Rhizosphere 30 (2024) 100886

Contents lists available at ScienceDirect

Rhizosphere

ELSEVIER journal homepage: www.elsevier.com/locate/rhisph

Soil management shapes bacterial and archaeal communities in soybean
rhizosphere: Comparison of no-tillage and integrated
crop-livestock systems

Romario Martins Costa ® ", Mayanna Karlla Lima Costa “, Sandra Mara Barbosa Rocha “,
Marcos Renan Lima Leite ?, Francisco de Alcantara Neto °, Henrique Antunes de Souza ¢, Arthur
Prudencio de Araujo Pereira 4, Vania Maria Maciel Melo ¢, Erika Valente de Medeiros ', Lucas
William Mendes ¢, Ademir Sergio Ferreira Araujo *

@ Soil Microbial Ecology Group, Universidade Federal do Piaui, Teresina, PI, Brazil

b Departamento de Fitotecnia, Universidade Federal do Piaui, Teresina, PI, Brazil

¢ Embrapa Meio Norte, Teresina, PI, Brazil

4 Federal University of Ceara (Department of Soil Science), Fortaleza, Ceard, Brazil

€ Federal University of Ceara (Department of Biological Sciences), Fortaleza, Ceard, Brazil

f Federal University of the Agreste of Pernambuco, Garanhuns, Pernambuco, Brazil

8 Center for Nuclear Energy in Agriculture, University of Sao Paulo, Piracicaba, Sao Paulo, Brazil

ARTICLE INFO ABSTRACT
Keywords: Sustainable agricultural systems play a crucial role in improving soil properties and enhancing crop yields.
No-tillage Particularly for soybean, a vital agricultural commodity, no-tillage (NT) and integrated crop-livestock (ICL)

Integrated crop-livestock
Microbial communities
Bacteria

Archaea

systems have been employed in tropical regions. Despite the recognized benefits of using NT and ICL, there is a
significant knowledge gap regarding their impact on the rhizosphere microbiome of soybean. Therefore, this field
study aimed to explore and compare the responses of the bacterial and archaeal communities within the soybean
rhizosphere in both NT and ICL systems. To address this objective, in addition to sampling the soybean rhizo-
sphere, we collected samples from the bulk soil in the NT area and the rhizospheres of grass (Urochloa brizantha)
and corn (Zea mays L.) in the ICL system, covering the typical land use in this region. The results revealed distinct
bacterial and archaeal communities in the soybean rhizosphere under NT and ICL. Specifically, the ICL system
enriched the soybean rhizosphere with KD4_ 96 (score 3), Vicinamibacteraceae (score 3), Candidatus Nitro-
cosmicus (score 2.5), and Methylobacterium (score 2.5). In contrast, NT led to an enrichment of Solirubrobacter
(score 3), Amycolatopsis (score 2.8), Sphingomonas (score 2.8), and Nitrososphaeraceae (score 2.5). Microbial
community interactions exhibited greater complexity in the soybean rhizosphere under NT (676 nodes and 7095
edges). Notably, both bacterial and archaeal communities in the soybean rhizosphere under NT and ICL
demonstrated potential functionality in nitrogen fixation. Thus, this study showed that NT and ICL promoted
different responses of bacterial and archaeal communities within the soybean rhizosphere which, can influence
the plant’s performance.

1. Introduction employ distinct strategies (Bieluczyk et al., 2020), such as no-tillage
(NT) and intercropping systems. In Brazil, the total area under both

During the last decade, agricultural systems have placed a strong NT and intercropping agricultural systems encompasses approximately
emphasis on sustainability, particularly from an environmental 50 million hectares (Embrapa, 2023). These agricultural systems yield
perspective. This emphasis includes integrated agricultural systems that various benefits for both agriculture and the environment, such as
introduce different production methods within the same area and increased productivity (Chai et al., 2021) and reduced greenhouse gas
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emissions (Hai et al., 2020). Concerning the positive impact on the soil
environment, these systems contribute to an increase in soil organic
matter and nutrients (Bieluczyk et al., 2020), preserve soil moisture
(Glatzle et al., 2021), and create favorable conditions for soil microbial
communities (Bertola et al., 2021).

The soil microbial communities play a crucial role in both agricul-
tural production and environmental sustainability. Notably, bacterial
and archaeal communities are among the most abundant and diverse
microbial communities found in soils (Singh et al., 2009), playing
essential roles in soil and plant productivity, particularly within inte-
grated agricultural systems (Pratibha et al., 2023). Indeed, both bacte-
rial and archaeal communities contribute to nutrient cycling through the
decomposition of organic residues (Raza et al., 2023), being involved in
various steps of nitrogen cycling (Gubry-Rangin et al., 2010), such as
ammonification and nitrification (Diao et al., 2023). In addition, these
communities facilitate processes such as nitrogen fixation promotion
(Sepp et al., 2023) and phosphate solubilization (Tian et al., 2021).
These processes, orchestrated by both bacterial and archaeal commu-
nities, make nutrients more accessible to plants, thereby promoting
higher productivity (Kebede, 2021). Particularly, both bacterial and
archaeal communities can help reduce gas emissions into the atmo-
sphere, thereby mitigating the greenhouse effect (Bardgett et al., 2008;
Liu et al., 2022).

Therefore, the knowledge of structure, diversity, and composition of
both bacterial and archaeal communities in agricultural systems is
important to increase their sustainability. NT is a well-known agricul-
tural system that requires the maintenance of plant coverage on soil and
has been recognized for its ability to enhance soil properties and in-
crease crop yields (Busari et al., 2015; Calonego et al., 2017; Galdos
et al., 2019). Over the last decade, integrated crop-livestock (ICL) has
emerged as a noteworthy system that promotes plant productivity
through the enhancement of nutrient cycling (Farias et al., 2020).
Several studies have shown the positive effect of ICL on soil properties,
increasing the soil organic matter content (Bieluczyk et al., 2020) and
improving the biological properties (Sekaran et al., 2021). Regarding
the effect on soil bacterial community, ICL has positively contributed to
changing the community composition and diversity (Chen et al., 2018;
Sarto et al., 2020; Bansal et al., 2022). For instance, Bansal et al. (2022)
observed enhaced phospholipid fatty acid (PLFA), total bacterial
biomass, gram (+), gram (—) bacteria in ICL as compared to conven-
tional agriculture.

Despite its beneficial effects on agriculture, there are few studies
specifically comparing NT and ICL systems regarding their impact on
soil properties and crop yield (Assmann et al., 2014; Souza et al., 2016).
Concerning soybean, the primary crop cultivated under both NT and
ICL, it is not known how each system affects its rhizosphere and the
associated microbial communities. This is a critical question as the
rhizosphere of plants is influenced by soil management, and the rhizo-
spheric microbial communities are in turn affected by the rhizosphere
(Leite et al., 2024). For instance, a recent study by Pires et al. (2021)
observed higher mycorrhiza diversity and richness in the rhizosphere of
soybean intercropped with Urochloa under ICL.

Therefore, we hypothesized that the rhizosphere of soybean under
the ICL system could show distinct diversity and composition of bacte-
rial and archaeal communities, differing from those observed in soybean
under NT. Thus, this study is designed to evaluate the bacterial and
archaeal communities in the rhizosphere of soybean under the ICL sys-
tem, particularly when intercropped with grasses and compare them
with the rhizosphere of soybean under the NT system. For this, we
assessed the microbial communities through the sequencing of the 16S
rRNA gene and correlated them with chemical and biological soil pa-
rameters. With this, we aimed to gain insights into how more sustainable
agricultural practices benefit the recruitment of beneficial microbes in
the rhizosphere of soybean, potentially influencing plant growth and
health.
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2. Material and methods
2.1. Field location

The study was carried out from March 2022 to April 2023 at Fazenda
Barbosa, Brejo, MA, Brazil (3°42’1.66"S; 42°56°25.08"W; 102 m). The
soil is classified as Yellow Argisol Typical Dystrocohesive (PAdx), with a
predominance of kaolinite (Dantas et al., 2014), and presents 76% sand,
8% silt, and 16% clay. The climate is tropical (Aw) according to the
Koppen-Gerger (Brito et al., 2023). The average annual precipitation
and temperature are 1,613 mm and 27 °C, respectively (Maranhao,
2022).

2.2. Agricultural systems

We selected two main agricultural crop systems: no-tillage (NT) and
integrated crop-livestock (ICL) (Fig. 1). The NT area was deforested in
2003, with the application of 2 tons ha~! of calcitic limestone, and it has
been annually cultivated with soybean and millet under crop succession.
Each year, soil fertilization consists of 100 kg ha™! of ammonium sulfate,
150 kg ha™! of monoammonium phosphate, and 170 kg ha™! of potas-
sium chloride. The ICL area was deforested in 2009, with the application
of 1 ton ha™? of dolomitic limestone +0.5 ton ha™! of gypsum. The no-
tillage system was implemented with soybean and millet under crop
succession until 2020. Starting from 2021, soybean has been cultivated
followed by pasture (Uruchloa brizantha cv. Marandu) and intercropped
with corn. In both systems, soybean is sown at a population of 300,000

No-tillage system

Straw (millet) | Soybean

Integrated crop—livestock system

Corn-pasture | Soybean

Rhizosphere soil samples Bulk soil samples

l 2022 1

Rhizosphere soil samples

2023 I

Fig. 1. Illustration depicting the variances in agricultural manage-
ment systems.
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plants per hectare. Annually, soil fertilization consists of 340 kg ha™!
(formulation NPK 12-30-00) plus 200 kg ha~! (formulation NPK 10-00-
30) after 30 days. After the crop harvest (soybean and corn), the pasture
is grazed by cattle (three units of animals per hectare).

2.3. Rhizosphere sampling

In both NT and ICL systems, the sampling of soybean rhizosphere was
conducted in March 2023. However, to evaluate the effect of both NT
and ICL systems on bacterial communities in the rhizosphere of soybean,
we collected samples from bulk soil, and the rhizosphere of grass
(Uruchloa brizantha) and corn (Zea mays L.) in ICL. To collect the
rhizosphere samples, the soil adhered to roots was carefully collected
and put into sterile Eppendorf tubes, which were immediately frozen at
a temperature of —80 °C. The bulk soil was collected at 0-10 cm depth
and stored in sterile bags at —80 °C. Both bulk soil samples from NT and
ICL were chemically and biologically analyzed according to Teixeira
et al. (2017) and the results are shown in Table S1. Briefly, soil pH was
determined in a 1:2.5 soil/water extract. Available phosphorus (P) and
potassium (K) were estimated by photometry. Total organic carbon
(TOC) was estimated according to Yeomans and Bremner (1988). Mi-
crobial biomass C (MBC) was assessed according to Vance et al. (1987).
The activities of fluorescein diacetate hydrolysis (FDA), urease, dehy-
drogenase, and acid phosphatase were assessed according to Tabatabai
(1994).

2.4. DNA extraction and sequencing

To extract DNA, 0.5 g of soil samples were used with a DNA Isolation
Kit (DNeasy PowerSoil Pro Kit; Qiagen, CA, USA). The quality and
concentration of DNA were measured using a spectrophotometer. The
primers 515F (5° -GTGYCAGCMGCCGCGGTAA-3’) and 806R (5’-
GGACTACHVHHHTWTCTAAT-3’), were used to amplify the V4 region
of the 16S rRNA by polymerase chain reaction (PCR) (Caporaso et al.,
2011). PRC program was: 95 °C for 3 min, followed by 35 cycles at 98 °C
for 20's, 55 °C for 30's, 72 °C for 30 s, and 72 °C for 5 min. This procedure
includes sequencing adapters and dual-index barcodes to differentiate
each sample. PCR products were purified using Agencourt AMPure XP
beads (Beckman Coulter, Brea, CA, USA) and quantified by Qubit fluo-
rometer with dsDNA BR Assay kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The libraries were paired-end sequenced using the
Illumina MiSeq Reagent Kit v2 (300-cycles, 2 x 150 bp) (Illumina) at the
Genomic and Bioinformatic Facility Centre (CeGenBio) of the Federal
University of Ceard, Brazil.

The 16S rRNA sequences were preprocessed using the QIIME 2
v2021.11 software. Demultiplexing and quality control were conducted
using DADA2 (Callahan et al., 2017), employing the consensus method
to eliminate any remaining chimeric and low-quality sequences (<q20).
The 16S rRNA sequencing approach yielded approximately 11,409,000
reads, averaging 475,370 sequences per sample. These sequences were
then rarefied to 252,750 sequences, based on the lowest sample count,
and singleton and doubleton sequences were removed. Taxonomic
classification for the 16S rRNA region was done using the SILVA data-
base version 138 at 97% similarity (Quast et al., 2013). The 16S rRNA
data are available at NCBI SRA under the identification PRINA1069081.

2.5. Data analysis

To compare the structure of bacterial and archaeal communities and
its correlation with environmental parameters, Principal Component
Analysis (PCA) and Redundancy Analysis were employed using Canoco
5 (Biometrics, Wageningen, The Netherlands). Furthermore, a permu-
tational multivariate analysis of variance (PERMANOVA; Anderson,
2001) was performed to identify significant differences in bacterial
community structures among the samples. Subsequently, microbial
composition was compared using the LDA Effect Size (LEfSe) analysis, as
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outlined by Segata et al. (2011). For this analysis, the OTU table at the
phylum, genus, and OTU levels was used to assess community compo-
sition. A functional prediction annotation was carried out to evaluate the
potential functions exhibited by both bacterial and archaeal commu-
nities using PICRUSt2 (Douglas et al., 2020), with a focus on the nitro-
gen cycle. Finally, we assessed the complexity of community
interactions through network analysis. SparCC correlations (Friedman
and Alm, 2012) were calculated, and only significant (p < 0.01) and
strong (>0.9 or < —0.9) correlations were selected. For network visu-
alization and the calculation of topological properties, we utilized the
interactive platform Gephi (Bastian et al., 2009).

3. Results
3.1. Structure of bacterial and archaeal communities

The results of PCA explained 18.38% of total variation and revealed a
distinct clustering of bacterial and archaeal communities between NT
and ICL (Permanova F = 2.809, P = 0.0001; Fig. 2A). Notably, the
bacterial and archaeal communities in the rhizosphere of soybean under
NT clustered with the communities found in bulk soil. In the ICL, the
bacterial and archaeal communities in the soybean rhizosphere were
distinctly separated from those found in rhizospheres of grass and corn,
which clustered together. The RDA analysis comparing only rhizo-
spheres and its correlation with environmental parameters explained
20.36% of the total variation and showed that bacterial and archaeal
communities in soybean from both NT and ICL were clustered apart from
the rhizosphere of corn and grass, as shown in the first axis of the RDA
(Permanova F = 2.51, P = 0.0001; Fig. 2B). Also, the samples from the
rhizosphere soybean were different between NT and ICL. The commu-
nity of the soybean rhizosphere under no-tillage correlated with soil
microbial biomass and enzymes, while the samples from grass and corn
correlated with fluorescin diacetate and microbial quotient.

3.2. Composition of bacterial and archaeal communities

The top three most abundant microbial phyla identified in bulk soil
and the rhizosphere in both agricultural systems were Actinobacteriota
(30% of the total sequences), followed by Proteobacteria (19%), and
Firmicutes (10%) (Fig. S1A). Comparing bulk soil and soybean rhizo-
sphere, the LDA analysis showed that the soybean rhizosphere increased
the abundance of Proteobacteria and Bacteroidota, while Acid-
obacteriota, Chloroflexi, and Crenarchaeota phyla were more abundant
in the bulk soil (P < 0.05, Fig. S1B). The rhizosphere of corn and grass
presented a higher abundance of Actinobacteriota and Myxococcota,
respectively (P < 0.05, Fig. S1C).

We then examined the enrichment of bacterial and archaeal groups
at the genus and OTU levels (Fig. 3). The heatmap illustrates the specific
enrichment of OTUs for each treatment, revealing a distinct pattern
between the rhizosphere of soybean under NT and ICL (Fig. 3A). This
analysis unveiled that the rhizosphere of soybean under ICL exhibited an
increase in 21 taxa, while the rhizosphere of soybean under NT showed
an increase in 14 taxa. More specifically, a comparison of the rhizo-
sphere community of soybean under the two distinct systems high-
lighted an enrichment of KD4_ 96, Vicinamibacteraceae, Candidatus
Nitrocosmicus, and Methylobacterium in ICL, whereas under NT, the
rhizosphere of soybean demonstrated an enrichment of Solirubrobacter,
Amycolatopsis, Sphingomonas, and Nitrososphaeraceae (P < 0.05, Fig. 3B).

3.3. Interactions between bacterial and archaeal groups

The co-occurrence network analysis showed a distinct pattern of
bacterial and archaeal interactions in bulk soil and rhizosphere
comparing both NT and ICL (Fig. 4; Table S2). In NT, both bulk soil and
rhizosphere of soybean showed a similar number of nodes (671 and 676
nodes, respectively, in bulk soil and rhizosphere). However, the
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Fig. 2. Structure of the bacterial and archaeal community in bulk soil and rhizosphere associated with crops in no-tillage (No-till) and integrated crop-livestock (ICL)
systems based on the 16S rRNA gene. (A) Principal component analysis (PCA) including samples from bulk soil and rhizosphere. (B) Redundancy analysis (RDA) of
the rhizosphere in the two evaluated systems. Arrows indicate the correlation between microbial profile, organic carbon, and soil microbial properties. The analysis
of permutation (PERMANOVA) is indicated in the top right corner of the graphs. TOC: total organic carbon; MBC: microbial biomass carbon; qMic: microbial
quotient; DHA: dehydrogenase; FDA: fluorescein diacetate; URE: urease; AP: acid phosphatase.

bacterial and archaeal communities in the rhizosphere of soybean,
under no-tillage, presented a higher number of edges (4442 and 7095
edges, respectively, in bulk soil and rhizosphere). In the integrated crop-
livestock, bulk soil (568 nodes and 2896 edges) and the rhizosphere of
corn (569 nodes and 2637 edges) showed a lower complexity compared
to the rhizosphere of grass (676 nodes and 4493 edges) and soybean
(628 nodes and 4028 edges). Comparing soybean under NT and ICL, we
observed a higher complexity in the rhizosphere of soybean in the NT
(676 nodes and 7095 edges). In addition, the bacterial and archaeal
communities in the rhizosphere of soybean under NT showed higher
values of average degree (Table S2).

3.4. Functional prediction profiling

Since both NT and ICL aim to increase and maintain soil sustain-
ability through organic matter, we predict potential functions associated
to N cycling (Fig. 5). We observed distinct responses of potential func-
tions comparing soybean under NT and ICL. The potential functions
related to organic degradation and nitrification were observed in both
bulk soils. However, the bacterial and archaeal communities in the
rhizosphere of soybean under NT showed potential functions related to
nitrogen organic degradation. In addition, both bacterial and archaeal
communities in the rhizosphere of soybean under NT and ICL showed
potential functions on N fixation. Interestingly, a higher abundance of
genes related to assimilatory nitrate reduction was observed in the
rhizosphere as compared to bulk soils in both systems.

4. Discussion
4.1. Structure of bacterial and archaeal communities

The results of this study confirmed the hypothesis that the rhizo-
sphere of soybean in both no-tillage and integrated crop-livestock sys-
tems exhibited distinct bacterial and archaeal communities and their
interactions. This suggests that, despite being the same crop species, the
rhizosphere composition is influenced by the specific agricultural sys-
tem (J. Chen et al., 2022). The bacterial and archaeal communities in the
rhizosphere of soybean differed between no-tillage and integrated
crop-livestock systems. In the no-tillage system, the bacterial and
archaeal communities in the soybean rhizosphere were closely related to
those in the bulk soil, indicating an influence of millet straw added to the
soil surface. This aligns with previous studies that have reported the
impact of straw returning on microbial communities in bulk soil, which
are then recruited by the rhizosphere (Bu et al., 2020). Additionally,

Ridder-Duine et al. (2005) reported that bacterial communities in the
rhizosphere are generally more similar to those in the bulk soil than to
other rhizosphere communities. This may explain why the rhizosphere
of soybean under integrated crop-livestock systems was not influenced
by the microbial communities associated with both grass and corn
rhizospheres.

The distinct characteristics of plant species within integrated crop-
livestock systems, particularly grass and corn (Poaceae family), may
contribute to differences in the bacterial and archaeal communities
present in the soybean rhizosphere (Leguminosae family). Regarding the
effect of microbial properties, the presence of grass stimulates microbial
biomass due to a higher proportion of C than N, thus increasing the
microbial population (Amorin et al., 2020). In contrast, the presence of
legumes promotes more C and N mineralization, thereby decreasing
microbial biomass. When the bacterial community was considered, a
previous study observed that the rhizosphere of corn (Poaceae) and
cowpea (Leguminosae) in subsequent cultivation were distinct, sug-
gesting an effect of plant species and demonstrating that the microbiome
from distinct rhizospheres was not shared (Araujo et al., 2019). This
effect is attributed to differences in root exudation between plant spe-
cies, where Poaceae family plants typically release carbohydrates, while
leguminous plant species release amino acids (Merbach et al., 1999;
Alvey et al., 2003). In addition, a previous study has shown that legumes
plant species present highest amount of rhizosphere carboxylates than
grasses (Kidd et al., 2016). Interestingly, when comparing rhizospheres,
the prokaryotic community in soybean under no-tillage was associated
with soil organic C, microbial biomass, and enzymes, suggesting a direct
effect of millet straw as the main C source for soil microorganisms
(Zhang et al., 2019).

4.2. Composition of bacterial and archaeal communities

In general, we observed a high relative abundance of Actinobacteria,
Proteobacteria, and Firmicutes, as expected in both agricultural systems.
This prevalence can be attributed to their role in facilitating the main-
tenance of organic carbon, primarily through the input of straw and root
debris, consequently fostering the proliferation of these microbial
groups (S. Chen et al., 2022). The high abundance of these three phyla in
both agricultural systems is interesting, as members of these microbial
groups play essential roles in the soil-plant continuum. They act as de-
composers of organic residues, releasing nutrients, and function as
plant-growth promoters, thereby enhancing plant performance (Spain
et al., 2009; Bao et al., 2021).

Although Actinobacteria, Proteobacteria, and Firmicutes have
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Fig. 3. Microbial community composition in bulk soil and the rhizosphere of in bulk soil and rhizosphere of crops in no-tillage (No-till) and integrated crop-livestock
(ICL) systems. (A) Heatmap showing the differential abundance of OTUs among all treatments. (B) Pairwise comparison using Linear discriminant analysis (LEfSe) of
the main microbial genera enriched in the soybean rhizosphere contrasting the evaluated systems. In all graphs, only significant different OTUs are shown (P < 0.05).

dominated the microbial community, specific bacterial and archaeal
groups were enriched in the rhizospheres of plants, particularly in soy-
bean under no-tillage and integrated crop-livestock systems, confirming
the observed pattern in the structure of bacterial and archaeal com-
munities. Specifically, in the rhizosphere of soybean under integrated
crop-livestock, there was an enrichment of KD4_96, Vicinamibacter-
aceae, Candidatus Nitrocosmicus, and Methylobacterium. Notably, the
enrichment of Methylobacterium in the soybean rhizosphere is signifi-
cant, given its recognized role as an important nitrogen fixer and hor-
mone producer (Grossi et al., 2020). Previous studies have observed
Methylobacterium associated with the rhizosphere of soybean under
sustainable farming systems (Bender et al., 2022; Agyekum et al., 2023).
Additionally, we can highlight the enrichment of Candidatus Nitro-
cosmicus, a recognized aerobic ammonia oxidizer (Alves et al., 2019),

which can contribute to nitrogen cycling in integrated crop-livestock.

The rhizosphere of soybean under no-tillage enriched bacterial
groups involved in C and N cycling, such as Sphingomonas and members
of the family Nitrososphaeraceae (Dong et al., 2017; Behnke et al.,
2021). The presence of straw in the no-tillage system could explain the
enrichment of these specific groups, such as Sphingomonas, known as
plant growth promoters through nitrogen fixation, contributing to soy-
bean growth (Luo et al., 2020; Alipour Kafi et al., 2021). Regarding
Nitrososphaeraceae, previous studies have reported this nitrifying
microorganism impacting nitrogen cycling (Tourna et al., 2011), espe-
cially during soybean growth (He et al., 2014), contributing to an in-
crease in nitrogen availability to plants.
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Fig. 4. Network co-occurrence analysis of the bacterial communities in soils under a no-tillage (No-till) and integrated crop-livestock system. A connection stands for
SparCC correlation with magnitude >0.7 (positive correlation-gray edges) or < —0.7 (negative correlation-red edges) and statistically significant (P < 0.05). Each
node represents taxa at OTU level and the size of node is proportional to the number of connections (that is, degree). The color of the nodes is based on the

betweenness centrality, where darker colors indicated higher values.

4.3. Bacterial and archaeal community dynamics

In general, we observed a more complex network of interactions
among bacterial and archaeal communities in both bulk soil and the
rhizosphere of soybean in the no-tillage system. This high number of
microbial interactions in the bulk soil suggests a higher soil microbial
stability in no-tillage systems, which may contribute to the assembly of
the soybean rhizosphere microbiome (Gu et al., 2022). In addition, the
higher average degree in the co-occurrence network observed in the
rhizosphere of soybean under no-tillage suggests higher
inter-dependence among bacteria and archaea and less divergent func-
tional groups (Guo et al., 2022). Indeed, the rhizosphere of soybean
under no-tillage showed higher bacteria and archaea interactions, which
contributes to improving soybean growth through biological control of
pathogens, production of plant regulators, and biological N fixation
(Volpiano et al., 2022). The heightened complexity of the microbial
community may mitigate pathogen invasion by enhancing competition
for resources and niche occupancy, thereby promoting greater efficiency
(Mendes et al., 2023).

In contrast, the integrated crop-livestock exhibited variations in
microbial interactions according to distinct plant rhizospheres. This
variability suggests plant-specific microbial dynamics within integrated
crop-livestock systems, potentially affecting the network of interactions
among bacterial and archaeal communities. For instance, Schmidt et al.
(2019) assessed microbial communities in various plant species and
agricultural management practices and observed that plant selection

drives rhizosphere microbial communities more significantly than
agricultural management practices. This means that, despite integrated
crop-livestock being a sustainable system, distinct rhizosphere microbial
communities from different plant species, such as grass and corn, did not
necessarily contribute to an increase in microbial interactions within the
soybean rhizosphere.

4.4. Functional prediction profiling

It is known that both no-tillage and integrated crop-livestock systems
aim to increase and maintain the soil organic matter (Bieluczyk et al.,
2020). Since organic matter is a primary source of nitrogen (N), we
predicted potential functions related to N cycling to compare no-tillage
and integrated crop-livestock systems. The results revealed contrasting
responses of predicted functions related to N in the rhizosphere of soy-
bean under no-tillage and integrated crop-livestock, indicating that
distinct agricultural management practices promote potentially
different effects on soil and rhizosphere functionality. In bulk soil, the
potential functions related to organic degradation and nitrification
indicate that the presence of organic matter in the soil stimulates bio-
logical processes related to N mineralization, thereby increasing N
availability to plants (Hoffland et al., 2020).

Comparing samples from the rhizosphere across different systems,
soybean under no-tillage exhibited potential functions related to organic
degradation, suggesting that microbial communities play a role in
organic matter decomposition (Khan et al., 2023). This could result from
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Fig. 5. (A) Heatmap and (B) bargraph showing the differential abundance of predicted functions related to nitrogen cycle in no-tillage (No-till) and integrated crop-
livestock (ICL). The classification is based on the functional prediction on the FAPROTAX database. Different letters refer to significant differences (P < 0.05) based
on post-hoc Tukey-Kramer test followed by Benjamini-Hochberg FDA correction.

a similar composition of microbial communities and their interactions
observed in the bulk soil and rhizosphere of soybean under no-tillage.
On the other hand, both bacterial and archaeal communities in the
rhizosphere of soybean under no-tillage and integrated crop-livestock
systems showed potential functions related to nitrogen (N) fixation,
which is important as this process makes N available from the atmo-
sphere to plants, particularly soybean (Ciampitti et al., 2021). Interest-
ingly, a higher potential for nitrate reduction was observed in the
rhizosphere compared to bulk soils in both systems, suggesting that
plant-microbe interactions in the rhizosphere can contribute to
increasing the assimilation of nitrate, potentially influencing N avail-
ability for the plants (Moreau et al., 2019).

5. Conclusions

This study presents novel findings regarding the rhizosphere
microbiome in sustainable agricultural management systems, demon-
strating that no-tillage (NT) and integrated crop-livestock (ICL) prac-
tices elicit distinct responses from bacterial and archaeal communities in
the soybean rhizosphere. These results underscore the significant in-
fluence of the microbiome present in the soil, such as bulk soil in NT and
the rhizospheres of pasture and corn in ICL, on the rhizosphere of soy-
bean. Consequently, the study reveals that the assembly of the rhizo-
sphere microbiome is strongly associated with the soil management
system, regardless of whether the main crop belongs to the same plant
species.

In addition to highlighting the intricate interplay between soil
management practices and the rhizosphere microbiome composition,
our study underscores the importance of considering the broader

ecosystem dynamics in sustainable agriculture. Understanding how
different agricultural practices shape microbial communities can lead to
more effective management strategies that optimize crop productivity
while promoting environmental sustainability.

Further studies could elucidate the specific mechanisms by which
different soil management practices influence the rhizosphere micro-
biome and how these microbial communities, in turn, impact plant
health and productivity. By gaining a more comprehensive under-
standing of these dynamics, we can continue to refine agricultural
practices to ensure long-term sustainability and resilience in food pro-
duction systems.

CRediT authorship contribution statement

Romario Martins Costa: Writing — review & editing, Writing —
original draft, Investigation. Mayanna Karlla Lima Costa: Writing —
review & editing, Writing — original draft, Investigation. Sandra Mara
Barbosa Rocha: Writing — review & editing, Writing — original draft,
Investigation. Marcos Renan Lima Leite: Writing — original draft,
Methodology. Francisco de Alcantara Neto: Writing — review & edit-
ing, Writing - original draft, Visualization. Henrique Antunes de
Souza: Writing — review & editing, Writing — original draft, Visualiza-
tion. Arthur Prudencio de Araujo Pereira: Writing — review & editing,
Writing — original draft, Formal analysis. Vania Maria Maciel Melo:
Writing — review & editing, Writing — original draft, Formal analysis.
Erika Valente de Medeiros: Writing — review & editing, Writing —
original draft. Lucas William Mendes: Writing — review & editing,
Writing — original draft, Formal analysis. Ademir Sergio Ferreira
Araujo: Writing — review & editing, Writing - original draft,



R.M. Costa et al.

Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq) and Coordenacao de Aperfeicoamento de Pessoal de Nivel Su-
perior — CAPES (Code 001). Ademir S.F. Araujo, Henrique A. Souza,
Arthur P. A. Pereira, Erika V. de Medeiros, and Lucas W. Mendes are
fellow from CNPgq.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rhisph.2024.100886.

References

Amorin, S.P.D.N., Boechat, C.L., Duarte, L.D.S.L., et al., 2020. Grasses and legumes as
cover crops affect microbial attributes in oxisol in the cerrado (savannah
environment) in the Northeast region. Revista Caatinga 33, 31-42. https://doi.org/
10.1590/1983-21252020v33n104rc.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 26, 32-46.

Agyekum, D.V.A., Kobayashi, T., Dastogeer, K.M.G., Yasuda, M., Sarkodee-Addo, E.,
Ratu, S.T.N., Xu, Q., Miki, T., Matsuura, E., Okazaki, S., 2023. Diversity and function
of soybean rhizosphere microbiome under nature farming. Front. Microbiol. 14
https://doi.org/10.3389/fmicb.2023.1130969.

Alipour Kafi, S., Karimi, E., Akhlaghi Motlagh, M., Amini, Z., Mohammadi, A.,
Sadeghi, A., 2021. Isolation and identification of Amycolatopsis sp. strain 1119 with
potential to improve cucumber fruit yield and induce plant defense responses in
commercial greenhouse. Plant Soil 468, 125-145. https://doi.org/10.1007/s11104-
021-05097-3.

Alves, R.J.E., Kerou, M., Zappe, A., Bittner, R., Abby, S.S., Schmidt, H.A., Pfeifer, K.,
Schleper, C., 2019. Ammonia oxidation by the arctic terrestrial thaumarchaeote
candidatus Nitrosocosmicus arcticus is stimulated by increasing temperatures. Front.
Microbiol. 10 https://doi.org/10.3389/fmicb.2019.01571.

Alvey, S., Yang, C.-H., Buerkert, A., Crowley, D.E., 2003. Cereal/legume rotation effects
on rhizosphere bacterial community structure in West African soils. Biol. Fertil. Soils
37, 73-82. https://doi.org/10.1007/s00374-002-0573-2.

Araujo, A.S.F., Miranda, A.R.L., Sousa, R.S., Mendes, L.W., Antunes, J.E.L., Oliveira, L.M.
de S., Araujo, F.F., Melo, V.M.M., Figueiredo, M.V.B., 2019. Bacterial community
associated with rhizosphere of maize and cowpea in a subsequent cultivation. Appl.
Soil Ecol. 143, 26-34. https://doi.org/10.1016/j.aps0il.2019.05.019.

Assmann, J.M., Anghinoni, I., Martins, A.P., Costa, S.E.V.G.A., Cecagno, D., Carlos, F.S.,
Carvalho, P.C.F., 2014. Soil carbon and nitrogen stocks and fractions in a long-term
integrated crop-livestock system under no-tillage in southern Brazil. Agric. Ecosyst.
Environ. 190, 52-59. https://doi.org/10.1016/j.agee.2013.12.003.

Bansal, S., Chakraborty, P., Kumar, S., 2022. Crop-livestock integration enhanced soil
aggregate-associated carbon and nitrogen, and phospholipid fatty acid. Sci. Rep. 12,
2781. https://doi.org/10.1038/s41598-022-06560-6.

Bao, Y., Dolfing, J., Guo, Z., Chen, R., Wu, M., Li, Z., Lin, X., Feng, Y., 2021. Important
ecophysiological roles of non-dominant Actinobacteria in plant residue
decomposition, especially in less fertile soils. Microbiome 9, 84. https://doi.org/
10.1186/s40168-021-01032-x.

Bardgett, R.D., Freeman, C., Ostle, N.J., 2008. Microbial contributions to climate change
through carbon cycle feedbacks. ISME J. 2, 805-814. https://doi.org/10.1038/
isme;j.2008.58.

Bastian, M., Heymann, S., Jacomy, M., 2009. Gephi: an open source software for
exploring and manipulating networks. Proceedings of the International AAAI
Conference on Web and Social Media 3, 361-362. https://doi.org/10.1609/icwsm.
v3il.13937.

Behnke, G.D., Kim, N., Zabaloy, M.C., Riggins, C.W., Rodriguez-Zas, S., Villamil, M.B.,
2021. Soil microbial indicators within rotations and tillage systems. Microorganisms
9, 1244. https://doi.org/10.3390/microorganisms9061244.

Bender, F.R., Alves, L.C,, Silva, J.F.M., Ribeiro, R.A., Pauli, G., Nogueira, M.A.,
Hungria, M., 2022. Microbiome of nodules and roots of soybean and common bean:
searching for differences associated with contrasting performances in symbiotic

Rhizosphere 30 (2024) 100886

nitrogen fixation. Int. J. Mol. Sci. 23, 12035 https://doi.org/10.3390/
ijms231912035.

Bertola, M., Ferrarini, A., Visioli, G., 2021. Improvement of soil microbial diversity
through sustainable agricultural practices and its evaluation by -omics approaches: a
perspective for the environment, food quality and human safety. Microorganisms 28,
1400. https://doi.org/10.3390/microorganisms9071400.

Bieluczyk, W., Piccolo, M.C., Pereira, M.G., Moraes, M.T., Soltangheisi, A., Bernardi, A.C.
C., Pezzopane, J.R.M., Oliveira, P.P.A., Moreira, M.Z., Camargo, P.B., Dias, C.T.,
dos, S., Batista, 1., Cherubin, M.R., 2020. Integrated farming systems influence soil
organic matter dynamics in southeastern Brazil. Geoderma 371, 114368. https://doi.
org/10.1016/j.geoderma.2020.114368.

Brito, L. de C.R., Souza, H.A., Deon, D.S., Souza, I.M., Santos, S.F.C.B., Sobral, A.H.S.,
2023. Greenhouse gas emissions and chemical and physical soil attributes of off-
season agricultural production systems in the Savannah of Maranhao state, Brazil.
Eng. Agricola 43, e20220181.

Bu, R, Ren, T., Lei, M., Liu, B, Li, X., Cong, R., Zhang, Y., Lu, J., 2020. Tillage and straw-
returning practices effect on soil dissolved organic matter, aggregate fraction and
bacteria community under rice-rice-rapeseed rotation system. Agric. Ecosyst.
Environ. 287, 106681 https://doi.org/10.1016/j.agee.2019.106681.

Busari, M.A., Kukal, S.S., Kaur, A., Bhatt, R., Dulazi, A.A., 2015. Conservation tillage
impacts on soil, crop and the environment. International Soil and Water
Conservation Research 3, 119-129. https://doi.org/10.1016/j.iswcr.2015.05.002.

Callahan, B.J., McMurdie, P.J., Holmes, S.P., 2017. Exact sequence variants should
replace operational taxonomic units in marker-gene data analysis. ISME J. 11,
2639-2643. https://doi.org/10.1038/isme;j.2017.119.

Calonego, J.C., Raphael, J.P.A., Rigon, J.P.G., Oliveira Neto, L. de, Rosolem, C.A., 2017.
Soil compaction management and soybean yields with cover crops under no-till and
occasional chiseling. Eur. J. Agron. 85, 31-37. https://doi.org/10.1016/j.
€ja.2017.02.001.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A.,
Turnbaugh, P.J., Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diversity
at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 108,
4516-4522. https://doi.org/10.1073/pnas.1000080107.

Chai, Q., Nemecek, T., Liang, C., Zhao, C., Yu, A., Coulter, J.A., Wang, Y., Hu, F,,
Wang, L., Siddique, K.H.M., Gan, Y., 2021. Integrated farming with intercropping
increases food production while reducing environmental footprint. Proc. Natl. Acad.
Sci. USA 118. https://doi.org/10.1073/pnas.2106382118.

Chen, H., Xia, Q., Yang, T., Shi, W., 2018. Eighteen-year farming management
moderately shapes the soil microbial community structure but promotes habitat-
specific taxa. Front. Microbiol. 9 https://doi.org/10.3389/fmicb.2018.01776.

Chen, J., Du, Y., Zhu, W., Pang, X., Wang, Z., 2022. Effects of organic materials on soil
bacterial community structure in long-term continuous cropping of tomato in
greenhouse. Open Life Sci. 17, 381-392. https://doi.org/10.1515/biol-2022-0048.

Chen, S., Wang, L., Gao, J., Zhao, Y., Wang, Y., Qi, J., Peng, Z., Chen, B., Pan, H.,
Wang, Z., Gao, H., Jiao, S., Wei, G., 2022. Agricultural management drive bacterial
community assembly in different compartments of soybean soil-plant continuum.
Front. Microbiol. 13 https://doi.org/10.3389/fmicb.2022.868307.

Ciampitti, I.A., Borja Reis, A.F., Cérdova, S.C., Castellano, M.J., Archontoulis, S.V.,
Correndo, A.A., Antunes De Almeida, L.F., Moro Rosso, L.H., 2021. Revisiting
biological nitrogen fixation dynamics in soybean. Front. Plant Sci. 12 https://doi.
org/10.3389/fpls.2021.727021.

Dantas, J.S., Marques Junior, J., Martins Filho, M.V., Resende, J.M. do A., Camargo, L.A.,
Barbosa, R.S., 2014. Génese de solos coesos do leste maranhense: relacao solo-
paisagem. Rev. Bras. Ciéncia do Solo 38, 1039-1050. https://doi.org/10.1590/
S0100-06832014000400001.

Diao, M., Balkema, C., Sudrez-Munoz, M., et al., 2023. Succession of bacteria and archaea
involved in the nitrogen cycle of a seasonally stratified lake. FEMS (Fed. Eur.
Microbiol. Soc.) Microbiol. Lett. 370, fnad013 https://doi.org/10.1093/femsle/
fnad013.

Dong, W., Liu, E., Yan, C,, Tian, J., Zhang, H., Zhang, Y., 2017. Impact of no tillage vs.
conventional tillage on the soil bacterial community structure in a winter wheat
cropping succession in northern China. Eur. J. Soil Biol. 80, 35-42. https://doi.org/
10.1016/j.ejsobi.2017.03.001.

Douglas, G.M., Maffei, V.J., Zaneveld, J.R., Yurgel, S.N., Brown, J.R., Taylor, C.M.,
Huttenhower, C., Langille, M.G.I., 2020. PICRUSt2 for prediction of metagenome
functions. Nat. Biotechnol. 38, 685-688. https://doi.org/10.1038/s41587-020-
0548-6.

Farias, G.D., Dubeux, J.C.B., Savian, J.V., Duarte, L.P., Martins, A.P., Tiecher, T.,
Alves, L.A., Faccio Carvalho, P.C., Bremm, C., 2020. Integrated crop-livestock system
with system fertilization approach improves food production and resource-use
efficiency in agricultural lands. Agron. Sustain. Dev. 40, 39. https://doi.org/
10.1007/513593-020-00643-2.

Friedman, J., Alm, E.J., 2012. Inferring correlation networks from genomic survey data.
PLoS Comput. Biol. 8, 1002687 https://doi.org/10.1371/journal.pcbi.1002687.

Galdos, M.V., Pires, L.F., Cooper, H.V., Calonego, J.C., Rosolem, C.A., Mooney, S.J.,
2019. Assessing the long-term effects of zero-tillage on the macroporosity of
Brazilian soils using x-ray computed tomography. Geoderma 337, 1126-1135.
https://doi.org/10.1016/j.geoderma.2018.11.031.

Glatzle, S., Stuerz, S., Giese, M., Pereira, M., Almeida, R.G., Bungenstab, D.J., Macedo, M.
C.M., Asch, F., 2021. Seasonal dynamics of soil moisture in an integrated-crop-
livestock-forestry system in Central-West Brazil. Agriculture 11, 245. https://doi.
org/10.3390/agriculture11030245.

Grossi, C.E.M., Fantino, E., Serral, F., Zawoznik, M.S., Fernandez Do Porto, D.A.,
Ulloa, R.M., 2020. Methylobacterium sp. 2A is a plant growth-promoting
rhizobacteria that has the potential to improve potato crop yield under adverse
conditions. Front. Plant Sci. 11 https://doi.org/10.3389/fpls.2020.00071.


https://doi.org/10.1016/j.rhisph.2024.100886
https://doi.org/10.1016/j.rhisph.2024.100886
https://doi.org/10.1590/1983-21252020v33n104rc
https://doi.org/10.1590/1983-21252020v33n104rc
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref2
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref2
https://doi.org/10.3389/fmicb.2023.1130969
https://doi.org/10.1007/s11104-021-05097-3
https://doi.org/10.1007/s11104-021-05097-3
https://doi.org/10.3389/fmicb.2019.01571
https://doi.org/10.1007/s00374-002-0573-2
https://doi.org/10.1016/j.apsoil.2019.05.019
https://doi.org/10.1016/j.agee.2013.12.003
https://doi.org/10.1038/s41598-022-06560-6
https://doi.org/10.1186/s40168-021-01032-x
https://doi.org/10.1186/s40168-021-01032-x
https://doi.org/10.1038/ismej.2008.58
https://doi.org/10.1038/ismej.2008.58
https://doi.org/10.1609/icwsm.v3i1.13937
https://doi.org/10.1609/icwsm.v3i1.13937
https://doi.org/10.3390/microorganisms9061244
https://doi.org/10.3390/ijms231912035
https://doi.org/10.3390/ijms231912035
https://doi.org/10.3390/microorganisms9071400
https://doi.org/10.1016/j.geoderma.2020.114368
https://doi.org/10.1016/j.geoderma.2020.114368
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref18
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref18
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref18
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref18
https://doi.org/10.1016/j.agee.2019.106681
https://doi.org/10.1016/j.iswcr.2015.05.002
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1016/j.eja.2017.02.001
https://doi.org/10.1016/j.eja.2017.02.001
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1073/pnas.2106382118
https://doi.org/10.3389/fmicb.2018.01776
https://doi.org/10.1515/biol-2022-0048
https://doi.org/10.3389/fmicb.2022.868307
https://doi.org/10.3389/fpls.2021.727021
https://doi.org/10.3389/fpls.2021.727021
https://doi.org/10.1590/S0100-06832014000400001
https://doi.org/10.1590/S0100-06832014000400001
https://doi.org/10.1093/femsle/fnad013
https://doi.org/10.1093/femsle/fnad013
https://doi.org/10.1016/j.ejsobi.2017.03.001
https://doi.org/10.1016/j.ejsobi.2017.03.001
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1007/s13593-020-00643-2
https://doi.org/10.1007/s13593-020-00643-2
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1016/j.geoderma.2018.11.031
https://doi.org/10.3390/agriculture11030245
https://doi.org/10.3390/agriculture11030245
https://doi.org/10.3389/fpls.2020.00071

R.M. Costa et al.

Gu, S., Xiong, X., Tan, L., Deng, Y., Du, X., Yang, X., Hu, Q., 2022. Soil microbial
community assembly and stability are associated with potato (Solanum tuberosum L.)
fitness under continuous cropping regime. Front. Plant Sci. 13 https://doi.org/
10.3389/fpls.2022.1000045.

Gubry-Rangin, C., Nicol, G.W., Prosser, J.I., 2010. Archaea rather than bacteria control
nitrification in two agricultural acidic soils. FEMS (Fed. Eur. Microbiol. Soc.)
Microbiol. Ecol. 74, 566-574. https://doi.org/10.1111/j.1574-6941.2010.00971 .x.

Guo, B., Zhang, L., Sun, H., Gao, M., Yu, N., Zhang, Q., Mou, A,, Liu, Y., 2022. Microbial
co-occurrence network topological properties link with reactor parameters and
reveal importance of low-abundance genera. Npj Biofilms and Microbiomes 8, 3.
https://doi.org/10.1038/541522-021-00263-y.

Hai, L.T., Tran, Q.B., Tra, V.T., Nguyen, T.P.T., Le, T.N., Schnitzer, H., Braunegg, G.,
Le, S., Hoang, C.T., Nguyen, X.C., Nguyen, V.-H., Peng, W., Kim, S.Y., Lam, S.S.,
Le, Q. Van, 2020. Integrated farming system producing zero emissions and
sustainable livelihood for small-scale cattle farms: case study in the Mekong Delta,
Vietnam. Environ. Pollut. 265, 114853 https://doi.org/10.1016/j.
envpol.2020.114853.

He, Z., Xiong, J., Kent, A.D., Deng, Y., Xue, K., Wang, G., Wu, L., Van Nostrand, J.D.,
Zhou, J., 2014. Distinct responses of soil microbial communities to elevated CO2 and
O3 in a soybean agro-ecosystem. ISME J. 8, 714-726. https://doi.org/10.1038/
isme;j.2013.177.

Hoffland, E., Kuyper, T.W., Comans, R.N.J., Creamer, R.E., 2020. Eco-functionality of
organic matter in soils. Plant Soil 455, 1-22. https://doi.org/10.1007/s11104-020-
04651-9.

Kebede, E., 2021. Contribution, utilization, and improvement of legumes-driven
biological nitrogen fixation in agricultural systems. Front. Sustain. Food Syst. 5,
767998 https://doi.org/10.3389/fsufs.2021.767998.

Khan, A., Wei, Y., Adnan, M., Ali, 1., Zhang, M., 2023. Dynamics of rhizosphere bacterial
communities and soil physiochemical properties in response to consecutive
ratooning of sugarcane. Front. Microbiol. 14 https://doi.org/10.3389/
fmicb.2023.1197246.

Kidd, D.R., Ryan, M.H., Haling, R.E., et al., 2016. Rhizosphere carboxylates and
morphological root traits in pasture legumes and grasses. Plant Soil 402, 77-89.
https://doi.org/10.1007/511104-015-2770-4.

Leite, M.R.L., de Alcantara Neto, F., Dutra, A.F., et al., 2024. Distinct sources of silicon
shape differently the rhizospheric microbial community in sugarcane. Appl. Soil
Ecol. 193, 105131 https://doi.org/10.1016/j.aps0il.2023.105131.

Liu, C., Dong, X., Wu, X., Ma, D., Wu, Y., Man, H., Li, M., Zang, S., 2022. Response of
carbon emissions and the bacterial community to freeze-thaw cycles in a permafrost-
affected forest-wetland ecotone in Northeast China. Microorganisms 30, 1950.
https://doi.org/10.3390/microorganisms.

Luo, Y., Zhou, M., Zhao, Q., Wang, F., Gao, J., Sheng, H., An, L., 2020. Complete genome
sequence of Sphingomonas sp. Cra20, a drought resistant and plant growth promoting
rhizobacteria. Genomics 112, 3648-3657. https://doi.org/10.1016/j.
ygeno.2020.04.013.

Maranhao, 2022. Atlas Do Maranhao, second ed. Sao Luis.

Mendes, L.W., Raaijmakers, J.M., de Hollander, M., et al., 2023. Impact of the fungal
pathogen Fusarium oxysporum on the taxonomic and functional diversity of the
common bean root microbiome. Environmental Microbiome 18, 68. https://doi.org/
10.1186/540793-023-00524-7.

Merbach, W., Mirus, E., Knof, G., Remus, R., Ruppel, S., Russow, R., Gransee, A.,
Schulze, J., 1999. Release of carbon and nitrogen compounds by plant roots and
their possible ecological importance. J. Plant Nutr. Soil Sci. 162, 373-383.

Moreau, D., Bardgett, R.D., Finlay, R.D., Jones, D.L., Philippot, L., 2019. A plant
perspective on nitrogen cycling in the rhizosphere. Funct. Ecol. 33, 540-552.
https://doi.org/10.1111/1365-2435.13303.

Pires, G.C., Lima, M.E., Zanchi, C.S., Freitas, C.M., Souza, J.M.A., Camargo, T.A.,
Pacheco, L.P., Wruck, F.J., Carneiro, M.A.C., Kemmelmeier, K., Moraes, A., Souza, E.
D., 2021. Arbuscular mycorrhizal fungi in the rhizosphere of soybean in integrated
crop livestock systems with intercropping in the pasture phase. Rhizosphere 17,
100270. https://doi.org/10.1016/j.rhisph.2020.100270.

Pratibha, G., Manjunath, M., Raju, B.M.K., Srinivas, 1., Rao, K.V., Shanker, A.K.,
Prasad, J.V.N.S., Rao, M.S., Kundu, S., Indoria, A.K., Kumar, U., Rao, K.S., Anna, S.,
Rao, ChS., Singh, V.K., Biswas, A.K., Chaudhari, S.K., 2023. Soil bacterial community
structure and functioning in a long-term conservation agriculture experiment under
semi-arid rainfed production system. Front. Microbiol. 14 https://doi.org/10.3389/
fmicb.2023.1102682.

Rhizosphere 30 (2024) 100886

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J.,
Glockner, F.O., 2013. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Res. 41, D590-D596. https://
doi.org/10.1093/nar/gks1219.

Raza, T., Qadir, M.F., Khan, K.S., Eash, N.S., Yousuf, M., Chatterjee, S., Manzoor, R.,
Rehman, S. ur, Oetting, J.N., 2023. Unrevealing the potential of microbes in
decomposition of organic matter and release of carbon in the ecosystem. J. Environ.
Manag. 344, 118529 https://doi.org/10.1016/j.jenvman.2023.118529.

Ridder-Duine, A.S., Kowalchuk, G.A., Klein Gunnewiek, P.J.A., Smant, W., van Veen, J.
A., Boer, W., 2005. Rhizosphere bacterial community composition in natural stands
of Carex arenaria (sand sedge) is determined by bulk soil community composition.
Soil Biol. Biochem. 37, 349-357. https://doi.org/10.1016/j.50ilbio.2004.08.005.

Sarto, M.V.M., Borges, W.L.B., Sarto, J.R.W., Pires, C.A.B., Rice, C.W., Rosolem, C.A.,
2020. Soil microbial community and activity in a tropical integrated crop-livestock
system. Appl. Soil Ecol. 145, 103350 https://doi.org/10.1016/j.aps0il.2019.08.012.

Schmidt, J.E., Kent, A.D., Brisson, V.L., Gaudin, A.C.M., 2019. Agricultural management
and plant selection interactively affect rhizosphere microbial community structure
and nitrogen cycling. Microbiome 7, 146. https://doi.org/10.1186/s40168-019-
0756-9.

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W.S.,
Huttenhower, C., 2011. Metagenomic biomarker discovery and explanation. Genome
Biol. 12, R60. https://doi.org/10.1186/gb-2011-12-6-r60.

Sekaran, U., Kumar, S., Gonzalez-Hernandez, J.L., 2021. Integration of crop and livestock
enhanced soil biochemical properties and microbial community structure. Geoderma
381, 114686. https://doi.org/10.1016/j.geoderma.2020.114686.

Sepp, S.-K., Vasar, M., Davison, J., Oja, J., Anslan, S., Al-Quraishy, S., Bahram, M.,
Bueno, C.G., Cantero, J.J., Fabiano, E.C., Decocq, G., Drenkhan, R., Fraser, L.,
Garibay Oriel, R., Hiiesalu, I., Koorem, K., Koljalg, U., Moora, M., Mucina, L.,
Opik, M., Polme, S., Partel, M., Phosri, C., Semchenko, M., Vahter, T., Vasco
Palacios, A.M., Tedersoo, L., Zobel, M., 2023. Global diversity and distribution of
nitrogen-fixing bacteria in the soil. Front. Plant Sci. 14 https://doi.org/10.3389/
fpls.2023.1100235.

Singh, B.K., Campbell, C.D., Sorenson, S.J., Zhou, J., 2009. Soil genomics. Nat. Rev.
Microbiol. 7 https://doi.org/10.1038/nrmicro2119-c1, 756-756.

Souza, S.T., Cassol, P.C., Baretta, D., Bartz, M.L.C., Klauberg Filho, O., Mafra, A.L.,
Rosa, M.G., 2016. Abundance and diversity of soil macrofauna in native forest,
eucalyptus plantations, perennial pasture, integrated crop-livestock, and no-tillage
cropping. Rev. Bras. Ciéncia do Solo 40. https://doi.org/10.1590/
18069657rbcs20150248.

Spain, A.M., Krumbholz, L.R., Elshahed, M.S., 2009. Abundance, composition, diversity
and novelty of soil Proteobacteria. ISME J. 3, 992-1000. https://doi.org/10.1038/
ismej.2009.43.

Tabatabai, M.A., 1994. Soil enzymes. In: Weaver, R.W., Angle, S., Bottomley, P.,
Bezdicek, D., Smith, S., Tabatabai, A., Wollum, A. (Eds.), Methods of Soil Analysis:
Part 2 Microbiological and Biochemical Properties. SSSA, Madison, pp. 775-833.

Teixeira, P.C., Donagemma, G.K., Fontana, A., Teixeira, W.G., 2017. Manual de métodos
de andlise de solo, third ed. Embrapa, Brasilia.

Tian, J., Ge, F., Zhang, D., Deng, S., Liu, X., 2021. Roles of phosphate solubilizing
microorganisms from managing soil phosphorus deficiency to mediating
biogeochemical P cycle. Biology 10, 158. https://doi.org/10.3390/
biology10020158.

Tourna, M., Stieglmeier, M., Spang, A., Konneke, M., Schintlmeister, A., Urich, T.,
Engel, M., Schloter, M., Wagner, M., Richter, A., Schleper, C., 2011. Nitrososphaera
viennensis, an ammonia oxidizing archaeon from soil. Proc. Natl. Acad. Sci. USA 108,
8420-8425. https://doi.org/10.1073/pnas.1013488108.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass carbon. Soil Biol. Biochem. 19, 703-707.

Volpiano, C.G., Lisboa, B.B., José, J.F.B. de S., Beneduzi, A., Granada, C.E., Vargas, L.K.,
2022. Soil-plant-microbiota interactions to enhance plant growth. Rev. Bras. Ciéncia
do Solo 46. https://doi.org/10.36783/18069657rbecs20210098.

Yeomans, J.C., Bremner, J.M., 1988. A rapid and precise method for routine
determination of organic carbon in soil. Commun. Soil Sci. Plant Anal. 19,
1467-1476. https://doi.org/10.1080/00103628809368027.

Zhang, H.-L., Wei, J.-K., Wang, Q.-H., Yang, R., Gao, X.-J., Sang, Y.-X., Cai, P.-P.,
Zhang, G.-Q., Chen, Q.-J., 2019. Lignocellulose utilization and bacterial
communities of millet straw based mushroom (Agaricus bisporus) production. Sci.
Rep. 9, 1151. https://doi.org/10.1038/541598-018-37681-6.


https://doi.org/10.3389/fpls.2022.1000045
https://doi.org/10.3389/fpls.2022.1000045
https://doi.org/10.1111/j.1574-6941.2010.00971.x
https://doi.org/10.1038/s41522-021-00263-y
https://doi.org/10.1016/j.envpol.2020.114853
https://doi.org/10.1016/j.envpol.2020.114853
https://doi.org/10.1038/ismej.2013.177
https://doi.org/10.1038/ismej.2013.177
https://doi.org/10.1007/s11104-020-04651-9
https://doi.org/10.1007/s11104-020-04651-9
https://doi.org/10.3389/fsufs.2021.767998
https://doi.org/10.3389/fmicb.2023.1197246
https://doi.org/10.3389/fmicb.2023.1197246
https://doi.org/10.1007/s11104-015-2770-4
https://doi.org/10.1016/j.apsoil.2023.105131
https://doi.org/10.3390/microorganisms
https://doi.org/10.1016/j.ygeno.2020.04.013
https://doi.org/10.1016/j.ygeno.2020.04.013
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref52
https://doi.org/10.1186/s40793-023-00524-7
https://doi.org/10.1186/s40793-023-00524-7
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref55
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref55
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref55
https://doi.org/10.1111/1365-2435.13303
https://doi.org/10.1016/j.rhisph.2020.100270
https://doi.org/10.3389/fmicb.2023.1102682
https://doi.org/10.3389/fmicb.2023.1102682
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1016/j.jenvman.2023.118529
https://doi.org/10.1016/j.soilbio.2004.08.005
https://doi.org/10.1016/j.apsoil.2019.08.012
https://doi.org/10.1186/s40168-019-0756-9
https://doi.org/10.1186/s40168-019-0756-9
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.geoderma.2020.114686
https://doi.org/10.3389/fpls.2023.1100235
https://doi.org/10.3389/fpls.2023.1100235
https://doi.org/10.1038/nrmicro2119-c1
https://doi.org/10.1590/18069657rbcs20150248
https://doi.org/10.1590/18069657rbcs20150248
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1038/ismej.2009.43
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref71
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref71
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref71
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref72
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref72
https://doi.org/10.3390/biology10020158
https://doi.org/10.3390/biology10020158
https://doi.org/10.1073/pnas.1013488108
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref75
http://refhub.elsevier.com/S2452-2198(24)00039-9/sref75
https://doi.org/10.36783/18069657rbcs20210098
https://doi.org/10.1080/00103628809368027
https://doi.org/10.1038/s41598-018-37681-6

	Soil management shapes bacterial and archaeal communities in soybean rhizosphere: Comparison of no-tillage and integrated c ...
	1 Introduction
	2 Material and methods
	2.1 Field location
	2.2 Agricultural systems
	2.3 Rhizosphere sampling
	2.4 DNA extraction and sequencing
	2.5 Data analysis

	3 Results
	3.1 Structure of bacterial and archaeal communities
	3.2 Composition of bacterial and archaeal communities
	3.3 Interactions between bacterial and archaeal groups
	3.4 Functional prediction profiling

	4 Discussion
	4.1 Structure of bacterial and archaeal communities
	4.2 Composition of bacterial and archaeal communities
	4.3 Bacterial and archaeal community dynamics
	4.4 Functional prediction profiling

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


