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Abstract Chile is topographically and climatically diverse,
with a wide array of diverse undisturbed ecosystems that in-
clude native plants that are highly adapted to local conditions.
However, our understanding of the diversity, activity, and role
of rhizobacteria associated with natural vegetation in undis-
turbed Chilean extreme ecosystems is very poor. In the present
study, the combination of denaturing gradient gel electropho-
resis and 454-pyrosequencing approaches was used to describe
the rhizobacterial community structures of native plants grown
in three representative Chilean extreme environments:
Atacama Desert (ATA), Andes Mountains (AND), and
Antarctic (ANT). Bothmolecular approaches revealed the pres-
ence of Proteobacteria, Bacteroidetes, andActinobacteria as the
dominant phyla in the rhizospheres of native plants. Lower
numbers of operational taxonomic units (OTUs) were observed
in rhizosphere soils from ATA compared with AND and ANT.
Both approaches also showed differences in rhizobacterial
community structures between extreme environments and be-
tween plant species. The differences among plant species
grown in the same environment were attributed to the higher

relative abundance of classes Gammaproteobacteria and
Alphaproteobacteria. However, further studies are needed to
determine which environmental factors regulate the structures
of rhizobacterial communities, and how (or if) specific bacterial
groups may contribute to the growth and survival of native
plants in each Chilean extreme environments.
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Introduction

Significant evidence indicates that rhizosphere microbiomes
play an essential role in the performance and survival of
plants in nature [6, 7]. Extreme environments are not the
exception, and microbial communities may also exert bene-
ficial effects on adaptation and survival of native plants to
local harsh conditions. However, relatively, little is known
about the diversity, distribution, and roles of bacteria in soil
under natural vegetation from extreme environments. Much
of our knowledge on taxonomy and functionality of bacte-
rial communities in the rhizosphere has come from studies
on agroecosystems (i.e., pasture, crop, and forest tree
species).

Chile is a narrow and long country that includes a wide
variety of climates and undisturbed extreme ecosystems,
such as the Atacama Desert, Antarctica, Andes Mountains,
Patagonia, etc. The Atacama Desert is considered to be one
of the oldest and driest deserts on the Earth, and its soil has
been compared to that of Mars [39]. The presence of bacte-
ria in the extreme hyperarid core of the Atacama Desert has
been explored by culture-dependent and -independent ap-
proaches, revealing low contents of culturable heterotrophic
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bacteria (in some samples, the equivalent of only
102~105 CFU g−1 of soil), low DNA content (<1.2 μg
DNA g−1 of soil), and low bacterial diversity (<152 ob-
served operational taxonomic units (OTUs) g−1) [3, 33, 39,
40]. However, the structures of bacterial communities asso-
ciated with roots of native desert plants in the Atacama
Desert are understudied.

Azua-Bustos et al. [3] mentioned that the diversities of
soil bacteria in the Atacama Desert are similar to those re-
ported in other extreme environments, such as Dry Valley in
Antarctica. Antarctica is also considered to be a pristine
extreme environment with a high vulnerability to global cli-
mate change. Antarctica harbors low nutrient soils with low
soil moisture contents and high levels of salinity and solar
radiation [9]. Studies in Antarctica have generally focused
on the diversity of macroorganisms and the genesis, proper-
ties, and classification of soils. With respect to microbiology,
most recent studies have focused on evaluation of the bio-
technological potential of secondary metabolites (antibiotics,
antitumor agents, enzymes, etc.) produced by culturable bac-
teria (particularly Actinobacteria), and few studies have ex-
plored microbial diversity and beneficial plant-microbe in-
teractions. In this context, the application of the 16S ribo-
somal RNA (rRNA) gene-based molecular approaches has
revealed similar patterns of bacterial diversity between the
only two native vascular plant species (Deschampsia
antarctica and Colobanthus quitensis) found in Antarctic
ecosystems [56]. However, no correlation between bacterial
community structure and native plant species was reported
by Roesch et al. [47], who concluded that soil pH was the
best predictor for microbial community structure in ice free
zones in Antarctica.

Bacterial community structures associated with roots of
native plants are being studied across agroecosystems and
undisturbed ecosystems of northern, central, and southern
of Chile [27]; however, our understanding of the diversity
and distribution of rhizobacterial communities in Chilean
extreme environments is still very poor. In microbial ecol-
ogy, the selection of molecular techniques is often influ-
enced by the expertise, costs, and equipment available in
the laboratory [52], and the combination of two or three
techniques is frequently applied to obtain a more reliable
and complete overview of qualitative and quantitative in-
formation regarding bacterial communities in the environ-
mental samples [14, 35]. Therefore, to obtain a more reli-
able and complete overview of qualitative and quantitative
information of bacterial communities, a combination of
denaturing gradient gel electrophoresis (DGGE) and 454-
pyrosequencing approaches was used in the present study
to describe the bacterial community structures present in
the rhizospheres of native plants grown in three represen-
tative Chilean extreme environments: the Atacama Desert,
the Andes Mountains, and the Antarctica.

Materials and Methods

Sampling

A total of 18 rhizosphere samples (three per plant species) were
collected from three Chilean extreme environments (Fig. 1), in-
cluding samples from the shrubs Atriplex sp. (Amaranthaceae
family; ATA_A1, ATA_A2, and ATA_A3) and Stipa sp.
(Poaceae family; ATA_B1, ATA_B2, and ATA_B3) grown in
the Atacama Desert (ATA; 22° S, 68° W); herbaceous perennial
shrubs Equisetum arvense (Equisetaceae family; AND_A1,
AND_A2, and AND_A3) and Blechnum chilense
(Blechnaceae family AND_B1, AND_B2, and AND_B3)
grown in the Huilo-Huilo Ecological Reserve in the Andes
Mountain (AND; 39° S, 71° W); and vascular plants
C. quitensis (Caryophyllaceae family; ANT_A1, ANT_A2,
and ANT_A3) and D. antarctica (Poaceae family; ANT_B1,
ANT_B2, and ANT_B3) grown in Southern Shetland Islands
from Antarctica (ANT; 62° S; 58° W). The selection of plant
species in ATA and AND was based on their dominance at
sampling sites, whereas only two vascular plants are present at
the ANT sampling sites.

From 50 to 100 g of rhizosphere samples (including roots
and adhering soil) were collected from random locations in
plant rhizospheres using a clean spade to excavate intact roots
from soil to a depth of 0 to 20 cm. Samples were transferred to
sterile plastic 50-ml Falcon tubes and immediately transported
to the laboratory on ice for soil and microbiological analyses.
Rhizosphere soils were removed from roots by shaking, thor-
oughly mixed, and stored at −80 °C until analysis.

Chemical Properties of Rhizosphere Soils

Rhizosphere samples (~50 g) were subjected to chemical anal-
ysis to determine rhizosphere soil properties. Soil pH was
measured in 1:2.5 soil/deionized water suspensions.
Available phosphorus (POlsen) was extracted using 0.5 M
Na-bicarbonate and analyzed using the molybdate blue meth-
od [38]. Organic matter was estimated by the Walkley-Black
method [15]. Inorganic N was extracted with 2 M KCl and
NO3

−-N and determined by the Devarda alloy distillation
method [44]. Exchangeable cations of potassium (K+), calci-
um (Ca2+), magnesium (Mg2+), and sodium (Na+) were ex-
tracted with 1M ammonium acetate at pH 7.0 and analyzed by
flame atomic adsorption spectrophotometry (FAAS) [60].
Exchangeable aluminum (Al3+) was extracted with 1 M KCl
and analyzed by FAAS [8].

DNA Extraction

Rhizosphere samples (1 to 2 g) were vortexed for 1 h with
2 mL of sodium phosphate buffer 0.1 M, pH 8, and centri-
fuged at 16,000×g × 10 min [24]. The supernatant was
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discarded, and pellet was subjected to cell disruption by bead-
beating for 30 s with a Powerlyzer® 24 homogenizer (Mo-Bio
Laboratories, CA, USA), and the solution was subjected to
DNA purification using a Power Soil® DNA Isolation Kit
(Mo-Bio Laboratories) according to the manufacturer’s in-
structions. Insufficient concentrations of DNAwere obtained
from ATA samples by this method, such that ATA samples
were processed as follows: 6 g of rhizosphere soil were
suspended in 10 ml of sterile distilled water and dispersed
by sonication for 1 min at 130 W (20 kHz). The suspension
was transferred to new sterile plastic tubes, centrifuged
(13,400×g for 5 min), and the supernatant discarded. This
procedure was repeated three times, and DNA was extracted
from the resulting pellet by using the Power Soil® DNA
Isolation Kit.

The quality and quantity of DNA extracts were measured
using a microplate spectrophotometer (Multiskan GO,
Thermo Fisher Scientific, Inc., MA, USA). The DNA purity

was assessed by determination of the A280/A260 absorbance
ratios, and only DNA extracts with absorbance ratios of ~1.8
were used for bacterial community analyses.

Denaturing Gradient Gel Electrophoresis

Bacterial community structures were evaluated by DGGE as
follows. Partial 16S rRNA genes were amplified by PCR with
DNA template concentrations of ~20 ng μL−1. Fragments of
16S rRNA genes (regions V6–V8) were amplified by hot start
touchdown PCR using primers EUB f933-GC (5′-CGC CCG
CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG
GGGGCACAAGCGGTGGAGCATGTGG’-3) and EUB
r1387 (5′-GCC CGG GAA CGTATT CAC CG-3′) designed
by Iwamoto et al. [25]. The PCR conditions included a hot
start of 95 °C for 10 min, followed by annealing at an initial
temperature of 65 °C, followed by 20 cycles for 1 min each
with a 0.5 °C decrease each cycle to 55 °C, and extension at

Fig. 1 Location of sample sites
showing the extreme
environments across Chile
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72 °C for 3 min. Then, ten additional cycles were carried out at
55 °C annealing and 94 °C denaturation for 1 min each, primer
extension at 72 °C for 3 min, and a final extension step of
7 min at 72 °C.

The DGGE runs were performed using a DCode system
(Bio-Rad Laboratories, Inc., CA, USA). Twenty microliters of
PCR products (~500 ng μL−1) were loaded onto 6 % (w/v)
polyacrylamide gels over a urea gradient of between 35 and
65 % (urea and formamide). Electrophoresis was run for 12 h
at 100 V. The gels were then stained with SYBR Gold
(Invitrogen™, Thermo Fisher Scientific, Inc.) for 30 min
and photographed on a UV transilluminator (GelDoc-It®TS2

Imager, UVP, CA, USA). The DGGE image analysis of the
band profiles was carried out using Phoretix 1D Pro Gel
Analysis Software (TotalLab Ltd., Newcastle, UK;
http://totallab.com/). Based on the matrix that was given by
Phoretix 1D analysis, changes in the bacterial communities
between rhizosphere samples were calculated by similarity
profile analysis (SIMPROF test) with Bray-Curtis similarity
index, 5 % significance level, and <0.1 stress values [12, 13],
and visualized by non-metric multidimensional scaling
(NMDS) analysis using Primer 6 software (Primer-E Ltd.,
Ivybridge, UK; http://www.primer-e.com/).

Dominant bands present in DGGE gels were chosen for
sequencing to determine common and specific bacterial
groups in rhizosphere samples. Dominant bands in the
DGGE gels were excised, purified, and reamplified using
the primers and cycling parameters described above and elec-
trophoresed a second time in DGGE gels to avoid sequencing
of multiple amplicons due to close proximity. PCR products
were then sequenced by Macrogen, Inc. (Seoul, Korea). The
sequences obtained were compared with those present in the
GenBank database from the National Center for
Biotechnology Information (NCBI) using megablast tool
(http://blast.ncbi.nlm.nih.gov/) for taxonomic assignment
(>70 % identity and 0.01 cutoff for E-values).

Four hundred fifty-four-pyrosequencing

The purified DNA samples were submitted to Macrogen, Inc.
for 454-pyrosequencing. The 16S rRNA genes were amplified
by PCR using the universal bacterial primer UNI_AMP-27 F
(5′-Zxxx GAG TTT GAT CMT GGC TCA G-3′ and
UNI_AMP-518R (5′-K WTT ACC GCG GCT GCT GG-3′)
[31], where Z and K represent two pyrosequencing primers
(CCATCT CAT CCC TGC GTG TCT CCG ACT CAG and
CCTATC CCC TGTG TGC CTT GGC AGT CTC AG), and
xxx was designed for the sample identification barcoding key.
After a hot start at 95 °C for 3 min, PCR amplification was
carried out for 35 cycles at 94 °C for 15 s, 55 °C for 45 s, and
72 °C for 1 min. A final extension step was carried out at
72 °C for 8 min. The 16S rRNA gene libraries were sequenced
by with Roche 454 GS-FLX System using Titanium

Chemistry (Roche Diagnostics Corporation, Life Sciences,
Branford, CT, USA).

The sequences were analyzed by using Mothur software
package [49], version 1.34.4 (http://www.mothur.org/), as
described in previous reports [22, 29]. In brief, the low-quality
sequences were filtered and barcode trimmed according to stan-
dard Mothur operational procedures (http://www.mothur.
org/wiki/Schloss_SOP). The sequences were then aligned and
chimeras filtered using standard procedures. The sequences were
aligned against SILVA database [43] (release 119), using the
kmer search tool to find template sequences and aligned by the
Needleman-Wunsch algorithm. Sequences were assigned and
clustered into OTUs at the 3 % dissimilarity cutoff, and the
amount of sequences in each group was rarified according to
the group with lowest quantity. Each OTU was assigned using
a naive Bayesian classifier provided by the SILVA 16S rRNA
database at a confidence threshold of 0.8. The sequence coverage
was calculated using Good’s coverage [23]. Relative abun-
dances, rarefaction curves and differences between bacterial
communities were computed using the appropriate Mothur ap-
plications. Relative abundances were determined by dividing the
number of reads for any givenOTU for the total number of reads
obtained. To determine the level of similarity between bacterial
communities, a distance matrix was constructed using Bray-
Curtis calculator and visualized as an NMDS plot. In addition,
a color heat map was built using R software (https://www.r-
project.org/) to visualize the similarities between rhizosphere
communities assigned to class levels.

The sequences obtained in this study were deposited in
NCBI Sequence Read Archive (http://trace.ncbi.nlm.nih.
gov/Traces/sra/) under accession number SRP064983.

Results

Chemical Properties of Rhizosphere Soils

Large differences in soil chemical properties were observed
between the rhizosphere soils (Table 1). Low pHs were ob-
served in rhizosphere soils from AND and ANT, whereas
alkaline pHs were observed in rhizosphere soils from the
ATA. Higher P concentrations were found in the rhizosphere
soils from ATA and ANT, compared with rhizosphere soils
from AND. As expected, the organic matter contents were
low in all rhizosphere soil samples, except in E. arvense rhi-
zospheres from AND. The N contents were lower in the rhi-
zosphere soils from AND and ATA, compared with rhizo-
sphere soils from ANT.

Denaturing Gradient Gel Electrophoresis

The DGGE banding profiles of bacterial communities differed
between the different rhizosphere soil samples (Fig. 2a). The
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majority of representative 16S rRNA gene sequences obtained
from excised DGGE bands showed high similarities to members
of the phyla Proteobacteria and Bacteroidetes (Table 2). In rhi-
zosphere soils from ATA, the majority of excised DGGE bands
showed high similarity with members of families
Halomonadaceae, Pseudomonadaceae, and Moraxellaceae
(Table 2; Fig. 2b). InAND, themajority of excisedDGGEbands
showed high similarity with Bunclassified bacteria^ (73~100 %
identity); however, a few sequences were assigned as members
of families Sphingobacteriaceae, Bradyrhizobiaceae,
Bacillaceae, andMoraxellaceae. In ANT rhizosphere soils, most
bands were assigned as members of Chitinophagaceae and
Actinomycetaceae. A dendrogram based on image analysis of
DGGE profiles showed three main clusters (0.6 distance value)
according to extreme environments studied (Fig. 3a). Similar
results were observed at 20 % similarity with NMDS analysis
(Fig. 3b), which also revealed differences in bacterial community
structures among plant species at 40 % similarity in AND and
ANT samples but not for ATA rhizosphere soils.

Four hundred fifty-four-pyrosequencing

Four hundred fifty-four-pyrosequencing data analysis also re-
vealed differences between extreme environments studied.
Higher sequence reads and OTUs were observed in ANT rhi-
zosphere soils (8150 to 16,320 reads and 2829 to 4905 OTUs)
followed by AND (5414 to 10,960 reads and 2041 to 3698
OTUs) and ATA (7832 to 9578 reads and 195 to 1663
OTUs) rhizosphere soils (Table 3). Proteobacteria were the
dominant taxa in all rhizosphere soil samples, ranging between
34 to 54, 50 to 57, and 22 to 96 % for ANT, AND, and ATA,

respectively (Fig. 4a); followed by Actinobacteria phyla, rang-
ing between 12 to 40, 2 to 23, and 7 to 17% for ANT, ATA, and
AND, respectively; and Bacteroidetes phyla, ranging between
3 to 1, <1 to 38, and 3 to 10 % for ANT, ATA, and AND,
respectively. It is noteworthy that Acidobacteria was also one
of the dominant phyla in ANT (3~10 %) and AND (9~19 %)
rhizosphere soils, but low relative abundance (0 to 0.01 %) was
observed in ATA rhizosphere soils. At the class level (85 %
similarity), the relative abundance of bacterial groups clearly
differed between the sites. Gammaproteobacteria was the dom-
inant class (11 to 92 %) in the rhizosphere soils from ATA
(Fig. 4b). In contrast, Alphaproteobacteria (25 to 43 %) and
Betaproteobacteria (8 to 18 %) were the dominant classes in
the rhizosphere soils from AND, whereas, Actinobacteria (10
to 31%), Alphaproteobacteria (12 to 22%), Betaproteobacteria
(3 to 21 %), and Gammaproteobacteria (2 to 31 %) were the
dominant classes in the rhizosphere soils from ANT. At the
genus level (90% of similarity), most sequences were classified
as Bothers^ (67 to 93 %) and Burkholderia (2 to 20 %) in the
majority of rhizosphere soil samples. It is noteworthy that 4 of 6
samples from ATA showed a high abundance relative of
Stenotrophomonas (56 to 84 %).

Similarity analyses between bacterial community struc-
tures visualized by NMDS are shown in Fig. 5a. Similar to
the NMDS analysis from DGGE banding profiles, the NMDS
plot from pyrosequence data showed three groups according
to the environments studied. Also, the bacterial communities
were separately grouped among both plant species, except in
ATA rhizosphere soils. The heat map confirms our observa-
tions, showing the three clusters and revealing that differences
in bacterial communities are mainly attributed to

Table 1 Average values (n = 3) for some chemical properties of rhizosphere soils used in this study

Atacama Desert Andes Mountain Antarctica

Atriplex sp. Stipa sp. Equisetum arvense Blechnum chilense Colobanthus quitensis Deschampsia antarctica

pH H2O 8.6 8.7 5.3 3 5.8 5.1

POlsen [mg kg−1] 17.7 22.7 6 5 14 86

K [mg kg−1] 397.5 421 211 207 485 852

Organic matter [%] 0.7 0.9 24 7 3 3

N [mg kg−1] 19.3 17.3 n.d. 14 65 263

K [cmol(+) kg
−1] 1 1.1 0.5 0.5 1.2 2.2

Na [cmol(+) kg
−1] 14.5 26.5 0.2 2.1 2.6 2.1

Ca [cmol(1) kg
−1] 74.6 65.5 10.7 8.8 6.4 3.7

Mg [cmol(+) kg
−1] 1.5 2.7 1.6 0.4 9.0 2.5

Al [cmol(+) kg
−1] 0.01 0.04 0.5 0.02 1.4 1

CEC [cmol(+) kg
−1] 91.7 95.8 13.5 11.8 20.5 11.5

Σ Bases [cmol(+) kg
−1] 91.7 95.8 13 11.8 19.1 10.5

Al saturation [%]a 0.02 0.04 3.5 0.2 6.7 8.8

n.d. not done
a Calculated as Al/cation exchange capacity [Σ (K, Ca, Mg, Na, and Al)] × 100]
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Gammaproteobacteria, Alphaproteobacteria, Acidobacteria,
Betaproteobacteria, Actinobacteria, unclassified bacteria, and
others (Fig. 5b).

Discussion

Both 16S rRNA-based approaches showed differences in bac-
terial community structures between rhizosphere soil samples
from native plants grown in studied Chilean extreme environ-
ments. Bacterial communities in the rhizospheres of plants dif-
fer in their abundances, compositions, and activities according
to diverse abiotic and biotic factors. Among abiotic factors, the

shifts in rhizosphere bacterial communities have commonly
been related to soil type [28, 50]. A continental-scale study
reported a large-scale biogeography pattern of soil microorgan-
isms, mainly attributing the differences in diversity and rich-
ness of soil bacterial communities to soil pH under natural
conditions [20]. Soil properties (soil pH and carbon content)
have also been correlated with changes in the diversities of
rhizosphere bacterial communities in extreme environments,
such as arid deserts [2]. Soil metagenomic analyses of pristine
environments also suggest the effects of ecosystem type, such
as soil pH and altitude, on composition, diversity, and biosyn-
thesis potential of soil microorganisms [37]. Our results
showed a great variation in chemical properties between the

Fig. 2 a Denaturing gradient gel
electrophoresis (DGGE) banding
profiles of bacterial communities
associated rhizosphere of plants
grown in Chilean extreme envi-
ronments (Atacama Desert,
AndesMountain, and Antarctica).
Arrowheads and numbers indi-
cate representative bands that
were excised for DNA sequence
analysis. Atriplex sp.: ATA_A1,
ATA_A2, and ATA_A3; Stipa sp.:
ATA_B1, ATA_B2, and ATA_
B3; Equisetum arvense: AND_
A1, AND_A2, and AND_A3;
Blechnum chilense: AND_B1,
AND_B2, and AND_B3;
Colobanthus quitensis: ANT_A1,
ANT_A2, and ANT_A3;
Deschampsia antarctica: ANT_
B1, ANT_B2, and ANT_B3. b
Phylogenetic tree showing the af-
filiation of representative bands
that were excised from DGGE
profile gel. The neighbor-joining
tree was constructed using
MEGA6 software (http://www.
megasoftware.net/), and a
bootstrap analysis was performed
with 1000 trials. The bar indicates
5 % sequence divergence
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Table 2 Phylogenetic assignment of representative DGGE bands

Origin/
banda

Taxonomic groupb Closest relatives or cloned sequences
(accession no.)c

Similarity
(%)

Accession
no.

Atacama Desert

1 Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Pseudomonadaceae

Pseudomonas sp. from Conyza canadensis
root (KM253083)

94.7 KT993524

2 Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Pseudomonadaceae

Uncultured Pseudomonas from contaminated
rhizosphere (DQ53906)

79.2 KT993525

3 Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Pseudomonadaceae

Pseudomonas sp. from fenugreek root
nodules (KF542910)

96.2 KT993526

4 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured bacterium from soil (KJ817756) 89.5 KT993527

5 Proteobacteria, Gammaproteobacteria,
Oceanospirillales, Halomonadaceae

Uncultured Halomonas sp. from coastal soil
(JX240497)

86.4 KT993528

6 Proteobacteria, Gammaproteobacteria,
Oceanospirillales, Halomonadaceae

Halomonas sp. from Phaseolus vulgaris
rhizosphere (AB970654)

97.7 KT993529

7 Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Moraxellaceae

Acinetobacter sp. from maize rhizosphere
(JQ833164)

95.0 KT993530

8 Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Pseudomonadaceae

Uncultured Pseudomonas sp. from
contaminated rhizosphere (DQ53906)

86.3 KT993531

9 Proteobacteria, Gammaproteobacteria Uncultured gammaproteobacterium from
peony roots (JF515922)

93.3 KT993532

10 Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Moraxellaceae

Acinetobacter sp. from Sulla capitata root
nodules (KP636746)

93.8 KT993533

11 Proteobacteria, Gammaproteobacteria,
Pseudomonadales, Moraxellaceae

Uncultured Acinetobacter sp. from maize
rhizosphere (KJ569233)

98.8 KT993534

12 Proteobacteria Uncultured bacterium from Paeonia ostii
rhizosphere (KF712752)

82.1 KT993535

13 Bacteroidetes, Flavobacteriia,
Flavobacteriales, Flavobacteriaceae

Uncultured Flavobacterium sp. from
semi-desert soil (JQ860971)

83.5 KT993536

Andes Mountain

14 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured Bacteroidetes bacterium from
forest soil

87.5 KT993537

15 Bacteroidetes, Sphingobacteria,
Sphingobacteriales,
Sphingobacteriaaceae

Sphingobacterium sp. from dye-contaminated
soil (JF510528)

80.5 KT993538

16 Bacteroidetes, Sphingobacteria,
Sphingobacteriales,
Sphingobacteriaaceae

Uncultured endophytic bacterium from
arctic Diapensia lapponica (HE814947)

91.8 KT993539

17 Bacteroidetes, Sphingobacteria,
Sphingobacteriales,
Sphingobacteriaaceae

Uncultured endophytic bacterium from arctic
Juncus trifidus (HE815303)

93.1 KT993540

18 Unclassified bacteria Uncultured soil bacterium from pasture
rhizosphere (JF816545)

74.2 KT993541

19 Unclassified bacteria Uncultured bacterium from white spruce
soil (DQ684528)

100 KT993542

20 Unclassified bacteria Uncultured soil bacterium from pasture
rhizosphere (JF816558)

74.4 KT993543

21 Unclassified bacteria Uncultured soil bacterium from sweetgum
field soil (FJ621011)

73.3 KT993544

22 Unclassified bacteria Uncultured bacterium from contaminated
paddy soil (AB111827)

77.8 KT993545

23 Firmicutes, Bacilli, Bacillales, Bacillaceae Bacillus pumilus from rice stem (KM054688) 76.1 KT993546

24 Proteobacteria, Alphaproteobacteria,
Rhizobiales, Bradyrhizobiaceae

Bradyrhizobium japonicum from soybean
rhizosphere (KC816572)

89.1 KT993547

25 Unclassified bacteria Uncultured soil bacterium from pasture
rhizosphere (JF816558)

79.3 KT993548

26 Unclassified bacteria Uncultured bacterium from soil (EF227573) 100 KT993549

27 Unclassified bacteria Uncultured soil bacterium from pasture
rhizosphere (JF816545)

75.1 KT993550

28 Proteobacteria, Betaproteobacteria,
Burkholderiales, Burkholderiaceae

Burkholderia sp. from soil (JF264749) 80.6 KT993551
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studied rhizosphere soil samples, particularly in pH, available
P, and organic matter contents. A recent study also suggest that
elevated nutrient (nitrogen and phosphorus) inputs induce pre-
dictable shifts in the taxonomy and functionality of soil micro-
bial communities impacting belowground ecosystems world-
wide [32]. In Arctic soils, warming-induced shifts in the struc-
tures of microbial communities have been observed [18],
whereas, variations in the distribution and structures of bacte-
rial communities have been attributed to K, C, Ca, andmoisture
contents in Antarctic soils [53]. In this context, based on the
diversity and distribution of soil bacterial taxa across an
Antarctic mountainside (environment with low complexity

and oligotrophic soils), Okie et al. [41] predicted that (i) lower
temperatures should reduce taxon niche widths due to slower
growth rates; (ii) the changing niche widths should lead to
contrasts between alpha- and beta-diversity; and (iii) beta-
diversity increases with elevation and decreases with tempera-
ture. In addition, this theory also predicted a relationship be-
tween alpha-diversity and soil pH, and a negative relationship
between alpha-diversity and soil salinity.

Our analysis also revealed differences in bacterial commu-
nity structures in the rhizospheres between plant species, even
in plant species grown in the same extreme environment, par-
ticularly in AND and ANT. Changes in the structures of

Table 2 (continued)

Origin/
banda

Taxonomic groupb Closest relatives or cloned sequences
(accession no.)c

Similarity
(%)

Accession
no.

29 Unclassified bacteria Uncultured bacterium from forest soil
(AY913379)

94.9 KT993552

30 Unclassified bacteria Uncultured bacterium from dust soil
(DQ825371)

94 KT993553

Antarctica

31 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured soil bacterium (JX489935) 100 KT993554

32 Unclassified bacteria Uncultured soil bacterium (JQ055320) 83.9 KT993555

33 Proteobacteria, Alphaproteobacteria,
Rhizobiales, Bradyrhizobiaceae

Bradyrhizobium sp. from Macroptilium
atropurpureum roots (JN085493)

87.3 KT993556

34 Unclassified bacteria Psychrophilic Antarctic bacteria from
Collins Glacier (EU636062)

86.5 KT993557

35 Proteobacteria, Alphaproteobacteria,
Rhocobacteriales, Rhodobacteraceae

Uncultured soil bacterium from rice
paddy soil (AB486951)

90 KT993558

36 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured soil bacterium from nitrogen
amended tundra soil (EU861963)

88.8 KT993559

37 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured soil bacterium from nitrogen
amended tundra soil (EU861969)

89.8 KT993560

38 Actinobacteria, Micrococcales,
Microbacteriaceae

Microbacterium phyllosphaerae from
cave air (LN774733)

86.9 KT993561

39 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured bacterium from Pennisetum
purpureum roots (KC914126)

93.3 KT993562

40 Proteobacteria, Gammaproteobacteria,
Xanthomonadales, Xanthomonaceae

Uncultured soil bacterium from soil
(FJ262670)

92.7 KT993563

41 Proteobacteria, Gammaproteobacteria,
Xanthomonadales, Xanthomonaceae

Uncultured endophytic bacterium from
Juncus trifidus

97.7 KT993564

42 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured soil bacterium from oil-polluted
soil (DQ378268)

86.4 KT993565

43 Actinobacteria Uncultured actinobacterium from Forest
soil (KP078847)

91.0 KT993566

44 Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae

Uncultured Bacteroidetes from Sanionia
uncinata soil (EF219791)

97.4 KT993567

45 Actinobacteria, Actinobacteridae,
Actinomycetales, Pseudonocardineae

Uncultured soil bacterium from Radish
(EF667435)

82.0 KT993568

46 Actinobacteria, Actinobacteridae,
Actinomycetales, Actinomycetaceae

Uncultured Actinomyces sp. from
rhizosphere (JQ285908)

92.0 KT993569

47 Actinobacteria Actinobacterium from Tibet soil
(KP292593)

92.7 KT993570

a Corresponding DGGE bands shown in Fig. 2a
b The phylogenetic assignment is based on non-redundant GenBank database from NCBI (http://www.ncbi.nlm.nih.gov) or ribosomal database project
(http://rdp.cme.msu.edu/classifier) prediction. It is given the phylum as well as the lowest predictable phylogenetic rank
c Based on partial sequencing of 16S rRNA gene and comparison with those present in GenBank by using Blastn and Megablast
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rhizosphere bacterial communities have mainly been attribut-
ed to plant species or genotypes [42, 51]. Under natural veg-
etation, the variations in soil microbial community structures
between and within plant species have been strongly correlat-
ed with plant identity, followed by soil chemistry, spatial lo-
cation, and plant genus [1, 10]. Similarly, a field-scale study
showed a selective effect of plant species (grasses and le-
gumes) on soil Streptomyces assemblages in an ecological
protected reserve [4]. Plant species-specific selection of rhizo-
sphere bacterial communities has also been observed in ex-
treme environments, such as high-altitude alpine ecosystem
characterized by oligotrophic and harsh environmental condi-
tions [11]. However, the changes in microbial community
structures were not only attributed to plant species but also a
combined effect of plant species and soil fractions (rhizo-
sphere or bulk soil) in cold hostile climates with poorly devel-
oped soils [36]. In contrast to our findings, a study on rhizo-
sphere soils showed similar bacterial diversity patterns be-
tween the same Antarctic vascular plants (D. Antarctica and
C. quitensis) from different locations [56].

In relation to bacterial community composition, the se-
quencing of excised DGGE bands showed the occurrence of
members of the phyla Proteobacteria and Bacteroidetes. By
conventional 16S rRNA-based approaches (DGGE, automat-
ed ribosomal intergenic spacer analysis [ARISA], and clon-
ing), the occurrence of Proteobacteria and Bacteroidetes in
rhizosphere and bulk soils from high mountains, Arctic, and
Antarctic environments have previously been reported [11,
18, 53]. In this context, the presence of Proteobacteria and
Bacteroidetes have also been recently reported in the rhizo-
sphere and bulk soils from Chilean extreme environments,
such as Atacama Desert and Andes Mountain, as revealed
by DGGE [3, 27]. Similar to our results in ANT rhizosphere
soils, Actinobacteria have also been found in soils fromArctic
and Antarctic environments [18, 53]. It is noteworthy that
several sequenced DGGE bands from AND were phylogenet-
ically assigned as unclassified bacteria. Recently, Saleem et al.
[48] reported that plant roots (Nicotania tabacum) select rare
bacterial rhizosphere taxa as dominant rhizosphere
microbiome colonizers.

Fig. 3 a Dendrogram of DGGE
profiles generated by Phoretix 1D
Pro Gel Analysis Software
(http://totallab.com/). b Non-
metric multidimensional scaling
(NMDS) analysis of DGGE pro-
files generated by Primer 6 soft-
ware (http://www.primer-e.com/)
with the Bray-Curtis similarity
index, 5 % significance level, and
<0.1 stress values [12, 13].
Atriplex sp.: ATA_A1, ATA_A2,
and ATA_A3; Stipa sp.: ATA_B1,
ATA_B2, and ATA_B3;
Equisetum arvense: AND_A1,
AND_A2, and AND_A3;
Blechnum chilense: AND_B1,
AND_B2, and AND_B3;
Colobanthus quitensis: ANT_A1,
ANT_A2, and ANT_A3;
Deschampsia antarctica: ANT_
B1, ANT_B2, and ANT_B3
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Table 3 Total number of reads,
number of operational taxonomic
units (OTUs), and calculations of
Good’s coverage for each sample

Origin Plant Sample name No. rarified
reads

No.
OTUs

Good’s
coverage (%)

Atacama Desert Atriplex sp. ATA_A1 8926 195 99

ATA_A2 9578 580 97

ATA_A3 8148 1663 88

Stipa sp. ATA_B1 7832 1325 90

ATA_B2 9198 223 99

ATA_B3 8492 365 98

Andes Mountain Equisetum arvense AND_A1 9062 2041 88

AND_A2 10,960 3698 79

AND_A3 9901 3132 80

Blechnum chilense AND_B1 8424 2932 78

AND_B2 7545 3302 72

AND_B3 5414 2298 73

Antarctica Colobanthus quitensis ANT_A1 14,916 4905 78

ANT_A2 13,948 4752 77

ANT_A3 8150 2829 78

Deschampsia antarctica ANT_B1 15,115 3009 87

ANT_B2 16,320 4036 83

ANT_B3 16,263 3266 86

Fig. 4 Relative abundances in
percent of the total bacterial
community at the phyla (a) and
class (b) level in the rhizosphere
soil samples from plants grown in
the Atacama Desert, Andes
Mountain, and Antarctica.
Sequences that could not be
classified into any known group
are assigned as Bunclassified,^
and sequences of which the
abundances are too low are
assigned as Bothers^. Atriplex sp.:
ATA_A1, ATA_A2, and ATA_
A3; Stipa sp.: ATA_B1, ATA_B2,
andATA_B3; Equisetum arvense:
AND_A1, AND_A2, and AND_
A3; Blechnum chilense: AND_
B1, AND_B2, and AND_B3;
Colobanthus quitensis: ANT_A1,
ANT_A2, and ANT_A3;
Deschampsia antarctica: ANT_
B1, ANT_B2, and ANT_B3
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In general, representatives of the Proteobacteria,
Actinobacteria, and Bacteroidetes phyla were the dominant
taxa in rhizosphere soil samples. Through high-throughput se-
quencing (HTS) of 16S rRNA genes, the same taxa have been
reported as common inhabitants in rhizosphere microbiomes
under natural conditions [1, 4]. In Antarctic environments,
Proteobacteria, Actinobacteria, and Bacteroidetes were also
dominant phyla in bulk soils determined by pyrosequencing
[47, 57]. In this context, the Firmicutes were reported as the
most abundant phylum (~40 %) in the rhizosphere soils of
Antarctic vascular plants [56]; however, Firmicutes only repre-
sent a relative abundance of 3 to 10% in rhizosphere soils from
the Antarctic in our study. In relation to desert environments,
Proteobacteria and Actinobacteria were identified as the dom-
inant bacterial groups in rhizosphere and bulk soils of the
Sonoran Desert by a recent pyrosequencing project [2]. In the
Atacama Desert, the phylum-level composition of soil bacterial
communities is dominated by Actinobacteria and Chloroflexi,

followed by the Acidobacteria and Proteobacteria [17, 40]. It is
necessary to mention that a different protocol was used to ex-
tract total DNA from ATA samples; therefore, we cannot dis-
card possible selectivity in releasing microbial cells of different
bacterial taxa from ATA soil samples compared with AND and
ANT, because it has been reported that wide differences in total
extractable DNA as derived by the use of different extraction
protocols for the same soil sample [24, 59]. However, our pre-
vious study showed similar dominant bacterial taxa
(Acidobacteria and Proteobacteria) present in rhizosphere soil
samples from the Atacama Desert [27].

At the class level, greater differences between bacterial com-
munities were found between rhizosphere soils from ATA com-
pared with rhizosphere soils from AND and ANT. These differ-
ences could be driven by the lower numbers of OTUs observed
in ATA combined with a higher relative abundance of certain
bacterial classes, such as Gammaproteobacteria (particularly
Stenotrophomonas spp.). Atacama Desert is characterized by

Fig. 5 a NMDS analysis of
bacterial communities generated
by Mothur package (http://www.
mothur.org/) with the Bray-Curtis
similarity index. b Heat map of
the bacterial communities at the
class level generated by R soft-
ware (https://www.r-project.org/).
Atriplex sp.: ATA_A1, ATA_A2,
and ATA_A3; Stipa sp.: ATA_B1,
ATA_B2, and ATA_B3;
Equisetum arvense: AND_A1,
AND_A2, and AND_A3;
Blechnum chilense: AND_B1,
AND_B2, and AND_B3;
Colobanthus quitensis: ANT_A1,
ANT_A2, and ANT_A3;
Deschampsia antarctica: ANT_
B1, ANT_B2, and ANT_B3
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low species richness (69 to 330 OTUs g−1) [17, 39], whereas
Stenotrophomonas spp. are found in a wide variety of environ-
ments, and particularly, in close association with plants [46].
Some Stenotrophomonas strains can produce antimicrobial com-
pounds that protect plants against opportunist phytopathogen
attacks, as well as generate factors (auxins) that can promote
plant growth. In this sense, Alphaproteobacteria was the domi-
nant class in the rhizosphere soils from AND and ANT.
Alphaproteobacteria contain diverse symbionts of plants, many
of which fix atmospheric nitrogen (N2) (e.g., Rhizobium,
Bradyrhizobium, Mesorhizobium, Sinorhizobium). At the genus
level,Burkholderia (a Betaproteobacteria member) was the dom-
inant group in AND andANT.Burkholderia spp. are alsowidely
distributed in the environment, especially in the rhizospheres of
plants, and some may act as plant growth promoting
rhizobacteria (PGPR), such as legume symbionts (beta-rhizobia),
and those involved in phytopathogen biocontrol and as bioreme-
diation agents [55, 58]. Native Brazilian Mimosa spp. grown in
sub-tropical regions with acidic soils are primarily nodulated by
Burkholderia strains [30, 45], whereas, native Indian Mimosa
spp. grown in arid regions with alkaline soils are primarily
nodulated by Sinorhizobium strains; therefore, local soil factors
may play an important role in the occurrence of bacteria
nodulating native legumes [21]. Moreover, the presence of
Burkholderia spp. in rhizosphere soils from AND and ANT is
not surprising because this bacterial genus is known to be highly
tolerant of acidic soils local soil [54, 55]. It is known that bacteria
in the rhizosphere help plant to tolerate environmental stresses,
such as drought and soil salinity [61]. PGPR are commonly
found in the rhizospheres of plants in arid environments, contrib-
uting to the ability to maintain plant functional homeostasis de-
spite environmental pressures [5, 19, 26, 34]. Studies have also
suggested that microbial phyla, particularly Proteobacteria and
Cyanobacteria, may significantly contribute to the total carbon
and nitrogen fixed in Antarctic desert soils [16]. Putative PGPR
have also been isolated fromChilean extreme environments [27].

Based on our results, we conclude that specific bacterial
community structures in the rhizospheres of native plants in
Chilean extreme environments are governed by a combination
of local soil conditions and plant identity, and native plants
may attract, select, and conserve specific bacterial groups with
multiple plant growth promoting traits to sustain the growth
and tolerance to local harsh conditions. However, further stud-
ies are required to validate this statement.

Conclusions

Both molecular approaches showed differences in rhizobacterial
community structures between native plants grown in studied
Chilean extreme environments. Our results also revealed differ-
ences in rhizobacterial community structures between plant spe-
cies, even in plant species grown in the same extreme

environment, particularly in AND and ANT. In relation to
rhizobacterial community composition, Proteobacteria,
Actinobacteria, and Bacteroidetes phyla were the dominant taxa
in all rhizosphere soil samples, as revealed by both molecular
methods. Rhizosphere soils from ATA harbored fewer OTUs
t h a n r h i z o s p h e r e s o i l s f r om AND and ANT.
Alphaproteobacteria was the dominant class in the rhizosphere
soils from AND and ANT, whereas, Gammaproteobacteria was
the dominant class in the rhizosphere soils from ATA. At the
genus level, Burkholderia was the dominant genus in AND
and ANT, and Stenotrophomonas was the dominant genus in
ATA. Further studies are needed to elucidate which environmen-
tal factors (e.g., soil properties such as pH and salinity) regulate
the diversity and structure of bacteria in the rhizosphere, and how
(or if) specific bacterial groups affect the growth, survival, and
tolerance of native plants in Chilean extreme environments.
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