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The tropical Amazon has a unique biodiversity that has been affected by the development of pastures and economically important crops, such as soybeans. In the Amazon soil, the communities of microorganisms are diverse and act in different biogeochemical activities relevant to their adaptation to the environment. The assessment of changes in soil microorganism communities is essential to consider the impact of agribusiness action in one of the wealthiest regions in diversity in the world. Thus, the soil microbial diversity of the Amazon forest, the north region of Brazil, was evaluated regarding the influence of soybean farming with regions with periods of two and 14 years of exploitation, with regions of pasture and forest area, through the metagenomics approach with new generation sequencing technology, in addition, it was considered chemical characteristics such as pH value, organic matter content, macronutrients, micronutrients, and cations. High microbial diversity was identified at all collection sites and, despite this, bacterial, archaeal, and virus communities were very diverse between sites, with higher identification of Enterobacter cloacae and species of Pseudomonas, Pseudoplusia includens, Methanosarcina barkeri in the farmed and pasture, whose microbial diversity is influenced by the presence of cations and the interaction of organic matter with clay. It was evident that there is a change in the communities of native microorganisms for others adapted in the areas that had their vegetal cover eliminated.
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1 INTRODUCTION
Brazil has 49% of its territory represented by the coverage of the Amazon rainforest (Kaschuk et al., 2011), but that in recent times has been reduced by the increase in agricultural activities. Currently, the disposition of these territories for pasture activities is 48.6% (172.3 Mha). For cultivation, it is 21.6% (76.7 Mha), of which 5.8% is used for soybean plantations (20.6 Mha) (Bordonal et al., 2018; Rajão et al., 2020; Leite-Filho et al., 2021). Soybean cultivation is vital in Brazil, with the South and Midwest regions as the most prominent producers (Colussi and Schnitkey, 2021; Cattelan and Dall’Agnol, 2018); however, the north region, which comprises part of the tropical Amazon, has a relevant role in agricultural production (Battisti et al., 2018; Lima et al., 2019). In this context, the production of transgenic soy is observed, whose development requires the application of different chemical compounds to prepare the soil and control pests (Alves et al., 2014).
Ecosystem changes are related to the reduction of macro and microdiversity, influence climate change, and variations in biogeochemical processes (Gardner et al., 2019; Tahat et al., 2020). Soil microorganisms develop most geochemical processes, such as organic carbon cycling, nutrient disposal, production and consumption of greenhouse gases, CO2, N2O, and CH4 (Jansson and Hofmockel, 2020), and strengthening the immune response and plant growth (Döring et al., 2020; Fitzpatrick et al., 2020).
Bacterial communities are the most dominant in the soil, but archaea, viruses, and fungi are present to a lesser extent, which coexist and interact with each other to maintain ecosystem functions (Naik et al., 2020). Likewise, the high value of diversity and the varied composition of microbial communities can be used as an indicator of soil quality and health (Chaparro et al., 2012; Wang et al., 2019). In this scenario, the adverse effects of contemporary agronomic practices, including conventional crops, use of machinery, application of pesticides, chemical fertilizers, and monocultures, among others, can alter macrobiological and microbiological diversity, modifying the native composition of different microorganisms that reside in a given ecosystem (Li et al., 2018; Chen et al., 2019; Saleem et al., 2019).
In this sense, changes in diversity and composition can favor the increase of opportunistic pathogens for the different organisms that inhabit this place, affecting the health of plants, animals, and humans; Most of the changes involve the relative abundance of different taxonomic groups, such as Acidobacteria, Bacteroidetes, Nitrospirae, Deltaproteobacteria and Proteobacteria (Colin et al., 2017; Lladó et al., 2018). Several of these organisms are usually associated with the development of diseases that affect humans, but in the soil, they are growth promoters and antagonistic against plant pathogens, such as the genus Escherichia, Burkholderia, Enterobacter, Pseudomonas, Ralstonia, Serratia, Agrobacterium, Pantoea, Herbaspirillum, Ochrobactrum, and Stenotrophomonas (Berg et al., 2014; Lladó et al., 2018).
In the different ecosystems, they are of complex composition and interaction; in the case of soil, microorganisms are in symbiosis, and the imbalance of this relationship can affect different levels of the health of plants, animals, humans, and the environment (van Bruggen et al., 2019; Brevik et al., 2020; Garcia et al., 2020). The use of next-generation sequencing allowed the metagenomic analysis, representing the most significant number of organisms in different habitats; these analyzes made it possible to show with better sensitivity the effects on microdiversity in the environment in time and space, highlighting the associations of different factors (e.g., Physical chemicals, heavy materials, phenolic compounds, among others) that interact with microbial communities (Nesme et al., 2016; Saleem et al., 2019). In this sense, different works describe the composition and diversity of the microbiome, the effect on the plant, and its influence on the culture (Liu et al., 2013; Souza et al., 2016; Behnke et al., 2021; Castellano-Hinojosa and Strauss, 2021). Changes in ecosystems by the development of cultures can alter the diversity and composition of microorganisms, favoring the selection of microbial communities that can harm humans. Thus, this work aims to describe the taxonomic and functional changes in the metagenomes of Amazonian soils after ecosystem disturbances for the development of pasture and transgenic soybean monoculture (in 2 and 14-year-old plantations) to elucidate the possible changes in the monocultures and the potential implications for ecosystem and environmental health.
2 MATERIALS AND METHODS
2.1 Description of the study sites
The study site is in the Amazon city of Paragominas-PA. The area is being explored for 35 years for intensive grain farming and beef cattle (Rodrigues et al., 2003). The predominant soil is Oxisol (Soil Survey Staff, 2014). The weather is Aw (Alvares et al., 2013) humid and hot tropical. The soil samples were collected at the beginning of February 2020, the plants were in the stage of the third and fourth fully developed trifoliate leaf. The information about the sites was described by those responsible for the farm in Table 1, four collection sites were separated, being secondary forest, pasture, soybean crop of 2 and 14 years.
TABLE 1 | Description of the characteristics of the sites the samples were collected.
[image: Table 1]2.2 Sample
Soil samples were collected in a flat, uniform area at a depth of up to 20 cm “topsoil” (Bach et al., 2018). At each location, three points were collected, a linear transect of 200 m was drawn, and at each point, five equidistant samples (50 m) were collected with the help of a Dutch auger that it was sterilized at each change of location (Carvalho et al., 2016), these samples were mixed at each point, obtaining a total of twelve samples divided into a part for chemical and molecular analysis. The fresh soil samples taken for molecular evaluation were stored in sterile falcon tubes with a capacity of 15 ml and deposited in liquid nitrogen immediately. Samples for chemical characterization were placed in clean plastic bags of approximately 500 g and kept at room temperature until analysis.
2.3 Soil chemical characterization
All analysis methods were performed as described by the Raij et al. (2001). Initially, the samples were dehydrated in an oven with air circulation at a temperature of 40 °C; then, they were sieved with a 2 mm mesh sieve. The pH was determined with the treatment of 0.01 M calcium chloride (CaCl2) and the content of organic matter (OM) by the colorimetric method. The levels of macronutrients such as phosphorus (P), potassium (K), and micronutrients such as boron (B), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) were determined by atomic absorption spectrophotometry. The cations were extracted with the potassium chloride solution by the ion exchange process for the determination of the exchangeable cations aluminum (Al3+), calcium (Ca2+), and magnesium (Mg2+) for the determination of potassium, calcium, and magnesium, were used the EDTA titration method.
2.4 Total community DNA extraction
The samples were initially pre-treated with sodium phosphate buffer solution (500 mM Na2HPO4 and 500 mM NaH2PO4; pH 7.2) due to the high clay content. In a micro tube, 800 mg of sample were added to 1.2 ml of phosphate buffer solution, which was then mixed at 250 RPM for 5 min under a horizontal shaker. Immediately afterward, the microtube was incubated at 4°C for 3 min, later it was mixed for 5 min at 250 RPM and vortexed for 15 s, and centrifuged at 500 RPM for 10 min. The supernatant was transferred into a new tube (previously weighed), centrifuged at 10,000 RPM for 10 min, and the pellet was considered and stored at 4 °C. This procedure was repeated until 250 mg of soil was obtained (Högfors-Rönnholm et al., 2018).
The extraction of genetic material was performed with the DNA isolation kit Power Soil DNeasy (Qiagen, USA). Subsequently, the DNA concentrations were measured in the NanoDrop® spectrophotometer (Thermo Scientific), and the samples with concentrations ≥50 ng ml-1 and with purity indices (PI) between 1.8–2.0 (Figueroa et al., 2017) quality were evaluated by horizontal electrophoresis on 1% agarose gel with 0.5ug uL-1 ethidium bromide and stored at -20 °C for later use.
2.5 Sequencing and analysis of the metagenome community
For the construction of DNA libraries, the samples were treated according to the procedure with protocols from the manufacturer Nextera XT DNA Library (Illumina). Sequencing was performed with the NextSeq 550 System High-Output kit for a read size of 2 × 150 bp. The platform used was the Illumina NextSeq 500/550 HighOutput, with the entire procedure performed according to the manufacturer’s protocol at Instituto Evandro Chagas.
The analysis of the quality of the readings of each sequencing was visualized through the software FASTQC Version 0.11.9 (Andrew, 2019) and, later, the bases that had a quality value below PHRED 20 had their low-quality ends removed and filtered, using the Trimmomatic tool (Bolger et al., 2014). With the readings processed, the Kraken2 program (Wood et al., 2019) was used to analyze the diversity profile between each point to identify the domains of bacteria, archaea, viruses, protozoa, and fungi. Finally, for the visualization and comparative analysis of the reading sets of each of the replicas, the Paviam program was used (Breitwieser and Salzberg, 2020).
For the analysis of the diversity of the microorganisms identified, the program MicrobiomeAnalyst was used (Dhariwal et al., 2017; Chong et al., 2020). The data obtained in the analysis with Kraken2 were filtered to consider organisms with a minimum frequency (count) of 20%; later, the abundance was normalized with a trimmed mean of M-values (TMM). The alpha diversity indices were Rich, Chao1, Simpson, and Shannon, and ANOSIM was used to analyze the beta diversity. Previously, the OTU (operational taxonomic unit) was filtered to reduce noise, excluding those rare OTUs (occurring in less than three samples in total) and low abundance (less than three sequences per OTU).
2.6 Functional gene analysis
From the reading processed by Trimmomatic, the readings of each replica were assembled by the Megahit program (Li et al., 2015) with characteristic presets for mounting data from complex metagenomic environments such as soil (meta-large parameter); and the resulting contigs were analyzed using the Metaquast software (Mikheenko et al., 2016) to assess the quality of contigs generated after assembly. After that, the very short contigs, with sizes smaller than 350bp, were removed to decrease the chances of identifying false positives. Then the generated contigs were submitted to the public Meta Genome Rapid Annotation database using Subsystem Technology (MG-RAST) (Meyer et al., 2008); subsequently, functional genes were identified using the SEED Subsystems database, with an alignment of 90%, size 20 bp, e-value of 10−5.
2.7 Statistical analysis
The normality test was performed with Shapiro Wilk, with a significance of α = 0.05. The data obtained by chemical analysis (pH, organic matter, macro, micronutrients, and cations) were analyzed with ANOVA or Kruskal Wallis with the PAST program (Hammer et al., 2001).
Redundancy analysis (RDA) was used to evaluate the diversity index associated with chemical characteristics. In the case of functional genes, a treatment of relative abundances was carried out with the Orange Data Mine program (Demsar et al., 2013).
3 RESULTS
3.1 Soil chemical characteristics
The chemical characteristics of the soil found in each location were different; in the case of pH, they were acidic, with significant differences (p values <0.05), the forest site with the lowest values compared to the others, but the site with tillage showed higher values due to the systematic use of fertilization and addition of lime. The organic matter content in the forest and pasture site was high and significant. There was a quantitative reduction of 56% and 52% in organic matter content at the 2-year-old and 14-year-old soybean sites compared to the forest site. The sites of pasture and cultured of soybean with 2 and 14 years showed high values of available phosphorus and micronutrients compared to the forest site, possibly resulted from the annual addition of chemical fertilizers. Regarding the concentrations of metals, high and significant values were observed in all places for B, Mn, and Zn. Cation concentration was significantly different between sites for H+Al (Table 2).
TABLE 2 | Values of chemical analysis pH, organic matter, available macro, micronutrient, and soil cations at each site.
[image: Table 2]3.2 Composition of microorganism communities
Up to 6,153,723 readings were used to classify, of which they were used for the bacterial domain with up to 5,760,000 readings (96%), followed by the eukaryote domain with up to 128,601 readings, archaeas with up to 74,993 readings, and viruses with up to 2001 readings (supplementary figure 1).
The composition of the microorganism communities identified in the different sites varied in taxonomic classifications. According to the phylum, in bacteria, there was a more significant predominance of Proteobacteria and Actinobacteria, especially in the forest, representing 65% (Figures 1A–D), but without significant differences between the sites (Kruskal–Wallis; χ2 = 0.492; p-value = 0.921). In archaea, close percentages were observed (Kruskal–Wallis; χ2 = 0.189; p-value = 0.979), with a predominance of Euryarchaeota (82%) being more representative in the pasture site (Figures 1E–I). For viruses, they were similar in all locations (ANOVA; F = 1.34 × 10−30; p-value = 1), but a higher percentage of Uroviricota was observed in the pasture site, with 44% (Figure 1J-M). As for fungi, the most abundant phylum was Ascomycota, with 88% (figure 1N–Q).
[image: Figure 1]FIGURE 1 | Abundance of the different phyla of the microorganisms identified in the forest sites corresponds to (A,E,I,M); pasture corresponds to (B,F,J,N); 2 years corresponds to (C,G,K,O); 14 years corresponds to (D,H,L,P).
Regarding the most predominant families, the bacteria Bradyrhizobiaceae, Enterobacteriaceae, Micromonosporaceae, Mycobacteriaceae, Nocardiodaceae, Pseudomonaceae, and Streptosporangiaceae were identified with greater abundance. In pasture and crop sites, an increase of up to 10% in the Enterobacteriaceae and Pseudomonaceae families was observed (supplementary figure 2A). For archaea, a different composition was observed between the sites, and the most abundant were Nitrososphaeraceae, Nitrialbaceae, Halorubraceae, Halobacteriaceae, Haloferacaceae, Haloarculaceae, with Methanosarcinaceae being more representative in the areas with crop and pasture (supplementary figure 2B). In the viruses, the presence of Siphoviridae in all sites was notable in the pasture site, and the presence of Demerecviridae in the forest site and the Bauloviridae family in the cultivated areas were also evidenced (supplementary figure 2C). Finally, as for the fungi, a similar composition was observed between the sites of the Chaetomiaceae, Glomerellaceae, Pyriculariaceae, Mycosphaerellaceae, and others (supplementary figure 2D).
The compositions of the genus identified in the different sites for bacteria with a different composition for the forest and the presence in greater abundance of Bradyrhizobium and Streptomyces are observed in all sites; relevance was evidenced in the sites of cultures of Enterobacter and Pseudomonas, in the pasture site in addition to of the above, Staphylococcus, Brucella and Klebsiella among others stand out (Figure 2A). In the case of archaea, the composition in the pasture site was different from the other sites, with a greater abundance of Methanosarcina, Methanocella, Candidatus Nitrosasphaera, and Nitrososphaera, especially in the forest site (Figure 2B). In viruses, the composition was grouped between the forest-pasture and crop sites with the highest abundance of unclassified genera and the presence of Alphabaculovirus and Timquatrovirus from the cultures and pasture sites (Figure 2C). Fungal species composition differed slightly in the forest site compared to the other cases (Figure 2D).
[image: Figure 2]FIGURE 2 | Heat map of genus abundance at each site of organisms (A) bacteria, (B) archaea, (C) virus and (D) fungi, grouped using the k-means algorithm.
The most representative species of microorganisms, starting from bacteria, are Bradyrhizobium sp and Rhodopseudomonas palusti in the forest site, and Streptomyces sp, Enterobacter cloacae and Pseudomonas aeruginosa species are more evident in the cultivated areas (Figure 3A). For archaea, the abundance of Methanosarcina barkeri, Nitrososphaera viennensis, M. mazei, and Candidatus Nitrosocosmicus evergladensis in the pasture site was more relevant; in the forest, Candidatus Nitrosocosmicus oleophilus, Halorubrum sp and Haloborum sp are relevant, in the case of the cultivated sites Candidatus Nitrosocos micus oleophilus and Nistrososphaera vienensis were more evident (Figure 3B), as for the viruses, different species of Pandoravirus sp and Caulobacter phage were identified in the forest, in the pasture site, the Ruegeria phage and Mycobacterium phage were more evident, as for the cultivated areas, the most predominant species were Pseudoplusia includens in addition to the above (Figure 3C). The microbial composition related to fungi showed similar proportions at different sites, with the most relevant species being of Thermothielaviodes terretris, Colletotrichum higginsianum, Drechmeria coniospora, and Thermothelomyce thermophilus (Figure 3D).
[image: Figure 3]FIGURE 3 | Abundance of the main species at each site of the organisms (A) bacteria, (B) archaea, (C) virus and (D) fungi.
3.3 Analysis of microbiological diversity
The analysis of diversity indices calculated in all sites showed no significant differences in the richness of microorganisms; in the bacteria domain, 5,619 taxas were identified in the pasture site that had the higher values of that domain, followed by the culture sites (2 and 14 years). In archaea, values ​​between 251 and 281 taxas were identified in forest and pasture areas. In the case of viruses and fungi, lower counts ​​were identified but they were higher in the culture and pastage sites. The estimate of the Chao one index was evidenced in bacteria of up to 99% of identified taxa, followed by fungi with up to 100%; in the case of archaea, values ​​between 83 and 93% in viruses were lower compared to the previous between 79 and 88%. Simpson’s index was similar in different organisms, and representing high heterogeneity between sites; the values ​​were higher in bacteria and fungi; in the case of archaea with the pasture site with lower values ​​and in viruses in the 2-year site (Table 3).
TABLE 3 | Alpha and beta diversity indices in the different organisms identified in the sites.
[image: Table 3]Shannon’s index analysis showed high values in all areas; especially in bacteria; and the values for the other organisms were similar; in the case of archaea, there were significant differences between the sites (ANOVA; F = 24.006; p-value = 0.000), with the lowest values in the pasture site and the virus at the 2-year site (Table 3). The beta diversity index was evaluated with the analysis of ANOSIM, and a more significant difference in the composition of communities was evidenced in archaea, followed by viruses (Table 3). The principal coordinate analyzes (PCoA) of the replicas between the different organisms showed clusters of these for each site; in the case of archaeal, the replicas of the pasture site were grouped separately from the others (supplementary figure 3B). Contrary to what was observed with viruses, which showed a separation of sites with and without tillage (supplementary figure 3C), for bacteria and fungi, the replicas did not show different clusters (supplementary figures 3A and D).
The RDA analysis for each microorganism and the association of the physicochemical analysis, in the case of bacteria, the variables present an 84.84% variation between them, the H diversity in the forest and are associated with the content of MO, Mn, B, and cation Ca2+, but not associated with iron content (Figure 4A). In archaea, the variation of the variables is 90.21%, and the pasture site is more represented by the association of the variables of Mn, K, Zn, and K+ cation (Figure 4B). In the case of viruses and fungi the variation of the variables was less than 50% (Figures 4C,D).
[image: Figure 4]FIGURE 4 | RDA analysis of chemical variables and Shannon’s alpha diversity index at all sites each site of the organisms (A) bacteria, (B) archaea, (C) virus and (D) fungi.
3.4 Analysis of functional gene annotation
The analysis of the composition of the CDS according to level 1 of the SEED subsystem database for the different sites showed variations in relative abundance but without significant differences between them (Kruskal–Wallis; χ2 = 5.823; p-value = 0.12). The forest site compared to the pasture and crop sites showed a difference in the composition of the genes; in addition, the grouping by relative abundance and the design of the genes revealed the presence of three groups: low, moderate, and high relative abundance of the genes. In the low proportion group, the genes associated with photosynthesis, dormancy, and secondary metabolism were identified; in the moderate abundance group, genes related to metabolism of fatty acids, lipids and isoprenoids, sulfur, nitrogen, and aromatic compounds, cell regulation and division, in addition to the presence of mobile elements; with the exception of the genes for iron and potassium metabolism that were in the low-abundance group for the forest. In the group with the high relative abundance, genes related to cellular homeostasis, stress, carbohydrate metabolism, metabolism of proteins, DNA and RNA were found. A critical point observed in the forest site was the low abundance of genes involved with virulence, diseases, and defense, cell wall, capsule, and membrane transport in contrast to the other sites (Figure 5).
[image: Figure 5]FIGURE 5 | Heatmap of the logarithm of the relative abundance of the functional annotations identified in the sites, using level 1 of the SEED Subsystems database. Permission to reuse and Copyright.
4 DISCUSSION
4.1 Chemical characteristics and microbial communities
Soil is a complex matrix due to its chemical composition, the presence of different organisms, environmental conditions, contaminants, and other factors that influence biodiversity and co-exist for the development of biogeochemical processes for the maintenance of the ecosystem (Evans and Wallenstein, 2014; Maron et al., 2018; Lacerda-Júnior et al., 2019). The soils of the Amazon show particular chemical characteristics in each region (Souza et al., 2016; Costa et al., 2020); in the case of the municipality of Paragominas, the soil is characterized by a considerable content of clay (approx. 70%) which would induce the provision of nutrients (Ferraz et al., 2013; Laurent et al., 2017), by the interactions of organic matter with soil minerals, called organo-minerals and provide the generation of microaggregates, consisting mainly of bacteria, followed by viruses, archaea, and fungi (Cuadros, 2017; Mandakovic et al., 2018; Totsche et al., 2018; Kome et al., 2019; Quesada et al., 2020).
On the other hand, the different practices that are carried out for land use in intensive agriculture contribute to the alteration and reduction of the reserve of organic matter and the diversity of the communities of organisms that reside in the soil (Carvalho et al., 2016; Santos, 2019; García et al., 2020), At the site where the samples were collected, the forest was initially removed, and limestone, chemical fertilizers, and pesticides were applied for the cultivation of transgenic soybeans, thus, the long-term application of chemical fertilizers alters the chemical characteristics and reduces the availability of some nutrients (Gupta et al., 2022). As a result, the presence of these compounds in cultivated soil decreases microbial activity, in contrast to what happens in sites with high vegetation cover (Bevivino et al., 2014; Kim et al., 2020), which would explain the greater abundance and diversity of microorganisms in the forest compared to pasture and crop soils, a decrease and displacement of bacterial communities were evidenced and these microorganisms pose adaptation mechanisms against disturbances (Liu et al., 2013; Sun and Badgley, 2019; Moroenyane et al., 2021).
Soil microbial communities are dynamic and sensitive to biotic and abiotic changes, but it is still possible to evidence the presence of different most relevant taxonomic groups in each site; in the forest, the dominant phyla were Proteobacteria, followed by Actinobacteria, which are usually found in these tropical regions (Sugiyama et al., 2014; Lin et al., 2019), in the case of pasture and culture sites with transgenic soybean, the increased abundance of the Actinobacteria phylum, might be involved with changes in soil pH (Navarrete et al., 2015a; Navarrete et al., 2015b; Durrer et al., 2021), in pastures, in addition to the microorganisms mentioned, the Firmicutes phylum is frequently reported in this type of grass places (Lladó et al., 2018; Santos, 2019).
In the case of the genus, the presence of bacteria that promote plant growth was relevant, especially in the forest site; in the other places, bacteria were also identified that are involved in the cultivation of soy, corn, sugarcane (Sugiyama et al., 2014; Khalifa et al., 2016), particularly in the genera identified in soybean crops, the genus of Enterobacter, Acinetobacter, Pseudomonas, Ochrobactrum, Rhizobium, Bradyrhizobium, Klebsiella and Bacillus have been frequently reported to perform different functions, such as nitrogen fixation, phosphorus mobilization, salt stress tolerance, phytohormone production, and production of defenses against pathogens (Mahartha and Suprapta, 2018; Zhao et al., 2018). Nevertheless, some of these species are considered opportunistic pathogens for humans and animals and have clinical importance due to their presence of multi-resistant antibiotic genes (De Oliveira et al., 2020; Girlich et al., 2021; Martins et al., 2021); in this work the increase in the abundance of the species Enterobacter cloacae and Pseudomonas aeruginosa in cultivated and pasture soils was relevant, in the case of cultivated sites no organic fertilizer was applied, and the increase in these pathogens could be related to the presence of glyphosate used in the cultivation of transgenic soybeans (Kepler et al., 2020).
On the other hand, the composition of the archaea diversity was relevant to microorganisms involved in the nitrogen cycle and methane production (Lehtovirta-Morley et al., 2016; Kroeger et al., 2021; Zhou et al., 2021), these were dominant in pasture and cultural sites. However, it was evidenced that particular communities in the pasture site, such as M. barkeri and M. horonobensis, could be considered bioindicators for this type of site. In addition, the presence of haloarchaea suggests the relevance of using chemical fertilizers for the accumulation of salts (Zhalnina et al., 2013; Torregrosa-Crespo et al., 2018; Behnke et al., 2021), but in the forest site, the presence of these organisms could be associated with the naturally high levels of iron and potassium salts.
The most relevant viruses identified on cultivated areas were species of Pseudoplusia includens, which are pathogens of the insects Chrysodeixis includen, these are parasites of the soybean crop (Alexandre et al., 2010; Craveiro et al., 2015; Harrison et al., 2019) the presence of these viruses can be considered as biopesticides and/or pest controllers in crops. Pandoraviruses, which were identified in the four sites, are giant viruses and are present in high diversity in soil and water, and can infect protozoa and amoebas (Abergel et al., 2015; Aherfi et al., 2016; Colson et al., 2017; Andradedos et al., 2018; Schulz et al., 2018; Akashi and Takemura, 2019; Tokarz-DeptułaBeata et al., 2019). Also, analysis of the composition of functional genes in these sites at levels 2 and 3 showed a greater relative abundance of genes involved in the lytic cycle, so it could be a greater abundance of prophages in the forest and phages than in the sites with culture (data not shown).
In the case of the fungal species, the composition of the communities found in this study was similar in all sites, but in other studies, heterogeneity was evidenced in places with and without cultivation, with saprophytic and pathogenic fungi being found (Souza et al., 2016; Bach et al., 2018; Checinska Sielaff et al., 2018) this could be an influence of the reduced number of species identified for this type of organisms in contrast to the others. The most abundant fungal species in this study are known for their lignocellulolytic capacity (Velasco et al., 2020) it was also; identified the presence of fungi capable of developing the disease in the plant, such as anthracnose (O’Connell et al., 2012; Yan et al., 2018), as well as the presence of organisms of the genus Fusarium, Aspergillus, Neurospora among others (Huang et al., 2017; Panelli et al., 2017; Behnke et al., 2021). Thus, soil management to eliminate vegetation cover through the fire, as was initially carried out in cultivation and pasture sites, would increase the presence of fungi, as well as Neurospora crassa, which can affect crop development and human health (Kuo et al., 2015; Lebrigand et al., 2016; Nourrisson et al., 2017).
The disturbances caused by the management of the culture affect the composition of the microorganisms and favor their changes, increasing the selection of organisms with better adaptation to the type of culture (Calderón et al., 2018). The composition of the different microbial communities was divergent between the sites. The forest site was most affected by the displacement of these native communities and the increase of other multi-species associations that would be adapted to these sites.
4.2 Chemical factors and microbial diversity
The type of soil management influences the microbiome composition in cultures, but the different microorganisms were responses vary (Longley et al., 2020; Köberl et al., 2020). The chemical fertilizers and pesticides used for this soybean seed influence the structure of the bacterial community (Zeng et al., 2019; Li et al., 2020; Chen X. et al., 2021); in soils with longer crop grown periods, bacterial and fungal diversity were generally low (Hamid et al., 2017; Dube et al., 2019).
The use of Shannon’s alpha diversity index (H) can be considered a sensitive indicator to assess anthropogenic disturbances in contrast to others (Bobul’Ská et al., 2021; Lan et al., 2017), as observed in this work, tracking the oscillations of this microbial diversity index due to the effect of different chemical factors could be an essential tool to assess the impact of soil management.
Likewise, pH was one of the main factors associated with changes in bacterial and fungal communities. (Lin et al., 2019; Chen Y.-P. et al., 2021). On the other hand, it was evidenced that the function of the virus communities would be related to the electrical conductivity of the soil; it is strongly associated with their dynamics with the regulation of bacterial communities (Seaton et al., 2022), the measurement could be considered in future works of this fact and the diversity of the phages.
In this work, the organic matter did not have a strong influence on the alpha diversity index, as reported by Lin et al. (2019) could be due to the richness in biodiversity of the place, in addition to the interaction of organic matter with soil minerals with the help of cations, favoring the preservation of the diversity of microorganisms (Aboudi Mana et al., 2017; Totsche et al., 2018).
Additionally, in this type of soil, cations can favor the adaptation of halotolerant organisms and help increase virus diversity (Kome et al., 2019; Rieke et al., 2022). Because according to Hua et al. (2021), the presence of phages can contribute to the increase of extracellular DNA and, together with the presence of phosphorus salts in the soil, influence the diversity of these microbial communities.
On the other hand, in our work, negative associations between alpha diversity indices and copper and potassium content were not evidenced since the accumulation of these elements is toxic to some microorganisms (Li et al., 2021; Salah et al., 2021), in the case of native organisms residing in the forest, as well as the diversity of bacteria that were affected with the levels of these elements, but it was not observed with the iron content.
However, chemical fertilizers are added to the crop sites and are correlated with the stability of microbial diversity; fungi were more sensitive than bacteria (Wipf et al., 2021). Using these compounds increases the levels of K and P in the soil, which are necessary for the growth of the organisms found on these sites (Chen Y.-P. et al., 2021), at work were especially suitable for archaea, fungi and viruses.
4.3 Characterization of functional genes
The high relative abundance of genes associated with metabolism reflects the metabolic redundancy in the different sites, which contributes to the preservation of the functionality of bacterial communities in the ecosystem (Maron et al., 2018; Jiao et al., 2019; Chen Y.-P. et al., 2021), despite the difference in the gene composition of the forest with the other sites. In the soil of the Amazon, due to the particularity of the ecosystem, the principal activity is the metabolism of carbohydrates, such as beta-glycosides (Bobul’Ská et al., 2021).
In the group with the highest relative abundance of functional genes, pasture and crop sites with genes associated with virulence and defense could be a response to stress and adaptation by microorganisms. In this way, a point to be considered is the accumulation of salts and other compounds by the use of chemical products, favoring the increase of these resistance mechanisms, as well as the ABC membrane transport proteins for the importation of available substrates, such as inorganic and organic ions, mono and oligosaccharides, amino acids and peptides (Liu et al., 2013; Ramesh et al., 2014; Chen et al., 2018; Ji et al., 2020). In the case of genes associated with iron and potassium metabolism, at the forest site, they were low at the other sites; thus, we can suggest that there is the presence of other components and/or mechanisms capable of protecting microorganisms from high levels of these elements. Just like that, the complex composition and interaction of organisms in this ecosystem limits the increase of these genes, but this mechanism is still not well understood (Doonan et al., 2020).
In forest soil, bacterial populations are mostly oligotrophic with a low replication rate (r-strategist), and in pasture and crop soils, the presence of copiotrophic populations increases, capable of increasing metabolic and replication rates (k-strategist) (Maron et al., 2018; Dube et al., 2019; Lacerda-Júnior et al., 2019), which would be represented in the difference in the relative abundance of genes associated with DNA metabolism between the sites.
Likewise, in the group of genes with moderate abundance, the presence of functions related to secondary metabolisms, such as those associated with the metabolism of nitrogen, aromatic compounds, and sulfur, in addition to the presence of mobile genetic elements, was highlighted. Sites, which reflect the versatility of genomes for the development of different functional mechanisms (Fuentes-Lara et al., 2019; Pedrinho et al., 2019), are responsible for nitrogen fixation and nutrient uptake from the soil (VanInsberghe et al., 2015; Araujo et al., 2017; Leite et al., 2018; Martins da Costa et al., 2018; Htwe et al., 2019).
A better understanding of agricultural management and the influence on soil microbial communities will help direct a microbiota to a desired beneficial state, which can be leveraged to improve the development of region-appropriate agricultural practices and, more satisfactorily, crop performance (Fernandez-Gnecco et al., 2022). The effects of organic farming/fertilization, cropping systems, crop rotation, and correction additives should be considered in future studies to improve favorable microbiomes (Chen et al., 2018). Techniques such as reforestation and crop rotation can be an excellent alternative to help maintain the health of the soil, in addition to contributing to the reduction of pathogenic organisms (Rascovan et al., 2016; Curd et al., 2018; Jiao et al., 2018; Neupane et al., 2021).
5 CONCLUSION
The clayey soils of the Amazon presented a characteristic behavior in the forest, pasture, and soybean fields, and it was observed that the formation of microaggregates by the organo-mineral interaction allows the accumulation of organic matter and favors the maintenance of microbial diversity. Soil management through practices such as the addition of lime, chemical fertilizers, and the use of pesticides in the samples in this study did not show a negative influence on the alpha diversity index of microbial communities, but it is suggested that cations and pH in these types of soils are more relevant than others. The compositions of the most pertinent microorganisms were the archaea communities that were dominant in the pasture site and the predominance of bacterial communities of Enterobacter cloacae and species of Pseudomonas, Pseudoplusia includens, Methanosarcina barkeri in pasture and crop sites. The complexity of interactions in the forest reflects soil quality and human health protection since species considered pathogenic in humans were identified in lower abundance. Finally, we can infer that the electrodynamics of some ions in these soils can influence the biological dynamics and should be better clarified.
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Forest
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Pasture
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2 years
2 59' 254" §
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Soil description and
‘management

The equatorial tropical forest site, commercial timber was only removed
around 30 years ago

Area was suppressed with burning and removal of stumps and the
development of different species of pasture s left on the site, being used
for more than 20 years

‘The vegetal area was initially eliminated the burnt cover and subsequent
removal of the stumps. After clearing the forest, immediately transgenic
soybean (Glycine max) P98 YHS1 RR was sown

Similar to the previous site, the site was burned and the stumps
removed, after clearing the forest, a crop of rice (Oryza sativa) was
immediately sown, then three consecutive crops of maize (Zea mays)
were sown and transgenic soybean crops (P98 YH51 RR) have been
developed for 14 years

Treatment

Approximately 18 years ago and in 2017 limestone was applied

‘The soil received the application of limestone (2018: 3 t/ha and 2020:2 ¢
ha) and fertilization of chemical fertilizers as well as Monoammonium
Phosphate (MAP) 100 kg/ha; 2020 was added Potassium chloride (KCI)
150 kg/ha, Super triple phosphate 50 kg/ha, 147 kg/ha KCL Different
compounds of fungicides, herbicides and insecticides were used for the
soybean crop

Limestone, MAP, KCl and Super triple phosphate were added to the soil
For the development of transgenic soybean seeds, the seed and plants
were treated with Insecticide, Fungicide and Herbicide
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