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A B S T R A C T   

Land-use change has negative impacts on the biodiversity of plants and animals. However, we lack studies and/ 
or information about the impacts of land-use change on the biodiversity of soil microorganisms, especially those 
involved in the phosphorus (P) transformation processes. This represents a great concern since some microbial 
groups are extremely important to different P transformation processes and regulate P availability in tropical and 
subtropical regions. In our study, we used shotgun DNA-metagenomic sequencing and P fractionation analysis to 
assess the effects of forest-to-pasture conversion on the dynamics of soil bacterial groups involved in the P 
transformation processes and their potential functions. Additionally, we assessed if the dynamics of these specific 
soil bacterial groups were recovered after pasture abandonment and with secondary forest establishment. Our 
results demonstrated that the land-use change altered the total amount of P and its fractions in the soils. The 
bacterial community structure was affected by changes in soil chemical properties, mainly by changes in the 
aluminum, total P, and labile P contents. The bacterial groups involved in the P transformation processes and 
their potential functions were also affected by changes in land use. The pasture soil harbored a distinct bacterial 
community when compared to the primary and secondary forest sites. In general, forest-to-pasture conversion 
increased bacterial groups involved in the P mineralization, including Firmicutes, Cyanobacteria, and Gemma-
timonadetes. Conversely, we observed an increase of Proteobacteria members (e.g., Bradyrhizobiaceae and 
Beijerinckiaceae) and genes related to P solubilization and mineralization after pasture abandonment and with 
the secondary forest re-establishment. Our multi-analytical approach suggests that forest-to-pasture conversion 
has negative impacts on the biodiversity of bacterial groups involved in the P transformation processes and their 
potential functions, while the secondary forest re-establishment can stimulate resilience. Taken together, our 
results indicated that the bacterial groups involved in the P transformation and their potential functions can be 
gradually recovered and reach intermediate and/or even similar levels to those observed in undisturbed forest 
sites. This brings new insights and helps to improve our knowledge about the impacts of anthropogenic actions 
on the soil microbiome in the Amazon region.   

1. Introduction 

The Brazilian Amazon rainforest has been threatened by the increase 
in cattle ranching activities (Inpe, 2021; Vale et al., 2019). In 2020, 
deforestation reached the highest rate in the last 10 years, with more 
than 11,000 km2 of pristine forest being converted into pastures (Silva 

Junior et al., 2020). During this conversion process, farmers extract 
valuable timber, burn the remaining vegetation (also known as the 
‘slash-and-burning’ method), and seed the area with fast-growing 
grasses (Navarrete et al., 2015). The slash-and-burning method 
changes the soil’s physical, chemical, and biological properties and fa-
vors the initial establishment of pastures in the Amazon region (Melo 
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et al., 2017). However, this practice is not sustainable, and after a short 
period of use, pastures have their productivity drastically reduced, 
become degraded, and are later abandoned (Souza Braz et al., 2011). 
Meanwhile, the natural vegetation starts to slowly re-establish itself and 
form what is known as ‘secondary forest’ stand (Cenciani et al., 2009). 
Studies indicated that this practice is becoming common in the Brazilian 
Amazon region. According to the study of Carvalho et al. (2019), these 
secondary forest areas are growing, and nowadays, it is estimated that 
they cover more than 100,000 km2. Nevertheless, we lack studies and/or 
knowledge about the re-establishment of these secondary forests, 
particularly those that deal with soil microorganisms and nutrient 
cycling (Pedrinho et al., 2020). 

Phosphorus (P) is considered an essential nutrient for plant nutrition, 
and it can limit the primary productivity of many terrestrial environ-
ments, including tropical and subtropical forests (Porder et al., 2007). In 
general, tropical and subtropical forest soils possess high amounts of 
iron (Fe) and aluminum (Al) oxides due to the strong weathering process 
typically found in these regions, which have heavy rainfall and high 
temperatures. These Fe and Al oxides have the geochemical ability to 
bind P and make it unavailable for the uptake of plants (Gama-Rodrigues 
et al., 2014; Soltangheisi et al., 2019). Thus, a great number of plants 
rely on the recycling of P from litterfall and microbial P turnover 
(Johnson et al., 2003). However, studies demonstrated that land-use 
change has a negative impact on soil P dynamics in the Amazon re-
gion (Chavarro-Bermeo et al., 2022; Soltangheisi et al., 2019). This is 
because the conversion of a pristine forest to pasture by the slash-and- 
burning method can alter P-lability and increase P in more recalcitrant 
pools (Soltangheisi et al., 2019). Also, it can release great amounts of N 
and P from the forest biomass, which can be lost via leaching and runoff 
(Garcia-Montiel et al., 2000; Hamer et al., 2013). Conversely, there are 
few studies and/or information about the effects of secondary forest re- 
establishment on the P dynamics. So far, studies suggest that secondary 
forest re-establishment has the potential to promote a slow but contin-
uous recovery of soil P (Fu et al., 2020; Teixeira et al., 2020; Paul, 2014; 
Teixeira et al., 2020). According to these authors, the increase in plant 
diversity, the re-establishment of some soil physicochemical properties 
(e.g., soil pH), and enzymatic activity (e.g., C, N, P, S enzymes) may 
favor some specific bacterial and fungal groups (e.g., P-mineralizing and 
P-solubilizing microorganisms), which perform important functions in 
the P transformation processes and regulate its availability. 

In general, these specific bacterial and fungal groups are involved in 
three main processes in soils: (i) mineralization, (ii) solubilization, and 
(iii) immobilization (Richardson and Simpson, 2011). Microorganisms 
involved in the P mineralization can produce enzymes that hydrolyze 
ester-phosphate bonds and free orthophosphate (PO4

3− ) from recalci-
trant organic P forms (Arenberg and Arai, 2019). They contain genes 
coding for enzymes, such as phytase (appA), alkaline phosphatase 
(phoD), acid phosphatase (olpA), phosphonatase (phnX), and C–P ly-
ases (phn), which possess the ability to mineralize organic-P compounds 
in soils (Dai et al., 2019; Rodríguez et al., 2006). On the other hand, P- 
solubilizing microorganisms can produce and release organic acids, such 
as oxalic acid, malic acid, formic acid, citric acid, and gluconic acid, 
which possess the ability to solubilize recalcitrant inorganic-P forms in 
soils (Alori et al., 2017; Rodríguez et al., 2006). They possess the gcd 
gene (encoding glucose dehydrogenase) and the cofactor pqq gene 
(encoding pyrroloquinoline quinone) that regulate the solubilization of 
unavailable mineral P forms (Khan et al., 2007). Lastly, microorganisms 
involved in the P immobilization can incorporate inorganic P into their 
biomass, competing with plants for the available P (Richardson and 
Simpson, 2011). They possess pst and pit transporter genes (e.g., genes 
coding for P-uptake and transport systems), which can help them to 
assimilate inorganic P under the P-low and rich conditions. Microbial 
groups involved in the P transformation are ubiquitous in soils. They 
have distinctive environmental requirements that can affect their pop-
ulation (size and activity) and, consequently, P transformation processes 
(Gupta et al., 2017). According to Bi et al. (2019) and Khan et al. (2013), 

they are also very sensitive to disturbances, especially to changes in soil 
physicochemical properties. This represents a great concern since pre-
vious studies indicated that the conversion of pristine forest to pasture in 
the Amazon region alters soil physicochemical properties and also the 
diversity, structure, and composition of the overall soil microbial com-
munity (Khan et al., 2019; Mendes et al., 2015a; Pedrinho et al., 2019). 
Nevertheless, there is a lack of studies and/or knowledge about the 
impacts of land-use change on microbial groups involved in the P 
transformation and their potential functions in the Amazon region. 

Here, we assessed the effects of land-use change on the dynamics of 
soil bacterial communities, especially those bacterial groups involved in 
the P transformation processes and their potential functions. We used 
shotgun DNA-metagenomic sequencing and P fractionation analysis to 
assess the diversity, structure, composition, and potential functions of 
soil bacterial communities involved in different P transformation pro-
cesses in the Brazilian Amazon region. We hypothesize that forest-to- 
pasture conversion affects negatively the soil bacterial communities 
involved in the P transformation due to changes in vegetation and P 
dynamics (e.g., lability and content). On the other hand, we expect that 
after the abandonment of degraded pasture, secondary forest re- 
establishment will lead to a recovery of bacterial groups, especially 
those involved in the P transformation processes and their potential 
functions. The following questions were addressed to test our hypothe-
ses: (i) What are the main impacts of land-use change on soil chemical 
properties and/or P fractions?; (ii) What are the main consequences of 
land-use change on the structure and diversity of bacterial groups 
involved in the P transformation processes?; (iii) How does land-use 
change potentially affect the interactions among bacterial groups 
involved in the P transformation and their potential functions?; (iv) How 
does forest regeneration potentially help in the recovery of P dynamics 
in soils? 

2. Material and methods 

2.1. Land-use system description and soil sampling 

The study was performed in the Tapajós National Forest and its 
adjacent areas, in Belterra, state of Pará, Brazil (Supplementary Fig. 1). 
Soil samples were collected from different land-use systems in this re-
gion at the beginning of the wet (May) and dry (November) seasons of 
2016. Briefly, we selected a i) primary forest (PF − 2◦51′23.9′′S, 
54◦57′28.4′′W), which comprises a protected rainforest with no history 
of fire and/or logging activities (e.g., plant species found in this site - 
Domingues et al., 2007); ii) pasture (PA − 3◦07′52.9′′S, 54◦57′28.1′′W), 
a former rainforest site that was converted to pastureland more than 20 
years ago. Pasture is predominantly covered by the grass Urochloa and is 
characterized by extensive management. The farmer does not use fer-
tilizers and/or animal rotations, and pasture has very low productivity 
levels (<1 animal unit per ha); and iii) secondary forest (SF −
3◦15′47.9′′S, 54◦53′36.0′′W), comprises a site form used for cattle 
ranching activities and with more than 18–19 years of abandonment. 
Currently, this area is being naturally re-colonized by rainforest plant 
species (e.g., small trees and shrubs - more information in Pedrinho 
et al., 2019). 

The soil in these sites is classified as Typic Hapludox with high 
acidity (average soil pH = 3.95; Table ST1) and very low fertility (Soil 
Survey Staff, 2014). The climate is classified as Am (Koppen’s classifi-
cation), with an average temperature of 26 ◦C and precipitation of 2,150 
mm. A total of 24 soil samples were collected (three sites × two sampling 
periods × four replicates per site). At each location, a 200 m transect 
with four equally spaced sampling points (50 m apart, considered here 
as replicates) was established. The plant fresh material and/or debris 
were removed from the soil surface, and then, an auger was used to 
collect samples at 0 to 0.10 m depth. These included i) 50 g of soil for 
molecular analysis (e.g., DNA extraction and further shotgun DNA- 
metagenomic analysis) and ii) 400 g of soil to perform P fractionation 
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and also to determine chemical properties. Soil samples were trans-
ported to the Cell and Molecular Biology Laboratory at the Center for 
Nuclear Energy in Agriculture (CENA/USP, Piracicaba, Brazil). Samples 
for molecular analysis were stored at − 80 ◦C, while samples for P 
fractionation and chemical analysis were stored at 4 ◦C until processing. 

2.2. Phosphorus fractionation 

The soil’s chemical properties were determined following the 
Manual of Soil Analysis Methods (Embrapa, 1997). The soil P fractions 
were determined by sequential chemical extractions (Condron et al., 
1985; Hedley et al., 1982). In this method, inorganic (Pi) and organic 
(Po) P fractions are progressively extracted (Damian et al., 2019). 
Briefly, 0.5 g soil was placed in 15 ml centrifuge tubes, and at each step, 
10 ml of extractant was added. First of all, we used i) anion exchange 
resin to extract the most labile P (PAER), followed by ii) sodium bicar-
bonate (0.5 M NaHCO3) to extract the labile inorganic P (PiBIC) and 
organic P (PoBIC) sorbed to the soil surfaces, iii) sodium hydroxide (0.1 
M NaOH) was added to extract inorganic P associated with amorphous 
and some crystalline Al and Fe oxides (PiHID-0.1) and organic P asso-
ciated with humic compounds (PoHID-0.1), iv) hydrochloric acid (1.0 M 
HCl) was added to extract mainly inorganic P associated with apatite 
(PiHCl), and v) sodium hydroxide (0.5 M NaOH) was used to extract 
highly resistant fraction of inorganic P (PiHID-0.5) and organic P 
(PoHID-0.5). The soil left was dried at 50 ◦C, grounded, and later 
digested in sulfuric acid (H2SO4) + hydrogen peroxide (H2O2) to 
determine the most chemically stable inorganic and organic P forms, 
here called the residual P (Presidual). Murphy and Riley’s (1962) 
method was used to determine P concentrations. Total P in the alkaline 
extracts (0.5 M NaHCO3; 0.1 M and 0.5 M NaOH) was measured by 
digestion in ammonium persulphate ((NH4)2S2O8) + H2SO4 and later 
autoclaved at 121 ◦C and 103 KPa for 2 h. Inorganic P fractions (Pi) in 
alkaline extracts were measured by Dick and Tabatabai’s (1977) 
method. Organic P (Po) was determined by subtracting the total P and Pi 
in the alkaline fractions. Lastly, soil P fractions were arranged based on 
their availability such as i) labile (PAER + PiBIC + PoBIC), ii) moder-
ately labile (PiHID-0.1 + PoHID-0.1 + PiHCl), and iii) non-labile (PiHID- 
0.5 + PoHID-0.5 + Presidual). 

2.3. Acid phosphatase analysis 

Acid phosphatase enzyme activity was measured by Tabatabai and 
Bremner’s (1969) method. Briefly, 1.0 g of soil was placed in a glass tube 
and then added of 4 ml of a modified universal buffer solution, 0.25 ml 
of toluene, and 1 ml of p-nitrophenol phosphate solution. The tubes were 
swirled for 20 s to assure that the content was well mixed and then 
incubated at 37 ◦C for one hour. Afterward, 1 ml of calcium dichloride 
(CaCl2) and 4 ml of 0.5 M NaOH were added to inactivate the enzyme 
and extract the p-nitrophenol liberated. Once again, the tubes were 
swirled, and the soil suspension was passed through Whatman N◦ 42 
filter paper. Lastly, the absorbance of the yellow color of p-nitrophenol 
was determined in a spectrophotometer at 410 nm. 

2.4. Soil DNA extraction and shotgun DNA-metagenomic sequencing 

Soil total DNA was extracted using the DNeasy PowerLyzer Power-
Soil Kit (Qiagen, Hilden, Germany). To assure good quality and quantity 
of DNA extracts, we followed all manufacturer’s recommendations. Af-
terward, we ran an agarose gel to confirm DNA quality and used 
NanoDrop 1000 spectrophotometry (Thermo Scientific, Wilmington, 
DE, EUA) to assess DNA quantity. The Nextera XT DNA Library Prepa-
ration Kit was used to prepare the shotgun DNA-metagenomic libraries. 
Sequencing was performed on an Illumina HiSeq 2500 platform (2 ×
100 bp; Illumina, San Diego, CA, USA), according to the manufacturer’s 
recommendations (for more information check Pedrinho et al., 2019). 

2.5. Metagenomic analysis 

The FastQC software (version 0.11.5) was used to assess the quality 
of raw sequences. Afterward, we used Trimmomatic software (version 
0.32, Bolger et al., 2014) to trim and remove adapters and low-quality 
sequences (quality score lower than Q20). The PEAR software (Zhang 
et al., 2014) was used to initially assemble (R1 and R2) the remaining 
paired-end sequences. In this step, we chose to remove sequences 
with<50 nucleotides in length and under Q20. Later, DNA sequences 
were uploaded in the Metagenomics Rapid Annotation Server (MG- 
RAST) server v.4 (Meyer et al., 2008). The annotation of taxonomic and 
functional profiles was performed using Refseq (O’Leary et al., 2016) 
and KEGG (Kanehisa et al., 2017) databases, respectively (default pa-
rameters, minimum alignment length of 15 bp; minimal identity cutoff 
of 60 %; maximum E-value cutoff of E < 1 × 10–5). Here, we specifically 
targeted bacterial taxa and genes involved in P transformation as pre-
viously described by Bergkemper et al. (2016) and Grafe et al. (2018). 
Shotgun DNA-metagenomic data can be assessed at MG-RAST under the 
project ID ‘mgp83361’. 

2.6. Statistical analysis 

The analysis of variance (ANOVA) followed by Tukey’s post hoc test 
for multiple comparisons (P < 0.05) was performed to test for significant 
differences in P fractions and acid phosphatase enzyme activity among 
the samples from the different land-use systems. The ‘agricolae’ package 
in R was used to perform the comparisons. For downstream analyses, we 
used the normalized matrices from bacterial taxa (Refseq database) and 
potential functions (KEGG database), respectively. To assess the in-
fluences of environmental variables (e.g., soil chemical properties and P 
fractions) on the bacterial taxonomic and functional structures, we used 
the distance-based redundancy analysis (dbRDA). Additionally, we used 
a permutational multivariate analysis of variance (PERMANOVA; 
Anderson, 2001) to determine if the samples harbored significant dif-
ferences in structures. The Canoco 4.5 (Biometrics, Wageningen, The 
Netherlands) software was used to create dbRDA plots. The PAST 4.04 
(Hammer et al., 2001) software was used to perform PERMANOVA 
analyses. Also, we used previous software to calculate the richness and 
Shannon’s alpha diversity indexes. 

The differences in the abundance of P bacterial groups and potential 
functions among the land-use systems were determined using the sta-
tistical analysis of metagenomic profiles (STAMP) software (Parks and 
Beiko, 2010). The frequency tables of bacterial taxons and their poten-
tial functions were produced in MG-RAST and used as input. The two- 
sided Welch’s t-test (Welch, 1947) was used to calculate P-values and 
then we used the Benjamini-Hochberg false discovery rate test (P < 0.05, 
Benjamini and Hochberg, 1995) for corrections. To assess the connec-
tions among the bacterial taxa involved in the P transformation in the 
selected land-use systems, we chose to perform the network analysis. For 
this, we calculated and used the SparCC correlations (Friedman and 
Alm, 2012) among the bacterial taxa involved in the P transformation 
process and P fractions in the soils. We highlight that significant (P <
0.01) and strong (>0.7 or < − 0.7) correlations were used in each 
network. Lastly, we used the software Gephi to calculate each network’s 
topological properties and to perform visualization (Bastian et al., 
2009). 

3. Results 

3.1. Phosphatase activity, total P, and its different fractions in the soil 

Our results demonstrated that the land-use change altered the total 
amount of P and its fractions in the soil (Fig. 1A; Supplementary 
Table 2). The native forest soil had a higher amount of total P in com-
parison to pasture and secondary forest soils (P < 0.05). The majority of 
P was found in the non-labile fraction followed by the moderate-labile, 
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and only a small portion of P was readily available in all land-use sys-
tems. We observed a reduction in the total amount of P and its non-labile 
fraction after forest-to-pasture conversion. Conversely, we observed that 
after the decline of pasture activities and natural re-establishment of 
secondary forest, the total amount of P in the soil and its non-labile 
fraction started to progressively increase, reaching an intermediate 
level to those observed in the primary forest. Furthermore, we observed 
lower labile P amounts in the secondary forest soil in comparison to the 
primary forest. Lastly, we noticed that land-use change negatively 
affected the activity of the acid phosphatase enzyme (Fig. 1B). Our re-
sults demonstrated that secondary forest had higher acid phosphatase 
activity values in comparison to primary forest and pasture soils (P <
0.05). 

3.2. The structure of the bacterial community involved in the P 
transformation 

We used the distance-based redundancy analysis (db-RDA) to 
determine the effects of land-use change on the structure of bacterial 
groups involved in the P transformation processes. The first two axes of 
each plot explained more than 75 % of the variation. In general, we 
observed that samples were grouped according to the land-use system 
(Fig. 2A, B). The taxonomic structure analysis revealed that bacterial 

communities involved in the P transformation process were remarkedly 
different from each other across the different land-use systems (PER-
MANOVA F = 13.57; P = 0.0001). Conversely, the potential functional 
structure analysis demonstrated that microbial functions associated with 
P transformation in primary and secondary forests were similar between 
themselves and distinct from pasture (PERMANOVA F = 10.67, P =
0.0003). Lastly, the general structure of the bacterial community 
involved in the P transformation was significantly correlated with Al3+
(F = 9.24, P = 0.001), total P (F = 2.65, P = 0.037), and the labile P 
fraction (F = 2.47, P = 0.048). 

3.3. Taxonomic diversity and composition of soil bacterial community 

The land-use change altered the richness, diversity, and potential 
functional diversity of the soil bacterial community involved in the P 
transformation (P < 0.05). The primary and secondary forests presented 
lower values when compared to pasture (Fig. 3A, B). 

In general, the bacterial community related to the P transformation 
was composed of 24 phyla (Fig. 4). Proteobacteria (55.93 % of total 
sequences), Actinobacteria (17.41 %), Acidobacteria (9.11 %), Firmi-
cutes (5.34 %), and Cyanobacteria (3.82 %) were the main bacterial 
phyla in all land-use systems, and together they account for more than 
91 % of the soil bacterial community involved in the P transformation. 

Fig. 1. (A) Phosphorus (P) contents in different fractions of primary forest (PF), pasture (PA), and secondary forest (SF) soils for both wet and dry sampling periods. 
(B) Acid phosphatase activity of the different land-use systems. Error bars represent the standard deviation of four independent replicates. The different lowercase 
letters indicate significant differences among the areas during the wet season (P < 0.05). The different uppercase letters indicate significant differences among the 
areas during the dry season (P < 0.05). Comparisons were based on the Kruskal-Wallis H test followed by Dunn’s multiple comparisons test (P < 0.05). 

Fig. 2. Redundancy analysis of bacterial community involved in the phosphorus transformation and chemical properties from primary forest (PF), pasture (PA), and 
secondary forest (SF) soils. (A) Taxonomic analysis using relative abundances based on Refseq database at genera level. (B) Functional analysis using relative 
abundances based on the KEGG database at the gene level. The significance of these correlations was evaluated via the Monte Carlo permutation test and is indicated 
by asterisks (P < 0.05). Analysis of permutation (PERMANOVA) is indicated in the upper right of each graph. OM organic matter, m aluminum saturation. 
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Fig. 3. Diversity measurements of the bacterial community involved in the phosphorus transformation in soils from primary forest (PF), pasture (PA), and secondary 
forest (SF) for both the wet and dry sampling periods. Taxonomic (A) richness and (B) diversity is based on genera level (Refseq database) and (C) functional diversity 
is based on gene level (KEGG database). Error bars represent the standard deviation of four independent replicates. The different lowercase letters indicate significant 
differences among the areas during the wet season. The different uppercase letters indicate significant differences among the areas during the dry season. Com-
parisons were based on the Kruskal–Wallis H test followed by Dunn’s multiple comparisons test (P < 0.05). 

Fig. 4. Heatmaps showing the differential abundance of bacterial phyla involved in the P transformation among primary forest (PF), pasture (PA), and secondary 
forest (SF) soils for both the wet and dry sampling periods. Asterisks indicate the overrepresented phyla compared with the other land-use systems (P < 0.05, after 
Benjamini–Hochberg correction). The color key relates the heat map colors to the standard score (z-score). The circles are proportional to the relative abundance of 
each phyla in all samples. 
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As expected, land-use change also altered the bacterial composition 
across the studied sites. The forest-to-pasture conversion led to an in-
crease in the abundance of several phyla, such as Firmicutes, Cyano-
bacteria, Gemmatimonadetes, Verrucomicrobia, Planctomycetes, and 
Chlorobi. On the other hand, after the decline of pasture activities and 
the natural re-establishment of secondary forest, the abundance of most 
of these bacterial phyla returned to levels previously observed in the 
primary forest. Interestingly, in the secondary forest, we observed that 
the abundance of Actinobacteria decreased. On the other hand, in this 
same site, we observed that the abundance of Proteobacteria members 
increased when compared to primary forest and pasture soils (P < 0.05). 

The bacterial composition at the family level demonstrated that more 
than 190 families were involved in the P transformation process (e.g., 
uptake of extracellular P sources, solubilization, mineralization, and 
regulation process). Overall, the most abundant families for all land-use 
systems were Bradyrhizobiaceae (11.61 %), followed by Solibacteraceae 
(7.42 %), Mycobacteriaceae (6.01 %), Burkholderiaceae (3.59 %), and 
Comamonadaceae (2.37 %) (Supplementary Fig. 2). The land-use 
change also affected the bacterial composition at the family level. We 
observed a high abundance of Mycobacteriaceae in the primary forest. 
On the other hand, high abundances of Bradyrhizobiaceae, Beijerinck-
iaceae, and Solibacteraceae families were observed in the secondary 
forest. Lastly, more than 75 families presented high abundances in the 
pasture in comparison to native and secondary forests. Here, we call the 
attention to Bacillaceae, Rhizobiaceae, and Geobacteraceae families. 

3.4. Potential functions of the soil bacterial community 

The potential functional diversity of the soil bacterial community 
involved in the P transformation was affected by land-use change. In 
general, primary forest soil presented a lower potential functional 

diversity index compared to pasture and secondary forest soils (Fig. 3C). 
Approximately 0.73 % of the metagenome sequences (~333,400 se-
quences) were assigned to the P metabolism (Supplementary Fig. 3). The 
majority of sequences related to the P metabolism were assigned to the 
uptake of extracellular P sources (69.86 %), solubilization (12.18 %), 
mineralization (11.56 %), and regulation process (6.40 %) (Fig. 5A-D). 
In general, land-use change altered significantly the different functional 
categories. The primary forest soil presented a high abundance of se-
quences associated with the solubilization and uptake of extracellular P 
sources when compared to pasture during the wet season (P < 0.05). On 
the other hand, we did not observe significant differences during the dry 
season (P greater than 0.05). Interestingly, a greater number of se-
quences affiliated with P mineralization were presented in pasture and 
secondary forest soils in comparison to the primary forest (P < 0.05). 

We also compared the relative abundances of bacterial genes 
encoding proteins that are linked to the uptake of extracellular P sour-
ces, solubilization, mineralization, and regulation process across the 
land-use systems (Fig. 5E; Supplementary Table 3). We highlight that 
bacterial genes associated with the intracellular P transformation were 
removed from further analysis. In general, 26 genes were involved in the 
P transformation process. The genes gcd (glucose dehydrogenase), pho 
(phosphate regulation), and pst (multimeric ABC-type phosphorus spe-
cific transporter) were the most abundant for all studied sites. Also, the 
majority of the genes involved in the P transformation were affected by 
land-use change. Among the land-use systems, secondary forest followed 
by pasture presented a great increase in the number of these genes in 
comparison to the primary forest (P < 0.05; Supplementary Table 3). 
Here, we especially highlight the increase of phn (phenol hydroxylase 
component) and pho genes in both land-use systems. 

Fig. 5. The proportion of sequences affiliated with the phosphorus transformation processes in the primary forest (PF), pasture (PA), and secondary forest (SF) 
soils for both wet and dry sampling periods. (A-D) The proportion of sequences affiliated with the level 1 category of phosphorus metabolism. (E) Relative abundance 
of genes involved in phosphorus transformation processes. The quality-filtered reads were blasted against the KEGG database. Error bars represent the standard 
deviation of four independent replicates. Different lower- and capital-case letters (A-D) and asterisks (E) refer to significant differences in the abundance of genes 
across sites in each season based on the Kruskal–Wallis H test followed by Dunn’s multiple comparisons test (P < 0.05). 
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3.5. Network analysis 

According to Khan et al. (2019), network analysis allows the iden-
tification of potential associations among microbial groups, and it can be 
also used to understand community assembly and ecosystem func-
tioning. Here, we used network analysis to investigate the interaction 
among the bacterial taxa involved in the P transformation process and P 
fractions in the soil. The land-use change impacted the network’s 
compositional and topological properties (Fig. 6). The pasture (number 
of nodes = 99, edges = 162, average degree = 3.27) presented a higher 
complex network in comparison to the primary forest (number of nodes 
= 80, edges = 99, average degree = 2.47; Supplementary Table 4). On 
the other hand, the secondary forest exhibited transitional composition 
and topology features (number of nodes = 85, edges = 125, average 
degree = 2.94) between native forest and pasture. 

In a further analysis, we tackled bacterial groups with high 
betweenness centrality values (Supplementary Table 5). According to 
Khan et al. 2019, these bacterial groups (represented by the nodes) have 
an essential role in the network as a connector, which represents an 
important biological and ecological feature. In the primary forest, 
Methylobacterium, Bradyrhizobium, Candidatus Solibacter, Con-
exibacter, and Pseudomonas were the top five bacterial genera pre-
senting the highest betweenness centrality values. Also, these bacterial 
genera presented strong and positive correlations with total P, inor-
ganic, and organic P fractions. Conversely, a significant change in the 
network properties was noticed after the forest-to-pasture conversion. 
This time Bradyrhizobium, Acidithiobacillus, Mesorhizobium, Borde-
tella, and Nocardioides were the bacterial genera that presented the 
highest and greatest betweenness centrality values. These bacterial 
genera presented positive correlations with total P and inorganic P 
fractions. Lastly, the network composition and topology properties 
changed again after the decline of pasture activities and the natural re- 
establishment of secondary forest. This time, Granulibacter, Acid-
obacterium, Gemmatimonas, Rhodomicrobium, and Acidithiobacillus 
presented the highest values. For this land-use system, the top five 
bacterial genera presented only a low and positive correlation with total 
P. 

4. Discussion 

4.1. Phosphatase activity, total P, and its different fractions in the soil 

In general, our results demonstrated that forest-to-pasture conver-
sion alters P-lability and leads to a great reduction in the total amount of 
P in the soil. According to Solomon et al. (2002), the P transformation 
process in undisturbed tropical forests is essentially closed with minimal 
short and middle-term losses and/or gains. On the other hand, the 
conversion of tropical forest to pasture by the slash-and-burning method 
alters P-lability and releases a large amount of P (and other nutrients) 
from the forest biomass, which can be redistributed between living 
plants and soil microorganisms or lost via runoff and leaching (Hamer 
et al., 2013; Soltangheisi et al., 2019). Garcia-Montiel et al. (2000) also 
highlighted that a great reduction of P may occur in pasture soils due to 
intensive grazing and low use of P and N fertilizers by smallholder 
farmers in the Amazon region. According to the authors, these practices 
lead to soil degradation, low productivity levels, and, consequently, the 
abandonment of these areas. In the meantime, the natural vegetation 
begins to re-establish itself and form a new forest stand (secondary 
forest), and some soil properties and/or nutrients (e.g., soil pH, Ca2+, 
and Mg2+) can be recovered gradually and reach intermediate or even 
similar levels to those observed in the undisturbed forest sites (Cenciani 
et al., 2009, Mirsha et al., 2004, Pedrinho et al., 2020). We highlight 
here that, during the early stages of secondary forest regeneration, there 
is great competition for nutrients, water, and sunlight among the young 
forest vegetation – e.g., small trees and shrubs (Rebola et al., 2021). 
Large amounts of readily available nutrients, especially inorganic C, N, 
and P pools, are taken up by the dominant species, which grow and 
establish themselves faster when compared to the others (Kumar et al., 
2021). This initial impoverishment of the inorganic P pool may lead to 
high activity of phosphatase, which is the enzyme that hydrolyzes 
recalcitrant organic P and make it available to plants and/or microor-
ganisms (Maharjan et al., 2018). 

4.2. The structure of the bacterial community involved in the P 
transformation 

Our results demonstrated that the land-use change also impacted the 
bacterial community structure. Aluminum and total P correlated posi-
tively with the bacterial community involved in the P transformation 
process in the primary forest. According to Sombroek (1984), the 

Fig. 6. Network co-occurrence analysis of bacterial communities involved in the phosphorus transformation in soils from primary forest, pasture, and secondary 
forest. A connection stands for SparCC correlation with magnitude >0.7 (positive correlation–blue edges) or <− 0.7 (negative correlation–red edges) and statistically 
significant (P ≤ 0.01). Each node represents taxa affiliated at the genus level and the size of the node is proportional to the number of connections (that is, degree). 
The numbers inside the nodes indicate the genera with more correlations, as follows: (1) Methylobacterium, (2) Bradyrhizobium, (3) Candidatus Solibacter, (4) 
Conexibacter, (5) Pseudomonas, (6) Acidithiobacillus, (7) Mesorhizobium, (8) Bordetella, (9) Nocardioides, (10) Granulibacter, (11) Acidobacterium, (12) Gem-
matimonas, and (13) Rhodomicrobium. Square nodes indicate phosphorus fractions, as follows: Pi = Inorganic Phosphorus; Po = Organic Phosphorus; Pt = Total 
Phosphorus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Amazon rainforest soils are naturally rich in Fe and Al oxides due to the 
strong weathering process typically found in these regions, which have 
heavy rainfall and high temperatures. These Fe and Al oxides have the 
geochemical ability to bind P and make it unavailable for the uptake of 
plants and microorganisms (Gama-Rodrigues et al., 2014). As a conse-
quence, a great number of plants rely on a small group of microorgan-
isms that are capable to mineralize organic P and solubilize inorganic P 
forms and thus increase P availability in the soil (Shrivastava et al., 
2018). In general, these P-solubilizing microorganisms are capable to 
produce organic acids (e.g., citric acid, malic acid, gluconic acid, etc) 
and metal chelators that solubilize different P forms in the soil (Mpanga 
et al., 2019). Furthermore, the great amount of plant litter in the 
Amazon rainforest soils can support large soil microbial biomass, which 
is rich in C, N, and P sources (Araújo et al., 2013). According to Khan and 
Joergensen (2012), the turnover of this soil microbial biomass may 
contribute to a slow release of inorganic P, that can be accessed and/or 
used by plants. On the other hand, in the secondary forest, we observed 
that the bacterial community involved in the P transformation process 
had a negative correlation with the labile-P. As previously mentioned, 
the high demand for nutrients (e.g., N and P) by the young forest 
vegetation during early succession led to a lower amount of labile-P 
when compared to the primary forest site. Here, we argue that the low 
availability of labile-P resulted in a more specialized bacterial commu-
nity, which somehow can use more efficiently organic forms of P and 
make them available to plants and other microorganisms. 

4.3. Taxonomic diversity and composition of soil bacterial community 

Our results demonstrated that land-use change can affect the rich-
ness and diversity of the soil bacterial community involved in the P 
transformation process. In general, forest-to-pasture conversion 
increased both indices. Mendes et al. (2015b) and Pedrinho et al. (2019) 
observed similar results when studying the impact of land-use change in 
the Brazilian Amazon region on microbial taxonomic and functional 
diversities. According to the authors, the stress conditions commonly 
found in degraded pastures in the Amazon region (e.g., nutrient deple-
tion, great variation of water content, and/or soil temperature) may lead 
to an increase in richness and taxonomic diversity, which in terms can 
contribute to the maintenance of soil functioning by the functional 
redundancy. Furthermore, we observed that land-use change resulted in 
distinct patterns of relative abundance of bacteria involved in different P 
transformation processes. The forest-to-pasture conversion led to an 
increase in the relative abundances of Firmicutes, Cyanobacteria, 
Gemmatimonadetes, and some other phyla. Previous studies have also 
observed that the conversion of forest to pasture in the Amazon region 
increases the abundance of Firmicutes (Mendes et al., 2015b; Rodrigues 
et al., 2013). According to them, many Firmicutes members are notably 
resistant to stress conditions, including desiccation, and changes in the 
soil temperature during the day/night. Firmicute members also partic-
ipate in different N and P transformation processes. For example, 
Bacillaceae (one of the Firmicutes’ families that present high abundance 
in the pasture) are saprophyte microorganisms that perform funda-
mental roles in soil ecology (e.g., organic matter turnover) and plant 
growth stimulation (e.g., P-solubilization) (Mandic-Mulec et al., 2015). 
According to Oliveira et al. (2009), Bacillaceae members possess phos-
phatase and/or phosphate-solubilizing activity. In general, these mi-
croorganisms can produce organic acids that are capable to release 
phosphate from insoluble P sources, and consequently, improve plant 
nutrition and growth (Oliveira et al., 2009). Cyanobacteria are photo-
synthetic gram-negative microorganisms, which are well known for 
having nitrogen-fixation ability (Pedrinho et al., 2020; Singh et al., 
2014). Many Cyanobacteria can also perform the solubilization of 
different P sources (e.g., AlPO4 - aluminum phosphate, FePO4 - ferric 
orthophosphate, etc) present in soils (Vaishampayan et al., 2001). In 
general, they can produce extracellular enzymes (e.g., alkaline and acid 
phosphatases) and organic acids (e.g., lactic, malic, citric, gluconic, and 

oxalic acid) that enhance mineralization and/or solubilization of P 
compounds and transformed it into easily available sources to plants and 
other soil microorganisms (Prasanna et al., 2012). Lastly, Gemmatimo-
nadetes is a cosmopolitan phylum, which inhabits a wide variety of 
terrestrial environments, including pasture and agricultural soils. 
Members of this phylum are adapted to dry soil conditions and appear to 
have the ability to store inorganic P sources that later can be used under 
low-phosphate availability (DeBruyn et al., 2011; Pascual et al., 2016). 

In the secondary forest, the abundance of Actinobacteria members 
decreased in comparison to primary forest soil. The impacts of land-use 
change on the abundance of Actinobacteria were previously reported by 
Zhang et al. (2021). On the other hand, the abundance of Proteobacteria 
members increased in the secondary forest soil. The shift from pasture to 
secondary forest vegetation led to a more diverse environment (e.g., 
plant composition and biomass production) and created suitable con-
ditions (e.g., more diversity of C, N, S, and P sources) for Proteobacteria, 
which have a well-adapt metabolism and are capable to explore more 
efficient different niches (Gross et al., 1995; Kazakov et al., 2009). Here, 
we pay attention to Bradyrhizobiaceae and Beijerinckiaceae (both 
families belonging to Proteobacteria), which are commonly found in 
acidic and nutrient-poor forest soils. These microorganisms possess the 
ability to release organic acids, which help the solubilization of different 
P sources (Oliverio et al., 2020), and consequently, increase P avail-
ability and improve plant nutrition and growth. 

4.4. Potential functions of the soil bacterial community 

Our results demonstrated that land-use change can affect the po-
tential functions of the soil bacterial community involved in the P 
transformation process. For all land-use systems, the majority of se-
quences were assigned to the uptake of extracellular P sources, solubi-
lization, mineralization, and regulation process. A great number of 
sequences affiliated with the solubilization and uptake of extracellular P 
sources were observed in the primary forest when compared to the 
pasture. As previously mentioned, the P transformation process in the 
primary forest is essentially closed with few losses and/or gains (Solo-
mon et al., 2002), and a large number of plants and microorganisms rely 
on microbial P turnover and P-solubilizing microorganisms, which are 
capable to produce organic acids (e.g., malic-, oxalic-, lactic-, and citric 
acids) that solubilize inorganic P (Mpanga et al., 2019). These micro-
organisms possess the gcd gene (glucose dehydrogenase) that directly 
governs the oxidation of glucose to gluconic acid (Liang et al., 2020). 
Later, this gluconic acid can be used to solubilize inorganically bound 
fractions of P, and thus, increase P availability in soils (Grafe et al., 
2018). In agreement with Grafe et al. (2018), we also noticed that the 
increase in solubilization was followed by an increase in the P uptake 
process (e.g., especially pst genes encoding proteins involved in the P 
uptake) in the primary forest soil. Dai et al. (2019) emphasized that 
ABC-type phosphorus specific transporter (pst) is a high-affinity trans-
porter that can act in the assimilation process of inorganic P. The soil 
microorganisms that possess these pst genes are able to use more effi-
ciently P and/or immobilize P in their biomass and, later through mi-
crobial P turnover, increase P available to plants (Richardson and 
Simpson, 2011). 

Conversely, pasture and secondary forest soils presented a great 
number of sequences affiliated with P mineralization in comparison to 
the primary forest. The P mineralization has a pivotal role in microbial 
and/or plant nutrition in low-input agrosystems (Oehl et al., 2001). 
During the mineralization process, some microorganisms can produce 
enzymes that convert organic P into inorganic forms. According to Dai 
et al. (2019), these microorganisms usually contain genes encoding for 
enzymes, such and C–P lyases (phn) and alkaline phosphatase (phoD 
and phoA), which have a high capacity to release orthophosphate 
(PO4

3− ) from recalcitrant organic P forms in soils. Interestingly, we 
observed an increase in these genes in both land-use systems. Here, we 
highlight the importance of this process (and the microorganisms 
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involved) in degraded land-use systems and suggest that conservation 
practices and/or restoration measures can increase P levels and improve 
P availability throughout time. 

4.5. Network analysis 

Lastly, network analysis revealed that the forest-to-pasture conver-
sion affected the dynamics of interaction in the bacterial community 
involved in the P transformation process and also altered the composi-
tional and topological properties (Khan et al., 2019; Pedrinho et al., 
2020). In general, forest-to-pasture conversion increased network 
complexity. Mendes et al. (2017) and Pedrinho et al. (2020) highlight 
that poor management strategy used by smallholder farmers in the 
Amazon region (e.g., intensive grazing and low use of N and P fertilizers) 
and stress conditions (e.g., changes in the soil water content and/or 
temperature during the day/night) usually observed in degraded pasture 
can increase the taxonomic and functional diversity, which somehow 
results in a network more complex. In the primary forest, we observed 
that Methylobacterium presented the highest betweenness centrality 
value. This suggests that Methylobacterium has great importance in this 
ecosystem. Previous studies also observed a high abundance of Meth-
ylobacterium in forest soils (Zeng et al., 2022). According to Dourado 
et al. (2015), Methylobacterium is a copiotrophic bacteria capable to 
promote plant growth (e.g., auxin and cytokinin production) and solu-
bilize organic P, which can be later used by both plants and other mi-
croorganisms (Agafonova et al., 2013). Studies also indicated that 
Methylobacterium can also have a synergistic relationship with some 
arbuscular mycorrhizal fungi (AMF) (Kim et al., 2010). This interaction 
between Methylobacterium and AMF could represent an important 
feature in the primary forest soil. This is because plants can take 
advantage of the interaction with different soil microorganisms, 
including some bacteria and AMF, making them more tolerant to abiotic 
(e.g., salinity, drought, extreme temperatures, etc) and biotic (e.g., plant 
pathogens) stresses (Lee et al., 2015). Regarding the pasture network, 
we observed that Bradyrhizobium presented the highest betweenness 
centrality value. This bacterial group is well-known for its nitrogen 
fixation ability (Nafis et al., 2019) and studies suggest that Bradyrhi-
zobium has the potential to perform P mineralization (Wei et al., 2019). 
According to the authors, Bradyrhizobium is a dominant phoD- 
harboring microorganism in upland soils. They suggest that under P- 
depleted conditions, Bradyrhizobium can be involved in the miner-
alization process of soil organic P. This could help us to explain the high 
number of sequences associated with P mineralization and the high 
abundance of phoD genes in the pasture. We suggest that after forest-to- 
pasture conversion, it is very likely that important species were lost. 
Species such as Methylobacterium could have a key role in soil 
ecosystem functioning (Khan et al., 2019). Finally, the secondary forest 
network exhibits transitional composition and topology features be-
tween native forest and pasture. In the secondary forest network, 
Granulibacter was identified as a key bacterial group. This genus is a 
member of Proteobacteria, which can produce enzymes capable to hy-
drolyze a variety of phosphomonoesters and release inorganic P (Gaiero 
et al., 2018). 

5. Conclusion 

The forest-to-pasture conversion changed the soil’s chemical prop-
erties, mainly pH, Al3+, total P, and labile P contents. These changes in 
soil’s chemical properties impacted the diversity and structure of the 
bacterial community involved in the P transformation process. 
Furthermore, we observed that forest-to-pasture conversion altered the 
composition of bacterial groups involved in the P transformation and 
also affected their potential functions. On the other hand, we observed 
that after the decline of pasture activities and the natural re- 
establishment of secondary forest, bacterial groups involved in the P 
transformation and some of their potential functions presented signs of 

resilience. This suggests that soil biogeochemical processes can be 
recovered over time. We highlight that we focused our efforts on bac-
terial groups and their role in different P transformations in soils, even 
though it is known that fungi, especially AMF, also have a pivotal role in 
plant nutrition in many tropical and subtropical regions. So, further 
studies are necessary to understand how land-use change affects this 
important soil microbial group. Finally, we highlight that this type of 
study may add relevant information to the development of better 
restoration practices in the Amazon region, which can provide a fast 
recovery of the biodiversity of soil microorganisms and their potential 
functions. 
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