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ABSTRACT

Soybean cultivation holds national and international sig-
nificance, necessitating sustainable production practices.
This study evaluated the impact of plant growth-promoting
rhizobacteria (PGPR) and cover crops on soybean yield
components and grain yield. The experiment followed a
randomized block design in a 5 x 2 factorial scheme with
four replications. Treatments included the application of a
PGPR combination (Bacillus sp. + Serratia marcescens)
and five cover crops grown in the off-season: rice, corn,
millet, Urochloa ruziziensis, and a cover crops mix. Over
five agricultural seasons (2019/20-2023/24), we assessed
the number of pods per plant, grains per pod, 100-grain
mass, and grain yield. Cover crops did not influence yield
components or grain yield. However, applying the PGPR
mixture (Bacillus sp. BRM 63573 + Serratia marcescens
BRM 32114) significantly improved 100-grain mass and
grain yield. Among climatic factors, solar radiation was
the primary determinant of grain yield variation. These
findings highlight the potential of PGPR to enhance
soybean production sustainably, while cover crops may
require further investigation to optimize their role in this

system.

Keywords: Sustainable agriculture, Glycine max, No-till-
age system, beneficial microorganisms, multifunctional

rhizobacteria.

This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY), which
permits unrestricted use, distribution, and reproduction in any medium, as long as the original work is properly cited.

Rev. Ceres, Vicosa, v. 72, 72016, 2025


https://doi.org/10.71252/2177-34912025720016
mailto:natasha.ohanny@gmail.com
mailto:natasha.ohanny@gmail.com
mailto:narasouza@unb.br
mailto:adriano.nascente@embrapa.br
mailto:izaque.rocha@embrapa.br
mailto:izaque.rocha@embrapa.br
mailto:denisribral@gmail.com
mailto:izabelyvitoria1995@gmail.com
mailto:natasha.ohanny@gmail.com
mailto:natasha.ohanny@gmail.com
https://orcid.org/0000-0003-0453-9727
https://orcid.org/0000-0002-6014-3797
https://orcid.org/0000-0003-3221-7805
https://orcid.org/0000-0002-5209-7751
https://orcid.org/0000-0002-6027-5474
https://orcid.org/0009-0000-4452-9764

2 Natasha Ohanny da Costa Monteiro et al.

INTRODUCTION
Soybeans (Glycine max L.) are a highly significant agri-

cultural crop both nationally and internationally, especially
prevalent in the animal feed industry. According to the USDA
(United States Department of Agriculture) (V, the projected
soybean harvest in Brazil for the 2024/25 season is 169
million tons, solidifying the country’s position as the largest
producer and exporter of this grain. Currently, the soybean
planting area in Brazil covers 46.02 million hectares @. De-
spite the large volume of grain produced, there are numerous
challenges to achieving more sustainable and self-sufficient
agricultural production for this and other crops.

Several factors can influence the productivity and com-
ponents of soybean yield, posing a challenge for producers
to address. Understanding issues or unexpected outcomes
that may arise is particularly challenging when making
decisions. Among the various factors affecting crop pro-
ductivity are the genetic characteristics of the cultivar, crop
management practices, and environmental factors such
as water availability, soil type, and climate ©®. Climatic
conditions, including precipitation, temperature, and solar
radiation, play crucial roles in the soybean development
cycle. For example, solar radiation is vital for the growth of
any agricultural crop, as it directly influences the biological
processes of plants. According to Fancelli and Dourado
Neto @, processes like photosynthesis, respiration, transpi-
ration, and evaporation rely directly on the energy available
in the environment, commonly referred to as heat. Assis
and Mendez ©® note that solar radiation is essentially the
sole source of energy for the physiological and biochemical
processes in plants. Shibles and Weber © observed that
greater efficiency in the use of solar radiation is critical
for soybean crop yield, especially during the grain-filling
phase. All these factors can potentially limit the adequate
development of the crop.

In terms of soybean crop management, certain technol-
ogies with the potential for enhancing sustainability have
been gaining technical and scientific attention. Notably,
the use of plant growth-promoting rhizobacteria (PGPR)
combined with plant cover crops has shown promise. These
practices primarily aim to reduce the use of agricultural in-
puts and production costs, while also increasing the overall
productivity of agricultural crops.

The use of plant growth-promoting rhizobacteria
(PGPR) is a technology extensively studied and applied
in agriculture to enhance crop growth. This promotion can

occur through both direct and indirect mechanisms. Direct

mechanisms include biological nitrogen fixation, the solu-
bilization of essential nutrients like phosphate, potassium,
and zinc, as well as biofilm and siderophore production .
Indirect mechanisms involve providing biological control
of pests and diseases ®7. Mondani et al. ©® found that PGPR
could increase soybean productivity under water stress
conditions by improving photosynthesis and radiation use
efficiency. De Paula et al. % tested various rhizobacteria
isolates and observed that some effectively promoted
soybean growth by efficiently mineralizing and making
nutrients such as nitrogen available. Chagas Junior et al.
(D reported that using inoculants based on Bacillus sp. led
to significantly higher plant height, root length, shoot dry
mass, root dry mass, and total dry mass compared to the
control group without rhizobacteria. Rezende et al. 1 tested
nine rhizobacteria isolates and found that combinations of
Azospirillum brasiliense + Pseudomonas sp., Serratia sp. +
Trichoderma koningiopsis, and Bacillus sp. + Serratia sp.
were effective, resulting in increased macronutrient content,
improved gas exchange, and enhanced agronomic perfor-
mance in common beans.

The use of cover crops is recognized as a soil conserva-
tion practice primarily aimed at maintaining soil coverage.
It is considered conservation-friendly due to its many
benefits, including protection against raindrop impact and
erosion processes, enhanced moisture retention through re-
duced evapotranspiration, shielding of soil biota from solar
radiation, and contribution to nutrient cycling. Additionally,
cover crops help prevent nutrient leaching, aid in recovering
degraded areas, and can even suppress weed growth (3 1415
16, 17, 18, 19, 20).

As the search for more sustainable, unconventional,
and environmentally friendly technologies intensifies,
the combination of plant growth-promoting rhizobacteria
(PGPR) with cover crops in soybean production has gained
significant attention for its promising and strategic benefits.
Frasca et al. @V investigated the use of eight cover crops
species alongside the microorganisms Serratia marcescens
and Trichoderma koningiopsis. They found that incorporat-
ing microorganisms with cover crops, including mixtures of
millet (Pennisetum glaucum), Crotalaria ochroleuca, black
oats (Avena strigosa), white oats (Avena sativa), buckwheat
(Fagopyrum esculentum), and coracana grass (Eleusine
coracana), as well as combinations like black oats, buck-
wheat, millet, Piatd grass (Brachiaria brizantha), and Cro-
talaria ochroleuca, led to significant improvements in both
the chemical and biological quality of the soil. Additionally,
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these treatments resulted in increased numbers of pods and
grains per common bean pod. Aratjo et al. ?® reported that
multifunctional microorganisms, such as Bacillus sp. and
Azospirillum sp., combined with cover crops grown before
rice, such as Crotalaria species, millet, Urochloa ruzizien-
sis, and buckwheat, significantly enhanced rice grain yield
and quality.

However, despite the potential benefits, there is still
limited research on the combined use of cover crops and
beneficial microorganisms. Therefore, this study aims to
investigate the effects of integrating plant growth-promot-
ing rhizobacteria and cover crops on the components of

yield and soybean grain yield.

MATERIALS AND METHODS

The experiments were conducted at the experimental
area of Embrapa Rice and Beans in Santo Antonio de Goias,
GO, during the 2019/20, 2020/21, 2021/22, 2022/23, and
2023/24 growing seasons. The area is located at coordinates
16°29°29.3” S latitude, 49°17°44.8” W longitude, and at
an altitude of 821 meters. The region has a tropical climate
with an average temperature of 23°C, ranging from 14.2°C
to 34.8°C throughout the year, classified as Aw according to
the Kdppen classification ?®. The average annual rainfall in
the region is 1428 mm, and when necessary, central pivot ir-
rigation was used (Figure 1). The soil in the area is classified
as a dark red acric latosol, and its fertility was assessed prior
to the experiment’s installation. Samples were collected
from a depth of 0 to 20 cm, with the following results: pH
(water) 5.8; Organic Matter = 33.8 g kg!; P-Mehlich = 12.9
mg dm; K =2 mmolc dm?; Ca*" = 14.2 mmolc dm?; Mg?*
= 6.1 mmolc dm?; AP** = 1 mmolc dm=; H+ Al =27 mmolc
dm?; SB =22.3 mmolc dm?; Cu** = 1.4 mg dm?; Zn>* =4.3
mg dm?; Fe** = 21 mg dm?3; Mn?" = 13.7 mg dm?; B-glu-
cosidase = 19.6 mg g h''; Arylsulfatase = 13.9 mg g h''.

The experimental design used was a randomized block
designina 5 x 2 x 5 factorial scheme, with four replications.
The treatments consisted of a combination of five cover
crops grown during the off-season, two microorganism
managements (with and without), and five agricultural har-
vests (2019/20, 2020/21, 2021/22, 2022/23, and 2023/24).
The plots measured 20 m long by 6.30 m wide, totaling
126 m? per plot, with a useful area of 27 m? (the three central
rows of the plot).

The rhizobacteria used were obtained from the microbi-
ological collection of Embrapa Rice and Beans. The strains
Bacillus sp. (BRM 63573) and Serratia marcescens (BRM
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32114) were used. These bacteria were selected based on
previous studies conducted under greenhouse conditions
@Y. The predetermined isolates were plated on Petri dishes
containing PDA (Potato Dextrose Agar) and placed in a
BOD incubator for 4 days at 25 °C. After this period, using a
Drigalski loop, the bacteria were aseptically inoculated into
a nutrient broth solution containing agar (autoclaved at 121
°C for 30 minutes). To allow the bacteria multiplication, this
solution was kept in a shaking table chamber for 48 hours at
24 °C. After this period, the solutions were calibrated to a
concentration of 1x10% Colony Forming Units ml"' using a
spectrophotometer (Adapted from (V).

The cover crops used in the experiment were millet (Pen-
nisetum glaucum), Congo grass (Urochloa ruziziensis), rice
(Oryza sativa), maize (Zea mays), and Mix Ultra cover crops,
which included white lupin (Lupinus albus), buckwheat (Fa-
gopyrum esculentum), white oats (Avena sativa), black oats
(Avena strigosa Schreb), crotalaria ochroleuca (Crotalaria
ochroleuca), crotalaria juncea (Crotalaria juncea), turnip
rape (Raphanus sativus), millet (Pennisetum glaucum), and
coracana grass (Eleusine coracana). Before planting the
plots with the cover crops, glyphosate herbicide was applied
at approximately 4 liters per hectare. The cover crops were
sown in February and March using a no-till system, with a
mechanized seeder and a Micron® seeding furrow sprayer to
apply the microorganisms. A total of 85 kg ha™! of P.Os was
applied at planting, with two top dressings performed at 20
and 40 days after emergence (DAE), respectively. The area
with the cover crops was cultivated until it was desiccated
with glyphosate, 15 days before sowing the winter-cultivated
common beans and then the summer-cultivated soybeans.

When the soybeans were planted, the bacteria were
applied using a Micron® sprayer at a dosage of 300 ml per
hectare of Bacillus sp. microbial solution and 300 ml ha! of
Serratia marcescens microbial solution, both diluted in 20
liters of water. For the inoculation of Bradyrhizobium japon-
icum, 600 ml ha! of the commercial inoculant Grap Nodl®
was used in all treatments, which is the dose recommended
by the manufacturer.

The soybeans were planted in the first half of October
each year, also using a no-till system. The cultivar used was
BRS 6970 IPRO from Embrapa, with 15 seeds sown per
meter. The planting spacing was 0.45 m between rows. The
fertilizer applied was 300 kg ha! of a 5-30-15 formulated
fertilizer. Chemical products were applied according to
agronomic recommendations for the crop to keep a disease,

pest and weed free area.
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Figure 1. Average temperature (°C) and average rainfall (mm) data during the 2019/20, 2020/21, 2021/22, 2022/23 and 2023/24 har-

vest periods.

The soybeans were harvested after physiological matu-
rity using a mechanical harvester. The grains were weighed
(adjusted to a moisture content of 130 g kg, wet basis)
and converted to kg per hectare. The following variables
were analyzed on the harvest day: pods per plant (number),
grains per pod (number), and mass of 100 grains (grams),
adjusted to a moisture content of 130 g kg™ (wet basis). For
these evaluations, 10 plants were collected at random from
the useful area of each plot.

The data obtained were submitted to an analysis of vari-
ance to check the significance of the interactions among
factors. If there were no significant interactions, we ana-
lyzed each single factors. The means were compared using
the Fisher’s test (LSD) at a 5% probability level, using the

statistical software Sisvar version 5.6 . Additionally,
we performed the Pearson’s correlation coefficient (PCC)
analysis between soybean grain yield and meteorological
data, using the test-t (p <0.01 and p < 0.05) with R 4.4.129,

RESULTS AND DISCUSSION

According to the statistical analysis, there was no
interaction between the factors (Table 1). Therefore, the
independent factors were analyzed. Regarding the cover
crops grown in the off-season, it was found that they had no
effect on the soybean’s productivity components or grain
yield. Nascente & Crusciol @7, working with Urochloa
brizantha, U. ruziziensis, Panicum maximum, and Pennis-

etum glaucum, also reported that cover crops did not affect
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soybean yields. Similarly, Pott et al. ®® found no significant
differences in soybean yield or 100-grain mass with the use
of cover crops, whether in monoculture, intercropping, or
as a mix of cover crops. Silva et al. ® found similar results
for soybean yield components using plant cover mixes.
Based on these research results, it can be inferred that
soybean plants are minimally affected by cover crops. How-
ever, cover crops produce biomass, which is important for
regions with nutritionally poorer soils, such as the Cerrado
in Brazil or the African Savannas. In the process of straw
degradation, plants with greater biomass production tend
to release more nutrients, contributing to the soil fertility
improvement G0, Additionally, a greater amount of straw

helps to improve soil cover, protect it from erosion, suppress

weeds, and enhance the soil’s biological activity ®.

On the other hand, leaving the area fallow is not sustain-
able, as it does not produce a large amount of biomass and
increases the weed seed bank ?* 29, According to Araujo et
al. ®?, the use of vegetable cover during the off-season has
significantly contributed to the reduction of weeds in areas
cultivated with soybeans and rice in the Cerrado region.

Regarding the microorganism’s factor, it was found that
their use resulted in a higher 100 grains mass and grain
yield compared to the treatment without microorganisms
(Table 1). Similarly, Tavanti et al. Y, using Bacillus
subtilis strains, observed increases in crop yield, as well
as enhanced vigor and seedling emergence. Frasca et al.

@D also noted greater increases in the 100 grains mass

Table 1. Grain yield (PROD), number of pods per plant (NPP), number of grains per pod (NGP), and mass of 100 grains (M100) of
soybeans affected by cover crops and multifunctional rhizobacteria in the 2019/20, 2020/21, 2021/22, 2022/23, and 2023/24 harvests

Cover crops PROD (kg ha™) NPP NGP M100(g)

Mix 4365 59 2.01 18.08

Corn 4243 62 2.00 18.13

Rice 4314 59 2.10 17.84

Millet 4298 61 1.91 18.11

U. ruziziensis 4313 57 2.01 17.66
Microorganism

Control (non-application) 4200 b 60 1.97 17.69 b
Bacillus + S. marcescens 4413 a 59 2.03 18.24 a
Harvest

19/2020 3413 d 81 1.81 c 18.44 b
20/2021 4525 b 46 2.10 a 17.46 cd
21/2022 4476 b 57 be 2.13 a 16.87 d
22/2023 4174 c 54 c 1.96 b 17.87 be
23/2024 4943 a 60 b 2.00 b 19.19 a
Factors

Cover crops (C) 0.6042 0.2612 0.0098" 0.6052
Microorganism (Mi) 0.0000" 0.8036 0.0568 0.0138"

Harvest (H) 0.0000" 0.0000" 0.0000" 0.0000

C'Mi'H 0.4532 0.1553 0.7602 0.5364

C'™Mi 0.1868 0.3710 0.2854 0.8909

CH 0.8808 0.7898 0.2089 0.0434"

Mi'H 0.7587 0.0005" 0.8269 0.0000"

Means followed by the same letter in the column do not differ statistically according to Fisher’s test (LSD) at a 5% probability level. NPP: number
of pods per plant; NGP: number of grains per pod; M100: mass of 100 grains; and PROD: grain yield. * Significantly different from zero at the 0.05

probability level.
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and soybean productivity with the use of multifunctional
microorganisms. Park et al. ®» reported that the Bacillus
aryabhattai strain SRB02 significantly promoted soybean
growth. Braga Junior et al. ¢ found that inoculation with
Bacillus subtilis (Bs10) led to increased productivity, bio-
mass, and stand maintenance in soybeans. Mondani ef al.
69 observed a 22.9% increase in grain yield in soybeans
inoculated with growth-promoting rhizobacteria (Bacillus
subtilis and Bacillus licheniformis) under water stress.
Based on these research results, it can be inferred that
using plant growth-promoting rhizobacteria is a sustainable
practice that benefits soybean development, including
increased grain yield. The microorganisms used in this
study (Bacillus sp. (BRM 63573) and Serratia marcescens
(BRM 32114)) enhanced soybean productivity. Silva et
al. ® previously reported that a mixture of these bacteria
led to greater root development and higher total biomass
production (both root and aerial parts) compared to the
control treatment without microorganisms. In a more
recent study, Silva e al. ®® found that these two bacteria
resulted in a 25% increase in the initial development of the
soybean root system compared to the non-application of
microorganisms. According to the authors, these bacteria
can produce auxins (AIA), cellulase, solubilize phosphate,
produce siderophores, and form biofilms. Thus, it can be

inferred that these characteristics of the microorganisms

contributed to increased grain mass and yield in soybeans.

The data on yield components and grain yield varied
between harvests (Table 1). These variations were likely
due to climatic changes from one year to the next.

To better understand the relationship between soybean
yields across the five harvests and the meteorological vari-
ables for the same period (Table 2), Pearson’s correlation
coefficient (PCC) was calculated. This coefficient is used
to determine the degree of linear relationship between two
variables 9. The value of this coefficient ranges from -1 to
+1, indicating a negative relationship, no correlation, or a
positive relationship between the variables.

In the correlation analysis between soybean produc-
tivity across the five harvests and various meteorological
variables, including maximum temperature, minimum
temperature, temperature, rainfall, relative humidity, and
solar radiation, only the last variable showed correlation
(Table 2). The correlation analysis between productivity
and solar radiation during these periods revealed a Pearson
correlation coefficient of 0.62**, which is significant at the
1% and 5% probability levels according to the t-test. This
value indicates a moderate positive correlation, meaning
that as solar radiation increases, soybean productivity also
increases.

Solar radiation plays a crucial role in plant growth

and development, significantly influencing the production

Table 2. Average values of meteorological variables and Pearson correlation coefficients (PCC) between soybean grain yield in the
2019/20, 2020/21, 2021/22, 2022/23, and 2023/24 harvests and meteorological variables

Meteorological variable Harvest PCC
2019/20 2020/21 2021/22 2022/23 2023/24

Max. T. (°C) 30.4 c 313 b 29.6 d 29.3 d 32.0 a 0.41™
Min. T. (°C) 19.9 b 19.5 c 19.7 be 19.0 d 20.6 a 0.29"
Av. T. (°C) 24.3 b 24.6 b 23.7 c 232 d 25.4 a 0.36™
Rainfall (mm) 170 be 148 cd 224 a 187 b 139 d -0.05m
RU average (%) 74.0 a 73.0 a 76.2 b 73.2 b 70.3 b -0.32m
Solar radiation (MJ/m?) 16.6 ¢ 20.0 a 17,1 be 18.2 b 20.1 a 0.62"
Yield (kg ha) 3413 d 4525 b 4476 b 4174 c 4943 a

Means in the same row followed by a different letter are significantly different at the 0.05 probability level by Fisher’s Test. Max. T.: Maximum
temperature; Min. T.: Minimum temperature; Av. T.: Average temperature; RU average: Average relative humidity; and PCC: Pearson’s correlation
coefficient. ™ significantly different from zero at the 0.05 and 0.01 probability level by test-t. ™ Not significant.
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capacity and yield of crops. There is a direct relationship
between growth, production, and the amount of light in the
environment ¢ 3, Santos et al. ® evaluated the capture
and use of solar radiation by soybeans, common beans, and
weeds. They observed that soybeans were the most efficient
among the species assessed in utilizing photosynthetically
active radiation, showing superior efficiency in converting
intercepted radiation into biomass. Fattori Junior et al. 49,
in a study evaluating the effect of cloudiness on soybean
yields in southeastern Brazil, observed a correlation
between clear sky conditions and higher soybean yields.
The authors reported that a reduction in solar radiation by
approximately 22% and 29% resulted in a 26% to 37%
reduction in soybean yield, respectively. Supporting this
finding, our experiment showed that higher solar radiation
in the 2023/24 harvest led to increased soybean yields,
in contrast to the 2019/20 harvest, which had the lowest
radiation (Table 1 and Table 2).

CONCLUSIONS

The rice, corn, Urochloa ruziziensis, millet, cover crops
as well as a cover crops mix did not affect the soybean crop
yields components or grain yield.

The combination of Bacillus sp. (BRM 63573) and
Serratia marcescens (BRM 32114) microorganisms led to
significant increases in the 100 grains mass and soybean
grain yield.

Solar radiation was the climatic factor that most signifi-

cantly affected soybean productivity in the studied crops.
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