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Abstract:



The processes of land conversion and agricultural intensification are a significant cause of biodiversity loss, with consequent negative effects both on the environment and the sustainability of food production. The anthrosols associated with pre-Colombian settlements in the Amazonian region are examples of how anthropogenic activities may sustain the native populations against harsh tropical environments for human establishment, even without a previous intentionality of anthropic soil formation. In a case study (Model I—“Slash-and-Burn”) the community structures detected by automated ribosomal intergenic spacer analysis (ARISA) revealed that soil archaeal, bacterial and fungal communities are heterogeneous and each capable of responding differently to environmental characteristics. ARISA data evidenced considerable difference in structure existing between microbial communities in forest and agricultural soils. In a second study (Model II—“Anthropogenic Soil”), the bacterial community structures revealed by terminal restriction fragment length polymorphism (T-RFLP) differed among an Amazonian Dark Earth (ADE), black carbon (BC) and its adjacent non-anthropogenic oxisoil. The bacterial 16S rRNA gene (OTU) richness estimated by pyrosequencing was higher in ADE than BC. The most abundant bacterial phyla in ADE soils and BC were Proteobacteria—24% ADE, 15% BC; Acidobacteria—10% ADE, 21% BC; Actinobacteria—7% ADE, 12% BC; Verrucomicrobia, 8% ADE; 9% BC; Firmicutes—3% ADE, 8% BC. Overall, unclassified bacteria corresponded to 36% ADE, and 26% BC. Regardless of current land uses, our data suggest that soil microbial community structures may be strongly influenced by the historical soil management and that anthrosols in Amazonia, of anthropogenic origins, in addition to their capacity of enhancing crop yields, may also improve microbial diversity, with the support of the black carbon, which may sustain a particular and unique habitat for the microbes.
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1. Introduction


The Brazilian Amazon represents half of the world's rainforest and is home to one-third of the Earth's species, yet the Amazon has one of the highest rates of deforestation due to anthropogenic activities and dramatic changes in land use [1]. Agriculture is one of the largest and most dynamic parts of the Brazilian economy, and those working to preserve the Amazonia biome are unlikely to be able to slow or stop the expansion of this sector. In this post-genomic era, the application of advanced technologies to solve agricultural issues while maintaining environmental quality is of great importance, as the Brazilian economy relies, to a high degree, on crop and food production. Sustainability is one of the main issues that must be considered to develop adequate land use in order to achieve a more sustainable production scheme, particularly under tropical conditions, which are especially conducive to degradation.



Although slash-and-burn agriculture remains a dominant system of food production in the humid and subhumid tropics, it has also become a major cause of deforestation and land degradation [2,3,4]. Ideally, slash-and-burn agriculture is ecologically stable where there is a very low density of human population. However, such practice rarely exists today except in some remote regions of the Amazon and Congo basins. In a greater part of the humid and subhumid tropics, the fallow period has been reduced and areas cleared for cultivation have become larger. These modifications have led to an eventual breakdown of the slash-and-burn system in the long run because loss of mineral nutrients during the cultivation phase (i.e., through runoff, erosion, leaching, and crop removal) can no longer be restored by short periods of bush fallow [5]. Mosaic landscapes from Western Amazon present systems based on slash-and-burn agriculture. In this region, agricultural systems of indigenous people based primarily on annual crops in shifting cultivation and long fallow, which involves the abandonment of areas coverage with annual cultivation allowing natural regeneration and fallow for approximately three years [6].



Amazonian Dark Earths (ADE) or Terra Preta de Índio of prehistoric origin are differentiated from surrounding soils by their darker color, higher organic matter content, higher pH, greater total phosphorus (P) content, greater exchangeable calcium (Ca) and magnesium (Mg), and increased minor element concentrations [7]. These soils are found in the Amazonian region and are considered as a model soil when compared with the surrounding and background soils. The importance of this soil for agricultural purposes has been discussed thoroughly by soil scientists, archaeologists, geographers, agronomists and anthropologists in 2006, and they all agree that ADE soils were built up by the river basin’s original human residents and are much more numerous than formerly appreciated [8]. The carbon content in ADE is elevated in comparison with plain soil from nearby locations [9]. The wisdom in building fertile soils under harsh tropical conditions, and maintaining its fertility over centuries, is now considered a wonder that was engineered by pre-Colombian cultures via the addition of pottery shreds, concentrated organic waste, charred biomass, fish bones, shells, various household waste and plant residues.



Molecular methods were used to study the microbial diversity of two agricultural model systems found in Amazonian soils: the slash-and-burn system and the anthrosols. We first characterized the operational taxonomic unit (OTU) richness and the structure of archaeal, bacterial and fungal communities in soils under primary forest, secondary forest, slash-and-burn agriculture and pasture. In the second study, bacterial community from the anthrosols and black carbon were characterized and compared to microbial groups from the neighboring non-anthropogenic soils. These studies used modern genomic approaches in order to assess soil microbial communities in Amazonian ecosystems.




2. Material and Methods


Soil was sampled in two Amazonian regions. In the Western Amazon (Model I), samples were taken from areas of undisturbed primary forest, subsistence farms, pastures and secondary forests where slash-and-burn is the main type of agriculture. In the Central Amazon (Model II), samples were taken of anthrosols, also known as Terra Preta de Indio, which are the result of pre-Columbian settlement and are used for sustainable agriculture.



2.1. Model I: The “Slash-and-Burn” System in Western Amazonia


2.1.1. Study sites and soil sampling


Soil samples were collected from areas located between the geographical coordinates 4°21’ and 4°26’ S and 69°36’ and 70°1’ W, in the Benjamin Constant municipality and along the Solimões River (Figure 1). The predominant soil class in the studied sites was Inceptisols, but Gleysols and Alisols were also found [10]. The rate of deforestation in this region is quite low, partially due to poor accessibility and the low population density of the region. The native communities use the land for slash-and-burn agriculture; however, some pasture areas are also present as a consequence of governmental polices implemented during the 1970s. Additives, fertilizers or pesticides have not been applied to any of the land-use systems in these studied soils [6].


Figure 1. Operational taxonomic unit richness based on intergenic spacer region length polymorphisms of the rRNA gene detected using automated ribosomal intergenic spacer analysis (ARISA). The maps show the four sampling windows located in an Amazonian landscape (Benjamin Constant municipality, Amazonas State, Brazil, along the Solimões River). The colors represent different land use systems: primary forest (  [image: Diversity 02 00787 i001]), secondary forest (  [image: Diversity 02 00787 i002]), crops (  [image: Diversity 02 00787 i003]), pasture (  [image: Diversity 02 00787 i004]), water (  [image: Diversity 02 00787 i005]) and exposed soil (  [image: Diversity 02 00787 i006]). Soil samples were collected at different points (*), at a depth of 0–20 cm from sites representing primary tropical rain forest, traditional crops systems of the indigenous people, pasture and secondary forest over a two-year sampling (March 2008 and January 2009). The richness values were calculated based on triplicate PCR products from the soil samples.
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Twelve soil samples with three replicates each were collected in March 2008 and January 2009, during periods of more intense precipitation than usual in areas of primary forest, local traditional crops, pasture and secondary forest (20–30 years old) using standardized procedures. All sites were originally highland forest. Traditional crops such as cassava, banana, maize, sugarcane and pineapple are grown for the subsistence of native populations. Each soil sample was collected at a depth of 0–20 cm under the litter layer, which was removed prior to sampling, and was submitted to chemical, physical and molecular microbial analyses.




2.1.2. DNA extraction and ARISA fingerprinting


Archaeal, bacterial and fungal communities in the different soils were analyzed using polymerase chain reaction (PCR) and automated ribosomal intergenic spacer analysis (ARISA). DNA was extracted from 0.25 g (total humid weight) of soil using the Power Soil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA), according to the manufacturer’s instructions. The DNA extraction was performed in triplicate for each soil sample. The quality and relative quantity of the extracted DNA was determined using a Thermo Scientific NanoDrop 2000. Dilutions of the DNA samples were necessary to eliminate inhibition of PCR by humic acid, as previously described [11].



The archaeal, bacterial and fungal ribosomal intergenic regions (16S–23S for Archaea and Bacteria and 18S–28S for Fungi) were amplified with the primers 915f-FAM and 71r [12], 1490-72f-FAM and LSU21-38r [13] and 2234Cf-FAM and 3126Tr [14], respectively. The forward primer was labeled with 6-FAM (6-carboxifluorescein) at the 5’ end. The PCR mixture (25 µL) contained 10 ng of template DNA, 2.5 µL 10× reaction buffer (Invitrogen, Carlsbad, Calif.), 3.0 mM MgCl2, 0.2 mM of each dNTP (Eppendorf, Germany), 0.25 mM of each forward (f) and reverse (r) primer (Integrated DNA Technologies, Coralville, IA, USA) and 1.0 U of Platinum Taq DNA Polymerase (Invitrogen). Cycling was performed as described in the references for the primers using a GeneAmp PCR System 9700 Thermal Cycler (Applied Biosystems).



Triplicate PCR products from the soil samples were analyzed using gel electrophoresis and purified using the Qiagen PCR Purification Kit (Qiagen, Valencia, CA, USA). The ARISA-PCR fragments were separated by capillary electrophoresis on ABI Prism 3100 Genetic Analyzer using the size standards GeneScan 120 LIZ (Applied Biosystems), GeneScan 500 ROX (Applied Biosystems) and MegaBACE ET900 (GE Healthcare) for Archaea, Bacteria and Fungi, respectively.




2.1.3. ARISA Data Analysis


The ARISA profiles were analyzed using the PeakScanner 1.0 software program (Applied Biosystems). To include the maximum number of peaks while excluding background fluorescence, a threshold of 50 fluorescent units was applied for the archaeal, bacterial and fungal data. The software converted the fluorescence data into electropherograms; the peaks represent fragments of different sizes, and the peak areas represent the relative proportion of these fragments. The number of peaks in each electropherogram was interpreted as the OTU richness in the community.



To investigate which soil attributes best explained the variability in ARISA profiles, a Non-metric multidimensional scaling (NMDS) was performed in Canoco 4.5 (Biometrics, Wageningen) with Hellinger transformed data [15]. This multivariate analysis was supplemented with environmental data. Five soil attributes were included in this analysis—pH, organic matter (OM), Fe, K, and P. Analysis of similarities (ANOSIM) was performed with the Primer5 5.2.6 (Plymouth Marine Laboratory, Primer-E) software program.





2.2. Model II: The Amazonian Dark Earth and Sustainable Agriculture in the Central Amazon


2.2.1. Soil sample collection


Soil samples were collected from the Hatahara site, a well-documented anthrosol characterized as Amazonian Dark Earth (ADE). Another set of non-anthropogenic soil samples were collected at vicinity (ADJ). Three different points (10 m apart) were sampled at each site. Samples were immediately frozen and kept at −20.0 °C until their use. Hatahara is located within the Amazon basin near Iranduba-Manaus, Brazil (ADE soil 03°16'28.45"S; 60°12'17.14"W and ADJ soil 03°16'24.43"S; 60°11'58.74"W), and the soil in this site has been dated to be between 300 B.C. (first human occupation) and 1200 A.C. This site includes one of the most archaeological sites studied by archaeologists and geologists to the characterization of ADE. Therefore, the sampling area has not been disturbed for more than 10 years.



The natural vegetation of these regions is described as tropical lowland rainforest. At Hatahara site, the samples were collected from soil under passion fruit cultivation; Lithic fragments and ceramic artifacts were present in soils, indicating pre-Columbian occupation. The soil characteristics that were consistently different between the adjacent and anthropic soils were the black carbon (BC) content, the dark color and the presence of ceramic fragments in the anthrosols. The influence of BC on the soil microbial community was also investigated. Soil samples were taken with a sterilized plastic tube 5 cm diameter and 10 cm length at a 0–20 cm depth discarding the overlaying litter.




2.2.2. DNA Extraction and PCR amplification to T-RFLP analysis


The same protocol used for DNA extraction from the Western Amazonian soils was followed for DNA extraction from the ADE and ADJ soils and the separated BC. The BC separation was carefully performed under sterile conditions at 4 °C, using a magnifier to facilitate screening of the black carbon from the soil. Whole community DNA was extracted from three replicate sub-samples. Total DNA was extracted from 0.25 g (fresh weight) of each sample using the Power Soil DNA Isolation Kit (MO BIO Laboratories), according to the manufacturer’s instructions. Reactions were performed in triplicate for each soil sample. The quality and relative quantity of the extracted DNA was determined by using a Thermo Scientific NanoDrop 2000.



For the Terminal Restriction Length Polymorphism (T-RFLP) analysis, the bacterial 16S rRNA gene was amplified with the primers 27F (5´end labeled with FAM fluorescent dye) and 1492R [16,17]. The PCR mixture (25 µL) contained 10 ng of template DNA, 2.5 µL 10× reaction buffer (Invitrogen, Carlsbad, Calif.), 3.0 mM MgCl2, 0.2 mM of each dNTP (Eppendorf, Germany), 0.25 mM of each forward (f) and reverse (r) primer (Integrated DNA Technologies, Coralville, IA, USA) and 1.0 U of Platinum Taq DNA Polymerase (Invitrogen). Cycling was performed as follows: 3 min at 94 °C, followed by 35 cycles of 94 °C for 30 s, 59 °C for 45 s, 72 °C for 1 min, and a final extension step at 72 °C for 15 min, using a GeneAmp PCR System 9700 Thermal Cycler (Applied Biosystems).



Triplicate PCR products for soil samples were analyzed by gel electrophoresis and purified with the Qiagen PCR purification kit (Qiagen, Valencia, CA, USA). PCR products (60 ng) were digested with the enzymes MspI and HhaI (Invitrogen, USA) in 20 µL separate reactions, at 37 °C for 3 h. The DNA was precipitated using isopropanol [18]. The DNA pellets were resuspended in 9.8 µL de deionized formamide and 0.2 µL of GeneScan-500 ROX internal size standard (Applied Biosystems, USA) and denatured at 94 °C for 5 min and immediately transferred onto ice. Fragments were analyzed in an ABI 3100 automated sequencer (Applied Biosystems) following manufacturer’s instructions.



The size and intensity of each T-RF (hereafter called phylotype) was estimated using Peak Scanner Software v1.0 (Applied Biosystems). The peaks represent fragments of different sizes, and the peak areas represent the relative proportion of these fragments. The number of peaks in each electropherogram was interpreted as the OTU richness in the community. A redundancy analysis (RDA) was performed with the package vegan BiodiversityR [19] for the program R [20] with Hellinger transformed data. RDA is an ordination technique that seeks the most prominent linear gradients in multivariate data sets, under the constraint that the gradients are linear combinations of a set of explanatory variables. Two soil attributes were included in this analysis after stepwise selection (inflation factor <10)—organic matter (OM) and P.




2.2.3. Pyrosequencing of the 16S rRNA gene isolated from ADE and black carbon


Sequencing of the ADE and BC from Hatahara was performed using the Genome Sequencer FLX System (454 Life Sciences, Bradford, CT, USA) at the Center for Microbial Ecology, Michigan State University. The primers that were used targeted the V4 region of the 16S rRNA gene (http://pyro.cme.msu.edu/). PCR reactions contained 0.015 U/µL Taq DNA polymerase, 1× reaction buffer, 1.8 mM MgCl2, 0.2 mM of each dNTP, 0.2 µM of each primer (Integrated DNA Technology), 1.5× BSA, 4 ng/µL of template and 1 unit of FastStart High Fidelity PCR System enzyme blend (Roche Applied Science, Indianapolis, IN). The following cycle parameters were used: initial denaturation for 3 min at 95 °C; 30 cycles of 45 s at 95 °C, 45 s at 57 °C and 1 min at 72 °C; and final extension for 4 min at 72 °C. The PCR products were separated by gel electrophoresis, and fragments with size in the range of 270–300 bp were excised and extracted by using the Qiagen Gel Extraction Kit (Qiagen, Valencia, CA). Further purification was performed with the Qiagen PCR Purification Kit (Qiagen). Sequencing was performed by using a GS FLX sequencer (454 Life Sciences) at the Michigan State University Research Technology Support Facility. Sequences were analyzed using the RDP pipeline [21,22]. A rarefaction curve was generated by using MOTHUR [23] to estimate OTU richness (cut-off 0.03).






3. Results and Discussion


3.1. Model I of Amazonian Agricultural System: The “Slash-and-Burn” System in Western Amazonia


This survey was undertaken in a region of Western Amazonia in the basin of Alto Solimões. The territory is similar to the land of the indigenous people who established their subsistence agriculture. Soil samples were collected over a two-year sampling in areas characterized by tropical rainforest, semi-permanent manioc cultivation with slash-and-burn agricultural management, pasture and forested areas at advanced stages of regeneration. The archaeal, bacterial and fungal communities were analyzed by ARISA, and their OTU richness was represented graphically in Figure 1.





Based on ARISA data, differences in archaeal, bacterial and fungal OTU richness were observed in the March 2008 and January 2009 samples. In 2008 sampling, the archaeal OTU richness was higher in pasture soil (8.0) followed by lower richness in secondary forest soil (7.22), crop soil (5.0) and primary forest soil (3.89). In 2009 sampling, lower archaeal richness was found in crop soil (15.89), in comparison with secondary forest (14.44), pasture (9.78) and primary forest (7.11) soils. In the two-years sampling less archaeal richness in primary forest soil was found. Although there are some reports addressing the archaeal diversity in tropical climatic zones [24,25,26], the understanding of these communities and their roles in ecosystems is incipient. Our study represents the initial effort to understand the archaeal communities present in tropical soils under different land use systems.



Soil bacterial OTU richness was higher in pasture in the two-years sampling (27.22 and 39.78, respectively) and less in primary forest soil (19.0 and 22.0, respectively). In crop, soil bacterial OTU richness was found similar to that of secondary forest. A previous study examining the same sampling areas from the Western Amazon [27] reported similarity between the primary and secondary forest bacterial communities, suggesting that the bacterial community structure recovered during forest regeneration.



Studies on fungal diversity in tropical soils have concluded that the cultivation soil can alter the abundance of some members of the soil fungal community [28,29,30]. However, soil fungal communities have recovered relatively quickly after fallow [31]. These investigations showed that the impact of deforestation and slash-and-burn in the soil fungal community is more quantitative than qualitative. In our study, the fungal OTU richness was higher in primary forest soil in two-years sampling in comparison with secondary forest, crops and pasture. In crops and pasture, the soil fungal communities presented a higher richness than secondary forest soil.



Although total richness levels are difficult to estimate with a high degree of confidence, the estimated fungal OTU number by ARISA technique appears to rival or exceed the number of archaeal and bacterial OTUs in each of the collected soils. A possible explanation for the fungal OTU number detected by ARISA technique is the higher variation in the 18S–28S rRNA intergenic spacer region in eukaryotes [32] which must have led to this apparent higher diversity of the fungi. Archaeal and bacterial OTU richness detected by ARISA were higher in soil samples collected in January 2009, whereas, for fungi, it was higher in the soil samples collected in March 2008.



No significant differences were noted between land use systems for soil attributes (p < 0.05) in the two-years sampling in the Benjamin Constant municipality (Table 1). The soil pH in the forests was lower than at sites under slash-and-burn agricultural management or pasture. The organic matter (OM) content in soil from the semi-permanent manioc cultivation sites and secondary forests was higher than in soil samples from primary forest or pasture sites. The soils presented 17–38% sand, 36–53% silt and 25–35% clay at all sites. The deforestation of tropical forests alters many soil properties. Previous studies have shown that conversion to pasture causes an increase in pH and soil bulk density as well as a decrease in soil porosity [33,34,35]. As seen in Table 1, the Amazonian soils also have undergone a similar transformation. In slash-and-burn agriculture, soil attributes change as a consequence of ash deposition from the burned vegetation and increased rates of organic matter decomposition [5]. Over time, however, nutrients are depleted, and these attributes tend to return to their previous state.



Table 1. Chemical and physical attributes of soil samples from different land use systems in Benjamin Constant municipality.







	
Attributes

	
Land Use




	
Primary forest*

	
Secondary forest*

	
Crops*

	
Pasture*




	
2008

	
2009

	
2008

	
2009

	
2008

	
2009

	
2008

	
2009






	
Chemical

 pH (CaCl2)

	
4.0 ± 0.4

	
4.1 ± 0.2

	
3.9 ± 0.05

	
4.0 ± 0.3

	
4.8 ± 0.8

	
4.4 ± 0.6

	
4.5 ± 0.6

	
3.88 ± 0.1




	
 OM (g.dm-3)

	
29.0 ± 14.7

	
32.3 ± 5.2

	
34.7 ± 20.3

	
26.3 ± 3.9

	
39.3 ± 15.5

	
25.7 ± 2.9

	
27.3 ± 9.2

	
31.3 ± 5.5




	
 Fe (mg.dm-3)

	
159.7 ± 17.1

	
93 ± 8.2

	
109.3 ± 30.1

	
69.7 ± 18.6

	
55.0 ± 10.8

	
74.7 ± 13.7

	
66.3 ± 13.0

	
147.3 ± 21.2




	
 P (mg.dm-3)

	
9.7 ± 1.1

	
11.0 ± 2.0

	
8.0 ± 1.4

	
6.0 ± 1.0

	
1.9 ± 0.8

	
9.3 ± 1.1

	
6.0 ± 0.8

	
6.7 ± 0.7




	
 K (mmolc.dm-3)

	
1.4 ± 0.5

	
1.3 ± 0.1

	
1.7 ± 0.5

	
1.2 ± 0.5

	
1.9 ± 0.9

	
2.1 ± 0.8

	
2.1 ± 0.3

	
1.6 ± 0.9




	
Physical

 Clay (%)

	
31.0 ± 7.6

	
35.7 ± 6.1

	
35.5 ± 12.7

	
36.0 ± 12.3

	
25.8 ± 2.6

	
22.3 ± 7.5

	
25.4 ± 6.3

	
27.7 ± 9.4




	
 Silt (%)

	
51.7 ± 1.9

	
47.7 ± 3.4

	
45.8 ± 6.5

	
43.7 ± 3.2

	
53.6 ± 7.3

	
41.3 ± 2.5

	
36.6 ± 11.0

	
37.7 ± 1.8




	
 Sand (%)

	
17.3 ± 5.7

	
16.7 ± 4.9

	
18.7 ± 13.4

	
20.3 ± 9.5

	
20.6 ± 4.7

	
36.3 ± 3.1

	
38.0 ± 16.6

	
34.7 ± 2.2








The values are average based on triplicate of sampling point in each land-use system. Standard deviations were shown in the table.*No significant differences between land use systems for soil attributes (p < 0.05) in the two-years sampling.








Soil phosphorous showed discrepant values in soil samples collected in March 2008 and January 2009. Agricultural management can affect soil organic matter chemistry and microbial community structure, but the relationship between the two is not well understood [36]. The origin and mineralization processes of soil organic P are less well understood [37]. Fungi tend to contain a significant proportion of their total P content in inorganic forms, i.e., as orthophosphate or as polyphosphates. However, based on the results by Makarov et al. [37], differences in the microbial community composition may also influence the chemical composition of organic P in soil.





Differences in archaeal, bacterial and fungal community structures were observed in the March 2008 and January 2009 samples. This observation was further supported by results from the multivariate analysis. NMDS analysis of our data sets supplemented with the soil attributes indicated that the first axis was highly correlated with the microbial community structure-soil attribute data (Figure 2; Table 2). Moreover, the second axis showed the same degree of correlation, suggesting that these data sets were governed by more than one gradient. Temporal variability in the composition of soil archaeal, bacterial and fungal communities may complicate the interpretation of spatial patterns of microbial community structure in relation to the soil properties associated with different land use systems. However, in general, archaeal, bacterial and fungal communities formed groups in function of the land use systems in the two-years sampling, except for the fungal communities based on March 2008 samples. Based on the pairwise R statistic from ANOSIM procedure, most of the interactions between the microbial community structures accessed by ARISA formed distinct groups (R > 0.50). The interactions between the fungal communities structure from March 2008 samples had lower R values (R < 0.03) (Table 2; Figure 2).


Figure 2. Non-metric multidimensional scaling (NMDS) analysis of sampling points based on the structure of soil archaeal, bacterial and fungal communities as determined by automated ribosomal intergenic spacer analysis (ARISA) and soil attributes. Samples were collected in March 2008 and January 2009. Each vector points to the direction of increase for a given variable and its length indicates the strength of the correlation between the variable and the ordination scores. The colors represent different land use systems: Primary Forest (PF,  [image: Diversity 02 00787 i007]); Secondary Forest (SF,  [image: Diversity 02 00787 i008]); Crops (CR,  [image: Diversity 02 00787 i009]); Pasture (PA,  [image: Diversity 02 00787 i010]). Each point in the ordination is identified by the abbreviation of the correspondent land use system followed by the point sampling (1, 2 and 3) and replicate PCR product analyzed (A, B and C).
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Table 2. Description of the non-metric multidimensional scaling (NMDS) and analysis of similarities (ANOSIM).







	
NMDS




	

	
Stressa

	
Correlationb(%)

	
Variabilityc(%)

	

	
Stressa

	
Correlationb(%)

	
Variabilityc(%)

	
Interactionsd

	
ANOSIM




	

	
2008

	

	
2009

	

	
2008

	
2009




	

	

	

	

	

	

	

	

	
CR,PF

	
0.275

	
0.881




	
Archaea

	
0.021

	
62.8

	
43.0

	

	
0.031

	
61.1

	
63.5

	
PA,PF

	
0.725

	
0.616




	

	

	

	

	

	

	

	

	
SF,PF

	
0.300

	
0.152




	

	

	

	

	

	

	

	

	
CR,PF

	
0.448

	
0.642




	
Bacteria

	
0.028

	
83.7

	
75.5

	

	
0.022

	
58.5

	
58.5

	
PA,PF

	
0.985

	
0.701




	

	

	

	

	

	

	

	

	
SF,PF

	
0.270

	
0.601




	

	

	

	

	

	

	

	

	
CR,PF

	
0.221

	
0.762




	
Fungi

	
0.039

	
63.9

	
75.5

	

	
0.019

	
54.7

	
83.7

	
PA,PF

	
0.057

	
0.983




	

	

	

	

	

	

	

	

	
SF,PF

	
0.218

	
0.579








a Indicates the fidelity of the regression used in the analysis (100 permutations).b Indicates the microbial community structure-soil attribute correlations for the first axis.c Percentage of variability in species data explained by the first axis.d PF, Primary Forest; CR, Crops; PA, Pasture; SF, Secondary Forest












By observing the organization of the microbial community in relation to soil attributes we can begin to generate and test hypotheses regarding the rules which govern the distribution of microorganisms in the different land use systems. In this case, the data obtained by ARISA technique when analyzed together with soil attributes show that soil archaeal, bacterial and fungal communities are heterogeneous entities with distinct components that are each capable of responding differently to environmental characteristics. Pasture microbial communities were clearly separated from others land use systems and are related to higher Fe concentrations detected in soil samples collected in January 2009, for example.



In the ordinations, a gradient can be noted in which microbial community structures from primary forest soil are distinct from those in soil under crops (circled groups on Figure 2). In this sense, our results are consistent with studies in nontropical areas, in which the structure of microbial communities in the soil over two years in a series of replicated plots was investigated. The studied area included cultivated fields, fields abandoned from cultivation and fields with no history of cultivation, in sites established in 1989 to study ecological processes in agro-ecosystems in the state of Michigan [38]. These authors showed that fields with no history of cultivation differed significantly from cultivated fields. When comparing abandoned fields (where cultivation had ceased), only the field abandoned 45 years ago presented a microbial community structure comparable to those from fields with no history of cultivation. Anthropogenic activities, including agricultural land management practices, directly and indirectly affect soil environments and thus may also alter the activity and diversity of soil microbial communities [39,40,41,42,43,44,45].



Selection of primers used for amplification of the intergenic spacer region of the rRNA gene of Archaea, Bacteria and Fungi will affect the outcome of studies examining microbial community structure. In Model I of this study, we concentrated on analysis of the amplified intergenic spacer of the rRNA gene, as have other researchers [46,47,48,49], because of greater variability in amplified intergenic spacer than 16S rRNA. The relative conservation of the 16S rRNA may not identify all the variation in microbial community structure, such as certain species-level variation [46].




3.2. Model II of an Amazonian Agricultural System: Bacterial Community Structure in Amazonian Dark Earth (ADE) and Black Carbon (BC)


Significant differences were noted between ADE and ADJ soil for soil attributes (p < 0.05). The chemical analysis (Table 3) of soil samples ADE and ADJ Hatahara site revealed ADE soil pH higher than in ADJ soil. Similar results were obtained by Lima et al. (2002) [50] and Falcão and Borges (2006) [51]. In ADE, soil was noted high Ca and P content, high cation exchange capacity (CEC) and low Al saturation in comparison with ADJ soil. Lehmann et al. (2003) [52] observed high Ca and P content in ADE from other sites. The high CEC values are due to high organic matter content and density of charges per unit of carbon [53]. This property of organic carbon is specific to soils with high content of black carbon as ADE soil [54]. Altogether, these chemical properties are responsible for the quality and fertility of ADE soils [52].



Table 3. Chemical attributes of ADE and ADJ soil samples.







	
Attributes

	
Hatahara




	
ADE

	
ADJ




	
pH (CaCl2)

	
5.2 ± 0.2a

	
3.7 ± 0.11b




	
OM (g.dm-3)

	
53 ± 2.64a

	
33.3 ± 1.15b




	
P (mg.dm-3)

	
508.7 ± 45.5a

	
7.3 ± 1.15b




	
S (mg.dm-3)

	
4.3 ± 0.57a

	
3.6 ± 0.57b




	
K (mmolc.dm-3)

	
1.1 ± 0.25a

	
0.6 ± 0.05b




	
Ca (mmolc.dm-3)

	
138.3 ± 7.63a

	
6.3 ± 1.15b




	
Mg (mmolc.dm-3)

	
13.7 ± 3.05a

	
1 ± 0b




	
Al (mmolc.dm-3)

	
0 ± 0a

	
14 ± 1.73b




	
H+Al (mmolc.dm-3)

	
48.7 ± 5.77a

	
95.7 ± 14.6b




	
SB (mmolc.dm-3)

	
153.7 ± 5.39a

	
8 ± 1.12b




	
CEC (mmolc.dm-3)

	
201.7 ± 2.25a

	
103 ± 615.7b




	
BS (%)

	
76 ± 2.64a

	
7.7 ± 0.57b








Average values based on triplicates of each soil. Standard deviations are shown in the table. Different letters indicates a significant differences (ANOVA followed by Tukey test p ≤ 0,05). SB = Sum of Base; CEC = Cation Exchange Capacity; BS = Base Saturation.








The ADE has been conceived as a major example of sustainable agriculture because, since their initial description, these soils have been recognized as one of the most fertile soils known, even after extensive crop use [8]. Its potential surpasses the use for the sustainable growing of food and fuel and has implications even in carbon sequestration [8]. Therefore, comprehending how the microbial community is structured in such environments is key to a better management of this resource.





Bacterial fingerprints of the most dominant populations present in ADE and ADJ soil and BC were obtained by T-RFLP analysis. RDA of the T-RFLP profiles showed that some bacterial communities differed in structure and that these differences are related especially those linked to phosphorus (Figure 3). The difference revealed in the bacterial community structure in this study by T‑RFLP were similar to those indicated by [55] and [56] despite their similar below-ground bacterial community.


Figure 3. Redundancy Analysis (RDA) of ADE (  [image: Diversity 02 00787 i011]) and ADJ (  [image: Diversity 02 00787 i012]) soil and BC (  [image: Diversity 02 00787 i013]) based on the structure of soil bacterial community as determined by terminal restriction fragment length polymorphism (T-RFLP) and soil attributes. The ordinations were performed using data obtained with the enzymes MspI and HhaI.
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In Redundancy Analysis (RDA) (Figure 3), specifically the ordination based on T-RFs profiles obtained with the enzyme MspI, the bacterial community structure formed separate groups from ADE and ADJ soil and BC. On the other hand, the ordination based on bacterial community structures obtained with the enzyme HhaI did not separate ADE soil and BC, but it separated ADJ soil in this group. This analysis showed that differences in the soil bacterial community structure were related soil attributes, such as P and organic matter (enzyme HhaI data) and P (enzyme MspI data).





The T-RF number and abundance were initially used to calculate diversity measures (Table 4). The diversity measures presented variation based on sample (ADE, ADJ and BC) and enzymes (MspI and HhaI). Considering the enzyme MspI, we observed higher diversity on ADE soil (H´= 4.15 ± 0.09) and the lower diversity was noted on ADJ (H´ = 3.10 ± 0.52). In contrast, the enzyme HhaI data revealed higher diversity on ADJ soil (H´ = 2.09 ± 0.31) and lower diversity on ADE soil (H´ = 1.84 ± 0.64). Subtle differences were noted in the evenness of bacterial community.



Table 4. Diversity index and richness estimation of T-RFs for ADE and ADJ soil and BC based on enzymes MspI and HhaI data.







	
Samples

	
T-RFs Richness

	
Evenness

	
H´(loge)




	

	

	




	
MspI

	
HhaI

	
MspI

	
HhaI

	
MspI

	
HhaI




	
ADE

	
100 ± 15.7

	
10.3 ± 5

	
0.90 ± 0.01

	
0.80 ± 0.09

	
4.15 ± 0.09

	
1.84 ± 0.64




	
ADJ

	
42.6 ± 20.5

	
11.6 ± 3

	
0.84 ± 0.02

	
0.85 ± 0.06

	
3.10 ± 0.52

	
2.09 ± 0.31




	
BC

	
56.3 ± 9.8

	
20.3 ± 24

	
0.82 ± 0.08

	
0.81 ± 0.09

	
3.33 ± 0.39

	
1.99 ± 0.68












It is considered that high levels of carbon (BC) enhance soil fertility by retaining nutrients and water and increasing the pH [54,57]. Additionally, the surface charge properties of BC are thought to increase the cation exchange capacity, thereby reducing nutrient leaching [53]. On the other hand, little is known about the contribution of BC as a habitat or as a platform for nutrient exchange for microorganisms. While BC has been appreciated for its chemical adsorption properties, Pietikainen et al. [58] reported that BC can support a habitat for the microbes. Furthermore, based on the chemical composition and physical structures that are prevalent in biochar particles, Thies and Rillig [59] have suggested that biochar has biological properties that are favorable to microbial communities. Residual hydrocarbons and materials adhering to the particle surface may directly support microbes. The idea that anthrosols may have distinct microbial populations is not new, but recently several facts have been demonstrated concerning the role of black carbon (BC) on the physical [60], chemical [61] and biological [58] processes in the anthrosols. The bacterial diversity of Amazonian Dark Earth is similar to pristine forest soil from the Western Amazon, but the richness in the ADE samples was increased by 25% [55].



When studying land conversion from tropical forest to agricultural use, several alterations may occur in the size, activity and composition of the microbial communities, as previously observed [27,62], and unusual microbial communities may prevail during shifts associated with deforestation [24,27]. These findings would be more relevant when studying ADE with high concentrations of BC, as these particles are the oldest form of carbon in the soil [63].



A recent study surveyed the bacterial community composition in ADE and adjacent soils using culturing and molecular identification [57]. While the composition of unculturable bacteria was not directly assessed, sequences from 16S rRNA genes and their phylogenetic relationships were determined. Anthrosols contained high numbers of culturable bacteria, which were over two orders of magnitude higher at the deepest sampling depths than in adjacent soils. Overall, larger bacterial populations and a greater diversity of isolates were found in all four of the anthrosols studied, to a depth of up of 1 m compared to adjacent soils located within 50–500 m of the associated anthrosols. These data were the first indication that diverse soil microbial populations have adapted to the unique biochemistry and physiological ecology of these anthrosols. On the other hand, the archaeal community observed in ADE sites presented lower richness and diversity than the adjacent soil [64].



With the idea that the addition of BC to soil was due to fire events, these anthropic activities are thought to be determinant to the biogeochemistry of ADE [65,66], and they may alter the soil microbiological community structure and composition of the microbial communities below ground. Due to the prevalence of BC in ADE and its unique physical and chemical characteristics, more detailed studies were carried out to better understand the role of BC on the microbial populations in ADE soils.



In the Amazonian region, rapid turnover of the soil organic matter (OM) occurs due to the high temperatures and humidity typical of the tropics. These environmental extremes lead to increased turnover rates, with concomitant rapid depletion of the fragile nutrients of the adjacent unmodified soils compared relative to ADE. Therefore, the buffering capacity offered by BC, persisting over millennia, should also focus on its role as habitats or niche of soil microbial communities when tracing soil additives such as BC [67].



3.2.1. The bacterial OTU richness of ADE and BC


The pyrosequencing data indicate that the BC can host species of Bacteria in numbers not much lower than the ADE; however, the latter had significantly greater OTU richness (Figure 4). On the other hand, as seen in Figure 4, of the total of OTU found in BC, 41% were not present in the ADE soil, suggesting that this environment may be the host of specific processes. These data bring new perspectives regarding the opportunity for reconstruction of tropical and degraded soils by contemporary human activities.


Figure 4. Venn diagram of the operational taxonomic units (OTUs) based on the 16S rRNA gene analyzed by pyrosequencing (454 Roche). The diagram shows OTUs found exclusively in ADE (512), in black carbon (BC, 342) and the OTUs in held in common (492).
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The numbers of species detected in a sample, or of the numbers of organisms discerned at any given phylogenetic level, are strongly affected by the number of sequences analyzed [68]. Estimates of OTUs increase with number of sequences and a plot of OTUs versus the number of sequences yields a rarefaction curve that approaches a maximum (Figure 5). To estimate the true maximum value at any phylogenetic level it is necessary to model and extrapolate from the rarefaction curve, or to use nonparametric methods to estimate the true OTU richness by taking into account the population structure. Based on 10,857 sequences, the values of richness estimations and heterogeneity indicated higher operational taxonomic units (OTUs) richness and diversity in ADE soils (1939.43 OTUs, H’ = 6.23), followed by lower OTUs richness and diversity in libraries from BC (1586.06 OTUs, H’ = 5.93).


Figure 5. Rarefaction curves of the Amazonian Dark Earth (ADE) and black carbon (BC). Sequences were obtained by pyrosequencing the bacterial 16S rRNA gene pool from the ADE site at Hatahara in the Central Amazon.
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We recovered 10,857 partial sequences of the 16S rRNA genes from ADE soil and BC of an average of 207 nucleotides in length. With over 24% of the total bacterial sequences, the Proteobacteria represented the dominant phylum in ADE soil, including representatives of the classes α, β, γ and δ of Proteobacteria (Figure 6). In contrast, Acidobacteria were a prominent phylum in BC with 21% of the bacterial sequences. The second most abundant phyla in ADE and BC were Acidobacteria (10%) and Proteobacteria (15%), respectively. Other prominent phyla in ADE were the Verrucomicrobia, Actinobacteria and the Planctomycetes, which represented 8%, 7% and 4% of total sequences, respectively. In BC, the Actinobacteria were represented by more than 12% of the sequences. Among the other phyla, Verrucomicrobia (9%) and Firmicutes (8%) were found in BC. Approximately 26%–36% of the sequences from each sample remained unclassified. Tsai et al. [69] found higher abundance of Verrucomicrobia in ADE soil from Balbina site, located in the Central Amazon, than in ADJ of this same site. The distribution of verrucomicrobial rRNA in the soil reveals that Verrucomicrobia are significantly affected by environmental characteristics that change in relation to time, soil history, and soil depth, and reveals that a statistically significant amount of the variation in verrucomicrobial rRNA abundance can be explained by changes in soil moisture content [70].


Figure 6. Relative abundance of phyla for ADE soil and BC pyrosequencing library, in which 16S rRNA gene sequences were classified according to the nearest neighbor in the Ribosomal Database Project (RDP-MSU, USA) pipeline.
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Phylogenetic analysis revealed differences in community composition linked to ADE soil and BC (Figure 6) and the clearest differences were found among the Acidobacteria, Proteobacteria, Actinobacteria and Firmicutes. Our results extend the understanding about the bacterial phyla present in ADE soil, such as those published by Kim et al. [55] and add information about the bacterial community composition in BC, unknown until now. Our results obtained by pyrosequencing show higher numbers of bacterial phyla in ADE soil and BC in comparison with results obtained by Jesus et al. [27] using a clone library for the same soils considered in Model I. The additional bacterial phyla found in anthrosols were Chlamydiae, Nitrospira, OD1, TM7, BRC1, Planctomycetes and Verrucomicrobia.








4. Conclusions


The molecular methods used to study the microbial communities in two agricultural systems that are practiced in Amazonia (the “slash-and-burn” system and the man-made anthrosols), based also upon the soil attributes, have enabled us to view a better but quite complex picture of the conditions of soil management by stakeholders or end-users who are looking to develop agricultural sustainability in tropical rain forest ecosystems without serious disturbance to these ecosystems.



Based on Model I (“slash-and-burn” system), both the traditional subsistence crop cultivation by indigenous people and the pasture made by nonindigenous people alter the structure of archaeal, bacterial and fungal communities in sites originally constituted by highland forests in Western Amazon. ARISA data evidenced considerable differences in the structures between microbial communities present in forest and those in agricultural soils. In this model, the re-growth of a secondary forest followed by agricultural practices provides evidence of an improved level of restoration when considering the organization of the soil microbial community structures.



On the basis of Model II (anthrosols—Amazonian Dark Earth), data revealed a higher T-RF number in ADE soil and an elevated T-RFs richness in BC by T-RFLP when using enzyme MspI. Differences were noted in the bacterial community composition in ADE soil and BC, and a higher bacterial diversity present in anthrosols was revealed by pyrosequencing. In this model, the high fertility in the ADE associated with a higher soil bacterial diversity, even when under intensive cultivation by the native population, may contribute to the overall higher yields when compared to the lower crop productivities under the “slash-and-burn” agricultural system. The higher microbial diversity found in the Hatahara site, a well known anthrosol 1,500 years old [71], highlights the importance of anthrosols to the sustainability of the Amazonian soils for crop production.
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