 17 to 120 minutes.

As observed, the vast majority of the studies reveal wide genetic variability for the cooking time trait. These heritability
values in the studies mentioned above for this trait are generally high (above 0.5), which indicates presumable plant
breeding success. When these values are compared with the estimates obtained in the populations considered in this study,
no agreement is observed in their magnitudes. In regard to this distinction, it is important to point out mainly the genetic
constitution of these genotypes, since in the mentioned studies, the authors basically used sets of accessions and lines with
high homozygosity and absence of segregating individuals.

Some studies available in the literature that used segregating populations also reported lower heritability values (Baldoni
and Dos Santos, 2005; Carvalho et al., 2017). Therefore, the genetics accumulated knowledge leads us to a major aspect of
this condition, mainly related to the genotypic constitution of the populations, so that the genetic parameters estimated in
a given population allow inferences to be made only for these individuals (Mather and Jinks, 1982). These lower values of
heritability coefficients in segregating populations reflect a hindrance related to the need to replace a large number of alleles
in the different loci, aiming to determine cooking time reduction. This is mainly due to the low contribution of each of these
alleles in the genotypic variance, added to the marked environmental effect.

Moreover, recent molecular studies have significantly contributed to the understanding of the genetic basis of cooking time
in common bean. One of these studies, conducted by Cichy et al. (2015), identified significant single nucleotide
polymorphisms (SNPs) associated with cooking time on chromosomes Pv02, Pv03, and Pv06. These findings indicate that
certain genetic loci play a fundamental role in determining cooking time, and these SNPs can serve as useful molecular
markers for the genetic selection of cultivars with shorter cooking times.

Additionally, a subsequent study by Bassett et al. (2020) expanded the analysis to include 430 additional bean accessions,
which resulted in the identification of new SNPs on chromosomes Pv03, Pv04, Pv06, Pv07, Pv08, and Pv11. The inclusion of
a larger number of genotypes allowed for the detection of greater genetic diversity related to cooking time, further
reinforcing the polygenic nature of this trait, i.e., the fact that multiple loci on different chromosomes are involved in the
variation of cooking time. This genetic complexity is an important factor to consider in breeding programs, as demonstrated
in the present work, which also identified a significant phenotypic variation in cooking time among genotypes, being an
evident aspect of polygenic traits. The evidence of multiple genomic regions contributing to the variability in cooking time
suggests that the control of this trait is more complex than initially thought. This information has direct implications for
breeding strategies, as it indicates the need for an approach with different selection strategies.

Composition of genotypic variation for cooking time in common bean progeny

The knowledge of narrow-sense heritability considers only the heritable component of genotypic variation in sexually
reproducing plants. This component is composed exclusively of the additive variance present in the genotypic variation over
the phenotypic variation. This fraction of the variation originating from genetic values is fixed in the genotypic values of the
progeny as generations of self-fertilization progress in autogamous species, and it is fundamental during plant selection
(Wricke and Weber, 1986).

The genotypic variation in the segregating generations resulting from the crossing of two lineages follows a model over the
course of the self-fertilization generations. Thus, the distribution of genetic variance between progeny from the crossing of
two lineages in the additive and dominant components results from the redistribution of the heterozygous and homozygous
allelic forms, with the advancement of inbreeding. It must be considered that this decomposition was performed for the F2
generation of the crossing of two lineages. The expected components of genetic variance in F; are 67 + 62, resulting from
the fact that half of the divergent loci for the two parental lines are in the homozygous form, and half of the loci are in the
heterozygous form, reaching up to 267 when the loci are in homozygosity, due inbreeding advance in the Foo generation
(Cockerham, 1963). Based on this understanding, the key factors that distinguish classical breeding methods in autogamous
plants are the way in which these generations are driven towards homozygosity and how they capitalize on the variation
arising from genetic values.

Therefore, when the ratio between genotypic variation and phenotypic variation is sufficiently high, with the predominance
of the additive component, breeding methods that involve the evaluation of progeny in early segregating generations are
preferable. This approach allows for the selection and elimination of undesirable genotypes for cooking time, resulting from
the fixation of genotypic values in the progeny. However, when the dominance component has a significant influence on
genotypic variance in segregating generations, the evaluation and selection of progeny should be prioritized in advanced
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Fig. 1 Diagram of the breeding method applied over the years for the different F t generations, along with the acquisition of
F ¢= Ft+ 1 progeny, resulting from the BAF50 (P1) x BAF07 (P2) cross, representing the hierarchical genetic design for
conducting the progeny test and estimating the components of genetic variance.

generations, with higher levels of homozygosity. This is mainly due to the lack of fixation of genotypic values in the progeny
in segregating generations, caused by dominance arising from heterozygosity at different loci. Thus, the fixation of genotypic
values will only occur after the reduction of heterozygous allelic combinations, in favor of an increase in homozygous loci,
which leads to a decrease in dominance variation and an increase in additive variance (Mather and Jinks, 1982).

Thus, critical information can be obtained to support the plant selection process for the cooking time trait, based on
estimates of additive and dominant variance in different generations of self-fertilization. The relevance of this information
is mainly evidenced by the scarcity in the literature of studies related to quantitative genetics for the cooking time trait. One
of the pioneering studies was conducted with 16 genotypes, using the North Carolina Il design (Elia etal., 1997). The authors
found that the additive variance presented a magnitude of 76.5% of the total genotypic variance and dominance variance of
23.5% in the first environment, while for the second, the additive genetic variance was 96.9% and the dominance variance
was 3.1%. Finally, in the third environment, the additive variance was 87.1% and the dominance fraction was 13% of the
total genetic variance.

Contrary to the results obtained in this study, these authors found the prevalence of additive gene action in the genetic
control of cooking time. These estimates must be compared with caution, mainly due to the differences in the genetic designs
used. The genetic components estimated in the diallel genetic design performed by the authors (Elia et al., 1997) must be
considered only for the population of the genotypes used in the study, since bean plants reproduce by autogamy. Thus, the
components of genotypic variance estimated by diallels in autogamous plants present low practical application in these
crops (Wricke and Weber, 1986), mainly because the estimates of variance components cannot be used in the selection
theory in these species. The main aspect to be considered for selection must be the genotypic variation within each cross
performed, and not between the crosses.

Another study considering the genetics of this trait evaluated 104 genotypes originating from a cross between contrasting
lines for cooking time, advanced to the F¢, F7 and Fgs generations, which indicated the dominance (Hernandez et al., 2003).
Dominance was also verified by considering the genetic model of means in these populations (Ribeiro et al., 2006). In the
latter, the authors verified dominant gene action towards the increase of cooking time. In addition, they also reported a
maternal effect for this trait in the bean crop, which reveals that the expression occurs one generation later, compared to the
mother plant.

Therefore, the relevant occurrence of dominance variance is observed in segregating populations, according to the results
obtained in this work, along with the studies available in the literature for the cooking time trait in bean crops. The proven
magnitude of this component leads to a series of problems in the selection of plants in segregating generations. This fact
derives from the fact that the development of bean cultivars is carried out in its entirety aiming at obtaining lineages. In
other words, the segregating genotypes present advance in generations of self-fertilization, until practically all loci are
considered homozygous, although this is never theoretically achieved due to low intercrossing rate. Thus, in bean cultivars
with homozygous allelic forms, the genetic variance originates only from the additive gene action, while no available
methods allow the obtaining of commercial hybrids in this crop.

Based on the occurrence of the observed dominance gene action, genotypic values considered equal in early segregating
generations can be attributed to genetically distinct individuals. This is explained by the high level of heterozygosity in the
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Fig. 2. Genotypic effects (BLUP) of common bean progeny in different generations of self-fertilization (Fz:3, Fs:4, Fs.9, and
Fo:10) for the cooking time trait in minutes.

progeny that can overshadow the expected gains from selection in the segregating generations (Fz:3and F3.4). Thus, changes
in the phenotypic values of the selected progeny can be observed in subsequent generations, basically due to the sum of the
different gametic values of the individuals, redistributed by the recombination process in meiosis (Vencovsky and Barriga,
1992). This process is performed successively with each self-fertilization, which leads to the hypothesis that it is not possible
to perform selection in segregating generations, aiming at the development of bean genotypes with reduced cooking time.

Selection for cooking time

An initial factor for any comparison regarding plant selection is related to whether the population was subdivided into
progeny or whether the information is inherent to the behavior of the progeny in individual plants. This is a relevant aspect,
since the method used to manage segregating populations directly reflects the expectation of possible results through the
breeding of autogamous plants. Considering the feasibility of selection in early generations, it would allow for a potential
increase in the percentage of genotypes with shorter cooking times. Additionally, it would be possible to discard genotypes
with longer cooking times in these generations, based on the genotypic values of the progeny (Bos and Caligari, 1995). Thus,
defining the best genetic breeding strategies aimed at increasing selection efficiency may result in more significant gains
through selection.

Therefore, the main difference between the methods applied to the management of segregating populations in autogamous
plants is precisely based on the time when the evaluation of the progeny and, consequently, the artificial selection of plants
begins. The genealogical and population (“bulk”) methods were first developed over 100 years ago (Allard, 1971). The
genealogical method is based on the behavior of the progeny from the initial generations, in which selection is carried out
along with inbreeding increase. On the other hand, the “bulk” method is characterized by the increase in self-fertilization
generations, and selection is performed after inbreeding increase. Based on these two main aspects, the breeder needs to
define whether to wait for a certain number of self-fertilizations to perform the selection, aiming at an increase in
homozygosity and additive variance or to start by subdividing the progeny derived from individual plants into segregating
generations with higher levels of heterozygosity.

Considering the subdivision of the population into progeny derived from individual plants, selection can be performed based
on the average behavior of these progeny, and can also be conducted within the progeny, depending on the level of
inbreeding (Ramalho and Vencovsky, 1978). These issues are fundamental for the purpose of carrying out effective selection
and need to be defined based on the variation to be explored by the breeder. In this sense, the comparison between the
method that conducts “bulk” segregating populations, and the other methods (genealogical, sample within progeny and
descendant of a single seed) requires the consideration of the magnitude and composition of the genotypic variance, besides
which method will allow separating the desirable plants from the undesirable ones. Furthermore, it is necessary to define
whether the selection will be performed between and within the progeny, or only between the progeny.

Considering the selection process only among progeny, in addition to the composition of the observed genetic variance, the
sample methods within populations and genealogical methods present no advantage compared to the “bulk” and single-seed
descent methods for cooking time. This is explained by the fact that the additive variance remains unchanged among
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progeny as self-fertilization increases in these methods (genealogical and sample within progeny), and that only the
dominance variance is reduced due to heterozygosity reduction (Wricke and Weber, 1986). Besides, the “bulk” and single-
seed descent methods exhibit successive increases in additive genetic variance, as inbreeding advances. However, one factor
to be considered in the single-seed descent method is whether only one seed will represent the genetic variation of the F2
genotypes, which may lead to the loss of alleles favorable to cooking time reduction.

In the “bulk” method used in this study, the composition of the genotypic variance between progeny depends on the last
generation in which the population was randomly managed (F:), where the subdivision of the population into progeny
derived from individual plants will definitely occur. A relevant aspect concerns the number of progeny evaluated in the self-
fertilization generations, since sampling problems may have occurred due to the use of only 16 progeny in each generation.
However, it is worth highlighting that this trait is difficult to phenotype (Carvalho et al., 2017). Thus, this number of progeny
is used considering a feasible number for carrying out the experiment and measurement of the cooking, according to the
available resources.

Therefore, considering these aspects, selection in early generations and within progeny would not be justified, according to
the magnitude of the dominance component observed. In addition, the cooking test using the Mattson cooker is difficult to
perform in early generations (Fz and F3), for demanding a considerable amount of time and work. This would simplify the
evaluation of progeny in advanced generations. Thus, it is expected that a method that values the advancement of
homozygosity will enable more significant genetic gains, since the subdivision of the population into progeny derived from
individual plants presents greater additive variance in advanced generations of self-fertilization. These advances in
inbreeding with self-fertilization make it possible for the genotypic value of the progeny (additive effect and dominance
deviations of genes) to resemble the genetic values (additive effect of genes) (Snape and Riggs, 1975).

Thus, according to the findings of this study, the successful breeding for the cooking time trait depends on the amount of
genotypic variance available and how much of this variation will be fixed in the genotypic value of the progeny, in order to
effectively contribute to reduce cooking time. Management methods that value the advancement of inbreeding have proven
to be convenient for the improvement of the cooking time trait in common bean, based on the components of genetic
variance. It is recommended to wait for the increase in the magnitude of additive genetic variation and reduction of
dominance genetic variance, with the advances in the number of self-fertilizations. Next, plant selection is carried out, since
the occurrence of genetic dominance is a negative factor in obtaining progeny with reduced cooking time. Therefore, this
process can obtain better progress with the selection of plants in generations with higher levels of homozygosity, for
requiring the advancement of segregating populations with a considerable number of plants, to minimize sampling
problems.

Additionally, however, selection in early generations can be justified, even considering the magnitude of the dominance
component observed and the respective selection progress for the cooking time trait, since it is verified that dominance for
this trait can favor the increase of cooking time (Melo et al., 2024). Thus, the selection of genotypes with reduced cooking
time is feasible, but the elimination of genotypes is not an appropriate practice in these segregating generations. Therefore,
regardless of the method of managing segregating populations in common bean, any estimate regarding the merit of
genotypes, which allows the early selection or elimination of genotypes with low potential, is clearly advantageous (Allard,
1971), because all breeding programs have limitations in their capacity to manage populations, and the early selection or
the elimination of these inferior genotypes enhances the probability of finding segregants with shorter cooking time.
Considering these various aspects discussed, the breeder must develop a rigorous attitude in the selection and dispel the
idea that among the plants he eliminates there may be one that leads to the idealized superior genotype. If this natural
tendency is not kept under control, the breeding program will soon be overloaded with genotypes that were not eliminated,
and the efficiency of the plant breeder may be impaired or even nullified. Therefore, based on the results, the study
demonstrated that breeding aimed at reducing cooking time in common bean can be substantially more complicated than
expected by most breeders of this species.

Material and Methods

Plant materials and genotypic constitutions

The genetic constitutions used originated from the directed cross between the parents BAF50 x BAF07, both lines obtained
from the Active Bean Germplasm Bank (BAF) of the State University of Santa Catarina. BAF50 has a carioca-type grain, type
[1I growth habit and was collected in the municipality of Lebon Régis/SC. On the other hand, BAF07 has a black-type grain,
presents type III growth habit and originates from the municipality of Lages/SC. Since the parents differ in grain color, with
BAF50 presenting carioca-type grains and BAF07 black-type grains, a broad segregation for this trait was observed in the
segregating populations. This diversity is associated with variations in the chemical and structural composition of the seed
coat, which directly influences cooking time. Artificial hybridization was performed, with prior emasculation of the flower
bud in 2008 (Rocha et al,, 2014). In addition, the crosses were performed again in 2015 and 2016 in a greenhouse, aiming
to obtain seeds in initial generations of self-fertilization (segregants). The crossing between the parents resulted in different
segregating populations in the Fz, F3, F4, Fs, Fs, F7and Fs generations, advanced by the “bulk” conduction method under field
conditions, without the application of artificial selection in the different generations, so as to advance the levels of
homozygosity with generations of self-fertilization in the populations (Fig. 1).

From these populations, a sample of seeds from the F2, F3, F7 and Fs populations (F7 and Fs were the last generations
conducted in bulk) were obtained using a soil divider sampler and sown in a greenhouse in 2022. After physiological
maturation, the seeds were collected from individual plants so that the progeny could be evaluated experimentally in the
following generation, totaling 16 progenies sampled in each of these generations (Fig. 1). This number of progeny was
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considered due to the difficulty for evaluating this trait using the Mattson cooker method (Carvalho et al.,, 2017). Thus, a
total of 66 genotypes were used in this work, including 64 progeny of self-fertilization in initial (segregating) and advanced
generations originating from the cross between the parents BAF50 x BAF07: i) 16 progeny in the F23 generation ;ii ) 16
progeny in the F3.4 generation; iii ) 16 progeny in the F7.g generation; and iv ) 16 progeny in the Fg.o generation; v) along with
the parents BAF50 and BAF07.

Conduction of field experiment

The field experiment was developed in the experimental area of the Institute for Breeding and Molecular Genetics
(IMEGEM), located at the Center for Agroveterinary Sciences (CAV), of the State University of Santa Catarina (UDESC) in
Lages, Santa Catarina, Brazil, in the 2022 /23 agricultural harvest. The geographic coordinates of the experimental area are
27 ©47'S latitude, 50 © 18'W longitude, at an altitude of 950 meters, with its climate classified according to Képpen as a
temperate Cfb climate (C = Warm temperate, f = Fully humid, b = Warm summer), humid mesothermal with a mild summer.
The soil is classified as an Inceptisol Udepts Humudepts, with a moderate A horizon, clayey texture, and undulating relief. It
was used a randomized block design with three replications, considering samples of progeny from different generations of
self-fertilization, and all experimental factors (block + progeny) were considered random (sampled factors). Therefore, 16
progenies sampled in each of the generations F2:3, F3.4, Fs.9 and Fo.10 (totaling 64) was conducted along with the parents
(totaling 66), which resulted in 198 experimental units, composed of a 2-meter line, with 8 seeds per linear meter.

During the cycle, the cultural practices were carried out according to the technical recommendations for bean crops, while
sowing and topdressing fertilization were conducted according to soil analysis interpretation, following the provisions of
the Soil Chemistry and Fertility Commission, aiming at a grain yield of 4000 kg ha-! (CQFS-RS/SC, 2016). Topdressing
nitrogen fertilization was carried out in stages, in the vegetative phases of the first (V3) and third (V4) trifoliate leaves, when
they were completely open. At physiological maturity, the plants in the plots were harvested and subsequently manually
threshed, and the grains were dried in an oven to approximately 13% moisture content. Then, the grains were stored in
paper bags for a period of one month at room temperature, until the time of the cooking test. These seeds correspond to the
generations F2.4, F3:5, Fg:10 and Fo:11. However, to estimate the genetic parameters, the integument generations F2:3, F3.4, Fs:9
and Fo.10 were considered, since the maternal effect had been reported for this trait in the literature, along with the absence
of xenia. Thus, the cooking time has its phenotypic expression one generation later than the plant generation, that is, the
seeds harvested from plants of a certain self-fertilization generation represent the mother plant own generation for this
trait, since the integument presents significant effect, deriving from the development of the ovary wall, determined prior to
fertilization (Hernandez et al., 2003; Ribeiro et al., 2006).

Cooking time assessment

The cooking time of the plots was determined 30 days after harvest using the Mattson cooker (Mattson, 1946), modified by
Proctor and Watts (1987). The cooker consists of 25 vertical rods, each with a 2 mm diameter tip and a standard weight of
90 g, which remain supported on the bean grains during cooking in boiling distilled water. The cooking time in minutes was
determined when 13 units of rods pierced the grains. Each sample of the plots, composed of 16 g of grains, was immersed
in 100 mL of distilled water in a 1:6.25 ratio, respectively, and kept at 25°C for a hydration period of 12 h. After the hydration
period, 25 bean grains were placed under the Mattson cooker support, with the rods supported under the grains. Then, the
cooker was placed in a stainless steel pan with 3 L of boiling distilled water at a constant temperature of 100°C, at which
point the cooking time was started and continued until the 13th bean grain in the sample was pierced, thus characterizing
the cooking of 52% of the grains (T50).

Statistical analysis

The statistical analysis for the cooking time variable was carried out by estimating the genotypic variance and residual
components (variances associated with the random effects of the statistical model), considering the mixed model, denoted
in matrix form by: Y = Xb + Zu + 6, where: Y is the vector of observations; X is the incidence matrix for fixed effects ( mean );
b is the vector of fixed effects; Z is the incidence matrix of random effects (block + progeny); u is the vector of random effects;
0 composes the random vector inherent to the experimental error. The estimates of the random components were based on
the restricted maximum likelihood method (REML), since its properties are considered superior than those of the least
squares and maximum likelihood estimates. This is explained by the fact that its estimators are obtained by maximizing the
likelihood function, with the negative variance components restricted to mean zero, which is divided into two independent
parts, referring to the fixed and random effects, while the likelihood function is inherent to the sum of each part (Searle et
al,, 1992).

Subsequently, the genotypic variance of the progeny (agz) was decomposed into additive (¢?) and dominant (03)
components for the integument generations Fz:3, Fs.4, Fs:9 and Fo:10, according to the proposal by Cockerham (1963) ,
where:af = ka gi+ kp 0 .., with ka= (1 + 1) and kp= ((1+I¢)(1-1¢) 1)(1-1¢) 2; kais the coefficient of the additive variance;
kp is the coefficient of dominance variance; l:is the inbreeding coefficient in the reference generation (last generation of
“bulk” conduction); Igis the inbreeding coefficient in the generation g of the offspring (generation of the opening of the “
bulk ” /beginning of progeny evaluation). The hierarchical genetic model used in the study is characterized by the fact that
the progeny of one generation are not represented in subsequent generations, due to the different times of the subdivision
of the progeny (opening of the bulk/beginning of progeny evaluation). Thus, the model used to obtain the estimates of the
components of genetic variance considered all generations of self-fertilization assessed in the study (Fz:3, F3.4, Fs.9, Fo:10). This
decomposition of genetic variance was performed using the least squares method, and the estimates were obtained
according to the following estimator: f= (X'X)1X'Y , where £ is the vector inherent to the estimates of the components of
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genetic variance; X is the matrix of genetic components; Y is the matrix of genetic variance observed in the progeny
(Vencovsky and Barriga, 1992).

The heritability coefficients were obtained as follows: A2 = 6'92 (6'92+ 62)tand h? =62 ( 6;+ 62)1, where h2is the broad sense
coefficient of heritability; h? is the narrow sense coefficient of heritability; 65 is the component of genetic variance, 62 is the
environmental variance between plots, while 67is the additive component of genetic variance. For these estimates to fulfill
their purpose, they must be considered based on the units in which plant selection will be carried out. Therefore, in this
study, heritability estimates were obtained based on phenotypic variation at the plot level, that is, the sum of genetic
variation and environmental variation among the bean progeny was evaluated for the cooking time trait.

The expected progress with the selection was estimated based on its general expression: G s = -i 2/ 62, where G s
corresponds to the expected gain with the selection; -i refers to the standardized negative selection differential (i = -1.65),
which is related to the percentage of selected individuals with shorter cooking time, considering the selection of the 8 best
progeny for the generations F23, Fz., Fs9 and Fo.10, corresponding to 12.5% of the progeny; and 6Zis the phenotypic
deviation inherent to the phenotypic variation. The analyses were performed with the aid of SAS software (SAS OnDemand
for Academics), using the Mixed Linear Models (MIXED) procedure to estimate the variance components and random
(genotypic) effects based on the best linear unbiased prediction (BLUP). The Interactive Matrix Language (IML) procedure
was used to obtain the least squares estimates.

Conclusion

The estimate of the parameter inherent to the dominance component of genetic variance presents a higher magnitude than
the additive component in the adjusted model, which results in estimates of dominance variances higher than expected for
the cooking time trait in bean progeny. Thus, the dominant gene action was predominant in the segregating generations in
this study. With the increased inbreeding coefficient in advanced generations of self-fertilization, the estimates of additive
genetic variance increased as expected, resulting in higher coefficients of restricted heritability and progress with selection,
compared to the estimates in early generations. This evidences that the selection of plants aiming at reducing cooking time
in common bean can be carried out in early segregating generations, considering progeny derived from individual plants.
However, the elimination of genotypes with high cooking time presents greater success with the advancement of
homozygosity, due to the reduction of heterozygosity and, consequently, of the dominance genetic variance.
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RESUMEN

El frijol (Phaseolus vulgaris L.) es un grano esencial en la alimentacion humana debido a su alto
contenido de proteinas. Sin embargo, su cultivo es sensible al estrés ambiental (hidrico o
nutricional). Los estudios de caracteristicas de la raiz y de los brotes son Utiles para mitigar tales
efectos. El objetivo del estudio fue identificar posibles asociaciones entre las caracteristicas del
sistema radicular y de la parte aérea en frijol comun. EIl disefio experimental fue de bloques
completos al azar. Las variables del sistema radicular fueron: longitud total de las raices, area de
superficie especifica, volumen y didmetro medio de las raices; para la parte aérea se registraron:
altura de planta, didmetro de tallo, altura de insercion de la primera vaina, niumero de vainas por
planta, nimero de granos por planta y masa de granos. Se realizaron analisis de correlacion lineal
simple y de sendero. La variable altura de la planta mostr6 correlacion simple significativa y
negativa con la longitud, &rea de superficie y volumen de las raices. El anélisis de sendero indicé
solo una variable con un efecto directo positivo. Por tanto, la seleccion directa entre area de
superficie especifica y volumen radicular influye directamente en ambas variables. Ademas, las
variables longitud de la raiz, altura de la planta y nimero de vainas tienen un efecto indirecto
sobre el volumen de las raices. Esta informacion sobre las asociaciones entre variables puede ser
de utilidad por fitomejoradores al seleccionar genotipos de frijol agronémicamente mejorados.

Palabras clave: Phaseolus vulgaris L., analisis de sendero, seleccién indirecta.

RESUMO

O feijdo (Phaseolus vulgaris L.) é um gréo essencial na dieta humana devido ao seu alto teor
protéico. Porém, seu cultivo é sensivel ao estresse ambiental (hidrico ou nutricional). Estudos de
caracteres do sistema radicular e parte aérea sdo Uteis para mitigar tais efeitos. O objetivo do
estudo foi identificar possiveis associacdes entre as caracteristicas do sistema radicular e da parte
aérea em feijao comum. O delineamento experimental foi em blocos completos casualizados. As
varidveis do sistema radicular avaliadas foram: comprimento total das raizes, area superficial
especifica, volume e didmetro médio das raizes; Para a parte aérea foram registrados: altura da
planta, didmetro do caule, altura de insercdo da primeira vagem, nimero de vagens por planta,
namero de grdos por planta e massa de graos. Andlises simples de correlacdo linear e de trilha
foram realizadas. A variavel altura de planta apresentou correlagdo simples significativa e
negativa com o comprimento, area superficial e volume das raizes. A andlise de trilha indicou
apenas uma varidvel com efeito direto positivo. Portanto, a selecdo direta entre area superficial
especifica e volume radicular influencia diretamente ambas as variaveis. Além disso, as variaveis
comprimento da raiz, altura da planta e nimero de vagens tém efeito indireto no volume da raiz.
Essas informagdes sobre as associacdes entre variaveis podem ser uteis aos melhoristas de plantas
na selecdo de gendtipos de feijdo melhorados agronomicamente.

Palavras-chave: Phaseolus vulgaris L., analise de trilha, selegdo indireta.

Contribuciones a Las Ciencias Sociales, Sdo José dos Pinhais, v.16, n.11, p. 26354-26368, 2023 26355


mailto:felipereckbenato@gmail.com

@
REVISTA

0, Fimes
.(? J.I/g).

SOCIALES

1 INTRODUCCION

El cultivo de frijol (Phaseolus vulgaris L., 2n = 2x = 22) es de gran importancia debido a
la calidad de la proteina proporcionada en sus granos (CAROVIC -STANKO et al., 2017;
KARAVIDAS et al., 2022). En Brasil, en la zafra 2022/23, se cultivaron 2 718 000 ha de frijol,
con una productividad media de 1130 kg ha (CONAB, 2023). Con base a su relevancia al nivel
nacional, la produccion de este cultivo es realizada por agricultores brasilefios en hasta tres
cosechas durante el afio (DE SOUZA et al, 2014).

Los programas de fitomejoramiento han logrado desarrollar cultivares de frijol con alto
potencial productivo, tanto del grupo comercial negro como del de colores. Por lo tanto, se ha
impulsado la seleccidn de constituciones genotipicas mejoradas para el rendimiento de granos
(SILVA et al.,, 2013; PEREIRA et al., 2017). Sin embargo, dada la importancia de desarrollar
cultivares con caracteristicas adaptativas a condiciones adversas de crecimiento, como estrés
hidrico y nutricional, se comenzaron a considerar otras variables fenotipicas en las etapas de
seleccion y manejo de poblaciones segregantes. Varias caracteristicas pueden ayudar a las plantas
a aliviar el estrés ambiental, especialmente las del sistema radicular (POLANIA et al., 2016;
BISATO et al., 2021).

Una de las formas de llevar a cabo la mejora genética, considerando méas de una
caracteristica agrondémica objetivo, es con el uso de técnicas adecuadas que permitan extraer
informacion sobre la asociacion entre caracteristicas. Entre estas técnicas destacan el andlisis de
correlacion fenotipica y el analisis de sendero, que proporcionan conocimiento de las
interrelaciones entre variables, siendo de suma importancia para los programas de mejoramiento
genético. La principal contribucidn de las estimaciones de asociacion entre variables radica en el
hecho de diagnosticar la posible alteracion de una caracteristica cuando se modifica otra (BARILI
etal., 2011).

Sumado a esto, a partir de estimaciones de correlacién y su division en efectos directos e
indirectos, es posible predecir el valor de una caracteristica a partir del conocimiento de otra.
Este hecho permite la seleccion indirecta de caracteres por parte de los fitomejoradores, que
culmina en el desarrollo de genotipos mejorados para mas de un caracter (CARVALHO et al.,
2004; KUREK et al., 2001). El sistema de raices del frijol comun es complejo y resulta de la
expresion y asociacion de diferentes componentes, siendo muy afectado por efectos del ambiente
(WASSON et al., 2012). Por ello, es necesario conocer los efectos que interactian en el sistema
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radicular y las variables de brote. Las variables aéreas de las plantas son mas faciles de evaluar
en comparacion con las variables del sistema de la raiz. De este modo, se puede facilitar la
seleccion de progenies (ROCHA et al., 2019). En este sentido, el objetivo de este trabajo fue
estimar las asociaciones entre las variables del sistema radicular y de la parte aérea en genotipos

de frijol comun fijos y segregantes.

2 MATERIALES Y METODOS

El experimento se realiz6 en campo durante la cosecha 2019/20, en el municipio de Lages,
Santa Catarina, Brasil (27° 47' 33" S, 50° 18' 00" O). El &rea se ubica a una altitud de 950 m, con
clima templado mesotermal himedo y verano templado (cfb). El suelo de la zona es del tipo
Cambisol Humico Aluminio Léptico, con horizonte A moderado, textura arcillosa y relieve
ondulado. En total, se evaluaron 30 genotipos de frijol de origen andino y mesoamericano. De
estos, siete fueron lineas y cultivares comerciales (BAF07, IPR Uirapuru®, BAF53, Carioca
MG®, BAF35, BRS Embaixador® y BRS Expedito®). Se evaluaron nueve progenies de la
generacion F1, siete de la F2 y siete de la F3. Las progenies proceden de hibridaciones dirigidas
en un esquema dialélico parcial.

Se utilizé un factor experimental, llamado genotipo con 30 niveles, mediante un disefio
de blogues completos al azar con tres repeticiones. La unidad experimental consto de tres lineas
de 2.0 m, con un espaciado entre lineas de 0.5 m. Los genotipos fueron colocados en el campo
con una densidad de 12 semillas por metro lineal. Durante el ciclo del cultivo, todas las practicas
de manejo y fertilizacion se realizaron de acuerdo con las recomendaciones técnicas de para el
cultivo del frijol en la region. De acuerdo con las condiciones del &rea experimental, se realizé
fertilizacion de mantenimiento con una produccion esperada de 4000 kg ha, utilizando la
formulacion 04-24-12 (nitrégeno, fosforo y potasio) (CQFS, 2016).

Al alcanzar la etapa Re (plena floracion), se retiraron aleatoriamente cinco plantas de las
parcelas para evaluar las caracteristicas relacionadas con el sistema radicular. En la etapa Rg
(madurez de cosecha), se cosecharon cinco plantas mas de cada parcela para evaluar las variables
de la parte aérea y los componentes del rendimiento de granos. Las variables evaluadas fueron:
longitud total de raices (LP, cm); area de superficie especifica de la raiz (ASUP, cm?2); volumen
de laraiz (VOL, cm?3), diametro medio de las raices (DMM, mm), altura de la planta (ALT, cm);

diametro del tallo (DT, mm); altura de insercion de la primera vaina (AlV, cm); nimero de vainas
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por planta (NV); nimero de granos por planta (NG) y masa de mil granos (MG, g). Las variables
del sistema de la raiz se registraron utilizando el software de analisis digital WinRHIZO® (v 5.0,
Regent Instruments, Quebec, Canada).

La informacién se evalu6 mediante un analisis de correlacion fenotipica mediante el
procedimiento proc corr, utilizando el software estadistico SAS (SAS OnDemands for
academics), version disponible para académicos. Posteriormente, se realizé el andlisis de
sendero, con la ayuda del software Genes (CRUZ, 2013), considerando un nivel de significancia
de 0.05.

3 RESULTADOS Y DISCUSION

Se registraron los valores de las estimaciones de los coeficientes de correlacion simples
(r) evaluados para diez variables en 30 genotipos de frijol (Cuadro 1). Las estimaciones de
correlaciones fenotipicas son de suma relevancia en los programas de mejoramiento, ya que
permiten calcular el grado de asociacién entre caracteres provocados por efectos ambientales y
genéticos (CRUZ et al., 2012). En general, existe una relacion entre dos 0 més variables cuando

los cambios en una de ellas también van acompariados de cambios en la otra (CARVALHO et

al., 2004).
Cuadro 1. Estimaciones de correlacidn fenotipica (r) entre las variables estudiadas.

LP ASUP VOL DMM ALT DT AV NV NG MG
LP - 0.99* 096* -0.09 051* -0.07 -0.02 -0.31 -0.29 -0.26
ASUP - 0.98* 0.05 -049* -005 -0.01 -0.30 -0.28 -0.25
VOL - 0.13 -043* -0.02 001 -026 -024 -0.21
DMM - 015 001 0.05 -0.06 0.03 0.01
ALT - 0.59* 0.14 0.79* 0.74* 0.76*
DT - -0.09 0.84* 0.79* 0.82*
AlV - 0.92* 0.74* 0.80*
NV - 0.76* 0.78*
NG - 0.59*

MG -

LP: longitud total de la raiz (cm); ASUP: area de superficie especifica (cm2); VOL: volumen de la raiz (cm3);
DMM: didmetro medio de las raices (mm); ALT: altura de la planta (cm); DT: diametro del tallo (mm); AIV:
altura de insercion de la primera vaina (cm); NV: nimero de vainas por planta; NG: nimero de granos por planta;
MG: masa de granos (g). *p < 0.05 por prueba t, Ho: r = 0.

Fuente: Autores (2023).

Al realizar la interpretacion de los coeficientes de correlacion, necesariamente se deben
considerar tres aspectos: magnitud, direccion y significado. La magnitud se refiere a la posible

variacion del valor del coeficiente de correlacion, que va de -1 a 1; la direccién, representada por
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el signo, indica si la correlacion es positiva o negativa. La significancia se calcula en relacion
con cero y apoyada por la prueba t (NOGUEIRA et al., 2012). En este sentido, la magnitud indica
el nivel de asociacion de las variables. En cuanto a la significancia, el 42.0 % (19 estimaciones
de correlacién) de los coeficientes de correlacion estan lejos del valor del cero absoluto y, por
tanto, son significativos a un nivel de 0.05 por la prueba t. De ellos, tres mostraron una direccion
negativa y 16 una direccion positiva (Cuadro 1).

Las variables de longitud total de raices (LP), area superficial especifica (ASUP) y
volumen de raices (VOL) estan asociados negativamente con la variable altura de las plantas
(ALT), con valores de correlacién de -0.51, -0.49 y -0.43, respectivamente (Cuadro 1). Este
hecho sugiere que los incrementos en la expresion fenotipica de las variables dirigidas al sistema
radicular reducen la expresion de la variable altura de las plantas, resultando en plantas mas
pequefias. Estos valores de correlacidn se consideran intermedios, oscilando entre 0.30 y 0.60
(CARVALHO et al., 2004).

La existencia de una asociacion opuesta entre variables del sistema radicular y de la parte
aerea puede explicarse fundamentalmente por la seleccion aplicada por los fitomejoradores a lo
largo del proceso de mejoramiento genético del cultivo de frijol comun. Esto se debe a que la
seleccidn de constituciones genéticas mejoradas se dirigid casi exclusivamente al rendimiento de
grano. Esto demuestra el éxito que han logrado los programas de mejoramiento genético con el
desarrollo de cultivares més productivos, con enfoque en los caracteres de parte aérea (SILVA
etal., 2013; PEREIRA et al., 2017).

Previamente, se ha reportado la asociacion negativa entre angulo de raiz y masa fresca de
las hojas en el cultivo de frijol comun. Esto se debe béasicamente a una menor capacidad de
acumulacion de foto-asimilados en el area, provocando la reduccion del rendimiento potencial
de grano del cultivo y el detrimento de un mayor desarrollo del angulo de la raiz (VELHO et al.,
2017). Asi, este hallazgo apunta a la importancia de conocer los cambios que la mejora de un
caracter puede resultar en otro, apuntando asi el sinergismo de la seleccion natural con el poder
adaptativo.

La variable LP mostr6 una correlacion de 0.99 y 0.96 con las variables ASUP y VOL.
ASUP tuvo una asociacién de 0.98 con VOL, lo que representa una asociacion fuerte. De esta
forma, se facilitan las mejoras conjuntas de estas caracteristicas, ya que el incremento de la

seleccion en una se refleja en las otras. En base a esto, el grado de asociacion entre ellos es
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importante, siendo clave en los programas de mejoramiento genético que buscan el desarrollo de

genotipos mejorados para rasgos adaptativos referidos al sistema radicular. El desarrollo de
cultivares con equilibrio entre el sistema radicular y la parte aérea puede promover una mayor
tolerancia a condiciones de estrés abiotico, como deficiencias hidricas y nutricionales (BASU y
PAL, 2011; MAYOR-DURAN et al., 2016). Esta informacién es ain mas importante ya que
aproximadamente el 60 % del cultivo de frijol en el mundo se produce en condiciones con
restriccion hidrica en algin momento de su ciclo (POLANIA et al., 2016).

Al considerar las variables de la parte aérea, se observa que el diametro del tallo (DT) se
asocia con NV, NG y MG en 0.84, 0.79 y 0.82, respectivamente. Asi, cuanto mayor sea el
didmetro del tallo, mayor sera la insercion de la primera vaina en las plantas, que producen mas
vainas, con mas granos y granos con mayor masa. También existen fuertes asociaciones entre
NV, NG y MG, al ser variables que componen el rendimiento de grano de los cultivares. Otros
autores también encontraron una fuerte asociacién entre los componentes del rendimiento del
frijol (CABRAL etal., 2011; VELHO et al., 2017). La representacion grafica de las estimaciones
de correlacion simples también permite realizar inferencias sobre los resultados encontrados
(Figura 1).

Figura 1. Representacion gréfica de estimaciones de correlacion lineal simples obtenidas entre variables de raiz y
vastago en frijol comun
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Fuente: Autores (2023).
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Existen asociaciones significativas positivas entre las variables del sistema radicular y
entre los componentes del rendimiento. Las asociaciones entre las variables del sistema radicular
y la altura de la planta son importantes. Con base en estas asociaciones, es posible considerar
tales variables conjuntas en las etapas de seleccion y manejo de progenies o segregacion de
poblaciones durante los programas de mejoramiento de frijol. En este sentido, dada la relevancia
de las estimaciones de los coeficientes de correlacion fenotipica, considerando cualidades de uno
0 maés individuos medidos directamente, se apoya a los criadores en la practica de la seleccion
(APPIAH-KUBI et al., 2022). Sin embargo, es necesario investigar las posibles relaciones de
causa y efecto entre las variables consideradas.

El andlisis de sendero desarrollado permite una comprensidn mas precisa de la
determinacion de los efectos directos e indirectos que influyen en una variable basica. De este
analisis, se encontrd un valor del coeficiente de determinacion de 0.98 y el efecto de la variable
residual de 0.12. Esto indica que casi toda la influencia sobre la variable basica proviene del resto
de variables, con un efecto ambiental reducido (DE CARVALHO et al., 2002). Esta informacion
genera confiabilidad en la obtencion de las estimaciones realizadas.

Se registraron los valores referentes al desglose de correlaciones entre las variables
explicativas y una variable basica o principal (Cuadro 2). En esta situacién, el volumen de las
raices se consider6 la variable basica, ya que esta directamente asociada con la fraccion de suelo
explorada por las plantas en la busqueda de agua y elementos minerales. Esta variable ya ha sido
utilizada en estudios que realizaron fenotipado y evaluacion del sistema radicular (BEEBE et al.,
2013). Considerando las variables LP y ASUP, que mostraron valores de correlacion fenotipica
positiva y significativa con VOL, el mayor efecto directo sobre VOL proviene de ASUP.

En esta situacion esta indicada la seleccién directa sobre la variable ASUP, lo que permite
la ganancia genética en esta etapa. La existencia de una correlacion alta y positiva entre LP y
VOL, pero con un efecto directo y opuesto (negativo), indica la ausencia de causa y efecto. Por
tanto, LP como variable auxiliar no es el principal determinante de los cambios provocados en la
variable VOL. VELHO et al. (2017) reportan efectos directos altos y concordantes para las
variables del sistema radicular, obteniendo un valor de correlacion entre la distribucion de la raiz
(DR) y el &ngulo de la raiz (AG) de 0.34. En el analisis de trayectoria, AG tuvo un efecto directo
de 0.40, lo que permitié a los autores establecer una asociacion entre las variables, que resulto

eficiente para lograr mejoras en el caracter de distribucion de la raiz. Esto basicamente resulta de
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la correlacion genética, que se incluye en la correlacion fenotipica y tiene como causa principal
el pleiotropismo, es decir, la propiedad de que un gen afecta a dos 0 mas caracteristicas, por lo

que si se segrega provoca variacion genética en los dos caracteres (BOREM et al., 2021).

Cuadro 2. Estimaciones de los efectos directos e indirectos de las variables longitud total de raices (LP, cm) y area
superficial especifica (ASUP) sobre la variable basica volumen de raices (VOL, cm3).

Variable Efecto
LP Efecto directo -0.380
Efecto indirecto a través de ASUP 1.370
Efecto indirecto a través de DMM -0.007
Efecto indirecto a través de ALT -0.002
Efecto indirecto a través de DT 0.053
Efecto indirecto a través de AIV -0.009
Efecto indirecto a través de NV 0.001
Efecto indirecto a través de NG -0.018
Efecto indirecto a través de MG 0.008
Total 0.96
ASUP Efecto directo 1.380
Efecto indirecto a través de LP -0.370
Efecto indirecto a través de DMM 0.004
Efecto indirecto a través de ALT -0.001
Efecto indirecto a través de DT 0.005
Efecto indirecto a través de AlV -0.008
Efecto indirecto a través de NV 0.001
Efecto indirecto a través de NG -0.177
Efecto indirecto a través de MG 0.006
Total 0.98

Fuente: Autores (2023)

Considerando las relaciones de causa y efecto entre las variables de parte aérea y el
volumen de las raices, existe un efecto directo entre VOL y ALT bajo o nulo, aunque la
estimacion de correlacion es alta y significativa (Cuadro 3). Este hecho indica que existe una
asociacion entre VOL y ALT, sin embargo, esta asociacién proviene predominantemente de
efectos indirectos que acttan sobre las variables. Asi, se puede considerar que las plantas con
mayor volumen de raices tienen menor altura, es decir, menor crecimiento. Sin embargo, esto se
debe principalmente a los efectos indirectos del area de superficie especifica de las raices (-0.68).
Entre las demaés variables con efectos indirectos, destaca la longitud de las raices. Esta indico un
efecto positivo de 0.19, por lo que se podrian obtener mejoras en el volumen de las raices a traves
de incrementos indirectos en el area de superficie junto con la variable de longitud de raices.

Al considerar el nimero de vainas, se obtiene un efecto directo negativo, pero cercano a
cero. Por lo tanto, es probable que las mejoras directas del volumen de raiz a través del nimero

de vainas no tengan éxito. Se observa que la variable area de la superficie de la raiz es la que mas
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contribuye indirectamente a la expresion de las otras variables (-0.41). En el mismo sentido,
también se pueden obtener mejoras indirectas de las variables nimero de vainas a través de la
longitud de la raiz. De manera reciproca, un alto nimero de vainas seria indicativo de una mayor
longitud de raiz. Estas variables son interesantes dado que, al trabajar con grandes nimeros de
familias segregantes y lineas, se buscan caracteristicas mas faciles de observar y de alta
heredabilidad para realizar la seleccion.

Las variables NV y MG presentan la misma situacion. Ambos tuvieron un efecto directo
negativo sobre VOL (-0.0005 y -0.001) y un alto efecto indirecto en ASUP (-0.35 y 0.68). Esto
revela la importancia de los efectos indirectos de la variable ASUP sobre la expresion de la
variable VOL. En estudios previos, se reporta un alto efecto directo y también alta correlacion
fenotipica positiva entre la variable distribucion de raices y altura de insercién de la primera
vaina (VELHO et al., 2017). Sin embargo, el objetivo de los programas de mejora hasta entonces

no estaba dirigido hacia mejoras en los caracteres del sistema radicular.

Cuadro 3. Estimaciones de los efectos directos e indirectos de las variables diametro del tallo (DT, mm) y altura de
la primera vaina (AlV, cm) sobre la variable basica volumen de raices (VOL, cm?).

Variable Efecto
ALT Efecto directo VOL 0.035
Efecto indirecto a través de COMP 0.198
Efecto indirecto a través de ASUP -0.688
Efecto indirecto a través de DMM 0.013
Efecto indirecto a través de AlV 0.001
Efecto indirecto a través de NV -0.013
Efecto indirecto a través de NG 0.022
Efecto indirecto a través de MG -0.003
Efecto indirecto a través de DT -0.006
Total -0.43
NV Efecto directo VOL -0.016
Efecto indirecto a través de LP 0.120
Efecto indirecto a través de ASUP -0.416
Efecto indirecto a través de DMM 0.005
Efecto indirecto a través de ALT 0.003
Efecto indirecto a través de DT 0.02
Efecto indirecto a través de AlV -0.004
Efecto indirecto a través de NG 0.028
Efecto indirecto a través de MG -0.095
Total -0.26

Fuente: Autores (2023)

Existe una relacion de origen y drenaje que actda sobre el crecimiento y desarrollo de las
plantas. Debido a la gran cantidad de foto asimilados que se producen en las hojas y que se

destinan a otras estructuras de la parte aérea, el desarrollo del sistema radicular se ve
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comprometido. El sistema radicular presenta la caracteristica de plasticidad, siendo altamente
moldeable dependiendo de las condiciones de crecimiento, como la presencia de aluminio y la
baja disponibilidad de agua y nutrientes minerales. Incluso se reportaron correlaciones positivas
y negativas entre las variables del tallo y el sistema radicular, dilucidando la alta plasticidad de
este caracter (DA ROCHA et al., 2010).

Ademaés de los diferentes factores ambientales, el sistema radicular esta controlado por
varios factores intrinsecos al genotipo, como la regulacion hormonal, la duracién de la etapa
vegetativa, la capacidad de respuesta al ambiente, junto con un innumerable conjunto de sefiales,
que involucran diferentes genes que actian en el desarrollo de este sistema. Estos actian
directamente en la expresion del fenotipo, haciendo evidente la complejidad de la regulacion de
este sistema (GIEHL et al., 2014).

Al analizar los resultados obtenidos en este trabajo, se muestra que las variables
relacionadas con el sistema radicular presentan tanto una correlacion fenotipica simples como
efectos concomitantes directos e indirectos. En base a esto, los criadores pueden obtener
ganancias con la seleccion indirecta de caracteres, ya que estos analisis permiten diagnosticar los

aportes e interrelaciones de las variables objetivo de mejora (BARILI et al., 2011).

4 CONCLUSIONES

Las asociaciones entre el sistema radicular y las variables de parte aérea fueron negativas
o nulas. Entre las variables del sistema radicular, se verificaron relaciones positivas y
significativas para longitud total de las raices, el area de superficie especifica y el volumen de
raices. Con la particion entre efectos directos e indirectos, el area de superficie especifica fue
mas relevante para los incrementos en la variable volumen de raices, tanto directa como
indirectamente. Ademas de esta variable, los fitomejoradores pueden también obtener ganancias
por efectos indirectos de la altura de la planta y el nimero de vainas a través de la seleccion de

la longitud total de la raiz.
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Abstract

The physalis populations cultivated in Brazil have a restricted genetic base, hampering the genetic progress of
the species. The mutation and correlation studies are tools that boost the development of new cultivars. The
study aimed to characterize the phenotypic variability of produced and mutant physalis and obtain estimates of
phenotypic correlations between agronomic relevant features. The treatments were the seeds of three Physalis
populations (Colombia, Lages, and Fraiburgo), submitted fo gamma-irradiation (Co%) for three exposure times
(0, 250, and 500 Grays). The experimental design used randomized blocks with three replications. The study
assessed the pH, the titratable total acidity (TTA), the total soluble solids (TSS), maturation index (MI, TSS/TTA), the
number of flowers (NOF) and fruits (NFR), the weight of fruits without boll (FWB, in g) and total productivity (PROD
as kg ha'). The results prove variation in mutant populations when compared to their recognized populations
(cultured populations) for the qualitative components (acidity and total solids) but not for quantitative
components (number of flowers per plant, number of fruits per plant, fruit weight without boll and the estimated
total productivity throughout the cycle). There is a positive correlation between acidity and total solids. Cross

breedings between contrasting populations can produce genotypes with more equilibrated taste.

Keywords: cultivars, fruit, gamma irradiation, genetic improvement

Introduction

Physalis peruviana is of Andean origin, belonging
to the Solanaceae family. The species has hermaphrodite
flowers, preferably allogamous. The species’ fruits have
great flavor and aroma (Ramirez & Davenport, 2021).
Thus, this fruit free has great potential for family farming
due to its good economic return (Fischer et al., 2014).

Physalis production in Brazil is insufficient to meet
domestic demand due to inadequate management
practices and the lack of improved cultivars (Goulart
Junior et al.,, 2017; Trevisani et al., 2016). In addition, the
limited genetic basis found in the populations cultivated
in the country for the fraits of agronomic importance
hampers obtaining genetically superior cultivars (Trevisani
et al., 2018; Lagos-Burbano et al., 2020).

According to Borém & Miranda (2013), the most
used tool in plant breeding to overcome the lack of
genetic resources is the induction of mutation by physical

agents. The advantage of physical agents through
ionizing radiation, having cobalt® as a source, is their
superior ability to penetrate plant tissue. Thus, if results in
higher rates of chromosomal, chromatic aberrations, and
single-base gene mutations (Ahloowalia & Maluszinsky,
2001; Antunez-Ocampo et al., 2020).

The creation of new allelic forms by artificial
mutation may allow the selection of plants with fruits
with better organolepftic properties. According to Fischer
(2014), the aim is also to reduce the significant post-
harvest losses and high production yields. However, many
of these characters are highly complex for selection,
mainly due to polygenic conftrol, with pleiofropic or/and
epistatic genes demonstrating a sfrong environmental
influence on their expression, making their quantification
difficult (Allard, 1999). Thus, itis relevant to use multivariate
techniques (path analysis) to help the breeder.

The multivariate path analysis allows the unfolding
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Variability and correlations between...

of character correlation coefficients (explanatory
variables) (basic)
variable in direct and indirect effects (path coefficient).
This analysis provides accurate estimates of cause and

effect, being necessary fo assess the relevance of one

on the expression of a principal

frait over another quantitatively. Furthermore, enabling
such a correlation makes it possible to indirectly select
a significant frait that has low heritability or is difficult to
assess (Ferreira et al., 2012). Furthermore, studies with
this purpose associated with mutation induction can
accelerate obtaining new cultivars,
genetic variability and the realization of crosses aimed at
obtaining superior genotypes (Cruz et al., 2012).

The objective of this work was to characterize
the variability in cultivated and mutant populations of
Physalis, fogether with obtaining estimates of phenotypic
correlations and their consequences in direct and indirect
effects between characters of agronomic importance.

increasing the

Materials and Methods

The work was performed at the Universidade do
Estado de Santa Catarina (UDESC), located in the city
of Lages-SC (27° 48’ S and 50° 19" W), with an average
altitude of 930 m. The municipality has a Cfb climate
(temperate climate with cool summers) and an average
annual femperature of 14.3° C, with an average annual
rainfall of 1500mm.

For obtaining the mutant populations, three
cultivated populations of physalis were
their (Colombia, Lages,
Fraiburgo). Subsequently, these populations submitted to
gamma irradiation (physical method) with the mutagenic
agent Cobalto® at doses of 0, 250, and 500 Grays (Gy)
(with a rate of 15.24 Gy per minute), which resulted
in 9 populations or treatments. The determination of
irradiatfion doses for the culture was performed according

selected

according to origin and

to Caro-Melgarejo et al. (2012). First, gamma irradiation
gave rise to populations of the M1 generation. Then, from
the M1 generation, this generation was self-fertilized to
obtain the M2 populations. This process of self-fertilization
can also be called generational advancement. Finally,
the agronomic ftraits of interest were assessed In M2
populations.

The experimental design used was randomized
blocks with three replications. The experimental unit
consisted of 10 plants, three plants per meter, spaced 3
m apart. The cultural freatments followed the technical
recommendations for the culture (Muniz et al., 2014). The
qualitative variables evaluated in the fruits were: i) the pH,
ii) the titratable total acidity (% citric acid) by fitration with
0.1 M NaOH (TTA), iii) total soluble solids (TSS, in °Brix), with

the aid of a manual refractometer, and iv) maturation
index (M, TSS/TTA ratio), and quantitative traits evaluated
in the plants were: v) number of flowers (NOF) vi) number
of fruits (NFR), vii) weight of fruits without boll (FWB, in g)
and viii) total productivity (PROD in kg ha).

The normality of errors was tested by Shapiro-Wilk
and the homogeneity of variances by Levene. Data were
submitted to analysis of variance (ANOVA), using general
linear models (DFM procedure), using SAS Universit Edition
9.4 software, with the model: Y, =m+ b, + 1t + e, Where: Y,
is the observation of the i-th treatment in the j-th block; m
is the overall average of the experiment; b, is the effect of
the i-th block: t;is the effect of the t-th treatment; e, is the
random effect of the error.

Univariate contrasts were also performed for
each population at dose zero versus the respective
population at doses of 250 and 500 Gy, according fo the
following scheme: C1: Colédmbia01_0 vs. Coldbmbia01_250;
C2:Colébmbia01_0 vs. Colédmbia01_500; C3: Lages02_0 vs.
Lages02_250; C4: Lages_0 vs. Lages_250; C5: Lages_0
vs. Lages_500; Cé: Fraiburgo_0 vs. fraiburgo_250; C7:
Fraiburgo_0 vs. Fraiburgo_250; C8: Fraiburgo_0 vs.
Fraiburgo_500.

Heritability in the broad sense and the ratio
between genetic and
coefficient (gVC/eVC) were estimated from the variance

environmental  variatfion
components. The phenotypic correlations between all
characters were estimated and measured using Pearson'’s
correlation coefficients at 5% probability. A causal
diagram was adopted for path analysis, considering the
direct and indirect effects, including the primary variable,
the total fruit yield (PROD).

The degree of multicollinearity of the X'X matrix
between the independent variables of the regression
model was evaluated according to the criteria indicated
by Montgomery & Peck (1981). The number of conditions
corresponding to the ratio between the highest and
lowest eigenvalues to the correlation matrix was adopted.
The crest regression method was used to circumvent
the effects of multicollinearity. Statistical analyzes were
performed and processed using the computational
resources of the genes program (Cruz, 2016).

Results and Discussion

Table 1 displays the variance analysis values for
the assessed variables. The results point out significant
differences in the freatments of the variables total
fitratable acidity and soluble solids. On the other side, the
other characters did not show a significant differential
behavior for the populations evaluated.
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Table 1: Summary of analysis of (Mean squares) for the variables, total titratable acidity (TTA), maturation index (M), amount of
soluble solids in Brixo degree (TSS), number of flowers per plant (NOF), number of fruits per plant (NFR), fruit weight without boll

(FWB), estimated total yield throughout the cycle (PROD), Lages-SC, 2022.

Medium Squares

VS DF
PH M TTA TSS NOF FWB PRODT
Blocks 2 0.007 0.319 0.069 0.64 689.13 931.44 2,398,433.33
Trataments 8 0.008 0.722 0.047° 3.4 11.73 557.98 413,175.00
Residue 16 0.005 0.439 0.018 1.024 179.15 346.29 365,125.00
VC(%) 2.03 10.71 7.14 8.66 20.89 19.91 29.22
gVC/eVC 0.49 0.46 0.74 0.83 -0.99 0.45 0.21
Herdabiliy (%) 41.74 39.09 61.89 67.43 52.68 37.94 11.63
Average 3.53 6.19 1.89 11.68 20.26 93.47 2067.78

*VS- Variation Source; DF - Degrees of Freedom; VC -Variation coefficient; gvVC/eVC- genetic variation/environmental variation. *Significant at P<0.05 by the F test.

Regarding the experimental precision, the
variable total titratable acidity, maturation index, and
total soluble solids presented low coefficients of variation;
for the number of flowers, fruit weight, and total fruit
productivity, average values of 20 to 30%; and the
number of fruits, a slightly higher value of 33%. High values
of coefficient of variation for the character number of
fruits show the nature of these traits, which have complex
genetic control or possible effects of mutation induction
that may interfere with the normal distribution of the data.

The decomposition of freatments by contrasts
was also performed. The results showed that one of the

combinations (Fraiburgo populatfion at the dose of 500
Gys) presented higher values than the other freatments
for the variables total soluble solids (13.23%) and total
fitratable acidity (2.09%), at a 5% probability by the T-test
(Table 2). Thus, part of this variation is genetic (gVC/eVC:
0.83 and 0.74, respectively), with high heritability, and
can be used in crop improvement programs to develop
new culfivars. In the mutant populations evaluated, the
vegetative and production features did not present
beneficial effects or physiological damage, in agreement
with AntUnez-Ocampo et al. (2020).

Table 2: Average confrasts between the Fraiburgo population at the dose of 500 Gys vs. other treatments.

Comparation Estimated T value Pr>t
TTA
Fraibrurgo 500 vs. other freatments 2.09 2.84 0.0119
1SS
Fraibrurgo 500 vs. other freatments 13.23 2.82 0.0124

The ploidy degree (four copies of the alleles) may
be related to the mutation inefficiencies with irradiatfion
for the quantfitative traits evaluated in the present study
(Pelé et al., 2018). In other words, the greater the degree
of ploidy of a species, the greater the amount of genome.
As mutations are random and casual, there are difficulties
in obtaining mutant populations. According to Allard
(1999). in polyploids, an allele can manifest its dominance,
masking single base mutations (neutral mutations) and
preventing the expression of other phenotypic classes. The
species may have efficient genomic repair mechanisms,
or the large number of genes involved in the expression
of this character may mask its effects. There may need to
be adjustments between dose-response of the mutagen.
The environment can also buffer gene blocks, preventing
gene expression and reducing variation, requiring genetic
acclimatization of the species in Brazil (Allard, 1999).

Thus, should be

new mutation inductions

performed with a more significant load or exposure time of
iradiation and the introduction of new sources of genetic
variation in the country, mainly from Colombia (Miranda
& Fischer., 2021). In Colombia, the acquisition of new
accessions from Guatemala and the Holanda allowed,
through crosses with Colombian populations, made
possible the development of two varieties, the Andean
Copoica and the Dourado (Ramirez & Davenport., 2021).
Promising new strains are being evaluated by Agrosavia
(a Colombian agricultural company) or populations
maintained by Colombian universities that can adapt
to Brazil or be used for the development of new cultivars
(Lagos-Burbano et al., 2020). There are also many
native species of the genus physalis in the country. The
infrogression of the genes of these species has made it
possible to expand the genetic base (Silva Junior et al.,
2022).

Among the characters evaluated using Pearson'’s
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correlation maitrix, five variables: pH, total soluble solids,
maturation index, number of fruits, and fruit weight,
presented significant phenotypic coefficients at a 5%

error probability. However, only the variables, number of
fruits (0.41) and weight of fruits (0.40), resulted in a positive
correlation with productivity (Table 3).

Table 3: Pearson’s simple correlation coefficient between the characters’ total fitratable acidity (TTA), maturation index (Mil),
amount of soluble solids in Brixo degree (TSS), number of flowers per plant (NOF), number of fruits per plant (NFR), yield per plant

(FWB), estimated total yield over the cycle (PROD)

PH TTA Ml NOF NFR FWB PROD
pH -0.008 0.389 0.439* 0.019 -0.249 0.061 -0.305
TTA -0.124 0.483* 0.001 -0.258 0.279 0.195
Ml 0.456* 0.301 -0.066 -0.067 -0.032
TSS 0.211 -0.258 0.137 -0.195
NOF -0.338 -0.160 -0.212
NFR 0.403* 0.418*
FWB 0.404*
PROD

*significant at 5% probability of error, by the T-test.

" Not significant.

The maturation index (rafio between soluble
solids and total titratable acidity), which is an important
character in the definition of fruit flavor, presented a
lower correlation with fotal titratable acidity (-0.12) than
with soluble solids. (0.49). According to the results, despite
the negative values and with low to medium scores for
the total titfratable acidity, with the other variables, this
character must be evaluated with caution since it is
related to the post-harvest of the fruits, being responsible
for the prolongation of the shelf time. The shelf-life
extension is due to preventing deterioration caused by
fungi and enabling industrialization, easing the amount of
sugar added fo its processing (Giles et al., 2016; Morgado
et al., 2010). On the other hand, the positive correlation
between the maturation index and total soluble solids
demonstrates that fruits with higher sugar contents can
be selected, which is desirable for consuming the fruit in
natura.

For the path analysis, the number of conditions
for diagnosing the degree of multicollinearity in the path
analysis among the independent variables presented
values above the recommended (NC=5045.82)
for the data set. According to Belsley et al. (1980),
multicollinearity is considered severe when conditions
exceed 1000. Therefore, crest regression (path analysis
under multicollinearity) was used to circumvent the
effects of multicollinearity, adopting a value of k=0.11.
In the crest path analysis, a minor effect of the residual
variable (0.43) and a higher coefficient of determination
(R2: 0.82) were observed, proving to be more efficient in
minimizing the effects of multicollinearity and explaining
the model for the character effects on the base variable.

The path analysis (Table 4) observed that the

characters’ number of fruits and weight presented high
and positive direct effects, with the primary variable
(total productivity, PROD). This relation is in agreement
with the high values of simple linear correlation between
these characters, already displayed in table 3.

According to Carvalho et al. (2004), determining
which variables present more significant correlations with
the primary variable is of fundamental importance. In
addition, due to their easy measurement, these variables
are good predictors, thus promoting the selection of
populations with more significant numbers or weight
of fruits and obtaining genetic gains through indirect
selection for productivity or fruits of better quality. Soares
et al. (2017) found similar results in pepper, with a direct
correlation of 0.98 and a direct value of 0.36. Maga et
al. (2013) found a direct positive effect on the number of
fruits per plant (0.91) and fruit weight (0.28). Lucio et al.
(2013) also reported that the number of fruits traits had a
more significant direct effect on the tofal weight of sour
passion fruit than total soluble solids, fruit weight, length
and diameter, skin thickness, and pulp yield.

As observed in the path analysis, the evaluation
of Pearson’s correlation coefficients between these two
characters showed a significant correlation. However,
the simultaneous selection of both would lead to the error
of their use. This error confirms the limitation of the linear
correlation coefficient since its decomposition presented
a high negative indirect effect between the number
of fruits and fruit weight, which can cause difficulty in
increasing productivity and obtaining fruits that meet
export standards. On the other hand, it is possible to select
fruits with greater weight without affecting productivity
(Wright, 1921; Cruz et al., 2012). Therefore, the number of
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fruits, an essential production component, resulted in a  and pleiotropic effects, conferring high phenotypic
negative correlation (-0.20) and a low direct effect onthe  plasticity because of the influence of the environment
primary variable. According to Pandya et al. (2016), this  on this frait and the low heritability of one of the fraits
result is justified due to the presence of dominant genes  evaluated.

Table 4: The phenotypic direct and indirect effect of the explanatory independent variables pH, total titratable (TTA),
maturation index (M), amount of soluble solids in Brixo grade (TSS), number of flowers per plant (NOF), number of fruits per
plant (NFR), fruit weight (FWB), on the primary dependent variable (PROD) Lages-SC, 2022.

Variables Effects Path Coefficient
Direct effect on PROD -0.073
Indirect effect via Ml -0.029
Indirect effect via TTA 0.003
oH Indirect effect via TSS 0.058
Indirect effect via NOF 0.005
Indirect effect via NFR -0.376
Indirect effect via FWB 0.094
Total -0.325
Direct effect on PROD -0.058
Indirect effect via pH -0.036
Indirect effect via TTA -0.006
M Indirect effect via TSS 0.068
Indirect effect via NOF -0.007
Indirect effect via NFR -0.154
Indirect effect via FWB -0.188
Total -0.387
Direct effect on PROD 0.026
Indirect effect via pH -0.008
Indirect effect via Ml 0.013
A Indirect effect via TSS 0.056
Indirect effect via NOF 0.001
Indirect effect via NFR 0.286
Indirect effect via FWB -0.003
Total 0.374
Direct effect on PROD 0.102
Indirect effect via pH -0.042
Indirect effect via Ml -0.039
TSS Indirect effect via TTA 0.014
Indirect effect via NOF -0.006
Indirect effect via NFR 0,050
Indirect effect via FWB -0.141
Total -0.051
Direct effect on PROD -0.018
Indirect effect via pH 0.021
Indirect effect via Ml -0.023
NOF Indirect effect via TTA -0.001
Indirect effect via TSS 0.033
Indirect effect via NFR -0.040
Indirect effect via FWB -0.172
Total -0.203
Direct effect on PROD 0.841
Indirect effect via pH 0.032
Indirect effect via Ml 0.011
Indirect effect via TA 0.009
NFR Indirect effect via TSS 0.006
Indirect effect via NOF 0.001
Indirect effect via FWB -0.347
Total 0.643
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Continue ...
Direct effect on PROD 0.685
Indirect effect via pH -0.010
Indirect effect via Ml 0.016
EWB Indirect effect via TTA 0.000
Indirect effect via TSS -0.021
Indirect effect via NOF 0.005
Indirect effect via NFR -0.425
Total 0.323
R? 0.82
K VALUE USED IN ANALYSIS 0.11
EFFECT OF THE RESIDUAL VARIABLE 0.43

According to Montardo et al. (2003), the reason
for the low correlation between the number of fruits
character and the primary variable can also be explained
by the occurrence of the restricted genetic base since
this type of analysis seeks to identify a possible association
in the variation of the characteristics under study. Fruit size
is perhaps more related to productivity than the number
of leaves (Garcia-arias et al., 2018). In addition, the
indeterminate habit can also contribute to the production
of a high number of flowers, and there can be a high rate
of abortion due to the source-drain relationship. In this
way, the translocation of photoassimilates to fruits and not
to flowers occur when competition for photoassimilates
is high. Thus, not representing the effectiveness of this
character on the primary variable, these values were
found in soybean, canola, jabuticaba, and papaya
(Salla et al., 2015; Ferreira et al., 2012; Oliveira et al., 2010;
Araujo et al., 2007).

Another observation was that in addition to the
associatfions with fruit weight and the number of fruits,
there were other direct positive correlations between the
characteristics evaluated with the main character. For
example, fotal soluble solid presented a positive direct
effect (0.10). However, the total correlation was negative
(-0.05), indicating that indirect
effects caused the association. On the other hand, the

and low magnitude

direct effect of total titratable acidity presented a higher
association (0.37) and low magnitude (0.03) for the direct
effects. Thus, indirect effects are also responsible for the
lack of correlation. Thus, the best strategy for total soluble
solids and total fitratable acidity fo provide good gains
in the primary variable is the simultaneous selection of
variables, emphasizing those whose indirect effects are
significant.

On the other hand, there are positive correlations
of indirect effects between total soluble solids, total
fitratable acidity, and some variables. These values
corroborate Pearson’s correlation analysis demonstrating
that genotypes with greatfer balance in fruit flavor can
be selected. Total soluble solids were the character

that presented results for the most significant number of
variables regarding the adverse indirect effects. Carvalho
et al. (2004); Coimbra et al. (2005) highlight that when a
character correlates in a fruncated way, that is, it has
positive indirect effects with some variables and adverse
effects with others, as observed in the case of total
soluble solids, there is an indication to be extra careful,
because, when selecting this character, it may provoke
undesirable changes in other quantitative characters of
interest.

Nevertheless, the literature has many studies
showing that generally, with increasing productivity,
there is a tendency in fruit trees to reduce fruit quality
because it is easy to obtain an increase in carbohydrates
than other elements due to lower energy expenditure
(De Almeida et al., 2018; Taiz & Zeiger, 2017). The other
characters did not present direct and indirect effects
with that,
physalis breeding process, the selection should occur by
character, independent of the other characters. This fact
of independence between the characters is essential

inferesting magnitudes, indicating in @

for the breeder, as it is possible to obtain simultaneous
genetic gains on important productive characters or
obtain an increase for a given character without altering
the others.

Although authors deftermined the importance
of the analysis fo accelerate and facilitate the selection
of genotypes through the morphological characteristics
of the evaluated fruits, other characteristics must also
be analyzed, such as fruit dimensions, seed number per
fruit, the thickness of the fruit peel which are defining
characteristics for the primary variable (total productivity)
(Garcia-Arias et al., 2018). This need is due to the existing
possibility of several unknown indirect effects that mask
the effect of essential characteristics in the expression of
the primary variable.

Conclusions
Physalis mutant populations of show variability
for qualitative and not for quantitative components.
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The number of fruits presented the most significant
importance as the primary variable, while the number
of flowers presented negative results. Crosses between
contrasting populations, followed by selection, can help
the breeders’ selection of genotypes with more balanced
flavor fruits with higher acidity and total solids values.
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RESUMO: O cultivo de feijdo apresenta elevada relevancia em ambito nacional. Além do rendimento de grios,
demais caracteres agrondmicos associados sio importantes na defini¢do do potencial produtivo de um cultivar.
Desse modo, o objetivo do trabalho foi avaliar a associagdo de caracteristicas da qualidade de sementes com o
rendimento de graos em cultivares de feijao. Os experimentos foram executados em delineamento inteiramente
casualizado e blocos ao acaso, ambos com quatro repeti¢cbes, utilizando dez cultivares de feijao. As
caracteristicas avaliadas foram: rendimento de gridos (kg ha'), nimero de plantulas normais e anormais,
comprimento de plantula (cm), comprimento de raiz (cm), comprimento de parte aérea (cm), massa fresca e
seca de plantulas (g), e de massa fresca e seca cotilédones (g). A andlise de componentes principais captou uma
variacdo percentual nos dois eixos iniciais de 67,40 para variaveis, e 99,15 para os cultivares. As varidveis
rendimento de grios, massa seca de cotilédones e massa fresca de cotilédones relacionaram-se positivamente,
com forte associagio. A variavel com maior contribui¢io para a discrimina¢io dos cultivares foi o rendimento
de grios. O comprimento de plantulas, plintulas anormais e plantulas normais apresentaram menores
contribui¢ées e podem ser utilizadas complementarmente na discriminacdo de gendtipos.

Palavras-chave: Phaseolus vulgaris 1..; Potencial produtivo; PCA.

Association between seed quality traits and grain yield in bean cultivars

ABSTRACT: The bean cultivation is highly relevant nationally. In addition to the grain yield trait, many
agronomic characters are important in defining the productive potential of a bean cultivar. Thus, the objective
of this work was to evaluate the association of characteristics of seed quality with grain yield in bean cultivars.
The experiments were carried out in a completely randomized design and randomized blocks, both with four
replications, using ten bean cultivars. The evaluated traits were grain yield (kg ha!), number of normal and
abnormal seedlings, seedling length (cm), root length (cm), shoot length (cm), fresh and dry seedling mass (g)
and cotyledon fresh dry mass (g). The principal component analysis captured a percentage change in the two
initial axes of 67.40 for variables, and 99.15 for cultivars. The variables grain yield, cotyledon dry mass and
cotyledon fresh mass were positively related, with a strong association. The variable with the greatest
contribution to the discrimination of cultivars was grain yield. The seedling length, abnormal seedlings and
normal seedlings showed less contributions, and can be used complementarily to discriminate genotypes.
Keywords: Phaseolus vulgaris L.; Productive potential; PCA.
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1. INTRODUCAO

O cultivo de feijao (Phaseolus vulgaris1..), apresenta elevada
importancia principalmente na América do Sul e no
continente Africano. Essa leguminosa tem seu consumo
vinculado a excelente qualidade proteica presente em seus
grios. Em razio desse teor proteico e demais efeitos
benéficos ao ser humano, o feijao é considerado um alimento
funcional (CAROVIC-STANKO et al., 2017). Com base
nessas caracteristicas o brasileiro consome em média 17 a 20
kg de feijdo por habitante no ano (SOUZA; WANDER,
2014).

Atualmente essa cultura é cultivada em até trés safras,
com sistemas de producdo diversificados. Esses sistemas
englobam desde o cultivo em pequena escala (com indole
inteiramente familiar), até sistemas altamente tecnificados
(com uso de agricultura de precisio e irrigacao), praticado
preponderantemente no cultivo de terceira safra (SOUZA;

WANDER, 2014). Para atender as necessidades produtivas e
de consumidores, torna-se essencial o desenvolvimento de
cultivares de feijao melhoradas geneticamente. Contudo, em
muitas situacbes o maximo potencial produtivo de um
cultivar nao é obtido. Este fato deriva da expressio fenotipica
das principais caracteristicas de interesse agronémico serem
governadas por muitos genes e consequentemente sofrerem
uma forte influéncia do ambiente. De modo geral, o valor
fenotipico é advindo de um efeito genético intrinseco ao
cultivar, somado a um efeito ambiental e da interacdo
genodtipo ambiente (ALLARD, 1971). Com isso, visando
altos niveis produtivos, ¢ crucial a escolha de um cultivar que
demonstre boa produtividade e adaptacdo aos distintos
ambientes de cultivo.

Geralmente  cultivares com alta  produtividade
apresentam elevada expressao fenotipica de caracteres
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adaptativos, como: i) nimero de racemos com legumes por
planta; ii) nimero de legumes por planta; iii) nimero de
sementes por legume e iv) altura de inser¢do do primeiro
legume, descritos por IPGRI (2001). Contudo, objetivando
altas produtividades na cultura é necessario conjuntamente a
esses caracteres, visar uma implantacio da lavoura adequada,
com um estante correto de plantas e um fechamento rapido
de entrelinhas. Este fato, pode diminuir a competi¢do de
plantas daninhas com a cultura e favorecer os tratos culturais.
Com essa finalidade, a utilizacio de sementes de alta
qualidade pode ser um diferencial no cultivo, principalmente
quando a implantacdio da lavoura ocorre em ambientes
submetidos a condi¢oes nao ideais, como estresse hidrico ou
nutricional (DORR et al., 2017; PINHEIRO et al., 2019).

No entanto, o cenario nacional de producio de feijao,
apresenta baixa utilizagdio de sementes certificadas dos
cultivares melhorados (BERTOLIN et al., 2011). Neste
sentido, a realiza¢do das analises de sementes para diferentes
caracteres em ambito laboratortial, conjuntamente a avaliacdo
de rendimento de grios a campo, € essencial para estabelecer
relaces entre estas caracteristicas na cultura do feijao. Assim,
o objetivo do trabalho foi verificar a associacio de
caracterfsticas da qualidade de sementes com o rendimento
de griaos em cultivares de feijao.

2. MATERIAL E METODOS

O trabalho foi composto por dez tratamentos
correspondentes as cultivares comerciais de feijao, BRS
Campeiro®, BRS Esplendot®, BRS Esteio®, BRS Perola®,
TAC Imperador®, IPR Campos Gerais®, IPR Tuiuiu®, IPR
Uirapuru®, SCS204 Predileto®, SCS205 Riqueza®. As
vatidveis avaliadas foram: rendimento de grios (kg ha'),
nimero de plantulas normais, nimero de plantulas anormais,
comprimento de plantula (cm), comprimento de raiz (cm),
comprimento de parte aérea (cm), massa fresca de plantulas
(g), massa fresca de cotilédones (g), massa seca de plantulas
(2) e massa seca de cotilédones (g). A variavel rendimento de
grios foi avaliada no municipio de Lages. O solo da 4rea em
questdo ¢ classificado como Cambissolo Himico Aluminico
Léptico, com horizonte A moderado, textura argilosa e relevo
ondulado.

O delineamento experimental utilizado no ensaio a
campo foi o de blocos ao acaso com quatro repeticoes. A
unidade experimental foi composta por quatro linhas de
quatro metros, com espacamento uniforme entre linhas de
0,45 m. A densidade de semeadura foi de 15 sementes por
metro linear, com populacio final de 200.000 plantas ha!. A
area util de cada unidade experimental foi composta por duas
linhas centrais, excluindo as duas externas, visando minimizar
os efeitos de bordadura. As aduba¢ées de semeadura e de
cobertura foram realizadas com base na confeccio e
interpretagdio de andlise de solo, observando-se as
recomendagdes técnicas pata cultura (CQFS-RS/SC, 2016).

As analises fisiologicas da qualidade de sementes foram
realizadas utilizando delineamento inteiramente casualizado.
O nimero de plantulas normais foi determinado com quatro
subamostras de 50 sementes por tratamento, acondicionadas
em rolos de papel Germitest®, umedecidos com agua
destilada e deionizada a uma equivaléncia de 2,5 vezes seu
peso seco. Os rolos de papel foram mantidos em incubadora
BOD (Demanda Bioquimica de Oxigénio), regulada a
temperatura de 25°C, com fotoperiodo de 12 horas. As
contagens foram realizadas no quinto e nono dia apés inicio

Nativa, Sinop, v. 9, n. 2, p. 209-214, mar./abr. 2021.

do experimento. Conjuntamente a variavel plantulas normais,
determinou-se a quantidade de plantulas anormais, seguindo
padroes das Regras de Analises de Sementes (BRASIL, 2009).

Para a determinacio do comprimento de plantulas
também foram utilizadas quatro sub-amostras, com 20
sementes, dispostas sobre duas linhas tracadas no terco
supetior do papel Germitest®, no sentido longitudinal,
umedecido com 2,5 vezes o peso seco com agua destilada e
deionizada. Os rolos confeccionados foram mantidos na
vertical, em BOD regulada a temperatura de 25°C, com
fotoperiodo alternado de 12 horas, por cinco dias.
Posteriormente, com auxilio de um paquimetro determinou-
se o comprimento (cm) de 10 plantulas, obtidas ao acaso
INAKAGAWA, 1994). O comprimento de raiz (cm) foi
obtido paralelamente ao de plantula, sendo mensurado a
partit da insercio do sistema radicular na plantula. O
comprimento da parte aérea (cm), foi obtido por diferenca
entre o comprimento de raiz e comprimento de plantula.

A massa fresca de plantulas e cotilédones foi estabelecida
postetiormente as determinacoes de comprimentos. As 10
plantulas de cada subamostra foram retiradas do substrato,
os cotilédones foram separados de eixos embrionarios,
ambos sendo pesados. As plantulas e cotilédones foram
submetidos a secagem em estufa com circulagdo de ar
forcado, regulada a 80°C, durante 24 horas. Apds este
periodo, foi determinada a matéria seca total das 10 plantulas
normais de cada repeti¢io. A massa obtida foi dividida pelo
numero de plantulas utilizadas, resultando na massa média de
matéria seca por plantula, em gramas NAKAGAWA, 1994).

As informacbes coletadas foram submetidas a
transformagdo dos dados, visto a grande diferenca na
magnitude das escalas ordinarias. Essa etapa foi realizada
extraindo o logaritmo normal da base de dados, com
finalidade de evitar superestimativas ou subestimar o peso de
uma varidvel estudada, por questdes relacionadas as
diferencas de escala de medida. Posteriormente foi realizada
a andlise multivariada, das dez variaveis respostas e dos dez
cultivares. A analise dos componentes principais foi calculada
por meio da matriz n x p, para as quais “n” é o nimero de
variaveis (variaveis=10) e “p” sdo as quatro repeticdes dos 10

[IPe L)

genotipos; posteriormente transpondo a matriz, com “n
sendo gendtipos e “p” variaveis.

Com as matrizes de correlacio foram calculados os
autovalores (valores representativos da variabilidade retida
por cada novo componente) e autovetores (combinacio
linear dos pardmetros avaliados), sendo aplicados aos graficos
de duas dimensées (biplots). Todos os procedimentos foram
realizados utilizando o software R (R CORE TEAM, 2018),
com base no pacote ‘MVar.pt’ versio 2.1.2 (OSSANI &
CIRRILO, 2020).

3. RESULTADOS

A analise de componentes principais (PCA) foi utilizada
para determinar as associagbes das varidveis analisadas e
cultivares. Para as variaveis, os dois componentes principais
acumulam uma porcentagem da variag¢ao de 67,40%. O CP1
apresentou 41,19% de variagdo explicada entre as variaveis,
enquanto o CP2 26,21%, ocorrendo uma redugio percentual
de 14,98% de variacdo explicada. Na relagdo entre cultivares
os dois componentes iniciais acumulam cerca de 99,15% da
variancia, com o CP1 retendo grande variagdo (98,78%) e
CP2 apenas 0,37% (Tabela 1).
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Tabela 1. Componentes principais obtidos com andlise de dez
varidveis em dez cultivares de feijaio, com as respectivas
porcentagens de variagdo explicada (P.V.E) e acumulada (P.V.A)
para os dez componentes.

Table 1. Main components obtained with analysis of ten variables
in ten bean cultivars, with the respective percentage of explained
(P.V.E) and accumulated (P.V.A) variation for the ten components.

————— Variaveis ----- -—-- Cultivares -----
Componentes P.V.E. P.V.E. P.V.E. P.V.E.
(%) (%) (%) (%)
CP1 41,19 41,19 98,78 98,78
CP2 26,21 67,40 0,37 99,15
CP3 12,62 80,02 0,26 99,42
CP4 11,43 91,45 0,20 99,62
CP5 4,47 95,93 0,12 99,75
CPo6 2,15 98,08 0,08 99,83
CP7 1,05 99,14 0,05 99,89
CP8 0,49 99,63 0,03 99,93
CP9 0,34 99,98 0,03 99,97
CP10 0,02 100 0,02 100

Para a representacio da analise dos componentes
principais utilizou-se o grafico de duas dimensoes (biplot). A
projecdo nos resultados dos componentes principais com
CP1 e CP2 (Figura 1), identificou correlagGes positivas entre
as variaveis, formando um agrupamento entre comprimento
de plantulas (CP), comprimento raiz (CPR), comprimento de
parte aérea (CPA), massa fresca de plantulas (MEFP) e massa

10

Segunda coordenada (26,21

0.0

=10

seca de plantulas (MSP). A associagdo observada por estas
varidveis é  compreensivel, pois apresentam um
desenvolvimento conjunto no momento de formacio de
plantulas. No entanto estas varidveis nao apresentaram
associa¢ao com o rendimento de graios (REND), numero de
plantulas normais (PN) e plantulas anormais (PA). As
vatidveis rendimento de grios (REND), massa seca de
cotilédone (MSC) e massa fresca de cotilédone (MFC)
relacionaram-se positivamente, com forte associagdao (Figura
1.

A analise dos componentes principais (Figura 2), com
cultivares corroborando para os vetores, indicam dois
agrupamentos principais. Os cultivares Campos Gerais
(Campos), e Imperador apresentam uma dissimilaridade dos
demais, baseado nas variaveis levadas em consideracio. De
maneira geral, como um todo os cultivares, apresentam forte
associacdo com a variavel rendimento de grios, indicando
uma maior contribuicio desta no momento na plotagem dos
auto vetores. Além da varidvel rendimento de grios, o
comprimento de plantulas (CP), plantulas anormais (PA) e
plantulas normais (PN) contribufram em menor escala para a
discriminag¢io dos cultivares avaliados (Figura 2). Conforme
observado nos biplots (Figuras 1 e 2), é possivel o descarte
categorico de algumas variaveis visando a discriminacdo dos
gendtipos em estudo (MFC, MSC, MSP MFP, CPR e CPA).
Este fato é decorrente destas apresentarem pouca ou
nenhuma contribuigdao para a discriminagdo dos genétipos
avaliados.

Primeira coordenada (41 19%)

Figura 1. Representacio (Biplot) da analise de componentes principais, valotizando as variaveis comprimento de plantula (CP), massa seca
de plantula (MSP), massa seca de cotilédone (MSC), comprimento de parte aérea (CPA), plantulas normais (PN), Rendimento (REND),
parte aérea (PA), massa fresca de plantula (MFP), comprimento raiz (CPR) e massa fresca de cotilédone (MFC), em funcio das primeiras e

segundas coordenadas dos eixos.

Figure 1. Representation (Biplot) of the principal component analysis, valuing the variables seedling length (CP), seedling dry mass (MSP),
cotyledon dry mass (MSC), shoot length (CPA), normal seedlings (PN), Yield (REND), aerial part (PA), fresh seedling mass (MFP), root
length (CPR) and fresh cotyledon mass (MFC), depending on the first and second axes coordinates.

4. DISCUSSAO

Conforme observado no trabalho, os autores Tobat-
Tosse et al. (2014) também destacam que os dois
componentes principais foram adequados para explicar a
variancia contidas nas variaveis consideradas. De acordo com
Cruz; Regazzi (1994), um dos objetivos do uso dos
componentes principais em estudo sobre a divergéncia
genética ¢ avaliar a dissimilaridade dos genétipos em graficos

de dispersao, com a utilizagdo dos primeiros componentes
como eixos de referéncia. Este procedimento ¢ satisfatério
quando os dois primeiros componentes utilizados como eixo
do sistema cartesiano representam uma fragdo consideravel
da variacdo total, normalmente citada como acima de 70 a
80%.

De modo geral a PCA busca explicar a estrutura das
variancias e covariancias por meio de combinagGes lineares
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das variaveis originais, visando um agrupamento destas, pois
a relagdo destas varidveis apresenta extrema relevincia no
campo de pesquisa biolégica. Desse modo, justifica-se a
linearizacdo das variaveis, extraindo-se o logaritmo base 10
destas, em razdo da diferenca de escalas, por exemplo: i)
rendimento em kg ha’l; ii) plantulas normais expressas em
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porcentagem; iii) massas em gramas (g). As maiores
porcentagens de variancia observadas nos primeiros eixos
sdo advindas da independéncia das combinacoes lineares,
consequentemente os eixos iniciais captam propor¢oes com
malor relevancia, em comparacio aos eiXos sucessivos

(CRUZ, 1990).
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Figura 2. Representacio (Biplot) da analise de componentes principais valorizando os cultivares, na primeira e segunda coordenada, com
base nas variaveis: comprimento de plantula (CP), massa seca de plantula (MSP), massa seca de cotilédone (MSC), comprimento de parte
aérea (CPA), plantulas normais (PN), Rendimento (REND), parte aérea (PA), massa fresca de plantula (MFP), comprimento raiz (CPR) e

massa fresca de cotilédone (MFC).

Figure 2. Representation (Biplot) of the principal component analysis valuing the cultivars, in the first and second coordinates, based on
the variables: seedling length (CP), seedling dry mass (MSP), cotyledon dry mass (MSC), part length aerial (CPA), normal seedlings (PN),
Yield (REND), aerial part (PA), fresh seedling mass (MFP), root length (CPR) and fresh cotyledon mass (MFC).

A falta de relagdo entre as varidveis de qualidade de
sementes e rendimento de graos possivelmente esta associada
a caracteristica intrinseca dos testes utilizados. Estes visam a
determinagao da qualidade de sementes de forma indireta,
visto que proporcionam condi¢des favoraveis ao crescimento
e desenvolvimento de sementes (BARBOSA et al., 2012;
DOS SANTOS et al., 2019). Tais condi¢oes resultam em uma
situagdo distinta a qual as sementes geralmente sio
submetidas a campo. Visando contornar essas condi¢oes,
alguns testes diretos sido utilizados na corre¢do destes
equivocos, como envelhecimento acelerado. Este teste busca
simular nas sementes um periodo de armazenamento, onde
se tem alta temperatura e alta umidade relativa, fazendo com
que as sementes menos vigorosas sintam mais as condi¢oes
adversas ofertadas e nio condi¢coes adversas observadas a
campo.

Dessa forma, uma melhor predicio da qualidade das
sementes a serem utilizadas na implantacao da lavoura pode
ser obtida com a utilizagio de testes de vigor adequados
(MARCOS FILHO, 2015). Considerado crucial para o
desenvolvimento das plantulas em condi¢oes adversas, o
vigor das sementes em detrimento da qualidade fisiologica
tem uma ampla discussio na literatura. Essa caracteristica
pode afetar o estabelecimento inicial das lavouras, influindo
consideravelmente no acimulo de matéria seca inicial das
plantulas. Contudo este efeito tende a ser reduzido, com a
evolugio dos estadios fenolégicos das culturas, praticamente
desaparecendo no instante final.

Os autores TeKrony et al. (1989) e Khah et al. (1989),
definem que as vantagens iniciais obtidas com a qualidade das
sementes, apresenta reducio quando ¢ levado em
consideracdo a competicdo entre plantas. Assim com os
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sucessivos estadios de crescimento e desenvolvimento, essa
interferéncia obtida inicialmente, fica mais dependente das
relagbes da interagdo gendtipo x ambiente, tornando as
plantas assim, independentes da qualidade fisiologica das
sementes. Ressalta-se que este fato tem restri¢io as condicoes
de cultivo, quando levado em consideracio situacoes que nio
ha reducido do estande de plantulas, esta associacio de
qualidade de sementes e rendimento é nula (MARCOS
FILHO, 1999).

Outro fato relevante, como foi comentado acima e
demonstrado na Figura 2, um maior rendimento de graos
nem sempre vem associado a melhor qualidade fisiologica de
sementes, pois como a maioria dos cultivates comerciais
cultivados apresentam habito de crescimento do tipo 2 ou 3
(sendo a maioria intermedidrio entre esses) e quando estes
apresentam um bom desenvolvimento tendem mais para o
tipo 3, prostrando suas vagens no solo e assim diminuindo a
qualidade da semente colhida.

As associa¢des das variaveis rendimento de graos, massa
seca de cotilédone e massa fresca de cotilédone podem ter
como base o contetdo de reservas dos cotilédones a serem
utilizados para a formacio de plantulas, através dos
mecanismos bioquimicos que atuam no processo de
formacdo destas. Pois, conjuntos de enzimas como
“Amilases” e “Fitases” hidrolisam os componentes de
reservas  “amido” e “fitato”, presentes nos tecidos
cotiledonares. Essa hidrolise é complementada com a
translocagdo destas substincias para o eixo de crescimento
das plantulas. Quando bem fundamentado esse processo, e
com baixa atividade de espécies reativas de oxigénio
acumuladas pelo estresse oxidativo, resultante do processo de
respiracio e condicbes adversas, a capacidade de um
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estabelecimento rapido e uniforme das plantas é consolidada
(MARCOS FILHO, 2015).

Como ja explanado, quando no momento de implantagdo
da cultura, as condi¢des de ambiente forem favoraveis, (sem
adversidades, como estresse hidrico, baixas ou altas
temperaturas), a produtividade de grios consequentemente
tem baixa associa¢do as métricas de qualidade de sementes,
exceto germinagdo, visto esta ser fundamental para a
populagao desejada de plantas. Em complemento, quando as
condi¢bes na implantacio da lavoura forem desfavoraveis, a
utilizagdo de genétipos melhorados, levando em
consideracdo essas caracteristicas, podem apresentar grande
relevincia no cenario produtivo nacional (MAMBRIN et al.,
2015). Com isso, atualmente a pesquisa tem dedicado
esforcos para desenvolver e identificar cultivares com maior
tolerancia aos estresses abiéticos (TEXEIRA et al., 2008,
SUAREZ et al., 2020). Sendo assim, a avaliagio ampla de
caracteres para os estudos de divergéncia genética ¢
fundamental, na realizacdo de sereenings das caracteristicas
mais importantes para este fim, levando em consideragao o
potencial de impacto econémico nos sistemas de producio.

Para este fim, a técnica de andlise de componentes
principais vem sendo utilizada com frequéncia para a
caracterizagdo de bancos de germoplasma (RODRIGUES et
al., 2002; BARBIERI et al,, 2005). A frequente utilizacio ¢é
devido a mesma possibilitar a identificagao de caracteristicas
importantes a serem avaliadas por meio de estudos prévios
da caracterizacio e discriminacio da variabilidade existente
nos bancos de germoplasma, bem como na indicagao de
caracteres com maior relevincia com base nos objetivos do
programa (PEREIRA, 1989; SILVEIRA et al., 2019).

Conforme observado, a forte associagio dos cultivares
com a varidvel rendimento de grios e em menores
intensidades com comprimento de plantulas, plantulas
anormais e plantulas normais, demonstra maior relevancia
para estas caracteristicas. Possibilitando a identificacdo de
caracteres que demonstrem capacidade de representar a
vatiacio total obtida no conjunto de dados, com a finalidade
apresentada neste estudo. Neste sentido estudos entre esses
caracteres sao fundamentais, buscando compreender a
intercorrelagio destes, podendo colaborar para a manutengao
e expansio da produtividade desta cultura.

5. CONCLUSOES

As variaveis de qualidade de sementes, massa seca de
cotilédone e massa fresca de cotilédone apresentaram
associacdo ao rendimento de grios. A maior contribuicio a
variacdo dos cultivares foi obtida pelas variaveis rendimento
de grios, comprimento de plantulas, plintulas anormais e
plantulas normais.
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Abstract The presence of epistasis in complex
traits can be significant and affect the selection of
segregating populations undesirably. The purpose
of this study was to determine the epistatic genetic
components that influence root and shoot traits of
common bean and identify their effect on the perfor-
mance of segregating populations. The field experi-
ment consisted of 49 treatments (backcross progenies,
parents and segregating populations in the F, and F;
generations). The cross P;-BAF53 (Andean) X P,-IPR
88 Uirapuru (Mesoamerican) as reference. Six traits
were taken into consideration: root distribution (%),
first pod length (cm), number of grains (plot), plant
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height (cm), reproductive cycle (days) and number of
basal branches (plot). For root distribution, first pod
length and number of grains, the additive and addi-
tive X additive components were significant. On the
contrary, for plant height, reproductive cycle and
number of basal branches, no interaction component
was observed. These results can be explained by the
magnitude of variance determined for these traits.
The additive x additive epistasis had a negative influ-
ence on the mean performance of segregating prog-
enies. Contrariwise, transgressive segregation effects
on plant height were observed as a function of genetic
dominance deviation. Thus, additive X additive epista-
sis can hamper the success of a breeding program, for
being associated with low-variability traits. This fact
may be related with the number of crosses and/or the
choice of genetically more distant parents for the pro-
gram, and possibly with the presence of linked genes.

Keywords Phaseolus vulgaris L. - Gene pools -
Root - Gene interactions - Transgressive segregation -
Genetic models

Introduction

Common bean (Phaseolus vulgaris L., 2n=2x =22)
is doubtlessly the most important grain legume for
direct human consumption (Jiménez 2019). Wild
ancestors of the crop that inhabit a relatively narrow
ecological niche with soil and climate traits of its own
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(Central and South America) were domesticated. For
this reason, the crop is limited by a range of biotic
and abiotic restrictions in all cultivation environments
(Assefa et al. 2019). Most likely, genetic bottlenecks
caused by domestication further reduced the ability
to respond to some stresses, such as specific patho-
gens and drought (Bitocchi et al. 2013; Schmutz et al.
2014). Traditionally, wherever in the world common
bean has been cultivated, conditions were limiting
and agricultural inputs minimal. With this in mind, in
recent years, root-related traits have become a focus
of investigation in common bean breeding programs
(Burridge et al. 2016, 2019; Polania et al. 2017). If
these traits are not taken seriously enough in common
bean breeding, genotypes without phenotypic plastic-
ity will be developed, specifically for highly favorable
environments, which will result in crop failure under
stress conditions.

Breeding for a quantitative trait such as root dis-
tribution is based on the study of its variation, which
must be partitioned into components attributed to dif-
ferent causes (Falconer and Mackay 1996). Breeders
pay primary attention to heritable or genetic varia-
tions, which are characterized by differences in size,
shape, color or development, inherent to the genetic
constitution of the plants and transmitted to the prog-
enies (Poehlman 1979). This genotypic variation can
be broken down into: (1) Additive component: caused
by differences in the homozygote performance at each
locus; (2) Deviation caused by dominance: appears in
case of dominance in at least some of the loci; and
(3) Deviation caused by interaction: resulting from
the interaction between non-allelic genes (Vencovsky
and Barriga 1992; Falconer and Mackay 1996). Parti-
tioning the genotypic variation is extremely important
to understand the types of predominant gene action
in the control of a trait. Additive and dominant gene
actions are well known and their role in crop breed-
ing has been widely discussed (Bernardo 2002). On
the other hand, the implications of gene interaction
effects and possible applications in breeding are not
yet fully understood.

Epistasis is only briefly mentioned in breeding
books (Allard 1960; Fehr 1987), as the interaction of
alleles at different loci (Graner 1950; Holland 2001).
The term has caused some confusion between the def-
initions proposed by classical geneticists and breed-
ers, and was understood in this paper as “any form
of non-allelic interaction” (Phillips 1998). Although

@ Springer

epistasis usually represents only a minor fraction of
the genotypic value, it can, if significant: (1) be con-
verted into additive variance (under genetic drift or
inbreeding); (2) contribute to a temporary response
to selection, especially in allogamous species and (3)
give rise to populations with specific aptitudes for
certain locations or regions of cultivation (Holland
2001). In addition, theoretical bases and empirical
evidence have proven the contribution of epistasis to
inbreeding depression (Fu and Ritland 1996) and het-
erosis (Hill 1982). These findings and their implica-
tions are still fragmentary for common bean.

In general, the progress of breeding programs in
selecting progenies with a satisfactory root develop-
ment has been slow, since other, shoot-related traits
are prioritized (Tracy et al. 2020). For common bean,
the presence of transgressive segregants has been
reported as an exception rather than the rule (Toaldo
et al. 2013; de Melo et al. 2016; Grigolo et al. 2021).
Of the few progenies detected, a significant portion
was found to have an inferior performance to the par-
ents (Cerutti et al. 2020; Grigolo et al. 2021). A pos-
sible explanation for this pattern could be the pres-
ence of epistatic components that influence the trait.
Thus, this study hypothesized that: (1) The presence
of heterosis in the root trait is dependent on epista-
sis, with the absence of dominant X dominant interac-
tion being the cause of the non-expression of hybrid
vigor; (2) The crossing between different gene groups
in common bean does not reveal transgressive seg-
regation for root distribution due to the presence
of additive X additive epistatic interactions that are
undone during the process of directed hybridization
and (3) Significant epistatic effects can be detected
equally for root and shoot-related traits. The specific
objective was to: determine the epistatic components
that control the expression of root and shoot traits in
common bean, associating their presence or absence
with the performance of segregating populations.

Materials and methods

Genotypes and assessment site

The trait root distribution has been extensively eval-
uated in the field since more than a decade (more

precisely since 2009), by a methodology that meas-
ures root distribution in the soil profile as response
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variable (Rocha et al. 2010; Toaldo et al. 2013; de
Melo et al. 2016, 2018; Velho et al. 2018; Grigolo
et al. 2021). Based on the published results, the cross
P,-BAF53 X P,-IPR 88 Uirapuru was defined as study
object to detect the presence of epistasis for the said
trait, as well as for other agronomically characteris-
tics relevant for common bean breeding. The genetic
constitution represented in BAF53, an accession
of the Active Germplasm Bank of the University
of the State of Santa Catarina (UDESC), was origi-
nally identified in the county of Cunha Pora, Santa
Catarina. This accession with sulfur-colored beans
belongs to the Andean gene pool (phaseolin type T,
30.62% total protein), has a determinate growth habit
and a mean root distribution of 25%, while cultivar
IPR 88 Uirapuru was developed by the breeding pro-
gram of the Agronomic Institute of Parand (IAPAR)
and is widely cultivated in Brazil. It belongs to the
black bean commercial group, of the Mesoamerican
gene pool (phaseolin type S, 24% total protein), has
an indeterminate growth habit and mean root distri-
bution of 35%. In previous experiments, broad-sense
heritability for root distribution in the segregating
population F, of P;-BAF53 X P,-IPR 88 Uirapuru was
estimated at 23%.

The F, progenies (P;-BAF53xP,-IPR 88 Uirap-
uru) were obtained by flower bud emasculation and
artificial pollination. Subsequently, the F, progenies
were selfed to establish the F, progenies. Once the P,
P,, F, and F, populations were available, they were
crossed according to the half-sib backcross model
(Triple Test Cross—TTC). This mating scheme is an
extension of the method proposed by Comstock and
Robinson, which includes, in addition to the addi-
tivity and dominance estimates, an unbiased epista-
sis test (Comstock and Robinson 1952; Kearsey and
Jinks 1968). The design involves backcrosses of each
F, plant with three testers: P;XF, (backcross L)),
P,xF, (backcross L,) and F,XF, (backcross Lj).

Apart from the backcross progenies (45 treatments),
the genotypes P, P,, F, and F; were integrated in the
experiment, i.e., a total of 49 treatments. With the
inclusion of these genetic constitutions, the segregat-
ing could be compared with the fixed populations.

The experiment was carried out in the field in
the county of Lages (Santa Catarina, Brazil) from
December 2019 to March 2020 (Figure S1). The
treatments were randomized in a partially balanced
incomplete block design (7Xx7), with two replica-
tions. The experimental units consisted of two 1-m
rows. Two seeds per row were sown, i.e., four plants
per plot. The plant density (0.50x0.50 m spacing
between plants and rows) allowed maximum root
development of each bean plant, without physical
obstacles or barriers. In this way, the treatments were
comparable and the genetic components could be
determined.

Evaluated traits

Root distribution (%) was evaluated in the field during
full flowering (stage R;), by the excavation method
(Bohm 1979), with adaptations. The original method
is based on digging a profile in the soil beside the
plants, perpendicular to the sowing line, leaving the
plants in the soil. After opening the profile, the inside
is cleaned by removing excess soil between the roots.
The proposed modifications consisted of: (1) evalu-
ation of two rather than one plant per plot, and (2)
after cleaning the roots, insertion of a grid template
of the same size as the profile (0.50 m long, 0.30 m
deep), subdivided in 60 grid squares (0.05x0.05 m).
The entire grid frame was photographed and each of
the 60 squares was evaluated for presence or absence
of roots (1 or 0O, respectively), indicating the per-
centage of total roots per plant in the template space
((Z 1/60) *100). In addition to root distribution (RD)
shoot traits were evaluated described in Table 1.

Table 1 Traits evaluated in
the experiment

Trait Code Scale Collection period Observations

Root distribution RD % Full flowering (Ry) Two plants per plot
First pod length FPL cm Maturity (Rg) Total plants per plot
Number of grains NG count  Maturity (Rg) Total plants per plot
Plant height PH cm Maturity (Rg) Total plants per plot
Reproductive cycle RC days  Flowering to maturity (Rs-y)  Two plants per plot
Number of basal branches NBB  count Maturity (Ry) Total plants per plot

@ Springer
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Statistical analysis

Because of the experimental design of incomplete
blocks (each block represents only part of the treat-
ments), a combined intra-block analysis with recov-
ery of inter-block information became necessary (Lit-
tell et al. 2006). In addition, certain agronomic traits
such as root distribution, number of grains and repro-
ductive cycle were not normally distributed. Consid-
ering these two aspects, these traits were analyzed by
generalized mixed linear models, based on the follow-
ing statistical model: E[Yly] = g7 (XB + Zy). In this
model are expressed Y: is the observation vector; y:
the random effects vector; g‘l: inverse link function,
for each distribution used; X: the known incidence
matrix of the fixed effects vector (repetition and treat-
ment); B: fixed effects vector; Z: incidence matrix
of random effects (blocks). The linear predictor also
considered the error vectors between (experimental
error) and within (sampling error).

To test the genetic effects of interest (additive,
dominant and epistatic), predicted functions have
been proposed, also known as inference spaces
(McLean et al. 1991), using the command ESTI-
MATE. These inference spaces were established for
specific levels (narrow) of the random effect, due
to the need to recover information between blocks.
Considering the three types of established back-
crosses (L1, L2 and L3), the test for additive X addi-
tive epistasis was initially computed by the predicted
function L1+L2 —2L3, for all evaluated progenies (1
degree of freedom). The additive effect corresponded
to the linear combination L1+L2+L3 in the mean
of the progenies (1 degree of freedom), while the
dominance effects were obtained by the expression
L1i—L2i for each i-th progeny (14 degrees of free-
dom). Finally, the effects of additive X dominant and
dominant X dominant epistasis were estimated simul-
taneously, by means of an independent scale test
L1i+L2i—2 L3i for each i-th progeny (14 degrees of
freedom). These functions were calculated by equa-
tions proposed by Kearsey and Pooni (1996).

To associate the detected genetic components and
possible effects of transgressive segregation, the seg-
regating (F, and F;) were compared with the fixed
populations (P; and P,). Additionally, genetic mod-
els were tested by the least-squares method, whose
parameters are estimated by solving the matrix equa-
tion: ﬁ:(XIX)_lXIY, where: B is the vector of the

@ Springer

estimates of the genetic parameters and Y the matrix
of the observed values of each fixed or segregating
population.

The analyses were performed using SAS software
(SAS OnDemand for Academics) and the GLIM-
MIX and IML procedures. GLIMMIX was used to
analyze variance and partition the treatment effects
according to the mating scheme (Table S1). By this
procedure, the distribution of each response variable
was specified with the function DIST and the tests
and estimates of each genetic component were com-
puted using function ESTIMATE. In addition, the
means, standard errors and other descriptive meas-
ures for each treatment were estimated by function
LSMEANS with the specification of confidence inter-
vals (option CL). Function IML was used to test the
proposed genetic models. Vector Y (observed mean
values) was constructed from the original scale or
based on the means, defined by the linkage function,
according to the respective trait and its distribution.
Correlation graph was obtained in RStudio (R Core
Team 2022).

Results

Significant treatment effects were observed for all
traits, except for the reproductive cycle (p=0.2816)
(Table 2). This suggests that differences were
expressed in the genotypes derived from the cross
P,-BAF53 (Andean) X P,-IPR 88 Uirapuru (Mesoa-
merican), which may lead to an erroneous decision
in approximately one of every 10,000 repetitions of
this experiment, i.e., the reliability was very high.
This result could be expected since the parents were
chosen for their differences, with potential for genetic
variation. As the analysis attributed the errors from
the experimental units (plots) and the observation
units (plants) differently—a rather common situa-
tion in the early stages of breeding programs—any
detected variation can only be attributed to the pri-
mary treatment effects. In addition, variation was
highest for the treatment effect for plant height (mean
square), exponentiating the phenotypic differences
between these genotypes with regard to plant archi-
tecture (Table 2).

The detected variation can be partitioned into each
genetic component in order to understand the possible
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Table 2 Analysis of variance for the fixed treatment effect of the traits: root distribution (RD), first pod length (FPL), number of
grains (NG), plant height (PH), reproductive cycle (RC) and number of basal branches (NBB)

Trait Distribution Treatment effect
NDF' DDF* MS?# F value P>F

RD Poisson 44 82 0.05 3.65 0.0001
FPL Normal 43 146 8.90 3.66 0.0001
NG Lognormal 43 146 0.91 3.19 0.0001
PH Normal 43 146 1494.67 3.15 0.0001
RC Lognormal 43 82 0.02 1.16 0.2816
NBB Normal 43 146 6.56 3.12 0.0001

"Numerator degrees of freedom
*Denominator degrees of freedom

$Mean square

epistasis effects affecting each trait. Since common
bean is an authentic autogamous species, the genetic
effects of additive nature are of primary interest.
The trait root distribution had a significant effect for
both the additive genetic component (4.13) and addi-
tive X additive epistasis (1.12). These findings were
similar for the traits first pod length and number of
grains (Table 3). Therefore, a single additive-domi-
nant model is not reliable to generate data for these
three traits. Usually, the value of the additive compo-
nent is higher than that of the additive X additive com-
ponent. However, this was not confirmed for first pod
length, which can be attributed to an inaccurate esti-
mate of the additive component under epistasis. On
the contrary, no significant effects of additive X addi-
tive epistasis were observed on the traits plant height
(p=0.2339), reproductive cycle (p=0.3484) and
number of basal branches (p=0.6280) (Table 3).
For these traits, only allelic interaction was rele-
vant. These results may be associated with the vari-
ation of each trait within the fixed and segregating
populations.

Among all traits, a considerable range of varia-
tion was observed for plant height and number of
basal branches. For these characters, the coefficient
of variation oscillated from 21 to 79% and 22 to
29%, respectively (Table S2), and variance was also
considerable in the fixed and consequently the seg-
regating populations. For plant height for example,
the variances of parents P;-BAF53 and P,-IPR 88
Uirapuru were 465.75 and 322.16, respectively. These
were the highest and lowest observed values for this
trait and resulted in F, and F; progenies with equally

high variance. The identified variation was partly due
to the components of non-additive inheritance (domi-
nance, additive X dominant and dominant X dominant
epistasis). A negative and significant correlation was
identified between PH and NBB (p=0.0008). Taller
plants are determined by a smaller number of basal
branches (Fig. 1).

On the contrary, for the traits for which the addi-
tive X additive epistatic component was significant,
the coefficient of variation was only 12%, and vari-
ance was lower compared to the previous values. For
root distribution, the magnitude of variance of parents
and progenies was the same. The genetic constitu-
tions P;, P, and F, were part of the mating scheme
of this study, which helps to explain the presence or
absence of additive X additive epistasis for the differ-
ent studied traits. In this sense, the results showed
that for the traits for which additive X additive epi-
static effects were identified, variation was lower in
the parents and F, and F; progenies compared to the
other traits. Furthermore, in these traits the correla-
tions were low and non-significant, except between
NG and PH, with almost 70%. Naturally, taller plants
give rise to a greater number of grains (Fig. 1).

In addition to the variation resulting from the addi-
tive components of genetic variation, the remaining
part of the genotypic value (dominance deviations
and additive Xdominant and dominantXdominant
epistatic deviations) must be considered (Table 4).
Of the genotypic dominance deviations estimated for
each progeny, only two, with negative means (—0.5
and — 1), were significant for root distribution, while
two other deviations bordered the significance level

@ Springer
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Fig. 1 Estimate genetic correlations among traits of 49 com-
mon bean genotypes. Root distribution (RD), first pod length
(FPL), number of grains (NG), plant height (PH), reproductive
cycle (RC) and number of basal branches (NBB)

(data not shown). The predicted function by which
this component can be estimated for every i-th prog-
eny (L1,—L2,), computes a negative genetic differ-
ence between P,-BAF53 and P,-IPR 88 Uirapuru;
this may be related to alleles favorable for the trait
expression of the Mesoamerican parent. In addition
to dominance deviations, the number of significant

Table 4 Genetic dominance effects (dominance devia-
tions) and additive x dominant+dominant X dominant epista-
sis (ad+dd deviations) for the traits root distribution (RD),
first pod length (FPL), number of grains (NG), plant height

genetic deviations for additive X dominant and domi-
nant X dominant epistasis was highest of all traits for
root distribution (Table 4). Possibly, these deviations
were related to the differentiated performance of seg-
regating progenies for this trait.

For the other traits, different results were observed
regarding the remaining components of the genotypic
value. A greater expression of positive genetic devia-
tions was identified, as well as higher additive X dom-
inant and dominant X dominant epistasis deviations in
the traits first pod length and number of grains, com-
pared to the dominance deviations. On the contrary,
for the reproductive cycle, number of basal branches
and mainly for plant height, more dominance devia-
tions than non-additive epistasis deviations were
identified (Table 4).

The main genetic phenomena involved in plant
breeding are generally determined by the extent and
magnitude of these remaining components of geno-
typic value. A direct association of these components
with heterosis or inbreeding is not an easy task. Oth-
erwise, the genetic causes of heterosis could be elu-
cidated by an overall unifying theory, for example.
Therefore, any explanatory attempts of these effects
are mere speculations that must be interpreted with
caution. Comparisons of the parent means with F,
progenies detected no significance for root distribu-
tion (Table 4). The comparison with F; progenies

(PH), reproductive cycle (RC) and number of basal branches
(NBB). Comparisons between segregating populations in the
F, and F; generations versus the parent mean are indicated
(P,-BAF53+P,-IPR 88 Uirapuru)

Trait ¥ Dominance deviations * ad+dd deviations * Comparison
Number Magnitude Number Magnitude F, X parents F; X parents

RD 2 (=-) 4 (+++-) 0.1341 NS —-0.3106 o
FPL 1 (+) 3 +++) —-0.5417 NS —1.5790 o
NG 0 N/ATTTT 2 ++) 0.0516 NS 0.0565 NS
PH 2 ++) 1 (+) 21.1497 * 6.2409 NS
RC 1 (+) 0 N/A T 0.1854 * 0.1653 NS
NBB 1 (+) 2 +-) -0.7919 NS 0.1819 NS

"Distribution considered: RD (Poisson), FPL (Normal), NG (Lognormal), PH (Normal), RC (Lognormal) and NBB (Normal)

*Significant deviations by inference spaces, according to the TTC mating scheme. ¥ Positive values indicate progeny superiority and

negative values indicate parent superiority
1 Not applicable
*, *#*Significant at 5% and 1% probability by the t test

NSnot significant
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however found significant evidence, although the
result of this predicted function was a negative value,
indicating a poorer performance of the progenies
than the parents. The same performance pattern was
observed for first pod length, with a 2 cm longer
mean value of the parent than F; progenies. From
another angle, progenies with transgressive segre-
gation were observed for the traits plant height and
reproductive cycle; in other words, under predomi-
nant additive effects, certain progenies with specific
allelic combinations may have phenotypes that are
superior to the parents. For example, the F, progenies
were 21 cm taller than their parents. These results can
also be explained by the significant dominance devia-
tions observed for these traits (Table 4).

The mating schemes that can detect gene interac-
tions do not include genotypes to estimate transgres-
sive segregation (parents and F, and F; progenies).
Therefore, to illustrate the effect of genetic compo-
nents on this phenomenon of transgressive segrega-
tion, models were developed for two traits of this
study (root distribution and plant height), for which
the results were contrasting (Table 5). By least
square models, two matrices are established: the first
(X) defines the genetic parameters that control the
model and the second (Y) the means of each treat-
ment. Based on the results of Triple Test Cross analy-
sis for plant height, only the basic parameters of the
additive-dominant model were considered (mean—
m; homozygote deviation from the mean—a and
heterozygote deviation from the mean—d). For root
distribution, on the other hand, these three param-
eters were added plus the additive X additive epistatic
component—ad.

The genetic model proposed for the trait root
distribution was based on the classical genetic
definitions for two genes with two alleles, with
some reservations. The contrast or genetic distance
between the parents was not assumed to be 100%.
Consequently, in the F, generation, the contribu-
tion of heterozygous loci (parameter d) was only
0.25 instead of 0.5 (50% reduction in heterozygo-
sity). Finally, the presence of an additive X additive
epistatic component in the backcross progenies and
parents was suggested. In this way, the following
model for root distribution was established: 50.79—
3.75a+16.88d+22.04aa. This revealed that the
additive X additive epistatic component (estimated
at 22.04) in fact contributed to the phenotype of
root distribution (Table 5).

On the other hand, the genetic model proposed
for plant height took all basic premises into con-
sideration, from the total contrast between parents
to the composition of segregating populations with
positive contributions from heterozygote deviations
(d). The estimated model (55.34 +22.46a+ 30.15d)
revealed significant contributions from the addi-
tive (22.46) as well as the dominance component
(30.15), while the deviations from the observed
and estimated means were only due to chance (non-
significant deviation). In view of the magnitude of
the estimated dominance parameter and the absence
of additive X additive epistasis effects, transgressive
segregation effects on this trait seem likely.

Table 5 Analysis of variance (least-squares method) for the traits root distribution (RD) and plant height (PH) for significance tests

of fixed (P, and P,) and segregating genotypes (F,, F3, L;, L, and L;) of the cross P;-BAF53 x P,-IPR 88 Uirapuru

Trait Source of variation DF' Ss* Ms$ F value P>F

RD Model 3 943.27 314.42 2.95 0.0374
Deviation 41 6174.45 150.59 1.41 0.0923
Error 82 8735.99 106.53 - -

PH Model 2 4644.96 2322.48 4.88 0.0088
Deviation 41 9605.46 234.27 0.49 0.9951
Error 146 69,419.83 475.47 - -

"Degrees of freedom
£Sum of squares

$Mean square

@ Springer
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Discussion

The model of genetic components can be improved at
a progressive rate, as segregating plants are included,
regardless of the mating scheme. However, hybridiza-
tion between Andean and Mesoamerican genotypes
usually results in phenotypic abnormalities among the
descendants, e.g., infertility of F; hybrids or partial
sterility in segregating generations (Gepts and Bliss
1985). This peculiar feature substantially reduces the
amount of seeds produced per cross. In addition, the
Andean genotype (BAF53) was the female parent in
this study, further reducing the expectations of seed
production (due to the lower number of seeds per pod)
in both fixed (F,) and segregating (F,) generations.
Not only was the number of established progenies
low, but they were also highly sensitive to various
environmental factors when grown in the field. This
led to the death of a significant number of plants, thus
disturbing the balance of the experimental data. In
this research, due to the insufficient amount of seeds,
the F, populations were not planted either. However,
this progeny had been evaluated for the same traits in
the field in the previous two years (Cerutti et al. 2020;
Grigolo et al. 2021). In those experiments, 30 differ-
ent F, hybrid combinations as well as the F, proge-
nies and parents had been evaluated.

The trait root distribution has a certain phenotypic
plasticity that can be altered according to the envi-
ronmental conditions (Lanna et al. 2016). Among
the main root functions, water and nutrient uptake
are particularly important. Thus, under water stress,
the genotype tends to strike its roots deeper into the
soil than when the soil moisture conditions are opti-
mal, for example. The 49 treatments completed the
growth and development cycle irrigated by only
124.20 mm of cumulative rainfall in the four months
of the experiment (Figure S1). This level is almost
three times lower than the ideal amount for the crop
(300400 mm). Due to the trait expression (in terms
of root percentage) reported for this environmental
condition, the partitioning of the genetic components
may have been more refined than under favorable
environment conditions (well-distributed rainfall in
the field or a greenhouse experiment).

Previous experiments with autogamous plants
have shown the predominance of additive effects on
inheritance of root traits (Kashiwagi et al. 2008; de
Melo et al. 2016, 2018) and shoot traits (Toledo et al.

2000). Likewise, an additive X additive component was
detected in the genetic control of root length and root
dry weight for chickpea (Kashiwagi et al. 2008), as well
as for five root traits of common bean, in the cross of the
genotypes ICA Pijao X Ouro Negro (Aratjo et al. 2005).
Although both genotypes of the latter study belong to
the Mesoamerican group, they come from different
regions (Ouro Negro—Brazil, ICA Pijao—Colombia).

Other studies also reported epistasis in crosses
between parents from different gene pools. Similarly
to this study, in a cross of AndeanxMesoamerican
parents (BRS Radiante X Carioca-MG), the interac-
tions “additive xdominant and dominantXdomi-
nant” were significant for the traits number of pods
per plant and number of grains per plant. For grain
weight per plant, all types of epistasis were signifi-
cant, but the additive X additive component was more
relevant than the others (larger mean square) (Moreto
et al. 2012). Moreover, a previous study on the same
genetic constitution (BRS Radiante X Carioca-MG)
highlighted that the F,:F; and F,:F, progeny means
were reduced by 44.91% (grain yield, in g plot™!)
and 61.61% % (100-grain weight, in g) in relation to
the parent mean, when they contributed equally to
the mating (frequency=0.50) (Baldoni et al. 2008).
In other words, the epistatic component (especially
additive x additive) was detected in crosses involv-
ing parents from different gene pools, as reported in
this research. This component seems to be involved in
the progeny performance over the selfing generations,
with direct influence on plant selection in breeding
programs.

The occurrence of epistasis has been more fre-
quent in crosses between than within the gene pool
(Borel et al., 2016). In the above study, shoot traits
(yield and 100-grain weight) were evaluated, and
mainly additive X dominant and dominant X dominant
epistasis was detected. Bearing in mind that the Tri-
ple Test Cross (TTC) design was developed to detect
non-allelic interactions in genes for which the parents
differ (Kearsey and Jinks 1968), the identification of
epistatic components is to be expected in hybridiza-
tions between different pools.

Why does additive X additive epistasis occur in
certain traits but not in others?

The presence of additive and non-additive epistasis
is related to the genetic background in a given cross
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(Mather and Jinks 1971). If both parents maintain
alleles in their genome that interact predominantly
additively, additive x additive genetic interactions
may be identified in the progeny resulting from this
cross. Possibly, the alleles that control root distribu-
tion, first pod length and the number of grains of the
genotypes of this study interact additively. In addi-
tion, a proportion of genes involved in genetic control
may or may not be contrasting between parents, as for
example A'A! versus A'A! or A%A? versus AZA.

The descriptive measures estimated for each geno-
type (segregating and fixed) showed that for root dis-
tribution, first pod length and number of grains, the
variation was relatively low compared to plant height,
for example. This suggests that no additive X addi-
tive epistasis affected the traits with lower variation
(both between parents and between progenies). This
hypothesis would however not explain the result for
the reproductive cycle, for which no additive X addi-
tive epistasis was detected, but considerable variation
between genotypes. In this situation, this was the only
trait for which no significant variation between treat-
ments was observed. In addition, the climatic condi-
tions during the experiment, above all precipitation,
may have influenced the reduction in days from flow-
ering to harvest in all genotypes (Figure S1).

The genetic model test confirmed the presence of
the additive X additive component for root distribu-
tion. Furthermore, the model detected overestimation
of the dominance component (16.88) to the detriment
of the additive component (—3.75). When the least
square method is used, additive effects are expected
to predominate, except in the case of epistasis,
genetic linkage or overdominance (Bernardo 2002).
As common bean is an authentic autogamous plant,
overdominance as a possible cause can be ruled out.
On the other hand, in traits controlled by many genes,
the occurrence of genetic linkage is to be expected. In
this case, especially if linkage occurs in the repulsion
phase, the dominance component tends to be overesti-
mated (Kearsey and Pooni 1996). Thus, the presence
of epistasis and a possible linkage disequilibrium
may have caused the dominance deviations detected
for root distribution. In future studies the model can
be improved with the use of relationship matrix from
markers.

The predominance of additivity in comparison
with dominance, in the genetic control of traits of
agronomic importance in autogamous crops is widely

@ Springer

known. The main autogamous crops grown are a mix-
ture of pure lines that accumulate genes in homozy-
gous form. Thus, additive variance is the main com-
ponent of genetic variation, accounting for around
60-90% for most traits.

Is there any relationship between additive X additive
epistasis and the mean progeny performance?

Commonly, the mean performance of progenies
derived from crosses is compared to the mean parent
performance. When additive inheritance is predomi-
nant for a trait, transgressive performance of these
superior progenies is expected. On the other hand,
progenies may also have a superior performance in
the case of dominance deviations and non-additive
epistasis. These deviations were observed for root
distribution, first pod length and number of grains. In
this way, the appearance of superior progenies could
be explained. However, no improved F, and F; prog-
enies were found that would allow selection by the
breeder. This fact can be explained by the presence of
the genetic component of interaction.

Most likely, in addition to the epistatic components
in the progenies, the parents must have genes interact-
ing additively across their genome. These interactions
play an important role for the adaptation of each gen-
otype in its native region (Andes or Mesoamerica). In
progenies derived from these parents, the coadapted
gene complexes are undone, resulting in an inferior
progeny performance (Johnson and Gepts 2002). This
pattern is probably highly peculiar for the trait root
distribution. It is known that the ecological niches of
each gene pool are relatively specialized. For exam-
ple, the Mesoamerican genotypes are well-adapted
to dry spells in the middle of the season and to fer-
tile soils of volcanic origin in an almost equatorial
geographic range, whereas the Andean population is
better adapted to cold regions (Bitocchi et al. 2013;
Ariani et al. 2016). These factors may have triggered
the development of the gene interactions, according
to the cultivation environment.

What is the real effect of epistasis or how can this
interaction be properly exploited in common bean
breeding programs?

More often than not, the probability of identify-
ing superior plants in a breeding program can be
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compared to the odds of winning the lottery (Van
Ginkel and Ortiz 2018). Numerous factors affect the
development of this search, and the chances of breed-
ing an ideal genotype could be improved by refining
the genetic knowledge about a given trait (Allard
1960). Although apparently unimportant, epistasis
was significant for the traits analyzed in this research
and affected the performance of segregating proge-
nies negatively, in particular with regard to root distri-
bution. The phenotypic plasticity of this trait is high,
so that the presence of additive X additive interaction
may be related to the adaptability of a genotype to the
environment of cultivation, to ensure species survival
and perpetuation. Thus, in more restrictive environ-
ments, this genetic component may become more
important than in environments under intense ferti-
lization, input application and irrigation. Classical
breeding programs recommend that the selection of
segregating populations should be carried out in the
environments where the genotypes will be cultivated
(Ceccarelli 2015). Most likely, breeders will therefore
detect the said genetic component, which can obscure
the results of plant selection, or rather, the selection
of an ideal genotype for root distribution is hampered.

Whether the presence of epistasis is advanta-
geous or disadvantageous is defined by a series of
factors, e.g., which stage the breeding program is in,
namely: (1) choice of parents or (2) early selection
stages or (3) final selection stages. In phase i, breed-
ers who work with a high number of crosses between
a selected group of parents will be less surprised by
negative epistatic and gene linkage effects. A higher
number of crosses will allow greater inter- and
intra-chromosomal recombination, releasing greater
genetic variation. This variation will be reflected in a
spectrum of genotypes that includes plants with good
performance for the target trait. In autogamous breed-
ing for example, preferably three or four generations
of crosses should be established, using a sufficiently
high number of parents to consolidate the improved
genotype (Johnson and Bernard 1962; Vernetti 1983).
Extra care must also be taken with regard to the
genetic distance between the parents, since geneti-
cally similar parents will not convey new character-
istics to their progenies. In the early selection stages
(2), if additive X additive gene action influences the
trait, selection should be less rigorous in the first self-
ing generations (Vernetti 1983). The reason is that
epistasis can alter the performance of the progenies

until they become lines. In the final stages of a breed-
ing program (3), the additive X additive interaction
can be converted into additive variance, contributing
to the selection of superior plants.
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Abstract

The corn leathopper, Dalbulus maidis (DeLong & Wolcott) (Hemiptera: Cicadellidae), is a key pest of maize crops in the
tropical and subtropical regions of the Americas. In addition to direct damage, its major impact is related to its action as
insect vector of pathogens related to corn stunting complex (CSC). CSC diseases are currently the most important and cause
severe crop losses in Argentina, Mexico, Brazil, and the southern United States, and outbreaks have been more oftenly
reported. Little information is available on the population characteristics of the corn leathopper and its bioecology. In this
sense, we analyzed the genetic diversity of 120 representative specimens of D. maidis from four regions of Brazil (Northeast,
Southeast, South, and Central-West) using a region of the mitochondrial gene coding for the cytochrome oxidase subunit I
(mtCOI) as molecular marker. In addition, the infectivity of the collected insects with CSC pathogens was assessed to verify
the prevalence of each CSC pathogen in specimens collected from different regions of Brazil. The Brazilian D. maidis popu-
lation studied was divided into 18 mitochondrial haplotypes, focusing on haplotypes A, B, and C, which are predominant in
this country. In addition, the mtCOI gene of D. maidis was found to have low variability in Brazil (x=0.00171). Our data
suggest that there are no spatial or temporal barriers between the different populations of D. maidis studied, which could
be due to a short evolutionary time and its outstanding dispersion capacity. In addition, this study revealed a prevalence of
infected leafhoppers with any of the CSC pathogens in Brazil, with more than half of the samples analyzed carrying at least
one of the phytopathogens studied. Our study provides insights on population pest management of D. maidis in order to
prevent CSC incidence in maize crops and pest resistance development in these vector populations to agricultural pesticides.

Keywords Corn leafhopper - Haplotypes - Corn stunting complex - Integrated pest and disease management

Introduction

Currently, the corn leathopper, Dalbulus maidis (DeLong &
Wolcott) (Hemiptera: Cicadellidae), is the most important
pest of maize crops in the tropical and subtropical regions
of the Americas (Oliveira and Frizzas 2022), being the only
species of the genus Dalbulus recorded in South America
Eduardo Silva Gorayeb and Samara Campos do Nascimento (Oliveira et al. 2004). This insect probably originated in cen-
contributed equally to this article. tral Mexico and co-evolved with maize (Zea mays L.) and
its ancestors gamagrass (Tripsacum spp.) and teosinte (Zea
spp.), during the 9000-year process of domestication and
spread of maize in the Americas (Nault and Delong 1980;
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However, its major impact is associated with the trans-
mission, in a persistent propagative manner, of pathogens
associated to the corn stunt complex (CSC), which are two
bacterial mollicutes maize bushy stunt phytoplasma (MBSP,
“Candidatus Phytoplasma asteris”), corn stunt spiroplasma
(CSS, Spiroplasma kunkelii), and maize rayado fino virus
(MRFV, Marafivirus)] (Nault 1980; 1990). Moreover, the
maize infection and transmission of maize striate mosaic
virus (IMSMYV, Mastrevirus) by D. maidis has been recently
reported in Brazil, probably in a circulative nonpropagative
manner (Fontenele et al. 2018; Vilanova et al. 2022).

If D. maidis is not properly managed, severe losses of
maize productivity caused by CSC are observed. The start
of second-season corn cultivation in the 1980s contributed
to an increase in CSC in Brazil, as it shortened the period of
the off-season, favoring the persistence of the vector and the
pathogen inoculum in the field by means of “green bridge”
(Oliveira and Frizzas 2022). Sabato (2017) reported three
major outbreaks in Brazil: the first during the 1994/1995
harvest in the southern region of Goias and the triangle of
Minas Gerais; then in 2005/2006 in the northern region of
Rio Grande do Sul and southwest of Santa Catarina; and
finally, in 2015 in the regions of southwest Bahia, southwest
Goias, and north Minas Gerais. Recently, in the 2020/2021
crop season, a significant D. maidis population outbreak and
a considerable increasing in CSC incidence were reported in
the state of Santa Catarina, leading to a~30% reduction in
maize production (Observatdrio Agro Catarinense, https://
www.observatorioagro.sc.gov.br/).

The current epidemic status of CSC contrasts, however,
with the little information available on the population char-
acteristics of D. maidis and their bioecological aspects.
Random Amplified Polymorphic DNA (RAPD), restriction
fragment length polymorphisms (RFLP), and inter-simple
sequence repeat (ISSR) molecular techniques were previ-
ously used to detect some variation on D. maidis popula-
tions (Oliveira et al. 2007a; Medina et al. 2012; Bernal et al.
2019). These authors observed relatively high rates of gene
flow between populations in the south-central region indi-
cating insect dispersion within this region, while the popu-
lation of Mossord/RN (in the northeast Brazil) appears to
be genetically isolated. Also, a region of the mitochondrial
gene coding for the cytochrome oxidase subunit I mtCOI and
the internal transcribed spacer (ITS) was used as molecu-
lar markers in studies of genetic relationships among insect
populations (Palomera et al. 2012; Bernal et al. 2019). Both
genes are sensitive enough to identify genetic variation
within a species, especially when that species occurs over
a large geographical area, such as D. maidis (Frohlich et al.
1999; De Barro et al. 2000; De la Rua et al. 2006). With
the help of these markers, it is possible to separate groups
of individuals within a species and to clarify the genetic
structure of the population (De Barro et al. 2000; Behura

@ Springer

20006). Palomera et al. (2012) showed slight nucleotide dif-
ferences between the populations of D. maidis from Argen-
tina and Mexico, suggesting low variability, probably due
to short evolutionary time scale and high dispersion of the
pest towards South America. However, only a few sequences
were counted in this study and no sequences from Brazil
were included.

Since maize is grown in virtually all regions of Brazil
during the year (which favors the formation of the green
bridge), molecular differences between populations are not
expected. To address this hypothesis, we aimed (I) to study
the genetic diversity present in Brazilian populations of D.
maidis, by sequencing the mitochondrial COI gene fragment
and (II) to assess the infectivity of D. maidis samples from
those different locations to verify the prevalence of patho-
gens in different Brazilian populations of this insect vec-
tor. Based on our results, the genetic structure of D. maidis
populations was discussed as a basis for understanding pest
dynamics in time and space within the Brazilian territory,
including implications in the dispersion phenomenon, and
gene flow between insect populations.

Material and Methods
Dalbulus Maidis Specimens Obtantion

A total of 120 samples of D. maidis were collected from
corn fields in different municipalities in four Brazilian
regions: Northeast, Central-West, Southeast, and South
(Supplementary Table 1). Insects were collected using two
methods: yellow sticky traps, which were placed along the
edges of the fields, or manual aspirators used to suck the
insects directly from the infested plants. All samples were
collected from maize plants in commercial/experimental
fields in the 2021/2022 crop season. Adult insects were
identified as D. maidis using a specific key for the Dalbulus
species (Triplehorn and Nault 1985) and stored in ethanol
analytical degree (99% of purity) in the freezer (— 15 °C)
until processing.

Dalbulus Maidis Variability, Demographic,
and Neutrality Analysis Based on mtCOI

Molecular variability was assessed by comparisons of
the cytochrome oxidase I gene in the mitochondrial DNA
(mtCOl) of D. maidis. Fragments were amplified by PCR
using GoTaq Flexi DNA polymerase (Promega) and the
primer pair DalCOIfwd and DalCOlrev following the
method described in Palomera et al. (2012) to amplify
a~550 bp fragment of mtCOI. All amplicon bands of D.
maidis samples were purified from gel (Wizard® SV Gel and
PCR Clean-Up System, Promega) and sent for bidirectional
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Sanger sequencing (ACTGene, Alvorada, RS, Brazil). The
chromatograms obtained were visually inspected, assem-
bled, and aligned using MEGA X software (Kumar et al.
2018), and only sequences with unique base calls were
included in the analyses. Poor-quality ends were trimmed,
and all sequences were standardized to a size of 484 bp.

In total, sequences from 120 adult corn leathoppers were
obtained and divided into four data sets according to the
following geographical regions of Brazil: Central-West (12
samples), Southeast (9 samples), Northeast (6 samples),
South (93 samples). One sample from Novo Machado,
state of Rio Grande do Sul (GenBank Access Number
ON678134), was added to our study for comparison. An
additional dataset named “Brazil,” comprising the sum of all
samples, was included in the analyses. Another variability
study was conducted for the state of Santa Catarina, using 73
samples divided into datasets for the municipalities of Abe-
lardo Luz (9 samples), Caxambu do Sul (10 samples), Lages
(11 samples), Ituporanga (9 samples), Morro da Fumaca (11
samples), Canoinhas (6 samples), Sdo Miguel do Oeste (9
samples), and Videira (9 samples). For comparison pur-
poses, an additional dataset called “Santa Catarina” was
included, comprising all samples from the aforementioned
municipalities as well as individual samples from Dioni-
sio Cerqueira, Campos Novos, Rio Negrinho, Palmitos,
Campo Eré, Unido do Oeste, Itapiranga, Taid, Agua Doce,
Chapecd, Major Vieira, Faxinal dos Guedes, Concérdia, and
Curitibanos.

Molecular variability descriptors [number of nucleotide
differences between sequences (K), nucleotide diversity
(m), number of haplotypes (H), and haplotype diversity
(Hd)] were estimated using DnaSP software v. 6 (Rozas
et al. 2017). The historical demographic expansions were
investigated using two approaches. Firstly, Tajima’s D test
(Tajima 1989) and Fu’s Fis test (Fu 1997) were used to test
for neutrality. Significant negative D and Fs statistics can
be associated as signatures of population expansion. Demo-
graphic expansion was also tested by mismatch distribution
using DnaSP v. 5.

Relationships between mtDNA haplotypes were inferred
in TCS parsimonious haplotype networks (95% linkage
boundary) using PopArt software (Clement et al. 2000;
Leigh and Bryant 2015). Two haplotype networks were cre-
ated using the same previously mentioned datasets (Brazil-
ian regions and municipalities of Santa Catarina), while a
third haplotype network included all Brazilian sequences
with datasets from Argentina (accession number JN411696-
JN411703), Mexico (accession numbers JN411692-
JN411695 and KF152943-KF152948) and from Texas, USA
(accession number: MH591422-MH591425) from GenBank
(https://www.ncbi.nlm.nih.gov/genbank/). For this purpose,
all Brazilian sequences were trimmed to a size of 350 bp to
match the size of the deposited sequences.

The analysis of molecular variance (AMOVA) was con-
ducted using the R software, employing distance matrices
(D?) between haplotypes (Excoffier et al. 1992). The model
considered three factors for Brazil: variations between
regions, populations within regions, and individuals within
populations within regions. The model used can be repre-
sented as Y =u+R;+S/R;+1I/S/R;;, where Y represents
the diversity between pairs of individuals i in subpopulation j
and region k; u is a constant; R, represents diversity between
regions; S/R; represents diversity within subpopulations
within a region; and I/S/R; represents diversity between
pairs of individuals k, in subpopulation j of region i. To
study the distribution of variability at hierarchical levels, the
phi (D) statistics were estimated to represent the proportion
of total variance at each level. Additionally, the analysis was
performed specifically for populations in the state of Santa
Catarina, according to the model: Y;=u+P;+ D, where ¥;
is the measure of dissimilarity between pairs of individu-
als j in a subpopulation i; u is a constant; P; is the effect of
subpopulation i; and Dij represents the effect of dissimilarity
between pairs of individuals j in subpopulation i.

Mollicutes and Viruses Detection in D. Maidis

Total nucleic acid extraction of the insects was performed
using the CTAB method described by Gorayeb et al. (2023)
with one adult per sample. The infectivity of the collected
D. maidis with the mollicutes MBSP and CSS as well as the
viruses MRFV and MSMV was evaluated by PCR/RT-PCR.
MBSP, CSS, and MRFV were detected with the enzyme
GoTaq Flexi DNA polymerase (Promega) in a triplex PCR
using primers F2n/R2 (Gundersen and Lee 1996), CSSF2/
CSSR6 (Barros et al. 2001), and MRFVAF/MRFVAR (Gor-
ayeb et al. 2023), according to the protocol proposed by Gor-
ayeb et al. (2023). MSMYV was detected using the primer pair
MSMVF1/MSMVRI1 according to the protocol described by
Vilanova et al. (2022). To confirm the results, DNA frag-
ments of representative D. maidis samples were purified
from gel (Wizard® SV Gel and PCR Clean-Up System, Pro-
mega) and sent for bidirectional Sanger sequencing (ACT-
Gene, Alvorada, RS, Brazil). The sequences obtained were
assembled and aligned using MEGA X software (Kumar
et al. 2018) and compared with those in GenBank using the
blastn tool (https://blast.ncbi.nlm.nih.gov).

Results

Dalbulus Maidis Variability, Demographic,
and Neutrality Analysis

Eighteen mitochondrial haplotypes were found among
the Brazilian sequences (named with the letters A-R)

@ Springer
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(Supplementary Table 1). The sequences correspond-
ing to these haplotypes can be found in GenBank (http://
www.ncbi.nlm.nih.gov/genbank/) under accession numbers
PP556214-PP556231.

Only haplotypes A and C were represented in all Brazil-
ian regions. The first haplotype is predominant with 83 spec-
imens, while the second consists of 7 specimens. Haplotype
B is the second most common in Brazil, with 15 specimens,
but was not identified in the southeast region. Haplotype D
was found only in the Central-West and South regions with
one specimen each, and haplotype E consisted of 2 speci-
mens from the Central-West region. The remaining haplo-
types consisted of single specimens restricted to specific
regions. The South region had the highest number of exclu-
sive haplotypes with 8 haplotypes (K, L, M, N, O, P, Q, and
R), followed by the Central-West with 4 haplotypes (G, H, 1,
J) and the Northeast with one haplotype (F.). All haplotypes
found in the South region were related to haplotype A, with
no more than 3 nucleotide substitutions from the original
sequence. In contrast, only the Central-Western haplotypes
(I and B were related to haplotype A, while haplotype ] was

Hap. P
O

Fig. 1 Haplotype network of Dalbulus maidis showing the relation-
ship among 15 haplotypes (A-O) found in samples from Brazil, Mex-
ico, USA, and Argentina. Capital letters indicate haplotypes; num-
bers in parentheses indicate the number of sequences that make up

@ Springer

derived from D and E; and haplotype H from D, E, and
C). Haplotype G, found in the Central-West, had the most
nucleotide substitutions as it accumulated 6 mutations from
haplotype A (Fig. 1). The Central-West was the region with
the highest nucleotide diversity, followed by the Northeast,
Southeast, and South regions (Table 1). Despite a higher
number of samples and haplotypes, Brazilian South was the
region with the lowest haplotype diversity, mean nucleotide
differences, and nucleotide diversity (Table 1). This could
be related to the number of different haplotypes among the
total number of sequences.

Dalbulus maidis haplotype A was predominant in the
analysis of the Santa Catarina municipalities dataset, con-
centrating 55 sequences among all municipalities included
in the analysis (Fig. 2). Haplotype B was the second most
prevalent, comprising a total of 11 sequences from Canoin-
has (2), Sdo Miguel do Oeste (1), Morro da Fumaca (2),
Lages (1), Ituporanga (3), and Caxambu do Sul (2). The
remaining haplotypes consisted of single sequences related
to haplotype A and did not contain more than 3 nucleo-
tide substitutions (Fig. 2). Higher haplotype diversity was

@ Northeast
South

© Southeast

@ Midwest

the haplotypes. One sequence from Novo Machado (South dataset),
RS, Brazil, and all sequences from Mexico, USA, and Argentina were
retrieved from GenBank
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Table 1 Haplotype diversity

: L Datasets  No of No of Haplotypes present ~ Haplotype  Average nucleo- Nucleotide
parameters for Dalbulus .mazdts sequences haplotypes diversity tide differences  diversity ()
samples collected on maize

. H) (Hd) X)
(Zea mays) from different
geographical regions of Brazil Midwest 12 A,B,C,D,E,J,LH 0924 1.924 0.00400
Southeast 9 A,B,F 0.556 0.944 0.00195
Northeast 6 A,B,C, G 0.800 1.733 0.00358
South 94 12 A,B,C,D,A,B,C, 0428 0.580 0.00119
D,K,L,M,N, O,
P,Q,R
Brazil* 121 18 A,B,C,D,E,F,G, 0.522 0.829 0.00171
H, LJ K L MN,
@ Abelardo Luz
Canoinhas
@ caxambu do Sul
Ituporanga
. Lages
. d
Morro da Fumaca -~

(1) Hap. L
(1)

Fig.2 Haplotype network of Dalbulus maidis showing the relation-
ship between the 18 haplotypes (A-R) found in samples from four
Brazilian regions. Capital letters indicate haplotypes; numbers in

observed in the municipality of Canoinhas. However, more
nucleotide differences were observed between haplotypes
from Caxambi do Sul and Morro da Fumaga, which also had
higher nucleotide diversity (Table 2). In contrast, Lages was
the municipality with the lowest variability, where almost all
sequences of haplotype A, and only one sequence belonged
to haplotype B (Table 2).

The haplotype network of worldwide sequences resulted
in a total of 15 haplotypes found (Fig. 3). Trimming the
Brazilian sequences to 350 bp reduced the number of hap-
lotypes to 10 (A, B, H, I, J, K, L, M, N, O), as nucleotide
substitutions were observed in the 136 bases excluded for
this analysis. In general, most of the Brazilian sequences
were contained in haplotypes A and B (95 and 19, respec-
tively). Haplotype A was found in all countries analyzed,

@ sao Miguel do Oeste
@ videira

parentheses indicate the number of sequences that make up each hap-
lotype. One sequence from Novo Machado (South dataset), RS, Bra-
zil, was retrieved from GenBank

while haplotype B consisted only of Argentinean and
Brazilian sequences. Eight other haplotypes occurred
exclusively in Brazil (H, I, J, K, L, M, N, O), with one
specimen each, and appeared to be a variation of haplo-
type A, with one to 3 nucleotide substitutions (Fig. 3). In
contrast, haplotypes C, D, E, F, and G were not found in
Brazil or Argentina. While haplotype G was found in the
USA (Texas) and Mexico, the other haplotypes were found
exclusively in Mexico (Fig. 3).

When analyzing the D. maidis populations from Brazil,
the estimates of Tajima’s D and Fu’s Fs were negative
[—2.09279 (p <0.05),—17.382 (p < 0.02), respectively]. In
addition, the analysis of the mismatch distribution showed
a unimodal pattern (Supplementary Fig. 1), characteristic
of population expansion.
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Table 2 Haplotype diversity parameters for Dalbulus maidis samples, collected on maize (Zea mays) from Santa Catarina State municipalities

Datasets No of No of haplo- Haplotypes present Haplotype diver- Average nucleotide Nucleotide
sequences types (H) sity (Hd) differences (K) diversity (w)
Aberlardo Luz 9 2 AR 0.222 0.444 0.00091
Canoinhas 6 3 A,B,Q 0.733 0.867 0.00178
Caxambu do Sul 9 4 A,B,O,P 0.644 1.156 0.00238
Ituporanga 9 2 A, B 0.500 0.500 0.00103
Lages 11 2 A, B 0.182 0.182 0.00037
Morro da Fumaga 11 4 A,B,M,N 0.600 1.055 0.00217
Sdo Miguel do Oeste 9 3 A LB 0.417 0.444 0.00091
Videira 9 2 A K 0.222 0.222 0.00046
Santa Catarina State* 87 11 A,B,D,K,L,M,N, O, 0.405 0.556 0.00114
P,Q,R

“Represented by all the samples from the municipalities aforementioned plus single samples from Dionisio Cerqueira, Campos Novos, Rio
Negrinho, Palmitos, Campo Eré, Unido do Oeste, Itapiranga, Tai6, Agua Doce, Chapec6, Major Vieira, Faxinal dos Guedes, Concérdia, and

Curitibanos

@ Brazil
Argentina

@) Mexico

) United States

Fig.3 Haplotype network of Dalbulus maidis showing the relation-
ship between the 18 haplotypes (A-R) found in samples from eight
municipalities in Santa Catarina. Capital letters indicate haplotypes;

Distribution of Genetic Variability

Molecular variance analysis was performed to assess the dis-
tribution of genetic variability across different hierarchical

@ Springer

(n

numbers in parentheses indicate the number of sequences that make
up each haplotype

levels for Brazil, including regions, populations within
regions, and individuals within populations (Supplemen-
tary Table 2). The results show that the variance component
attributable to differences between regions (0.198) accounts
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for approximately 19.3% of the total genetic variation. This
suggests that a moderate proportion of genetic variability is
attributable to differences between the Northeast, Central-
West, Southeast, and South regions. The variance compo-
nent due to differences between populations within regions
(0.279), which accounts for about 27.3% of the total genetic
variation, indicates that a substantial portion of genetic vari-
ability is due to differences within each region. The variance
attributable to differences between individuals within popu-
lations across regions (0.546) accounts for approximately
52.4% of the total genetic variation in the mitochondrial
cytochrome oxidase I gene (mtCOI) of D. maidis. This indi-
cates that a significant amount of genetic variation for the
DNA sequence in question occurs within populations, high-
lighting the degree of diversity between individuals within
the same population.

The phi indices (D) provide information on the distribu-
tion of genetic variation between individuals; these estimates
are derived from the intraclass correlations of the model cre-
ated for the study. The between-region index (®p) measures
the proportion of total genetic variation attributable to differ-
ences between regions, with a value very close to the propor-
tion of variance attributed to this level (0.193). Meanwhile,
the index between subpopulations regardless of region (®gr)
reflects the proportion of total genetic variation due to differ-
ences between populations within regions (0.466). Finally,
the index between subpopulations within the region (®g)
represents the proportion of total genetic variation due to
differences between individuals within populations (0.338).
These results emphasize that although genetic variability
exists within populations, a significant proportion also exists
between populations and regions, highlighting the complex
structure of genetic diversity at different hierarchical levels.

In addition to these results, the molecular analysis
of variance for 8 populations of D. maidis in the state of
Santa Catarina shows predominantly genetic variation

within populations (Supplementary Table 3). The variance
decomposition shows that most of the variation (91.16%)
is present within populations (0.505). Only a small amount
of variation (8.35%) occurred between populations, with a
significantly lower variance component (0.046). These val-
ues indicate that most of the genetic diversity is maintained
within individual populations. In addition, the Phi index
(Dgr) yielded an estimate (0.08) that confirms the low dif-
ferentiation between the genetic constitutions of D. maidis,
suggesting considerable gene flow between populations and,
consequently, less fixation in the Santa Catarina populations.

Prevalence of D. Maidis Naturally Infected with CSC
Pathogens Over Noninfected

Sixty percent (72 out of 120) of the samples tested were
infected with at least one of the pathogens assessed. The
Southeast was the region with the highest proportion of
infected samples, with 88% (8 out of 9), followed by the
Central-West, with 75% (9 out of 12), the South, with 56%
(52 out of 93), and the Northeast with 50% (3 out of 6)
(Supplementary Table 1, Table 3). It is worth noting that the
limited number of samples in some regions influenced the
proportion of infected samples, resulting in an overestima-
tion of the number of insects associated with the pathogens
of the CSC. However, the presence of pathogens associated
with the CSC in the different corn-growing regions of Brazil
is evident. Overall, MRFV was the most common patho-
gen detected in 42 samples (35%), followed by CSS in 36
samples (30%), MSMV in 12 samples (10%), and MBSP
in 8 samples (6.7%). Dividing the Brazilian territory into
geographical regions, MRFV was the prevalent pathogen in
the Northeast, Central-West, and Southeast, surpassed only
by CSS in the South (Supplementary Table 1, Table 3). In
addition, 24 leathoppers (20%) were infected with more than
one pathogen. Mixed infections with CSS and MRFV were

Table 3 Dalbulus maidis

. e X X Region State No. of samples Infectivity (positive PCR)
infectivity with the mollicutes
maize bushy stunt phytoplasma MBSP CSS MRFV MSMV Mixed*
(MBSP), corn stunt spiroplasma
(CSS), and viruses maize Northeast BA 5 0 1 3 2 1
rayado fino virus (MRFV) MA 1 0 0 0 0 0
and maize striate mosaic virus Midwest GO 4 1 ) ) 1 )
(MSMV)
MS 2 0 0 0 0 0
MT 6 0 0 6 1 1
Southeast MG 5 1 1 4 1 3
SP 4 0 0 4 0 0
South PR 3 0 0 3 3 3
RS 3 1 0 3 1 1
SC 87 5 32 17 3 11
Total 120 8 36 42 12 22

“More than one pathogen detected in the same sample
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most common, occurring in 8 samples (6.7%), followed by
MRFV and MSMYV occurring together in 7 samples (5.83%),
MBSP and MRFV in 6 samples (5%), CSS, MRFV, and
MSMV in 2 samples (1.6%), and CSS and MSMV in only
one sample (0.83%) Supplementary Table 1, Table 3). The
2 most frequently found haplotypes (A and B) had at least
one specimen infected with each pathogen, while haplotype
C was mostly infected with MRFV and MSMV and only one
specimen was infected with CSS.

Discussion

Dalbulus maidis is a key pest of maize crops in the tropical
and subtropical regions of the Americas. The corn leafthop-
per is a vector of the pathogens associated with CSC disease.
This disease is currently the most important phytosanitary
problem of maize crops in Argentina, Mexico, Brazil, and
the southern United States (Jones and Medina 2020; Oliveira
and Frizzas 2022; Pozebon et al. 2022; Pérez-Lopez et al.
2016; Virla et al. 2004).

The present study showed that the D. maidis Brazilian
population was divided into 18 mitochondrial haplotypes
(named “A” to "R”), with emphasis on haplotypes A, B,
and C, which are predominant in this country. In addition,
the mtCOI gene of D. maidis was found to have low vari-
ability in Brazil. This result corroborates studies of Palom-
era et al. (2012) and Bernal et al. (2019), which also found
low variability in Mexico and Argentina. One of the reasons
addressed behind this conserved status of the mtCOI may be
the monophagous behavior of the corn leathopper in South
America (Palomera et al. 2012). Nevertheless, this study
revealed a diversity of haplotypes in the population of D.
maidis in Brazil, divided into 18 mtCOI haplotypes. Despite
this diversity, low genetic variability was found among them,
being the haplotypes A, B, and C the most prevalent. Hap-
lotypes A and C were found in all regions of Brazil, with
the first haplotype the most common. Haplotype B was the
second most abundant haplotype but was not found in the
southeastern region of Brazil. There is considerable diversity
within the populations as observed in the molecular variance
analysis and Phi statistics, possibly due to the fact that the
leathopper moves widely within populations. Oliveira et al.
(2007a) presented a similar conclusion when analyzing the
genetic diversity of D. maidis populations from different
Brazilian regions. They found a low genetic fixation index
and a high estimated gene flow, suggesting a high potential
for dispersion between regions (Oliveira et al. 2007a). These
results support the Phi statistic (®) estimates observed at dif-
ferent hierarchical levels of the present study, which can be
considered analogous to fixation estimates. This movement
of D. maidis among Brazilian regions is favored by the high
number of adjacent maize-growing areas. The successive
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cultivation of maize in different regions from Brazil such
as the Central-West and part of the Northeast favors the for-
mation of “green bridges” that allow the corn leafthopper
dispersion. In this way, there is active and passive dispersion
between maize populations in search of a host and, conse-
quently, interbreeding between populations, with an isolated
population rarely existing (Oliveira et al. 2002, 2015). In
addition, the neutrality tests and the unimodal mismatch
distribution indicated a demographic expansion. Mismatch
distribution is usually multimodal in samples from popula-
tions at demographic equilibrium, but is unimodal in popu-
lations with recent population demographic and expansion
(Slatkin and Hudson 1991; Rogers and Harpending 1992;
Ray et al. 2003; Excoffier 2004). Another important aspect
pointed out by Oliveira et al. (2013) is that D. maidis uses
different strategies to survive overwintering in Brazil. Part of
the population overwinters locally on volunteer maize plants
or nearby irrigated maize crops, while the other individuals
disperse to colonize new maize crops in distant areas.

Although Oliveira et al. (2007a) inferred a genetically
isolated population in the northeast, this result was not
observed in this study, which may be related to the sam-
pling method. This is because a population in a genetic sense
is not just a group of individuals, but a group of individu-
als that has the capacity to exchange alleles and transmit
these alleles to their descendants (Falconer and Mackay
1996). Thus, allele frequency is subject to variation caused
by sampling between generations, meaning that the smaller
the number of parents, the greater the sampling variation.
Considering this region, most samples were collected in Luis
Eduardo Magalhdes, a municipality in Bahia that borders
Goias state and where large areas of intensive maize cul-
tivation are located throughout the year. In this scenario,
we again have a high frequency of population in the field
and, consequently, a greater probability of interbreeding
and accumulation of events that increase variability. Gene
exchange between distinct and distant genetic pools can
improve the survival and reproduction of insect pests and,
consequently, the underlying explanation for the recurrent
pest outbreaks and management failures in putative hybrid
zones (Corréa et al. 2019).

Dalbulus maidis from the Central-West region showed
the highest nucleotide diversity, followed by the Northeast,
Southeast, and South. This result can be explained by the
great diversity of maize-growing regions mentioned previ-
ously. Leafhopper populations are generally a major problem
in the summer (Oliveira et al. 2002). For insects such as
D. maidis, which feed on a limited number of plants, the
time between harvest and sowing of a new crop can be a
significant obstacle in their life cycle. Once maize plants
have completed their growth phase, few adults can survive
the cold winters by hiding in winter crops or volunteer plants
(Oliveira and Frizzas 2022). However, in regions such as
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the Central-West and Northeast, where multiple crops are
grown throughout the year, the overlap of plants in the field
is extremely favorable for the survival of the leathopper and,
thus, for the abundance of the population and the accumula-
tion of mutations (Oliveira et al. 2007a). In contrast to the
south, the more pronounced winter makes it difficult to carry
out consecutive maize crops throughout the year. Neverthe-
less, in the south of Brazil, there may be successive maize
cultivations even in the fall/winter for other purposes, such
as silage production or subsistence cultivation, which can
favor the dispersion and permanence of D. maidis (Oliveira
and Frizzas 2022).

The variability of the mtCOI of D. maidis in Brazil was
low, although more haplotypes were found compared to
Argentina and Mexico (Palomera et al. 2012; Bernal et al.
2019), even when sequences were truncated to 350 bp. This
may be related to the greater diversity of growing regions in
Brazil. While the samples from Argentina (Palomera et al.
2012), Mexico (Bernal et al. 2019), and the USA included
in this study came from semi-arid, arid, and temperate dry
regions (Beck et al. 2018; Martinez-Cuenca et al. 2020), the
Brazilian samples were originated from more diverse tropi-
cal and subtropical areas with specific microclimates due to
different altitudes and rainfall regimes. Despite the higher
prevalence of haplotype A in Mexico and Brazil, a different
pattern of variation was found in the mtCOI gene than in
the haplotypes in these countries. In contrast, haplotype B,
which is most prevalent in Argentina, was the second most
prevalent in Brazil, suggesting that interactions may occur
between Argentinean and Brazilian populations, while the
Mexican population diversifies in a different way. This is
logical considering the geographical location of the Argen-
tinean and Brazilian maize crop areas, while Mexico is more
isolated. Nevertheless, the occurrence of the haplotype G
in both Mexico and Texas suggests that dispersion is also
occurring in that region.

The present study also showed that infected leathoppers
are widespread in Brazil, with more than half of the sam-
ples tested containing at least one of the CSC pathogens.
In addition, 20% of the insects were infected with more
than one pathogen, with combinations of CSS + MRFV and
MRFV + MSMV being the most common. No mixed infec-
tion of CSS and MBSP was found in any of the samples
analyzed in this study.

All pathogens involved in this complex have been shown
to be transmitted by D. maidis (Nault 1980; Vilanova et al.
2022), but implications of co-infection of mollicutes and
viruses have not yet been fully investigated. Although the
detection of the pathogens inside the insect body does not
yet provide certainty about disease transmission, our results
showed that the insects feed on infected plants and acquire
these pathogens, which are widespread in all Brazilian
regions.

The MRFV was the most common pathogen found in
the assessed D. maidis, confirming recent studies by Albu-
querque et al. (2023) and Gorayeb et al. (2023), which also
found MRFYV to be the predominant pathogen associated
with both maize plants and insect vector. Although CSC is
known to be associated with the presence of two previously
described mollicutes as well as MRFYV, there are few studies
investigating the presence and prevalence of the MRFV in
this pathosystem. In this study, the MRFV was not only the
most common pathogen in the samples analyzed, but it was
also prevalent throughout Brazil, especially in the North-
east, Central-West, and Southeast regions. The pathogen was
also present in mixed infections with other pathogens. These
results demonstrate the importance of addressing viral infec-
tions within this pathosystem.

Our results also indicated that CSS was the second most
common pathogen found in the corn leathoppers and the
predominant pathogen in D. maidis population from South
Brazil. In contrast, MBSP was the least abundant pathogen
in the samples. Several studies have investigated the effects
of MBSP and CSS on D. maidis, and a possible antagonism
between the 2 mollicutes has been hypothesized. Oliveira
et al. (2007b) suggested that spiroplasma may predominate
within the insect vector over phytoplasma, as the acquisition
of the former by D. maidis before phytoplasma reduces the
frequency of detection of the phytoplasma in leathoppers
and transmission to plants. Some studies suggest that tem-
perature plays a crucial role in determining the prevalence of
mollicutes. Low air temperatures, found in southern Brazil,
favor antagonism between mollicutes (Oliveira et al. 2015).
According to Sabato et al. (2020), the phytoplasma MBS is
more tolerant to low temperatures than S. kunkelii. In this
sense, Galvao et al. (2021) demonstrated that phytoplasma
prevails in areas with low temperatures, while spiroplasma
prevails in warmer areas. With global climate change, rising
temperatures may favor spiroplasma.

Twenty-four leafthoppers infected with more than one
pathogen were found in our study. Mixed infections with
mollicutes and MRFV were most common, although there
was no specific pattern between the occurrence of MRFV
and any of the mollicutes. Although there are few studies
on this association, the possibility of a synergistic relation-
ship between the MRFV and the CSS cannot be ruled out,
since the combination is predominant and the incidence
seems to be favorable under growing conditions. Besides
having the same vector, these pathogens also coexist in the
phloem vessels of the maize plants (MacLean and Hogen-
hout 2012; Edwards et al. 2016). In addition, they have a
similar geographical distribution (Oliveira et al. 2004). It
is worth mentioning that mixed infections between MRFV
and MSMV were also frequently detected in the samples
analyzed. In Brazil, the MSMV was first reported in 2018
in Goiéas, in the Central-West region (Fontenele et al.

@ Springer



44 Page 10 of 12

E.S. Gorayeb et al.

2018) and, in this study, it was frequently found in mixed
infections with MRFV. Gongalves et al. (2007) demon-
strated a synergistic effect between sugarcane mosaic virus
(SCMV) and MRFV, leading to more severe symptoms
than when these pathogens occurred in isolation. This
highlights the need for further studies on the combination
of mixed infections and the impact of viruses on the CSC
pathosystem.

The wide sowing window for cereal production, com-
bined with the production of seeds, silage, pastures, and
subsistence crops, allows maize to be present in the field
throughout the year in Brazil, in agricultural commercial
areas or in farmstands or even backyards (Oliveira and
Frizzas 2022). This favors the persistence of D. maidis in
the environment in diversified conditions, with consequent
increase of the probability of accumulation of mutations and
increases variability. Even considering a species that moves
over long distances and a scenario of successive maize cul-
tivation throughout the Brazilian territory, the genetic vari-
ation of the vector is low when we analyze it. This suggests
that there are no spatial or temporal barriers among the dif-
ferent populations of D. maidis studied, which could be due
to a short evolutionary time and the outstanding capacity
of dispersion. Also, natural infectivity of D. maidis with
CSC phytopathogens seems to be ubiquitous in the environ-
ment, also occurring in mixed infections in the insect vector.
Furthermore, this is the first extensive examination of D.
maidis infection with MSMYV in several maize-productive
areas, and our results show that this virus may be rather
widespread in Brazil. These aspects have serious implica-
tions for integrated pest management, considering that the
main objective of management is to maintain D. maidis at
a low population level. Since our results show low genetic
variability among the different regions studied in Brazil,
which may be a result of high dispersal capacity, achieving
this objective may be very difficult without the engagement
of farmers within a region. In addition, the use of single
samples in some municipalities could be related to the low
variability, although in places where more than one sample
was analyzed, the prevalence of one haplotype was observed.
Also, despite there are no reports of insecticide resistance for
D. maidis so far, strategies for insect resistance management
cannot be neglected for this pest, since alleles that condition
resistance to certain insecticidal active ingredients are rap-
idly disseminated in the population, compromising chemical
control strategies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13744-025-01257-7.
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Abstract

The cultivation of common bean may face production constraints, mainly due to diseases that have a high potential to
compromise grain yield, especially under environmental conditions favorable to their development. This study aimed to
evaluate the influence of bacterial blight, anthracnose, and angular leaf spot on the grain yield of common bean in Santa
Catarina, as well as to classify genotypes according to their tolerance to these diseases. Data from Value for Cultivation
and Use trials conducted in different regions of the state were utilized, employing machine learning techniques in Python
software. The results indicate that the contribution of these diseases was limited to a small fraction of the variation in grain
yield across different environments in the state. In certain environments, this fraction was considerably higher. Most geno-
types exhibited tolerance to diseases, demonstrating advances in the genetic improvement of common bean, particularly in
the development of cultivars with some level of tolerance. The predominance of disease-tolerant genotypes suggests that
the pressure exerted by these pathogens had little impact on grain yield across the totality of environments. However, in
specific situations with greater disease influence, it is necessary to integrate knowledge to ensure the success of the crop
and the continuous development of disease-tolerant cultivars, considering the ability of pathogens to overcome tolerance.

Keywords Phaseolus vulgaris L. - Genetic improvement - Disease resistance - Host-pathogen interaction

Introduction

Common bean (Phaseolus vulgaris L.) is one of the most
important agricultural crops for human consumption, espe-
cially in tropical and subtropical regions. This legume is an
essential source of plant protein, carbohydrates, fiber, and
micronutrients, particularly iron and zinc (Nadeem et al.,
2021, Uebersax et al. 2023). Beyond its nutritional value,
common bean plays a significant role in rural economies,
especially in sustainable and family-based farming systems.
However, its production is often affected by various abiotic
and biotic factors, among which foliar and pod diseases
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stand out for their substantial impact on yield and grain
quality.

Among the most detrimental diseases affecting common
bean cultivation are anthracnose, bacterial blight, and angu-
lar leaf spot, all capable of significantly reducing produc-
tivity and jeopardizing the economic viability of this crop
(Singh et al., 2020). Anthracnose, caused by the fungus
Colletotrichum lindemuthianum, is widely distributed geo-
graphically and manifests primarily under high humidity
conditions. The disease causes necrotic lesions on leaves,
stems, and pods (Halvorson et al. 2021), with its severity
linked to the genotype’s susceptibility and the intensity
of infection, becoming more severe during rainy periods.
Control efforts are hindered by the genetic variability of the
pathogen, frequent emergence of new races, and seedborne
transmission, particularly when uncertified seeds exacerbate
the problem.

Another major disease affecting common bean is bacte-
rial blight, caused by Xanthomonas axonopodis pv. pha-
seoli, one of the most widespread bacterial diseases in
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bean-producing areas (Zia et al., 2022). Initial symptoms
include small necrotic spots on leaves, which can expand
and coalesce, ultimately destroying the affected foliar area.
In severe cases, the disease causes plant wilting and reduces
pod formation, thereby compromising yield (Girma et al.,
2022). Its spread is primarily via infected seeds, complicat-
ing control measures and necessitating the use of certified
seeds and crop rotation practices. The genetic variability
of X. axonopodis and its persistence in crop residues pose
challenges to developing resistant cultivars. Additionally,
angular leaf spot, caused by the fungus Phaeoisariopsis
griseola, is one of the most prevalent diseases in common
bean cultivation (Ganie et al., 2020). The pathogen causes
angular lesions on leaves that become necrotic, impairing
photosynthesis and plant productivity (Cabi, 2022). Patho-
gen variability and favorable environmental conditions for
disease dissemination complicate its management.

Given the significant potential impacts of these diseases,
genetic improvement of common bean targeting patho-
gen resistance has proven to be one of the most promising
approaches to mitigate yield losses (Uwera et al., 2021,
Gilio et al., 2020). Genetic resistance within integrated dis-
ease management is regarded as one of the most sustainable
control strategies, as it reduces the need for agrochemical
applications. In this context, breeding programs focus on
identifying and selecting genotypes with higher resistance
to various diseases, ensuring that the developed genotypes
maintain the grain yield potential achieved through breed-
ing (Allard, 1960).

Recent studies have shown that the genetic variability
among common bean lines in Brazil offers a vast resource
for incorporating resistance alleles into genotypes. How-
ever, the high pathogenic variability of the causal agents
of anthracnose, bacterial blight, and angular leaf spot pres-
ents a significant challenge in developing resistant cultivars
(Tugume et al., 2020; Vidigal Filho et al., 2020, Gongalves
et al. 2020). Thus, it is crucial to conduct studies to evaluate
the responses of different genotypes across various environ-
ments, aiming to assess the influence of these pathogens and
establish breeding strategies that advance the development
of cultivars capable of maintaining grain yield levels under
diverse growing conditions.

In this context, the present study aims to evaluate the
influence of bacterial blight, anthracnose, and angular leaf
spot on the phenotypic expression of grain yield in common
bean cultivated in the state of Santa Catarina, Brazil.

@ Springer

Materials and Methods
Experimental Design and Trait Evaluation

This study utilized data from the state-level and southern
Brazilian Value for Cultivation and Use (VCU) trials for
common bean lines and cultivars (Fig. 1), coordinated by
the Agricultural Research and Rural Extension Company
of Santa Catarina (EPAGRI). Experiments were conducted
across nine locations in Santa Catarina, Brazil: Chapecd,
Canoinhas, Campos Novos, Aguas de Chapeco, Ponte
Serrada, Xanxeré, [tuporanga, Urussanga, and Lages. The
evaluations were conducted over five consecutive growing
seasons: 2012/2013, 2013/2014, 2014/2015, 2015/2016,
and 2016/2017, totaling 36 experimental environments, as
not all locations were repeated each year.

A total of sixty-seven (67) common bean genotypes were
evaluated in these environments using a randomized block
design with four replicates per environment. Each experi-
mental unit consisted of four rows, each 4 m long, with a
uniform spacing of 0.45 m between rows and a planting
density of 15 seeds per linear meter. The effective plot area
comprised the two central rows, excluding the outer rows to
minimize edge effects.

The evaluated phenotypic traits included: (i) grain yield,
expressed in kg ha™'; and the response to diseases: (ii) bac-
terial blight (Xanthomonas axonopodis pv. phaseoli); (iii)
anthracnose (Colletotrichum lindemuthianum) in leaves; (iv)
anthracnose in pods; (v) angular leaf spot in leaves (Pseudo-
cercospora griseola); and (vi) angular leaf spot in pods. No
disease control measures were implemented, allowing the
phenotypic expression of genotypes to be observed under
natural infection conditions across the various environments
in Santa Catarina. This approach facilitated the assessment
of genotype responses to diseases under real field condi-
tions without interference from phytosanitary treatments,
which could mask actual resistance or susceptibility. Seed
treatment with fungicides (Metalaxyl-M; Fludioxonil, at a
dosage of 200 mL cp. per 100 kg of seeds) and insecticides
(Thiamethoxam, at a dosage of 300 mL cp. per 100 kg of
seeds) was carried out according to technical recommen-
dations for bean cultivation. Fertilization at planting and
topdressing were determined based on soil analysis specific
to each location. Pest control during crop development fol-
lowed agronomic practices to ensure proper plant growth
and minimize external influences on productivity.

Statistical Analysis
Data analysis focused on evaluating the influence of three

diseases bacterial blight (Xanthomonas axonopodis pv.
phaseoli), anthracnose (Colletotrichum lindemuthianum),



International Journal of Plant Production

Fig. 1 Workflow for obtaining
phenotypic data and machine
learning analyses conducted in
the present study
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and angular leaf spot (Pseudocercospora griseola), on the
grain yield (kg ha™') of common bean genotypes cultivated
in Santa Catarina. Five predictor variables related to disease
severity were included in the regression model: bacterial
blight, anthracnose in leaves, anthracnose in pods, angular
leaf spot in leaves, and angular leaf spot in pods.

The dataset was divided into two parts: 70% of the data
was used for model training, and the remaining 30% were
reserved for validation (Fig. 1). A multiple linear regression
approach was employed, with grain yield as the dependent
variable and disease severity scores as independent vari-
ables. The adjusted regression model was described by the
following equation (y =Xp +¢):
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where: the y matrix represents grain yield (kg ha™); the

incidence matrix X comprises disease severity scores; the
effects matrix includes the intercept (f, constant) and the
effects of each disease (5, f,, f;, B, and fs), representing
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the influence of each disease on grain yield; ¢ is the inher-
ent error term vector. The model was fitted using the least
squares method. The model’s quality and the influence of
diseases on grain yield were evaluated using 30% of the val-
idation dataset, applying the following metrics: coefficient
of determination (R?), mean squared error (MSE), and mean
absolute error (MAE).

The regression coefficients indicated the magnitude and
direction of the effects of diseases on grain yield, expressed
as percentages to show the representativeness of these pre-
dictor variables in the model. The yield reduction index
was estimated by dividing the coefficients (B) by the overall
mean. Additionally, genotypes were classified based on their
reaction to each disease. This classification was performed
according to field-observed symptoms, using the occurrence
and severity scale from 1 to 9 defined by the International
Center for Tropical Agriculture (CIAT) (Godoy et al. 1996),
as described below: (i) 1-3: genotypes considered resistant
or tolerant, showing little to no visible disease symptoms;
(i1) 4-6: genotypes classified as moderately resistant with
intermediate reactions, showing moderate disease symp-
toms; (iil) 7-9: genotypes with susceptible reactions, exhib-
iting severe symptoms indicating high susceptibility to the
disease.

The results were presented through bar charts, show-
ing the proportion of genotypes in each tolerance category.
Regression plots were also used to compare observed and
predicted grain yield values, visually demonstrating the
validation of the fitted model, which was also stratified for
each cultivation environment. All analyses were performed
using the Python programming language. Data manipula-
tion was carried out with the pandas library, while the mul-
tiple linear regression model fitting was conducted using the

scikit-learn library. Graphs were generated using the mat-
plotlib and seaborn libraries.

Results

The relationship between actual grain yield values observed
in the field and predicted values obtained using machine
learning with the multiple linear regression model is pre-
sented in Fig. 2. While the trend line indicates a positive
correlation between observed and predicted values, the dis-
persion of points around the regression line suggests that the
model explained only a fraction of the observed variation
in the data. In several regions of the graph, the concentra-
tion of points far from the regression line highlights sig-
nificant errors, reflecting the model’s low predictive ability
when considering the diseases used for its estimation. This
is particularly evident for higher grain yield values (above
3000 kg ha™'), where discrepancies between actual and pre-
dicted values are more pronounced.

In these ranges, the model consistently underestimates
actual yield values, as indicated by the points and the
trend line. This underestimation may point to the presence
of important factors influencing grain yield that were not
included in the model, or to a complex interaction between
the studied diseases and other environmental factors that
the linear model failed to adequately capture. This suggests
that including additional variables or adopting a more com-
plex model, such as a nonlinear or interaction-based model,
could improve predictive accuracy for grain yield.

In this context, the adjusted model presents limitations
in accurately predicting bean grain yield across the studied
environments based on the phenotypic response to diseases

Fig. 2 Relationship between
observed and predicted grain
yield values by the multiple
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evaluated in the Value for Cultivation and Use (VCU) trials
conducted in Santa Catarina. This highlights the complexity
of factors influencing grain yield, which may not be fully
captured by disease-related variables. Therefore, other fac-
tors potentially influencing grain yield, either more or less
significantly, need to be considered in future studies.

The results presented in Table 1 highlight the impact of
bacterial blight, anthracnose (leaves and pods), and angular
leaf spot (leaves and pods) on bean grain yield (kg ha™)
across all environments. These impacts were quantified
using regression coefficients () and yield reduction indices
(%) associated with each disease. The results indicate that
the diseases had contrasting impacts on bean grain yield.
The regression coefficient for bacterial wilt was positive
(59.28), suggesting that, on average, an increase in disease
severity does not lead to a reduction in grain yield. Further-
more, based on the yield index (2.59%), it is evident that
bacterial wilt does not negatively affect grain yield in the
adjusted model.

Angular leaf spot also showed a positive regression
coefficient (29.49) and a positive yield index (1.29%), sug-
gesting that this disease did not have a significant negative
impact on grain yield. Similarly, angular spot on pods had
the highest positive regression coefficient (125.32) and a
positive yield index (5.49%), indicating that this disease
does not have a negative effect on grain yield.

On the other hand, for anthracnose on leaves, the negative
regression coefficient (-25.31) indicates a reduction in grain
yield, with a loss of 25.31 kg ha™ for each unit increase in
disease severity. Consequently, the yield index was —1.11%,
suggesting that anthracnose on leaves negatively affects
bean productivity. Likewise, anthracnose on pods showed a
negative regression coefficient (-13.36), indicating a smaller
yield reduction (13.36 kg ha™') compared to anthracnose on
leaves, reflected in a lower yield index (-0.585%). Thus,
both forms of anthracnose incidence, on leaves and pods,
demonstrated a negative influence on grain yield.

The coefficient of determination (R?) for the training
data indicates that a small fraction (5%) of the variation in
grain yield can be explained by the disease-related variables
considered in the model (Table 1). The mean squared error
(811425.92) and mean absolute error (740.97) also suggest
that the model has limited precision in predicting grain yield

based on the evaluated diseases. In summary, anthracnose
on leaves and pods had a negative impact on grain yield,
while bacterial wilt and angular leaf spot, both on leaves and
pods, did not negatively affect grain yield based on the data
from this study. Consequently, this overall model shows
limited explanatory power, suggesting that other significant
factors are influencing the phenotypic value of grain yield,
such as the intrinsic genotypic components of the genotype,
as well as other environmental factors.

Validation across environments of the relationship
between actual and predicted grain yield values (kg ha™)
revealed varying levels of explanation for the test data.
Considering only the contrasting environments shown in
Fig. 3, it is evident that in the environment with the lowest
explained variance (Fig. 3A), predicted values are more dis-
persed relative to the trendline, indicating low concordance
between observed and predicted values. The coefficient of
determination (R?) revealed that approximately 1% of the
variation in grain yield was captured in this location, sug-
gesting a low capacity to explain yield variability in this
specific environment. Conversely, in the environment with
the highest explained variance (Fig. 3B), points are closer to
the trendline, indicating a better model performance in cap-
turing grain yield variability in this environment (approxi-
mately 33%). This suggests that, in this environment, the
severity ratings included in the model were more explana-
tory for grain yield, reinforcing the model’s suitability for
specific conditions of disease intensity. Overall, validation
by environment demonstrated varying explanatory fractions
depending on the environment considered.

Additionally, the classification of bean genotypes for
resistance to diseases, including bacterial blight, anthrac-
nose (both in leaves and pods), and angular leaf spot (both
in leaves and pods), revealed a predominance of resistant
genotypes (Fig. 4). In the case of bacterial blight (A), 64
genotypes were classified as resistant (class 1-3), 2 as mod-
erately resistant (class 4-6), and only 1 as susceptible (class
7-9). Regarding anthracnose in leaves (B), all 66 genotypes
evaluated showed resistance, with 1 classified as moderately
resistant. In the case of anthracnose in pods (C), 40 geno-
types were classified as resistant, 25 as moderately resistant,
and 2 as susceptible. For angular leaf spot in leaves (D), 44
genotypes showed resistance, 22 were moderately resistant,

Table 1 Regression coefficients and yield index (%) of the diseases bacterial blight, anthracnose, and angular leaf spot on bean grain yield

Disease Coefficients (B) Yield index (%)
Bacterial blight B 59.28 2.59
Anthracnose - Leaves B -25.31 -1.11
Anthracnose - Pods Bs -13.36 -0.58
Angular Leaf Spot - Leaves By 29.49 1.29
Angular Leaf Spot - Pods Bs 125.32 5.49

Coefficient of Determination (R?)=0.05
Mean Grain Yield (kg ha™!)=2282

Mean Squared Error=_811425.92
Mean Absolute Error=740.97
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Fig. 3 Relationship between observed and predicted grain yield values, regarding the validation of the multiple linear regression model, for envi-
ronments with the lowest (A) and highest (B) percentage of explained variation

and 1 was susceptible. Finally, for angular leaf spot in pods
(E), 54 genotypes were resistant, 13 were moderately resis-
tant, and none were susceptible. These results highlight the
effectiveness of breeding efforts aimed at developing geno-
types with different levels of tolerance to the major diseases
affecting bean crops. A list with this classification for the
diseases focused on in the study can be seen in the supple-
mentary table (Table S1).

The results of the correlations among variables indicate
significant associations between diseases such as bacte-
rial blight, anthracnose, angular leaf spot, and grain yield
(Fig. 5). A significant positive correlation was observed
between bacterial blight and angular leaf spot in leaves
(r=0.15, p<0.05), as well as between bacterial blight and
grain yield (»=0.14, p<0.05). For anthracnose, there was
a positive correlation between leaves and pods (r=0.34,
p<0.05), which indicates that the severity observed in leaves
is not entirely related to the severity seen in pods; however,
both forms of the disease contribute to the reduction in grain
yield. A statistically significant correlation, though weaker,
was observed between anthracnose in leaves and angular
leaf spot in leaves (r=0.10, p<0.05). Despite being signifi-
cant, these correlations are considered low in intensity, pos-
sibly reflecting other factors influencing these relationships.

Anthracnose in pods also showed a significant posi-
tive correlation with angular leaf spot in leaves (#r=0.08,
p=0.05) and with the phenotypic value of angular leaf spot
in pods (r=0.26, p<0.05). Furthermore, angular leaf spot in
leaves and pods were correlated (r=0.41, p<0.05), suggest-
ing that at least in part, the severity in leaves is associated
with that in pods. Both traits (angular leaf spot in leaves and
pods) showed a positive correlation with grain yield, with
correlations for leaves (#r=0.14, p<0.05) and pods (»=0.20,
»<0.05) considered low, which supports the results from
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the machine learning model, which also indicated this
positive relationship. Overall, these results suggest that
disease-related variables, particularly angular leaf spot and
anthracnose, negatively impact grain yield, with potential
effects on plant productivity for the study data.

Discussion
Genetic Breeding and Disease Tolerance

Understanding the phenomena related to pathogen pathoge-
nicity and the genetic differences among hosts is fundamen-
tal for the strategic planning of breeding programs, aiming
to develop cultivars with a certain level of disease toler-
ance. The resistance or susceptibility of a given genotype to
a pathogen race depends initially on its genotype concern-
ing the alleles it carries for resistance and on the pathogen’s
genotype regarding the alleles it has, which determine its
pathogenicity (Allard, 1960). Thus, the pathogenic reaction
of a host-pathogen interaction depends on the alleles that
condition resistance in the host and the alleles that condition
pathogenicity in the pathogen (Flor, 1956). The interaction
between these alleles defines the outcome of the infection,
whether it leads to resistance or some degree of tolerance.

Studies addressing these combined aspects are more
common in plant species with relatively short generation
cycles, such as beans. However, considering the results
obtained in this study, a comprehensive understanding
of these processes is often challenging. This is due to the
lower-than-expected contribution of the evaluated diseases
to the phenotypic value of grain yield in the bean genotypes
tested across various environments, years, and locations in
Santa Catarina.
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The results indicate that bacterial blight, anthracnose,
and angular leaf spot had a minimal influence on grain yield
in beans in the trials conducted in Santa Catarina. Although
some diseases, such as anthracnose in leaves and pods,
showed negative impacts on yield, the magnitude of this
impact was low. The coefficient of determination suggests
that only about 5% of the total variation in yield could be
attributed to variables related to diseases. These findings
raise questions about the underlying factors contributing
to this low relationship between diseases and yield, as well
as the specific cases where the captured fraction was more
significant.

One possible explanation for this limited contribution of
diseases to grain yield variation could be related to advance-
ments in bean genetic improvement. The predominance of
genotypes resistant or moderately resistant to the evaluated
diseases is a key factor in understanding these results. The
findings showed that in over 60% of cases, the genotypes
exhibited high levels of resistance to diseases on aver-
age across all environments, reflecting ongoing breeding
program efforts to incorporate resistance genes into new
cultivars. This process is achieved through crossbreeding
and subsequent phenotypic selection or marker-assisted
selection.
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Fig.5 Correlation map between
diseases and grain yield in beans
for variables related to bacterial
blight, anthracnose on leaves,
anthracnose on pods, angular leaf
spot on leaves, angular leaf spot
on pods, and grain yield

Thus, these results align with recent studies demonstrat-
ing that disease resistance selection has been successful,
including in bean crops (Miklas et al., 2006; Pastor-Cor-
rales, 2021). Consequently, the predominance of resistant or
tolerant genotypes reduces the phenotypic variation associ-
ated with the impact of these diseases on yield, as plants are
able to maintain grain yield levels even in the presence of
these pathogens.

Influence of the Environment and the Complexity of
the Gene-for-Gene Model

Another important aspect to consider is the complexity of
the interaction between the environment and the expression
of resistance genes. As observed in the validation across
environments, the environment with the highest percentage
of explained variation accounted for approximately 30% of
the phenotypic variation, while the environment with the
lowest fraction of explained variation accounted for only
about 1%. Thus, genetic resistance to pathogens is often
influenced by environmental conditions, such as tempera-
ture and humidity, which can affect both disease develop-
ment and the expression of plant defense genes (Ribeiro et
al., 2019).

These issues are emphasized by some authors, consider-
ing mainly their influence in the tropics (Schwartz & Cor-
rales, 1989). In the case of bacterial blight, high humidity and
moderate to high temperatures favor the spread of the bacte-
rium and disease development, while periods of drought can
reduce its incidence. Additionally, the literature documents
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the pathogenic variation of the pathogen depending on the
geographic area and the qualitative and quantitative inheri-
tance of genotypes in response to this pathosystem. Anthrac-
nose, possibly the most important disease affecting common
bean, has its severity increased in environments with high
humidity and mild temperatures (13 to 26 °C), conditions
that favor spore germination and pathogen penetration into
plant tissues. Angular leaf spot, in turn, is highly influenced
by the interaction between temperature and humidity, being
more severe in regions with high precipitation and moder-
ate temperatures (16 to 28 °C), which favor sporulation and
foliar tissue infection.

Considering these aspects, in environments where cli-
matic conditions do not favor disease development, the
selection pressure exerted by pathogens may be lower,
reducing their impact on the phenotypic variability of grain
yield. In this study, it is important to highlight that the influ-
ence of these diseases is evaluated within the total varia-
tion in grain yield across the studied environments, which
is shaped by numerous other genetic and environmental fac-
tors. As observed in the results, certain environments may
result in a greater influence of diseases, while in others,
their contribution may be lower. The pathogen populations
present in different environments may also cause certain
bean genotypes to exhibit resistance in one region but not
in another. In these scenarios, genetic resistance may not
be expressed in environments where pathogen populations
carry alleles that result in transcripts capable of overcom-
ing plant resistance mechanisms. This occurs when plant
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defense responses are either not activated or are triggered
at a reduced scale.

Overall, the influence of diseases on grain yield observed
in this study may also be related to the fact that resistance
expression is not monogenic but results from the combined
action of multiple minor-effect genes (quantitative resis-
tance), which collectively mitigate disease effects (Poland
et al., 2009). This polygenic resistance, which effectively
reduces disease severity, may have a more direct impact on
grain yield compared to qualitative resistance conferred by
major-effect genes, as it provides a more effective buffering
mechanism against disease impacts.

Considering the extension of Flor’s (1956) gene-for-
gene resistance model to multiple loci, this could partially
explain why some diseases have little influence on pheno-
typic variation in grain yield. As the number of resistance
loci in a plant increases, the likelihood of resistance at least
at one locus becomes high, even if resistance at each indi-
vidual locus is incomplete. This model posits that plant
resistance is governed by specific interactions between
resistance genes in the plant (R) and pathogenicity genes in
the pathogen (Avr). In polygenic systems, each resistance
locus in the plant can recognize a corresponding pathoge-
nicity locus in the pathogen, and the probability of success
of this interaction directly influences the plant’s response to
pathogen infection.

For multiple loci, the probability of a plant being com-
pletely resistant or susceptible can be calculated using the
product rule. If the probability of a resistance gene recog-
nizing a pathogenicity gene is “p,” the probability of resis-
tance across n loci is given by “p~.” For example, if a plant
has three resistance loci and the probability of recognition
at each locus is 75% (p=0.75), the probability of total resis-
tance would be 0.753=0.4218 (or 42.18%). Conversely, total
susceptibility, where no recognition occurs at any locus, has
a probability of (1—p)". For the same three loci and a 75%
probability of recognition, total susceptibility would occur
with a probability of (1—0.75)*=0.0156, or just 1.56%. The
probability of the plant being resistant to at least at one locus
(partial resistance) is the complement of total susceptibility,
or 1—=(1—p"). In this example, the chance of partial resis-
tance, where the plant activates some defense mechanism,
is 1-0.0156=0.9841, or 98.4%.

This high probability of partial or total resistance in poly-
genic systems may explain why, even in the presence of dis-
eases, grain yield in resistant plants tends to be minimally
affected. The genetic basis of the host-pathogen interaction,
considering resistance operating across multiple loci, sug-
gests that plants can mitigate the effects of pathogens. As a
result, the phenotypic variation in grain yield attributable to
diseases tends to be small, since most genotypes possess at

least one resistance allele that helps maintain productivity,
even in environments with high disease pressure.

In addition to these aspects, it is important to note that
grain yield is a highly complex polygenic trait influenced
by various environmental factors beyond diseases, such
as nutrient availability, soil and climatic conditions, and
agricultural management practices (White & Singh, 2019).
Thus, the presence of tolerant genotypes may have masked
the effects of diseases on yield, while other more influen-
tial factors may have contributed more significantly to the
observed variations. This is supported by the fact that the
fitted model exhibited low precision, with a high mean
squared error, indicating that important variables for grain
yield, aside from diseases, were not accounted for in the
present model.

Implications for Genetic Breeding

Considering the lack of association between the most pro-
ductive genotypes and those with the lowest disease reac-
tions, it is suggested that high grain yields are not necessarily
linked to resistance or susceptibility to pathogens under the
study conditions. This is partly due to the success of breed-
ing programs, which have been effective in incorporating
tolerance or disease resistance genes into new genotypes
(Miklas et al., 2006, Pastor-Corrales, 2021). Thus, even in
scenarios where the defense mechanisms of genotypes may
be overcome by disease pressure, the frequency of tolerant
genotypes remains sufficiently high.

These genotypes, with their defenses activated through
various mechanisms, can mitigate the negative impact of
diseases on grain yield (Ribeiro et al., 2019). This ensures
that, in most environments and cultivation conditions,
diseases do not substantially reduce productivity, as their
effects are often outweighed by other environmental fac-
tors. Therefore, selection within breeding programs has pro-
vided a buffering effect for bean genotypes regarding grain
yield in the face of diseases in the majority of environments
included in this study. The low contribution of the evaluated
diseases to the phenotypic variation in grain yield indicates
that future studies need to include other agronomic vari-
ables, which may help better elucidate the combined influ-
ence of diseases and other factors on bean grain yield.

This study also highlights the importance of incorpo-
rating diverse resistance alleles into breeding programs to
reduce the damage caused by these diseases. This approach
offers a viable strategy to address the inherent variability
of the environment and the genetic variability of patho-
gens concerning their pathogenicity. Furthermore, develop-
ing cultivars with horizontal resistance, based on multiple
minor-effect alleles, can provide more stable protection
against emerging pathogens and climate changes (Burdon
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et al., 2014). In summary, vertical resistance generally
delays disease onset, helping prevent epidemics under field
conditions, while horizontal resistance affects the disease
development rate (Poland et al., 2009). This approach is
particularly relevant in production systems where the gen-
otype-pathogen-environment interaction is highly variable,
providing more reliable tolerance to genotypes.

Another aspect to consider in breeding for the develop-
ment of resistant genotypes is the environmental factors that
determine the genotype’s (host) predisposition level. For
accurate evaluation and selection of resistant genotypes,
certain practices are essential and must be adopted to ensure
reliable selection (Allard, 1960; Flor, 1956). A critical point
is that genotypes should be assessed according to the dis-
ease triangle, where the pathogen is properly inoculated in
suitable concentrations and the environment is conducive
to disease development. Additionally, accurate disease
quantification using an appropriate scale is fundamental, as
detailed assessment can facilitate better decision-making
during selection, avoiding overestimation of results and
enhancing reliability levels.

Despite the observed results, considering that the envi-
ronment is highly dynamic, with pathogens continuously
adapting to plant defense mechanisms through mutations or
sexual reproduction, bean breeding programs must maintain
a continuous focus on developing new resistant genotypes.
Resistance and tolerance that currently provide protection
may quickly become ineffective as new pathogen races
emerge that are not recognized by the resistance alleles
present in current genotypes. This phenomenon, already
observed in several crops, underscores the need for a con-
stant and integrated effort to identify new resistance genes
and employ integrated disease management strategies. This
is especially crucial in environments where the fraction of
grain yield variation explained by diseases was significant.
Without such an approach, the ability to sustain productiv-
ity and the viability of bean cultivation could be severely
compromised, jeopardizing not only agricultural efficiency
but also food security, particularly in regions heavily reliant
on this crop.

Conclusion

Bacterial blight, anthracnose, and angular leaf spot con-
tribute minimally to the variation in bean grain yield in
Santa Catarina. Most genotypes exhibit tolerance to these
diseases, reflecting advancements in bean genetic breeding,
which has successfully incorporated resistance genes. The
diseases have a limited impact on grain yield in beans across
the state. However, in specific environments, the fraction of
variation attributed to diseases was significant, highlighting
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the need for integrated disease management and ongoing
breeding efforts, as pathogens may eventually overcome
these resistances.
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