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Abstract The Cerrado biome in the Sete Cidades
National Park, an Ecological Reserve in Northeastern
Brazil, has conserved its native biodiversity and
presents a variety of plants found in other savannas
in Brazil. Despite this finding the soil microbial
diversity and community structure are poorly under-
stood. Therefore, we described soil bacterial diversity
and distribution along a savanna vegetation gradient
taking into account the prevailing environmental
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factors. The bacterial composition was retrieved by
sequencing a fragment of the 16S ribosomal RNA
gene. The bacterial operational taxonomic units
(OTUs) were assigned to 37 different phyla, 96
classes, and 83 genera. At the phylum level, a core
comprised by Proteobacteria, Acidobacteria, Acti-
nobacteria, Firmicutes, Verrucomicrobia and Planc-
tomycetes, was detected in all areas of Cerrado.
‘Cerrado stricto sensu’ and ‘Cerradao’ share more
similarities between edaphic properties and vegetation
and also present more similar bacterial communities,
while ‘Floresta decidual’ and ‘Campo graminoide’
show the largest environmental differences and also
more distinct bacterial communities. Proteobacteria
(26%), Acidobacteria (21%) and Actinobacteria
(21%) were the most abundant phyla within the four
areas. All the samples present similar bacteria richness
(alpha diversity) and the observed differences among
them (beta diversity) were more related to the
abundance of specific taxon OTUs compared to their
presence or absence. Total organic C, N and P are the
main abiotic factors structuring the bacterial commu-
nities. In summary, our findings show the bacterial
community structure was clearly different across the
Cerrado gradient, but that these environments share a
bacterial phylum-core comprising Proteobacteria,
Acidobacteria, Actinobacteria, Verrucomicrobia and
Planctomycetes with other Brazilian savannas.
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Introduction

The Brazilian Cerrado (Tropical Savanna), as the
second largest Brazilian biome after the Amazon
rainforest, is an ecosystem that contains a high
biodiversity (Forzza et al. 2010). The biome occupies
a quarter of the Brazilian territory and extends across
almost the entire country, making it one of the most
biodiverse savannas in the world (Myers et al. 2000).
In the Cerrado from the Northeast of Brazil, the
Federal Government established the Sete Cidades
National Park, which covers 6221 ha and aims to
study and protect the region’s biodiversity (IBDF
1979). In this National Park, the Cerrado comprises a
gradient of vegetation from ‘Campo graminoide’
(continuous grass stratum), ‘Cerrado stricto sensu’
(grass, shrubs, low trees and woody stratum) ‘Cer-
radao’ (woody stratum with varying density of shrubs
and trees) to ‘Floresta decidual’ (trees stratum)
(Coutinho 1978).

Although other regions of Brazil also present
similar gradients of Cerrado vegetation, such as the
Southeast and Central plateau (Castro et al. 1999),
Castro et al. (1998) hypothesized that the Cerrado
from Sete Cidades National Park could be a hotspot of
biodiversity and could have different patterns of plant
diversity. Therefore, a Long-Term Ecological Pro-
gram (PELD) was initiated in 1994 to study the plant
diversity within Sete Cidades National Park, and the
major finding was that different plant diversities exist
across a gradient of that Cerrado (Castro et al.
1998, 1999).

Despite the importance of Cerrado biodiversity,
inventories of soil microbial diversity using high-
throughput sequencing technologies are scarce and
concentrated in Southeast and Central plateau Cerrado
(Araujo et al. 2012; Rampelotto et al. 2013; Castro
et al. 2016). Therefore, information about soil micro-
bial diversity across the Cerrado in the Northeast of
Brazil is still lacking.

Microbes are the largest reservoir of biodiversity in
natural forests and are involved in nutrient transfor-
mations that maintain the forest ecosystem (DeMandal
et al. 2015). Obtaining further information regarding
soil microbial diversity is important because soil
microorganisms are involved in vital ecosystem func-
tions (Rodrigues et al. 2013). Sequencing 16S rRNA
genes that have been recovered from the environment
is the most frequently used molecular method for
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evaluating bacterial communities and has been widely
used to describe bacterial diversity in different ecosys-
tems (Zhang and Xu 2008; Mishra et al. 2014).

Soil bacterial communities are variable across
spatial scales, and several factors, such as soil
physicochemical properties and plant diversity, drive
the distribution of microorganisms in the environment
(Bru et al. 2011). Specifically, plant diversity influ-
ences the bacterial community both directly through
carbon sources in plant litter and indirectly through its
influence on soil physicochemical properties (Bardgett
and Shine 1999). Previous studies in Brazilian Central
Cerrado have assessed the microbial community
structure along the gradient of vegetation and revealed
significant influences of vegetation and physicochem-
ical properties (Araujo et al. 2012; Rampelotto et al.
2013; Castro et al. 2016). Araugjo et al. (2012) found
that bacterial communities from ‘Cerrado Denso’ and
‘Cerrado sensu stricto’ grouped together and are
distinct from those of ‘Campo Sujo’ and ‘Mata de
Galeria’. Those authors found that the dominant
bacterial phylum in all Cerrado habitats was Aci-
dobacteria. Castro et al. (2016) showed that changes in
bacterial, archaeal, and fungal community structures
in Central Cerrado are strongly correlated with
seasonal patterns of soil water uptake. Rampelotto
et al. (2013) observed relevant differences in the
abundance and structure of bacterial communities in
Cerrado soils under different land use systems. Taking
into account the peculiarities of the edaphoclimatic
conditions and the Cerrado plant composition and
diversity found within the Sete Cidades National Park
(Castro et al. 1998, 1999), we hypothesize that these
environmental variations in soils are reflected in
differences in the bacterial community composition.

Materials and methods
Study area

The study was conducted within Sete Cidades
National Park (PNSC) (04°02'-08'S and 41°40'-
45'W), located in the northeastern state of Piaui,
Brazil (Fig. 1). The park covers an area of 6221 ha.
The climate is sub-humid with two distinct seasons
(wet and dry) during the year, and annual average of
temperature at 25 °C. The area has an annual average
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FORTALEZA

Cerrado strictu sensu

Campo graminoide

Cerradao Floresta decidual

Fig. 1 Map presenting the gradient of Cerrado at Sete Cidades National Park, Brazil

rainfall of 1558 mm distributed in February, March
and April.

We evaluated preserved sites (with 1000 m? each
one), belonging to the long-term ecological program
(PELD-CNPq) from the Brazilian government, across
a gradient of different Cerrado formations ranging
from ‘Campo graminoide’, ‘Cerrado stricto sensu’,
‘Cerradao’ to ‘Floresta decidual’ (Table 1). Basically,
‘Campo graminoide’ is covered by a continuous grass
stratum; ‘Cerrado stricto sensu’ is covered by grass,
shrubs, low trees and woody stratum; ‘Cerradao’ is
covered by woody stratum with varying density of

shrubs and trees; and ‘Floresta decidual’ is covered by
trees (Coutinho 1978).

Soil sampling and chemical analysis

Each site was divided in three transects (replication)
where soil samples were collected at 0-20 cm depth
(three points per transect) in March (wet season),
2014. All soil samples were immediately stored in
sealed plastic bags and transported in an icebox to the
laboratory. A portion of the soil samples was stored in
bags and kept at —20 °C for DNA analysis and another
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Table 1 Vegetation diversity indices in the Cerrado areas (Oliveira et al. 2007)

Campo graminoide Cerrado stricto sensu Cerradao Floresta decidual
Plant richness* 4.7 11 17 18
Plant diversity** 0.2 0.85 1.10 1.11
Plant density*** 4.7 27.1 35.0 51.8
Vegetation®**** 4 b ¢ d

* Species/100 m?; ** H/100 m%; *** individual/100 m?; *#** species of plants present

* Andropogon fastigiatus; Aristida longifolia; Eragrostis maypurensis

b Andropogon fastigiatus; Aristida longifolia; Terminalia fagifolia; Magonia pubescens;, Hymenaea courbaril; Plathymenia
reticulata; Qualea grandiflora; Combretum mellifluum; Lippia origanoides;, Anacardium occidentale; Simarouba versicolor;

Vatairea macrocarpa

¢ Aspidosperma discolor; Parkia platycephala; Terminalia fagifolia; Piptadenia moniliformis; Plathymenia reticulata; Qualea
parviflora; Anacardium occidentale; Copaifera coriacea; Thiloa glaucocarpa; Casearia grandiflora

d . . . . . L. . . . o ge
Aspidosperma multiflorum; Aspidosperma subincanum; Campomanesia aromdtica; Casearia lasiophylla; Casearia ulmifolia;
Copaifera coriacea; Ephedranthus pisocarpus; Piptadenia moniliformis; Pterocarpus violaceus; Thiloa galucocarpa

portion was air-dried, sieved through a 2 mm screen
and homogenized for chemical analyses.

Soil chemical properties were determined and
measured using standard laboratory protocols
(Tedesco et al. 1995). Soil pH was determined in a
1:2.5 soil/water extract. Available P and exchangeable
K™ were extracted using Mehlich-1 extraction method
and determined by colorimetry and photometry,
respectively (Table 2). Total organic C (TOC) and
total N were determined by the wet combustion
method using a mixture of potassium dichromate and
sulfuric acid under heating (Yeomans and Bremner
1988).

DNA extraction and library preparation
Soil DNA was extracted from 0.5 g (total humid

weight) of soil using the PowerLyzer PowerSoil DNA
Isolation Kit (MoBIO Laboratories, Carlsbad, CA,

USA), according to the manufacturer’s instructions.
The DNA extraction was performed in triplicate for
each soil sample. The quality and concentration of the
extracted DNA was estimated using a Nanodrop 1000
(Thermo Scientific, Waltham, MA, USA).

The amplicon library of the 16S rRNA gene V4
region was prepared as previously described (Illumina
2013), using the region-specific primers (515F/806R)
(Caporaso et al. 2011). First step amplification com-
prised 25 pL reaction containing the following: 14.8
pL of nuclease-free water (Certified Nuclease-free,
Promega, Madison, WI, USA), 2.5 pL of 10x High
Fidelity PCR Buffer (Invitrogen, Carlsbad, CA, USA),
1.0 pL of 50 mM MgSOQy, 0.5 pL of each primer (10
UM concentration, 200 pM final concentration), 1.0
unit of Platinum Taq polymerase High Fidelity
(Invitrogen, Carlsbad, CA, USA), and 4.0 pL of
template DNA (10 ng). The conditions for PCR were
as follows: 94 °C for 4 min to denature the DNA, with

Table 2 Average of soil physicochemical properties across a gradient of Cerrado in Sete Cidades National Park, Northeast Brazil

Site Moisture (%) TOC gkg™' Ngkg ' pH Pmgkg™' Kecemol kg™'  CEC cmol, kg™
Campo graminoide 7.3 4.3° 0.1° 43 39° 1.4° 2.31°
Cerrado stricto sensu  10.5° 8.2° 0.3° 4.7% 4.7° 1.8° 2.11°
Cerradao 11.9° 9.1° 0.4° 4.6  45° 1.6° 2.35°
Floresta decidual 31.8° 15.2° 0.6* 49* 53 3.8° 4.91°

TOC total organic C; CEC cation exchange capacity

Values followed by the same letter within each column are not significantly different at the 5% level, as determined by Student’s 7 test
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25 cycles at 94 °C for 45 s, 60 °C for 60 s, and 72 °C
for 2 min, with a final extension of 10 min at 72 °C. In
the second step, a unique pair of [llumina Nextera XT
indexes (Illumina, San Diego, CA) was added to both
ends of the amplified products. Each 50 pL reaction
contained the following: 23.5 uL of nuclease-free
water (Certified Nuclease-free, Promega, Madison,
WI, USA), 5.0 uL of 10x High Fidelity PCR Buffer
(Invitrogen, Carlsbad, CA, USA), 4.8 uLL of 25 mm
MgSOQOy, 1.5 uL of ANTP (10 mm each), 5.0 uL of each
Nextera XT index (Illumina, San Diego, CA, USA),
1.0 unit of Platinum Taq polymerase High Fidelity
(Invitrogen, Carlsbad, CA, USA), and 5.0 uL of each
product from previous PCR. The conditions for this
second round PCR were as follows: 95 °C for 3 min to
denature the DNA, with eight cycles at 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 30 min, with a final
extension of 5 min at 72 °C.

After indexing, the PCR products were cleaned up
using Agencourt AMPure XP—PCR purification
beads (Beckman Coulter, Brea, CA, USA), according
to the manufacturer’s manual, and quantified using the
dsDNA BR assay Kit (Invitrogen, Carlsbad, CA,
USA) on a Qubit 2.0 fluorometer (Invitrogen, Carls-
bad, CA, USA). Once quantified, different volumes of
each library were pooled into a single tube such that
each sample was represented equally. After quantifi-
cation, the molarity of the pool was determined and
diluted to 2 nM, denatured, and then diluted to a final
concentration of 8.0 pM with a 20% PhiX (Illumina,
San Diego, CA, USA) spike for loading into the
[lumina MiSeq sequencing machine (Illumina, San
Diego, CA, USA).

Processing and analysis of sequencing data

Sequence data were processed using QIIME (Capo-
raso et al. 2010a) following the UPARSE standard
pipeline (Edgar 2013) according to Brazilian Micro-
biome Project (Pylro et al. 2014, 2016) to produce an
OTU table and a set of representative sequences.
Briefly, the reads were truncated at 240 bp and
quality-filtered using a maximum expected error value
of 0.5. Pre-filtered reads were dereplicated and
singletons were removed and filtered for additional
chimeras using the RDP_gold database using
USEARCH 7.0 (Edgar et al. 2011). These sequences
were clustered into OTUs at a 97% similarity cutoff
following the UPARSE pipeline. After clustering, the

sequences were aligned and taxonomically classified
against the Greengenes database (version 13.8)
(DeSantis et al. 2006) using the PyNAST algorithm
(Caporaso et al. 2010b). The sequences were submit-
ted to the NCBI Sequence Read Archive under the
number SRP091586.

The strategy of rarefaction (random sub-sampling)
was used to normalize to 7000 sequences per sample
and evaluate the sequencing effort. Good’s index was
calculated to estimate the coverage reached using the
rarefaction level chosen. Bacterial diversity was
evaluated using observed operational taxonomic units
(OTUs), Faith’s PD (phylogenetic diversity), Chaol
and Shannon as alpha diversity metrics. Beta diversity
matrices were generated using weighted and
unweighted UniFrac phylogenetic distances (Lozu-
pone and Knight 2005) and evaluated by bi-dimen-
sional Principal Coordinates Analysis (PCoA).

The relationships between environmental variables
and community OTUs were assessed using redundancy
analysis (RDA). Environmental variables were log
(x + 1) transformed, except pH. Previously, “deco-
rana” function was performed in order to choose the best
ordination model, and this analysis supported the use of
RDA. A preliminary RDA (“rda” function) was
performed with all available environmental variables:
Moisture, TOC, N, P, K, CEC, and pH. Significant
environmental variables (p < 0.05) selected with
“ordistep” function and confirmed by “anova.cca”
were retained to final RDA. Variation inflation factor
(VIF) (“vif.cca” function) demonstrated that there was
not collinearity among the explanatory variables
(VIF < 10). Marginal significance of the remaining
variables was tested with 999 permutations (“Ano-
va.cca” function). The adjusted R values (“Rsquar-
eAdj” function) were computed to obtain the
explanatory power of the final RDA. All analyses were
carried out in the R environment (https://www.r-project.
org/) using vegan package (Oksanen et al. 2015).

Results

The physicochemical properties of the soils are
presented in Table 2. The acidity appeared as the
most striking feature of these soils. Moisture and TOC
were the most contrasting variables between ‘Campo
graminoide’ and ‘Floresta decidual’, whereas ‘Campo
graminoide’, ‘Cerrado stricto sensu’ and ‘Cerradao’
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shared similar contents of N, P, K, and CEC. In
general, ‘Cerrado stricto sensu’ and ‘Cerradao’ were
more similar to each other, while ‘Campo graminoide’
and ‘Floresta decidual’ were different from all the
others.

Regarding the composition and distribution of
bacterial communities, a total of 977,191 reads were
obtained from 36 soil samples and were clustered in
4721 OTUs. The analysis of the sequences showed a
total of 37 phyla, 96 classes, and 83 genera within the
four Cerrado areas. Nine most abundant phyla (Pro-
teobacteria, Acidobacteria, Actinobacteria, Firmi-
cutes, Verrucomicrobia, Planctomycetes, Chloroflexi
and the candidatus phyla WPS-2 and AD3), with
percentages of OTUs above 1%, represented more
than 90% of the total OTUs. Among the most abundant
phyla, six (Proteobacteria, Acidobacteria, Actinobac-
teria, Firmicutes, Verrucomicrobia and Plancto-
mycetes) were shared by the four Cerrado areas.

Unclassified OTUs accounted for 5.42% of the total
dataset. Twenty-nine phyla (Bacteroidetes, Chlamy-
diae, AD3, Cyanobacteria, TM6, Elusimicrobia, Gam-
matimonadetes,  Armatimonadetes, Tenericutes,
Chlorobi, TM7, ODI1, GALI15, OP3, FCPU426,
Spirochaetes, BHI80-139, Nitrospirae, Synergistetes,
Deferribacteres, SR1, Caldithrix, SBR1093, OPI11,
WS3, Fibrobacteres, BRC1, GNO4, and Len-
tisphaerae) were in low abundance, with percentages
below 1% (Fig. S1).

The relative abundance of dominant phyla varied
through the different sites (Fig. 2). Proteobacteria
were dominant in ‘Cerrado stricto sensu’ and ‘Cer-
radao’, Acidobacteria were dominant in ‘Campo
Graminoide’ and Proteobacteria and Actinobacteria
were more abundant in ‘Floresta decidual’.

The relative abundance of the fifteen most abundant
(above 1%) bacterial classes is presented in Fig. 3.
Eleven classes (Alphaproteobacteria, Acidobacteria,
Thermoleophilia, Solibacteres, Bacilli, DA052, Planc-
tomycetia,  Actinobacteria, = Deltaproteobacteria,
Gammaproteobacteria and Candidatus Spartobacteria)
were found in all the four Cerrado areas. On the other
hand, Ktedonobacteria (Phylum Chloroflexi) were not
detected in ‘Floresta decidual’, Acidimicrobiia (Phy-
lum Actinobacteria) were not detected in ‘Cerrado
stricto sensu’, and Betaproteobacteria were only found
in ‘Cerrado strico sensu’. Alphaproteobacteria was the
dominant class in ‘Cerrado stricto sensu’ and ‘Cer-
radao’. Alphaproteobacteria, Acidobacteria and
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Thermoleophilia were dominant in Campo grami-
noide, while Alphaproteobacteria and Ther-
moleophilia were dominant in ‘Floresta decidual’.
Considering low abundance classes (below 1%),
Betaproteobacteria and Chlamydia were the most
abundant across the gradient of Cerrado (Fig. S2).
Rhodoplanes stood out as the most abundant bacterial
genus, followed by Candidatus Xiphinematobacter,
Bacillus, DA101, Candidatus Koribacter, Mycobac-
terium, Alicyclobacillus, Conexibacter, Candidatus
Solibacter, Paenibacillus Pedosphaera, Cohnella, and
Burkholderia (Fig. 4).

The rarefaction curves revealed higher number of
OTUs in ‘Cerradao’ (1253 OTUs) followed by ‘Campo
graminoide’ (1179 OTUs), ‘Floresta decidual’ (1149
OTUs), and ‘Cerrado stricto sensu’ (1140 OTUs), but
the full extent of the bacterial diversity has not been
sampled, since the asymptote was not reached (Fig. S3).
The alpha diversity estimators also indicated ‘Cer-
radao’ as the richest habitat, however no differences
(p > 0.05) were found between the Cerrado areas for
any of the diversity estimators (Table 3). The analysis
of bacterial beta diversity showed that ‘Cerrado stricto
sensu’ and ‘Cerradao’ are more closely related, whereas
‘Floresta decidual’ and ‘Campo graminoide’ were
different from each other, and form two distinct groups
(Fig. 5). The RDA of OTUs from tropical Cerrado
included the variables TOC (p = 0.027), N
(p = 0.016) and P (p = 0.003) and showed significant
marginal effects and VIF < 10. The selected RDA
model for these variables was significant (F = 6.26,
df =3, p<0.001) with an explanatory power of
29.9% (R* = 0.356; adjusted R? = 0.299) (Fig. 6).

Discussion

This study examined the bacterial communities in
soils under influence of the preserved Cerrado in Sete
Cidades National Park, Northeast Brazil, which can be
distinguished from other Brazilian savannas mostly by
its high diversity of plant species (Castro et al.
1998, 1999).

Our dataset encompasses a more comprehensive
survey of bacteria communities from Brazilian Cer-
rado soils, comprising 36 libraries of 16S rRNA gene
amplicons, with 9 replicates per sample. We found
more than 4000 OTUs distributed in 37 phyla, while
Araujo et al. (2012) retrieved 17 phyla from similar
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Campo Graminoide

Acidobacteria
Proteobacteria
Actinobacteria

Firmicutes
Chloroflexi
Planctomycetes
Verrucomicrobia
WPS-2

AD3

Floresta Decidual

Actinobacteria
Proteobacteria
Acidobacteria
Verrucomicrobia
Planctomycetes
Firmicutes
Bacteroidetes
WPS-2

0 10 20 30 40
RELATIVE ABUNDANCE (%)

Fig. 2 Relative abundance (greater than 1%) of bacterial phyla
from each soil library derived from Cerrado areas. a ‘Campo
graminoide’; b ‘Cerrado stricto sensu’; ¢ ‘Cerradao’; d ‘Floresta

Cerrado samples from Central Brazil region. On a
higher taxonomic level, soils exhibit a remarkably
stable community structure, sharing five of the most
abundant phyla (Proteobacteria, Acidobacteria, Acti-
nobacteria, Verrucomicrobia, and Planctomycetes)
found in the Brazilian Central Cerrado (Araujo et al.
2012). These results suggest that, despite the expected
differences due to different next-generation sequenc-
ing platforms used in each study, both surveys have
retrieved most of the abundant phyla found in soils
worldwide (Janssen 2006).

Taking into account the significant differences in
plant richness, diversity and density and soil properties
in Cerrado areas from Sete Cidade National Park, the
rarefaction curves showed small variation in OTUs
bacterial richness at species level. ‘Cerradao’ appears
to be more diverse than the other sites, but the indices
of alpha diversity showed no significant difference
(p > 0.05) among them. Therefore, local bacterial
species richness was not significantly different among
the habitats, but community composition was signif-
icantly distinct. According to Cassman et al. (2016),
different plant litter and root exudates provide

Cerrado Stricto sensu

Proteobacteria
Acidobacteria
Actinobacteria
Firmicutes
Verrucomicrobia
Chloroflexi
Planctomycetes

Proteobacteria
Acidobacteria
Actinobacteria
Verrucomicrobia
Firmicutes
Chloroflexi
Planctomycetes
WPS-2

0 10 20 30 40
RELATIVE ABUNDANCE (%)

decidual’. Bars standard error. Different letters indicate
statistically significant differences between groups (p < 0.01)

different carbon resources to soil microbes and can
select a subset of the bacterial community.

The data from UniFrac phylogenetic distances
demonstrated that the bacterial communities across
the vegetation gradient have significant differences.
‘Cerrado stricto sensu’ and ‘Cerradao’ that share more
similarities in their soil physicochemical properties
and vegetation also present more similar bacterial
communities. ‘Floresta decidual’ and ‘Campo grami-
noide’ that show the largest differences in soil
physicochemical properties and vegetation composi-
tion, house more distinct bacterial communities.
Similar results were found by Araujo et al. (2012)
from soils in Central Cerrado, except that they found
‘Mata de Galeria’ as the most distinct and richness
habitat.

Weighted PCoA explained 68.21% of beta diversity
variation, demonstrating that overall differences
between bacterial communities within the samples
were more related to the abundance of specific taxon
OTUs compared to their presence or absence, which
explained only 24.95% of variation (Unweighted
PCoA).
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Campo Graminoide
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Acidobacteriia
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Floresta Decidual
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15 20 25

Fig. 3 Relative abundance (greater than 1%) of bacterial
classes from each soil library derived from Cerrado areas.
a Campo graminoide; b Cerradao; ¢ Floresta decidual; d Cerrado
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Fig. 4 Relative abundance of dominant bacterial genera (above 1%) across the gradient of Cerrado soil. Reads were retrieved by
Illumina MiSeq platform and clustered at 97% similarity, using Qiime v1.9

The phylum Proteobacteria was dominant (26% of
the total OTUs) and presented a constant abundance in
‘Cerrado stricto sensu’, ‘Cerradao’ and ‘Floresta
decidual’, and it was less abundant in ‘Campo
graminoide’. Among the classes of Proteobacteria,
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the dominance of Alphaproteobacteria is notable in the
Cerrado soils. Representatives of this class were
dominant in ‘Cerrado stricto sensu’ and ‘Cerradao’,
and shared with Thermoleophilia (Phylum Actinobac-
teria) the dominance in ‘Floresta decidual’, and with
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Table 3 Bacterial diversity

el e Sites Reads OTUs Faith’s PD  Chaol  Shannon Good’s coverage
indices calculated in this
study Campo graminoide 261,464 1179 59,325 1476 8.088 0.972
Cerrado stricto sensu 191,869 1140 55,548 1411 8.048 0.963
Cerradao 220,621 1253 60,226 1557 8.293 0.973
Floresta decidual 303,237 1149 55,690 1449 7917 0.908
Fig. 5 Principal o L]
coordinates analysis (PCoA) PC2 (14.48%) A
of bacterial communities in ®
soils across a gradient of ¢ © e & Y
Cerrado from Northeast ® © ) PP ©
Brazil. Sequences were ®
rarified at the same ° o ©¢
se. ing depth (7000 © ©
‘ quencing depth ( °® ° &
sequences) and the
abundances matrices were %
ted usi ighted ¢ o ©
generate usg’lg weighte @ Campo Graminoide
(a) and unweighted ® OCerrado stricto sensu
(b) PCoA Unifrac ® © @ Cerradao
@Floresta Decidual
* PC1 (43.38%)
PC3 (10.85%)
()
C2 (5.71%)
[S) ® B
o e e
o W09
e ®e
o°e
e
@ Campo Graminoide
o 4® O Cerrado stricto sensu
¢ @Cerradao
° @Floresta Decidual
© ¥ )
. & o
© OO © PC1 (15.27%)

PC3 (4.23%)

Thermoleophilia and Acidobacteriia the dominance in
‘Campo graminoide’. Previous studies also reported
the dominance of Alphaproteobacteria in natural
Brazilian Cerrado from Central region (Quirino et al.
2009; Araujo et al. 2012). Representatives of this class
include important bacteria that are capable of nitrogen
fixation in symbiosis with plants (Zhang and Xu

2008). The genus Bradyrhizobium (Order Rhizo-
biales) was commonly found in ‘Cerrado stricto
sensu’ and ‘Floresta de Galeria’ in Brazilian Central
Cerrado (Araujo et al. 2012), while in our study, the
genus Rhodoplanes (Order Rhizobiales) appears as the
most abundant along the four Cerrado areas. The
genus  Rhodoplanes comprises a group of
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Fig. 6 Redundancy Analysis (RDA) illustrating the relation-
ship between bacterial community structure and environmental
variables along Cerrado gradient. OTUs operational taxonomic
units; P phosphorus; N nitrogen; TOC total organic C

phototrophic, purple non-sulfur bacteria (Okamura
et al. 2009) recognized as good producers of
hopanoids (Lodha et al. 2015), a class of lipids
associated with N-fixing bacteria to protect nitroge-
nase from oxygen destruction (Berry et al. 1993).
Interestingly, hopanoids are involved in allowing
bacteria to adapt to changes in soil and, in particular,
confer adaptation advantages to bacteria living under
tropical conditions (Kannenberg et al. 1996). There-
fore, our results suggest that the different environ-
mental factors found in Cerrado from Sete Cidades
National Park could select groups of bacteria that are
more adapted to semiarid region. In addition, this may
be the first report on the dominance of Rhodoplanes in
Brazilian Cerrado soils.

Other dominant phyla in our dataset were Aci-
dobacteria (21.5% of OTUs) and Actinobacteria
(21.2% of total OTUs). The relative abundance of
representatives of these phyla varied along the
Cerrado areas, which suggests influence of different
soil conditions and plant coverage. Representatives of
Acidobacteria were only dominant in ‘Campo grami-
noide’, less abundant in ‘Floresta decidual’, and
similarly abundant in ‘Cerrado stricto sensu’ and
‘Cerradao’. These results confirm the tolerance of this
group to acid pH, low moisture and TOC (Quirino
et al. 2009; Araujo et al. 2012), but contrast to
Acidobacteria as dominant phylum in all Cerrado
areas (Araujo et al. 2012). Also, our results disagree
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with those from Rampelotto et al. (2013) who found
Proteobacteria (30.2 & 2.3%) and Acidobacteria
(30.3 + 9.0%) as dominant phyla in Brazilian Central
Cerrado.

Actinobacteria were also detected across the gra-
dient of Cerrado vegetation, but with higher abun-
dance in ‘Floresta decidual’. Representatives of this
group are among the most important organic matter
decomposers in soil, and rich actinobacterial commu-
nities can be expected in sites with high quantities of
organic matter (Kopecky et al. 2011). The most
abundant class of Actinobacteria was Thermoleophil-
ia, and this finding disagrees with a previous study
(Araujo et al. 2012) that reported the class Rubrobac-
ter as most abundant in Brazilian Central Cerrado.
Thermoleophilia are involved in P cycling (Steen-
bergh et al. 2015), and the high abundance of these
organisms may be associated with the permanent
presence of organic residues from plants as expected
in ‘Floresta decidual’. According to Pitombo et al.
(2015), the presence of organic straw influences the
abundance of Thermoleophilia in soils. Representa-
tives of the genus Conexibacter, belonging to the class
Thermoleophilia, and found among the most abundant
genera (greater than 1%) in our dataset, were previ-
ously detected in forest soils in Italy and Japan
(Monciardini et al. 2003).

Firmicutes were found in the four Cerrado areas
with highest relative abundance in ‘Campo grami-
noide’ and ‘Cerrado stricto sensu’, confirming the
high resistance of these bacteria to unfavorable
conditions (Hartmann et al. 2014). This group contains
important genera, such as Bacillus and Paenibacillus,
which are involved in the promotion of plant growth
(Pindi et al. 2014). Our results agree with previous
studies that have shown that Bacillus species are
ubiquitous in soils from several biomes (Janssen 2006;
Bergmann et al. 2011), including Cerrado (Ram-
pelotto et al. 2013).

Candidatus Xiphinematobacter, which belongs to
Verrucomicrobia, was the second most abundant genus
in our dataset after Rhodoplanes. This genus comprises
obligate endosymbionts of nematodes, which could
explain its widespread distribution in the four Cerrado
areas. It may be considered a bioindicator of soil quality
(Vandekerckhove et al. 2000).

Regarding the low-abundant phyla (<1% of OTUs),
which can act in important soil functions, our study
identified Chlamydiae and Bacteroidetes among the
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most abundant. Chlamydiae were also previously
included in the rare group in Brazilian Cerrado
(Araujo et al. 2012). Representatives of this phylum
are obligate intracellular pathogens (Wyrick 2000)
that are present in different soils. Bacteroidetes are
composed of Gram-negative bacteria that are widely
distributed in soil and sediments (Gupta 2004),
ranging from 0 to 18% (5% in average) of soil
bacterial communities (Janssen 2006). Although Bac-
teroidetes are among the dominant phyla in the
Brazilian Central Cerrado (Araujo et al. 2012), our
results showed this phylum in very low relative
abundance in the Cerrado areas, except in the ‘Floresta
decidual’ which showed abundance of Bacteroidetes
higher than 1%.

From the total OTUs, 5% were unclassified,
suggesting that a significant amount of bacterial phyla
could not be classified by the chosen experimental
approach or are still unknown, and indicating that
further studies should assess this important source for
new microbes.

Previous studies have either demonstrated shifts in
soil bacterial communities structure and diversity as
consequence of land use of native Cerrado (Peixoto
et al. 2006; Mota et al. 2008; Bresolin et al. 2010;
Rachid et al. 2013; Rampelotto et al. 2013) or
retrieved the bacterial communities in native Cerrado
gradient under the same edaphoclimatic conditions
(Araujo et al. 2012; Castro et al. 2016).

This study, therefore, represents the first study on
soil bacterial communities along Cerrado gradient
from a different edaphoclimatic Brazil region. The
differences observed in soil bacterial communities in
Cerrado biome from different regions may be related
with the biogeographic pattern, since the bacterial
communities are both affected by environmental
factors and distance (Xiong et al. 2012, Zhang et al.
2016). Previous studies have shown that the dissim-
ilarity of the bacteria communities increased accord-
ing with the distance (Rysanek et al. 2015; Martiny
et al. 2011). It may mean that the environmental
factors and vegetation may have been affected by the
geographic distances in Brazilian Cerrado, and these
factors significantly influenced the bacterial commu-
nities, since the evaluated sites by Araujo et al. (2012)
and Castro et al. (2016) presented different vegetation
pattern and soil properties.

In summary, our findings show the bacterial
community structure was clearly different among the

sites, however, we neither detect higher frequency of
Acidobacteria (40-47%) in all sites nor significant
species richness among the sites, as previously
reported in other Brazilian savannas (Araujo et al.
2012). However, we detected that Brazilian savannas
share a bacterial phylum core comprising Proteobac-
teria, Acidobacteria, Actinobacteria, Verrucomicrobia
and Planctomycetes.

Conclusion

This study provides the first in depth assessment of soil
bacterial composition and community structure along
the Cerrado gradient from Northeast Brazil, revealing
37 phyla and a high number of 29 rare phyla.
Moreover, unclassified OTUs accounted for 5.42%
of the total dataset, highlighting the potential of the
preserved Cerrado from Northeast Brazil for further
studies regarding with microbial ecology in tropical
soils, ecological services and evolution, as well as a
potential source of new bacterial species for biotech-
nological purposes and industrial applications.
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