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The conversion of forests to pastureland in the Amazon has increased over
the years, resulting in significant impacts on ecosystem diversity, particularly on
the soil microbiota. These changes affect the physical and biological properties
of the soil, influencing the resistome and contributing to the selection and
spread of antibiotic resistance genes (ARGs) in the soil environment. This
study aimed to analyze the soil resistome under different managements in an
Amazonian agrosystem. Soil samples were collected from the organic layer
in forest and pasture areas within the municipality of Sdo Miguel do Guama,
which included pastures managed with fertilization and those without the use
of fertilizers. The samples underwent processing to extract genetic material
and were sequenced using the lllumina platform. The sequences obtained were
analyzed using bioinformatics tools to identify bacterial taxonomy and diversity.
In addition, genetic annotation was performed using specialized databases to
characterize functional genes, mobile elements, and resistance genes. The
results showed changes in bacterial composition in pasture soils, where species
such as Staphylococcus aureus, Staphylococcus cohnii, and Bacillus coagulans
were more prevalent. In forest soils, differences in the composition of functional
genes were detected, while soils without fertilizers exhibited a higher abundance
of transposable elements. In addition, antibiotic resistance genes, such as
macrolides, tetracyclines, aminoglycosides, among others, were more abundant
in pasture soils.
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1 Introduction

In recent decades, agricultural production has driven the
expansion of pastures resulting in an annual increase of 8 million
hectares of such areas globally (Gongalves et al., 2020; Chen et al,,
2020). By 2020, the approximate extent of forest land cover was
4.06 billion hectares (FAO, 2020), while 2 billion hectares were
used for pastures (Lopez-Bedoya et al,, 2022). Currently, forests
have been reduced by up to 50%, resulting in a loss of biodiversity
and environmental impacts (Lopes et al, 2020). In Brazil, the
Amazon rainforest covers 49% of the territory; however, this
proportion has been decreasing over the years due to the expansion
of agribusiness activities (Cardenas Alegria et al., 2022). Of the 154
million hectares of pastures in the national territory, ~65% show
signs of intermediate to severe degradation (Paes da Costa et al,,
2024).

The transformation of forests into pasture and crop areas in
the Amazon causes changes in the soil ecosystem, characterized
by the removal of vegetation and the use of chemical substances
such as fertilizers, pesticides, and antibiotics (Silva et al,
2022). The increase in contaminant residues in ecosystems
is conceptualized as an imbalance conducive to developing
opportunistic pathogenic microorganisms, promoting the selection
of antimicrobial resistance genes (Paes da Costa et al., 2022;
Venturini et al., 2025).

The mechanisms of horizontal gene transfer between bacteria
play a crucial role in the evolutionary dynamics of the
resistome (Tokuda and Shintani, 2024) and can be influenced
by environmental factors and physicochemical characteristics of
ecosystems. Therefore, these aspects should be considered when
analyzing the diversity of bacterial resistance (Lemos et al., 2021).

Studies show that the most commonly found antibiotic
(ARGs)
sulfonamides, and fluoroquinolones (Zhang et al., 2021). These

resistance genes are associated with tetracyclines,
drugs can persist in the soil for extended periods (Wang et al,
2020) and induce the presence of ARGs, which can be acquired by
various pathogens in the soil (Zhang et al., 2024).

In this sense, next-generation sequencing (NGS) technology
and metagenomics have been widely used to investigate the
microbiota of specific environments, such as soil (Zhang et al,
2021). These advanced approaches facilitate the construction
of metagenomic libraries and the thorough analysis of genetic
material from environmental samples, providing insights into
microbial diversity, population structure, genetic relationships, and
environmental interactions (Behera et al., 2020a). With the help
of algorithms, it is possible to improve the taxonomic profile and
genetic prediction of microbial species, essential information for
assessing the public and animal health risks associated with ARGs
(Collis et al., 2024; Paes da Costa et al., 2024; Rout et al., 2022; De
Abreu et al.,, 2021; Behera et al., 2020b).

On the topic of metagenomics, research has correlated
knowledge between the impacts of climate change and soil
microorganisms, as well as meta-analyses on the effects of crops
on this ecological niche (Daugaliyeva, 2024; Pellegrinetti et al.,
2024; Venturini et al., 2025). Researchers have been particularly
interested in analyzing changes in soil microbial diversity along
gradients of management intensity in pastures and forests. The
metagenomic approach has enormous potential in studying these
two agrosystems (Vieira et al., 2021).
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This
bacterial communities and the profiles of antibiotic resistance

study aims to characterize the composition of
genes (ARGs) in soils from agroecosystems under different
management practices. Characterizing these genes allows for
understanding the distribution of bacteria that may impact
human health and identifying potential patterns of ARGs
associated with soil management types. The study develops
detailed information on bacterial diversity and antibiotic resistance
genes selected by different management practices applied to
agroecosystems, which could present different compositions due to
ecosystem management.

2 Materials and methods

2.1 Site description and soil sampling

Soil samples were collected in the municipality of Sao Miguel
do Guamd, located in the northeast of the State of Para, Brazil.
According to the Koppen classification, the region is characterized
by a hot and humid climate (HF), with average annual temperatures
of around 26.7°C (Alvares et al., 2013). The predominant soils in
the region, accounting for ~82.1%, belong to the Yellow Latosol
group, characterized by medium texture, low natural fertility, high
acidity, and intense leaching (Leite et al., 2023).

Three different soils were considered for the study of the
agrosystem: native forest (NF; —1.492534, —47.629718); pasture
with treatment 1 (PT1), corresponding to soil managed with the use
of fertilizers (—1.507812, —47.646530); and pasture with treatment
2 (PT2), referring to soil without the use of fertilizers (—1.494170,
—47.643097). The characteristics of each site are described in
Table 1, and the location of the collection site is illustrated in
Supplementary Figure S1.

The soil samples were collected following a zigzag pattern on
the site’s surface to obtain a representative sample of the study
area. Three sampling points were selected for each experimental
condition, located 50m apart. Five holes were drilled using a
Dutch auger at each point, generating initial subsamples. The
subsamples from the five boreholes at each point were combined
to form a composite sample representative of that point. Three
subsamples were taken from each composite sample, resulting
in nine subsamples. These subsamples were used for biological
analysis and stored in 50-ml Falcon tubes, which were kept in
liquid nitrogen. In addition, the quartering technique was applied
to ensure that the soil’s physical, chemical, and molecular analyses
were representative of each sampling point.

2.2 Physical and chemical soil analysis

For the chemical analysis of the soil from the three sites, 50 g
of samples from each repetition were mixed. The samples from
each site were dehydrated in an oven at 40°C with air circulation
and passed through a sieve with a 2.0-mm diameter mesh. The
following parameters were determined: organic matter (OM), pH
measured in aqueous suspension, calcium (Ca%t), and magnesium
(Mg?*). As for the physical analysis, sieving and sedimentation
techniques were used to calculate the fractions of sand, silt, and
clay present in the soil, where the soil was sieved through a series of
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TABLE 1 Statistical data on biodiversity and description of the different locations.

Location Description Alpha-diversity index of bacteria
Richness Shannon Simpson
Native forest (NF) At the equatorial tropical forest site, commercial timber was only removed 5,077.333 & 1.527 6.663 & 0.373 0.983 £ 0.138
around 20 years ago.
Pasture treatment 1 The area was cleared using burning and stump removal, and the development of 5081 +1 6.782 £+ 0.189 0.989 £ 0.809
(PT1) different pasture species was left in place, having been used for over 10 years.
Pasture with larger coverage of grasses from the Megathyrsus genus is designated
for breeding cows and is managed under rotational grazing with annual
fertilization (limestone and chemical fertilizers).
Pasture treatment 2 The area was cleared using burning and stump removal, and the development of | 5,082.333 +2.816 5.318 £ 1.258* 0.984 £ 0.809
(PT2) different pasture species was left in place, having been used for about 8 years.
The pasture, with larger coverage of grasses from the Urochloa genus, is
intended for calf rearing and is managed under rotational grazing, without
fertilization or soil correction.
*p < 0.05.

sieves with decreasing openings (2, 0.5, 0.2, 0.125, and 0.053 mm),
and the fractions retained on each sieve were dried and weighed
to determine the particle size distribution; The data obtained was
used to calculate the percentage of each fraction, allowing the
size of each particle of the material analyzed to be characterized
(Teixeira et al., 2017).

2.3 DNA extraction and sequencing analysis

DNA extraction was carried out using the commercial DNeasy
PowerSoil kit (Qiagen, USA), following the protocol guidelines
provided by the manufacturer. After extraction, the samples were
stored appropriately at —20°C. The quality of the extracted genetic
material was assessed using a NanoDrop ® spectrophotometer
(NanoDrop-Thermo Fisher Scientific), and only samples with
concentrations higher than 50 ng/ul and purity levels in the range
of 1.8-2.0 were accepted. To assess the integrity of the extracted
DNA, electrophoresis was carried out on a 1% agarose gel with
Tris-acetate-EDTA (TAE) buffer and 0.5 j1g/ml ethidium bromide.

The samples were processed according to the manufacturer’s
protocol of Nextera XT DNA Library (Illumina) to build the DNA
library. Sequencing was performed using the NextSeq 550 System
High-Output Kit for a read size of 2 x 150. The platform used was
the Illumina NextSeq 550 High Output, and the entire process was
carried out according to the manufacturer’s protocol.

The quality of the reads obtained by triplicate sequencing was
first analyzed using the FASTQC version 0.11.9 (Saheb Kashaf et al,,
2021). They were then trimmed and filtered with a minimum
quality standard of Phred 20 by the Trimmomatic (Sewe et al,
2022).

2.4 Taxonomic analysis

The pre-treated readings were subjected to taxonomic
analysis using the Kraken2 software (Wood et al, 2019),
with the PFP (Plants, Fungi and Protozoa) database, which
contains comprehensive information on a wide range of
microorganisms, including those present in environmental
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samples. The comparative matrix of the taxonomic classifications
of the organisms was built using the Pavian platform (Breitwieser
and Salzberg, 2020).

The MicrobiomeAnalyst 2.0 platform (Lu et al, 2023) was
used to assess the diversity and microbial composition of the
samples. The relative abundance of the data was normalized
using the trimmed mean of the M values (TMM) technique.
In the analysis of the alpha-diversity indices, the Simpson and
Shannon Richness indices were considered, and for beta-diversity,
the Analysis of Similarity of Distances (ANOSIM) and Non-metric
Multi Dimensional Scaling (NMDS) statistical approaches were
applied. The bacterial taxonomic composition was also analyzed at
the taxonomic levels of phylum, family, and species using the same
platform as above.

2.5 Determination of resistance genes and
mobile genetic elements

Reads were assembled using MEGAHIT 2.4.3 (Li et al., 2015),
with specific settings for soil metagenomic data (parameter: meta-
large); the resulting contigs were analyzed with the MetaQuast
3.2 (Mikheenko et al., 2016) to assess quality after assembly. The
Prokka 1.2 (Seemann, 2014) was used to identify the coding regions.

The following parameters were applied to obtain information
on functional genes: an e-value of 107>, a minimum identity
of 60%, and a minimum sequence length of 15 nucleotides
(nt). The analysis was performed using the SEED Subsystems
database through the
using  Subsystem  Technology

Metagenomic Rapid Annotations
(MG-RAST)
(Meyer et al, 2019), focusing on identifying mobile genetic
elements (MGEs).

Antimicrobial resistance genes (ARGs) were identified by

version 4.0.3

processing the clean reads using CARD-Resistance Gene Identifier
(CARD-RGI) 4.0.2 (Alcock et al., 2023). Subsequently, the files were
selected to perform abundance transformations according to the
method described by Inda-Diaz et al. (2023). Similarly, genes with
70% coverage were selected, followed by the selection of the features
“mechanism” and “drug class.”
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2.6 Statistical analysis

The results were subjected to the Shapiro-Wilk normality test,
with a significance level of 5% (p < 0.05). The data obtained by
chemical and physical analysis, including particle size distribution
and alpha-diversity between communities, were subjected to
analysis of variance (ANOVA) or Kruskal-Wallis test using the
PAST 5.2 (Hammer et al., 2001). Python (Bouzenia et al., 2024)
was then used to generate graphs, using libraries such as Matplotlib,
Pandas, and Seaborn.

3 Results and discussion

3.1 Physicochemical characteristics and
microbial diversity in the soil

The physicochemical analysis of the different study sites
revealed the following information about the components. Starting
with pH, we observed a pattern of acidity in all the sites
between high and medium, with values in NF of 4.53, in PT1
of 491, and in PT2 with values of 5.22. According to the
concentration of organic matter (OM), there was variation between
the sites, with NF showing the highest concentration (16.86g
kg~1), followed by PT2 (15.14g kg~!) and the lowest proportion
at site PT1 (14.00¢g kg_l). Calcium ions (Ca?t) were low in all
the sites, but with the proportions in the NF sites (1.39 cmolc
dm™3), followed by PT1 (1.13 cmolc dm~3), and the lowest in
PT2 (0.26 cmolc dm™3). In contrast, magnesium ion (Mgz"')
concentrations were also low at all sites, showing a different
distribution with PT1 (0.32 cmolc dm~3), followed by NF (0.18
cmolc dm™3) and PT2 (0.07 cmolc dm™3). When forest soils are
modified for pasture or crop use, their physicochemical parameters
change due to the transformation in ecosystem composition
(Amorim et al., 2020; De Lima et al., 2022; Pessoa et al., 2023).
Consequently, changes at the micro-ecosystem level are important
to understand how these influence physicochemical characteristics
(Yang et al., 2019).

In relation to pH, acidity values were found to be between
strong and moderate, with higher values at site PT2, with NF being
considered a strongly acidic soil, as has also been reported in the
soil of the Brazilian Atlantic Forest (Teixeira et al., 2017; Vazquez
et al., 2020).

In terms of OM content, considerably higher values were found
in the NF and PT?2 sites. However, another study found that pasture
soils had higher OM values than forest soils (Walkup et al., 2020).
Even so, managed pasture soils could have better soil properties (De
Lima et al., 2022), which could be considered a recurring practice
to prevent soil degradation. Paes da Costa et al. (2024) pointed out
that the highest Ca*? levels were observed in pasture areas with
high fertilization, possibly due to the addition of compounds such
as limestone. However, higher levels were not identified in pasture
soils compared to forest soils in our study. Similarly, Mg*? levels
tend to be high in sites with grass cover (Momesso et al., 2022).
Our study found higher concentrations of this cation in soils with
more Megathyrsus grass cover and where fertilizer was applied. This
result suggests that the management type can directly influence the
soil’s magnesium levels.

Frontiersin Microbiology

10.3389/fmicb.2025.1508157

When analyzing the granulometry data, we identified a larger
presence of fine sand in the pasture soils, while the NF soil showed
similar proportions of fine and coarse sand. In addition, all the
samples had identical amounts of clay (Supplementary Figure S2).

Previous studies indicate that the granulometric composition
of soils generally reveals a higher proportion of sand in relation to
clay, which corroborates our results (Giongo et al., 2022). However,
Barrezueta Unda et al. (2019) found different proportions, with
larger amounts of silt in forest soils and high concentrations of clay
in pasture areas.

Particle size analysis is essential for understanding soil
characteristics, especially in sensitive ecosystems such as sandy
pasture soils with lower water retention. However, clay in these
soils contributes to nutrient retention, favoring the development of
microorganisms (Eftene et al., 2022).

With regard to the alpha-diversity indices, we observed that the
average richness showed minimal differences between the pasture
and forest sites. The Shannon index values were higher in the PT1
and NF soils, in contrast to the PT2 soil, with significant differences
(ANOVA; p < 0.00). Similarly, Simpson’s index recorded values
with subtle differences between them (Table 1).

This
supplemented with fertilization was documented by Paes da

disparity in alpha-diversity indices in pastures
Costa et al. (2024), where adding fertilizers could influence the
recovery of microbial diversity (Giongo et al., 2022). Thus, bacterial
diversity and species richness are significantly affected by the lack
of appropriate management in pasture soils (Melo et al., 2021).
The diversity indices of PT1 were almost equivalent to NF soils,
indicating a possible influence on soil quality and the recovery
of vegetation cover, reflecting on bacterial communities (Damian
etal., 2021).

The beta-diversity analysis revealed an apparent grouping
pattern, forming possible clusters between the replicates of
the different samples (NMDS, stress = 0.019), as illustrated
in Supplementary Figure S3. However, the ANOSIM analysis
indicated low group differentiation (R = 0.358; p = 0.019).

Our findings indicate significant ecological differences between
sites, suggesting that bacterial composition is highly sensitive
to environmental factors. This reinforces the idea that bacterial
communities vary according to local conditions (Rout et al,
2022). Furthermore, our results are consistent with those of Das
et al. (2024), who highlighted the influence of physicochemical
parameters in structuring these communities.

3.2 Composition of bacterial communities
in the soil

The yield of readings in different locations was highest in
the pasture soil samples with treatment 1, with an average of
6,340.3563 readings. This was followed by pasture soil with
treatment 2 with 430,814.15 readings, and forest soil samples with
424,894.57 readings.

The taxonomic classifications showed the following yield:
between 85.7 and 87.3% of the readings obtained were unclassified,
while between 12 and 20.4% of the readings obtained were used for
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Distribution of abundance of the taxonomic classification at the phylum level of the bacteria domain in the different locations under study.
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classification. Of these, an average of 17% were identified as bacteria
in the PT1 soil, 13.73% in the PT2 soil, and 12.90% in the forest soil.

Analysis of the taxonomic classification at the phylum level
showed that the NF and PT1 soils had a predominance of
the Pseudomonadota phylum, followed by Actinomycetota and
Firmicutes. Still, the proportion in the PT2 soil was higher for the
latter (Figure 1).

In other studies, the compositions at the phylum level in forest
soil stand out Acidobacteria and Verrucomicrobia, but in soils of
managed and cultivated pastures, they presented Pseudomonadota,
Bacteroidetes, Firmicutes, and Gemmatimonadetes (Walkup et al.,
2020; Tomazelli et al., 2023).

Forest soils, characterized by a high availability of organic
matter, often favor a larger abundance of the Actinomycetota
phylum (Idbella and Bonanomi, 2023), which was also observed in
this study. In contrast, in pasture soils, appropriate management
and correction can positively influence the abundance of
microorganisms. In contrast, pasture soils without fertilization
and/or correction tend to show a reduction in microbial
abundance, due to degradation and lower nutrient availability
(Golovchenko et al., 2023; Zhou and Wang, 2023).

However, soils with larger coverage by grasses of the Urochloa
genus, commonly used as forage, may influence the composition
of the bacterial community. Previous studies suggest that this type
of vegetation cover may be associated with a higher abundance
of Firmicutes (Araujo et al., 2023). In the present study, a higher
abundance of this phylum was observed in the PT2 soil, which
may be related to this factor, although this association was not
directly tested. Similarly, pasture soils, without fertilization and
correction, tend to accumulate more organic matter, favoring
the abundance of this phylum, which has better adaptation
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in these environments and can withstand stressful conditions
(Pedrinho et al., 2019).

The taxonomic analysis at the family level showed a larger
predominance of Staphylococcaceae and Bacillaceae in the PT2
soil compared to the other sites (Figure 2A). At the species
level, the presence of Staphylococcus aureus stood out, followed
by S. cohnii and Bacillus coagulans in soil PT2. In addition,
Pseudomonas aeruginosa was detected at all the sites studied
(Figure 2B).

The dominant vegetation in pasture soils can play a
fundamental role in determining microbial communities. Some
grass genera release specific root exudates that can favor
the proliferation of certain bacterial groups, such as the
Staphylococcaceae family (Brisson et al., 2019). These can provide
substrates that serve as a carbon and energy source for certain
bacteria, creating an environment conducive to their growth
(Tomaszewska et al., 2023).

Another essential factor to consider is using fertilizers, a
common practice in agricultural management, which can stress
microbial populations over time, inhibiting or eliminating some
bacterial groups (Acharya et al., 2021). In contrast, the absence of
these inputs may require larger adaptation of bacterial communities
to maintain ecosystem stability (Van Der Bom et al., 2018).

Recent studies indicate that inadequate soil management
methods can favor the spread of S. aureus strains in agricultural
environments (Babin et al, 2019; Kozajda et al, 2019). In
contrast, the abundance of S. cohnii may be associated with
specific environmental conditions that favor its development, this
being a potentially pathogenic opportunistic bacterium (Park and
Ronholm, 2021; Dincd et al., 2022). In this study, the presence of
these species was evidenced in pasture soils, especially at site PT2.
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Pasture degradation is a process that results in a continuous
decrease in productivity due to inadequate management practices,
leading to a loss of soil fertility and a reduction in vegetation cover,
which can result in soils with lower nutrient availability and larger
exposure to environmental stress factors (Dias-Filho, 2017). In this
context, an abundance of bacteria such as B. coagulans, known for
their ability to form resistant spores, can be favored, as their spores
allow them to survive in adverse conditions and compete effectively
for limited resources (Guimaries et al., 2022).

In general, microbial composition can serve as an indicator
of soil quality, as it quickly reflects the effects of changes in
ecosystems, portraying changes in metabolic functions (Fierer,
2017). The loss of microorganism diversity can have profound
impacts on nutrient cycling in the soil, altering the geometabolic
reactions that occur for the proper functioning of the ecosystem
(Paes da Costa et al., 2024).

3.3 Functional analysis

The evaluation of functional genes across the different sites
revealed variations in their composition and abundance, with PT1
presenting the highest values compared to the other locations
(Figure 3A), showing significant differences among them (ANOVA;
p = 0.0004). Tukey’s post-hoc test indicated that the PT1 group
differs significantly from FN (p = 0.00976) and PT2 (p = 0.00046),
while FN and PT2 did not show a statistically significant difference
between them (p = 0.6038).

It was also possible to observe groupings according to
the relative abundance of the genes: low, moderate, and high.
The high abundance group identified genes related to protein
and carbohydrate metabolism, amino acids and derivatives,
membrane transport, and various functions, as well as virulence
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and stress. The moderately abundant group includes genes
associated with cell regulation and signaling, sulfur, nitrogen and
phosphorus metabolism, mobile elements, and others. Finally, the
high abundance group contains genes linked to photosynthesis,
dormancy, and sporulation.

The findings about functional genes revealed that the
soil microbial communities showed distinct functional profiles,
especially between grassland soils with different management. They
reflect the adaptations of microbial communities to the specific
conditions of each habitat, influenced by factors such as plant
diversity and management practices (Li et al., 2020).

The highest abundance of genes related to carbohydrate
metabolism was in the PT1 site, suggesting that these microbial
communities are most needed to degrade the different substrates,
such as cellulose and hemicellulose from plant remains, that are in
this site (Castafieda and Barbosa, 2017).

In turn, different biological processes were highlighted, such
as the analysis of DNA metabolism, where the results indicated
variations in the abundance of various categories of genes between
the three sites, with a larger abundance of DNA repair genes at
the PT1 site (Figure 3B), which could indicate a prominent activity
of stress factors at these sites, with a high abundance of genes
associated with oxidative stress (Figure 3C).

The use of fertilizers in PT1 soil could influence the
development of oxidative stress and DNA damage. Thus, amended
soils supplemented with fertilizers and other products can affect
plant development and soil microdiversity (Rodrigues et al., 2023).
Similarly, heavy metals in fertilizers can damage the genetic
material of microbial communities (Afshana and Reshi, 2021; Chen
et al., 2020). Prolonged fertilization significantly increases the rate
of soil respiration. It is associated with the level of oxidative stress
(Seixas et al., 2022), and the existence of genetic material repair
genes helps microorganisms maintain DNA integrity and adapt
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to these adverse conditions (Beltran-Garcia et al., 2021). However,
it was not possible to carry out the analysis on soil samples that
had different fertilizers, pesticides, and other biocides. Including
these factors would allow for a more detailed understanding of
the stress and repair mechanisms highlighted, offering valuable
information on how these agents influence microbial communities
and soil resilience.

3.4 Mobile genetic elements (MGE)

Despite the lack of statistically significant differences between
the groups (p > 0.05), a higher abundance and variability of mobile
genetic elements, particularly transposable elements, were observed
in the PT2 group (Figure 4), suggesting possible activation or
mobilization of these elements in this environment. This trend
may reflect larger environmental stress or selective pressure in PT2,
potentially promoting genomic plasticity.

Recent studies have highlighted the role of transposable
elements in genomic plasticity and the adaptation of various
organisms. For example, a genomic analysis of Ralstonia
10,000
demonstrating the contribution of these elements to the pathogen’s

solanacearum revealed over insertion  sequences,
diversity and evolution (Gongalves et al., 2020). Although this
study is not directly related to the PT2 group, it reinforces the

relevance of transposable elements in bacterial genome dynamics.

Frontiers in Microbiology

Furthermore, other studies have shown that distinct environments
can influence the distribution and abundance of mobile genetic
elements, with larger microbial diversity associated with such
elements, possibly favoring horizontal gene transfer (Greenblum,
2024; Vale et al., 2022).

Sites with larger environmental stress, due to biotic and abiotic
factors, can stimulate the transfer of genetic material through
transposable elements (TE), which provide mutations and promote
recombination, facilitating adaptation in these ecosystems (Liang
et al., 2021; Weisberg and Chang, 2023). This was identified at
site PT2, which shows slight soil degradation, indicating that
environmental stress can play an essential role in the genetic
dynamics of microbial communities.

Horizontal gene transfer is one of the primary mechanisms
highlighted for the adaptation of microorganisms, and conjugation
is one of the processes that facilitates the transfer of different genes
(Roquis et al., 2021). Our samples also showed the presence of this
type of plasmid, which suggests that conjugation may contribute to
the genetic dynamics observed in microbial communities.

3.5 Analysis of antibiotic resistance genes
(ARGs)

The analysis of antibiotic resistance genes generally identified
the presence of resistance to different antibiotics, mainly at the PT2
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(A) Distribution of resistance/multiresistance in the resistome in soils with and without pasture. (B) Euler diagram of the presence of resistance genes.
(C) Fisher's alpha-diversity analysis of antimicrobial resistance genes in different locations.

site (Figure 5A). In the case of the analysis of ARGs, a total of 214
genes were identified in the three sites, 93 of which are shared
between all of them. In addition, there were exclusive genes for
each site: NF has 31 genes, followed by PT2 with 29, and to a lesser
extent, at the PT1 site, with 13 genes (Figure 5B). With regard to the
ARG genetic diversity index, the highest values were found in NF
and PT1 (Figure 5C).

The presence of shared genes between the three sites suggests
that there are native bacterial communities with a significant group
of genes that perform relevant functions in each environment.
Due to changes in ecosystems, there has been a diversification and
specialization of microorganisms to adapt to these environmental
conditions (Miles et al., 2019; Lemos et al., 2021). As a consequence,
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there may also be site-specific genes, reflecting the local adaptation
of microbial communities.

Genetic diversity is essential for responding to different
stress factors (Salgotra and Chauhan, 2023), such as the natural
antibiotics present, especially in forest soils, which contain several
molecules analogous to antibiotics (Mohan et al., 2023). For this
reason, the genetic diversity index is expected to be high in NF
soil, reflecting the adaptation of bacterial communities to these
natural compounds.

Recent studies have shown that inadequate soil management,
such as excessive use of chemical fertilizers, lack of crop rotation,
and absence of soil treatment, can favor the selection of resistant
bacteria and the spread of ARGs (Huang et al, 2021). In
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addition, poor management practices increase leaching and surface
runoff, leading to the contamination of water bodies and other
environmental compartments (Neher et al, 2020; Pan et al,
2023). This spread represents a significant threat to public
health by facilitating human and animal exposure to resistant
bacteria, including through contaminated food (Almeida et al,
2023), among the different opportunistic pathogens, the genus
Staphylococcus was observed, which are present in urban and rural
ecosystems and pathogens from rural areas were considered high
risk (Li et al., 2023), as was identified in pasture sites. Inadequate
management practices could also promote the persistence of
resistance genes in the soil, which may help explain their higher
abundance in areas like PT2, where there is no fertilization or
soil correction.

On the contrary, sustainable management practices, such
as proper composting of organic waste, implementation
of vegetative buffer zones, rational use of antimicrobials
in livestock, and continuous soil quality monitoring, have
been identified as practical strategies to mitigate these risks
(Keenum et al, 2021; Rehman et al, 2022). These measures
can reduce not only the microbial and genetic load in
soils but also minimize impacts on aquatic ecosystems and
local biodiversity.

With the ARGs identified, it was possible to observe
the presence of resistance to various classes of antibiotics,
with a higher abundance of macrolides, especially at the
PT2 site. When excluding the extreme abundance of this
class, resistance to other antibiotics was observed, such as
tetracycline, aminocoumarin, as well as disinfectants and
antiseptics, which were predominant at the PT1 site. The latter
class was also prominent in the NF soil, while resistance to

aminoglycosides prevailed at the PT2 site (Figure6). These

10.3389/fmicb.2025.1508157

findings align with other studies highlighting resistance in pastures
(Cardenas Alegria et al., 2022; Lawther et al., 2022).

Animals do not fully absorb antibiotics used by the veterinary
industry, leaving active residues in urine and feces (Jia et al,
2023). This is the case with the abundance of aminocoumarins,
aminoglycosides and tetracyclines present in soil (Pitta et al,
2020; Rothrock et al., 2021), which could explain the presence
of resistance genes in these places. However, Li et al. (2020),
found a higher abundance of ARGs in soils treated with
manure, which could be considered a potential reservoir of ARGs
(Wang et al,, 2020). In this context, animal manure possibly
contains antibiotics and microorganisms with ARGs, contributing
to the spread of antibiotic resistance. Although the PT2 site
does not receive fertilizers, the larger presence of manure than
PT1 may explain the abundance of these drugs and genes in
these soils.

The use of disinfectants and antiseptics in agricultural
environments, although effective against microorganisms that
cause infections, can have important implications for bacterial
resistance. According to the article by Nagati et al. (2021), the
inappropriate or prolonged use of agents such as povidone-
iodine and hydrogen peroxide can favor resistance in bacteria. In
addition, the uncontrolled and irresponsible use of these products
can favor the selection of resistance genes in bacteria present
in the environment, negatively impacting the local microbiota
and contributing to the persistence of these agents in soil
and water (James et al, 2023). In soils such as those in NE
compounds analogous to biocides can favor the natural selection
of resistance genes, creating an environment conducive to the
proliferation of resistant microorganisms (Ferreira et al., 2024). In
contrast, in soils such as PT1, the abundance of disinfectant and
antiseptic agents could be associated with the excessive sanitary
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management implemented in these areas to prevent diseases in
cattle (Silva et al., 2020).

With regard to antibiotic resistance mechanisms, the results
indicate similar profiles at all sites. Target site alteration was
the most prevalent mechanism at all sites, followed by efflux
pumps and target site protection (Supplementary Figure S4). Our
results corroborate previous studies that have identified antibiotic
deactivation mechanisms such as efflux pumps and cell protection
strategies in forest and grassland soils (Zhang et al., 2019; Qian
et al., 2021). Regarding the abundance of resistance genes, the
EF-Tu gene was predominant in Escherichia coli at the three
study sites, which belongs to the elfamycin-resistant EF-Tu gene
family. In addition, at the PT2 site, the qacG gene, which is
part of the Small Multidrug Resistance (SMR) family, stood
out (Supplementary Figure S5a). However, subtracting the genes
mentioned above as extreme data, it was possible to identify the
abundance of 12 different genes at the sites, of which the adef and
MuxA genes stood out, both belonging to the resistance nodulation
cell division (RND) family, see Supplementary Figure S5b.

The abundance of E. coli EF-Tu indicates the bacterium’s
adaptive capacity in varied environments; its high abundance can
maintain the efficiency of protein synthesis even under stressful
conditions, such as nutrient availability and temperature (Harvey
etal., 2019).

The gacG gene stands out for its abundance, especially at the
PT2 site. This gene is associated with resistance to quaternary
ammonium compounds (QACs), which are widely used in the
veterinary, medical, and industrial sectors, including cationic
surfactants, antiseptics, herbicides, and lipophilic dyes (Quan et al.,
2023). The high concentration of the gacG gene in the soil could be
attributed to the intensive use of disinfectants containing QACs.
These compounds play a fundamental role in livestock farming,
widely applied to sanitize facilities, equipment, and animals (Li
etal., 2024).

Other genes with larger abundance were adeF and MuxA,
both of which were involved in resistance to multiple antibiotics
through an efflux system, and these antibiotics are used in different
clinical treatments for various infections by human and animal
pathogens (Luo et al., 2021). The spread of these genes in farming
environments can be attributed to the frequent use of antibiotics
and disinfectants in livestock farming, which exerts selective
pressure favoring bacteria carrying efficient efflux systems, leading
to the selection of resistant strains (Checcucci et al., 2020).

Analysis of the core genes of the ARGs identified at the
different sites revealed a larger presence of the RND efflux pump
family, with a larger presence at the grassland sites. In addition,
it was observed that the composition of the core genes identified
at the PTI1 site was different. In contrast, the compositions
of these genes at the NF and PT2 sites showed similarities
(Supplementary Figures S6a—c).

Increased exposure to antimicrobials due to human activity
favors the selection of resistance mechanisms such as efflux pumps.
A high number of antibiotic resistance genes may indicate larger
selective pressure in the environment (Liu et al., 2022). In this way,
we can suggest that the difference in genetic composition between
the NF and PT1 sites, despite having different ARG profiles,
maintains similar genetic diversity values. This may indicate the
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influence of pasture soil management on the distribution and
maintenance of these resistance genes.

However, identifying different resistance genes in this type of
sample can be subject to biases, since various factors can influence
the results. These include the quality of the genetic material, the
sequencing platform used, and possible errors in the development
of the methodology (Dlugosz and Deorowicz, 2024), which can
impact the detection and quantification of resistance genes.

Similarly, the database used can also influence the detection
of these genes. In the case of CARD-RGI, this database stands
out from others because of its specific characteristics (Papp and
Solymosi, 2022) and because it provides more detailed information
for studying the resistome, which is why it was used in this
study. However, the presence of genes that have not yet been fully
characterized, as occurs in other databases (Gschwind et al., 2023),
this could affect the underestimation of the genes found. Similarly,
an alternative to improve gene identification could be to use a
combination of different databases. However, the challenge lies in
standardizing the databases” information in the case of MEGARes
(Bonin et al., 2023). Third-generation sequencing platforms, which
generate larger products, would help reduce the errors indicated
above, and they may be alternative platforms to be used in these
types of samples (Chen et al., 2024).

3.6 ARG coexistence analysis

Analysis of the coexistence of the most abundant ARGs at the
different sites revealed unique characteristics for each environment.
Thus, the NF site showed a low number of gene interactions
(Figure 7A). In contrast, the greatest number of interactions
between the genes were between the pasture sites, especially at
the PT2 site, with up to nine interactions at just one node, which
corresponds to the Cutibacterium acnes gene 16S rRNA mutation
conferring resistance to tetracycline (Figures 7B, C). Studies such
as that by Cheng et al. (2020) indicate that agricultural and pasture
environments favor denser interactions between ARGs, especially
in places with larger human intervention. Given this, it is plausible
that mutations conferring resistance to tetracycline could arise in
C. acnes or other bacteria present in pasture soils, especially in
areas subject to selective pressures such as antibiotics. The results
reinforce the influence of the type of pasture management on
the coexistence of these genes. In the case of the NF soil, the
low abundance of similar genes and the limited connections may
be related to the transitory presence of molecules analogous to
antibiotic classes. This factor may restrict the proliferation of these
genes in the short term. Thus, environmental conditions play a key
role in the maintenance and distribution of these genes (Cassan
etal., 2021).

The pasture sites showed a larger connection between
the antibiotic resistance genes, reflecting a high coexistence
between these genes. However, further research is needed to
confirm this hypothesis and better understand the mechanisms
involved. This could improve understanding of the simultaneous
occurrence of these genes in these environments, as demonstrated
in studies analyzing the presence of multiple genes associated
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with different phenotypes and environmental conditions
(Nagpal et al., 2020).

In recent years, significant advances have been made in the
development of molecular tools for detecting and quantifying
ARGs

microarray and multiplex digital PCR stand out, which enable more

in various ecosystems. Among these technologies,
detailed and comprehensive analyses, allowing the simultaneous
identification of different genes under different environmental

conditions (Ouyang et al., 2024; de la Cruz Barron et al., 2023).

4 Conclusion

In the analysis carried out in this study, it was possible to find
differences between the different sites, with higher proportions of
fine sand in the pasture soils. In the case of the alpha-diversity
indices, lower values were found in the pasture site without the
use of fertilizers, where the presence of S. aureus bacteria was
highlighted, followed by S. cohnii and B. coagulans.

Similarly, in these pasture soils, the presence of mobile elements
and resistance genes against the macrolide and aminoglycoside
classes of antibiotics stood out. In contrast, forest and pasture soils
with fertilizer showed resistance to the disinfectant and antiseptic
agent classes, followed by the tetracycline and aminocoumarin
antibiotics. In addition, the analysis of gene coexistence showed
larger interactions in the pasture sites, especially in sites without
the use of fertilizers.

Therefore, practices adopted in pasture soils, especially when
there is a lack of proper management with fertilizers and
soil correction, can significantly influence bacterial and genetic
diversity, including antibiotic resistance genes (ARGs). These
changes not only affect soil quality but also pose potential risks
to animal and human health. These changes can impact soil
quality and animal and human health. Proper soil management
practices, such as controlled fertilizer use, pH correction with lime,
and rotational grazing, are essential to maintaining soil health.
Our findings reinforce the importance of public policies aimed
at sustainable pasture and agroecosystem management. Adopting
guidelines that consider the dynamics of the soil resistome is
essential to curb the spread of antibacterial resistance and reduce
its impacts on a regional and global scale.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and the
accession number(s) can be found at: https://dataview.ncbi.
nlm.nih.gov/object/PRINA1214040%reviewer=e5n9ae7iievchuj72r
2nm47ddf.

Author contributions

TT: Formal analysis, Investigation, Methodology, Visualization,
Writing - original draft, Writing - review & editing. LP:

Frontiers in Microbiology

10.3389/fmicb.2025.1508157

Investigation, Writing — original draft, Writing - review & editing.
OC-A: Methodology, Software, Validation, Writing - original
draft, Writing — review & editing. CD: Data curation, Software,
Validation, Writing — original draft, Writing - review & editing.
SS: Investigation, Writing — original draft, Writing - review &
editing. ARi: Resources, Writing — original draft, Writing - review
& editing. ARé: Investigation, Writing — original draft, Writing
- review & editing. HR: Methodology, Writing — original draft,
Writing - review & editing. RR: Software, Writing - original
draft, Writing - review & editing. CF: Conceptualization, Funding
acquisition, Writing - original draft, Writing - review & editing.
AN: Supervision, Writing - original draft, Writing - review
& editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

We thank the PROPESP/UFPA (Dean of Research and
Postgraduate Studies/Federal University of Pard) for the financial
support for this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.
1508157 /full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1508157
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1214040?reviewer=e5n9ae7iievchuj72r2nm47ddf
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1214040?reviewer=e5n9ae7iievchuj72r2nm47ddf
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1214040?reviewer=e5n9ae7iievchuj72r2nm47ddf
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1508157/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Tavares et al.

References

Acharya, M., Ashworth, A.J., Yang, Y., Burke, ]. M., Lee, J. A., and Sharma Acharya,
R. (2021). Soil microbial diversity in organic and non-organic pasture systems. Peer] 9,
1-25. doi: 10.7717/peer;j.11184

Afshana, D.ar, M. A., and Reshi, Z. A. (2021). “Induced Genotoxicity and Oxidative
Stress in Plants: An Overview,” in Induced Genotoxicity and Oxidative Stress in Plants,
eds. Z. Khan, M. Y. K. Ansari, and D. Shahwar (Singapore: Springer Singapore), 1-27.
doi: 10.1007/978-981-16-2074-4_1

Alcock, B. P.,, Huynh, W, Chalil, R,, Smith, K. W., Raphenya, A. R., Wlodarski, M.
A, et al. (2023). CARD 2023: expanded curation, support for machine learning, and
resistome prediction at the comprehensive antibiotic resistance database. Nucleic Acids
Res. 51, 690-699. doi: 10.1093/nar/gkac920

Almeida, M. L., Almeida, M. L., Nery, K. L. D. F. B, De Melo, D. S., Da Cruz, A. S.,
Fortes, A. B. P. L., et al. (2023). Resisténcia bacteriana: uma ameagca global. Braz. J. Hea.
Rev. 6,19741-19748. doi: 10434119/bjhrV6n57028

Alvares, C. A., Stape, J. L., Sentelhas, P. C., De Moraes Gongalves, J. L., and
Sparovek, G. (2013). Képpen’s climate classification map for Brazil. Metz 22, 711-728.
doi: 10.1127/0941-2948/2013/0507

Amorim, H. C. S., Ashworth, A. J.,, Moore, P. A., Wienhold, B. J., Savin,
M. C, Owens, P. R, et al. (2020). Soil quality indices following long-term
conservation pasture management practices. Agric. Ecosyst. Environ. 301, 1-45.
doi: 10.1016/j.agee.2020.107060

Araujo, F. F,, Salvador, G. L. O., Lupatini, G. C,, Pereira, A. P. D. A, Costa, R. M.,
De Aviz, R. O,, et al. (2023). Exploring the diversity and composition of soil microbial
communities in different soybean-maize management systems. Microbiol. Res. 274,
1-9. doi: 10.1016/j.micres.2023.127435

Babin, D., Deubel, A., Jacquiod, S., Serensen, S. J., Geistlinger, J., Grosch, R., et al.
(2019). Impact of long-term agricultural management practices on soil prokaryotic
communities. Soil Biol. Biochem. 129, 17-28. doi: 10.1016/j.s0ilbio.2018.11.002

Barrezueta Unda, S. A., Velepucha Cuenca, K. A., Hurtado Flores, L., and Jaramillo
Aguilar, E. E. (2019). Soil properties and storage of organic carbon in the land use
pasture and forest. RCIA 36, 31-45. doi: 10.22267/rcia.193602.116

Behera, B. K., Chakraborty, H. J., Patra, B,, Rout, A. K., Dehury, B., Das, B. K.,
et al. (2020a). Metagenomic analysis reveals bacterial and fungal diversity and their
bioremediation potential from sediments of River Ganga and Yamuna in India. Front.
Microbiol. 11, 1-14. doi: 10.3389/fmicb.2020.556136

Behera, B. K., Patra, B., Chakraborty, H. J., Sahu, P., Rout, A. K., Sarkar, D. J.,
et al. (2020b). Metagenome analysis from the sediment of river Ganga and Yamuna:
in search of beneficial microbiome. PLoS ONE 15, 1-16. doi: 10.1371/journal.pone.02
39594

Beltran-Garcia, M. J., Martinez-Rodriguez, A., Olmos-Arriaga, 1., Valdes-Salas,
B., Di Mascio, P., and White, J. F. (2021). Nitrogen fertilization and stress factors
drive shifts in microbial diversity in soils and plants. Symbiosis 84, 379-390.
doi: 10.1007/s13199-021-00787-z

Bonin, N., Doster, E., Worley, H., Pinnell, L. J.,, Bravo, J. E., Ferm, P.,
et al. (2023). MEGARes and AMR++, v3.0: an updated comprehensive database
of antimicrobial resistance determinants and an improved software pipeline for
classification using high-throughput sequencing. Nucleic Acids Res. 51, 744-752.
doi: 10.1093/nar/gkac1047

Bouzenia, I, Krishan, B. P, and Pradel, M. (2024). DyPyBench: a benchmark of
executable python software. Proc. ACM Softw. Eng. 1, 338-358. doi: 10.1145/3643742

Breitwieser, F. P., and Salzberg, S. L. (2020). Pavian: interactive analysis of
metagenomics data for microbiome studies and pathogen identification. Bioinformatics
36, 1303-1304. doi: 10.1093/bioinformatics/btz715

Brisson, V. L., Schmidt, J. E., Northen, T. R., Vogel, J. P., and Gaudin, A. C.
M. (2019). Impacts of maize domestication and breeding on rhizosphere microbial
community recruitment from a nutrient depleted agricultural soil. Sci. Rep. 9, 1-14.
doi: 10.1038/541598-019-52148-y

Cardenas Alegria, O., Pires Quaresma, M., Dias Dantas, C. W., Silva Guedes
Lobato, E. M., De Oliveira Aragio, A., Patroca Da Silva, S., et al. (2022). Impacts of
soybean agriculture on the resistome of the Amazonian soil. Front. Microbiol. 13, 1-16.
doi: 10.3389/fmicb.2022.948188

Cassan, O., Lébre, S., and Martin, A. (2021). Inferring and analyzing gene regulatory
networks from multi-factorial expression data: a complete and interactive suite. BMC
Genomics 22, 387-401. doi: 10.1186/s12864-021-07659-2

Castafieda, L. E., and Barbosa, O. (2017). Metagenomic analysis exploring
taxonomic and functional diversity of soil microbial communities in Chilean
vineyards and surrounding native forests. Peer/ 5, 1-19. doi: 10.7717/peer
13098

Checcucci, A., Trevisi, P., Luise, D., Modesto, M., Blasioli, S., Braschi, I,
et al. (2020). Exploring the animal waste resistome: the spread of antimicrobial
resistance genes through the use of livestock manure. Front. Microbiol. 11, 1416.
doi: 10.3389/fmicb.2020.01416

Frontiers in Microbiology

10.3389/fmicb.2025.1508157

Chen, Q., Song, Y., An, Y., Lu, Y., and Zhong, G. (2024). Soil microorganisms:
their role in enhancing crop nutrition and health. Diversity 16, 734-754.
doi: 10.3390/d16120734

Chen, Q.-L,, Ding, J.,, Li, C.-Y., Yan, Z.-Z., He, J.-Z., and Hu, H.-W. (2020).
Microbial functional attributes, rather than taxonomic attributes, drive top soil
respiration, nitrification and denitrification processes. Sci. Total Environ. 734, 1-8.
doi: 10.1016/j.scitotenv.2020.139479

Cheng, J., Tang, X., and Liu, C. (2020). Occurrence and distribution of antibiotic
resistance genes in various rural environmental media. Environ. Sci. Pollut. Res. 27,
29191-29203. doi: 10.1007/511356-020-09287-x

Collis, R. M., Biggs, P. J., Burgess, S. A., Midwinter, A. C,, Liu, J., Brightwell,
G., et al. (2024). Assessing antimicrobial resistance in pasture-based dairy farms: a
15-month surveillance study in New Zealand. Appl. Environ. Microbiol. 90, 01-20.
doi: 10.1128/aem.01390-24

Damian, J. M., Da Silva Matos, E., Pedreira, B. C., De Faccio Carvalho,
P. C, Premazzi, L. M., Williams, S., et al. (2021). Predicting soil C changes
after pasture intensification and diversification in Brazil. Catena 202, 105-110.
doi: 10.1016/j.catena.2021.105238

Das, B. K., Chakraborty, H. J., Kumar, V., Rout, A. K,, Patra, B,, Das, S. K,, et al.
(2024). Comparative metagenomic analysis from Sundarbans ecosystems advances our
understanding of microbial communities and their functional roles. Sci. Rep. 14, 1-14.
doi: 10.1038/s41598-024-67240-1

Daugaliyeva, A. (2024). Comparative analysis of the methanogen microbiota
associated to pasture and stall housing in kazakh cattle. Vet. Italiana 60, 1-11.
doi: 10.2139/ssrn.4438028

De Abreu, V. A. C., Perdigio, J., and Almeida, S. (2021). Metagenomic
approaches to analyze antimicrobial resistance: an overview. Front. Genet. 11, 1-9.
doi: 10.3389/fgene.2020.575592

de la Cruz Barron, M., Kneis, D., Elena, A. X,, Bagra, K., Berendonk, T. U., and
Klamper, U. (2023). Quantification of the mobility potential of antibiotic resistance
genes through multiplexed ddPCR linkage analysis. FEMS Microbiol. Ecol. 99, 1-10.
doi: 10.1093/femsec/fiad031

De Lima, A. F. L., Campos, M. C. C.,, Enck, B. F., Da Silva Simées, W., De Aratjo,
R. M., Dos Santos, L. A. C., et al. (2022). Physical soil attributes in areas under
forest/pasture conversion in northern Rondodnia, Brazil. Environ. Monit. Assess. 194,
1-34. doi: 10.1007/s10661-021-09682-y

Dias-Filho, M. B. (2017). Degradagdo de Pastagens : O Que é E Como Evitar, 21st
Edn. Brasilia: Embrapa.

Dinca, L. C., Grenni, P., Onet, C., and Onet, A. (2022). Fertilization and soil
microbial community: a review. Appl. Sci. 12, 1198-1217. doi: 10.3390/app12031198

Dtugosz, M., and Deorowicz, S. (2024). Illumina reads correction: evaluation and
improvements. Sci. Rep. 14, 1-11. doi: 10.1038/s41598-024-52386-9

Eftene, A., Manea, A., Calciy, L, Licitusu, A. R, Vizitiu, O., Rdducu, D, et al. (2022).
A sensitive sandy soil under pasture as microorganism habitat provider. Ann. Univ.
Craiova - Agric. Montanol. Cadastre Ser. 52, 390-393. doi: 10.52846/aamc.v52i1.1365

FAO. (2020). Global Forest Resources Assessment 2020. Available online at: https://
openknowledge.fao.org/handle/20.500.14283/ca9825en (accessed April 1, 2025).

Ferreira, P. F. A, Rocha, F. 1., Howe, A., Barbosa, D. R., Da Conceigdo Jesus,
E., Do Amaral Sobrinho, N. M. B., et al. (2024). Chemical attributes, bacterial
community, and antibiotic resistance genes are affected by intensive use of soil in agro-
ecosystems of the Atlantic Forest, Southeastern Brazil. Environ. Geochem. Health 46,
1-17. doi: 10.1007/s10653-024-01894-8

Fierer, N. (2017). Embracing the unknown: disentangling the complexities of the
soil microbiome. Nat. Rev. Microbiol. 15, 579-590. doi: 10.1038/nrmicro.2017.87

Giongo, P. R,, Barbosa De Morais, K. C,, Silva, M. V. D,, Santos, A. J. M,, Backes,
C., Ribon, A. A, et al. (2022). Chemical and granulometric characterization of soil and
its influence on the bromatologic composition of pastures in savannah region, Central
Brazil. J. South Am. Earth Sci. 114, 1-11. doi: 10.1016/j.jsames.2021.103703

Golovchenko, A. V., Dobrovolskaya, T. G., Sokolova, D. Sh., Gracheva, T. A.,
Dorchenkova, Y. A., Glukhova, T. V., et al. (2023). Diversity and functional potential
of prokaryotic communities in depth profile of boreo-nemoral minerotrophic pine
swamp (European Russia). Forests 14:2313. doi: 10.3390/f14122313

Gong:alves, 0. S., Campos, K. F,, De Assis, J. C. S, Fernandes, A. S., Souza, T. S.,
Do Carmo Rodrigues, L. G., et al. (2020). Transposable elements contribute to the
genome plasticity of Ralstonia solanacearum species complex. Microb. Genom. 6, 1-12.
doi: 10.1099/mgen.0.000374

Greenblum, S. (2024). Microbial adaptability in changing environments. Nat. Rev.
Microbiol. 22, 327-327. doi: 10.1038/s41579-024-01046-w

Gschwind, R., Perovic, S. U., Weiss, M., Petitjean, M., Lao, J., Coelho, L. P.,
et al. (2023). ResFinderFG v2.0: a database of antibiotic resistance genes obtained by
functional metagenomics. BioRxiv, 1-19. doi: 10.1101/2022.10.19.512667

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1508157
https://doi.org/10.7717/peerj.11184
https://doi.org/10.1007/978-981-16-2074-4_1
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.34119/bjhrv6n5-028
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1016/j.agee.2020.107060
https://doi.org/10.1016/j.micres.2023.127435
https://doi.org/10.1016/j.soilbio.2018.11.002
https://doi.org/10.22267/rcia.193602.116
https://doi.org/10.3389/fmicb.2020.556136
https://doi.org/10.1371/journal.pone.0239594
https://doi.org/10.1007/s13199-021-00787-z
https://doi.org/10.1093/nar/gkac1047
https://doi.org/10.1145/3643742
https://doi.org/10.1093/bioinformatics/btz715
https://doi.org/10.1038/s41598-019-52148-y
https://doi.org/10.3389/fmicb.2022.948188
https://doi.org/10.1186/s12864-021-07659-2
https://doi.org/10.7717/peerj.3098
https://doi.org/10.3389/fmicb.2020.01416
https://doi.org/10.3390/d16120734
https://doi.org/10.1016/j.scitotenv.2020.139479
https://doi.org/10.1007/s11356-020-09287-x
https://doi.org/10.1128/aem.01390-24
https://doi.org/10.1016/j.catena.2021.105238
https://doi.org/10.1038/s41598-024-67240-1
https://doi.org/10.2139/ssrn.4438028
https://doi.org/10.3389/fgene.2020.575592
https://doi.org/10.1093/femsec/fiad031
https://doi.org/10.1007/s10661-021-09682-y
https://doi.org/10.3390/app12031198
https://doi.org/10.1038/s41598-024-52386-9
https://doi.org/10.52846/aamc.v52i1.1365
https://openknowledge.fao.org/handle/20.500.14283/ca9825en
https://openknowledge.fao.org/handle/20.500.14283/ca9825en
https://doi.org/10.1007/s10653-024-01894-8
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1016/j.jsames.2021.103703
https://doi.org/10.3390/f14122313
https://doi.org/10.1099/mgen.0.000374
https://doi.org/10.1038/s41579-024-01046-w
https://doi.org/10.1101/2022.10.19.512667
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Tavares et al.

Guimaries, G. S., Rondina, A. B. L, Santos, M. S., Nogueira, M. A., and Hungria,
M. (2022). Pointing out opportunities to increase grassland pastures productivity
via microbial inoculants: attending the society’s demands for meat production with
sustainability. Agronomy 12, 1748-1770. doi: 10.3390/agronomy12081748

Hammer, D. A. T., Ryan, P. D., Hammer, @., and Harper, D. A. T. (2001). Past:
paleontological statistics software package for education and data analysis. Palaeontol.
Elect. 4, 178. Available online at: http://palaeo-electronica.org/2001_1/past/issuel_01.
htm

Harvey, K. L., Jarocki, V. M., Charles, I. G., and Djordjevic, S. P. (2019). The diverse
functional roles of Elongation Factor Tu (EF-Tu) in microbial pathogenesis. Front.
Microbiol. 10, 2351-2369. doi: 10.3389/fmicb.2019.02351

Huang, J., Mi, J., Yan, Q.,, Wen, X,, Zhou, S., Wang, Y., et al. (2021). Animal
manures application increases the abundances of antibiotic resistance genes in soil-
lettuce system associated with shared bacterial distributions. Sci. Total Environ. 787,
1-12. doi: 10.1016/j.scitotenv.2021.147667

Idbella, M., and Bonanomi, G. (2023). Uncovering the dark side of
agriculture: how land use intensity shapes soil microbiome and increases
potential plant pathogens. Appl. Soil Ecol. 192, 1-16. doi: 10.1016/j.apsoil.2023.1
05090

Inda-Diaz, J. S., Lund, D., Parras-Molt,6, M., Johnning, A., Bengtsson-Palme, J.,
and Kristiansson, E. (2023). Latent antibiotic resistance genes are abundant, diverse,
and mobile in human, animal, and environmental microbiomes. Microbiome 11, 1-16.
doi: 10.1186/s40168-023-01479-0

James, C., James, S. J., Onarinde, B. A., Dixon, R. A, and Williams, N.
(2023). A critical review of AMR risks arising as a consequence of using
biocides and certain metals in food animal production. Antibiotics 12, 1-29.
doi: 10.3390/antibiotics12111569

Jia, W.-L., Song, C., He, L.-Y., Wang, B., Gao, F.-Z,, Zhang, M., et al. (2023).
Antibiotics in soil and water: occurrence, fate, and risk. Curr. Opin. Environ. Sci. Health
32, 1-8. doi: 10.1016/j.coesh.2022.100437

Keenum, I, Williams, R. K, Ray, P., Garner, E. D., Knowlton, K. F., and
Pruden, A. (2021). Combined effects of composting and antibiotic administration
on cattle manure-borne antibiotic resistance genes. Microbiome 9, 81-98.
doi: 10.1186/540168-021-01006-z

Kozajda, A., Jezak, K., and Kapsa, A. (2019). Airborne Staphylococcus aureus
in different environments—a review. Environ. Sci. Pollut. Res. 26, 34741-34753.
doi: 10.1007/s11356-019-06557-1

Lawther, K., Santos, F. G., Oyama, L. B., Rubino, F., Morrison, S., Creevey, C.]., et al.
(2022). Resistome analysis of global livestock and soil microbiomes. Front. Microbiol.
13, 1-13. doi: 10.3389/fmicb.2022.897905

Leite, M. F. A, Liu, B., Gémez Cardozo, E., Silva, H. R. E., Luz, R. L., Muchavisoy, K.
H. M., etal. (2023). Microbiome resilience of Amazonian forests: Agroforest divergence
to bacteria and secondary forest succession convergence to fungi. Glob. Chang. Biol. 29,
1314-1327. doi: 10.1111/gcb.16556

Lemos, L. N., Pedrinho, A., Vasconcelos, A. T. R. D., Tsai, S. M., and Mendes, L. W.
(2021). Amazon deforestation enriches antibiotic resistance genes. Soil Biol. Biochem.
153, 1-4. doi: 10.1016/j.50ilbio.2020.108110

Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015). MEGAHIT:
an ultra-fast single-node solution for large and complex metagenomics
assembly via succinct de Bruijn graph. Bioinformatics 31, 1674-1676.
doi: 10.1093/bioinformatics/btv033

Li,]., Ma, Q,, Jin, M., Huang, L., Hui, D., Sardans, J., et al. (2024). From grasslands to
genes: exploring the major microbial drivers of antibiotic-resistance in microhabitats
under persistent overgrazing. Microbiome 12, 1-17. doi: 10.1186/540168-024-01965-z

Li, M,, Chen, L., Zhao, F., Tang, J., Bu, Q., Feng, Q,, et al. (2023). An innovative risk
evaluation method on soil pathogens in urban-rural ecosystem. J. Hazard. Mater. 459,
1-11. doi: 10.1016/j.jhazmat.2023.132286

Li, R, Pang, Z., Zhou, Y., Fallah, N., Hu, C,, Lin, W., et al. (2020). Metagenomic
analysis exploring taxonomic and functional diversity of soil microbial communities
in sugarcane fields applied with organic fertilizer. Biomed Res. Int. 2020, 1-11.
doi: 10.1155/2020/9381506

Liang, Z., Anderson, S. N., Noshay, J. M., Crisp, P. A., Enders, T. A., and
Springer, N. M. (2021). Genetic and epigenetic variation in transposable element
expression responses to abiotic stress in maize. Plant Physiol. 186, 420-433.
doi: 10.1093/plphys/kiab073

Liu, G., Thomsen, L. E., and Olsen, J. E. (2022). Antimicrobial-induced horizontal
transfer of antimicrobial resistance genes in bacteria: a mini-review. J. Antimicrob.
Chemother. 77, 556-567. doi: 10.1093/jac/dkab450

Lopes, V. S., Cardoso, I. M., Fernandes, O. R., Rocha, G. C., Simas, F. N. B., De Melo
Moura, W., et al. (2020). The establishment of a secondary forest in a degraded pasture
to improve hydraulic properties of the soil. Soil and Tillage Research 198:104538.
doi: 10.1016/j.5till.2019.104538

Lopez-Bedoya, P. A, Cardona-Galvis, E. A. Urbina-Cardona, J. N,
Edwards, F. A., and Edwards, D. P. (2022). Impacts of pastures and forestry
plantations on herpetofauna: a global meta-analysis. J. Appl. Ecol. 59, 3038-3048.
doi: 10.1111/1365-2664.14299

Frontiersin Microbiology

10.3389/fmicb.2025.1508157

Lu, Y., Zhou, G., Ewald, J., Pang, Z., Shiri, T., and Xia, J. (2023). MicrobiomeAnalyst
2.0: comprehensive statistical, functional and integrative analysis of microbiome data.
Nucleic Acids Res. 51, 310-318. doi: 10.1093/nar/gkad407

Luo, J., Xu, Y., Wang, J., Zhang, L., Jiang, X., and Shen, J. (2021). Coupled
biodegradation of p-nitrophenol and p-aminophenol in bioelectrochemical system:
mechanism and microbial functional diversity. J. Environ. Sci. 108, 134-144.
doi: 10.1016/j.jes.2021.02.017

Melo, V. F., Barros, L. S., Silva, M. C. S., Veloso, T. G. R, Senwo, Z. N.,
Matos, K. S., et al. (2021). Soil bacterial diversities and response to deforestation,
land use, and burning in North Amazon, Brazil. Appl. Soil Ecol. 158, 01-09.
doi: 10.1016/j.aps0il.2020.103775

Meyer, F., Bagchi, S., Chaterji, S., Gerlach, W., Grama, A., Harrison, T.,
et al. (2019). MG-RAST version 4—lessons learned from a decade of low-
budget ultra-high-throughput metagenome analysis. Brief Bioinform. 20, 1151-1159.
doi: 10.1093/bib/bbx105

Mikheenko, A., Saveliev, V. and Gurevich, A. (2016).
evaluation of metagenome assemblies.  Bioinformatics 32,
doi: 10.1093/bioinformatics/btv697

Miles, L. S., Rivkin, L. R., Johnson, M. T. J., Munshi-South, J., and Verrelli, B. C.
(2019). Gene flow and genetic drift in urban environments. Mol. Ecol. 28, 4138-4151.
doi: 10.1111/mec.15221

Mohan, S., Ajay Krishna, M. S., Chandramouli, M., Keri, R. S., Patil, S. A., Ningaiah,
S., et al. (2023). Antibacterial natural products from microbial and fungal sources: a
decade of advances. Mol. Divers. 27, 517-541. doi: 10.1007/s11030-022-10417-5

Momesso, L., Crusciol, C. A. C., Leite, M. F. A., Bossolani, ]. W., and Kuramae,
E. (2022). Forage grasses steer soil nitrogen processes, microbial populations, and
microbiome composition in a long-term tropical agriculture system. Agric. Ecosyst.
Environ. 323, 1-15. doi: 10.1016/j.agee.2021.107688

Nagati, S. F., El Shafii, S. S. A, and El Mawgoud, S. R. A. A. (2021).
Effectiveness of disinfectants on environmental multidrug resistance contaminants
causing skin abscess in farm animals. Am. J. Anim. Vet. Sci. 16, 128-138.
doi: 10.3844/ajavsp.2021.128.138

Nagpal, S., Singh, R, Yadav, D., and Mande, S. S. (2020). MetagenoNets:
comprehensive inference and meta-insights for microbial correlation networks. Nucleic
Acids Res. 48, 572-579. doi: 10.1093/nar/gkaa254

Neher, T. P., Ma, L., Moorman, T. B., Howe, A. C., and Soupir, M. L. (2020).
Catchment-scale export of antibiotic resistance genes and bacteria from an agricultural
watershed in central Towa. PLoS ONE 15, 1-19. doi: 10.1371/journal.pone.0227136

MetaQUAST:
1088-1090.

Ouyang, B., Yang, C., Ly, Z., Chen, B., Tong, L., and Shi, J. (2024). Recent advances
in environmental antibiotic resistance genes detection and research focus: from genes
to ecosystems. Environ. Int. 191, 1-13. doi: 10.1016/j.envint.2024.108989

Paes da Costa, D., Das Gragas Espindola Da Silva, T., Sérgio Ferreira Araujo,
A., Prudéncio De Araujo Pereira, A., William Mendes, L., Dos Santos Borges, W.,
et al. (2024). Soil fertility impact on recruitment and diversity of the soil microbiome
in sub-humid tropical pastures in Northeastern Brazil. Sci. Rep. 14, 3919-3933.
doi: 10.1038/s41598-024-54221-7

Paes da Costa, D., Sérgio Ferreira Araujo, A., Pereira, A. P., de, A,, Mendes, L.
W., Felix da Franga, R., et al. (2022). Forest-to-pasture conversion modifies the soil
bacterial community in Brazilian dry forest Caatinga. Sci. Total Environ. 810, 1-20.
doi: 10.1016/j.scitotenv.2021.151943

Pan, Z., Chen, Z., Zhu, L., Avellan-Llaguno, R. D., Liu, B., and Huang, Q. (2023).
Antibiotic resistome and associated bacterial communities in agricultural soil following
the amendments of swine manure-derived fermentation bed waste. Environ. Sci. Pollut.
Res. 30, 104520-104531. doi: 10.1007/s11356-023-29691-3

Papp, M., and Solymosi, N. (2022). Review and comparison of antimicrobial
resistance gene databases. Antibiotics 11, 1-12. doi: 10.3390/antibiotics11030339

Park, S., and Ronholm, J. (2021). Staphylococcus aureus in agriculture: lessons
in evolution from a multispecies pathogen. Clin. Microbiol. Rev. 34, 1-27.
doi: 10.1128/CMR.00182-20

Pedrinho, A., Mendes, L. W., Merloti, L. F., da Fonseca, M. D. C,, Cannavan, F. D. S.,
and Tsai, S. M. (2019). Forest-to-pasture conversion and recovery based on assessment
of microbial communities in Eastern Amazon rainforest. FEMS Microbiol. Ecol. 95,
1-10. doi: 10.1093/femsec/fiy236

Pellegrinetti, T. A., Monteiro, G. G. T. N, Lemos, L. N,, Santos, R. A. C. D., Barros,
A. G, and Mendes, L. W. (2024). PGPg_finder: a comprehensive and user-friendly
pipeline for identifying plant growth-promoting genes in genomic and metagenomic
data. Rhizosphere 30, 1-9. doi: 10.1016/j.rhisph.2024.100905

Pessoa, M. B., Souza do Amaral, T., De Marco Junior, P., and Hortal, J. (2023).
Forest conversion into pasture selects dung beetle traits at different biological scales
depending on species pool composition. Ecol. Evol. 13, 1-19. doi: 10.1002/ece3.9950

Pitta, D. W,, Indugu, N., Toth, J. D., Bender, J. S., Baker, L. D., Hennessy, M. L., et al.
(2020). The distribution of microbiomes and resistomes across farm environments in
conventional and organic dairy herds in Pennsylvania. Environ. Microbiome 15, 1-21.
doi: 10.1186/s40793-020-00368-5

Qian, X., Gunturu, S., Guo, J., Chai, B., Cole, J. R, Gu, J., et al. (2021).
Metagenomic analysis reveals the shared and distinct features of the soil resistome

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1508157
https://doi.org/10.3390/agronomy12081748
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://doi.org/10.3389/fmicb.2019.02351
https://doi.org/10.1016/j.scitotenv.2021.147667
https://doi.org/10.1016/j.apsoil.2023.105090
https://doi.org/10.1186/s40168-023-01479-0
https://doi.org/10.3390/antibiotics12111569
https://doi.org/10.1016/j.coesh.2022.100437
https://doi.org/10.1186/s40168-021-01006-z
https://doi.org/10.1007/s11356-019-06557-1
https://doi.org/10.3389/fmicb.2022.897905
https://doi.org/10.1111/gcb.16556
https://doi.org/10.1016/j.soilbio.2020.108110
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1186/s40168-024-01965-z
https://doi.org/10.1016/j.jhazmat.2023.132286
https://doi.org/10.1155/2020/9381506
https://doi.org/10.1093/plphys/kiab073
https://doi.org/10.1093/jac/dkab450
https://doi.org/10.1016/j.still.2019.104538
https://doi.org/10.1111/1365-2664.14299
https://doi.org/10.1093/nar/gkad407
https://doi.org/10.1016/j.jes.2021.02.017
https://doi.org/10.1016/j.apsoil.2020.103775
https://doi.org/10.1093/bib/bbx105
https://doi.org/10.1093/bioinformatics/btv697
https://doi.org/10.1111/mec.15221
https://doi.org/10.1007/s11030-022-10417-5
https://doi.org/10.1016/j.agee.2021.107688
https://doi.org/10.3844/ajavsp.2021.128.138
https://doi.org/10.1093/nar/gkaa254
https://doi.org/10.1371/journal.pone.0227136
https://doi.org/10.1016/j.envint.2024.108989
https://doi.org/10.1038/s41598-024-54221-7
https://doi.org/10.1016/j.scitotenv.2021.151943
https://doi.org/10.1007/s11356-023-29691-3
https://doi.org/10.3390/antibiotics11030339
https://doi.org/10.1128/CMR.00182-20
https://doi.org/10.1093/femsec/fiy236
https://doi.org/10.1016/j.rhisph.2024.100905
https://doi.org/10.1002/ece3.9950
https://doi.org/10.1186/s40793-020-00368-5
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Tavares et al.

across tundra, temperate prairie, and tropical ecosystems. Microbiome 9, 1-13.
doi: 10.1186/s40168-021-01047-4

Quan, H,, Gong, X., Chen, Q., Zheng, F., Yu, Y., Liu, D,, et al. (2023). Functional
characterization of a novel SMR-type efflux pump rang, mediating quaternary
ammonium compound resistance in riemerella anatipestifer. Microorganisms 11, 1-16.
doi: 10.3390/microorganisms11040907

Rehman, A., Farooq, M., Lee, D.-J., and Siddique, K. H. M. (2022). Sustainable
agricultural practices for food security and ecosystem services. Environ. Sci. Pollut. Res.
29, 84076-84095. doi: 10.1007/s11356-022-23635-2

Rodrigues, J. I, de, M., Bruno Rocha Martins, W., Suelen Da Silva Wanzerley,
M., André Dos Santos Nogueira, G., Da Silva Amaral, L., et al. (2023). How does
soil nutritional stress limit restoration in the Amazon?: physiological, biochemical
and anatomical responses of arboreal species. Adv. For. Sci. 10, 2145-2157.
doi: 10.34062/afs.v10i4.15163

Roquis, D., Robertson, M., Yu, L., Thieme, M., Julkowska, M., and Bucher, E. (2021).
Genomic impact of stress-induced transposable element mobility in Arabidopsis.
Nucleic Acids Res. 49, 10431-10447. doi: 10.1093/nar/gkab828

Rothrock, M. J., Min, B. R,, Castleberry, L., Waldrip, H., Parker, D., Brauer, D.,
et al. (2021). Antibiotic resistance, antimicrobial residues, and bacterial community
diversity in pasture-raised poultry, swine, and beef cattle manures. J. Anim. Sci. 99,
1-16. doi: 10.1093/jas/skab144

Rout, A. K., Dehury, B., Parida, P. K., Sarkar, D. J., Behera, B., Das, B. K,, et al. (2022).
Taxonomic profiling and functional gene annotation of microbial communities in
sediment of river Ganga at Kanpur, India: insights from whole-genome metagenomics
study. Environ. Sci. Pollut. Res. 29, 82309-82323. doi: 10.1007/s11356-022-21644-6

Saheb Kashaf, S., Almeida, A., Segre, J. A., and Finn, R. D. (2021). Recovering
prokaryotic genomes from host-associated, short-read shotgun metagenomic
sequencing data. Nat. Protoc. 16, 2520-2541. doi: 10.1038/541596-021-00508-2

Salgotra, R. K., and Chauhan, B. S. (2023). Genetic diversity, conservation, and
utilization of plant genetic resources. Genes 14, 3-20. doi: 10.3390/genes14010174

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068-2069. doi: 10.1093/bioinformatics/btul53

Seixas, A. F., Quendera, A. P., Sousa, J. P., Silva, A. F. Q., Arraiano, C. M., and
Andrade, J. M. (2022). Bacterial response to oxidative stress and RNA oxidation. Front.
Genet. 12, 1-12. doi: 10.3389/fgene.2021.821535

Sewe, S. O, Silva, G,, Sicat, P., Seal, S. E., and Visendi, P. (2022). “Trimming and
validation of illumina short reads using trimmomatic, trinity assembly, and assessment
of RNA-Seq data,” in Plant Bioinformatics, eds. D. Edwards (New York, NY: Springer
US), 211-232. doi: 10.1007/978-1-0716-2067-0_11

Silva, R. A. D., Oliveira, B. N. L. D., Silva, L. P. A. D., Oliveira, M. A., and Chaves, G.
C. (2020). Resisténcia a Antimicrobianos: a formulagdo da resposta no &mbito da saude
global. Saiide debate 44, 607-623. doi: 10.1590/0103-1104202012602

Silva, V. D. D., Frées, Y. N., Monteiro, J. D. M., Souza, N. M. D., Lima,
N. S, Sousa, L. C. A. D,, et al. (2022). Isolamento de bactérias gram-negativas
em amostras de sedimento de manguezal em Sio Luis, Maranhdo. RSD 11, 1-11.
doi: 10.33448/rsd-v11i3.26483

Teixeira, P. C., Donagemma, G. K., Fontana, A., and Teixeira, W. G. (Eds.). (2017).
Manual de Métodos de Andlise de Solo (3rd Ed., rev. and expanded). Brasilia: Embrapa.

Tokuda, M., and Shintani, M. (2024). Microbial evolution through horizontal
gene transfer by mobile genetic elements. Microb. Biotechnol. 17, 1-15.
doi: 10.1111/1751-7915.14408

Tomaszewska, P., Vorontsova, M. S., Renvoize, S. A., Ficinski, S. Z., Tohme, J.,
Schwarzacher, T., et al. (2023). Complex polyploid and hybrid species in an apomictic

Frontiersin Microbiology

15

10.3389/fmicb.2025.1508157

and sexual tropical forage grass group: genomic composition and evolution in Urochloa
(Brachiaria) species. Ann. Bot. 131, 87-108. doi: 10.1093/aob/mcab147

Tomazelli, D., Klauberg-Filho, O., Mendes, S. D. C., Baldissera, T. C., Garagorry,
F. C, Tsai, S. M., et al. (2023). Pasture management intensification shifts the soil
microbiome composition and ecosystem functions. Agric. Ecosyst. Environ. 346, 1-15.
doi: 10.1016/j.agee.2023.108355

Vale, F. F., Lehours, P., and Yamaoka, Y. (2022). Editorial: the role of mobile
genetic elements in bacterial evolution and their adaptability. Front. Microbiol. 13,
1-20. doi: 10.3389/fmicb.2022.849667

Van Der Bom, F., Nunes, I., Raymond, N. S., Hansen, V., Bonnichsen, L., Magid,
J., et al. (2018). Long-term fertilisation form, level and duration affect the diversity,
structure and functioning of soil microbial communities in the field. Soil Biol. Biochem.
122, 91-103. doi: 10.1016/j.s0ilbio.2018.04.003

Vazquez, E., Teutscherova, N., Lojka, B., Arango, J., and Pulleman, M.
(2020). Pasture diversification affects soil macrofauna and soil biophysical
properties in tropical (silvo)pastoral systems. Agric. Ecosyst. Environ. 302, 1-10.
doi: 10.1016/j.agee.2020.107083

Venturini, A. M., Gontijo, J. B., Berrios, L., Rodrigues, J. L. M., Peay, K. G., and Tsai,
S. M. (2025). Linking soil microbial genomic features to forest-to-pasture conversion
in the Amazon. Microbiol. Spectr. 13, 1-8. doi: 10.1128/spectrum.01561-24

Vieira, A. F., Moura, M., and Silva, L. (2021). Soil metagenomics in grasslands
and forests—a review and bibliometric analysis. Appl. Soil Ecol. 167, 1-13.
doi: 10.1016/j.apso0il.2021.104047

Walkup, J., Freedman, Z., Kotcon, J., and Morrissey, E. M. (2020). Pasture
in crop rotations influences microbial biodiversity and function reducing the
potential for nitrogen loss from compost. Agric. Ecosyst. Environ. 304, 1-10.
doi: 10.1016/j.agee.2020.107122

Wang, F., Han, W, Chen, S., Dong, W., Qiao, M., Hu, C, et al. (2020).
Fifteen-year application of manure and chemical fertilizers differently impacts
soil ARGs and microbial community structure. Front. Microbiol. 11, 62-75.
doi: 10.3389/fmicb.2020.00062

Weisberg, A. J., and Chang, J. H. (2023). Mobile genetic element flexibility as
an underlying principle to bacterial evolution. Annu. Rev. Microbiol. 77, 603-624.
doi: 10.1146/annurev-micro-032521-022006

Wood, D. E,, Lu, J., and Langmead, B. (2019). Improved metagenomic analysis with
Kraken 2. Genome Biol. 20, 1-13. doi: 10.1186/s13059-019-1891-0

Yang, Y., Ashworth, A. J., DeBruyn, J. M., Willett, C., Durso, L. M., Cook, K, et al.
(2019). Soil bacterial biodiversity is driven by long-term pasture management, poultry
litter, and cattle manure inputs. PeerJ 7, 1-20. doi: 10.7717/peer;j.7839

Zhang, C., Wang, M.-Y., Khan, N,, Tan, L.-L., and Yang, S. (2021). Potentials,
utilization, and bioengineering of plant growth-promoting methylobacterium
for sustainable agriculture. Sustainability 13, 3941-3952. doi: 10.3390/sul30
73941

Zhang, Y.-J., Hu, H-W., Chen, Q.-L., Singh, B. K,, Yan, H., Chen, D,, et al.
(2019). Transfer of antibiotic resistance from manure-amended soils to vegetable
microbiomes. Environ. Int. 130, 1-10. doi: 10.1016/j.envint.2018.12.035

Zhang, Z., Zhu, X, Su, J.-Q, Zhu, S, Zhang, L, and Ju, F. (2024).
Metagenomic insights into potential impacts of antibacterial biosynthesis and
anthropogenic activity on nationwide soil resistome. J. Hazard. Mater. 473, 1-9.
doi: 10.1016/j.jhazmat.2024.134677

Zhou, Y., and Wang, J. (2023). The composition and assembly of soil microbial
communities differ across vegetation cover types of urban green spaces. Sustainability
15, 1-15. doi: 10.3390/su151713105

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1508157
https://doi.org/10.1186/s40168-021-01047-4
https://doi.org/10.3390/microorganisms11040907
https://doi.org/10.1007/s11356-022-23635-z
https://doi.org/10.34062/afs.v10i4.15163
https://doi.org/10.1093/nar/gkab828
https://doi.org/10.1093/jas/skab144
https://doi.org/10.1007/s11356-022-21644-6
https://doi.org/10.1038/s41596-021-00508-2
https://doi.org/10.3390/genes14010174
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.3389/fgene.2021.821535
https://doi.org/10.1007/978-1-0716-2067-0_11
https://doi.org/10.1590/0103-1104202012602
https://doi.org/10.33448/rsd-v11i3.26483
https://doi.org/10.1111/1751-7915.14408
https://doi.org/10.1093/aob/mcab147
https://doi.org/10.1016/j.agee.2023.108355
https://doi.org/10.3389/fmicb.2022.849667
https://doi.org/10.1016/j.soilbio.2018.04.003
https://doi.org/10.1016/j.agee.2020.107083
https://doi.org/10.1128/spectrum.01561-24
https://doi.org/10.1016/j.apsoil.2021.104047
https://doi.org/10.1016/j.agee.2020.107122
https://doi.org/10.3389/fmicb.2020.00062
https://doi.org/10.1146/annurev-micro-032521-022006
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.7717/peerj.7839
https://doi.org/10.3390/su13073941
https://doi.org/10.1016/j.envint.2018.12.035
https://doi.org/10.1016/j.jhazmat.2024.134677
https://doi.org/10.3390/su151713105
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Characterization of antibiotic resistance genes in soils from agroecosystems of the Brazilian Amazon
	1 Introduction
	2 Materials and methods
	2.1 Site description and soil sampling
	2.2 Physical and chemical soil analysis
	2.3 DNA extraction and sequencing analysis
	2.4 Taxonomic analysis
	2.5 Determination of resistance genes and mobile genetic elements
	2.6 Statistical analysis

	3 Results and discussion
	3.1 Physicochemical characteristics and microbial diversity in the soil
	3.2 Composition of bacterial communities in the soil
	3.3 Functional analysis
	3.4 Mobile genetic elements (MGE)
	3.5 Analysis of antibiotic resistance genes (ARGs)
	3.6 ARG coexistence analysis

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


