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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),
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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

linear regression model; the 3200 1 . @ a
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illustrating the trend between the ’ L 08 ® o o ° ¢
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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

@ Springer

the need for integrated disease management and ongoing
breeding efforts, as pathogens may eventually overcome
these resistances.
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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
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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
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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
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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
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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
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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
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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 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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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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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
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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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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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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,.

Ciéncia Rural, v.55, n.5, 2025.



4 Melo et al.

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%
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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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RESUMO

As avaliagbes rotineiras do carater tempo de cozimento em feijdo (Phaseolus vulgaris L.) podem ser
efetuadas de distintas maneiras resultando em diferentes variaveis. Por vez, a andlise estatistica
univariada ndo considera as interdependécias entre as variaveis, podendo omitir importantes informacoes
a respeito dos gendtipos. Com isso, o objetivo do trabalho foi dispor uma proposta alternativa para andlise
do tempo de cozimento em feijdo, permitindo a discrimina¢@o entre gendtipos. O experimento utilizado
para esta abordagem foi conduzido em condi¢des de campo na safra agricola do ano 2017/18 em Lages,
Santa Catarina, Brasil. Os tratamentos foram compostos por doze gendtipos, sendo quatro genitores,
estruturados em dois cruzamentos BAF50 x BAFO7 e BAF09 x IPR 88 Uirapuru, com suas geragdes F,
F3, Fs e Fg. O delineamento utilizado foi blocos casualizados, com dois blocos e duas observacdes em
cada unidade experimental. Posteriormente a colheita, a variavel resposta tempo de cocgéo dos graos de
feijdo foi mensurada com o cozedor Mattson, sendo considerado o tempo de cocgdo das 13 hastes
iniciais. Na analise multivariada, as variaveis tempo de coccdo da segunda (TCH2), décima segunda
(TCH12) e décima terceira haste (TCH13) foram utilizadas com base em sua significAncia pelo método de
selecdo de variaveis passo a passo (stepwise). A andlise de varidncia multivariada demonstrou diferenca
entre os gendtipos (P<0,05). A partir da matriz de dissimilaridade com as distancias de Mahalanobis e o
dendrograma de agrupamento, foi possivel verificar as distancias dos genoétipos derivados dos
cruzamentos BAF50 x BAFO7 e BAF09 x IPR 88 Uirapuru. Com isso, a andlise multivariada possibilitou a
discriminacdo dos gendtipos, adicionalmente o cruzamento BAF50 x BAFO07 demonstrou maiores

estimativas de dissimilaridade nas progénies.
PALAVRAS-CHAVE: tempo de coccao; stepwise; dissimilaridade; melhoramento de plantas.

ABSTRACT

Routine evaluations of cooking time trait in common bean (Phaseolus vulgaris L.) can be performed in
different ways resulting in different variables. At the same time, the univariate statistical analysis does not
consider the interdependencies between the variables, and may omit important information regarding the
genotypes. With this, the objective of this work was to present an alternative proposal for analysis of the
cooking time in common bean, allowing the discrimination between genotypes. The experiment used for
this approach was conducted under field conditions in the 2017/18 agricultural season in Lages, Santa
Catarina, Brazil. The treatments consisted of twelve genotypes, (four parents, structured in two crossings
BAF50 x BAFO7 and BAF09 x IPR 88 Uirapuru, with their generations F», F3, Fg and Fg). The design used
was randomized blocks, with two blocks and two observations in each experimental unit. After the harvest,
the response variable cooking time of the grains was measured with a Mattson cooker, considering the
cooking time of the 13 initial stems. In the multivariate analysis, the variables cooking time of the second
(TCH2), twelfth (TCH12) and thirteenth stem (TCH13) were used based on their significance by the
stepwise variable selection method. Multivariate analysis of variance showed differences between
genotypes (P<0.05). From the dissimilarity matrix with the Mahalanobis distances and the clustering
dendrogram, it was possible to verify the distances of the genotypes derived from crosses BAF50 x BAFQ7
and BAFO09 x IPR 88 Uirapuru. With that, the multivariate analysis enabled the genotypes, additionally the

crossing BAF50 x BAFO7 showed higher estimates of dissimilarity in the progenies.
KEYWORDS: cooking time; stepwise; dissimilarity; plant breeding.
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INTRODUGAO

O feijao comum (Phaseolus vulgaris L.) € amplamente cultivado no Brasil, devido principalmente ser
considerado um alimento rico em proteinas, carboidratos, fibras alimentares e minerais (LOS et al. 2018).
Decorrente disso, 0 cultivo desta cultura é realizado em até trés safras, com sistemas de producédo
diversificados, no qual a produtividade de grdos média no pais foi de 1514 kg ha™ na safra de 2021/22, para
os tipos de grdo cores e preto (CONAB 2022). Um rendimento de gréos superior comparado as
produtividades histéricas, em que nos ultimos 40 anos o pais reduziu sua area plantada em 30%, contudo
demonstrou incrementos na produgdo préoximos a 40%, decorrente do aumento na produtividade média
(CONAB 2022).

Este fato em grande parte se deve aos genétipos melhorados e disponibilizados aos agricultores,
tornando a atividade do melhoramento fundamental nesta cultura (CHIORATO et al. 2010). Assim, os
principais objetivos do melhoramento do feijdo com o decorrer dos anos foram a obtencédo de cultivares
produtivas, aliada a outras caracteristicas agrondmicas que permitissem a colheita de forma mecanizada
dos graos, além dos avancos na qualidade dos graos disponibilizados ao consumidor (RIBEIRO et al. 2023).
Com base nisso, o surgimento de cultivares com qualidades superiores, principalmente para o carater
tempo de cozimento podem incentivar ainda mais o consumo deste grdo. Neste sentido, inUmeros sdo os
trabalhos na literatura avaliando a existéncia e magnitude da variacdo genética para o carater tempo de
cozimento em genotipos de feijdo (ARNS et al. 2018, CICHY et al. 2019, KATUURAMU et al. 2020,
PEREIRA et al. 2017, WIESINGER et al. 2016).

As avaliacdes rotineiras para este carater sdo realizadas com o método do cozedor Mattson adaptado
por PROCTOR & WATTS (1987), sendo o padrdo das normas do Ministério da Agricultura Pecuaria e
Abastecimento (BRASIL 2006). Contudo, sdo observados diferentes padrdoes de emprego desta metodologia
(RIBEIRO et al. 2007), em que s&o considerados principalmente: i) o tempo de queda da 13° haste das 25
utilizadas no método, caracterizando 52% dos gréos cozidos; ii) tempo médio de 13 hastes iniciais; iii)
porcentagem de 80% de queda dos 25 gréos cozidos e iv) multiplicacdo do nimero de grdos cozidos em um
determinado periodo, pelo tempo de cozimento total, dividido pelo nimero inicial de gréos. Estes critérios
apresentam um aspecto em comum, a consideragdo de uma ou diferentes hastes sendo analisadas como
uma Unica variavel, desconsiderando o carater multivariado destes dados.

A partir disso, uma abordagem multivariada considera a dependéncia entre as variaveis obtidas, fato
ndo contemplado na univariada, visto que a andlise multivariada tem como objetivo a sintese de um
conjunto de variaveis, considerando a variancia total do conjunto de dados (CRUZ et al. 2020, MORRISON
1976, RENCHER 2002). Com base nisso, a utilizacdo de apenas uma variavel pode resultar em uma
simplificacdo perigosa, ndo evidenciando de modo adequado as verdadeiras causas das variacdes
intrinsecas aos dados de estudo, podendo omitir importantes informagfes a respeito dos genotipos
(COIMBRA et al. 2007). Assim, para o tempo de cozimento em feijdo, a consideracédo deste aspecto pode
ser relevante. Isso, devido principalmente as variagBes intrinsecas presentes nas amostras de genétipos
com constituicdo genética segregante, decorrente de diferencas genotipicas além da variacdo de ambiente.

Portanto, este trabalho teve por finalidade dispor uma proposta para andlise estatistica do tempo de
cozimento em feijao, visando a discriminacdo de genétipos.

MATERIAL E METODOS

Os genotipos a serem utilizados no estudo, foram originados a partir dos cruzamentos dirigidos entre
os genitores BAF50 x BAFO7 e BAF09 x IPR 88 Uirapuru. As caracteristicas dos genitores utilizados nos
cruzamentos podem ser observadas na Tabela 1. A hibridacdo artificial foi realizada, com prévia
emasculacdo do botdo floral no ano de 2008. Além disso, restituicbes dos cruzamentos foram realizadas
nos anos de 2015 e 2016 em casa de vegetacao.

Tabela 1. Caracteristicas dos genitores utilizados para a hibridagcdo no estudo.
Table 1. Characteristics of the parents used for hybridization in the study.

Genotipo Grupo comercial Origem
BAF50 Carioca Lebon Régis/SC
BAFO7 Preto Lages/SC
BAF09 Preto CENA-Piracicaba/SP
IPR 88 Uirapuru Preto Cultivar-IAPAR/PR
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Os hibridos destes genitores deram origem a diferentes populacdes segregantes nas geracdes F,, Fs,
F4, Fs, Fs, F7 € Fg, avangadas pelo método de condugado em “bulk”, sem aplicacao de selecao artificial nas
diferentes geracdes. Destas populacdes, na safra agricola de 2017/18 em experimento de campo foram
conduzidos os seguintes gendtipos: 1) BAF07; 2) BAF09; 3) BAF50; 4) IPR 88 Uirapuru; 5) BAF50 x BAFQ7
na geracao F;; 6) BAF50 x BAFQO7 na geracéo F,; 7) BAF50 x BAFQO7 na geracéo F;; 8) BAF50 x BAF0O7 na
geracéo Fg; 9) BAFQ9 x IPR 88 Uirapuru na geragédo F;; 10) BAF09 x IPR 88 Uirapuru na geracéo F,; 11)
BAF09 x IPR 88 Uirapuru na geracao F;; e 12) BAF09 x IPR 88 Uirapuru na geracéo Fg.

O experimento a campo foi realizado na area experimental do Instituto de Melhoramento e Genética
Molecular (IMEGEM), localizado no Centro de Ciéncias Agroveterinarias (CAV), da Universidade do Estado
de Santa Catarina (UDESC) em Lages, Santa Catarina, Brasil. As coordenadas geograficas da area
experimental sdo 27° 47’S de latitude, 50° 18'W de longitude, com 950m de altitude, classificado segundo
Koppen como clima cfb temperado (mesotérmico umido e verdo ameno) (KOPPEN & GEIGER 1930). O
solo do local é classificado como um Cambissolo Hiamico Aluminio Léptico, textura argilosa, predominando
0 substrato siltito + argilito, com relevo ondulado e rampas de aproximadamente 300 m de comprimento,
com as propriedades: 34% de argila; pH em agua de 5,93; acidez potencial pelo método SMP de 5,21;
10,06 mg dm™ de P; 80 mg dm™ de K; 2,61% de MO; 5,42 cmolc dm™ de Ca e 2,10 cmolc dm™ de Mg.

As préticas culturais durante o ciclo foram realizadas conforme as recomendacg@es técnicas da cultura
do feijdo, enquanto a adubacdo de semeadura e cobertura tiveram como base a interpretacdo da analise de
solo, seguindo o disposto pela Comisséo de Quimica e Fertilidade do Solo, visando um rendimento de graos
de 4000 kg ha™ (CQFS-RS/SC 2016). A adubacado nitrogenada em cobertura foi parcelada, nos estadios
vegetativos de primeira (V3) e terceira (V4) folha trifoliolada aberta.

O delineamento utilizado foi blocos casualizados com dois blocos, resultando em 24 unidades
experimentais, em virtude de alguns gendtipos segregantes estarem em geragbes iniciais de
autofecundacéo, onde o tamanho e quantidade de parcelas geralmente ficam restringidas, devido a pouca
disponibilidade de sementes nestas geracdes (SOUZA et al. 2000). Cada unidade experimental foi
composta por quatro linhas de um metro, com densidade de 10 sementes por metro linear. Devido a
metodologia utilizada apresentar uma variag&o intrinseca, duas amostras foram contabilizadas em cada
unidade experimental, resultando em 48 observac¢des para o tempo de cozimento. A avaliagdo do tempo de
cozimento foi realizada apés a colheita do ensaio nos genitores e nas sementes F,, F;, F; e Fg dos
cruzamentos BAF50 x BAFO7 e BAF09 x IPR 88 Uirapuru. Os gréos foram secos em estufa até atingirem
12% de umidade. O tempo de coccdo foi determinado através da utilizacdo do cozedor de Mattson
(MATTSON 1946), modificado por PROCTOR & WATTS (1987).

O cozedor é composto de 25 hastes verticais, cada uma com ponta de 2 mm de didmetro e peso
padrdo de 90 gramas, as quais permanecem apoiadas nos graos de feijdo durante o cozimento sob agua
destilada fervente. O tempo de cozimento em minutos foi obtido quando 13 unidades de hastes perfuraram
os graos. Além disso, na realizagdo da analise multivariada foi considerando o tempo de coc¢do em minutos
para cada haste, totalizando assim 13 variaveis: Tempo de Cocc¢do da Haste 1 (TCH1), Tempo de Cocg¢éo
da Haste 2 (TCH2), Tempo de Coccédo da Haste 3 (TCH3), Tempo de Coccdo da Haste 4 (TCH4), Tempo
de Coccdo da Haste 5 (TCH5), Tempo de Cocc¢do da Haste 6 (TCH6), Tempo de Coc¢do da Haste 7
(TCHY), Tempo de Cocc¢ao da Haste 8 (TCH8), Tempo de Coccao da Haste 9 (TCH9), Tempo de Coccdo da
Haste 10 (TCH10), Tempo de Coccéo da Haste 11 (TCH11), Tempo de Cocc¢éo da Haste 12 (TCH12) e o
Tempo de Cocg¢éo da Haste 13 (TCH13).

O modelo estatistico multivariado utilizado apresenta a mesma expressao da equacado univariada,
sendo os termos escalares substituidos por vetores, em que cada um dos termos é um vetor com dimensédo

v’ inerente as variaveis, cujos os elementos s&o identificados com o acréscimo de um “I” sobescrito, onde:
?ilik =m + g{ + IJ’il + E%i + dt:{ii? em que: 1Irilik: € o vetor das observacdes das variaveis (I = 1, ..., v) numa
unidade experimental que recebeu um tratamento i (i=1,2,...,12), numa repeticdo j (j=1 e 2), na amostra k (k
=1 e 2); m: é a constante inerente a todas as observacdes (média geral); g; : € o efeito proporcionado pelo
genotipo (Tratamento) i; b; : € o efeito proporcionado pelo bloco j; e;: € o efeito aleatorio (erro) na unidade
experimental observada; dy : € o efeito da amostra k (k=1 e 2) dentro da parcela ij. Considerando a analise
multivariada, um namero grande de variaveis pode levar a uma sintese adequada do conjunto de variaveis a
partir da variancia total do conjunto de dados, no entanto ha um aumento de complexidade na interpretagao.
Por outro lado, um nimero pequeno de variaveis e covariaveis pode levar a uma interpretagdo mais
simplificada, porém sem representar os dados. De modo geral, na estatistica deseja-se que o modelo
expligue adequadamente os dados, promovendo uma parcimdnia, representando da melhor maneira o
fenbmeno, com menor complexidade.
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Neste sentido, anteriormente as analises multivariadas utilizou-se o método de selecdo de variaveis.
A partir das variaveis originais demonstradas na Tabela 2, foi aplicado o0 método de selecdo de variaveis
passo a passo (Stepwise), objetivando caracterizar as variaveis com contribuicao significativa com a variavel
tempo de cozimento para a cultura do feijao (TCH13), segundo os padrdes do Ministério da Agricultura
Pecuaria e Abastecimento (BRASIL 2006).

O método de selecao de variaveis aplicado (stepwise), adiciona as varidveis uma a uma ao modelo
necessitando a estatistica F ser significativa para estas serem mantidas. Apés a adicdo de determinada
variavel, o método analisa novamente as variaveis ja incluidas e retira as que ndo demonstram significancia,
posteriormente outra variavel pode ser adicionada. Este processo termina quando nenhuma variavel que
estiver fora demonstre significancia com a probabilidade estabelecida, ou quando a variavel a ser incluida
for a que acaba de ser excluida (SMITH 2018). Assim, para o conjunto de dados foi verificado que as
variaveis que contribuem de maneira explicativa com a variavel tempo de cozimento (TCH13) foram o tempo
de coccdo da segunda haste (TCH2), conjuntamente ao tempo de coccdo da décima segunda haste
(TCH12), com nivel de significAncia de 0,05 para saida e entrada de variaveis no modelo a partir do teste F.

Com isso, a realizacdo da andlise de variancia multivariada e estimacéo da dissimilaridade entre os
gendtipos se deu com as varidveis que melhor representam a variacdo do tempo de cozimento dos
gendtipos de feijdo. A partir da andlise de variancia multivariada, obtiveram-se as matrizes de soma de
quadrados e produtos residuais e a matriz de soma de quadrados e produtos entre gendtipos. Assim as
distncias de Mahalanobis foram obtidas com as variaveis selecionadas e utilizadas como medidas de
dissimilaridades.

No estudo da divergéncia genética, foi utilizado o método aglomerativo da ligagdo média entre grupos
(UPGMA), fundamentados na distancia de Mahalanobis como medida de dissimilaridade (CRUZ et al.
2020). As analises de selecao de variaveis, analise de variancia multivariada e obtencao das distancias de
Mahalanobis foram realizadas com os procedimentos REG, GLM e CANDISC, do sistema estatistico SAS
(SAS OnDemands for Academics), enquanto o agrupamento foi realizado com o pacote “stats” do software
R (R CORE TEAM 2023).

RESULTADOS E DISCUSSAO

A média do experimento para a varidvel tempo de cozimento (TCH13) utilizando o cozedor de
Mattson foi de 24,93 minutos, o valor minimo apresentou 18,43 minutos e o maximo foi de 49,95, enquanto
o desvio padrao obtido foi de 5,14 (Tabela 2). De maneira geral, estes valores sdo considerados inferiores
aos observados nas cultivares desenvolvidas pela Rede Sul-Brasileira de Feijdo no decorrer dos anos de
2010 e 2022 (RIBEIRO et al. 2023).

Tabela 2. Medidas descritivas (valor minimo, maximo, média e desvio padrdo) das variaveis tempo de
coccao dos graos referentes as 13 primeiras hastes do método de Mattson.

Table 2. Descriptive measurements (minimum, maximum, mean and standard deviation) of the variables
cooking time of the grains referring to the 13 first stalks of the Mattson method.

Variavel* Minimo Méximo Média Desvio padrédo
TCH1 8,28 22,32 15,77 2,93
TCH2 10,47 24,50 17,46 2,47
TCH3 13,95 30,02 18,43 2,76
TCHA4 15,10 30,22 19,25 2,89
TCH5 15,12 31,03 19.91 3,23
TCH6 15,52 31,15 20,53 3,24
TCH7 16,55 32,80 21,21 3,47
TCHS8 16,58 35,52 21,68 3,66
TCH9 14,90 39,80 22,28 4,26
TCH10 17,95 40,15 23,00 4,25
TCH11 18,02 40,83 23,69 4,22
TCH12 18,40 43,08 24,25 4,45
TCH13 18,43 49,95 24,93 5,14

*Tempo de Cocc¢do das Hastes (TCHn,comn =1, 2, 3, ..., 13).
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Conforme as informacdes da Tabela 2, observa-se concordancia quanto a média de coc¢édo dos
graos para as demais hastes, além dos desvios apresentarem valores percentuais de aproximadamente 15
a 20% da média. A significAncia observada das duas variaveis (tempo de coccdo da segunda - TCH2 e
décima segunda haste - TCH12) na contribuicdo com a variacdo do tempo de cozimento (TCH13), podem
ser inerentes as caracteristicas intrinsecas do método da panela de Mattson. Isso porque as hastes no
formato de émbolos apresentam variacdo na perfuracéo dos gréos, decorrente das diferengas presentes na
composicdo amostral dos gréos a ser realizado o teste de cozimento. Este fendmeno foi estudado,
principalmente aumentando as amostras e nimero de feijoes, utilizados no momento de realizar o tempo de
cozimento, visando assim mitigar a variabilidade dentro da amostra (PROCTOR & WATTS 1987). Apesar
disso, a utilizacdo de apenas uma haste na consideracdo do tempo de cozimento pode mascarar efeitos
importantes individuais dos gendétipos de feijdes, relevantes as caracteristicas culinarias e relacionadas a
diferenciacéao.

De modo geral, em estudos visualizando as variagcbes do método foi verificado que o tempo de
coccao das hastes extremas demonstram uma menor precisdo experimental, sugerindo que estes valores
podem ser desconsiderados. Além disso, a utilizacdo de apenas uma ou de muitas hastes na definicao do
tempo de cocg¢do, poderia descaracterizar o tempo de cozimento relacionado as caracteristicas sensoriais e
culinarias, devido a reducdo ou incremento do tempo de avaliacdo (RIBEIRO et al. 2007). Sendo assim, a
mensuracao destas variaveis e posterior consideracdo de apenas aquelas que apresentam maior relevancia
pode ser uma alternativa, a compor a andlise para a capacidade de cozimento nos gréos de feijao,
considerando os aspectos verificados intrinsecamente no método cozedor de Mattson.

De acordo com o disposto, sugere-se que inicialmente seja realizado um diagnéstico das variaveis
gue apresentam maior contribuicdo para a variagdo do tempo de cozimento, representado pela décima
terceira haste a perfurar os graos (TCH13). Devido a mesma ser considerada como a variavel que
estabelece o tempo de cozimento pelo Registro Nacional de Cultivares (RNC), para a inscricdo de novas
cultivares neste sistema (BRASIL 2006). Com isso, conferindo aos resultados uma padronizagéo quanto aos
critérios utilizados, considerando a legislagcéo a respeito deste caréter.

Os aspectos relacionados a diferenciacdo dos genétipos sdo fundamentais, em decorréncia da
possibilidade de escolha somente ser possivel na sua presenca, visto que um dos objetivos basicos do
melhoramento de plantas é discriminar o valor fenotipico em causas herdaveis e ndo herdaveis, permitindo
que as diferencas captadas na selecdo de plantas sejam perpetuadas a progénie (FALCONER & MACKAY
1996). Assim, as diferengas observadas na discriminacéo dos genotipos necessitam ser de origem genética.
Conforme observado nos resultados apresentados na Tabela 3, foi evidenciado a presenca de significancia
para o efeito de genétipos (P<0,05), em ambos os testes multivariados (Wilks' Lambda, Pillai's Trace,
Hotelling-Lawley Trace e Roy's Greatest Root), os quais demonstram-se equivalentes quanto a sua
poténcia, ndo existindo na literatura um consenso em qual destes devem ser utilizados no teste de hipétese
na andlise de varidncia multivariada.

Tabela 3. Resumo da andlise de variancia multivariada para 12 genétipos avaliados em blocos ao acaso,
considerando variaveis relacionadas ao tempo de cocgdo em feijéo.

Table 3. Summary of multivariate analysis of variance for 12 genotypes evaluated in randomized blocks,
considering variables related to cooking time in beans.

Efeito Teste Valor Valor F P>F
Wilks' Lambda 0,723 1,15 0,381
Pillai's Trace 0,276 1,15 0,381
Bloco
Hotelling-Lawley Trace 0,382 1,15 0,381
Roy's Greatest Root 0,382 1,15 0,381
Wilks' Lambda 0,021 2,20 0,019
» Pillai's Trace 1,997 1,99 0,025
Gendtipo
Hotelling-Lawley Trace 10,323 2,55 0,032
Roy's Greatest Root 7,612 7.61 0,001

Hipétese de nulidade - Ho: g1 = p2 ... = pk; Hipdtese alternativa - Ha = 1 # p2 ... # pk.
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A significancia para este fator revela o efeito diferencial dos genétipos avaliados para o carater tempo
de cozimento em feijdo, considerando as variaveis tempo de coc¢do da segunda haste (TCH2), décima
segunda haste (TCH12) e décima terceira haste (TCH13). Na Tabela 3 também se verifica uma resposta
analoga dos gendtipos nos blocos do experimento, onde néo foi verificada significancia para o efeito de
bloco (P>0,05), em relacdo ao tempo que as distintas hastes perfuraram os grédos de feijdo dos diferentes
gendtipos, com o método de determinacdo do tempo de cozimento. As diferencas genotipicas para este
carater na cultura do feijdo sdo amplamente observadas por diferentes autores, considerando a analise
univariada (CICHY et al. 2019, KATUURAMU et al. 2020, PEREIRA et al. 2017).

Neste sentido, essas diferencas genotipicas obtidas com a andlise multivariada demonstram
basicamente uma nova abordagem para este carater. Com isso, considerando a interdependéncia das
variaveis TCH2, TCH12 e TCH13, a interpretacdo de maneira conjunta destas é fundamental, decorrente do
método cozedor de Mattson empregado para esta avaliacao apresentar variacdes, referentes principalmente
a capacidade de hidratacdo de agua para cada gréo de feijao, além de aspectos relacionados ao tamanho
destes grdos na amostra (ARRUDA et al. 2012, MELO et al. 2020).

A presenca destas variacdes pode ocorrer principalmente devido a aleatoriedade das amostras,
sendo capaz de influenciar de maneira pontual a mensuracdo do tempo de cozimento, para as diferentes
observacfes realizadas nos experimentos. Estes e outros fatores se agravam ainda mais ao considerar
gendtipos com constituicdo genética segregante, os quais demonstram consequentemente locus em
heterozigose, segregando para as diferentes formas homozigotas (FALCONER & MACKAY 1996). Essas
diferencas genotipicas, podem resultar em variagbes dentro das amostras, inerentes basicamente ao
desempenho genotipico diferencial para o tempo de cocg¢do e outros atributos referentes a capacidade de
cozimento dos graos, que de maneira direta ou indiretamente podem influenciar na resposta deste carater
(WIESINGER et al. 2016). Assim, a utilizacdo de uma abordagem multivariada, resulta em uma
interpretacao facilitada destes dados, na presenca da interdependéncia das varidveis avaliadas para o
tempo de cozimento em gendétipos de feijdo.

Considerando estes aspectos relacionados a essa variabilidade, foi observado uma maior
discriminagdo entre cultivares de feijado na avaliagdo do tempo de cozimento, com a utilizacdo do tempo
meédio de queda das hastes do cozedor Mattson, além disso, o tempo médio das treze primeiras hastes do
cozedor proporcionou também maior precisdo experimental (RIBEIRO et al. 2007). A partir disso, se verifica
que a consideracdo de uma haste especifica na definicdo do tempo de cocc¢do para o feijdo utilizando o
cozedor Mattson, pode levar o pesquisador a desfavorecer determinados genétipos em detrimento do
favorecimento a outros. Com base neste aspecto, constituicdes genotipicas com potencial de redugdo do
tempo de cozimento podem ser ignoradas para este carater, sendo fundamental que as comparacgdes sejam
realizadas considerando as diferentes variaveis. Este fato apresenta relevancia, visto que em estudo prévio
foi verificado que os ganhos genéticos para o tempo de cocg¢do sdo nulos nas cultivares desenvolvidas pela
Rede Sul-Brasileira de Feijao entre 2010 e 2022 (RIBEIRO et al. 2023).

Neste sentido, a partir da verificacdo da presenca de variacdo genética nos gendétipos de feijao
considerando as variaveis do tempo de coc¢do, uma informagcdo importante que atende os objetivos do
melhoramento € a quantificacdo e informacgéo do grau de semelhanca, além das diferencas apresentadas
entre os diferentes genétipos, possivel de ser observada por estimativas de dissimilaridade. Em uma etapa
inicial dos programas de melhoramento esta informagéo é importante e de grande utilidade, visando orientar
as hibridacdes, direcionando assim os esfor¢os do melhorista para os cruzamentos em que ha diversidade
genética entre os genitores, sendo um indicativo da complementariedade génica destes (CRUZ et al. 2020).
Contudo, estas informacdes também séo relevantes considerando populagées segregantes (DELLAGOSTIN
et al. 2011), pois demonstram a distancia genética dos genotipos e sua potencialidade em termos dos
possiveis ganhos a serem obtidos com a selecdo de plantas. No estudo em questdo, a importancia é
inerente a discriminacdo dos gendétipos considerando as diferentes variaveis, que apresentaram relevancia
nas populacdes segregantes.

Na Tabela 4, sdo apresentadas as informacdes relativas a dissimilaridade entre os genétipos de feijao
estimada pela distancia de Mahalanobis, em relacdo ao tempo de coccao dos gréos pelas hastes do método
cozedor de Mattson (TCH2, TCH12 e TCH13), conjuntamente as probabilidades associadas as estimativas
F para cada uma das distancias. Constata-se que as maiores dissimilaridades entre os genitores séo
observadas entre o gendétipo 4 (IPR 88 Uirapuru), com os demais genitores oriundos do Banco Ativo de
Germoplasma de Feijdo (BAF0O7, BAF09 e BAF50). Contudo estes valores ndo apresentaram significancia
considerando uma probabilidade de 0,05, aceitando-se a hipotese de nulidade (Ho: D°= 0).
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Tabela 4. Dissimilaridade entre os gendtipos de feijdo estimada pela distancia de Mahalanobis (D2) abaixo
da diagonal principal, conjuntamente aos valores de probabilidades associados as estimativas F
para as distancias acima da diagonal principal (Ho: D> = 0; H,: D® # 0), em relagdo ao tempo de
coccao das hastes (TCH2, TCH12 e TCH13) do método cozedor de Mattson.

Table 4. Dissimilarity between bean genotypes estimated by the Mahalanobis distance (D?) below the main
diagonal, together with the probability values associated with the F estimates for the distances above
the main diagonal (Ho: D? = 0; Ha: D* # 0), in relation to the cooking time of the stems (TCH2, TCH12
and TCH13) of the Mattson cooking method.

Gendtipos* 1 2 3 4 5 6 7 8 9 10 11 12

1 - o077 08 014 013 002 055 093 032 030 030 0,70
2 1,32 - 0,64 0,36 0,12 0,01 0,24 0,64 0,34 0,71 0,79 0,92
3 0,76 2,05 - 0,17 0,04 0,02 0,52 0,91 0,32 0,28 0,28 0,73
4 8,06 4,22 7,39 - 0,02 0,01 0,02 0,09 0,53 0,88 0,44 0,25
5 850 8,95 14,31 1851 - 0,01 0,04 0,07 004 005 0,05 0,05
6 16,7 25,50 16,96 46,45 31,17 - 0,18 0,04 0,01 <0,00 0,01 0,01
7 2,63 586 2,80 18,10 1434 7,04 - 0,81 0,04 0,05 0,08 0,34
8 0,49 2,04 0,61 10,24 11,54 13,41 1,13 - 0,16 0,19 0,26 0,75
9 4,73 4,51 4,72 2,80 14,14 35,52 13,70 7,41 - 0,50 0,16 0,20
10 4,93 1,65 5,29 0,77 12,54 39,15 13,32 6,78 2,99 - 0,76 0,49
11 497 1,22 5,27 3,50 13,23 34,69 10,49 546 7,47 141 - 0,76
12 1,72 0,53 1,57 5,73 12,62 22,56 4,42 1,44 6,67 3,07 1,40 -

1: BAFO7; 2: BAFQ9; 3: BAF50; 4: IPR 88 Uirapuru; 5: geragdo F, do cruzamento BAF50 x BAFQ7; 6: geracao F3 do
cruzamento BAF50 x BAFQ7; 7: geracdo Fg do cruzamento BAF50 x BAFO7; 8: geracdo Fg do cruzamento BAF50 x
BAFO07; 9: geracdo F, do cruzamento BAF09 x IPR 88 Uirapuru; 10: geracdo F3; do cruzamento BAF09 x IPR 88
Uirapuru; 11: geracdo Fg do cruzamento BAF09 x IPR 88 Uirapuru; 12: geragdo Fg do cruzamento BAF09 x IPR 88
Uirapuru.

Quanto as populacdes segregantes oriundas do cruzamento entre os genotipos BAF50 x BAFO7
(Tabela 4), foram verificadas maiores estimativas de dissimilaridades nas comparacdes entre as geracdes
FoeF3(5x6), FoeFg (5x7), F,eFg(5x 8), além da geracdo F; com Fg (6 x 8), as quais apresentaram
significancia a 0,05 (H,: D® # 0). No cruzamento entre os genitores BAF09 x IPR 88 Uirapuru, estas
populacdes segregantes demonstram baixas estimativas de dissimilaridade dentro do cruzamento, se
comparado aos valores entre BAF50 x BAF07, deste modo n&o diferindo de 0 pelo teste F (Ho: D* = 0). As
dissimilaridades entre os genoétipos segregantes dos dois cruzamentos evidenciaram magnitude mais
elevada, refletindo as diferengas genotipicas entre os dois cruzamentos. Essas diferencas sdo observadas
principalmente entre a geracdo F, e F; do cruzamento BAF50 x BAFO07, com as demais populactes
segregantes do cruzamento BAF09 x IPR 88 Uirapuru.

Usualmente as medidas de dissimilaridade entre os gendtipos sdo apresentadas empregando uma
técnica de agrupamento. Utilizando as médias ponderadas das medidas de dissimilaridade na construcao
de um dendrograma estabelecido pelo genétipo de maior similaridade, sendo definido como o método
aglomerativo UPGMA. Com este método de agrupamento foi possivel verificar que as distancias minimas
estdo inclusas no dendrograma, enquanto o valor do ultimo nivel de fusdo se encontra levemente abaixo da
maxima dissimilaridade. O nivel de informac¢éo mantida no dendrograma em relacao a matriz de distancias é
obtido pela correlagdo cofenética, sendo de 0,83 (Figura 1), indicando uma porcentagem de 83% da
informacao da matriz de distancias entre os genétipos no dendrograma.

A partir da Figura 1, sdo observados basicamente o agrupamento dos gendtipos em trés grupos, com
0 corte realizado a uma distancia de 10. O primeiro grupo é constituido pelo genétipo 6 (geracdo Fj)
localizado praticamente no Gltimo nivel de fusdo (39,15), um segundo grupo é formado pelo gendtipo 5
(geracao F,), ambos originarios do cruzamento BAF50 x BAF07, enquanto os demais gendétipos compde o
terceiro grupo. Estes resultados revelam diferencas entre os grupos de genétipos, sendo fundamentadas
basicamente entre os cruzamentos. Considerando que o objetivo final da pesquisa genética na agricultura é
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indicar o caminho que leva ao avango genético. Assim, 0 aspecto com base no comportamento das
populacdes segregantes destes cruzamentos fornecem uma indicacdo da potencialidade como critério a ser
utilizado para selecao de plantas, além dos genitores a serem considerados no processo de melhoramento
do carater tempo de cozimento em feijao.
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Figura 1. Dendrograma obtido pelo método aglomerativo da ligacdo média entre grupos (UPGMA), com as
distancias de Mahalanobis (D?) entre os gendtipos de feijdo para as variaveis do tempo de
cozimento (TCH2, TCH12 e TCH13). Valor de correlagéo cofenética = 0,83.

Figure 1. Dendrogram obtained by the agglomerative method of average linkage between groups (UPGMA),
from the Mahalanobis distances (D?) between the bean genotypes for the cooking time variables
(TCH2, TCH12 and TCH13). Cophenetic correlation value = 0.83.

As informacg@es referentes ao mérito dos cruzamentos, conjuntamente as popula¢cdes segregantes
conduzidas em bulk com diferentes niveis de heterozigose, apresentam subsidios importantes na definicdo
do momento adequado de iniciar o teste das progénies, julgando assim o mérito destas. Pois este carater,
demonstra a particularidade de necessitar uma avaliagdo minuciosa, sendo essencial na obtencdo do
progresso com a sele¢do de plantas, visto que o0 avango genético para qualquer carater € definido em
termos dos valores genéticos das geragcbes realmente testadas, em consequéncia das mudangas nas
frequéncias alélicas obtida pela sele¢do. Com isso, demonstrando relevancia decorrente da impossibilidade
de realizar previsdes sem o0 conhecimento das informa¢Bes oriundas da avaliagdo das progénies,
contrariamente a outros caracteres, onde o melhorista pode direcionar a sele¢do a partir de ide6tipos com
base em sua experiéncia, descartando genotipos inferiores de maneira precoce (ALLARD 1971).

Conforme observado nas estimativas da dissimilaridade dos genétipos verificadas na Tabela 4, o
cruzamento BAF50 x BAFO7 demonstrou maiores valores de dissimilaridades entre as diferentes geracdes
segregantes, comparativamente ao outro cruzamento. Deste modo, a consideracdo da interdependéncia
das variaveis do tempo de cozimento pelo método cozedor de Mattson na analise estatistica, colabora com
a sintese de informag@es a partir da variacéo total, observada para as varidveis mensuradas nos genétipos,
podendo favorecer a identificagdo de progénies superiores neste carater.

CONCLUSAO

A proposta utilizando a analise multivariada, aplicada as varidveis do tempo de cozimento em feijao
demonstrou resultados que possibilitaram a diferenciacdo dos genétipos a partir das constituicdes genéticas
presente neste estudo, indicando uma alternativa para andlise estatistica deste carater. Adicionalmente, foi
verificado que o cruzamento BAF50 x BAFO7 demonstrou maiores estimativas de dissimilaridade nas
progénies de feijao inerentes as diferentes geracoes.
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ABSTRACT: Beans are one of the most important legumes for humans, requiring the adoption of strategies that can improve their productivity,
such as the use of herbicides. The study identified bean genotypes tolerant to fomesafen, imazamox and S-metolachlor belonging to different
herbicides mechanisms of action, for use in the improvement of new tolerant cultivars and to verify the influence of their morphogenetic
aspects on the response to herbicides. The trial was carried out in randomized blocks, in a 4x15 factorial design, with four replications. The
first factor consisted of the herbicides fomesafen, imazamox, S-metolachlor and control (without herbicide). The second factor was composed
of the genotypes Caviano, IPR Uirapurt, IPR Tuiuit, IPR Campos Gerais, BRS Pérola, BRS Campeiro, BRS Estilo, BAF03, BAF07, BAF36,
BAF51, BAF235, BAF238, BAF239 and BAF240. Phytotoxicity, chlorophyll, number of leaves, stem diameter, plant height, dry mass of the
aerial part, number of pods per plant, number of grains per pod and grain production per plant were evaluated. Data were subjected to backward
elimination analysis, MANOVA and multivariate contrasts. It was observed that the accessions (BAFs) were less tolerant than cultivars.
Cultivars such as BAF238, BAF239, BAF51, BAF36 and BAF03 were identified as the most sensitive to herbicides, while the cultivars BRS
Pérola, IPR Campos Gerais, Caviano and BAF07 were the most tolerant, taking into account the different modes of action of herbicides.

Key words: chemical control, phytointoxication, selection, Phaseolus vulgaris, MANOVA.

Tolerancia diferencial de genotipos de feijao aos herbicidas
fomesafen, imazamox e S-metolachlor

RESUMO: O feijao ¢ uma das leguminosas mais importantes para o homem, sendo necessario adog@o de estratégias que possam melhorar
sua produtividade, como o uso de herbicidas. O estudo objetivou-se em identificar genotipos de feijao tolerantes a fomesafen, imazamox e
S-metolachlor pertencentes a diferentes mecanismos de ag¢@o de herbicidas, para uso no melhoramento de novas cultivares tolerantes e verificar
a influéncia dos aspectos morfogenéticos destes na resposta aos herbicidas. O ensaio foi realizado em blocos casualizados, em esquema fatorial
4x15, com quatro repeti¢des. O primeiro fator constituiu-se em herbicidas fomesafen, imazamox, S-metolachlor e testemunha (sem herbicida).
O segundo fator foi composto pelos gendtipos Caviano, IPR Uirapurti, IPR Tuiuit, IPR Campos Gerais, BRS Pérola, BRS Campeiro, BRS
Estilo, BAF03, BAF07, BAF36, BAF51, BAF235, BAF238, BAF239 e BAF240. Avaliou-se a fitointoxicagdo, clorofila, nimero de folhas,
diametro do caule, estatura da planta, massa seca da parte aérea, nimero de vagens por planta, nimero de graos por vagem e producao de grios
por planta. Os dados foram submetidos & analise de eliminacao regressiva, MANOVA e contrastes multivariados. Observou-se que os acessos
(BAFs) foram menos tolerantes que cultivares. Os acesos como BAF238, BAF239, BAF51, BAF36 e BAF03 foram identificados como os mais
sensiveis aos herbicidas, enquanto as cultivares BRS Pérola, IPR Campos Gerais, Caviano e BAF07 foram as mais tolerantes, tendo em conta
a diferentes modos de atuag@o dos herbicidas.

Palavras-chave: controle quimico, fitointoxicagao, selegdo, Phaseolus vulgaris, MANOVA.

INTRODUCTION minerals, antioxidants, and bioactive compounds

(KARAVIDAS et al., 2022).

Phaseolus vulgaris is an important grain
legume for human consumption and a staple food
for millions of people around the world, mainly
in tropical Latin America, South, and East Africa
(SMITH et al., 2022; GONCALVES et al., 2016).
The importance of this crop is due to its high
nutritional value, due to the content of protein,
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World bean production in 2020 was
approximately 28 million tons, harvested on an area
of 34 million hectares (FAOSTAT, 2020). Brazil is
among the main producers and consumers of this
grain, but average national grain production in the
2023/2024 harvest was around 3.11 million tons
and productivity was 1,091 kg ha’!, in an area of 2.7
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million hectares (CONAB, 2024). However, despite
the genetic progress made in improving this species,
grain yields are still below the crop productive
potential (SOUZA et al., 2018).

One of the limiting factors in bean crop
productivity is the interference caused by weeds,
representing one of the biggest challenges for
sustainable agricultural production. The application
of herbicides is an important method and an
alternative for reducing weed interference, improving
productivity, and increasing the security of global
agricultural production (DAI et al., 2022). Although,
the use of this method of weed control requires the
crop to be tolerant to the recommended herbicides,
this is sometimes not verified, as there can be variation
in the response of genotypes to herbicides.

The variation found in the response to
the effect of herbicides between bean genotypes is
recurrent and is an unfavorable phenomenon from a
production point of view. It is therefore believed that
this phenomenon is due to the genetic variability that
occurs between genotypes. Therefore, knowledge of
the tolerance of cultivars of a species is important for
the choice of herbicides (PAGNONCELLI JR. et al.,
2018; VIECELLI et al., 2021).

Although there have some reports
demonstrating the variation between bean genotypes
in relation to herbicides (PAGNONCELLI JR. et
al.,, 2018), other studies have shown this fact in
Glycine max (LEITE et al., 2000; BRI HENTI et
al., 2002) and in other plants of the legume family:
Pueraria phaseoloides, Desmodium ovalifolium,
Mucuna aterrima, Mucuna cochinchinensis (SILVA
& BUENO, 2002). Therefore, this information is
extremely important for breeding programs aimed at
obtaining cultivars with higher yields, grain quality,
and tolerance to herbicides.

This study was therefore to: i) to identify
bean genotypes tolerant to fomesafen, imazamox
and S-metolachlor belonging to different herbicides
mechanisms of action, for use in the improvement of
new tolerant cultivars; ii) to verify the influence of the
morphological and genetic aspects of these genotypes
on the response to herbicides.

MATERIALS AND METHODS

The trial was carried out between August
and November 2022, in a greenhouse at the Instituto de
Melhoramento ¢ Genética Molecular IMEGEM) at the
Centro de Ciéncias Agroveterindrias of the Universidade
do Estado de Santa Catarina (CAV/UDESC), in the
municipality of Lages, Santa Catarina state, Brazil.

Before setting up the experiment, soil
samples were collected and subjected to chemical
analysis by the laboratory of the Empresa de
Pesquisa Agropecuaria e Extensdo Rural de Santa
Catarina (EPAGRI). The soil used in the experiment
is classified as Cambissolo Umico Aluminio Iéptico,
composed of 47% clay. The chemical analysis
revealed the following composition: 5.9 pH; 3.2
and 3.1 mg dm™ of organic matter and phosphorus,
respectively; 124 mmol dm?> of potassium; 3.7
and 16.2 cmol dm™ of H + Al and sum of bases,
respectively; and 81% base saturation.

Sowing and top dressing were based on
the interpretation of the soil analysis, following the
provisions of the Comissdo de Quimica e Fertilidade
do Solo, aiming for a grain yield of 4,000 kg ha’
(CQFS-RS/SC, 2016). The nitrogen fertilizer was
applied in two installments at the first (V3) and third
(V4) open trifoliate leaf stages.

The study was conducted in a
randomized complete block design, in a 4 x 15
factorial scheme (herbicide vs. genotype), with
four replicates. The herbicide factor consisted of
four levels corresponding to fomesafen (250 g i.
a. ha''), imazamox (42 g i. a. ha'), S-metolachlor
(1,200 g i. a. ha'), and the control (no application),
applied as described in table 1.

The genotype factor consisted of 15 levels,
including seven commercial cultivars and eight bean
accessions (Table 2). The accessions with the initial
letters are called BAF (Active Bean Germplasm
Bank, UDESC), followed by the sequence numerals
used to enter the seed bank, described with the
characteristics (Table 2).

The bean genotypes were sown by hand in
5 dm? pots, with four seeds per pot, sown at a depth
of 3 cm. Eight days after seedling emergence, two
plants per pot were thinned out until 28 days after
application (pre-emergence) or after emergence (post-
emergence), at which point one plant was removed
at random from each pot to determine the shoot dry
mass. This procedure was performed for both pre-
emergence and post-emergence treatments.

The herbicide S-metolachlor was applied
in the pre-emergence of the crop (soil) one day after
sowing. The herbicides fomesafen and imazamox
were applied post-emergence, at the stage of 2 to 4
fully expanded compound leaves (trifoliolate). The
herbicides were applied at the doses recommended
for the crop according to the manufacturer (Table 1),
using a CO -pressurized knapsack sprayer, maintained
at a constant pressure of 210 kPa, fitted with a boom
with four AIXR 110 015 spray tips, spaced 50 cm
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Table 1 - Description of the herbicides used in the experiment. CAV/UDESC. Lages, SC. Brazil, 2022.

Commercial name Molecule Dose (p.c. ha™) Dose (i.a. ha') Group” Mechanism of action
Flex Fomesafen 1.0L 250 g 14 PROTOX
Raptor Imazamox 60 g 42g 2 ALS

Dual gold S-metolachlor 1.25L 1200 g 15 VLCFAs

“14 - Inhibitors of the action of the enzyme protoporphyrinogen oxidase (PPO/PROTOX); 2 - Inhibitors of the action of the enzyme
acetolactate synthase (ALS); 15 - Inhibitors of long-chain fatty acid synthesis. Recommended doses for common beans (Phaseolus
vulgaris). HRAC/WSSA: Herbicide Resistance Action Committee.

apart, calibrated to apply a spray volume of 150 L
ha'. When the products were applied pre- or post-
emergence, temperatures of 16 and 22 °C, relative air
humidity of 70 and 63%, and wind speeds of 2.8 and
4.1 km h! were recorded, respectively.

To ensure that the products applied post-
emergence adhered to the leaves of the plants,
fomesafen was applied in a mixture with the non-
ionic adhesive spreader “Mees” at 0.2% of the
volume of the mixture (200 mL for every 100 L of
mixture) and imazamox in a mixture with the non-
ionic surfactant “Aterbane” at a rate of 0.5% of the
volume of the mixture (500 mL for every 100 L
of mixture) in accordance with the manufacturers
recommendations.

During the course of the experiment, some
cultivation work, such as removing weeds from the

pots, was carried out manually. [rrigation was carried
out according to the crop’s needs. In the event of
attacks by diseases and pests, they were controlled
with the products indicated for the crop, with the
systemic insecticide and acaricide Cefanol (150 g 1i. a.
ha') being applied for the control of whitefly (Bemisia
tabaci) and the systemic fungicide Methylthiophan
(70 g i. a. ha') for the control of powdery mildew
(Erysiphe polygoni).

Phytointoxication (PI) assessments were
carried out at 7, 14, 21, and 28 days after application
(DAA), using a percentage scale (0 to 100%), where
zero represented the absence of symptoms and 100%
represented total plant death. The chlorophyll content
(CT) was determined on the three leaflets of the
third leaf of the plant counting from the top with a
“SPAD-502 Plus” meter, at 21 DAA. The number

Table 2 - Characteristics of the genotypes used in the experiment. CAV/UDESC. Lages, SC, Brazil, 2022.

Genotypes Market group Gene group Growth habit” Origin
Caviano Black Mesoamerican 1 Cultivar
IPR88 Uirapurt Black Mesoamerican 1I Cultivar
IPR Tuiuit Black Mesoamerican 11 Cultivar
IPR Campos gerais Carioca Mesoamerican 11 Cultivar
BRS Pérola Carioca Mesoamerican 1T and IIT Cultivar
BRS Campeiro Black Mesoamerican 1I Cultivar
BRS Estilo Carioca Mesoamerican 11 Cultivar
BAF 03 Colors Mesoamerican I Accessions
BAF 07 Black Mesoamerican 111 Accessions
“‘ BAF 36 Black Mesoamerican 1T Accessions
\\‘ BAF 51 Colors Andean I Accessions
“‘ s \ BAF 235 Colors Andean I Accessions
8 BAF 238 Colors Mesoamerican 11 Accessions
ss BAF 239 Black Mesoamerican 111 Accessions
'S BAF 240 Carioca Mesoamerican I Accessions

"I - Determinate (erect) growth habit; II - Indeterminate (erect) growth habit; IIT - Indeterminate growth habit (semi-erect to prostrate).
Accessions - CAV/UDESC germplasm bank. BAF - Active bean germplasm bank. BAF03 colors (cream/red). BAF51 colors (purple).
BAF235 colors (white). BAF238 colors (yellow).

Ciéncia Rural, v.55, n.9, 2025.
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of leaves (NL), by counting all the completely open
compound leaves; plant height (PH), by measuring
close to the ground up to the insertion of the apical
bud and stem diameter (SD), at 5 cm from the base,
were determined at 21 and 28 DAA, using the tape
measure and “INSIZE” digital caliper, respectively.

The shoot dry mass (SDM) was determined
at 28 DAA. In the post-harvest period, the number of
pods per plant (NP) was determined by counting all
the pods on each plant, the number of grains per pod
(NGP), by the total number of grains in all the pods
on the plant, and the grain yield per plant (GY), by the
total number of grains produced on each plant.

Initially, the variables were selected
using the backward elimination method, in order
to eliminate the variables that contributed little to
the study, using the model [(Y = X1-X2-X3-...-n)
/ selection = backward slstay = 0.01], taking the
variable “grain yield per plant” as the main variable.
Where “y” is an independent variable and “x”
represents the dependent variables.

Variable selection using the backward
elimination method was used to select a reduced
number of representative variables and thus eliminate
those whose contribution is insignificant to reducing
the sum of the squares of the predictive errors
(PRESS), which facilitates the interpretation of the
results achieved.

Finally, the selected variables were subjected
to multivariate analysis of variance (MANOVA)
according to the model Y = XB + E, where Y is the
matrix of the set of response variables, X is the design

matrix, B is the parameter estimation matrix, and E is
the residual variance and covariance matrix.

The main advantage of MANOVA is that
it takes into account the covariance between the
response variables, which makes it possible to select
genotypes that have several characteristics of interest
(COIMBRA et al., 2007; SCHMIT et al., 2018). This
makes it possible to characterize this technique as of
great importance for deriving inferences regarding
the variation of a set of response variables between
two or more treatments (COIMBRA et al., 2007),
which can aid in identifying the variability that exists
between bean genotypes in terms of the effect caused
by herbicides.

Canonical discriminant analysis was then
carried out to assess the dispersion of the genotypes.
The experiments were also subjected to multivariate
contrast analysis to compare the morphological and
genetic structure of the bean genotypes. The analyses
were carried out using the “Statistical Analysis
System - SAS” software in the academic version
(SAS University Edition).

RESULTS AND DISCUSSION

The backward elimination analysis made it
possible to select the following variables: plant height
(PH); stem diameter (SD: 21 and 28 DAA); shoot dry
mass (SDM); number of pods per plant (NP); number
of grains per pod (NGP), and grain yield per plant
(GY), as those that best meet the needs of the study
(Table 3). These variables were used for multivariate

Table 3 - Analysis of variance using the backward elimination method carried out in eight steps, with grain yield per plant (GY) as the

main variable. CAV/UDESC. Lages, SC. Brazil, 2022.

SV DF Sum of square
Model 6 326611
Error 233 19389
Corrected total 239 346000
Variables Estimate Standard error
Intercept -72.84 6.22

PH (21 DAA) 0.04 0.01

SD (21 DAA) 0.19 0.09

SD (28 DAA) -0.17 0.09
SDM -0.04 0.02

NP 0.83 0.01
NGP 0.86 0.02

Least square F value Pr>F
54435 654.17 0.0001
83.21 - -

Sum of squares F value Pr>F
11382 136.78 0.0001
476.74 5.73 0.0175
368.30 443 0.0365
288.31 3.46 0.0639
284.63 3.42 0.0657
198992 2391.36 0.0001
103711 1246.33 0.0001

“Significant at 5% probability by the F test. DAA - Days after application. PH - Plant height. SD - stem diameter. SDM - Shoot dry
mass. NP - Number of pods per plant. NGP - Number of grains per pod. Intercept - Main variable. SV: source of variation; DF: degree

of freedom; Pr: probability.
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analysis of variance, canonical score plotting and
multivariate contrasts.

The backward elimination method made a
significant contribution to the selection of variables such
as: SD (21 and 28 DAA), PH (21 DAA), SDM, GY, NGP,
and NP, as these had significant F statistics, contributing
to the selection of a reduced number of representative
variables. However, this procedure is carried out by
calculating statistics for a specified model, including all
the independent variables. The variables are then excluded
from the model one by one until all the remaining variables
in the model produce significant F-statistics at the SLSTAY
= level specified in the MODEL statement. At each step,
the variable with the lowest contribution to the model is
excluded (MAYA & BHARGAVI, 2019).

Therefore, the basic principle of variable
selection methods is to select a reduced number of
representative variables and then identify more
concise and effective spectral data, with a view to
facilitating multivariate analysis, since the removal
of irrelevant variables by the backward elimination
method is effective in producing better results,
making interpretation easier (SABONI et al., 2021).

The multivariate analysis of variance
resulted in significant variation (P> 0.05) for the effects

of block, Genotype, Herbicide, and the Genotype
x Herbicide interaction, considering different tests
(Wilk’s Lambda, Pillai’s Trace, Hotelling-Lawley
Trace, and Roy’s Greatest Root) (Table 4). Thus,
considering the causes of variation of interest in the
study, differences were observed between at least
two bean genotypes and also between herbicides.
The rejection of the null hypothesis considering the
Genotype x Herbicide interaction reveals the existence
of variation between the levels of the factors studied,
indicating differential behavior between the genotypes
in relation to the different herbicides applied (Table 4).

The significance of the interaction
observed by the multivariate analysis of variance
(MANOVA) allows us to infer that there was a
dependent relationship between the factors studied
(herbicide x genotype), i.e. with variation in the
levels of the herbicide factor there was variation in the
levels of the genotype factor. However, this technique
was chosen because it can enrich the discussion of
the results obtained in agricultural experiments and
clarify the hypotheses raised about the effect and
relationship of response variables.

Considering the first canonical discriminant
function, the characters stem diameter (SD: 21 and 28

Table 4 - Multivariate analysis of variance (MANOVA) considering the variables grain yield per plant (GY), plant height (PH 21
DAA), stem diameter (SD 21 and 28 DAA), shoot dry mass (SDM), total number of pods per plant (NP), and average
number of grains per pod (NGP) of bean genotypes. CAV/UDESC. Lages, SC. Brazil, 2022.

Teste Valor F Pr>F
Block
Wilks' Lambda () 0.64 3.86 0.0001
Pillai's Trace 0.39 3.76 0.0001
Hotelling-Lawley Trace 0.48 3.95 0.0001
Roy's Greatest Root 0.26 6.65 0.0001
Herbicide
Wilks' Lambda (£) 0.18 18.43 0.0001
Pillai's Trace 1.13 15.03 0.0001
Hotelling-Lawley Trace 2.70 21.90 0.0001
Roy's Greatest Root 1.99 49.33 0.0001
Genotype
Wilks' Lambda (&) 0.08 5.41 0.0001
by Pillai's Trace 1.77 4.30 0.0001
i “‘ Hotelling-Lawley Trace 3.99 6.92 0.0001
‘.‘: Roy's Greatest Root 247 31.33 0.0001
-:s 3 Herbicide x Genotype
3:‘ Wilks' Lambda () 0.06 1.91 0.0001
s & Pillai's Trace 2.06 1.77 0.0001
Hotelling-Lawley Trace 3.62 2.09 0.0001
Roy's Greatest Root 1.50 6.33 0.0001

Significant at 5% probability by the F test.
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DAA) and shoot dry mass (SDM) were the ones that
showed the greatest contribution to discriminating
the Genotype x Herbicide interaction. In the second
canonical discriminant function, the characters with
the greatest contribution were grain yield per plant
(GY), number of grains per pod (NGP), number of
pods per plant (NP), and plant height (PH) (Table 5).

Looking at the standardized canonical
coefficients inherent in the different canonical
discriminant functions, the first canonical discriminant
function captured 41.46% of the accumulated variance
in the eigenvalues and was significant at a 5%
probability of error in the test. While the second function
captured 17.23% of the variance in the eigenvalues,
also with significance by the F test (P < 0.05). These
eigenvectors were plotted graphically, representing the
variables with the greatest contribution to separating
the genotypes, as shown in figure 1.

Identifying the variables with the greatest
contribution to separating the genotypes made
it possible to see how much the genotypes were
affected by the action of the herbicides (Figure 1), as
this provides an advantage from the point of view of
selecting the desired characteristics, since it is not in
the interest of breeders to look for genitors with single
characteristics, but rather multiple characteristics.
In this case, it is convenient to characterize the
genotypes based on a set of traits that aim to identify
them in terms of the effect of the herbicides

Table 5 - Standardized canonical coefficients inherent in the
different canonical discriminant functions (CDF),
considering the variables grain yield per plant
(GY), plant height (PH), stem diameter (SD),
shoot dry mass (SDM), number of pods per plant
(NP), and number of grains per pod (NGP),
referring to the interaction between bean
genotypes and herbicides. CAV/UDESC. Lages,
SC. Brazil, 2022.

Variables CDF 1 CDF 2
GY 0.289 0.934
PH (21 DAA) -0.308 0.524
SD (21 DAA) 0.926 -0.106
SD (28 DAA) 0.911 -0.231
SDM 0.868 -0.181
NP 0.144 0.653
NGP 0.397 0.664
Eigenvalue (A) 3.86" 1.32°
Variation explained (%) 41.46 17.23

“Significant at 5% probability of error by the likelihood ratio
test statistic.

Based on these two canonical discriminant
functions, which together account for 58.7% of the
total variation, the dispersion of the canonical scores
of the interaction between genotypes and the different
herbicides can be seen (Figure 2). The best and worst
scores can be seen graphically by looking at the first
discriminant function, which showed the greatest
cumulative variation (CDF 1). For the herbicide
fomesafen, the tolerant genotypes were G1, G8 and
G4, G14, G6, while the susceptible genotypes for
this herbicide were G11, G12, G10 and G7. For the
herbicide imazamox, the tolerant genotypes were
Gl, G8, G2, G4, G3, G6 and G7. The susceptible
genotypes to imazamox were G12, G11, G15, G9,
G10 and G13. While for the herbicide S-metolachlor,
the tolerant genotypes were G4, G1, G5 and G7, and
the susceptible genotypes were G12, G11, G6, G9,
G13 and G14 (Figure 2).

The dispersion of the genotypes seen
in figure 2 shows their performance in terms of
the variables seen in figure 1, thus confirming
that cultivars are more tolerant to herbicides than
accessions (BAFs), as they have a higher performance
in terms of variables such as GY, NGP, NP, SDM,
and SD (Figure 2), unlike the accessions which
have a higher performance in terms of PH. On the
other hand, BAF07 was shown to be tolerant to all
herbicides used in the present study. Therefore, the
discrimination of genotypes using the multivariate
method was efficient in separating them, since the
technique allows genotypes to be separated in terms
of the performance of the characters evaluated. This
is because this method provides results for the joint
analysis of all variables used and aims to test the
equality of the multivariate vector of means between
treatment levels (SAS, 2006).

Multivariate  contrasts were carried
out considering the differences between the bean
genotypes with the application of the herbicides,
where it was observed that the contrasts indicated
significant differences between the cultivars and
accessions, with greater tolerance for cultivars in
relation to accessions (Table 6). However, within the
cultivars there was a significant difference in type 11
vs. III growth habit, due to the greater accumulation
of SDM, which was the variable that contributed
most to separating the genotypes and the herbicide
imazamox was the one that contributed to separating
this trait, followed by fomesafen and S-metolachlor.
However, cultivars with type III growth habit were
more tolerant to the herbicides applied (fomesafen,
imazamox, and S-metolachlor) than cultivars with
type II growth habit.

Ciéncia Rural, v.55, n.9, 2025.
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Figure 1 - Biplot graph showing the dispersion of the eigenvectors corresponding to the contribution
of the variables used in the canonical discriminant analysis. CAV/UDESC. Lages, SC.

The contrasts between the genotypes with
the application of the herbicide fomesafen show
differences in the comparison between Cultivars vs.
Accessions (C1) and the cultivars differ in terms of
growth habit IT and III (C2). Considering the group of
genotypes formed by the accessions from the active
bean bank, the genotypes with the morphological
characteristic of type I growth habit do not differ
from those with type II growth habit (C3), performing
similarly. Also in the comparisons made between the
accessions, the contrast between type I vs. III (C4)
and type II vs. III (C5) growth habit was significant
(P > 0.05). The gene pool of these genotypes was
also different, between genotypes from the Andean
and Mesoamerican gene pools, inferring adaptive
differences between these genotypes in terms of
tolerance to the herbicide fomesafen. This highly
relevant comparison showed that the main characters
visualized by the standardized canonical scores were
stem diameter (SD 28 DAA), shoot dry mass (SDM),
and grain yield (GY).

It is important to note that within the
accessions, those with type I growth habit were the most
tolerant to the herbicides applied compared to type II,

showed differences between the cultivars and the
accessions (C7) using the Wilk’s Lambda test (P < 0.05).
In the group of cultivars, there was significance for type
II vs. IIT growth habit (C8). In the group of accessions,
there was significance in the contrast between type I vs.
II growth habits (C9), and between types Il vs. III (C10).
In addition, differential behavior was observed within
the genotypes inherent to the Andean and Mesoamerican
gene pools, which could provide important guidance
regarding the choice of crosses aimed to increase the
tolerance of bean genotypes to the herbicide imazamox,
via classical breeding.

Considering these comparisons for the
genotypes with the application of S-metolachlor
(Table 6), it was found that all the comparisons
made with the orthogonal contrasts (C13, Cl14,
Cl15, Cl16, C17, and C18) were significant using the
Wilk’s Lambda test (P < 0.05). However, contrary
to what was observed in the standardized canonical
scores for applications of the other two herbicides
(fomesafen and imazamox), the values with a positive
contribution were for the variables stem diameter (28
DAA), shoot dry mass (SDM), number of pods per
plant (NP), and number of grains per pod (NGP). In

> .
i

and type III was the most tolerant when compared to
types I vs. II. The genotypes of Mesoamerican origin
were more tolerant to the herbicides imazamox and

addition, these scores were generally negative for the
grain yield variable, reflecting a negative effect of this
herbicide on the genotypes used in this study.

.
oy
2oze

-
Gl

S-metolachlor and more sensitive to the herbicide
fomesafen than those of Andean origin.

Comparisons between the genotypes that
were treated with the herbicide imazamox (Table 6)

As for growth type I vs. II between
accessions, there was no significant difference
when fomesafen was applied, only when the other
herbicides were applied. The SD variable (21 DAA)

Ciéncia Rural, v.55, n.9, 2025.
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Figure 2 - Dispersion of the standardized canonical scores for the first two canonical discriminant
functions (CDF) estimated for the interaction of genotypes with the different herbicides.
CAV/UDESC. Lages, SC. Brazil, 2022.

made the greatest contribution to separating type I vs.
II growth between the accessions.

When comparing growth type I vs. III
between accessions, it was observed that the herbicide
imazamox did not differentiate the genotypes, while
the other herbicides showed significant differences
between the genotypes, with GY contributing most
to fomesafen and SD (28 DAA) to S-metolachlor.
There was a significant difference between type II

vs. III growth in all the herbicides evaluated, but
the variable that contributed most to separating the
genotypes when fomesafen was applied was GY,
while for the other herbicides it was SDM.

The difference between accessions in
terms of the gene group was seen with the application
of all the herbicides, with the SDM variable making
the greatest contribution to separating the genotypes
for fomesafen and imazamox, while SD (28 DAA)

Ciéncia Rural, v.55, n.9, 2025.
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Table 6 - Multivariate contrasts considering the differences between the genotypes for the different herbicides present in the
experimental structure, evaluated by the Wilk’s Lambda test (A) for the response variables plant height (PH), stem diameter
(SD: 21 and 28 DAA), shoot dry mass (SDM), number of pods per plant (NP), number of grains per pod (NGP), and grain
yield per plant (GY). CAV/UDESC. Lages, SC. Brazil, 2022.

Contrasts A Standardized canonical coefficients
SD SD
PH (21 DAA) (28 DAA) SDM NP NGP GY
Fomesafen
C 0.27" -0.15 0.68 0.60 0.95 -0.45 -0.18 0.54
C, 0.25" -0.00 0.68 -0.96 1.87 -0.37 0.04 0.24
Cs 0.06™ 0.35 1.89 -1.02 -0.48 -0.41 -0.16 0.89
Cs 0.14 -0.30 0.80 -0.47 1.61 -1.67 -1.00 2.20
Cs 0.17" -0.93 1.02 -1.55 -0.88 2.23
Ce 0.12" -0.47 -0.43 0.78 1.55 -0.94 -0.37 1.09
Imazamox:
C, 1.23" -0.15 0.56 0.31 1.49 -0.90 -0.67 0.97
Cs 0.37" -0.04 0.76 -0.57 1.88 -0.65 -0.25 0.61
Co 0.15" 0.17 1.55 -0.94 1.25 -0.64 -0.00 0.87
Cio 0.20™ -0.00 0.50 -0.26 1.86 -0.81 -0.23 0.69
Cu 047" 0.08 1.05 -0.62 1.68 -0.78 -0.13 0.82
Ciy 0.44" -0.24 0.47 0.12 1.54 -0.62 -0.92 1.05
S-metolachlor

Ci3 0.71" -0.09 043 0.56 1.27 0.75 0.63 -0.76
Cyy 0.22° -0.28 0.21 -0.24 1.82 -0.06 0.32 -0.20
Cis 0.17° 0.01 1.40 -0.43 1.10 0.03 0.03 0.47
Cis 0.11° -0.09 -1.08 1.45 0.99 1.06 0.99 -2.01
Cy7 0.24" -0.04 0.37 0.55 1.39 0.65 0.61 -0.85
Cis 0.23" -0.24 -0.80 1.33 1.23 1.31 0.88 -1.71

*Signiﬁcant at 5%; VNot significant; C,, C;, and C,3: Cultivars vs. Accessions; C,, Cs, and C4: Growth habit IT vs. 111, within cultivars;
C3, Cy, and C;s: Growth habit I vs. II, within Accessions; Cy, Cjo, and C;: Growth habit I vs. III, within Accessions; Cs, Cy;, and C;7:
Growth habit II vs. III, within Accessions; Cg, Ci2, and C;s: Andean vs. Mesoamerican gene group, within Accessions.

made the greatest contribution to separating the
genotypes. This difference can be explained by
various characteristics, starting with the size of the
seeds, the seed coat and so on. However, depending
on the geographical location of the centers of primary
origin and domestication, beans can show significant
differences in terms of plant characteristics,
adaptability and tolerance to stress (SCHMUTZ et
al., 2014), which may explain the difference in the
tolerance of the genotypes found in this study.

Seed size is strongly related to the bean

in figure 2. This could be due to these accessions are
creole and still in the breeding phase, which may not
give them some advanced characteristics compared to
cultivars already on the market.

The difference found in tolerance between
bean cultivars and accessions evaluated in this study
may be related to the capacity for detoxification,
rapid metabolization, reduced absorption and
translocation, sequestration, increased activity of
antioxidant enzymes, gene variation and mutation,
which are important mechanisms of plant tolerance to

- S
ooy,

center of origin, since genotypes of Andean origin
have predominantly large seeds, while those of
Mesoamerican origin range from medium to small.

herbicides (POWLES & YU, 2010; BUSI et al., 2018;
ADHIKARI et al., 2020; MOORE et al., 2022). This
phenomenon is probably due to that these cultivars

.
sy .
Al

-
Gl

Another important difference between the Andean and
Mesoamerican bean genetic groups is the tegument
characteristic. It is; therefore, important to note that
accessions G11 and G13 are of Andean origin, but
were sensitive to the herbicides applied, as can be seen

have been improved, which allows them to obtain
more advanced genetic characteristics compared to
the accessions.

On the other hand, the difference in the
behavior of the herbicides on bean genotypes is
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due to characteristics that are specific to each of
the herbicides. S-metolachlor caused delayed plant
growth in bean genotypes, darkening of leaves
(characteristic green), yellowing and burning of leaf
edges, stiffening and rounding of leaves, but tolerant
genotypes recovered from the action of this herbicide
and there was no marked damage.

Results found in the present study partially
corroborated those found in a study carried out to
evaluate the tolerance of bean cultivars to herbicides
applied pre-planting, where it was found that
S-metolachlor (doses 1,600 and 3,200 g a.i. ha') is
tolerated by the red and white bean group, causing
mild injuries and without yield reduction and when
applied to adzuki beans at a dose of 3,200 g a.i. ha',
it caused marked visual lesions in bean plants, leaf
deformation, growth reduction, chlorosis and necrosis
(SOLTANI et al., 2018; SYMINGTON et al., 2022).

In the present study, it was found that
fomesafen caused the presence of purple coloration
in the central and lateral veins of the leaves and
on the petiole, necrosis on the leaves, wilting of
new leaves and burning on the edges of the leaves
in cultivars, but without considerable damage in
tolerant genotypes. The same symptoms were found
when evaluating the tolerance of bean cultivars to
protoporphyrinogen oxidase (PROTOX) inhibitors.
It was found that fomesafen (840 g i.a. h'!) had the
highest selectivity among all the herbicides, with
tolerance levels above 68% for all the cultivars
(BRUSAMARELLO et al., 2021).

The fact that fomesafen is tolerated by
the genotypes is due to that it is a contact herbicide,
which when deposited on the leaf has little selectivity
and many crops are able to quickly recover the
affected leaf area. As a result, the herbicide may have
no effect on new leaves, thus facilitating total plant
regeneration and normal development (OLIVEIRA
JUNIOR., 2011).

In sensitive bean genotypes, imazamox
caused yellowing of leaves (limbus), more
pronounced in new leaves; stunting initially of new
leaves and later generalized to all leaves, an increase
in shoots and quantity of leaves, mainly a decrease in
leaf size and a delay in flowering and consequently
production. The symptoms of imazamox did not
appear quickly, as this herbicide works relatively
slowly compared to other active ingredients. The
first symptoms can appear 2 days after application,
but plant death can take 2 to 3 weeks (GURBUZ &
YENTURK, 2022).

Imazamox is a herbicide suitable for
beans, but its effect on bean genotypes is justified

by the activity of the enzyme acetolactate synthase
(ALS) in some sensitive genotypes. This results in
blocking the production of branched-chain amino
acids (valine, leucine and isoleucine) and reducing
protein synthesis and cell division, causing plant death
(GURBUZ & YENTURK, 2022). Inhibition of this
enzyme leads to accumulation of ketobutyrate (toxic
in high quantities) and a reduction in the translocation
of photoassimilates; consequently, paralyzing the
plant metabolic activities.

CONCLUSION

It can be concluded that there is
genetic variability among bean genotypes, with
accessions being less tolerant than the cultivars,
where BAF238, BAF239, BAF51, BAF36, and
BAF03 were identified as the most sensitive to
the herbicides, while the cultivars Caviano, BRS
Pérola, IPR Campos gerais, and BAF07 were the
most tolerant, respectively.

Morphological and genetic characteristics
such as plant height and gene pool were strongly
related to the tolerance of genotypes to herbicides.
Between cultivars, there was a variability between
genotypes with type II vs. III growth habit (plant
height). Also between accessions, there was a
variability between type I vs. II growth habit; type 1
vs. III; and type II vs. III (plant height), respectively.
As well as in the accessions between Andean and
Mesoamerican origin (gene pool).
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