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Abstract: The rhizosphere microbiome is key in survival, development, and stress tolerance in plants.
Salinity, drought, and extreme temperatures are frequent events in the Atacama Desert, considered
the driest in the world. However, little information of the rhizosphere microbiome and its possible
contribution to the adaptation and tolerance of plants that inhabit the desert is available. We used a
high-throughput Illumina MiSeq sequencing approach to explore the composition, diversity, and
functions of fungal and bacterial communities of the rhizosphere of Baccharis scandens and Solanum
chilense native plants from the Atacama Desert. Our results showed that the fungal phyla Ascomycota
and Basidiomycota and the bacterial phyla Actinobacteria and Proteobacteria were the dominant taxa
in the rhizosphere of both plants. The linear discriminant analysis (LDA) effect size (LefSe) of the
rhizosphere communities associated with B. scandens showed the genera Penicillium and Arthrobacter
were the preferential taxa, whereas the genera Oidiodendron and Nitrospirae was the preferential taxa
in S. chilense. Both plant showed similar diversity, richness, and abundance according to Shannon
index, observed OTUs, and evenness. Our results indicate that there are no significant differences
(p = 0.1) between the fungal and bacterial communities of both plants, however through LefSe, we
find taxa associated with each plant species and the PCoA shows a separation between the samples
of each species. This study provides knowledge to relate the assembly of the microbiome to the
adaptability to drought stress in desert plants.
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1. Introduction

The rhizosphere is the zone of soil around the roots and is influenced by root exudates regulating
proliferation and the activity of several soil microorganisms [1]. Here, a large number of interactions
between microorganisms and invertebrates occur, affecting the biogeochemical cycles and the growth
and tolerance of plants against biotic or abiotic stress [2]. Furthermore, the biological and chemical
activities of the rhizosphere are influenced by the metabolic compounds exuded by the roots, including
organic acids, sugars, amino acids, small peptides, secondary metabolites, among others [3]. These
organic compounds increase the growth of the microbiota and also act as chemical signals with different
effects in the plants. The interaction between microorganisms and rhizosphere may vary according to
the soil conditions resulting in beneficial, detrimental, or neutral effects to plants [4].

Rhizosphere microorganisms can promote plant growth by direct and indirect mechanisms. As
for the direct mechanisms, the most relevant are induction of systemic acquired resistance (SAR) in the
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plant, and production of phytohormones such as auxin and gibberellins. On the other hand, indirect
mechanisms include production of siderophores [5,6], production of low molecular weight organic
acids [7,8], mineralization of organic matter making nutrients available for the plants, protection
against phytopathogens, among others [9]. Under drought stress, changes in the structure of the
microbial communities associated with the roots have been observed indicating a selective pressure
determined by the plant on the rhizosphere microbiome [10].

On the other hand, microorganisms isolated from arid ecosystems are more effective as inducers
of stress tolerance in plants growing under drought stress than microorganisms not adapted to this
condition, demonstrating greater efficiency in plant growth promotion and tolerance to stress mainly
by improvement in stomatal conductance, nutrition, and osmotic adjustment [11,12].

The Atacama Desert is located in northern Chile and is described as the driest and oldest in the
world [13]. In addition to aridity, the Atacama Desert has other environmental factors such as strong
thermal oscillation, low relative humidity levels, low water retention [14], high levels of ultraviolet
radiation [15], extreme oligotrophic conditions, high salinity, and high levels of inorganic oxidants in
soil [16].

Despite this, the Atacama Desert harbors a great diversity of vascular plants consisting of around
600 species, belonging to 304 genera and 81 families. The families best represented in vascular
plants are the Asteraceae, Poaceas, Fabaceas, Malvaceas, and Solanaceae, which have adapted to
poly-extreme environment through mechanisms that contribute to plant tolerance and development [17].
Additionally, the influence of soil microbial diversity on plants is a key factor in the plant adaptation to
this arid ecosystem [18]. However, few studies have associated the rhizosphere microbiome of desert
native plants with the induction of tolerance to abiotic stress.

For the more complete derivation of the structure and function of the rhizosphere microbiome,
identifying all the microbes present and their functions is very difficult to achieve with traditional
tools, because most are uncultured or unknown its genomic sequences [19]. Metagenomics analysis
includes the study of the entire spectrum of microorganisms present in a given sample through the
direct sequencing of microbial community DNA. This have had gained great relevance allowing
description of complete genomes to obtain not only information about the richness and relative
abundance of microbial populations or explore their biotechnological potential, but also to understand
the composition of the microbial community and assign a role to the uncultured components of
the microbiome [20]. The analysis of the diversity of microbial communities has revealed taxa that
may be commonly associated with the rhizosphere of plants. This has helped to understand the
differences between rhizosphere soil of different plant species or in different compartments inside
the plant (rhizoplane, endosphere) allowing to understand the dynamics of the processes in the
plant-microbiome interaction, as well as inferring if the predominance of certain groups is related to
the functional structure of the microbiome [21].

Baccaris scandens and Solanum chilense, Asteraceae and Solanaceae family respectively grow in
different habitats and are distributed in a wide range of altitudes (from sea level to high elevation in the
Andes Mountains), and latitudinally extending into northern Chile [22] evidencing a high adaptability
and tolerance to drought stress.

The aims of this study are: (i) to describe and compare fungal and bacterial communities of the
rhizosphere of Baccaris scandens and Solanum chilense, and (ii) to identify potential microbial groups
that could be involved in the tolerance of plants to these extreme environmental conditions.

2. Materials and Methods

2.1. Study Site and Sample Collection

The samples were collected during the summer (January 2018) in an area located between 19◦18′

S and 69◦25′ W in the Atacama Desert, northern Chile. This area is located between 2500 and 3200
m.a.s.l corresponding to the marginal desert of height. The average annual rainfall is of 36.7 mm [23]
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and the average temperature in summer (at the time of sample collection) reaches up to 21 ◦C during
the day and between 5 and 8 ◦C during the night. In this area B. scandens and S. chilense have high
coverage, whereby isolated plants were selected ensuring a minimum distance at least 3 m away from
each sample plants and without any other plant species growing at a distance of 1 m.

Rhizophere soil (5 g) of three different individual plants of each of B. scandens and S. chilense was
collected using sterile gloves and a clean spade to a depth of 5–10 cm. The rhizosphere soil was removed
by gently shaking the plants, deposited in sterile polypropylene conical tubes and immediately stored
on ice until their arrival at the laboratory.

The rhizosphere soil samples were subjected to chemical analysis. The available P content was
determined by extraction with NaHCO3 at pH 8.5 [24]. The available K was determined according to
Mingorance [25]. The organic matter (OM) was determined by the method described by Walkley and
Black [26]. The pH was measured using 1:2.5 ratio of soil:deionized water. Exchangeable bases K, Na,
Ca, and Mg were determined by extraction with 1 M NH4OAC [27]. The chemical analysis is shown in
Table 1.

Table 1. Chemical analysis of rhizosphere soil from B. scandens and S. chilense growing naturally in
Atacama Desert.

Samples B. scandens S. chilense

POlsen (mg kg−1) 5 9
K (mg kg−1) 328 411

Organic matter (%) 0.91 1.21
pH H2O 7.2 6.32

K (cmol (+)kg−1) 0.84 1.05
Na (cmol (+) kg−1) 1.26 0.55
Ca (cmol (+) kg−1) 9.03 7.87
Mg (cmol (+) kg−1) 1.36 2.04

CEC * (cmol (+) kg−1) 12.51 11.54

* CEC = catión Exchange capacity = Σ(K, Ca, Mg y Mg).

2.2. DNA Extraction and High-Throughput Sequencing

Total DNA was extracted from 0.5 g of rhizosphere soil of S. chilense and B. scandens, using
the PureLinkTM Microbiome DNA Purification Kit (Invitrogen, Carlsbad, CA, USA), following the
manufacturer´s instructions. The quality and concentration of DNA were checked in a Qubit® 2.0
Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

DNA samples were sequenced by Macrogen, Inc. (Seoul, South Korea). The amplicon libraries
were amplified using PCR according to the Illumina PCR Quantification Protocol Guide. The
V3-V4 hypervariable region of the 16S rRNA gene was amplified using the primer set Bakt_341F
(5′ CCTACGGGNGGCWGCAG 3′) and Bakt_805R (5′ GACTACHVGGGTATCTAATCC 3′) for
bacteria [28], while ITS region of the 18S rRNA gene was amplified using the primer set ITS2_3F
(5′ GCATCGATGAAGAACGCAGC 3′) and ITS2_4R (5′ TCCTCCGCTTATTGATATGC 3′) for fungi.
To verify the size of PCR enriched fragments the size distribution was visualized on an Agilent
Technologies 2100 Bioanalyser using a DNA 1000 chip. Concentration was between 52 and 93 ng/µL.
After size verification, the libraries were sequenced using a 2 × 300-bp paired-end run [MiSeq Reagent
Kit, v. 3 (MS-102-3001)] on a MiSeq (Illumina, San Diego, CA, USA) instrument according to instructions
of the manufacturer (Illumina).

2.3. Sequence Analysis and Taxonomical Assignation

The quality of resulting raw reads was checked using FastQC v.0.11.5 [29] and taxonomic
assignment was done using the software Quantitative Insights Into Microbial Ecology, QIIME2 [30].
Quality filter step was realized with DADA2 algorithm [31] as a QIIME2 plugin. Barcodes were
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removed and reads were truncated at length of 283 and 253 bp, for forward and reverse, respectively. In
this primary step, paired-end reads were joined together and then a quality-aware correcting model for
amplicon data that denoises, removes chimeras and residual PhiX reads, and dereplicates DNA reads
was applied. Reads were then dereplicated and amplicon sequence variants (ASVs) were called. ASV
generation was recently shown to outperform operational taxonomic unit (OTU) clustering, resulting
in fewer spurious reads [32].

The taxonomic assignment of the ITS2-derived ASVs was performed using UNITE database
version 7.2 (UNITE community, 2017). Because of the high variability in length on ITS2 region among
species, which may lead to a non-optimal alignment resulting in a doubtful tree, phylogeny-related
measurements of alpha (Faith PD) and beta (UniFrac) diversity were not calculated.

The taxonomic assignment of the16S-derived ASVs was performed using Greengenes version
13.8 [33] database as reference, where the specific region targeted by primers Bakt_341F and Bakt_805R
was extracted to build the model. Phylogenetic relationships between ASVs was obtained by
constructing a phylogenetic tree using FastTree algorithm [34] based on a masked alignment constructed
with MAFFT [35].

2.4. Statistical Analysis

Alpha diversity measurements for diversity (Shannon’s diversity index and Faith’s Phylogenetic
Diversity), richness (Observed OTU), and evenness (Pielou’s evenness) were calculated using QIIME2
and resulting values were compared between plant rhizospheres by Kruskall Wallis test. To visualize
broad trends of overall bacterial and fungal communities between B. scandens and S. chilense rhizospheres,
a principal coordinate analysis (PCoA) and a hierarchical clustering were constructed based on the
Bray–Curtis dissimilarity matrix. Statistical determination of differences between plant rhizospheres
were evaluated by permutational multivariate analysis of variance (PERMANOVA) [36] with 999
random permutations on a Bray–Curtis dissimilarity matrix. Statistical analysis and visualization were
performed using R package vegan [37].

Linear discriminant analysis (LDA) effect size (LefSe) was used to identify biologically relevant
features for any group using Kruskal–Wallis followed by a Wilcoxon rank-sum test for pairwise
comparison, with a p-value of 0.05 as cut-off and a linear discriminant analysis score of 2.0 [38] and then
IndicSpecies, was used to analyze the strength and statistical significance of the relationship between
species occurrence and abundance with groups of sites [39,40].

3. Results

3.1. Sequencing Results and Quality Control

The ITS2 sequencing produced a total of 1,425,157 raw reads across 6 input libraries. After quality
filtering, 931,011 ASVs were retained, ranging from 139,214 to 166,516, and an average of 155,168 ASVs
(Table S1).

The 16S sequencing produced a total of 1,245,865 raw reads across 6 input libraries. After quality
filtering, 275,581 ASVs were retained, ranging from 38,816 to 54,381, and an average of 45,930 ASVs
(Table S2).

3.2. Taxonomic Composition of Fungal and Bacterial Communities in Rhizosphere Soil

The relative abundances of members of the fungal community in rhizosphere of B. scandens
and S. chilense are shown in Figure 1. At the phylum level (Figure 1A) Ascomycota taxa showed a
clear dominance in B. scandens and S. chilense, with a mean relative abundance of 82.81 and 46.08%,
respectively. The second most abundant phylum was Basidiomycota with 2.60 and 12.64% in B. scandens
and S. chilense respectively. The remaining phyla have relative abundance smaller than 1%, composed
of unclassified chromista (0.27% to 0.42%), Mucuromycota (0.30% to 0.26%), Mortierellomycota (0.24%
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to 0.23%), Chytridiomycota (0.15% to 0.18%), and the Glomeromycota that only was detected in
rhizosphere soil of B. scandens (0.50%) (Table S3).
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Figure 1. Taxonomic composition of the rhizosphere soil of B. scandens and S. chilense, growing naturally
in the Atacama Desert. Average of relative abundance of fungal (A) and bacterial (C) phyla and fungal
(B) and bacterial (D) families.

At family level (Figure 1B), rhizosphere soil of B. scandens showed a higher abundance of
Aspergillaceae (26.57%), followed by Pleosporaceae (6.65%), Saccharomycetaceae (8.57%), Nectricaceae
(6.34%), Cladosporaceae (4.33%), Dipodascaceae (3.26%), Heliotales (3.16%), Dydimellaceae (2.63%).
In contrast, Nectricaceae (9.2%) was the dominant family in the rhizosphere of S. chilense, followed by
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the Pleosporaceae (12%), Psathyrellaceae (4.25%), Saccharomycetaceae (4.1%), Dipodascaceae (3.61%),
Filobasidiaceae (3.4%), Agaricaceae (2.46%), and Aspergillaceae (2.34%) (Table S4).

The composition of rhizosphere bacterial community (Figure 1C) showed Actinobacteria as the
most abundant phylum of B. scandens with a mean relative abundance of 38%, and Proteobacteria
as the most abundant phylum of S. chilense with a mean relative abundance of 28.4%. The second
most abundant phylum of B. scandens were Proteobacteria (24.4%) and Actinobacteria (26.9%) in S.
chilense. The remaining abundance was composed of Bacteroidetes (5.89% to 4.93%), Planctomycetes
(2.82 to 5.18%), Chloroflexi (4.88 to 5.46%), Cyanobacteria (1.75 to 5.27%), Acidobacteria (1.85 to 3.98%),
Verrucomicrobia (1.47 to 2.41%), Gemmatimonadetes (1.74 to 1.73%), and the 1% of less abundant
phyla Nitrospirae (0.17 to 0.49%), Armatimonadetes (0.11 to 0.31%), Tenericutes (0.33 to 0%) (Table S5).

At the family level (Figure 1D), B. scandens rhizosphere showed more relative abundances of
Micrococcaceae (14.3%), Nocardioidaceae (5.29%), Sphingomonadaceae (3.7%), Geodermatophilaceae
(3.23%), and Streptomycetaceae (2.06%). In S. chilense rhizosphere showed higher relative abundances
of Micrococcaceae (5.68%), Sphingomonadaceae (3.46%), Streptomycetaceae (3.4%), Rhodospirillaceae
(3.06%), and Chitinophagaceae (1.93%) (Table S6).

3.3. Structure of Fungal and Bacterial Communities in the Rhizosphere

The structure of microbial communities detected in the rhizosphere of both plants is shown in
Figure 2. Rhizosphere fungal communities between B. scandens and S. chilense did not show significant
differences according to Wilcoxon Rank Sum test applied to alpha diversity measurements (Shannon
index; p = 0.7), richness (observed OTU, p = 0.7) and evenness (Pierlou’s evenness, p = 0.7) (Figure 2A–C)
(Table S7).
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Figure 2. Alpha diversity measurements distribution of bacterial and fungal communities in rhizosphere
soil of B. scandens and S. chilense. (A) Shannon index of fungi. (B) Richness of fungi. (C) Evenness of
fungi. (D) Shannon index of bacteria. (E) Richness of bacteria. (F) Evenness of bacteria.

With respect to rhizosphere bacterial communities, Kruskal–Wallis analysis did not show significant
differences in values of diversity (Shannon index; p = 0.7), richness (observed OTU, p = 1.0), and
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evenness (Pierlou’s evenness, p = 0.7) when the rhizosphere of B. scandens and S. chilense were compared
(Figure 2D–F) (Table S8).

To observe the similarities and dissimilarities among soil rhizospheres of both plants, principal
co-ordinates analysis (PCoA) and clustering analysis were performed for fungi (Figure 3A) and bacteria
(Figure 3B). These plots showed a clear grouping between rhizosphere microorganisms of B. scandens
and S. chilense plants, however PERMANOVA test on Bray–Curtis dissimilarity, showed no significant
differences between B. scandens and S. chilense rhizosphere neither in fungal (p= 0.1000, F = 3.8072, r2 =

0.4877) and bacterial communities (p= 0.1000, F = 2.3903, r2 = 0.3741).

Microorganisms 2019, 7, x FOR PEER REVIEW 7 of 14 

 

1.0), and evenness (Pierlou’s evenness, p = 0.7) when the rhizosphere of B. scandens and S. chilense 
were compared (Figure 2D–F) (Table S8). 

To observe the similarities and dissimilarities among soil rhizospheres of both plants, principal 
co-ordinates analysis (PCoA) and clustering analysis were performed for fungi (Figure 3A) and 
bacteria (Figure 3B). These plots showed a clear grouping between rhizosphere microorganisms of B. 
scandens and S. chilense plants, however PERMANOVA test on Bray–Curtis dissimilarity, showed no 
significant differences between B. scandens and S. chilense rhizosphere neither in fungal (p= 0.1000, F 
= 3.8072, r2 = 0.4877) and bacterial communities (p= 0.1000, F = 2.3903, r2 = 0.3741). 

 
Figure 3. Principal coordinate analysis (PCoA) of fungal (A) and (B) bacterial communities from 
rhizosphere of B. scandens and S. chilense. 

3.4. Analysis of Specific Taxa of Fungal and Bacterial in the Rhizosphere 

A LefSe analysis was used to compare microbial communities and identify specific 
microorganisms at phylum and genus level of rhizosphere soil. 

At the phylum level in fungi (Figure 4A), the relative abundance of OTUs from Glomeromycota 
and Ascomycota were significantly higher in B. scandens, with LDA score of 5.26 and 3.46 
respectively. Meanwhile Basidiomycota phylum had a higher relative abundance in S. chilense with 
LDA score of 4.71. At the genus level, Penicillium was the most differential taxon in B. scandens (LDA 
score = 5.16), followed by Cadophora, Tricharina, Paraphoma, Spizellomyces, Funneliformis, and 
Monosporascus (Table S9).  

In bacteria at the phylum level (Figure 4B), Actinobacteria was the most differential taxon in B. 
scandens rhizosphere with LDA score of 4.75, followed by Firmicutes (LDA score = 4.02), TM7 (LDA 
score = 3.61), and Tenericutes (LDA score = 3.23). The phylum Nitrospirae was significantly more 
abundant in S. chilense rhizosphere.  

At genus level 16 features were significantly more abundant in the B. scandens rhizosphere, 
where Arthrobacter and Blastococcus showed high abundance (LDA score = 4.67 and 4.01 respectively), 
followed by Rhizobium, Asteroleplasma, Nostoc, Bacillus, Oscillochloris, Nodularia, Georgfuchsia, Lentzea, 
Rhodocytophaga, Sporichthya, Haloferula, Methylotenera, Kineosporea, Porifericola. Meanwhile seven 
features were significantly more abundant in the rhizosphere of S. chilense, Nitrospira and Reyranella 
being the most differential taxa (LDA score = 3.25 and 3.15 respectively), followed by Lactobacillus, 
Fibriiomonas, Rhodopila, Methylovorus, and Dongia. IndicSpecies analysis showed that none of the taxa 
in fungi or bacteria were associated to the B. scandens or S. chilense (Table S10). 

A B 

Figure 3. Principal coordinate analysis (PCoA) of fungal (A) and (B) bacterial communities from
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3.4. Analysis of Specific Taxa of Fungal and Bacterial in the Rhizosphere

A LefSe analysis was used to compare microbial communities and identify specific microorganisms
at phylum and genus level of rhizosphere soil.

At the phylum level in fungi (Figure 4A), the relative abundance of OTUs from Glomeromycota
and Ascomycota were significantly higher in B. scandens, with LDA score of 5.26 and 3.46 respectively.
Meanwhile Basidiomycota phylum had a higher relative abundance in S. chilense with LDA score of
4.71. At the genus level, Penicillium was the most differential taxon in B. scandens (LDA score = 5.16),
followed by Cadophora, Tricharina, Paraphoma, Spizellomyces, Funneliformis, and Monosporascus (Table S9).

In bacteria at the phylum level (Figure 4B), Actinobacteria was the most differential taxon in B.
scandens rhizosphere with LDA score of 4.75, followed by Firmicutes (LDA score = 4.02), TM7 (LDA
score = 3.61), and Tenericutes (LDA score = 3.23). The phylum Nitrospirae was significantly more
abundant in S. chilense rhizosphere.

At genus level 16 features were significantly more abundant in the B. scandens rhizosphere,
where Arthrobacter and Blastococcus showed high abundance (LDA score = 4.67 and 4.01 respectively),
followed by Rhizobium, Asteroleplasma, Nostoc, Bacillus, Oscillochloris, Nodularia, Georgfuchsia, Lentzea,
Rhodocytophaga, Sporichthya, Haloferula, Methylotenera, Kineosporea, Porifericola. Meanwhile seven features
were significantly more abundant in the rhizosphere of S. chilense, Nitrospira and Reyranella being the
most differential taxa (LDA score = 3.25 and 3.15 respectively), followed by Lactobacillus, Fibriiomonas,
Rhodopila, Methylovorus, and Dongia. IndicSpecies analysis showed that none of the taxa in fungi or
bacteria were associated to the B. scandens or S. chilense (Table S10).
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4. Discussion

Plants that inhabit the Atacama Desert have been studied for their high tolerance to drought,
salinity, radiation, and extreme temperatures. In particular, S. chilense, given its high tolerance to
hydric deficit, has been used as a model plant in physiological and molecular studies [41,42]. In our
study, we have focused on the rhizosphere, in order to explore a possible role of microorganisms in
the induction of tolerance to the hydric deficit characteristic of arid zones. We have described the
fungal and bacterial communities of the rhizosphere of two native plants from the Atacama Desert
and have identified groups present in the rhizosphere microbiome and that could be involved in the
establishment and development of the plant under the restrictive conditions in arid ecosystems.

Our results showed that both plants harbor Ascomycota as the dominant phyla followed
Basidiomycota. The predominance of these phylum has also been reported in studies where a
variety of cultivable fungi from the bulk soil [43], decaying wood from ancient saltpeters [44],
rocks [45] has been isolated. Despite the ecological roles of the fungi in the in ecosystems, its
distribution and diversity in the plant interaction (rhizosphere microbiome) has been poorly described
in Atacama Desert. González-Teuber et al. [46] isolated root-endophytic fungi from Chenopodium quinoa
a pseudo-cereal well-adapted to the climatic conditions of the Atacama Desert where Ascomycota was
the dominant phylum.

Similar to our study, in metagenomics analysis of rhizosphere fungal communities in arid and
semi-arid ecosystems, Suleiman et al. [47] and Vargas-Gastélum et al. [48] also showed a high relative
abundance of Ascomycota and Basidiomycota phyla in the rhizosphere of Vachellia pachyceras and
plants from Valle de Las Palmas, respectively. While the composition of fungal communities in the
bulk also show a high abundance of these phyla [49–51], so their presence would be associated with
type of soil and climate which is decisive for the rhizospheric microbiome assembly process.

On the other hand Ascomycota is known to include “dark septate endophytes” (DSEs) and has
been observed in roots of plants that grow in stressful and nutrient-limited [52] and have shown a
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positive effect on plant growth [53,54] probably because of nitrogen mineralization and pathogen
protection [55].

At family level, we found difference between rhizosphere fungal communities of B. scandens
and S. chilense, Asperguillaceae and Nectriaceae being the principal fungal family, respectively.
Members of these families have been reported as inducers of tolerance to water deficit in different
plant species, through the production of metabolites such as (Z)-N(4-hydroxystyryl) formamide
(NFA) [56] and the phytohormones production [57]. According to LeFSe analysis (LDA > 2) we showed
preferential taxa in each plant, indicating a direct effect of the plant species on the rhizosphere microbial
community. In B. scandens at genus level we observed a high abundance the OTUs assigned to the
genera Penicillium, a genus characterized by promoting plant growth by solubilization of minerals,
phytohormones production, and biological control against phytopathogens [58]. In our study, we found
the phylum Glomeromycota significantly enriched in B. scandens; it includes arbuscular mycorrhizal
fungi (AMFs) [59]. AMFs form specialized structures within the root cortex known as arbuscules,
where the transfer of nutrients between the two symbionts occurs. In this symbiosis, the fungus
supplies to the plant inorganic compounds and the plant contributes to the heterotrophic fungus with
organic compounds (photosynthates) [60]. The OTUs were assigned to the genera Funneliformis and
Diversispora. These genera have been found in high abundance in arid and saline soils and recently
in the rhizosphere of Larrea tridentata, a perennial plant of Chihuahuan Desert [61] and in Hedysarum
scoparium in desert areas of northern China [62]. Arbuscular mycorrhizal symbiosis directly influences
the uptake and transfer of water through the hyphae of the fungus [63,64], and also improve the
osmoregulation mechanisms in the host plant to tolerate drought and salt stress, thus increasing
compatible osmolytes, such as proline, betaine, polyamines, sugars, organic acids, amino acids, and
trehalose [65,66]. Furthermore, AMF increases gas exchange and water use efficiency [67], increases
photosynthetic efficiency, improves the antioxidant enzyme response, and induces the accumulation of
antioxidant molecules such as glutathione and decrease lipid peroxidation of membranes [67–69]. The
root hydraulic conductivity is also affected by mycorrhizal colonization, which is evidenced in proteins
involved in water transport [70]. In our study, the presence of this phylum in the rhizosphere of the
plants is directly related to the greater tolerance of B. scandens to stress conditions due to drought in
the Atacama Desert.

The bacterial community has been widely studied in different niches of the Atacama Desert such
as rocks, surface of soil, geothermal field, among others [71] where Actinobacteria and Proteobacteria
phyla are frequently found. In addition, we found these dominant phyla in the rhizosphere of B.
scandens and S. chilense and have been identified in the rhizosphere of Atriplex sp. and Stipa sp.
also native of the Atacama Desert [72] and in other arid ecosystems, Tribulus terrestris, Zygophyllum
simplex, Panicum turgidum, and Euphorbia granulata of Saudi Arabia Desert [73]. Also, recent studies
of endophytic bacterial communities in Distichilis spicata and Pluschea absinthioides have identified
Proteobacteria as a higher dominant phylum [74].

The presence of Microccaceae family in soils of the Atacama Desert had already been previously
described by Idris et al. [75] in soils. In our study, this family was the most abundant in the rhizosphere
of both plants. With respect to the possible role in the plant tolerance to abiotic stress, several genus
of this family have been described for their ability to control of plant pathogen [76], phosphate
solubilization, phytohormone production, siderophores production [77,78].

Other families such as Nocardioidaceae, Sphingomonadaceae, Streptomycetaceae, were found in
both plants, with different relative abundances. Nocardioidaceae and Streptomycetaceae families have
been previously reported in rhizosphere [74,79] and bulk soil [75] in native plants of the Atacama Desert
Altiplano. With respect to the family Sphingomonadaceae different strains of Sphingomonas spp. have
shown a positive effect on plant growth promotion [80] even under heavy metal [81] and drought
stress [82]. LeFSe analysis showed the genus Arthrobacter was present in both rhizosphere plant but
significantly enriched in rhizosphere of B. scandens. This genus had been previously isolated from
Atacama Desert [71], and have been previously reported as a basic constituents of rhizosphere and have
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positive effects on plants as a phosphate solubilizers and antagonist of plant parasitic nematodes [83].
In the rhizosphere of S. chilense the phylum Nitrospirae was the most significantly enriched with genus
Nitrospira essential in the process of nitrification and transformation of nitrite to nitrate [84].

B. scandens and S. chilense are plants adapted to the extreme weather conditions of the Atacama
Desert. We found that the Ascomycota and Basidiomycota fungal phyla and Actinobacteria and
Proteobacteria bacterial phyla were the dominant taxa in both rhizospheres but with differences in
relative abundance at the family level. In this sense, several of the families found are recognized for
their role in stress protection and plant growth promotion.

As for the effect of the plant species on the structure and assembly of the root microbiome, with our
sampling it was not possible to reach a significance level that indicate differences between communities
of each plant species, however these communities are clearly separated on PCoA, therefore it suggests
the need to counter with greater statistical power to clearly detect this difference.

The extreme conditions of the Atacama Desert generate a selective pressure of microorganisms in
the soil and the plant recruit specific families of fungi and bacteria that can have a positive effect on
plant growth, tolerance, and adaptation to different abiotic stress (drought, high salinity, temperature,
radiation, among others).

Understanding the rhizosphere microbiome composition and assemblages in the driest place
in the world is relevant for the development of plant protection strategies under a climate change
scenario and can contribute to improve the tolerance of plant to drought stress.
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