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A B S T R A C T

“Terras Pretas de Índio” are anthropic Amazonian soils rich in pyrogenic black carbon, which might be
responsible for the soil long-term stability and high fertility. This black carbon, produced by the Indians
while handling their residues, became a model material for agriculture and environment. The key
question to answer for artificially reproducing the desired agricultural properties of the Terra Preta de
Índio is whether the black carbon structure found today in these soils is the same as produced by the
ancient Indians, or whether its structure results from long-term complex physical, chemical and
biological activities in the soil. To address this question, this work investigates the depth dependence of
the properties from a soil collected from the Balbina site, in Presidente Figueiredo, Amazonas State, Brazil.
The black carbon structure and the soil composition are investigated, with special emphasis on the poorly
studied microbiological composition (fungi, bacteria, arbuscular mycorrhizas). The comparative analysis
between the properties from shallower (newer) and deeper (older) soil strata indicates that, while soil
composition exhibits depth dependence, the pyrogenic black carbon structure does not. This finding
suggests that this model material should be reproducible by repeating the pyrolysis conditions utilized in
their production.

ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding the characteristics of the Amazonian Dark soils
“Terras Pretas de Índio” (TPIs) is of ecological importance, because
the TPI soils represent a residue-based model for tropical
sustainable agriculture (Sombroek et al., 2003; Neves et al.,
2003; Cohen-Ofri et al., 2006, 2007; Falcão et al., 2003; Glaser,
2007). The TPI sites are identified by the presence of ceramics and
by their deep black horizons, generally down to 1m in depth (Fraser
et al., 2011). The dark color comes from the high content of black
carbon (BC), which are here defined as stable charcoal particles
present in the terrestrial ecosystems (Lian et al., 2006; Liang et al.,
2008). In the case of the TPI soil, the black carbon is pyrogenic,
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produced by the Indians when burning residues. Almost no black
carbon or ceramics are detectable in immediately surrounding
soils, already below 20 cm in soil depth (Glaser et al., 2001). The TPI
soils sequester up to 70 times more carbon than the surrounding
soils, and it is chemically and microbially stable (Glaser et al., 2001;
Steiner et al., 2004). Consequently, the microbial community in the
TPI is different from those in the surrounding soils (Grossman et al.,
2010; Glaser and Birk, 2012).

The TPI pyrogenic black carbon (TPI-BC) is made of sp2-ordered
carbon nanocrystallites with lateral dimensions of La�3–8 nm
(Jorio et al., 2012; Ribeiro-Soares et al., 2013). Despite a structural
complexity, the TPI-BC dimensionality (La) has been investigated as
a critical parameter defining the stability vs. reactivity properties
of the soil (Jorio et al., 2012; Ribeiro-Soares et al., 2013; Archanjo
et al., 2014, 2015). To be able to reproduce charcoal structures
similar to the TPI-BC, for the use as a soil conditioner, it is necessary
to understand whether the TPI-BC structure (mostly La) found
today was generated by the char and burning, or whether the time
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Fig. 1. Relative locations of the samples within the site of “Terra Preta de Índio”, in
Balbina, Presidente Figueiredo, Manaus State, Brazil. Five points were sampled, one
in the center (P0) and four at the boundaries (P1–P4). For each point, samples were
taken every 20 cm with a Dutch auger, down to 80 cm in depth for P1 and P4, and
down to 100 cm in depth for the other points.
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exposure to complex physical, chemical and biological degradation
played a role. Some authors are discussing how the microbial
communities inhabiting the soil may influence its structure (Kabir
et al., 1998; Oehl et al., 2005; Talbot et al., 2008; Eilers et al., 2012).
While the elemental composition of the TPI has been largely
studied (Glaser and Birk, 2012; Schaefer et al., 2004; Kern and
Kampf, 2005; Cunha et al., 2009), few works addressed the
microbiological composition (Grossman et al., 2010; Glaser and
Birk, 2012).

The primary objective of this work is to detect changes in the
critical parameter La of TPI-BC as a function of soil depth, crossing
this information with the elemental and microbiological composi-
tion, from the surface down to 100 cm in depth. Estimates point to
a TPI formation rate of 1 cm for every 10 years of Indian occupation
(Smith, 1980). The comparative analysis among the black carbon
properties from shallower (newer) and deeper (older) soil strata
should provide information about the stability of their structures.
The elemental composition of the soils has been measured and the
microbial occurrence evaluated to test the influence of chemical
elements and microorganisms as potential charcoal degradation
agents. Due to the lack of information about the microbiological
composition of the TPI soils, this part is discussed here in more
details. The types of microorganisms present in TPI and the
abundance of the associated fungi in the surface and deeper soil
strata are determined. The central hypothesis of this work is that,
despite differences in (1) the time permanence in the soil, (2) the
elemental and (3) the microbiological soil compositions, the as
produced TPI-BC maintained their basic structural properties,
represented by a unique distribution of La values.

2. Material and methods

2.1. Samples

Individual TPI soil samples of about 0.5 kg were collected from
the Balbina site, in Presidente Figueiredo (Lat. 2�0903900S, Long
60�000W), altitude 60 m, at 180 km from Manaus, Amazonas State,
Brazil. The samples were collected in October 2011, and preserved
in plastic sleeves until processed and subsampled for various
biological, physical and chemical analyses. Five points within the
60 m diameter circular TPI site were selected for sampling the soil
composition, as sketched in Fig. 1—four points located near the site
boundaries, and one point at the central region. After removal of
the litter layer, these points were probed at various depths:
0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm for all sites, plus a
80–100 cm stratum for points P0, P2 and P3. Textural composition
of the TPI Balbina soils is sandy, with texture independent of soil
depth. The structural and microbiological analyses were per-
formed on each sample separately, although the information
presented here will be a statistical mixture among the points with
same depth. For elemental analysis, however, the samples from the
same depth were mixed because the amount of required material
is larger for such analysis.

Control soil samples (about 0.5 kg) were collected in surround-
ing soils, which are predominant in the region: (1) Ultisol (USDA),
under secondary rain forest vegetation or “capoeira”, 30 years old,
with sandy texture; (2) the immediately surrounding Oxisol, under
primary forest, with a clayey texture. The ultisol and oxisol were
collected at 0–20 cm and 20–40 cm strata depths only, since black
carbon is not found for deeper strata. Other types of samples were
analyzed for comparision, originating from: (i) native forest soil
(riparian site, 0–20 cm depth) from southeastern Brazil (Sabará,
Minas Gerais State, 735 m a.s.l.); (ii) turf (accumulation of decayed
vegetation and other organic material), from a farm in Minas Gerais
State, Brazil, from 0 to 20 cm soil depth; (iii) compost (leaves,
stems, grasses and animal feces), collected from the Federal
University of Minas Gerais-Campus, after 6 months of maturity;
(iv) peat samples collected from the Federal University of Minas
Gerais-Campus, at 7 m soil depth, during a building excavation; (v)
activated charcoal (Zajac and Groszek, 1997; Suhas and Ribeiro,
2007; Qiu et al., 2008; Nabais et al., 2010), and (vi) synthetic
vegetal charcoal (Schulz and Glaser, 2012), obtained from Synth1

(São Paulo, Brazil).

2.2. Characterization methods

2.2.1. Elemental analysis
For elemental characterization, soil composition was obtained

at Minimax1 Agropecuary Laboratory, Belo Horizonte, Brazil.
Phosphorus and potassium were measured according to the
Mehlich I method. Organic carbon content (colorimetric method)
was measured according to (EMBRAPA, 1997).

2.2.2. Structural analysis
Structural characterization of the pyrogenic TPI-BC was based

on Raman spectroscopy, as discussed in Ribeiro-Soares et al.
(2013). The micro-Raman scattering experiments were performed
with an Andor1 Tecnology-Sharmrock sr-303i spectrometer
(2 cm�1 spectral resolution), coupled to a charge-coupled device
(CCD) detector. The backscattering configuration was used, with a
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Fig. 2. Soil depth evolution for the relative elemental quantities (see figure legend)
found in the “Terra Preta de Índio” (filled data) and control soils (open circles for
ultisol and open squares for oxisol). All data values are normalized to the respective
elemental quantities found in the shallower (0–20 cm) sample of the TPI site.
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60� objective lens in a Nikon Eclipse Ti-U inverted microscope. The
samples were excited by a 561 nm diode laser from Coherent, with
120 mW power at the samples.

For sample preparation, after dissolution of 0.15 g soil in 1 mL
ultrapure water from a Direct-Q3 system (18.2 MV cm, Millipore,
Billerica, MA, USA), approximately 60 mL of the solution was placed
onto an individual cover slip, and let dry at ambient conditions.

Thirty Raman spectra of randomly selected black carbon grains
of each TPI sample were acquired. Considering five points and the
different soil depths, a total of 690 spectra were analyzed. For
statistical analysis based on spectral line fitting, all spectra were
submitted to a linear baseline removal, between 800 cm�1 and
1900 cm�1, and the black carbon in-plane sp2-ordered nano-
crystallite sizes (La) were calculated from the spectral lineshape,
according to Ribeiro-Soares et al. (2013), using OriginPro 8 (SRD
2007 Origin Lab Corporation1, USA). Comparison between
groups based on the obtained values for La was performed using
Kruskal–Wallis test on MINITAB1 Release 14.12.0. To support the
spectral lineshape fitting analysis, Principal Component Analysis
(PCA) was also used to classify the 690 TPI-BC Raman spectra, after
clipping the data from 900 cm�1 to 1900 cm�1.

2.2.3. Microbiological analysis
Because only few studies address the microbiological composi-

tion of TPI (Grossman et al., 2010; Glaser and Birk, 2012), this
subsection will be more detailed.

The abundance of bacteria and total fungal microbial commu-
nities were obtained using culturing techniques. A soil sample (1 g)
was diluted in water (10 mL) and mixed with a vortex shaker. The
dilute (100 mL) was taken using a sterile pipette and mixed in
Sterile, Potato Dextrose Agar (Himedia1) (45 �C), and then placed
in the center of a sterile Petri dish (100 mm diameter). The mixture
was allowed to cool and incubated at ambient conditions for 2 days
or more. After this period, the colonies in the medium were
counted to determine the microbial abundance, according to Hurst
(2007). Original taxonomic papers based on cultural and morpho-
logical features, as well as the work by Domsch et al. (2007), were
Table 1
Chemical properties of (a) “Terra Preta de Índio&rdquo; (TPI)a and (b) adjacent soils,
for different soil depths.

(a) TPI Soil depth

0–20 cm 20–40 cm 40–60 cm 60–80 cm 80–100 cm

pH (H2O) 5.0 5.1 5.3 5.3 5.4
C (g kg�1) 16.2 14.3 13.4 6.8 4.4
Ca (cmolc kg�1) 3 1.5 1.1 0.6 0.6
Mg (cmolc kg�1) 0.5 0.2 0.3 0.1 0.02
Al (cmolc kg�1) 0.7 1 0.8 0.7 0.5
K (mg kg�1) 12 4 2 3 1
P (mg kg�1) 54 54 53 36 8
Fe (mg kg�1) 36.5 24 37 72 136.8
Zn (mg kg�1) 5.5 4.7 4.4 2.7 1.3
Mn (mg kg�1) 64.6 43.5 35.7 28.3 18.8

(b) Ultisol Oxisol

0–20 cm 20–40 cm 0–20 cm 20–40 cm

pH (H2O) 4.6 5.1 4.8 5.0
C (g kg�1) 15.8 6.7 15.2 10.8
Ca (cmolc kg�1) 0.3 0.3 0.2 0.2
Mg (cmolc kg�1) 0.0 0.0 0.0 0.0
Al (cmolc kg�1) 1.7 1.1 1.1 1.1
K (mg kg�1) 10 10 6 6
P (mg kg�1) 1 1 1 1
Fe (mg kg�1) 329 328 316.6 321.2
Zn (mg kg�1) 1.4 0.9 0.8 1.4
Mn (mg kg�1) 0.1 0.1 0.1 0.1

a Analyzed samples are mixtures of the samples from the five points (P0–P4) from
the same soil depth.
used to identify sporulating selected fungi. Single colonies were
transferred to Potato Dextrose Agar and subcultured to a new MEA
(malt, yeast extract and agar) plate, to obtain a pure culture and
long-term stocks, prepared in 15% glycerol, and stored at �80 �C in
sterilized C and in sterilized water, at Culture Collection of
Microorganisms and Cells of UFMG, under the code UFMGCB.

For filamentous fungi identification, the protocol for DNA
extraction followed Rosa et al. (2009). The internal transcribed
spacer (ITS) region was amplified with the universal primers ITS1
and ITS4 (White et al., 1990). Amplification of the b-tubulin gene
was performed with the Bt2a and Bt2b primers (Glass and
Donaldson, 1995). Polymerase chain reaction (PCR) assays were
conducted in 50 mL reaction mixtures containing 1 mL of genomic
DNA (10 ng mL�1), 5 mL of PCR buffer (100 mM Tris–HCl, 500 mM
KCl, pH 8.8), 2 mL of dNTPs (10 mM) plus 3 mL of MgCl2 (25 mM),
1 mL of each primer (50 pmol mL�1), 1 mL of dimethyl sulfoxide
(DMSO, Merck, USA), 2 mL betaine (5 M), 0.2 mL of Taq polymerase
(5 U mL�1 DNA) and 33.8 mL of ultrapure sterile water. PCR
amplifications were performed with the Mastercycler pro (Eppen-
dorf, Hamburg, Germany), programmed for initial denaturation at
94 �C for 5 min, followed by 35 cycles of 1 min of denaturation at
94 �C, primer annealing for 1 min at 59 �C, and extension for 1.3 min
at 72 �C, with a final 7 min elongation step at 72 �C. After
amplification of the b-tubulin template, excess primers and dNTPs
were removed from the reaction mixture using a commercial GFX
column with the PCR DNA purification kit (Amersham Bioscience,
Roosendaal, Netherlands). Purified PCR fragments were resus-
pended in 50 mL of TE buffer.
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The amplified DNA was concentrated and purified using the
Wizard Plus SV Miniprep DNA Purification System (Promega, USA),
and sequenced using an ET Dynamic Terminator Kit in a
MegaBACETM 1000/Automated 96Capillary DNA sequencer (GE
Healthcar, USA). The obtained sequences were analysed with
SeqMan P using Lasergene software (DNASTAR/Inc.), and a
consensus sequence was obtained using the Bioedit v. 7.0.5.3
software. To achieve species-rank identification based on ITS and
b-tubulin data, the consensus sequence was aligned with all
sequences from related species retrieved from the NCBI GenBank
database using BLAST (Altschul et al., 1997). The consensus
sequences of the fungi were deposited into GenBank. However,
according to Gazis et al. (2011), sequencing of the ITS region may
fail to recognize some fungal genera. For this reason, the b-tubulin
sequences, which are considered promising for a one-gene
phylogeny (Frisvad and Samson, 2004), were used to elucidate
the taxonomic positions of the inconclusive taxa identified using
ITS sequences. Additionally, the following criteria were used to
interpret the sequences from the GenBank database: for query
coverage and sequence identities �99%, the genus and species
were accepted; for query coverage and sequence identities
showing 98%, the genus and species were accepted, but the term
‘cf.’ (Latin for confer = compares with), used to indicate that the
specimen resembles, but has certain minor features not found in
the reference species, was included; for query coverage and
sequence identities between 95% and 97%, only the genus was
accepted; for query coverage and sequence identities �95%, the
isolates were labelled with the order or family name, or as
‘unknown’ fungi. Furthermore, taxa that displayed query coverage
and identities �97% or an inconclusive taxonomic position were
subjected to phylogenetic ITS and b-tubulin analysis, with
estimations conducted using MEGA Version 5.0 (Tamura et al.,
2011). The maximum composite likelihood method was employed
to estimate evolutionary distances with bootstrap values calculat-
ed from 1000 replicate runs. To complete the molecular
identification, the sequences of known-type fungal strains or
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Fig. 3. PCA ordination diagram for the elemental composition of the TPI soil and
other related materials. The samples are abbreviated as: TPI1 = TPI from 0 to 20 cm,
TPI2 = TPI from 20 to 40 cm; TPI3 = TPI from 40 to 60 cm; TPI4 = TPI from 60 to 80 cm;
TPI5 = TPI from 80 to 100 cm; TURF = turf (from 0 to 20 cm); PEAT = peat (from 7 m);
COMP = compost; O = oxisols; U = ultisols; VC = synthetic vegetal charcoal.
reference sequences obtained from fungal species deposited in
international Culture Collections found in GenBank were added to
improve the accuracy of the phylogenetic analysis. The information
about fungal taxonomic hierarchical follows the rules established
by (Kirk et al., 2008) and the MycoBank (www.mycobank.org), and
the Index Fungorum databases (www.indexfungorum.org).

The abundance of arbuscular mycorrhizas was measured based
on morphological methods. Arbuscular mycorrhizal fungi (AMF)
spores were recovered from five soil samples (20 g), from each
depth strata, from each of the five points of the TPI soil, and from
the four control soil samples (oxisol and ultisol at two depths).
Spores were separated by wet sieving (Gerdemann and Nicolson,
1963) decanting and sucrose centrifugation (Walker et al., 1982),
and the analysed data were expressed as number of spores/20 g of
dry soil. Only healthy spores were counted. Each spore type was
mounted sequentially in polyvinyl-lacto-glycerol (PVLG) and
Melzer’s reagent for identification. Identification was based on
spore color, size, surface ornamentation and wall structure, with
reference to the descriptions provided by the original species
descriptions. AMF nomenclature and authorities are those of IMA
fungus (Oehl et al., 2011) and mycobank (www.mycobank.org).
Numbers of species were counted and spore numbers were square
rooted transformed and statistically analyzed. We estimated the
AMF diversity by the Shannon index using the PAST version 2.17b
software (Hammer et al., 2001). The Shannon–Weaver index (H0)
was calculated from the equation H = �Spi ln pi, where pi is the
relative abundance of the species compared to all the species in a
sample.
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UFMGCB 9981
UFMGCB 9982
Penicillium janthinellum CBS  340.48 [GU 9815 85]R

Penicillium cremeogriseum CBS 22 3.66  [GU 981586 ]R

Penicillium raperi NRRL 26 74 [ AF033433 ]R

Penicillium sim plicissim um CBS  281.58 [GU 981584]R

Eupenicillium zona tum CBS  992.72 [GU 981 581 ]R

Penicillium levitum NRRL 70 5 [ JN626097]R

Eupenicillium limosum CBS 33 9.97 [GU 981568 ]R

Eupenicillium abidjanu m CBS 24 6.67 [GU 981582]R

UFMGCB 9983
Penicillium dale ae [DQ 132 832]P

Penicillium sim plicissim um CBS  372.48 [GU 981588 ]R

Penicillium mariae-cr ucis CBS  271.83 [GU 981593 ]R

Eupenicillium brefeldianum CBS  233.81 [GU 98161 5]R

Eupenicillium abidjanu m CBS 51 3.74 [GU 981618]R

Penicillium rolf sii CBS  368.48 [JN617 705]R

Eupenicillium reticuli spo rum CBS  121.68 [GU 98161 7]R

Penicillium ochrochloron CBS 35 7.48 [GU 981604]R

Penicillium ciegleri CBS 27 5.83  [GU 981601 ]R

Penicillium pulvillorum CBS 28 0.39 [GU 981602 ]R

Penicillium vasconiae CBS  339.79 [GU 9815 99]R

Penicillium waksmanii CBS 23 0.28 [GU 9446 02]R

Talaromy ces ver ruculosus CBS  388.48 [NR1036 75]R

UFMGCB 9980
Talaromy ces acule atus CBS 28 9.48 [NR103679]R

Talaromy ces pinophil us CBS 631 .66 [JN899382]R
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Fig. 5. Phylogenetic analysis of the fungi sequences (in bold) associated with “Terra Preta de Índio” samples, in comparison with reference (R superscript) sequences of the
closest species, following BLAST analysis, deposited in the GenBank database. The tree was constructed based on the ITS region sequences using the maximum composite
likelihood method.
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For the statistical analysis, different methods were used. Cluster
analysis was carried out with the PAST version 2.17b software
(Hammer et al., 2001) to generate dendrograms using the
unweighted pair-group method, with arithmetic average (UPGMA)
and Euclidean distance as similarity measure. Principal component
analysis (PCA) was applied to demonstrate the ordination of the
AMF species from the five soil depths and to identify which soil
attributes were related with the AMF species. The chemical
attributes of soil, and the most commonly found AMF species were
transformed into ordinates corresponding to their projection on
the ordination axes, or eigenvalues, representing the weight of
each variable on each component (axis) and with a correlation
coefficient ranging from �1 to +1. These analyses were performed
with the PC-ORD Version 5.17 Software, Gleneden Beach, Oregon,
U.S.A. (McCune and Mefford, 2006).
Table 2
Molecular identification of fungi isolated from “Terra Preta de Índio”.

UFMGCBa Top BLAST search results [GenBank accession no.] Query cover
(%)

9980b Talaromyces verruculosus [HQ607919] 100 

9981b Penicillium aculeatum [JN166804] 100 

9982b Penicillium aculeatum [JN166804] 100 

9983b,c Penicillium dalea [JQ776541] 100 

Identification conducted using BLASTn searches of the internal transcribed spacer (ITS) an
Federal University of Minas Gerais. Taxa subjected to phylogenetic analysis based on th
position suggested by the phylogenetic analyses. eITS and fb-tubulin sequences deposi
3. Results and discussion

3.1. Elemental analysis

The amounts of organic matter, nutrients (P, Zn, Mn, Ca, Mg, K,
Al, Fe, B and Cu), and the pHðH2OÞ were measured as a function of
soil depth (see Table 1). Fig. 2 shows the variation of the relative
elemental quantity with soil depth, found in the TPI (filled data)
and control soils (ultisol—open circles, and oxisol—open squares).
The data are normalized to the respective values found at the TPI
soil surface (0–20 cm).

Percent soil organic matter, directly related to the abundance
of N and C, vary with depth, deeply decreasing from 60 to 100 cm
in the TPI, as shown in Fig. 2(a). The decrease in organic matter
relative quantity for both TPI and control soils correlate with the
increase in the pHðH2OÞ, as shown in Fig. 2(b). The macronutrients
Identity (%) No. of DNA base
pair analyzed

Proposed taxa [GenBank acc. no.]

99 467 dTalaromyces verruculosus [KF926645e]
100 489 dPenicillium janthinellum [KF926646e]
100 463 dPenicillium sp. [KF926647e]
100 458 dEupenicillium sp. [KF926648e, KJ473427f]

d b-tubulin gene regions. aUFMGCB = Culture of Microorganisms and Cells from the
e bITS and cb-tubulin regions for elucidation of taxonomic positions. dTaxonomic
ted.



Table 3
Top five BLAST results identifying the sequences of fungi from “Terra Preta de Índio” samples, and their habitat.

UFMGCBa Closest relative taxa [GenBank
accession no.]

Maximal
identity (%)

Query
coverage (%)

Originally reported habitat

9980 Talaromyces verruculosus
[HQ607919]

99 100 Associated with fungus-gardens of a lower-attine ant Cyphomyrmex wheeleri, USA
(Rodrigues et al., 2011)

Penicillium pinophilum [AY753344] 99 100 Unknown, Thailand
Fungal endophyte [KF673656] 99 100 Fungal endophytes of aquatic macrophytes, USA
Fungal sp. [KC506174] 99 100 Mangroves sediments, Brazil
Penicillium aculeatum
[GU566285.1]

99 100 Phalaris arundinacea L. in field experiment on a coal mine spoil bank Czech Republic
(Bukovska et al., 2010)

9981 Penicillium aculeatum [JN166804] 100 100 Unknown, China
Penicillium janthinellum
[FJ004303]

100 100 Unknown, Greece

Cladosporium sp.[GQ370370] 100 100 Endophytic and rhizosphere fungi isolated from sugarcane, Brazil (Rojas et al., 2012)
Penicillium janthinellum
[GU981585]

100 100 Leaf litter, The Netherlands (Houbraken et al., 2011)

Penicillium cremeogriseum
[JX091428]

99 100 Unknown, South Africa

9982 Penicillium aculeatum [JN166804] 100 100 Unknown, China
Penicillium janthinellum
[FJ004303]

100 100 Unknown, Greece

Cladosporium sp.[GQ370370] 100 100 Endophytic and rhizosphere fungi isolated from sugarcane, Brazil (Rojas et al., 2012)
Penicillium cremeogriseum
[JX091428]

99 100 Unknown, South Africa

Penicillium ochrochloron
[HQ392499]

99 100 Microfungi from freshwater ecosystem, Malaysia

9983 Paecilomyces parvisporus
[JQ776543]

100 100 Endophytic fungi from Cymodocea rotundata, tropical seagrass leaves, India

Penicillium dalea [JQ776541] 100 100 Endophytic fungi from Cymodocea rotundata, tropical seagrass leaves, India
Penicillium daleae [DQ132832] 99 99 Rhizosphere of clonal Picea mariana, Canada (Vujanovic et al., 2007)
Paecilomyces parvisporus
[DQ187954]

99 99 Soil samples of Dali City, China (Han et al., 2005)

Penicillium daleae [KF156321] 96 99 Root associated fungi of healthy-looking Pinus sylvestris and Picea abies seedlings,
Swedish forest nurseries

a UFMGCB = culture of microorganisms and cells from the Federal University of Minas Gerais.
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(P, Ca and Mg) and micronutrients (Zn and Mn) are much more
abundant in the TPI than in the control soils, and decrease
significantly with depth (Fig. 2(c)). The P level is high down to
60 cm, decreasing sharply after 80 cm. Differently, the amount
of K (Fig. 2(d)) is not much higher in the TPI as compared to the
control soils, and it decreases quickly with increasing soil depth,
indicating it has a stronger dependence on the soil surface
composition; the absolute value of K contents was low anyways
(see Table 1). For B and Cu (not shown), only traces were found. The
absolute amounts of exchangeable Al (Fig. 2(e)) are very low at all
soil depths, consistent with the pHðH2OÞ values. The slight decrease
of these values with depth may be correlated with the slight
increase of pH with depth. The Fe content (Fig. 2(f)) in the control
soils was much higher than in the TPI. In general, Fe content is low
in TPI soils.

Fig. 3 shows a PCA ordination diagram for the elemental
composition of the PTI soils and other related materials (peat, turf,
compost, control soils: oxisol and utisol, and synthetic vegetal
charcoal—see Section 2.1). When comparing the elemental
composition on the TPI soil with the other samples, the level of
available nutrients follow the order compost > TPI > peat > turf >
synthetic vegetal charcoal > control soils, although exceptions are
found for specific elements, such as K and Cu, which exhibit
elevated levels in peat. These findings agree with the association
between charcoal and composting by the natives, who incorpo-
rated organic wastes such as mammalian and fish bones (Lima
et al., 2002; Schaefer et al., 2004).
3.2. Microbial analysis

Microbiological analyses show that the “Terra Preta de Índio” soil
contains high microbial abundance and diversity. These composi-
tion aspects are described here in details due to the lack of
information in the literature about the microbiological composi-
tion of the TPI.

Fig. 4 plots the soil depth dependence for the population of
culturable fungi, arbuscular mycorrhizal fungi (AMF) and bacteria,
in the TPI (filled symbols) and control soils (open circles—ultisol;
open squares—oxisol). Abundance of culturable fungi, AMF and
bacteria decreases with increasing depth. The greater fungi CFU
(colony-forming units) recovery in the TPI soils may reflect the
natural variability in the soils or may simply reflect the enhanced
culturability of the fungi on taxa-specific media, as compared to
general purpose media. Despite certain well-known limitations of
plate cultivation techniques, the CFU results independently
indicate that the fungi are naturally elevated in the TPI soil and
decrease with depth (Fig. 4). Remarkable is the much higher
content of bacteria in the TPI as compared to the control soils.

For fungal species identification, molecular and morphological
analysis was performed. In the molecular analysis, the Phylum
Ascomycota predominated. The internal transcribed spacer (ITS)
sequence from the TPI soils was compared with sequences from
the species deposited in the GenBank database (details in Fig. 5).
Four isolated fungi were identified, as listed in Table 2. As the ITS
region from terverticillate Penicillia alone cannot differentiate
Penicillium species (Skouboe et al., 2000), the b-tubulin gene
(Seifert and Louis-Seize, 2000) was also analyzed for classifying



Table 4
Distribution of AMF species in the TPI and control soils—oxisol and utisol, in the different depths (+, presence; –, absence).

AMF species TPIa Control soilsa

0–20 20–40 40–60 60–80 80–100 0–20 20–40

Acaulosporaceae
Acaulospora bireticulata F.M. Rothwell & Trappe + – + – – – –

A. sp.1 – – – + – – –

A. mellea Spain & Schenck + + + + – – +
A. rhemii Sieverding & Toro + – + – + – –

A. scrobiculata Trappe + + + + + – –

A. spinosa C. Walker & Trappe – – – – + – +

Ambisporaceae
Ambispora appendicula (Spain, Sieverd. & N.C. Schenck) C. Walker + – – – – – –

Entrophosporaceae
Claroideoglomus etunicatum (W.N. Becker & Gerd.) C. Walker & A. Schübler + + + + + + +

Scutellosporaceae
Scutellospora calospora (T.H. Nicolson & Gerd.) C. Walker & F.E. Sanders – – – + + + +
Racocetra castanea (C. Walker) Oehl, F.A.Souza & Sieverd. – – – – – + –

Glomeraceae
Funneliformes geosporus (T.H. Nicolson & Gerd.) C. Walker & Schübler + + + + + + –

Glomus tortuosum N.C. Schenck & G.S. Smith – – – – - - +
Glomus rubiforme (Gerd. & Trappe) R.T. Almeida & N.C. Schenck + – – – – – +
Glomus sp. 1 + + + – – – –

Glomus sp. 2 + + – – – – –

Glomus sp. 3 + + – + + – +
Glomus sp. 4 – – + + – + –

Glomus sp. 5 – – + + – + –

Pacisporaceae
Pacispora franciscana Sieverd. & Oehl + + + + – – –

Species richness (number of species) 12 8 9 10 7 6 7

Diversityb 1.8 1.8 1.8 1.8 1.8 1.1 1.8

a Data obtained for each soil depth: 0–20 = 0–20 cm; 20–40 = 20–40 cm, and so on.
b Maximal AMF diversity using the Shannon index.
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Fig. 6. PCA AMF ordination diagram for the five different TPI soil depths and control
soils. Samples abbreviations: TPI1 = TPI from 0 to 20 cm, TPI2 = TPI from 20 to 40 cm;
TPI3 = TPI from 40 to 60 cm; TPI4 = TPI from 60 to 80 cm; TPI5 = TPI from 80 to
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304 M.C. Pagano et al. / Soil & Tillage Research 155 (2016) 298–307
one isolate from TPI. In this analysis, the isolate was 100% identical
to the P. daleae (JQ776541) species. Molecular analysis suggests
that isolates assigned to genera Talaromyces verruculosus, Penicilli-
um janthinellum and Eupenicillium sp. (Trichocomaceae) can be
found in the TPI soils, in all soil depths.

All the filamentous fungi found in the present work match with
fungi previously associated with C sources, which were found
generally in the rhizosphere soil as plant endophytic, or associated
to leaf litter (Table 3). Among them, T. verruculosus was found
associated with fungus-gardens of a lower-attine ant Cyphomyr-
mex wheeleri (Rodrigues et al., 2011). P. janthinellum is a soil fungi
previously isolated in Amazonia (Batista et al., 1967a,b) that can
also live as an endophyte (Khan et al., 2013). It was also isolated
from humic and ferulic acids being able to decompose starch,
cellulose, tannins and hydrocarbons from fuel oil (Domsch et al.,
2007).

In the morphological analysis of arbuscular mycorrhizas, we
identified 11 AMF species, and 6 were unidentified (only gender
was known) (Table 4 and Fig. 6). Glomeromycota were dominated
by Diversisporales, followed by Glomerales and Gigasporales.
Previous observations showed that most of the AMF species
richness (number of different species) and diversity (Shannon
index) are concentrated in the topmost soil horizons (Oehl et al.,
2005), consistent with our data. The Scutellospora species was
found only in the deeper strata, in agreement with Oehl et al.
(2005). Richness estimators showed a declining trend with
increasing depth; however, diversity remained similar (see
Table 4).

With regard to the control soil samples (oxisol and utisol),
similar AMF species were detected, with 8 AMF species identified
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Fig. 7. (a) Box-plot representation of the average crystallite size La of black carbon
present in the “Terra Preta de Índio” at each soil depth. The first data on the left
stands for the control soil (labeled OX 0–20 in the X-axis). The line inside the boxes
give the median values. Boundaries of the boxes indicate the 25th and 75th
percentiles, respectively. The remaining data are in the range delimited by the
horizontal lines outside the boxes, while outliers are represented as asterisks. (b)
Dendrogram constructed by UPGMA using the crystallite size (La, nm) of TPI-BC at
each depth, and the reference samples—abbreviations: VC = synthetic vegetal
charcoal; AC = activated charcoal, OX 0–20 = adjacent oxisol (0–20 cm). The inset
shows a Raman spectrum of a TPI-BC sample (from the 40 to 60 cm soil depth
stratum). The D and G Raman lines are labeled.
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and 3 unidentified. However, Racocetra castanea was found in the
control soil only at 0–20 cm. In the Amazon region (Maranhão,
Brazil), 16 AMF species, belonging to Acaulospora, Ambispora,
Glomus, Gigaspora and Scutellospora were found in alley cropping
system with legume trees (Nobre et al., 2010). Among them, six
species were in common with the present survey. Recently, Freitas
et al. (2014) found in a protected area near Manaus, Amazonas,
higher species richness (39 AMF species); however, they analyzed
102 soil samples (in a bigger sampled area). Only nine species were
in common with the present study, but the number of AMF taxa
might be underestimated here due to the restricted sampling. The
microbiological analysis showed that the abundance of AMF was
Table 5
Depth dependence for the average crystallite size La and the widths and positions of the 

Medians followed by different lowercase letters in a column indicate significant differe
letters in each column indicate no significantly differences between soil depths (P < 0.

Soil type Soil depth (cm) La (nm) Width D (cm�1)

TPI 0–20 6.65y Aa 205.62 Aa 

20–40 6.70y AB 200.36 B 

40–60 6.98y B 187.39C 

60–80 6.85y B 191.90C 

80–100 6.95z B 186.49C 

Oxisol 0–20 6.34* b 229.85 b 

For La, medians are taken from y150, z90, *30 measurements.
greater in TPI > control soil > turf samples. Peat was collected from
7 m depth and did not present any AMF, while compost presented
few Glomus spores (data not shown).

3.3. Structural analysis

Fig. 7(a and b) brings the structural analysis of the TPI-BC based
on Raman spectroscopy, as previously discussed (Jorio and
Cançado, 2012; Jorio et al., 2012; Ribeiro-Soares et al., 2013).
The main structural parameter is the in-plane crystallite size (La)
for the sp2 coordinated carbons. The inset in Fig. 7(b) shows a
representative Raman spectrum, which reveals the presence of the
D (�1376 cm�1) and G (�1610 cm�1) Raman lines, obtained from a
TPI-BC grain in the 40–60 cm deep stratum.

Statistical analysis of the measured TPI-BC Raman spectra
indicates an average crystallite size (La) ranging mostly from
�4 < La< �9 nm, with average La value of 6.8 nm (Fig. 7(a)). These
findings agree with previous works showing La�3–8 nm for TPI-
BC-grains (Jorio et al., 2012; Ribeiro-Soares et al., 2013). Comparing
results from the TPI-BC with results from turf and synthetic vegetal
charcoal, the La from TPI-BC is similar to turf (�6 nm) and lower
than that of synthetic vegetal charcoal (�10 nm), also consistent
with previous findings (Jorio et al., 2012). A slightly lower mean
value of La (6.3 nm) was found for the control soil (oxisol, 0–20 cm)
as compared to the results from the TPI-BC (6.7 nm) at the same
0–20 cm depth (Table 5). Other reports of Raman spectra from
fossil charcoal showed similar crystallite size (Cohen-Ofri et al.,
2006).

Fig. 7(b) clusters the samples of different origins and depths
according to their nanocrystallite sizes (La), as obtained by Raman
spectroscopy analysis. The analysis revealed the formation of two
main clusters: the first cluster includes synthetic samples of
vegetal charcoal and activated charcoal, and the second cluster
includes the non-synthetic samples. The compost samples are
considered here of natural origin, since they are the stable product
of controlled microbial aerobic decomposition and stabilization of
organic substrates (Martin et al., 2012). PCA was also performed in
the raw data, analyzing the 690 Raman spectra from the TPI. The
formation of data grouping could not be obtained.

Therefore, although the Raman spectroscopy analysis is able to
sort out the carbon structures found in different sources, the
properties did not vary significantly among the TPI soil strata
(Fig. 7(a)). This means that, although oxidation (or degradation) of
the TPI-BC could increase over time, the Raman spectroscopy
analysis does not evidence any indication of structural changes
from the surface layers as compared to the deeper TPI samples.

4. Conclusions

Raman spectroscopy-based structural analysis is capable of
realizing the differences among black carbon structures from TPI,
turf, peat, compost, nature forest, synthetic vegetal and activated
D and G peaks of black carbon from “Terra Preta de Índio” and the oxisol control soil.
nces, as determined by t-Student test at the 5% significance level. Same uppercase
05).

 Width G (cm�1) Peak D (cm�1) Peak G (cm�1)

88.48 Aa 1385.2 Aa 1619.1 Aa
88.00 A 1384.4 A 1618.6 A
85.04 B 1384.5 A 1619.6 AB
86.32 B 1384.8 A 1619.9 AB
85.30 B 1384 A 1619.6 AB

93.75 b 1361.7 b 1593.9 b
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commercial charcoals. However, the Raman spectroscopy analysis
indicates that the nanostructure parameter La of the TPI-BC does
not change with soil depth. On the other side, the elemental
composition and the microbial abundance were found to exhibit a
clear depth dependence. Based on these results, we propose that
the nanostructure of the TPI-BC found today is similar to the form
they were produced by the Indians, i.e. they have not experienced
long-term degradation. This is a key aspect to synthesize this type
of black carbon structure, since it suggests one has to reproduce the
conditions utilized by the Indians, excluding complex unknown
long-term physical–chemical–biological influences on the TPI-BC
structure in the soil.

From materials science, it is known that the differences in the
annealing temperature is the main factor that mostly influences La
(Takai et al., 2003; Cançado et al., 2006). In analogy, controlling the
pyrolysis temperature and atmosphere during residues burning
might be a key aspect to reproduce the TPI-BC nanostructure.
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