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Abstract

Besides being a significant part of the Brazilian national economy, the common bean is a legume whose grains are part
of the daily diet of the population of developing nations globally. Combining N-fixing bacteria and plant phytohormone
producers through the use of inoculants is an alternative to improve plant growth and increase grain yield in the common
bean production system. This study aimed to evaluate the effect of co-inoculation doses with Rhizobium tropici and Azo-
spirillum brasilense, applied in the planting groove, on nodulation, growth and productivity parameters of the common
bean. Five field experiments were conducted in a randomized block design with four replications. Restrictions were formu-
lated, namely: absolute control, without fertilization and without co-inoculation (AC); nitrogen fertilization (NfT); single
inoculation of R. tropici (Rt); R. tropici+one dose of A. brasiliense (Rt+Ablf); R. tropici+two doses of 4. brasiliense
(Rt+ADb2f); R. tropici+three doses of 4. brasiliense (Rt+Ab3f); R. tropici+ four doses of A. brasiliense (Rt+Ab4f) and
R. tropici+three doses of A. brasiliense (RP). The number of nodules (NN), nodule dry mass (NDM), aerial dry mass
(ADM), root dry mass (RDM), pod number (NP), number of grains (NG), mass of 100 grain (100G) and grain yield (GY)
were taken. The Rt+ Ab4f co-inoculation provided a significant increase in NN, NDM, ADM and RDM values than the
Rt and AC treatments. In addition, it also presented the highest GY stability, with an average production of 3499 kg ha~!
from the five sites, which represents an increase of 15.4%, 14.8%, 11.0%, and 1.0% as compared to Rt, AC, RP, and NfT
treatments, respectively. The results indicate the feasibility of the use of co-inoculation with R. tropici and A. brasilense
in commercial production farms and for small producers in several countries of the world with similar edaphoclimatic
conditions, reducing the use of nitrogen fertilizers, production costs and the prevention of negative environmental impacts.

Keywords Biological nitrogen fixation - Co-inoculation - Nitrogen fixing bacteria - Plant-bacteria interaction - Plant
growth promoting bacteria

Introduction the human diet (Sampaio et al., 2016), and an important
component of the Brazilian national economy. In 2020 the
The common bean (Phaseolus vulgaris L.) is a leguminous ~ world common bean production was 27.5 million tons, with
plant whose grains is part of the daily diet of the poorest  Brazil standing out in the last decades as one of the larg-
populations worldwide (Ganascini et al., 2019). As it is the  est world producers of this crop, just behind Myanmar and
most important cheap source of protein and minerals for  India (FAO 2022). In Brazil, the common bean is grown in
three cropping seasons distributed throughout the year, in
small, medium, and large farms, with a total cultivated area
of about 3 million hectares in 2019/2020 and a production
of 3.15 million tons (CONAB 2020a).
Among the essential nutrients for the bean crop, N is the
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soils, due to losses by leaching and denitrification processes
(Figueredo et al., 2016; Melo Filho et al., 2020). Besides,
because it is an expensive input, the use of N fertilizer
increases the production costs, leading producers to look for
more sustainable technologies (Ferreira et al., 2020).

Achieving high yields has been the main goal for most
common bean producers, especially among medium and
large ones. For these producers, the use of N fertilizers usu-
ally exceeds the recommended amount for the crop (Santi et
al., 2013; Guimaraes et al., 2017). The use of doses beyond
120 kg of N ha™! is a usual practice, representing a cost of
approximately 121 US$ ha™! (Tristdo et al., 2019; CONAB
2020b).

The application of commercial inoculants has been stud-
ied as an alternative to the use of N fertilizers in common
bean crops, especially through co-inoculation of the crop
with Rhizobium tropici and Azospirillum brasilense. The
employment of this technology generates a synergistic
effect, exceeding the productivity gains when bacteria were
used as the single inoculation of R. tropici or A. brasilense
(Melo Filho et al., 2020; Filipini et al., 2021; Messias et
al., 2023). This synergistic effect produced by these bacteria
occurs due to the Biological N Fixation, by R. tropici, and
the production of phytohormones by 4. brasilense (Hun-
gria et al., 2015; Peres et al., 2016; Melo Filho et al., 2020),
which has led to the development of studies focusing on
the forms of application and the appropriate doses of each
bacterium.

The results of co-inoculation in common bean have
shown very promising responses regarding the reduction of
production cost and increased productivity (Souza & Fer-
reira, 2017; Ferreira et al., 2020). Under Cerrado condi-
tions, located at the Central part of Brazil, co-inoculation
of R. tropici (SEMIA 4070=CIAT899) and A. brasilense
(Ab-V5 and Ab-V6) resulted in an increase of 560 kg ha™!
(26%) over inoculation with R. tropici (Souza & Ferreira,
2017). Under a similar conditions, in the work of Mes-
sias et al. (2023), conducting five field experiments, they
observed that co-inoculation with R. tropici and three doses
of A. brasilense promoted an increase of 100, 74 and 83 kg
ha™!, when compared to the use of nitrogen fertilizer, sim-
ple inoculation with R. tropici and absolute control (with-
out fertilization and without co-inoculation), respectively.

In both studies, even in the first study where co-inocula-
tion was performed in the sowing furrow, as in the second
where A. brasilense was applied by spraying the plants, the
results demonstrated the importance of co-inoculation for
the common bean. However, field studies are still needed
to establish the best combination of dose and positioning of
the inoculant in the sowing furrow, especially for the Cer-
rado region.

Therefore, the objective of this study was to evaluate the
effect of co-inoculation via sowing furrow of R. fropici and
different doses of A. brasilense on nodulation, growth, and
productivity parameters of the common bean.

Materials and Methods
Location and Description of the Experimental Areas

Five field experiments were conducted in three different
cropping seasons (winter 2018, water 2018-2019, and win-
ter 2019) in different areas, to evaluate the efficiency of the
treatments in different soil and climate conditions, produc-
tion system management, and technological levels adopted
at each experimental area. Detailed information is presented
in Table 1.

According to the Koppen classification, the location
where the experiments were conducted show an Aw climate,
tropical savanna, megathermal. The rainfall regime is well
defined, with a dry period from May to September and a
rainy period from October to April, with an average annual
temperature ranging from 20.5 °C to 23 °C and average
annual rainfall ranging from 1465 to 1600 mm. The prevail-
ing climatic conditions during the conduction of the experi-
ments are presented in Fig. 1.

For the chemical analysis of the soil, 10 soil subsamples
were collected from each experimental area at a depth of
0-20 cm before sowing. The subsamples were homog-
enized to compose a composite sample used to determine
the chemical characteristics according to the methodol-
ogy described in the manual of soil analysis methods of
EMBRAPA - CNPS (Donagema et al., 2011). Soil pH was
determined in 0.01 M H20O (1:2.5; soil: solution) after stir-
ring for 1 h. Exchangeable Ca, Mg, and Al were determined

Table 1 Location, cropping season, Geographical coordinates, altitude, and previous crops of the experimental areas

Location/cropping season Geographical coordinates Altitude Previous crop
Latitude (S) Longitude (W) m

STA-GO/2018 16°29'16.2” 49°17°57.80” 777 Corn

Formosa-GO/2018-19 15°44°05.64” 47°26'06.71” 996 Corn

STA-GO/2018-19 16°30'12.217 49°17°17.02” 811 Soybean

Cristalina-GO/2019 16°56°14.70” 47°4602.70” 905 Wheat

STA-GO/2019 16°29°15.22” 49°17°54.74” 776 Corn

STA- Santo Antonio de Goias
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Fig. 1 Rainfall, maximum and minimum mean temperatures during the experimental periods. Santo Anténio de Goias-GO/2018 (A), Formosa-
GO/2018-19 (B), Santo Antonio de Goias-GO/2018-19 (C), Cristalina-GO/2019 (D), and Santo Antonio de Goias-GO/2019 (E)

in the extract obtained with 1 mol L' KCI (1:10; soil: solu- Al was determined by titration with 0.015 mol L™! stan-
tion) after stirring for 10 min. P and K contents were evalu-  dardized NaOH, using bromo-azultimol as indicator. The
ated in the Mehlich™! (0.05 mol L™! HCI+0.0125 mol L' concentrations of Ca and Mg were determined in an atomic
H,SO,) extract (1:10; soil: solution) after stirring for I0 min.  absorption spectrophotometer, K in a flame photometer and
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Table 2 Chemical characteristics of the soil in the 0-0.20 m layer of the experimental areas where the field experiments were conducted

Location/cropping season pH Ca Mg Al H+Al SB! CEC? BS? SoOM*
H,0 mmolc dm 3 cmolc dm 3 % gkg™!
STA-GO/2018° 5.4 18.5 8.7 1 29 2.80 5.7 49 31.27
Formosa-GO/2018-19 5.6 45.6 12.9 0 24 6.57 9.0 73 46.93
STA-GO/2018-19 6.0 18.3 10.8 0 18 3.22 5.0 64 27.00
Cristalina-GO/2019 5.8 38.5 13.6 0 22 5.69 7.9 72 51.90
STA-GO/2019 5.8 17.0 9.8 0 24 2.87 5.3 54 28.91
Location/cropping season P K Cu Zn Fe Mn
mg dm™3

STA-GO/2018 14.9 33 1.0 4.0 31.0 5.8
Formosa-GO/2018-19 40.2 281 0.5 6.3 159 21.6
STA-GO/2018-19 8.9 122 1.4 32 15.5 11.1
Cristalina-GO/2019 45.7 187 2.1 8.1 327 222
STA-GO/2019 11.1 75 1.3 5.2 33.8 10.4

ISB = sum of bases; 2CEC = cation exchange capacity; >BS = bases saturation (K + Ca+Mg)/Tcec)x100, where Tcec =K + Ca+ Mg+ total
acidity at pH 7.0 (H+ Al); “SOM = Soil organic matter; *STA- Santo Anténio de Goias

Table 3 Description of the treatment composition for the field experiments

Treatments' Amount of individual treatment components
Nitrogen fertilizer R. tropici A. brasilense
Biomax Premium Total Nitro Feijao Biomax Azum Azo-
Liquido Feijao Total
Max
AC - - - - -
NfT 80 kg ha™! - - - -
Rt - 2 doses ha™! - - -
Rt+Ablf - 2 doses ha™! - 1 dose ha™! -
Rt+Ab2f - 2 doses ha™! - 2 doses ha™! -
Rt+Ab3f - 2 doses ha™! - 3 doses ha™! -
Rt+Ab4f - 2 doses ha™! - 4 doses ha™! -
RP - - 1 dose ha™! - 3
doses
ha™!

LAC = without co-inoculation and without N-fertilizer; NfT=80 kg N ha™! (20 kg N ha~! applied at sowing and 60 kg N ha~! applied at V,
stage; Rt=in furrow inoculation with R. tropici (2.4x 107 cells seed™"); Ab=in furrow inoculation with 4. brasilense in different concentra-
tions (1f- 0.8 x 10° cells seed™; 2f- 1.6 x 10° cells seed™!; 3f- 2.4 x 10° cells seed ™ '; and 4f- 3.2 x 10° cells seed™'); RP =Registered product (seed
inoculation with R. tropici-2.4x 107 cells seed™! and in furrow inoculation with 4. brasilense- 2.4 x 10° cells seed™")

P by colorimetry, using the molybdenum-blue method and
ascorbic acid as reducing agent. Organic matter was deter-
mined by the Walkley & Black method. The results of the
soil analysis are presented in Table 2.

Inoculants, Treatments and Experimental Design

Commercial inoculants formulated separately with SEMIA
4077 strain of R. tropici and Ab-V5 strain of A. brasilense
were used: (1) Biomax Premium Liquido Feijdo, contain-
ing R. tropici in a concentration of de 2x10° CFU mL™!
(Colony Forming unit) and (2) Biomax Premium Azum,
containing A. brasilense in a concentration of 3x 10® CFU
mL~". Both inoculants were provided by Vittia Fertilizantes
e Biologicos Ltda. These inoculants were compared with the
inoculant registered for the common bean crop, provided by

@ Springer

Total BioTecnologia do Brasil Ltda, as follow: Total Nitro
Feijdo, containing R. tropici in a concentration of de 2 x 10°
CFU g~! and AzoTotal Max, containing A. brasilense in a
concentration of 2x 10® CFU mL™".

Eight treatments were evaluated, consisting of a single
inoculation with R. tropici (Rt), four combinations of doses
of R. tropici and A. brasilense, an absolute control without
co-inoculation and without N fertilization (AC), a control
N fertilization without co-inoculation (NfT), and the regis-
tered product (RP). Detailed description of the eight treat-
ments is shown in Table 3.

In N-fertilizer treatment (NfT), a total of 80 kg N ha™!
was applied, with 20 kg N ha~! applied at sowing and 60 kg
N ha~! applied at the V4 stage using urea. In the treatment
RP (registered product), for the inoculation of the seeds with
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the peat inoculant, a 10% sugar solution was used to facili-
tate the adhesion of the inoculant on the seeds.

All field experiments were conducted in a randomized
block design with 4 replications. The plots were composed
of six four-meter-long rows, with a spacing of 0.45 m
between rows, totaling 10.8 m? per plot. The final plant pop-
ulation was about 240,000 plants ha™".

Field Management

About 50 days before the implementation of the experi-
ments, limestone was applied to increase the base satura-
tion to 70% and soil pH to 5.5, in the locations where these
parameters were below these values, as shown in Table 2.

The fertilization with phosphorus (P,Os) and potassium
(K,0) was done in the sowing operation, according to the
needs indicated by soil analysis. According to the results of
the soil chemical analysis and the technical recommendation
for the common bean crop (Carvalho and Silveira 2021),
the field experiments conducted in Formosa-GO/2018-19
and Cristalina-GO/2019 did not require fertilization. In
Santo Antonio de Goids-GO/2018 270 kg ha~! of Triple
superphosphate and 90 kg ha™! of potassium chloride were
applied. In Santo Antdnio de Goias-GO/2018-19, the appli-
cation of 300 kg ha™! of Triple superphosphate and 100 kg
ha™! of potassium chloride was done. In Santo Antonio de
Goias-GO/2019 262.50 kg ha™! of Triple superphosphate
and 87.50 kg ha™! of potassium chloride were applied.

The phytosanitary control was performed after moni-
toring and evaluation of possible economic damage using
products registered for the common bean. For weed con-
trol, in the experiments conducted in Santo Antoénio de
Goias-GO/2018 and Santo Antonio de Goias-GO/2019,
seven days before sowing (DBS) desiccation of the areas
was done with the herbicide Paraquat - SL200 g L=! (2.0 L
ha™!). In the experiment conducted in Santo Antdnio de
Goi1as-GO/2018-19, ten DBS desiccation of the area was
performed with the herbicide Glyphosate - SL 480 g L™!
(3.0 L ha™"). For the experiment conducted in Formosa-
GO/2018-19, ten DBS desiccation of the area was carried
out with the herbicides Aurora - EC 400 g L™! (50 mL ha™")
and Roundup - SL 445 g L™! (2.0 L ha™'). While for the
experiment conducted in Cristalina-GO/2019, five DBS
desiccation of the area was accomplished with the herbicide
Roundup - SL 445 g L= (2.0 L ha™}).

Pre-emergence herbicide application was done, between
2 and 3 days after sowing (DAS), in Santo Antonio de
Goias-GO/2018, Santo Antonio de Goias-GO/2018-19 and
Santo Antonio de Goias-GO/2019, using Gramoxone - SL
200 g L' (2.0 L ha™!). Pre-emergence herbicide appli-
cation was also performed in Formosa-GO/2018-19 and
Cristalina-GO/2019, using Gramocil - SC 200 g L~ (2.0 L

ha™'). In Santo Antonio de Goias-GO/2018, Santo Antonio
de Goias-GO/2018-19, Santo Anténio de Goias-GO/2019
and Formosa-GO/2018-19, post-emergence herbicide appli-
cation was done, between 20 and 30 days after emergence
(DAE), using Flex - SL 250 g L™! (1.0 L ha™") and Fusilade
-EW250g L' (0.75 Lha™").

The experiments conducted in Santo Antonio de Goias-
GO/2018 and Santo Antonio de Goias-GO/2018-19 wit-
nessed the occurrence of Bemisia tabaci, requiring 2
applications of the insecticide Engeo Pleno - ZC 141 g L™!
(125 mL ha™!). In the experiment conducted in Formosa-
GO/2018-19 the insecticides Actara - WG 250 g kg™ !
(200 g ha™ '), Benevia - OD 100 g L™! IA (500 mL ha™ 1),
and Acephate - SP 750 g kg™' (200 g ha™') were used for
the control of B. tabaci with 3 applications in preventive and
curative control. For the control of Etiella zinckenella, the
biological Bt insecticide (Bacillus thuringiensis) was used
in the experiment conducted in Formosa-GO/2018-19.

For pathogen control in the experiment conducted in
Santo Antonio de Goias-GO/2019 the fungicides Difere -
SC 588 g L' (1.5 L ha™!), Fox - SC 150 g L™! (400 mL
ha~!) and Amistar Top - SC 200 g L~! (400 mL ha~") were
used to control Phaeoisariopsis griseola, Colletotrichum
lindemuthianum and Erysiphe polygoni.

Sampling and Plant Analysis

Sampling and evaluations to determine the number of nod-
ules (NN), nodule dry mass (NDM), root dry mass (RDM),
aerial dry mass (ADM), number of pods (NP), number of
grains (NG), 100-grain mass (M100G), and grain yield (GY)
were performed according to Souza and Ferreira (2017).

Statistical Analysis

The data obtained in the experiments were grouped and the
analysis by experiment group was performed. When the dif-
ferences were significant, the results of each cropping year
were analyzed separately, however, when there was no dif-
ference between the cropping years, the data were grouped.
The data were submitted to analysis of variance and when
confirming a statistically significant value in the F test
(p<0.05), mean values were compared by Skott-Knott test
at 5% of significance using the software SISVAR (Ferreira,
2019).

Results
The group analysis of experiments showed significant dif-

ferences among growing seasons and therefore the data
analysis was performed separately for each growing season.
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Evaluation of Nodulation Parameters

In most experiments conducted, the number of nodules (NN)
and nodule dry mass (NDM) were significantly affected by
the treatments, being observed response variations for each
site. The co-inoculation of two doses of R. tropici and two
doses of 4. brasilense (Rt+ Ab2f) resulted in higher NN in
three of the five locations evaluated, followed by the single
inoculation of two doses of R. tropici (Rt), which resulted
in higher NN values in two locations of the five locations
evaluated (Table 4).

The co-inoculation of two doses of R. tropici and two
doses of 4. brasilense (Rt+ Ab2f) resulted in higher NN in
three of the five locations evaluated, followed by the single
inoculation of two doses of R. tropici (Rt), which resulted

in higher NN values in two locations of the five locations
evaluated (Table 4).

The N-fertilizer treatment (NfT) resulted in lower NN
and NDM values in four locations (Santo Antonio de Goias-
GO/2018, Formosa-G0O/2018-19, Cristalina-GO/2019 and
Santo Antonio de Goias-GO/2019). The absolute control
(AC) treatment, on the other hand, showed higher values for
NN only in Santo Anténio de Goias-GO/2019 and for NDM
in Santo Antonio de Goias-GO/2018, Formosa-GO/2018-19
and Santo Antonio de Goias-GO/2019 (Table 4), showing
higher values than the single inoculation with R. tropici (Rt)
treatment. The AC treatment also showed higher nodulation
results as compared to the commercial registered product
(RP), with higher NN values in Formosa-Go/2018-19, Cris-
talina-GO/2019 and Santo Ant6nio de Goias-GO/2019, and

Table 4 Effect of in-furrow co-inoculation of R. tropici and different doses of 4. brasilense on number of nodules (NN - n° plant™') and nodule dry
mass (NDM - mg plant™) of the common bean grown in different locations and cropping seasons

Treatments NN NDM NN NDM

Santo Antonio de Goias-GO/2018 Formosa-GO/2018-19
AC 48.50 b 117.58 b 24.00 b 47.44 b
NFfT 6.75 c 3.33 c 8.75 b 16.71 b
Rt 51.00 b 115.41 b 31.50 a 24.48 b
Rt+Abl1f 46.75 b 132.16 b 24.75 b 46.74 b
Rt+Ab2f 65.25 a 105.41 b 45.00 a 87.29 a
Rt+Ab3f 48.50 b 160.00 a 29.50 a 44.16 b
Rt+Ab4f 57.75 b 180.00 a 24.75 b 57.44 b
RP 74.00 a 161.08 a 17.50 b 30.69 b
CV (%) 10.55 8.02 17.56 17.12

Santo Antonio de Goias-GO/2018-19 Cristalina-GO/2019

AC 17.00 a 39.66 a 16.75 b 26.08 a
NIT 2.50 a 7.22 a 3.25 b 2.70 a
Rt 18.00 a 32.05 a 31.25 a 45.41 a
Rt+Abl1f 16.25 a 40.33 a 21.75 b 28.93 a
Rt+Ab2f 15.50 a 29.19 a 4425 a 52.23 a
Rt+Ab3f 13.00 a 23.10 a 23.00 b 40.17 a
Rt+Ab4f 21.50 a 57.05 a 31.75 a 24.90 a
RP 20.00 a 26.00 a 16.00 b 23.37 a
CV (%) 15.72 23.69 24.34 29.67

Santo Antonio de Goias-GO/2019
AC 73.50 a 131.06 a
NfT 24.75 d 22.41 c
Rt 28.25 d 59.50 c
Rt+Abl1f 36.75 c 37.46 c
Rt+Ab2f 38.50 c 76.31 b
Rt+Ab3f 49.25 b 94.99 b
Rt+Ab4f 17.25 d 34.11 c
RP 26.00 d 42.58 c
CV (%) 16.48 23.54

AC = without co-inoculation and without N-fertilizer; NfT =80 kg N'ha™! (20 kg N ha~! applied at sowing and 60 kg N ha~! applied at V, stage;
Rt=in-furrow inoculation with R. tropici (2.4x 10 cells seed™'); Ab=in-furrow inoculation with 4. brasilense in different concentrations (1f-
0.8 10° cells seed™"; 2f- 1.6 x 10° cells seed™'; 3f- 2.4 x 10° cells seed™'; and 4f- 3.2x 10’ cells seed™"); RP=Registered product (seed inocu-
lation with R. tropici-2.4x 107 cells seed™! and in-furrow inoculation with 4. brasilense- 2.4x 10° cells seed™"). Means followed by different
letters within the same column are significantly different by the Scott-Knott test (p <0,05); CV — coefficient of variation
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higher NDM in Formosa-GO/2018-19 and Santo Antdnio
de Goias-GO/2019 (Table 4).

The results for NDM were very similar to those for NN.
However, in this study, no significant effect of treatments
was observed in two of the five locations evaluated. In the
other locations, Formosa-GO/2018-19, Santo Antonio de
Goias-GO/2018 and, Santo Antonio de Goias-GO/2019,
higher NDM values were observed for the treatments with
co-inoculation. In general, the Rt+Ab3f and Rt+ Ab4f co-
inoculations provided increased NDM, resulting in higher
values than the Rt treatment.

Evaluation of Growth Parameters

The growth of common bean, evaluated by the determina-
tion of root dry mass (RDM) and aerial dry mass (ADM),

was significantly affected by the treatments in most of the
evaluated locations (Table 5).

For RDM significant differences between treatments
were observed in four of the five locations. In Santo Antonio
de Goias-GO/2018 the highest RDM values were observed
for the treatments RP, Rt+Ab4f, NfT, Rt, and Rt+Ab3f.
In Formosa-GO/2018-19, the highest RDM values were
observed in the treatments Rt+Ab2f and NfT. In Santo
Anténio de Goids-GO/2018-19 the highest RDM values
were observed in the treatments Rt, NfT, and Rt+Ab4f,
while the treatments Rt+Ablf, Rt+Ab3f, Rt+Ab4f and
Rt+Ab2f showed higher RDM values in Santo Antonio de
Goias-G0/2019. In Cristalina-GO/2019, no significant dif-
ferences were observed among treatments (Table 5).

As for ADM, the effect of the treatments was similar
to that of RDM, that is, they also varied according to the

Table 5 Effect of in-furrow co-inoculation of R. tropici and different doses of A. brasilense on root dry mass (RDM - g planta™') and aerial dry mass
(ADM - g plant™) of the common bean grown in different locations and cropping seasons

Treatments RDM ADM RDM ADM
Santo Antonio de Goias-GO/2018 Formosa-GO/2018-19
AC 0.44 b 4.71 c 0.62 b 5.01 b
NFfT 0.67 a 9.84 a 0.76 a 6.47 a
Rt 0.62 a 5.05 c 0.63 b 5.66 b
Rt+Abl1f 0.57 b 6.77 b 0.66 b 5.80 b
Rt+Ab2f 0.55 b 4.62 c 0.86 a 6.94 a
Rt+Ab3f 0.60 a 6.55 b 0.69 b 6.71 a
Rt+Ab4f 0.67 a 7.66 b 0.51 c 3.04 c
RP 0.71 a 4.63 c 0.44 c 3.58 c
CV (%) 12.42 15.29 15.66 15.17
Santo Antonio de Goias-GO/2018-19 Cristalina-GO/2019
AC 0.81 b 6.88 b 0.56 a 5.11 b
NfT 1.05 a 8.83 a 0.49 a 7.13 a
Rt 1.06 a 6.20 b 0.48 a 6.60 b
Rt+Abl1f 0.88 b 7.25 b 0.47 a 7.88 a
Rt+Ab2f 0.81 b 6.29 b 0.42 a 5.58 b
Rt+Ab3f 0.90 b 6.13 b 0.56 a 7.69 a
Rt+Ab4f 0.97 a 6.72 b 0.48 a 7.59 a
RP 0.86 b 7.35 b 0.50 a 6.24 b
CV (%) 7.32 8.68 14.08 12.34
Santo Antonio de Goias-GO/2019
AC 0.55 b 7.37 c
NfT 0.55 b 9.05 b
Rt 0.50 b 7.00 c
Rt+Abl1f 0.70 a 10.84 a
Rt+Ab2f 0.62 a 9.11 b
Rt+Ab3f 0.67 a 8.12 c
Rt+Ab4f 0.65 a 8.29 c
RP 0.55 b 7.57 c
CV (%) 7.26 12.56

AC = without co-inoculation and without N-fertilizer; NfT =80 kg N'ha™! (20 kg N ha~! applied at sowing and 60 kg N ha~! applied at V, stage;
Rt=in-furrow inoculation with R. tropici (2.4x 10 cells seed™'); Ab=in-furrow inoculation with 4. brasilense in different concentrations (1f-
0.8 10° cells seed™"; 2f- 1.6 x 10° cells seed™'; 3f- 2.4 x 10° cells seed™'; and 4f- 3.2x 10’ cells seed™"); RP=Registered product (seed inocu-
lation with R. tropici-2.4x 107 cells seed™! and in-furrow inoculation with 4. brasilense- 2.4x 10° cells seed™"). Means followed by different
letters within the same column are significantly different by the Scott-Knott test (p <0,05); CV — coefficient of variation
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locations. However, significant differences between treat-
ments were observed in all five locations evaluated. For
Santo Antonio de Goias-GO/2018 and Santo Antonio de
Goias-G0O/2018-19 the highest value of ADM was observed
in the NfT treatment (Table 5). In Formosa-2018/2019,
the highest ADM values were observed in the Rt+Ab2f,
Rt+Ab3f, and NfT treatments (Table 5). While in Crista-
lina-GO/2019 the highest ADM values were observed in
the treatments Rt+Ablf, Rt+Ab3f, Rt+Ab4f, and NfT
(Table 5), and in Santo Antdnio de Goias-GO/2019, the
highest ADM value was observed in the Rt+ Ab1f treatment
(Table 5).

Evaluation of Yield and Productivity Parameters

The productive performance of the common bean, evalu-
ated by determining yield components (number of pods-
NP, number of grains-NG and mass of 100 grains-M100G)
and grain yield (GY), was also significantly affected by the
treatments, with the best treatments varying within each
location (Table 6).

For NP, significant differences were observed among
treatments in three of the five locations. In Santo Antdnio
de Goias-GO/2018 the highest NP values were observed
in the treatments NfT, Rt+Ablf, and Rt. In Formosa-
GO/2018-19 the highest NP values were observed in the
treatments RP, NfT, Rt+Ablf, Rt+Ab4f, and Rt+Ab3f
and, in Santo Antonio de Goias-GO/2019, in the treatments
AC, Rt+Ab4f, NfT, RP, Rt, and Rt+ Ab2f (Table 6).

Regarding NG, significant differences between treatments
were also observed in four of the five locations. In Formosa-
GO/2018-19, the highest NG values were observed in the
treatments NfT, Rt+Ab3f, Rt+Ab4f, RP, and Rt+Ablf.
In Santo Antonio de Goids-GO/2018-19, the highest NG
values were observed in the treatments AC, RP, Rt+Ab3f,
Rt+Ablf, and Rt+Ab2f. In Cristalina-GO/2019, the high-
est values for NG were observed in the treatments RP, AC,
and Rt+Ab2f and, in Santo Ant6nio de Goias-GO/2019, for
the treatments Rt+ Ab4f, Rt, AC, NfT, RP, and Rt+Ab2f
(Table 6).

Different from the nodulation, growth, and yield com-
ponents parameters, in all five locations, a significant dif-
ference between treatments was observed for GY. In Santo
Antonio de Goias-GO/2018 the highest values for GY were
observed in the treatments Rt+ Ab4f, NfT, Rt+Ab3f, and
Rt+Ab2f. In Formosa-GO/2018-19, the highest values of
GY were observed in the treatments NfT, Rt+Ab3f, and
Rt+Ab4f, and in Santo Antonio de Goias-GO/2018-19 in
the treatments Rt+ Ab4f, NfT, and Rt+ Ab3f. While in Cris-
talina-GO/2019 the highest GY values were observed in the
treatments Rt+ Ab4f, Rt+Ab3f, NfT, and RP and, in Santo

@ Springer

Antdnio de Goias-GO/2019 in the treatments Rt+ Ab4f and
Rt+ Ab2f (Table 6).

Analyzing GY separately for each site, Rt+Ab4f co-
inoculation (except for Formosa-GO/2018-19), resulted in
the highest GY values, outperforming the GY values of the
NfT, Rt, RP, and AC treatments. Similarly, Rt+Ab3f co-
inoculation outperformed the GY values of the Rt, AC and
RP treatments.

From the GY data, an assessment of GY stability at the
different sites was performed, whereby GY values were plot-
ted, within each site and for the average of the sites (Fig. 2),
ranging from light gray (worst GY) to dark gray (best GY).

Analyzing the pattern of GY in the five locations (Fig. 2),
it is observed that the co-inoculation Rt+Ab4f showed
better GY (dark brown coloration) in four of the five loca-
tions evaluated, followed by the Rt+Ab3f treatment, which
showed dark brown coloration in three of the five locations
evaluated. Similarly, from the average of the five locations,
it can be observed that the treatments Rt+ Ab4f, NfT, and
Rt+Ab3f showed the best GY results, respectively. Con-
sidering the average of the five locations, Rt+Ab4f co-
inoculation resulted in a GY increase of 15.4%, 14.8%,
11.0%, and 1.0% in comparison to Rt, CA, RP, and NfT
treatments, respectively. In addition, co-inoculation with
Rt+ Ab3fresulted in an increase of 11.6%, 11.0%, and 7.3%
as compared to the Rt, AC, and RP treatments, respectively

(Fig. 2).

Discussion
Nodulation Parameters

It is worth noting that in all locations the NN was greater
than 30 nodules per plant and, in Santo Antonio de Goias-
GO/2018, the NDM was greater than 100 mg per plant.
According to Florentino et al. (2018) and Horacio et al.
(2020) a well-nodulated plant should present NN values
between 15 and 30 nodules per plant, or between 100 and
200 mg of NDM per plant. Therefore, a good symbiotic effi-
ciency was observed in the experiments evaluated.

Of the five sites evaluated, in four, significant differences
were observed for NN among treatments, including those
without inoculation, in which the presence of nodules was
also observed, indicating the presence of native strains in
the soil. However, the treatments Rt+ Ab2f, Rt, Rt+Ab3f,
and Rt+Ab4f were among those that showed the highest
NN values (Table 4). According to Brito et al. (2015), Yagi
et al. (2015), Souza and Ferreira (2017), Ramires et al.
(2018), Horéacio et al. (2020) and Kraeski et al. (2021) inoc-
ulation using commercial product promotes beneficial and
significant effects on the nodulation of the common bean, as
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STA-GO/2018 Formosa-GO/2018-19 STA/2018 19 Cristalina-GO/2019 STA-GO/2019 Average
AC 3089.62 2961.67 3831.10 383827 3048.56

NIT _ 416359 4040, 346403
Rt 3190.07 2973.56 1237.32 3914.36 3847 2 3032.50
Rt+ADb1f 3191.81 3186.53 129435 3856.64 3748.42 3055.55
Rt+Ab2f | 3238.68 1440.16 382149  [NMISTIANY 324862
Rt+Ab3f 3904.64 76

Rt+Ab4f 3405.49

RP 3210.01 3110.70 1324.11 4075.42 o 315260

Fig. 2 Grain yield (kg ha™') of the common bean as affected by in-
furrow co-inoculation of R. tropici and different doses of 4. brasilense.
AC=without co-inoculation and without N-fertilizer; NfT=80 kg N
ha~! (20 kg N ha™' applied at sowing and 60 kg N ha™' applied at
V, stage; Rt=in-furrow inoculation with R. tropici (2.4x107 cells
seed™!'); Ab=in-furrow inoculation with A. brasilense in different

a result of the high efficiency and competitiveness of the R.
tropici strains present in the inoculant.

The results for NDM were very similar to those for NN.
However, in this study, no significant effect of treatments
was observed in two of the five locations evaluated. In the
other locations, Formosa-G0O/2018-19, Santo Ant6nio de
Goias-GO/2018 and, Santo Antonio de Goias-GO/2019,
higher NDM values were observed for the treatments with
co-inoculation. In general, the Rt+Ab3f and Rt+ Ab4f co-
inoculations provided increased NDM, resulting in higher
values than the Rt treatment. Similar results were reported
by Messias et al. (2023) when evaluating the effect of co-
inoculation with R. tropici and A. brasilense on common
bean, cultivars Pérola and BRS Notavel. These authors
obtained higher NN and NDM with co-inoculation com-
pared to the treatments without inoculation/fertilization, N
fertilization and inoculation with 4. brasilense.

Positive effects of co-inoculation on nodulation of com-
mon bean have been reported in literature. Souza and Fer-
reira (2017) reported that co-inoculation with the SEMIA
4070 strain of R. tropici, and with the Ab-V5 and Ab-V6
strains of A. brasilense resulted in higher NN in most areas
evaluated, increasing NN by about 9% when compared to
single inoculation with R. tropici. These results also corrob-
orate those of Messias et al. (2023) who found a significant
increase in the number of nodules and mass of dry nodules
through the co-inoculation of R. fropici and three doses 4.
brasilense compared to the single inoculation with R. tropici
and absolute control (without fertilization and without co-
inoculation), promoting efficiency and competitivity to the
native rhizobia present in the soil.

According to Jesus et al. (2018) and Horéacio et al. (2020)
this effect may occur due to the increased production of fla-
vonoids, a substance responsible for attracting rhizobia to
the roots of common bean (Okon et al., 2015; Puente et al.,
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concentrations (1f- 0.8x 10° cells seed™!; 2f- 1.6 10° cells seed™;
3f-2.4% 10° cells seed™!; and 4f- 3.2 10° cells seed™!); RP=Regis-
tered product (seed inoculation with R. tropici-2.4x 107 cells seed™!
and in-furrow inoculation with A. brasilense- 2.4x 10° cells seed™");
STA- Santo Ant6nio de Goias-GO.

2019; Vicario et al., 2015; Pastor-Bueis et al., 2021), which
occurs when Rhizobium and Azospirillum are used in asso-
ciation. In addition, Azospirillum has strong microaerophilic
binding to the rhizospheric niche of legume roots and has
faster migration than Rhizobium. Thus, they can occupy the
rhizosphere of legumes, preconditioning the roots for Rhi-
zobium to colonize (Horécio et al., 2020; Pastor-Bueis et al.,
2021; Rezende et al., 2021; Mortinho et al., 2022).

N fertilization significantly reduced the NN and NDM of
the common bean (Table 4). In the presence of N fertilizer,
the stimulus to the nodulation process is reduced, since the N
in the fertilizer is available. In addition, the energy demand
for BNF to occur is high, since nodules require carbon as
an energy source for the bacteria and to provide carbon
compounds for the assimilation of the produced ammonium
(Yagi et al., 2015; Horécio et al., 2020). The results of this
study corroborate with those of Florentino et al. (2018) who
reported that when there is N in the soil at high concentra-
tions, it is taken up at the expense of N from BNF.

Growth Parameters

The treatments Rt+Ab4f and NfT provided higher values
of RDM in three of the evaluated locations (Table 5). These
results demonstrated the marked effect of co-inoculation
on root growth promotion, which has been attributed to the
presence of A. brasilense (Jesus et al., 2018; Jalal et al.,
2021; Filipini et al., 2021). These results corroborate the
studies of Souza and Ferreira (2017), Horacio et al. (2020)
and Filipini et al. (2021) which demonstrated that the co-
inoculation with R. tropici and A. brasilense results in
greater RDM of common bean plants. According to Horacio
et al. (2020) and Filipini et al. (2021), the increase in MDR
results from the stimulus provided by A. brasilense in root
hair production, and this bacterium is especially a producer
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of auxin (Masciarelli et al., 2013; Fukami et al., 2018; Hora-
cio et al., 2020; Filipini et al., 2021), a hormone associated
with root system growth (Dartora et al., 2013; Bettiol et al.,
2020; Horacio et al., 2020). Also, increased cell division in
meristems is followed by increased auxin-responsive gene
expression (Zamioudis et al., 2013; Bettiol et al., 2020).

Other works such as those by Souza and Ferreira (2017)
and Messias et al. (2023) report the benefits of the associa-
tion of R. tropici and A. brasilense on the physiology and
performance of common bean. As previously described,
the authors report that in the root system A. brasilense acts
through the production of phytohormones such as gibber-
ellins and auxins that improve the development of lateral
roots and root hairs, consequently increasing the volume of
area exploited in the soil and efficient performance of plants
(Fukami et al., 2018; Messias et al., 2023). The increase in
dry shoot mass, according to Messias et al. (2023) is related
to the synergism between R. tropici and A. brasilense,
through N fixation, production of phytohormones and phos-
phate solubilization and functional resistance of plants to
biotic and abiotic stresses and, resulting in greater growth of
healthier plants and vigorous (Bulgarelli et al., 2013).

According to Steiner et al. (2020), in a study of com-
mon bean in resistance to drought, the authors observed that
under different stress conditions, plants co-inoculated with
R. tropici and A. brasilense produced 96, 43 and 30% more
leaf area, root volume and total dry matter than non-inocu-
lated plants, respectively. Silva et al. (2019), also observed
the effect on soybeans of the co-inoculation of Bradyrhi-
zobium japonicum and A. brasilense resulted in higher dry
matter production of the aerial part under non-stressful and
stressful conditions. The results of this study confirm those
found by Silva et al. (2019), Steiner et al. (2020) and Mes-
sias et al. (2023), on the improvement and increase in the
development and performance of plants co-inoculated with
rhizobia and azospilla.

Yield and Productivity Parameters

The treatments Rt+Ab1fand Rt+ Ab3f presented ADM val-
ues statically equal to those of the NfT treatment and higher
than the AC and Rt treatments (Table 5). The higher ADM
values observed in the co-inoculated treatments (Rt+Ab1f
and Rt+ Ab3f), can be partially explained due to the ability
of A. brasilense to promote increased root growth, increas-
ing the plant’s ability to absorb nutrients and water, which
results in greater carbon fixation, increased photosynthetic
rates and, consequently, accumulation of biomass (Bettiol et
al., 2020; Horacio et al., 2020).

In general, the co-inoculation Rt+Ab4f showed NP
value equal to that of the NfT treatment and higher than the
Rt and AC treatments, corroborating the results found by

Peres et al. (2016), Schossler et al. (2016) and Barbosa et
al. (2020). These authors attributed the higher NP values in
co-inoculated treatments to the joint action of R. tropici and
A. brasilense, which improve the development of the root
system and the aerial part of the plants, increasing the num-
ber of floral buds and, consequently, the NP.

Co-inoculation with RP resulted in higher NG val-
ues, and these values were higher than the NfT, Rt, and
AC treatments. According to Hungria et al. (2013), Souza
and Ferreira (2017), Filipini et al. (2021) and Galindo et
al. (2021) co-inoculation significantly influences yield and
yield components, such as the number of pods and grain
yield. Although there are reports that co-inoculation does
not influence NG (Melo Filho et al., 2020; Mortinho et al.,
2022).

A significant difference between treatments was also
observed for M100G. However, of the five locations
evaluated, only in one location, Santo Antonio de Goids-
GO/2019, the treatments RP, Rt+Abl1f, and Rt+ Ab3f pro-
vided M100G as compared to the other treatments (Table 6).
The observation of the effect of treatments in only one of the
locations evaluated denotes the low response of this variable
to the treatments applied. This fact is known in the litera-
ture, where there are reports that M100G is little influenced,
both by co-inoculation (Melo Filho et al., 2020; Galindo et
al., 2021; Mortinho et al., 2022) and by treatments with dif-
ferent doses of N (Melo Filho et al., 2020).

Considering the average of the five locations, Rt+ Ab4f
co-inoculation promoted a GY increase of 15.4%, 14.8%,
11.0%, and 1.0% as compared to Rt, CA, RP, and NfT
treatments, respectively. In addition, co-inoculation with
Rt+Ab3fresulted in an increase of 11.6%, 11.0%, and 7.3%
as compared to the Rt, AC, and RP treatments, respectively
(Fig. 2).

Similar results to those found in this work were reported
by Hungria et al. (2013) in which co-inoculation with R.
tropici and A. brasilense in common bean resulted in
a 19.6% increase (285 kg ha™') as compared to the non-
inoculated treatment and 187 kg ha™! as compared to single
inoculation with R. fropici. These same authors also reported
that single inoculation with R. tropici provided a yield gain
of 98 kg ha~! (8.3%) as compared to the non-inoculated
control treatment.

Based on the results of this study, co-inoculation has
great potential for the total replacement of fertilizers used
in the culture of common bean, resulting in great benefits.
According to Hungria et al. (2013), about 70% of the N
fertilizers used in Brazil are imported, generating a very
high production cost. Moreover, the environmental impacts
arising from the use of N fertilizers should be considered,
since the use of 100 kg of N fertilizer results in the emis-
sion of approximately 950 kg of CO, equivalent (Hungria et
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al., 2013; Souza & Ferreira, 2017). According to Souza and
Ferreira (2017), the replacement of N fertilizer by co-inoc-
ulation in the total area cultivated in Brazil with common
bean would result in the mitigation of about 0.7 Mt CO,
equivalent. Considering that the co-inoculation that showed
the best results (Rt+Ab4f) allows the application of both
microorganisms during the sowing operation, representing a
great operational advantage for the producer. Therefore, the
results of this study reaffirm the viability of co-inoculation
with R. tropici and A. brasilense in the common bean crop,
resulting in greater practicality of application, economic and
environmental gains, and maintaining the high productivity
of the common bean.

It is noteworthy that the common bean is a legume widely
consumed in the world for contributing about 65% and 32%
of the protein and energy intake, respectively, mainly in East
Africa and Latin America (Turan et al., 2019). In this study,
we bring significant results for increasing the production of
common bean in tropical regions and, therefore, can be eas-
ily adapted to countries like Myanmar and India that are
world leaders in common bean production. These results,
in addition to contributing to increased productivity, can
contribute to the reduction of environmental impacts arising
from the use of N fertilizers.

Conclusions

Experimental studies on the effects of the use of rhizobium
co-inoculation and azospirilla on common bean culture are
still necessary, mainly carried out in tropical regions. The
use of nitrogen fertilizers in tropical soils have negative
points such as losses and low efficiency of use by plants
and increasing environmental impacts, mainly, GHG emis-
sions. On the other hand, the use of microorganisms to pro-
vide N and promote plant growth is an alternative to reduce
environmental impacts. The results of this work indicate
that the co-inoculation technique with Rhizobium tropici
and Azospirillum brasilense applied via planting groove,
is an alternative for partial or total substitution of the use
of nitrogen fertilizers in the common bean production sys-
tem. Furthermore, using co-inoculation with two doses of
Rhizobium tropici and four doses of Azospirillum brasi-
lense via planting groove promotes a significant increase in
nodulation, shoot and root biomass, and greater stability of
grain yield and yield of about 3499 kg ha™!, resulting in
an increase of of 15.4%, 14.8%, 11.0%, and 1.0% as com-
pared to single inoculation with Rhizobium tropici, without
fertilization and without co-inoculation, of the registered
product, and nitrogen fertilizer treatments, respectively.
These results are highly relevant, and can consolidate the
use of co-inoculation in bean crop, since four of the five

@ Springer

experiments were conducted in commercial areas cultivated
with common beans and all four experiments showed a con-
sistent response of the common bean to the co-inoculation
of Rhizobium tropici and Azospirillum brasilense.
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