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ABSTRACT 
 
The interaction between bean (Phaseolus vulgaris L.) genotypes and N-fixing microorganisms has the potential 
to be utilized in sustainable agricultural production. Thus, the aim of this study was to verify the effects of the 
interaction for growth, production and nodulation characteristics between the bacteria Rhizobium tropici and 
Azospirillum brasilense among different bean genotypes. The experiments were conducted in the Selvíria, Mato 
Grosso do Sul, Brazil, in 2018 and 2019, in randomized block design with three replicates in a 20 × 3 factorial 
scheme; 20 common bean genotypes were tested under three forms of inoculation (no inoculation, inoculation 
with R. tropici, co-inoculation of R. tropici + A. brasilense). The number of grains per pod and nodule mass had 
the most significant direct positive effect on grain yield. For nodulation, a positive correlation of strong 
magnitude was observed between mass of the aerial part and number of pods per plant (0.68), stem diameter 
and mass of nodules (0.92) and first pod insertion height and number of nodules (0.64). In the path analysis, 
the number of grains per pod had the most significant direct effect (0.57) on the grain productivity variable. 
Regarding nodulation characteristics, selection for nodule mass was preferred due to its direct effect on grain 
yield as opposed to the number of nodules, which has a negative effect. This suggests an advantage of larger 
nodules with greater individual mass than a large number of small nodules for both improved yield and N fixing 
by common bean plants.  
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INTRODUCTION 
 
The common bean (Phaseolus vulgaris L.), a noduliferous plant belonging to the family Fabaceae, establishes 
symbiotic relationships with certain species of bacteria in the family Rhizobiaceae, thereby benefiting from 
atmospheric N fixed through this biological process (Efstathiadou et al., 2021). In this sense, research must 
prioritize the search for cultivation methods that reduce costs and environmental impact and make the system 
more sustainable. One way to achieve this goal is through the use of growth-promoting and/or N-fixing 
microorganisms, which are bioinputs with high potential for agriculture (Gonçalves et al., 2023; Cabanzo-
Atilano et al., 2024). 

Biological N fixation can be an alternative for reducing the use of N fertilizers, provided that symbiosis with 
rhizobia supplies the amount of N necessary for the growth and development of the bean plant. However, the 
benefits of such inoculation are not well understood owing to the application of high doses of mineral N to 
recipient crops (Abd-Alla et al., 2023). 
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The nodulation process is controlled by interactions between the legume (host plant), symbiont bacteria, 
and environmental factors (Agudelo et al., 2023). The domestication and selection of cultivars with 
commercially desirable characteristics and the use of N fertilization beyond the capacity of beans to associate 
with the bacteria Rhizobium has influenced the selection of plants that respond better to chemical fertilization 
(Abd-Alla et al., 2023). As a result, the symbiotic balance between bacteria (Rhizobium) and common bean has 
changed; therefore, it is necessary to reevaluate the biological N fixation capacity of modern bean cultivars 
(Sousa et al., 2022). 

Considering the low availability of bean cultivars with high symbiotic potential, the technique of co-
inoculation or mixed inoculation has been used to achieve improved symbiotic performance (Souza and 
Ferreira, 2017; Steiner et al., 2020). 

Among the bacterial groups evaluated, studies have demonstrated the potential of associative bacteria to 
promote plant growth through various processes, such as the production of growth hormones and the ability 
to perform biological N fixation, such as bacteria from the genus Azospirillum (Timofeeva et al., 2023). Thus, 
the co-inoculation of Azospirillum spp. and Rhizobium has yielded positive results in terms of variables analyzed 
in common bean due to increased root system growth and a high number of atmospheric N-fixing nodules, 
which may result in increased grain yield (Horácio et al., 2020). 

Bean breeding programs in Brazil have aimed to increase economic yield potential, among numerous other 
factors (Lemos et al., 2020). The selection process aims to improve one primary trait while maintaining or 
improving the expression of others simultaneously (Reinprecht et al., 2023). Thus, knowledge about the existing 
relationships between key traits through genetic correlations is of utmost importance for supporting bean 
selection approaches (Gonçalves et al., 2017; Mesera et al., 2022). However, simplistic correlations can provide 
distorted information about trait relationships because they are necessarily influenced by other factors (Carloni 
et al., 2022). 

In this context, path analysis can help breeders clarify the influencing factors affecting associations 
between traits and utilize known correlations into direct and indirect effects (Faysal et al., 2022; Shubha 
et al., 2024). 

It was therefore hypothesized that bean genotypes may respond in their growth and production 
characteristics to association with N-fixing and/or growth-promoting bacteria. Based on this, in this study, 
we aimed to estimate the interrelationships of the effects of symbiotic interactions on the growth 
characteristics, nodulation, production components, and grain yield of common bean.  
 

MATERIALS AND METHODS 
 
Experimental area  
The experiments were conducted in the field during winter in 2018 and 2019. The study was carried out in the 
experimental area of the Faculty of Engineering, São Paulo State University, Ilha Solteira Campus in Selvíria 

(5122ʹ W, 2022ʹ S; 335 m a.s.l.), Mato Grosso do Sul, Brazil. The region’s climate is Aw according to the Köppen 
classification (humid tropical with a rainy season in summer and dry winter). 

The soil in this area is classified as typic Dystrophic Red Latosol of clayey texture. Before the experimental 
setup was completed, soil samples were collected and analyzed chemically. Soil analysis was carried out in both 
sowing years because the areas were fallow. The results obtained were: P resin 23 mg dm -3, organic matter 
20 g dm-3, pH in CaCl2 = 5.0, K, Ca, Mg, H+Al and cation exchange capacity (all in mmolc dm-3) 2.3, 20, 17, 34 
and 73.3, respectively, and base saturation 54%. 
 
Genotypes used 
The 20 genotypes evaluated in the experiments comprised four inbred lines and 16 bean cultivars belonging to 
five national common bean breeding programs (Table 1). Among the materials analyzed, recent and old 
cultivars were evaluated to represent the genetic variability of the nation’s primary improvement programs for 
common bean.  
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Table 1. Relationship of bean genotypes evaluated in the experiment. Ilha Solteira, São Paulo, 
2018/2019. 1Universidade Estadual Paulista, Faculty of Engineering of Ilha Solteira. 2Universidade 
Federal de Lavras. 3Empresa Brasileira de Pesquisa Agropecuária. 4Instituto Agronômico do 
Paraná. 5Instituto Agronômico de Campinas. Source: Prepared by the author.  

 
 
 
Experimental design, treatments and plots 
The experiment was conducted using a randomized block design with three replicates in a 20×3 factorial 
scheme, consisting of a combination of the 20 selected common bean genotypes (Table 1) with three 
inoculation treatments (no inoculation, inoculation with Rhizobium tropici, co-inoculation of R. tropici + 
Azospirillum brasilense).  

The plots consisted of four 4.0 m long rows with 0.5 m spacing between them. The two central rows were 
considered valid, and a width of 0.5 m at their edges were disregarded.  
 
Application of inoculants and experimental conduction 
For normal inoculation of bean seeds, an inoculant was applied with a minimum concentration of 1×109 CFU 
mL-1 commercial strains of R. tropici SEMIA 4088. For co-inoculation, an inoculant based on A. brasilense strains 
Ab-V5 and Ab-V6 with a concentration of 2×108 CFU mL-1 was applied and added to the seeds. 

Sowing fertilization was performed in both years of the experiment, according to the soil analysis results, 
10 kg N ha-1, 40 kg P2O5 ha-1, and 30 kg K2O ha-1 were applied. In addition, covering N fertilization was performed 
in all treatments at the minimum recommendation for a culture of 20 kg N ha-1 in both experimental years. 

Seeds were treated the day before the experiment began, using pyraclostrobin, thiophanate-methyl, and 
fipronil at a dose of 200 mL ai 100 kg-1 seeds. The bacteria were inoculated using liquid inoculant applied directly 
to the seeds on the day of sowing. For R. tropici, the commercial product Biomax (Vittia Ribeirão Preto, São 
Paulo, Brazil), was used at a dose of 150 mL 50 kg-1 seeds and for A. brasilense, the commercial product 
Masterfix grasses (Stoller, Houston, Texas, USA) was used at a dose of 100 mL 50 kg-1 seeds. The same dosage 
was used in co-inoculation. 

A manual sowing machine with seed distribution was used to obtain 10-12 plants m-1. All non-inoculated 
seeds were sown first to prevent contamination, then seeds treated with R. tropici were sown, and finally, seeds 
co-inoculated with R. tropici + A. brasilense were sown. Irrigation during the experimental period was provided 
on demand by a central pivot system, following recommendations for the crop. 

Post-emergence weed control was performed with the herbicides fomesafen (250 g ai ha-1) and fenoxaprop-
P-ethyl (77 g ai ha-1) for broad-leaved and narrow-leaved plants, respectively. No chemical control for diseases 
and pests was applied during the experiment. 
 
Evaluations 
The inoculation response obtained in three plants per plot at the R5 stage was evaluated by measuring the 
following variables: Dry mass of the aerial part (DMP), number of nodules (NN), and mass of nodules (MN). For 
DMP, three plants per plot were collected and placed in a forced ventilation oven at an average temperature 
of 60-70 °C until constant mass was reached. For NN and MN, the root systems of three plants in sequence per 
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plot were collected using a straight shovel. After counting, the nodules were placed in an oven with forced 

ventilation at 60 C until constant mass was reached.  
For the production components and plant architecture variables, six plants were collected from each plot 

and the following were measured. Insertion height (IH): The plants of each plot were measured from the 
cotyledonary scar to the first pod insertion. Stem diameter (DC): Using a pachymeter, plants were measured at 
the point of the cotyledonary scar. Total plant height (PH): Using a millimetric tape measure, plant length was 
measured from the base of the plant to the end of the guide. Number of pods per plant (NPP): The number of 
pods per plant were counted. Number of grains per plant (NG): The number of grains per plant were counted 
and used to calculate the number of grains per pod. Number of grains per pod (NGP): The amount of 
grains/number of pods ratio was calculated. The 100-grain mass (M100G): A sample of 100 grains per plot was 
evaluated, and its mass was corrected to the wet basis of 13%. Grain yield (GY): All plants in the usable area of 
the plot were evaluated, and the data were adjusted to 13% moisture.  
 
Statistical analysis 
Initially, a simple statistical analysis by year of cultivation was used; after the homogeneity of residual variances 
was verified, a joint analysis of experiments was performed using the following model: Yijk = µ + Bj(k) + Gi + Ak + 

GiAk + ijk, where Yijk is the effect of the plot of the i-th genotype in the j-th block in the k-th year; µ is the effect 
of the general average; Bj(k) is the effect of the j-th block in the k-th year; Gi is the effect of the i-th genotype; Ak 
is the effect of the k-th year; GiAk is the effect of the interaction between the i-th genotype and the k-th year; 

and ijk is the effect of experimental error associated with the i-th genotype of the j-th block in the k-th year. 
From the joint analysis, the matrix of variance and covariance of phenotypic and genotypic variables was 
obtained due to genetic correlations between the studied traits using the statistical program GENES (Cruz, 
2016). To assess the magnitude of the correlation coefficient, we used the classification according to the criteria 
proposed by Carvalho et al. (2002): Null = 0; weak = 0.1 to 0.30; medium = 0.31 to 0.60; strong = 0.61 to 0.90; 
very strong = 0.91 to 1.0.  

In the path analysis, the total production traits were considered as primary and other secondary; analyses 
were carried out using the statistical genetic program GENES. However, before the analysis, a multicollinearity 
diagnosis was made according to the criteria described by Montgomery et al. (2006) to eliminate traits that 
could have resulted in biased coefficients. Due to moderate-to-strong multicollinearity, path analysis with 
collinearity was performed at k = 0.05.  
 

RESULTS 
 
Genetic correlation 
The values obtained for genetic correlation (Table 2) indicated that there was variation in correlation magnitude 
and direction. A positive genetic correlation estimate was obtained for the PH variable, in addition to a strong 
magnitude between PH and IH (0.71), which indicated that plants with greater heights also have higher first 
pod insertions. Medium magnitude correlations were obtained between PH and NN (0.52) and PH and M100G 
(0.58), indicating that taller plants have increased 100-grain mass and nodule number in addition to a greater 
height of first pod insertion. Positive correlations of strong magnitude were detected between DMP and NPP 
(0.68). Positive correlations of medium magnitudes were identified between DMP and M100G (0.54) and DMP 
and NN (0.37). This indicates that plants with a high aerial part dry mass also exhibit increased 100-grain mass 
and nodule number.  

The variable DC showed a strong positive correlation with MN (0.92), indicating that the increase in diameter 
of the stem increased the dry nodule mass. The DC also showed a positive correlation with the NPP (0.37) (Table 
2). The IH variable exhibited a strong positive correlation with PH (0.71) and NN (0.64) and medium positive 
correlation with M100G (0.55). The variables PH and IH correlated positively with each other and with the 
variables NN and M100G, indicating that the selection of taller plants results in plants with greater first pod 
insertion heights, higher number of nodules, and greater dry mass of grains. The IH variable exhibited a medium 
negative correlation with both MN and NPP, at -0.31 and -0.35, respectively (Table 2). 
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The NPP also correlated negatively with NGP (-0.39), indicating that plants with a higher number of pods 
formed fewer grains. In general, the NN variable was positively correlated with a medium-to-strong 
magnitude with four of the analyzed variables (PH, DMP, IH, and M100G). This association indicates that 
plants with higher number of nodules tend to have increased plant height and higher first pod insertion, 
higher aerial part, and greater 100-grain mass. This result is critical for improving selection in terms of 
capacity of nodulation of beans because selecting plants with a higher number of nodules does not exclude 
other desirable characteristics. The variable MN had a strong positive correlation with DC (0.92) and weak 
correlations with all other variables. It exhibited a medium negative correlation with IH (-0.35) (Table 2). The 
variable M100G positively correlated with all variables with magnitudes ranging from weak to medium, 
indicating that its selection may increase all other related characteristics.  

 
 

Table 2. Genotypic correlation coefficients of total plant height (PH), dry mass of the aerial part 
(DMP), stem diameter (DC), first pod insertion height (IH), number of pods per plant (NPP), 
number of nodules (NN), mass of nodules (MN), number of grains per pod (NGP), and 100-grain 
mass (M100G) of 20 common bean genotypes. Ilha Solteira, São Paulo, 2018/2019. 

 

 
 

Path analysis 
In the path analysis (Table 3), the direct and indirect effects of the primary explanatory variables on grain 
yield are presented. The coefficient of determination (R2) of the analysis was equivalent to 73%, indicating 
that bean grain yield can be explained by the effects of the variables analyzed.  

Analysis of the direct effects of the primary components on the principal variable (GY) revealed that the 
NGP had the most significant direct effect (0.57) on the GY based on the nine primary variables (PH, DMP, 
DC, IH, NPP, NN, MN, NGP, and M100G) (Table 3). The same effect was observed for the total correlation 
coefficient, indicating the NGP was a determinant of bean grain yield. The MN was the second variable that 
most influenced the GY and had a direct effect (0.40) on the GY, and the total correlation  was found to be 
positive (Table 3). 

The NPP variable (0.17) had a minimal positive direct effect with GY; however, the indirect and negative 
effect with NGP (-0.22) made the total correlation negative (-0.12). Therefore, the NPP variable should be 
included in the selection for increasing grain yield. The variable M100G has a minimal positive direct effect 
(0.05) on GY but a total negative correlation (-0.27) due to the more significant negative indirect effect on 
the variables DMP (-0.14) and IH (-0.18).  

The variables IH (-0.34), DMP (-0.27), NN (-0.14), and AP (-0.03) had a negative direct effect on GY and 
negative total correlation coefficients, indicating the minimal contribution of these variables to grain yield. 
Plants with greater total and first pod insertion heights, greater aerial part volume, and number o f nodules 
failed to significantly impact GY. Although the variable DC showed a negative direct effect (-0.27) with GY, 
the total correlation (0.26) was positive due to the positive indirect effect of MN (0.37).  
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Table 3. Determining direct and indirect effect components of genotypic correlations of 
independent explanatory variables: Total plant height (PH), aerial part dry mass (DMP), stem 
diameter (DC), first pod insertion height (IH), number of pods per plant (NPP), number of nodules 
(NN), mass of nodules (MN), number of grains per pod (NGP), and 100-grain mass (M100G) on the 
main dependent variable grain yield (GY). Ilha Solteira, São Paulo, 2018/2019. 

 
 
 

DISCUSSION 
 
Knowledge of the existing relationships among the characteristics through genetic correlations is 
fundamental for plant breeding (Gonçalves et al., 2017) (Table 2). Thereby, it is necessary to interpret them 
considering three factors: Magnitude, direction, and significance (Santos et al., 2022). However, for genetic 
correlations, the significance is not essential because their existence enables us to determine whether there 
is a genetic relationship between the traits, which may be due to pleiotropy or genetic linkage (Chebib and 
Guillaume, 2021). 

A strong genotypic correlation between plant height and first pod insertion (0.63) was reported by 
Arevalo et al. (2020), who described the correlations of 22 bean genotypes including BRS Estilo, BRSMG Uai, 
IPR Campos Gerais, and Pérola. Our result (Table 2) differed from the magnitude of correlation reported by 
Gonçalves et al. (2017), whose study evaluated the genetic correlations of 40 accessions of common bean 
cultivated by Empaer of Cáceres, Mato Grosso, and showed a weak genetic correlation between plant height 
and first pod insertion (0.17).  

The relationship between plant height and first pod insertion is essential for genotype selection and thus 
for improving mechanized harvesting (Kuzbakova et al., 2022). Different magnitudes in genetic correlations 
found in varying sets of genotypes suggest that such correlations are due to gene linkage rather than 
pleiotropism (Chebib and Guillaume, 2021). This aids the selection of genotypes in any direction off of large 
segregating populations, thus enabling a greater probability of gene exchange from crossing-over in gamete 
formation (Silva et al., 2018). Therefore, a higher genetic correlation in selected genotypes is expected 
considering the mechanized harvest. 

The strong positive correlation between stem diameter (DC) and mass of nodules (MN) and DC and 
number of pods per plant (NPP) (Table 2) may have occurred because the increase in diameter of the stem 
influenced the amount of photoassimilates transported, leading the increase in weight of the dry nodule 
mass. Similar results were obtained by Rocha et al. (2009), where 16 genotypes were evaluated to assess 
the components of the common bean aerial part, and the correlation found between stem diameter and 
the number of pods per plant was 0.37. Therefore, these var iables must have a positive correlation 
because an increase in the number of pods cannot be supported by a plant that does not show a parallel 
increase in stem diameter (Velho et al., 2017). 

The positive correlations between total plant height (PH), insertion height (IH), MN and 100-grain mass 
(M100G) (Table 2) indicate the possibility of selecting plants that facilitate the management of the crop in the 
field, favoring the development of improved cultivation technologies for increasing crop yields and facilitating 
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treatment of large crop areas. Thus, mechanized harvesting operations that lead to improved bean quality 
require improved breeding to obtain plants that are more upright with less lodging and greater pod insertion 
heights (Klasener et al., 2022; Silva et al., 2023).  

The negative correlations between number of pods per plant (NPP) and number of grains per plant (NGP) 
(Table 2) show the compensation effect that the bean promotes among production components (Silva et al., 
2023), such as the increase or reduction in seed size in response to total pod number. A strong negative 
correlation among these variables has been reported by Arevalo et al. (2020). When a correlation coefficient 
equals zero occurs as verified between the variables number of nodules (NN) and DC (Table 2), which does not 
imply a lack of relationship but only expresses the absence of a linear relationship between them. 

For a breeding program, it is important to seek a balance between plant characteristics to obtain a 
productive genotype considering other traits associated with yield. Therefore, breeders must aim to achieve a 
balance between the target trait and other associated characteristics (Sampaio Filho et al., 2023).  

Correlation measures association, so a high correlation does not imply a cause-and-effect relationship 
between the variables. Hence, it is not possible to infer cause and effect relationships from correlation data 
(Zuffo et al., 2018). Thus, pathway analysis can help breeders understand the causes and effects involved in 
associations between variables by breaking down known correlation coefficients into direct and indirect effects 
for a basic variable (Diniz and Oliveira, 2019). 

The importance of the NPP to determine of bean grain yield has also been verified by another author 
(Ribeiro et al., 2018), who found more significant positive direct effects for the variable number of grains per 
pod in the path analysis. For breeding purposes, it is crucial to identify the characteristics that are most highly 
correlated with the main trait and have a more significant direct effect for selection so that the correlated 
response through indirect selection is satisfactory (Silva et al., 2023). In light of this, selecting bean cultivars 
with higher NPP and MN will result in genotypes with higher grain yields. Therefore, characteristics with 
medium-to-strong direct correlations that consistently present in the different groups of genotypes tested 
indicate that their links are due in part to pleiotropic genes and that indirect selection can be performed in any 
population, segregated or not. This approach will yield satisfactory results provided that the correlation is in 
the direction of the target improvement (Chebib and Guillaume, 2021). 

The research indicates that NPP variable should be included in the selection for increasing grain yield (GY). 
Additionally, visual selection for the higher number of pods per plant is more readily implemented in bean 
breeding programs than selecting for a higher number of grains per pod (Ribeiro et al., 2018). However, 
selection should be carried out carefully due to the growth stages of the plant wherein pod formation occurs 
before grain formation. Furthermore, in the case of common beans, there may be a compensatory effect when 
the plant undergoes stress; hence, investing in a higher number of pods per plant may lead to smaller grains 
(Klasener et al., 2022). Caution should be exercised when selecting only for NPP, as this may not increase grain 
production.  

Due to the positive indirect effect of MN, the selecting for nodule mass is likely to promote GY and increase 
stem diameter. Table 2 shows that the variables DC and MN had a strong positive correlation. Therefore, direct 
selection of DC to increase GY without considering the capacity of biological N fixation (in this case, MN) can 
lead to plants with larger stem diameters and lower productivity. Conversely, DC accompanied by intense N 
assimilation by biological N fixation, represented by MN, can guarantee an adequate supply of photoassimilates 
for both plant architecture and production.  

Regarding the effects of nodulation variables (number of nodules NN and MN), selecting for MN appeared 
more impactful due to its direct positive effect on grain yield, whereas NN had a negative effect. Consequently, 
it is more important to have larger nodules than a higher number of small nodules, and the size of the nodule, 
although unusual as a criterion for nodulation, is essential. Furthermore, there is a correlation between nodule 
mass and N content accumulated in legumes (Zoffoli et al., 2021). 

Small nodules indicate a low efficiency of biological N fixation and contribute little or nothing to N nutrition. 
In addition, this trait leads to poor plant health as it transfers photosynthates for maintenance and functioning 
without large amounts of N fixed by the nodules. Nodule mass is also an indicator of biological N fixation 
efficiency. The increased MN could be due to increased nodule size, i.e., as a characteristic of the physiology of 
the plant and not necessarily due to a larger number of nodules (Iqbal et al., 2022). 
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The negative genetic correlation between MN and NN variables (Table 2) indicates that plants with a higher 
NN had lower MN or plants with an increase in nodule dry mass exhibited a decrease in NN. In this sense, co-
inoculation with A. brasilense, a growth promoter, may have contributed to the increase in MN, consequently 
increasing N fixation, which may result in higher bean GY. Therefore, it would be ideal for bean breeders to 
maintain desirable commercial characteristics while maintaining a high symbiotic capacity, with a large MN. 
This combination is possible because the correlation of NN was positive with plant architecture traits and weak 
and negative between NN and MN, indicating that their relationship is characterized by few pleiotropic genes 
and high genetic distance. Furthermore, such a correlation indicates that their weak genetic linkage is close to 
independent, facilitating simultaneous selection of both characteristics for the same side as the size of 
segregating populations is adjusted to this end. 
 

CONCLUSIONS 
 
The number of nodules in the common bean has positive correlations of medium-to-high magnitudes with key 
plant architecture traits, whereas nodule mass has positive correlations of medium-to-high magnitudes with 
production components. With regard to selecting common bean genotypes for increased grain yield, the nodule 
mass trait is more promising than the nodule number. 
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