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Abstract: Sustainable agriculture relies on effective soil management, making it crucial
to assess soil health, especially in areas of agricultural expansion, such as the Cerrado
in the MATOPIBA region. Sustainable strategies, such as integrated production systems
(crop–livestock–forestry), are essential to mitigate these impacts. However, little is known
about the effects of these systems on soil microbial communities. The objective of this study
was to evaluate bacterial communities associated with soils under different integrated
production systems in the MATOPIBA region. Soil samples from the 0–10 cm depth layer
were collected from the following land use systems: (i) native Cerrado vegetation (NCV),
(ii) native Babassu forest (NPV), (iii) no-tillage soybean—regional standard system (NT-S),
(iv) crop–forest integration (CFI), (v) crop–livestock integration (CLI), and (vi) livestock–
forest integration (LFI). We measured chemical properties and bacterial communities using
next-generation sequencing (NGS) of the V3-V4 hypervariable region of the 16S rRNA
gene. The results revealed that the integration systems (CFI, CLI, and LFI) resulted in
changes in soil chemical properties, which contributed to the modulation of the bacterial
communities. The most abundant taxa in integrated production systems shows a positive
correlation with soil pH and phosphorus content. Members of the Nitrosomonadaceae and
Sphingomonadaceae families are more related to integrated production systems containing
a forestry component (CFI and LFI), while Bacillaceae are more evident in crop–livestock
integration systems (CLI).
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1. Introduction
The latest agricultural frontier in Brazil is in the North and Northeast regions of

the country. The most relevant agricultural expansion area in these regions is known as
MATOPIBA (the two first letters of the names of the states of Maranhão, Tocantins, Piauí,
and Bahia), which includes 337 municipalities and spans 73 million ha [1]. The region is
considered a strategic driver of the Brazilian economy and has been attracting farmers
from various regions [2]. This zone has specific characteristics, such as low altitudes, high
temperatures, and, in some parts, restrictive rainfall patterns [3]. The soils are highly
weathered and acidic, sandy, and gravelly, with low buffering capacity, low soil organic
matter (SOM), phosphorus, potassium, and micronutrients concentrations [3,4].

These edaphoclimatic conditions lead to low nutrient and water retention in these
soils. A sustainable approach to address these limitations includes adopting cropping
systems such as no-till, integrated systems, and agroforestry. These practices reduce soil
disturbance, increase soil organic matter (SOM), enrich nutrients, diversify crops, and
protect the soil, all of which improve soil health and enhance resilience against the region’s
challenging tropical climate.

Conservation-based agricultural systems play a vital role in agricultural frontier
regions. Practices such as no-till, crop rotation, crop succession, intercropping, and cover
cropping are accessible to farmers and, when combined with integrated production systems
like crop–livestock–forestry integration (CLFI), enhance productivity, optimize soil and
water use, and provide greater production stability [4,5].

CLFI systems offer various modalities, including crop–livestock integration (CLI),
crop–forestry integration (CFI), or livestock–forestry integration (LFI). In the MATOPIBA
region, soybeans and maize are the primary crops used, while cattle grazing on Urochloa or
Megathyrsus grasses are common for the livestock component. Eucalyptus is the predomi-
nant forest component [6].

Systems that combine well-managed crops and pastures with trees and livestock can
significantly improve soil chemical quality [7], enhance carbon sequestration [8], and boost
crop productivity [7] These practices have also led to increased biomass and biological
activity in MATOPIBA soils [9].

Sustainability is understood as “that which meets the needs of the present without
compromising future generations to meet their own needs”. Thus, the use of integrated
crop–livestock–forestry (CLFI) systems in Brazilian farms emerges as a viable alternative for
ecosystem sustainability, that is, a balance between farming production and environmental
preservation. Adopting CLFI systems and their modalities has been gaining ground on
Brazilian farms. However, scientific information about CLFI in MATOPIBA region is still
scarce, which may be a result of the complexity and long duration of integrated systems,
combined with the fact that CLFI research is in its infancy and there are a relatively small
number of technicians working with these systems in different regions of the country [10].
However, Macedo et al. (2010) [11] observed that tropical biodiversity allows for a vast
possibility of combinations within integrated systems to achieve sustainability.

The main benefits of integrated systems include increased soil organic matter (SOM)
and reduced greenhouse gas emissions (GHGs) [12–14], increased nutrient cycling and use
efficiency [15,16] and maintenance or increase in soil biodiversity [17].

Studying soil microbiomes is essential for understanding the biological, chemical, and
physical dynamics of soil, particularly in linking microbial diversity to the vegetation cover



Forests 2025, 16, 626 3 of 18

of an area. The composition of microbial species and the ecological roles of bacteria are
influenced by soil texture, chemical composition, pH, precipitation, and temperature [18].
Additionally, an increase in soil nutrients supports plant health, which in turn affects soil
properties and promotes the selection of specific bacterial communities in the rhizosphere,
each fulfilling distinct ecosystem functions [19]. Understanding which bacterial genera
thrive in various planting systems can provide valuable insights for soil management and
inform decision-making.

In this study, we tested two hypotheses: (i) different land use types lead to changes in
soil chemical properties, which in turn affect bacterial communities; and (ii) incorporating
a forest component into integrated production systems influences bacterial communities
in MATOPIBA soils. To explore these hypotheses, we analyzed soil bacterial community
structures under various land use types and integrated production systems in Brazil’s
MATOPIBA region.

2. Materials and Methods
This study was conducted at Barbosa farm, located in Brejo, Maranhão, Brazil, at the

geographic coordinates 03◦42′44′′ S and 42◦55′44′′ W (Figure 1). According to the Köppen
classification, the region has a hot, humid tropical climate (Aw), with an average annual
temperature exceeding 27 ◦C and an average annual rainfall of 1835 mm. Rainy seasons
typically occur from January to June, while dry seasons extend from July to December, with
annual relative humidity ranging from 73% to 79% [20]. The area’s altitude varies due to
its undulating to gently rolling terrain. The experimental site, part of the Cerrado biome,
features soil classified as typical dystrocohesive Yellow Argisol with a sandy loam texture
and a cohesive horizon [21]. Annual precipitation and air temperature for the agricultural
study year are shown in Figure S1.
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Six distinct land use areas were evaluated: (i) crop–livestock integration—CLI;
(ii) livestock–forest integration—LFI; (iii) crop–forest integration—CFI; (iv) no-till soy-
bean, with millet as a cover crop in the off-season (NT-S); (v) an area of native Cerrado
vegetation (NCV); and (vii) an area of native Babassu palm vegetation (NPV) (Table 1).
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Table 1. Management history of land use systems evaluated in the study area in 2022, Brejo,
Maranhão, Brazil.

Description History

Livestock–forestry integration (LFI)

Native forest clearance took place in 2016, followed by conventional soil
preparation with the application of 5 t ha−1 of calcitic limestone, which was
incorporated using a 28” plough, then scarified and leveled. The next year, the
area was converted to rice cultivation (Oryza sativa) with fertilization rates of
250 kg ha−1 of N, 500 kg ha−1 of P2O5, and 300 kg ha−1 of K2O. In 2018,
eucalyptus (Eucalyptus globulus) was planted in an east–west orientation in triple
rows spaced 4 m apart, with 3 m between plants, creating a 30 m gap between tree
rows over a length of 160 m. In the spaces between the eucalyptus rows, a mixed
cropping of maize (Zea mays) and Tamani grass (Megathyrsus maximus—BRS
Tamani hybrid) was grown. No additional soil preparation was conducted from
2019 onward. In 2020, the maize and Tamani grass intercropping was replanted,
and after the maize harvest, cattle were introduced at a stocking rate of
2.5 AU ha−1, with Tamani grass maintained through 2022. Maize fertilization
followed the technical recommendations [22].

No-till soybean (NT-S)

This area has been under no-till soybean cultivation (Glycine max) on millet straw
(Pennisetum glaucum L.) for 17 years. In 2003, native Cerrado vegetation was
cleared, and mechanized agriculture began, involving conventional soil
preparation with intensive tillage, application of correctives, and 2 t ha−1 of
calcitic limestone. In 2004, conservation soil management practices were
introduced, reducing tillage and planting soybeans. By 2005, a no-till system
(NT-S) was established and continues today, with a soybean/millet rotation.
Soybean seeds are inoculated with Bradyrhizobium japonicum before planting.
For the 2022 season, soybean management included (i) desiccation of millet straw
with 2 L ha−1 of glyphosate and 1 L ha−1 of 2,4-D amine; (ii) planting
fertilization with 150 kg ha−1 of monoammonium phosphate (MAP) and
170 kg ha−1 of potassium chloride (KCl), plus 38 kg ha−1 of MIB 77 (containing
3% S, 1.8% B, 0.8% Cu, 0.1% Mo, 2% Mn, and 9% Zn); and (iii) an additional
100 kg ha−1 of ammonium sulfate applied 10 days post-emergence, following
technical guidelines [22]. Micronutrients were applied as foliar sprays during
crop growth, with pest, disease, and weed control performed chemically as
needed. After each soybean harvest, millet seeds were broadcasted at a rate of
20 kg ha−1 of seed without additional fertilization.

Crop–forestry integration (CFI)

The area was cleared in 2004, and upland rice was planted in the following year.
From 2006 to 2010, soybeans were cultivated in a monoculture system. Between
2011 and 2016, the land was managed under a crop–livestock integration (CLI)
system, with intercropped maize and brachiaria and a soybean/millet rotation
for five years. In 2017, a crop–forest integration (CFI) system was introduced,
adding three rows of eucalyptus trees spaced 3 m × 4 m within rows and 30 m
between rows, where annual crops were cultivated. At the end of 2016, the entire
area received 3 t ha−1 of dolomitic limestone (effective calcium carbonate
equivalent—ECCE—of 88%) before planting eucalyptus and annual crops,
followed by plowing and harrowing for incorporation.
In early February 2017, maize was intercropped with forage grasses in the
eucalyptus rows, fertilized with 260 kg ha−1 of NPK 13-33-08 in the planting
furrow and two subsequent topdressings: first with 280 kg ha−1 of NPK 08-00-36
at the 2–4 leaf stage, and then 150 kg ha−1 of polymerized urea at the 4–6 leaf
stage. From 2018 to 2021, soybeans were cultivated in the eucalyptus rows
without soil disturbance, with millet seeds (ADR300) broadcast as a cover crop in
the off-season after soybean harvest, using 20 kg ha−1 of seed without additional
fertilization. Soybean base fertilization followed technical recommendations [22]
and matched the amounts used in the no-till area. At the end of 2021, 3 t ha−1 of
dolomitic limestone (ECCE of 88%) was again broadcast across the area. In 2022,
pigeon pea (Cajanus cajan cv. Mandarin) was planted in the eucalyptus rows, also
without soil disturbance.
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Table 1. Cont.

Description History

Crop–livestock integration (CLI)

The CLI system involves intercropping maize with brachiaria (Urochloa brizantha cv.
Marandu), followed by grazing cattle during the off-season at a stocking rate of
2.5 AU ha−1. This is followed by four years of alternating soybean and millet
cultivation, completing a five-year cycle. This approach is applied across the
farm as a rotational system in soybean-growing areas.
The evaluated area has a similar management history to the soybean no-till system
(NT-S) until 2011. In 2012, the soil was plowed and harrowed, with 3.8 t ha−1 of
calcitic limestone applied. In 2017, the CLI system (maize + brachiaria) was
adopted, with cattle grazing during the off-season at 2.5 AU ha−1. From 2018 to
2020, the area was managed with a no-till system (soybean and millet). In 2021,
subsoiling to 0.30 m was carried out, and maize intercropped with brachiaria
was reintroduced. When cattle entered, the dry mass of brachiaria was
7780 kg ha−1, and when they left, it was 3550 kg ha−1.
In subsequent years, the area continued under no-till management with soybean
and millet. Fertilization for soybeans and maize followed technical
guidelines [22], with soybean fertilization similar to the NT-S area and maize
fertilization comparable to the CFI area.

Native Cerrado vegetation (NCV) Native forest of Cerrado vegetation (area with Cerrado phytophysiognomy
stricto sensu [23], with sporadic fires (almost annual) during the dry season.

Native Babassu palm
vegetation (NPV)

Native Babassu forest vegetation, with a predominance of the Babassu palm tree
(Attaleaspeciosa).

2.1. Soil Sampling

Soil sampling was carried out in July 2022, during the transition period from the
rainy to the dry season. Soil samples were collected at the 0–10 cm layer. In each land
use, 10 sampling points were selected, distributed along a zigzag transect, with an average
distance of 10 m between each point. Once collected, individual soil samplings were pooled
to form a composite representative sample of each area.

2.2. Determination of Soil Physical–Chemical Parameters

After sampling, the soil was air-dried and sieved through a 2 mm mesh for analysis.
Soil chemical properties included: pH measured in both CaCl2 and H2O (1:2.5 soil-to-
solution ratio); organic carbon, quantified through wet digestion with potassium dichro-
mate, was converted to organic matter (OM) by multiplying values by 1.724. The elements
K, P, Cu, Fe, Mn, Zn, and Na were extracted using Melich-1 (0.0125 mol L−1 H2SO4 and
0.050 mol L−1 HCl). Concentrations of K and Na were determined by flame photometry, P
by colorimetry, and Ca, Mg, Al, Cu, Fe, Mn, and Zn by atomic absorption after extraction
with 1 mol L−1 potassium chloride. Al3+ was determined by titration, while potential
acidity (H + Al) was extracted with 0.5 mol L−1 calcium acetate and measured by titration.
Sulfur was analyzed by measuring the turbidity from sulfate precipitation using barium
chloride. The clay fraction (<0.002 mm) was determined by the pipette method; sand
content was estimated by sieving, and silt (0.05–0.002 mm) was calculated by difference.
Sand was further divided into coarse (0.5–2.0 mm) and fine fractions (<0.002 mm).

2.3. DNA Extraction

Total soil DNA extraction was performed from 0.25 g of composite soil samples
obtained from each system. The extractor used was the Power Soil DNA Extraction kit
(MoBio Labs, Inc. Solana Beach, CA, USA), following the manufacturer ’s instructions.
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2.4. Library Preparation and Sequencing

Total DNA from soil samples under various management practices was used to
amplify the V3-V4 region of the 16S rRNA gene. This two-step PCR process fol-
lowed the manufacturer’s protocol for Nextera XT® DNA Library Preparation Kit
(Illumina®, San Diego, CA, USA), with the first step targeting the gene region (PCR-1)
and the second adding Illumina adapters and barcodes (PCR-2). The primers for am-
plifying the V3-V4 region were 341f (5′-CCTACGGGNGGCWGCAG-3′) and 805r (5′-
GACTACHVGGGTATCTAATCC-3′) [24]. Sequencing of the V3-V4 region was conducted
with the Nano Reagent v2 kit (Illumina®, San Diego, CA, USA) using 600 cycles (2 × 300 bp)
according to the manufacturer’s guidelines.

2.5. Metataxonomic Data

Quality checks on the demultiplexed FASTQ files from paired-end sequencing of
the 16S rRNA gene were conducted using fastqc v0.11.9 [25]. Primer sequences were re-
moved with atropos v1.1.31 [26], low-quality reads were filtered out with fastp v0.23.2 [27],
and remaining reads were merged with Flash v1.2.11 [28] at a minimum 10 bp over-
lap. ASVs (amplicon sequence variants) were inferred and quantified using the DADA2
v1.22.0 pipeline [29] in R v4.1.2 [30]. Merged reads, averaging 411 bp, were filtered
(“dada2::filterAndTrim”) using parameters “truncLen = 400, maxEE = 2, maxN = 0”.
Error rates were estimated via the LOESS model (“dada2::learnErrors”), sequence re-
dundancy was removed (“dada2::derepFastq”), and sequences were corrected for er-
rors and chimeras removed (“dada2::removeBimeraDenovo”). Taxonomy assignment
was conducted using the SILVA database (v.138.1) [31] and the Naive Bayesian classifier
(“dada2::assignTaxonomy”) [32]. ASV sequences were grouped into OTUs (97% iden-
tity) using the UPGMA clustering method (“DECIPHER::IdClusters”, v. 2.22.0 [33]), with
low-abundance OTUs (≤1 sequence, occurring in only one sample) filtered out.

2.6. Microbiome and Statistical Analyses
2.6.1. Alpha and Beta Diversity

Sample reads were normalized to sequencing depth using rarefaction (phyloseq::rar-
efy_even_depth) (v.1.38.0) to standardize library sizes. Diversity analyses were performed
using the phyloseq (v.1.38.0) [34] and microeco (v.1.5.0) [35] R packages. Alpha diversity
was assessed with richness indices (observed OTUs), Shannon, and InvSimpson indices.
Beta diversity was calculated by transforming sample counts with the Hellinger method
(“vegan::decostand”) (v. 2.6.4) [36]. Principal coordinate analysis (PCoA) was conducted
to examine microbial community composition across management systems, based on
Bray–Curtis dissimilarity (“stats::cmdscale”) (v. 4.1.2) [30].

2.6.2. Taxonomic Composition

Taxonomic composition of bacterial communities was calculated using “micro-
eco::cal_abund” (v.1.5.0) and visualized with ggplot2 (v.3.5.0) [37]. An UpSet plot was
created to examine the distribution of bacterial genera across different soil management
systems, using the UpSet package (v.1.4.0) [38].

2.6.3. Differentially Abundant Taxa

Differentially abundant (DA) taxa among systems were identified with the NOISeq-
sim algorithm (v.2.38.0) [39] using parameters: k = NULL, norm = “tmm”, pnr = 0.2, lc = 1,
replicates = “no”. NOISeq is a non-parametric method designed to identify differentially
expressed features. In the absence of replicates, as applied here, the algorithm simulates
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technical replicates (but not biological replicates) using a multinomial distribution, resulting
in a highly conservative approach to identifying differentially abundant taxa [40].

DA taxa were those with an adjusted probability (q) value ≥ 0.99. Correlations
between DA taxa and soil physicochemical properties were determined via the Pearson cor-
relation coefficient (r) analysis (“rstatix::cor_test”) (v.0.7.2) [41], with significant correlations
identified at r ≥ 0.8 or r ≤ −0.8 and p ≤ 0.05.

3. Results
The values for pH, P, K+, Ca2+, Mg2+, and Zn2+ are higher in the areas under agri-

cultural management, compared to native forests (Cerrado and Babassu forest), possibly
influenced by the application of correctives and fertilizers (Table 2). It is important to
highlight that clay contents are similar across the areas, which allows for the comparison
between the land use systems using the differences in management as a basis. However,
soil organic matter contents were higher in the Babassu forests and in the LFI system.

Table 2. Physical and chemical parameters of soils under different management systems: NCV = na-
tive Cerrado vegetation; NPV = native Babassu palm vegetation; NT-S = no-till soybean; CFI = crop–
forestry integration; CLI = crop–livestock integration; LFI = livestock–forestry integration. Barbosa
Farm, Brejo, Maranhão, Brazil, 2022.

Parameters NCV NT-S CFI CLI LFI NPV

pH (CaCl2) 4.44 5.34 4.9 5.43 5.39 4.68
pH (H2O) 5.40 6.00 5.80 6.40 6.20 5.50
Organic matter (dag Kg−1) 3.32 3.78 3.09 2.28 6.29 7.06
Potential soil acidity: H + Al
(cmolc dm−3) 6.68 3.48 4.41 2.75 6.29 9.56

Sum of bases (cmolc dm−3) 1.06 2.79 2.04 2.04 4.60 3.76
Cation exchange capacity
(cmolc dm−3) 7.74 6.27 6.46 4.79 10.89 13.32

Base saturation (V%) 14 44 32 43 42 28
Aluminum Saturation (m%) 22 0 2 0 2 3
Al3+ (cmolc dm−3) 0.30 0 0.05 0 0 0.10
B (mg dm−3) 0.28 0.40 0.61 0.33 0.29 0.47
Ca2+ (cmolc dm−3) 0.54 1.86 1.32 1.10 3.24 2.72
Cu2+ (mg dm−3) 0.06 0.07 0.07 0.08 0.05 0.05
Fe2+ (mg dm−3) 100.11 118.15 64.05 48.16 27.32 63.27
K+ (cmolc dm−3) 0.03 0.08 0.06 0.39 0.18 0.06
Mg2+ (cmolc dm−3) 0.49 0.85 0.67 0.55 1.18 0.98
Mn2+ (mg dm−3) 0.20 0.60 0.48 0.42 1.30 1.43
P (mg dm−3) 5.06 24.04 28.46 32.8 34.09 4.26
S-SO4

2− (mg dm−3) 5.94 7.37 6.32 6.22 7.46 7.37
Zn2+ (mg dm−3) 0.32 1.77 2.27 2.52 1.11 0.52
Clay (%) 15.99 16.19 12.71 11.79 17.94 17.22
Silt (%) 9.07 8.88 10.64 8.64 12.3 13.64
Total sand (%) 74.94 74.93 76.64 79.57 69.77 69.14
Coarse sand (%) 34.12 38.91 30.22 30.71 30.54 27.62
Fine sand (%) 40.82 36.02 46.42 48.86 39.23 41.52

3.1. Sequencing and Data Processing

High-throughput sequencing of bacterial communities across different soil manage-
ment systems yielded a total of 2,356,988 paired-end reads from the V3-V4 region of the 16S
rRNA gene. These reads were distributed among six libraries, one for each management
type, with an average of approximately 392,831 (±85,400) amplicons per library. After
filtering for short reads, trimming low-quality regions, and removing sequences from
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mitochondria and chloroplasts, a total of 564,561 sequences remained, each with an average
length of 411 bp. From these sequences, 11,627 ASVs were identified and clustered at 97%
similarity, resulting in 8584 OTUs. Following rarefaction to match the smallest library
(60,360 sequences) and removal of unique-count OTUs, 6653 OTUs remained.

3.2. Structure and Diversity of Bacterial Communities

The rarefaction curve (Figure S2), based on observed OTUs, reached a saturation
plateau, indicating that the sequencing depth was sufficient to capture the microbial diver-
sity in each sample.

Bacterial diversity was higher in soils from integration systems than in other produc-
tion systems (Figure 2A). Richness was slightly higher in NCV soil compared to NT-S soil,
but Shannon and InvSimpson indices were higher for NT-S soil than for NCV. Among all
systems, NPV had the lowest diversity measures (Figure 2A).
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Figure 2. Richness (observed) and diversity indices (Shannon and InvSimpson) (A) measured for
each cropping system. Principal coordinate analysis (PCoA) based on Bray–Curtis distance matrices
(OTUs matrix with Hellinger transformation) (B), at Barbosa farm, Brejo, Maranhão, Brazil, 2022.
Distances between points in the ordination plot reflect differences in community structure among
microbial communities from native Cerrado vegetation (NCV), no-till soybean (NT-S), crop–forest
integration (CFI), crop–forestry integration (CLI), livestock–forestry integration (LFI), and native
Babassu palm vegetation (NPV) soils. Variation in microbial community structure is explained by
each axis and is presented in brackets in the graph.

The PCoA analysis shows that soil samples from NCV and NPV areas are more
distinct from other samples. Samples from integration systems are closer together, with CLI
particularly showing proximity to NT-S soil. Differences among soil management systems
accounted for 61.6% of the variance (Figure 2B).

3.3. Taxonomic Composition of Bacterial Communities Associated with Different
Management Systems

The bacterial communities were classified into 32 phyla, 78 classes, 162 orders, 211 fam-
ilies, and 348 genera, with 40 identified species. At the phylum level, the ten most abundant
phyla accounted for an average of 98.8% of the total. Actinobacteria and Proteobacteria
were the most dominant, representing 30.6% and 27.7% of the community, respectively
(Figure 3A). Meanwhile, less abundant phyla, including Acidobacteriota, Planctomycetota,
Firmicutes, Chloroflexi, Verrucomicrobiota, Myxococcota, Gemmatimonadota, and Bac-
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teroidota, collectively contributed to 40.5% of the total abundance, with relative abundances
ranging from 10.9% to 0.9% on average (Figure 3A; Table S1).
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Figure 3. Relative abundance of the 10 most abundant bacterial phyla (A), minor phyla are combined
in the “Others” category at Barbosa farm, Brejo, Maranhão, Brazil, 2022. Relative abundance of the
25 identified bacterial genera that were most abundant considering the sum of the abundances in the
six soil management systems (B).

At the genus level, among the 25 most abundant (Figure 3B), Bacillus is notably
abundant in CLI, while Conexibacter and Bryobacter are more prevalent in NCV. Acidothermus
shows greater abundance in NCV and NPV soils. The complete distribution of OTUs across
taxonomic levels can be found in the Supplementary Material (Table S1).

The OTU intersection analysis across various soil management systems revealed
that most OTUs are specific to either a conventional cultivation or an integrated system
(Figure 4). Among the 116 OTUs shared across all production systems, 32 were classified,
with Acidothermus (OTU_142 and OTU_205), Actinoplanes (OTU_165), Bryobacter (OTU_78),
Bradyrhizobium (OTU_178), and Candidatus Solibacter (OTU_179) having a total relative
abundance exceeding 5% (Table S2).

Forests 2025, 16, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 3. Relative abundance of the 10 most abundant bacterial phyla (A), minor phyla are com-
bined in the “Others” category at Barbosa farm, Brejo, Maranhão, Brazil, 2022. Relative abundance 
of the 25 identified bacterial genera that were most abundant considering the sum of the abundances 
in the six soil management systems (B). 

The OTU intersection analysis across various soil management systems revealed that 
most OTUs are specific to either a conventional cultivation or an integrated system (Figure 
4). Among the 116 OTUs shared across all production systems, 32 were classified, with 
Acidothermus (OTU_142 and OTU_205), Actinoplanes (OTU_165), Bryobacter (OTU_78), 
Bradyrhizobium (OTU_178), and Candidatus Solibacter (OTU_179) having a total relative 
abundance exceeding 5% (Table S2). 

The CLI management system hosts 1125 unique genera, making it the system with 
the highest exclusive genus diversity. The three integrated systems share 47 OTUs, of 
which 31 are unclassified at the genus level, and 16 are classified, including the genera 
Aeromicrobium (OTU_514), Bacillus (OTU_575), Candidatus Koribacter (OTU_1186), Cellulo-
simicrobium (OTU_1157), Devosia (OTU_378), Dokdonella (OTU_3341), Pedosphaeraceae El-
lin517 (OTU_1767), Flavisolibacter (OTU_844), Geodermatophilus (OTU_919), Lysinibacillus 
(OTU_772), Nitrosomonadaceae MND1 (OTU_198), Nocardioides (OTU_164), Pseudarthro-
bacter (OTU_251), Pyrinomonadaceae RB41 (OTU_276), and Thermoanaerobaculaceae 
Subgroup 10 (OTU_921 and OTU_815). 
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black portion indicates OTUs not classified to genus.
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The CLI management system hosts 1125 unique genera, making it the system
with the highest exclusive genus diversity. The three integrated systems share 47
OTUs, of which 31 are unclassified at the genus level, and 16 are classified, includ-
ing the genera Aeromicrobium (OTU_514), Bacillus (OTU_575), Candidatus Koribacter
(OTU_1186), Cellulosimicrobium (OTU_1157), Devosia (OTU_378), Dokdonella (OTU_3341),
Pedosphaeraceae Ellin517 (OTU_1767), Flavisolibacter (OTU_844), Geodermatophilus (OTU_919),
Lysinibacillus (OTU_772), Nitrosomonadaceae MND1 (OTU_198), Nocardioides (OTU_164),
Pseudarthrobacter (OTU_251), Pyrinomonadaceae RB41 (OTU_276), and Thermoanaerobacu-
laceae Subgroup 10 (OTU_921 and OTU_815).

3.4. Differential Abundance of Taxa

The analysis of differentially abundant (DA) taxa in the different soil management
systems resulted in the identification of a total of 181 taxa. Figure 5 presents the comparison
matrix between the systems. All DA taxa are available in Table S3.
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Figure 5. Distribution matrix of differentially abundant taxa by production system at Barbosa
farm, Brejo, Maranhão, Brazil, 2022. Number of differentially abundant taxa between treatments
(row × column).

The analysis of differentially abundant taxa shows that samples from the various
production systems form two distinct groups based on abundance: one group represents
systems in human-altered (anthropized) environments, while the other is associated with
systems in natural environments (Figure 6A).

The heatmap (Figure 6B) shows variations in abundance across the production sys-
tems. However, the 50 most abundant taxa do not exhibit a pattern unique to any single
production system. Generally, the NCV and NPV systems show contrasting trends, with
certain abundant taxa in NCV appearing with lower abundance in NPV. Despite being
clustered together, these systems differ in terms of community composition. Within the
group of integrated and conventional management systems (anthropized environments),
there is a more heterogeneous profile, with some more abundant taxa in one system than
in another. Overall, taxa abundance in these systems is higher when compared to NCV
and NPV.
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samples were clustered using the average linkage method. (B) Heatmap of the top 50 taxa plus
4 additional important taxa associated with the nitrogen cycle, with probability (q) ≥ 0.99. Different
letters indicate differences in comparisons between production systems, while the colors indicate the
abundance of the taxa expressed in the Z-score scale (brown and green gradients represent abundance
below the average and abundance above the average), i.e., abundances greater than the average are
indicated in green while those lower than the average are indicated in brown. The heatmap on the
right represents the correlation between the taxa and soil physicochemical parameters (black and red
gradients represent negative and positive correlation values, respectively). The asterisk indicates a
strong correlation (r ≥ 0.8 or r ≤ −0.8) with statistical significance (p ≤ 0.05).

4. Discussion
Soil physicochemical properties greatly impact microbial communities, with pH being

a key factor in determining microbial composition and functional diversity [42,43]. The
NCV and NPV systems showed lower pH levels and reduced concentrations of phosphorus
(P), basic cations, and zinc (Zn) compared to other systems. These elements are essential
nutrients for both soil microorganisms and plants, supporting energy generation and
nutrient cycling [42]. The observed differences in pH and nutrient levels are largely
due to the application of lime and fertilizers, which helps replenish nutrients removed
by crops. Furthermore, agricultural practices such as intercropping and crop rotation,
frequently used in CLI, CFI, and LFI systems, enhance nutrient cycling [44–48]. This
suggests that integration systems offer more favorable conditions for sustaining a diverse
microbial community.

Our data showed a clear link between pH, Zn, P, and the abundance of 27 taxa
(Figure 6B: from the top of the chart to the bottom), revealing a negative correlation between
these elements and microbial abundance, except for family Micropepsaceae, which was
positively associated with phosphorus and zinc. This indicates that as pH or P levels rise,
the abundance of most of these taxa decreases. We also observed a slight increase in P in
soils managed with integrated production systems (CLI, LFI, and CFI), which enhanced
phosphorus availability compared to conventional management systems [7,49].

The results indicate that integrated production systems support greater bacterial
diversity than no-tillage soybean (NT-S) areas and native soils, such as those in the Cerrado
and Babassu forests. Among the integrated systems, CLI and LFI evidenced greater bacterial
diversity and richness compared to CFI, indicating that the livestock component effectively
contributed to the increase in these parameters. Other studies show that low-intensity
grazing modulated the microbial composition by increasing the predominance of bacteria
over fungi [50]. Grazing also induces the increase in bacterial diversity [51] and bacterial
species richness, as demonstrated by Solari et al. (2021) [52] in CLI systems in the Cerrado
of Central Brazil. These findings align with previous studies by Mendes et al. (2015) [53]
and Merloti et al. (2019) [54], which reported higher bacterial diversity in agricultural
fields compared to native forests. Their studies also noted that agricultural soils generally
have lower pH and higher aluminum (Al) content, factors that likely influence microbial
composition and structure, resulting in increased bacterial diversity.

Overall, the bacterial community was dominated by the phyla Actinobacteriota and
Proteobacteria, consistent with findings by Costa et al. (2024) [9] in soybean soil and
rhizospheres under no-till and crop–livestock integration in the same region. Actinobacteria
comprises bacterial genera with potential for biological control, as plant growth promoters
and for the production of extracellular hydrolytic enzymes [55]. This phylum showed
greatest abundance in samples collected in the no-tillage soybean (NT-S) and CFI, possibly
influenced by liming [56] and the decomposition of agricultural residues [57].
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The soil samples collected in the CLI system, in addition to presenting the highest
bacterial diversity similar to LFI, promoted an increase in the relative abundance of Firmi-
cutes. This may be a consequence of the increased SOM content [58] and the activation of
enzymes in the decomposition process [59]. Furthermore, Firmicutes can thrive in extreme
conditions such as high temperatures [60], commonly observed in the region of our study.
However, the abundance of Firmicutes in the LFI system is reduced compared to the CLI
system. This suggests that the presence of the eucalyptus component may contribute to the
decrease in the abundance of this phylum, which reinforces the need to search for other
tree species capable of increasing the abundance of Bacillus.

In this study, integration systems particularly showed an enrichment of genera within
the Nitrosomonadaceae and Sphingomonadaceae families. Previous research has identified
MND1 from Nitrosomonadaceae as a key nitrifying bacterium in nitrogen cycling [61,62].
Other genera within this family, such as mle1-7, IS-44, and GOUTA6, were also more
abundant in integration systems, with GOUTA6 notably enriched in LFI and even more so
in NPV. The Sphingomonadaceae family is likely involved in using organic compounds
from humic substance degradation [61]. Additionally, the Bacillaceae family, particu-
larly Bacillus in the CLI system, plays multiple ecological roles in nutrient cycling and
plant interactions [63].

Differently from the anthropized environments, the abundance of Acidothermus was
highest in the natural ecosystems NCV and NPV (8%). Acidothermus is considered a
cellulolytic bacteria in soils with endocellulase activity [64], decomposing cellulose in SOM
under low pH conditions [65]. In our study, the areas under NCV and NPV presented lower
pH values compared to the anthropized systems. Moreover, trees in these areas provided
greater deposition of organic matter with high concentrations of cellulose and lignin,
delaying the decomposition process of residues [66]. Cellulose content in native trees under
Cerrado conditions can be higher than in exotic species such as eucalyptus [67]. Therefore,
NCV and NPV met favorable conditions for the highest abundance of Acidothermus.

The influence of soil fertility and integrated systems in the abundance of Bradyrhizobium
was also evidenced by our data. The great abundance values in NPV (2.5%) and NCV (1.4%)
compared to ILP (0.9%) may be a consequence of low soil P concentration in the natural
ecosystems (Table 2), since soil P is negatively correlated with the genus Bradyrhizobium
and is one of the main environmental factors affecting its occurrence [68]. On the other
hand, despite the high soil P values, the great abundance of Bradyrhizobium in CFI (1.9%)
and LFI (1.6%) was possibly influenced by the presence of eucalyptus in these systems.
The positive effects of the presence of eucalyptus trees on Bradyrhizobium abundance were
also demonstrated by Huo et al. (2024) [68]. High Bradyrhizobium abundance also in NT-
S (1.3%) compared to CLI was possibly influenced by yearly inoculation of seeds with
Bradyrhizobium japonicum over 17 years of soybean cultivation in this area. Similarly, the
genus Azospirillum, a nitrogen-fixing rhizobacteria from the Rhodospirillaceae family, was
found to be more abundant in no-tillage soybean soil [69]. Analysis of dendrogram group-
ings revealed distinct clusters based on land use: annual crop areas (NT-S and CLI) formed
one group; eucalyptus forest areas (CFI and LFI) formed another; and native forest areas
(NCV and NPV) formed a third. Although NT-S and CLI are grouped together, notable
differences exist, particularly in the soybean rhizosphere, as highlighted by Costa et al.
(2024) [9]. These findings suggest that microbial communities adjust to different land use
systems, offering insights that could guide management practices and crop selection to
promote soil health.

Changes in land use for agribusiness expansion in the Cerrado biome can heighten
this region’s vulnerability to negative impacts, including productivity and nutrient loss and
increased greenhouse gas (GHG) emissions [70,71]. This study provides new insights into
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the impact of integrated production systems on the MATOPIBA region’s soil microbiome,
showing that these systems enhance bacterial diversity, improve soil chemical properties,
and boost nutrient availability.

5. Conclusions
This study highlights the significant potential of integrated production systems (CLI,

CFI, and LFI) to enhance agricultural sustainability in the MATOPIBA region. These
systems positively influence soil microbiota, increasing diversity and enriching key bacterial
families, such as Nitrosomonadaceae and Bacillaceae, which are essential for nutrient
cycling and ecological balance.

Our analysis also indicates that integrated systems improve soil chemical properties,
such as pH and phosphorus levels, fostering soil resilience. Compared to no-till soybean
systems and native vegetation, integrated systems demonstrate superior environmental
benefits, including carbon sequestration and reduced greenhouse gas emissions. However,
their large-scale adoption faces challenges, such as management complexity and the need
for long-term assessments.

In conclusion, integrated systems represent a promising pathway for balancing agri-
cultural productivity and environmental conservation, offering a scalable model for sus-
tainable land use in the Cerrado biome.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f16040626/s1, Table S1: Relative abundance by taxonomic level
present in the different integrated production systems (CFI, CLI, and LFI), conventional management
(NT-S), native forest with characteristic Cerrado vegetation (NCV), and a natural forest formed
by Babassu trees (NPV). Table S2: Information on unique OTUs or those occurring in multiple
systems, obtained from UpSet. The table presents the OTUs that are unique to a single site or shared,
highlighting the distribution and frequency of these OTUs in different systems. Table S3: Differentially
abundant bacterial taxa. Only probability (q) values ≤ 0.01 were considered differentially abundant.
The relative abundance values in each condition are presented in the columns with the suffix “ab”
and the z-score values, which were used to plot the most abundant taxa, are presented with the suffix
“z-score”. Figure S1. Average rainfall and temperature values for the year 2022 in the Chapadinha
region, Maranhão, Brazil. Source: INMET (2022). Figure S2. The rarefaction curve illustrates the
relationship between sequencing depth and the number of bacterial ASVs detected for each sample,
rarefied at 60,000 reads. The curve reaches a plateau, indicating that the sequencing depth was
sufficient to capture most of the bacterial diversity in all samples.
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