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Abstract
Background  The rhizosphere microbiota is vital for the modulation of plant growth and adaptation, especially in 
extreme environments. Nitrophila atacamensis is an endemic and endangered plant species in the Salar de Atacama, 
Chile. However, the specific relationships between N. atacamensis and its microbiota remain largely unknown. We 
analyzed the bacterial communities in the rhizosphere and bulk soils associated with N. atacamensis across eight sites, 
including Aguas de Quelana and Soncor, which are two distinct hydrogeological systems.

Results  We used high-throughput sequencing of the 16S rRNA gene to classify 886 different bacterial genera 
from 13,138 unique operational taxonomic units, distributed between rhizosphere and bulk soil samples. Microbial 
composition and diversity differed significantly between the rhizosphere and bulk soils. The microbial clustering 
observed among the Aguas de Quelana sites was based on their bacterial profiles and not their physicochemical 
properties, whereas the Soncor system exhibited high microbial heterogeneity. These findings suggest a potential 
role for water dynamics in shaping bacterial communities in Aguas de Quelana. Furthermore, the rhizosphere samples 
clustered into three distinct clades based on microbial composition; Pir4 lineage, Aliifodinibius, and Candidatus 
Tremblaya genera dominated specific clades.

Conclusions  This study provides the first comprehensive characterization of the rhizosphere and bulk soil bacterial 
diversity associated with N. atacamensis, providing important ecological and functional insights into its microbial 
interactions. This further highlights the importance of understanding the rhizosphere microbial diversity in extreme 
environments and its potential implications for biotechnological applications and conservation efforts. Our findings 
provide a foundation for future research on microbial–plant interactions in arid ecosystems.
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Aliifodinibius, Candidatus tremblaya
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Background
The Atacama Desert is located in northern Chile. It is 
the driest desert worldwide and one of the most extreme 
ecosystems on Earth [1]. It extends over an approximately 
1,000 km-long stretch bound by the Pacific Ocean on the 
west and the Andes Mountains on the east. This stretch 
presents extreme environmental conditions, such as low 
barometric pressure, high solar and ultraviolet radiation, 
minimal precipitation, high salinity, and strong winds 
[1]. These extreme characteristics have forced the spe-
cies inhabiting the region to develop unique adaptations, 
resulting in biodiversity of high scientific value [2].

The most relevant ecosystems in this desert are the salt 
flats, an extremely fragile ecosystem. These are hydrogeo-
logical formations characterized by hypersaline lagoons, 
and wetlands with abundant microbial and plant com-
munities [2]. The Salar de Atacama is among the larg-
est evaporite basins on the planet. Its surface area is 
approximately 3,000  km² [3]. This salt flat includes a 
complex hydrogeological system comprising brackish 
water, salt flats, brine, underground recharge flows from 
the Andes, and evaporative discharge processes in mar-
ginal areas [3]. It has several wetlands on Salar’s eastern 
edge, divided into the Soncor, Aguas de Quelana, and 
Peine-Tilopozo hydrological systems. The Soncor sys-
tem comprises three permanent lagoons: Puilar, Chaxa, 
and Barros Negros, and large areas of seasonal flooding 
adjacent to the Puilar and Barros Negros lagoons. Aguas 
de Quelana is a sector punctuated by seasonally flooded 
surfaces of small extensions; the Peine and Tilopozo sec-
tor comprises three permanent lagoons: Salada, Saladita, 
and Interna [4]. Due to water scarcity, these hydrological 
systems are key water provider regions, allowing biodi-
versity and ecosystem services in arid environments and 
hosting unique organisms, including Nitrophila ataca-
mensis, a xerophytic plant endemic and restricted to the 
Salar de Atacama. N. atacamensis grows in fragile envi-
ronmental conditions, such as saturated soil close (but 
without direct contact) to the water table, highly prone 
to structural loss and compaction. This limits the soil gas 
exchange, water storage, and conduction capacities, sub-
sequently reducing root development [5–7]. This plant 
grows in loamy textured soils, with high salinity levels 
(concretions or saline accumulations on the surface) and 
moist soil profiles without contact with the water Table 
[7]. Its location has been described only on the eastern 
edge of the Salar de Atacama, in the Soncor and Aguas 
de Quelana hydrological systems [8]. Moreover, N. ata-
camensis is highly affected by climatic change, accentu-
ated by anthropogenic activities such as the construction 
of roads and brine extraction [8], which makes it highly 
relevant from a conservation point of view.

Climate change will make soil increasingly arid, con-
ditions to which desert plants have already adapted [9]. 

They have developed specific adaptations such as Crassu-
lacean Acid Metabolism photosynthesis and modified 
leaf structures. Desert plants also enable microorganisms 
to thrive in dry, nutrient-poor soils. Thus, bioprospect-
ing of desert plants such as N. atacamensis has enormous 
biotechnological potential because of specific adaptations 
to extreme conditions, but mainly due to the microorgan-
isms that inhabit the rhizosphere and endosphere. These 
microorganisms can increase nutrient input and plant 
resistance to drought and heat stress [10]. Plant-associ-
ated bacterial communities in the rhizosphere are crucial 
for plant adaptation and productivity as they facilitate 
nitrogen fixation, nutrient recycling, and resistance to 
environmental stresses [11]. Bacterial genera commonly 
coexist with plants, favoring their growth (such as Bacil-
lus). Additionally, some common microorganisms among 
plants have been reported in different extreme environ-
ments, such as the Atacama Desert and Antarctica [12]. 
However, just as plants develop specific adaptations to 
particular environmental conditions, microorganisms 
are also uniquely suited to specific climates. This creates 
a niche for bioprospecting bacteria adapted to salinity 
and drought, which can be identified for biotechnological 
purposes [13]. Plant–bacteria interactions are crucial for 
the survival of plant species in the hypersaline environ-
ments of the Salar de Atacama [14]. However, the specific 
relationships between N. atacamensis and its microbiota 
remain largely understudied, and the alterations induced 
by environmental physicochemical and geographical 
conditions in the microbiota remain unclear.

In this study, we aimed to characterize bacterial com-
munities associated with the rhizosphere of N. ataca-
mensis and compare them with those of the surrounding 
soil at eight sites at the Salar de Atacama. Additionally, 
we sought to elucidate the factors shaping these commu-
nities by analyzing microbial diversity and its relation-
ship with the physicochemical variables in two different 
hydrogeological systems: Aguas de Quelana and Soncor. 
This study contributes to a broader understanding of the 
microbial biodiversity in N. atacamensis rhizosphere and 
its potential role in the plant’s resilience to its extreme 
thriving conditions.

Methods
Study site and sample collection
The study area is located at the Salar de Atacama, Antofa-
gasta Region, Chile (Fig.  1). Three field surveys were 
conducted: first (July 20–23, 2022), second (December 
13–15, 2022, and third (March 09–11, 2023). The samples 
were collected from eight sites in the interior of the Salar 
de Atacama: Vega Los Pantanos Poniente, Vega Tarar, 
Vega Puilar, Vega Carvajal, three sites of Vega Aguas de 
Quelana, and Vega de Cas. All sites are located on the 
eastern slope of the Salar.
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Individual N. atacamensis plants were extracted with 
their root systems. These were shaken to remove excess 
soil not adhering to the roots. The plants were stored in 
50 mL Falcon™ tubes (Thermo Fisher Scientific, Waltham, 
MA, USA) and transported to the laboratory. Plants were 
vortexed to dislodge soil particles adhering to the roots, 
and the soil was subsequently used for DNA extraction. 
Simultaneously, the soil removed from around the roots 
(within 3  cm) was collected as a composite rhizosphere 
soil sample for physicochemical analysis.

The composite soil samples comprised five subsamples 
of approximately 200 g, which were combined and mixed 
to better represent the sample area. Subsequently, the 
composite soil samples were used for chemical analysis 
of the following parameters: pH, electrical conductiv-
ity, as well as PO4³⁻, SO4²⁻, NO3⁻, Cl⁻, NH4⁺, Mg, K, Na, 
B, Fe, Mn, Cu, Zn, and NaHCO3 contents [15, 16]. Total 
organic matter (OM) was estimated using the formula: 
OM (%) = 1.72 × total organic carbon (%).

For bulk soil, composite samples were obtained 20  m 
from the sampled N. atacamensis plant, in a location free 

of vegetation. These samples were used for physicochem-
ical analysis and DNA extraction.

To cluster the sampling sites based on physicochemi-
cal variables, a Euclidean distance matrix was generated 
using the dist function from the “stats” v4.3.2 package in 
R. This distance matrix was then used to perform hier-
archical clustering with the hclust function, applying 
the “Ward.D2” agglomeration method from the “stats” 
package.

DNA extraction and sequencing
The rhizospheric and bulk soil samples contain complex 
matrices for DNA extraction because of their high salt 
concentrations and low microbial abundance. Thus, a 
procedure combining two extraction methodologies [17, 
18] was developed to extract DNA efficiently from the 
sample obtained from the Salar de Atacama. To deter-
mine microorganism concentration and salt removal, 
2.5  g of soil was suspended in 50 mL of cell extraction 
buffer [17] and shaken overnight. The suspension was 
centrifuged at low speed (1,000 rpm for 5 min), and the 
supernatant was filtered through a 0.2-µm membrane 

Fig. 1  Nitrophila atacamensis location and physicochemical characterization of the soil and rhizosphere samples. (A) The study area comprises a system 
of lakes and wetlands. The eight lakes and wetlands are outlined in four inserts, where the hydrogeological systems are shown in red (Soncor system) 
and blue (Aguas de Quelana system). Physicochemical characterization of (B) bulk soil and (C) rhizosphere sampling sites. Sample abbreviations: Aguas 
de Quelana 1 (AQN1 and AQT1); Aguas de Quelana 2 (AQN2 and AQT2); Aguas de Quelana 3 (AQN3 and AQT3); Puilar (PUN and PUT); Vegas de Cas (VKN 
and VKT); Vegas Carvajal (VCN and VCT); Vega Los Pantanos Poniente (VPN and VPT); and Vegas Tarar (VTN and VTT)
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[18]. The membranes were cut into small pieces and 
subjected to a lysis buffer supplemented with 25 µL of 
proteinase K (20 µg/mL). Microbial DNA was extracted 
using the DNeasy PowerSoil Kit (Qiagen, Mo Bio Labo-
ratories, Hilden, Germany). The tubes were shaken and 
incubated at 65 °C for 1 h, followed by DNA purification 
using the kit reagents and a column system. Given the 
low microbial biomass of the samples, negative extrac-
tion controls were included to verify that the recovered 
microbial DNA originated from the soil itself and not 
from potential contamination introduced by reagents or 
materials used during the extraction process.

The extracted DNA was quantified using a QUBIT™ 4 
fluorometer (Thermo Fisher Scientific, Waltham, MA, 
USA). The integrity of the 16  S rRNA region was con-
firmed by amplification (approximately 1,500  bp) via 
conventional polymerase chain reaction (PCR) with the 
following primers: 27  F (5′-​A​G​A​G​T​T​T​G​A​T​C​C​T​G​G​C​
T​C​A​G-3′) and 1492R (5′-​G​G​T​T​A​C​C​T​T​G​T​T​A​C​G​A​C​T​
T-3′) [19]. Each 25 µL PCR mixture contained 1.0 µL of 
template DNA, 1.0 µL of each primer (10 µM), 12.5 µL 
of 2× GoTaq® Green Master Mix (Promega, Madison, 
WI, USA), and 9.5 µL of ddH2O. PCR conditions were 
as follows: primary denaturation at 95 °C for 5 min; fol-
lowed by 30 cycles of: 95 °C for 60 s, 55 °C for 60 s, and 
annealing at 72 °C for 90 s, followed by a final extension 
at 72 °C for 10 min. PCR was performed using an ESCO 
Swift MaxPro thermal cycler (Thermo Fisher Scientific). 
DNA quality in the samples was verified using 1% aga-
rose gel electrophoresis performed using the SYBR™ Safe 
DNA gel stain (Thermo Fisher Scientific) coupled to a 
1-kb molecular weight marker. Electrophoresis was per-
formed at 100 V for 30 min, and the bands were visual-
ized in a transilluminator chamber. Rhizosphere and bulk 
soil samples were considered suitable for sequencing only 
when both yielded successful amplification of the full-
length 16S rRNA gene, and when no amplification was 
observed in either the DNA extraction blanks or the PCR 
negative controls.

The preparation of genomic libraries and subsequent 
sequencing of the V3–V4 variable regions of the 16  S 
rRNA gene were performed by Macrogen Inc. (South 
Korea) on the MiSeq® sequencer (Illumina). Adapt-
ers were added to construct the libraries, and bacte-
ria-specific primers were used to amplify the V3–V4 
hypervariable regions (341  F: 5′-CCTACGGGGGNG-
GCWGCAG-3′ and 805R: 5′-GACTACHVGGGTATC-
TAATCC-3′). The Illumina 16  S library preparation 
protocol was applied [20]. Each 25 µL PCR mixture con-
tained 2.5 µL of template DNA, 5.0 µL of each primer (1 
µM), and 12.5 µL of 2× KAPA HiFi HotStart ReadyMix 
(Roche Sequencing Solutions, Pleasanton, CA, USA). 
The PCR conditions included primary denaturation at 
95 °C for 3 min; followed by 25 cycles of: 95 °C for 30 s, 

55 °C for 30 s, and 72 °C for 30 s; and a final extension at 
72  °C for 5 min. PCR products were validated using the 
Bioanalyzer 2100 system (Agilent Technologies, Santa 
Clara, CA, USA), and sequencing was performed using a 
2 × 300-bp paired-end configuration.

Bioinformatic analysis
The FASTQ files were processed using Qiime v2023.9.1 
[21]. Read quality was evaluated using FastQC v0.11.9 
[22]. Based on this evaluation, the adapters were 
removed, and the lengths of the forward and reverse 
sequences were trimmed to 270 and 205 bases, respec-
tively, using the DADA2 de-noise-paired plugin [23]. 
Quality was maintained using PHRED 20 [21]. Taxo-
nomic assignment was performed using the classify-
sklearn plugin in the SILVA database version 138.1 
(https://www.arb-silva.de) [24]. New unified sequences 
(operational taxonomic units [OTUs] with 99% identity) 
were aligned using MAFFT [25], and the maximum like-
lihood was inferred using FastTree [26].

The abundance, taxonomy, phylogeny, and metadata 
of the OTUs were integrated into a phyloseq object for 
subsequent analyses using the Phyloseq v1.46.0 pack-
age (PhyloSeq) [27] in R v4.3.2 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​r​-​p​r​o​j​e​c​t​
.​o​r​g​​​​​)​. The quality control filters described by Callahan 
et al. [28] were used: samples with < 1,000 reads were 
excluded and unassigned OTUs were removed. The mean 
number of reads per taxon was > 1 × 10− 5, and OTUs 
not observed more than twice in at least 10% of the 
samples were excluded. Additionally, samples were rar-
efied to 10,000 reads, such that all samples had the same 
read count. Then, a phyloseq object was used to calcu-
late alpha and beta diversities, and the Microeco v1.4.0 
package was used to construct relative abundance plots 
[29]. OTUs were transformed into proportions, and rela-
tive abundance was used to measure the composition of 
prokaryotic communities at the phylum and genus lev-
els. Relative abundances were used to generate an initial 
dendrogram with the clustering_plot function to evaluate 
potential similarities between the samples. Alpha diver-
sity was calculated using different indices such as the 
Chao1 (estimate of richness by species) [30], Pielou (esti-
mate of abundance and uniformity of OTUs in the sam-
ples) [31], Shannon (entropic information on abundance 
of observed OTUs) [32], and Simpson (dominance) [33] 
indices. To determine beta diversity, all samples were 
compared according to the sampling points using seven 
matrices: Robuts Aitchinson, Bray–Curtis, Canberra, 
Jaccard, Jensen-Shannon Divergence (JSD), Unifrac, and 
wUnifrac. Additionally, the differential abundance of taxa 
was analyzed by implementing linear discriminant anal-
ysis effect size (LEfSe, LDA value > 2, α = 0.05) [34] sup-
ported with an Analysis of Compositions of Microbiomes 

https://www.arb-silva.de
https://www.r-project.org
https://www.r-project.org


Page 5 of 18Zamora-Leiva et al. Environmental Microbiome          (2025) 20:100 

with Bias Correction 2 (ANCOM-BC2) analysis [35], 
using the Microeco v1.4.0 package.

Redundancy analysis (RDA) was performed using the 
Microeco v1.4.0 package to evaluate the effect of soil 
physicochemical parameters on bacterial community 
composition. Before the analysis, all environmental vari-
ables were included as predictors in a forward and back-
wards selection procedure using the ordistep function in 
the vegan v2.6-4 package, starting from a null model and 
iteratively adding variables that significantly improved 
the model fit based on permutation tests (n = 10,000). 
The final RDA model was constructed at the genus level 
(relative abundance > 1%) using only the environmental 
variables selected as significant (magnesium, bicarbon-
ate, chlorides, nitrate, calcium, pH, and potassium). The 
significance of the overall model and individual canoni-
cal axes was assessed using an ANOVA-like permutation 
test with 10,000 permutations. Furthermore, the Spear-
man index was utilized with the Microeco v1.4.0 package 
for correlation analysis of taxa (genus level) associated 
with physicochemical variables.

Results
Chemical characterization
In the present study, we characterized the bacterial com-
munities in soil samples associated with N. atacamensis 
populations at various sites across the Salar de Atacama, 
Antofagasta, Chile (Fig.  1 and Supplementary Table 
1). Sampling was performed along the eastern side of 
the Salar de Atacama at every spot where the plant was 
spotted during the expedition. In total, eight sites were 
sampled: Vega los Pantanos Poniente (VPN for rhizo-
sphere; and VPT for bulk soil); Vegas Tarar (VTN for 
rhizosphere; and VTT for bulk soil) and Puilar (PUN for 
rhizosphere and PUT for bulk soil), both sites from the 
Soncor hydrogeological system; three Aguas de Quelana 
lagoons, named Aguas de Quelana 1, 2 and 3 (AQN1, 
AQN2, and AQN3 for rhizosphere; and AQT1, AQT2, 
and AQT3 for bulk soil), Vegas de Carvajal (VCN for rhi-
zosphere and VCT for bulk soil), four sites from Aguas 
de Quelana hydrogeological system; and Vegas de Cas 
(VKN for rhizosphere and VKT for bulk soil) (Fig.  1). 
The sampling sites were characterized to determine the 
physicochemical characteristics of both bulk and rhi-
zospheric soils (Supplementary Table 1). In general, all 
samples were extremely saline with electrical conduc-
tivities (ECs) ranging from 24.5 dS/m to a maximum of 
297 dS/m; slightly alkaline with pH values ranging from 
7.61 to 9.12 (with the exception of Vegas Tarar bulk soil, 
VTT, which was slightly acidic at pH 6.89). In terms of 
composition, some samples showed a markedly high 
composition of ions such as sulfates, chlorides, sodium, 
and boron. AQT2 sample (Aguas de Quelana 2 bulk soil) 
contained 893 mg/L of sulfates, 1,753 mg/L of chlorides, 

2,395 mg/L of sodium, and 604 mg/L of boron, whereas 
VKT (Vegas de Cas bulk soil) contained 1,572  mg/L of 
sulfates, 1,467 mg/L of chlorides, 3,184 mg/L of sodium, 
and 369  mg/L of boron. The VKT sample showed 
9.68  mg/L of nitrites, which was six times higher than 
that in the AQT3 (Aguas de Quelana 3 bulk soil) sample, 
showing the second-highest concentration of this ion. 
This resulted in extremely high EC values (255 dS/m for 
AQT2 and 297 dS/m for VKT). In terms of organic mat-
ter, the values ranged from 0.25 to 5.82%, and the rhizo-
sphere samples generally showed higher organic matter 
content than in the bulk soil samples. Aguas de Quelana 
3 showed 3.99% organic matter in the rhizosphere 
(AQN3) and 5.82% in the bulk soil (AQT3), which was 
higher than the average of 1.48% estimated in the two 
types of samples. Moreover, when clustering the sam-
pling sites according to their physicochemical character-
istics, no pattern was discerned in terms of geographical 
location or specific hydrogeological system. The Aguas 
de Quelana 1 and 2 sites clustered together but belonged 
to the same clade as that of Vegas de Cas (the southern-
most point), whereas the remaining sites of the Aguas de 
Quelana system (Aguas de Quelana 3 and Vegas Carvajal) 
clustered with the sites of the Soncor system and Vega los 
Pantanos Poniente samples (Supplementary Fig. 1).

Microbial diversity and taxonomic assignment
Microbial DNA was obtained from the 24 rhizosphere 
and bulk soil samples. The V3–V4 regions of the 16  S 
rRNA gene were sequenced and subjected to filtration 
and quality control. We obtained 2,805,079 sequences 
(average, 58,386; median, 54,102). Taxonomic assign-
ments were made at the phylum (98.18%), class (89.47%), 
order (89.54%), family (85.17%), and genus (80.63%) 
levels.

First, we evaluated the compositional differences 
between the rhizosphere soil of N. atacamensis and bulk 
soil. We found significant differences in the alpha diver-
sity indices between these two samples (Wilcoxon test, 
p < 0.05; Fig. 2A), indicating differences in bacterial rich-
ness. A comparison of the alpha diversity of all rhizo-
sphere samples showed high similarities, except for the 
Puilar (PUN) and Vegas Tarar (VTN) samples, both of 
which belong to the Soncor hydrogeological system and 
exhibit differences (Kruskal–Wallis, p > 0.05, Fig.  2B). 
Comparison of the same index for the bulk soil samples 
showed similar results, but with differences between 
Aguas de Quelana 3 (AQT3), Vegas de Cas (VKT), and 
Vegas Tarar (VTT) (Kruskal–Wallis, p > 0.05, Fig.  2C). 
Beta diversity analysis showed significant differences 
between the rhizosphere and bulk soil, suggesting that 
the communities were not the same in both ecosystem 
types (Wilcoxon test, p < 0.001; Fig. 2D).
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Comparative analysis of rhizosphere and bulk soil bacterial 
diversity
The bacterial composition across all samples included 
50 phyla. Of these, three were unique to the rhizosphere 
and three to bulk soil, whereas 44 were shared between 
both samples. They primarily included the phyla Pseu-
domonadota (21.34% and 21.18% of relative abundance, 
on average), Bacillota (17.87% and 22.58%), Actinomyce-
tota (14.99% and 14.90%), Planctomycetota (11.17% and 
7.50%), Chloroflexota (8.01% and 9.39%), Bacteroidota 
(8.37% and 5.06%), Acidobacteriota (3.40% and 3.66%), 
Halobacterota (1.8% and 3.57%), Patescibacteria (2.31% 
and 2.38%), Verrucombiota (3.22% and 0.82%), Methylo-
mirabillota (1.64% and 1.99%), and Myxococcota (1.16% 
and 1.03%), which showed > 1% relative abundance 

(Fig.  3A). Even the samples with almost similar relative 
abundance (on average) of some phyla (e.g., Pseudomo-
nadota) showed relative abundances considerably higher 
than those observed at other sites. For example, Vegas 
Tarar bulk soil (VTT) showed a relative abundance of 
45.68% for Pseudomonadota, which is more than double 
the average detected in the bulk soil samples. The Vegas 
Carvajal bulk soil (VCT), Aguas de Quelana 1 (rhizo-
sphere and bulk soil; AQN1 and AQT1), and AQT3 
(Aguas de Quelana 3, bulk soil) samples showed > 40% 
relative abundance of Bacillota, whereas the samples that 
did not belong to the Aguas de Quelana hydrogeographi-
cal system showed ≤ 17% relative abundance of this phy-
lum. To evaluate these differences, we performed LEfSe 
analysis and identified 10 differentially abundant phyla 

Fig. 2  Diversity indexes for the rhizosphere and bulk soil samples. (A) Alpha diversity for Nitrophila atacamensis rhizosphere and bulk soil based on the 
Chao1 index (Wilcoxon test, ** < 0.01). (B) Alpha diversity for all rhizosphere soil samples and (C) bulk soil samples, based on the Chao1 index (Krus-
kal–Wallis test, p < 0.05). (D) Beta diversity for Nitrophila atacamensis rhizosphere vs. bulk soil samples, as determined using the Robust Aitchinson test 
(PERMANOVA, p = 9.999e-05). Sample abbreviations: Aguas de Quelana 1 (AQN1 and AQT1); Aguas de Quelana 2 (AQN2 and AQT2); Aguas de Quelana 
3 (AQN3 and AQT3); Puilar (PUN and PUT); Vegas de Cas (VKN and VKT); Vegas Carvajal (VCN and VCT); Vega Los Pantanos Poniente (VPN and VPT); and 
Vegas Tarar (VTN and VTT)
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between rhizosphere and bulk soil groups. The richness 
of Bacteroidetes, Planctomycetota, Verrucomicrobiota, 
Endotheonellaeota, and Fibrobacterota was significantly 
higher in the rhizosphere group than in the bulk soil 
group, whereas Dadabacteria, LCP-89, Calditrichota, 
FCPU426, and WS2 showed the opposite result (Fig. 3B).

At the lower taxonomic level, 886 different genera were 
classified: 241 exclusively in the rhizosphere, 179 exclu-
sively in bulk soil, and 466 shared between both sample 
types (Fig. 4A). Of these genera, 141 were shared for all 
rhizosphere samples (Fig.  4B) and 39 were shared for 
all bulk soil samples (Fig.  4C). The 20 most abundant 

bacterial communities (relative abundance > 1%) included 
Bacillus (11.07% and 5.56%), Pir4 lineage (6.49% and 
2.52%), Salipaludibacillus (2.98% and 5.58%), S085 (3.06% 
and 4.02%), wb1-P19 (0.50% and 5.03%), Paenibacillus 
(0.46% and 3.42%), Halofilum (0.72% and 2.81%), Crossi-
ella (0.42% and 2.83%), MB-A2-108 (1.56% and 1.60%), 
SAR202 clade (1.23% and 1.91%), Nitriliruptoraceae fam-
ily (2.08% and 0.80%), Acidobacteriae Subgroup 2 (1.59% 
and 1.10%), Cutibacterium (0.01% and 2.27%), Haladap-
tatus (0.63% and 1.55%), Candidatus Tremblaya (2.10% 
and 0.00%), Rokubacteriales (1.10% and 0.95%), Acido-
bacteriota Subgroup 21 (0.78% and 1.27%) and HOC36 

Fig. 3  Relative abundance and differential abundance at the phylum level. (A) Relative abundances of 10 most abundant bacteria per sample at the phy-
lum level, and (B) differential abundance of phyla with differences between rhizosphere and bulk soil samples (LEfSe, α = 0.05; Krustall–Wallis, * = p < 0.05, 
** = p < 0.01, *** = p < 0.001). Sample abbreviations: Aguas de Quelana 1 (AQN1 and AQT1); Aguas de Quelana 2 (AQN2 and AQT2); Aguas de Quelana 3 
(AQN3 and AQT3); Puilar (PUN and PUT); Vegas de Cas (VKN and VKT); Vegas Carvajal (VCN and VCT); Vega Los Pantanos Poniente (VPN and VPT); and 
Vegas Tarar (VTN and VTT)

 



Page 8 of 18Zamora-Leiva et al. Environmental Microbiome          (2025) 20:100 

(1.25% and 0.78%) (Fig. 5A). The most abundant genus in 
the rhizosphere samples was Bacillus. Its abundance was 
higher in the rhizosphere soil than in bulk soil in seven 
of the eight samples. Vegas Carvajal (VCN) was the only 
site that showed the opposite trend (higher abundance of 
Bacillus in bulk soil than in rhizosphere). Furthermore, 
the 20 most abundant genera among these belonged to 
only eight phyla and 12 classes. Of these, three belonged 
to the phylum Bacillota and class Bacilli, and only Bacil-
lus was more abundant in the rhizosphere, whereas Sali-
paludibacillus and Paenibacillus were more abundant 
in the bulk samples. A similar trend was observed in the 
phylum Pseudomonadota and class Gammaproteobacte-
ria. Of the four detected genera, two were more abundant 
in bulk soil (wb1-P19 and Halofilum), whereas HOC36 
and Candidatus Tremblaya showed the opposite trend. 
The latter was exclusive to the rhizosphere and almost 
exclusively from Vegas Tarar (VTN).

LEfSe analysis showed 162 differential genera between 
the two groups (Kruskal–Wallis, p < 0.05). The 20 gen-
era with the highest relative abundance are shown in 
Fig. 5B. The richness of Bacillus, Pir4 lineage, Candidatus 
Tremlaya, Nesterenkonia, Aliifodinibius, Sinomicrobium 
(rhizosphere-exclusive), Pelagibacterium, Echinicola, 
Amb-16  S-1323, Salengibacter, Pelagibius, Glycomyces, 
Woeseia, Luteolibacter, Azoarcus, and Jiangella was sig-
nificantly high in the rhizosphere group, whereas Cuti-
bacterium, Staphylococcus, Massilia, and Streptococcus 
showed significantly high richness in the bulk soil group 

(Fig.  5B). Additionally, the genera Planktosalinus, Chi-
tinophaga, Kangiella, Methylophaga, Roseovarius, Isop-
tericola, and Chelativorans were exclusively found in the 
rhizosphere with a relative abundance > 0.1%.

Environmental factors influencing microbial communities
We performed a clustering based on relative abundance 
(at the phylum level) to evaluate the factors affecting 
the composition of microbial communities. This result 
showed that the bulk soil samples were grouped into 
two clades: one with all four samples from the Aguas de 
Quelana system, and another with the remaining four 
samples (Puilar and Vegas Tarar from the Soncor system; 
Vega los Pantanos and Vegas de Cas) (Supplementary 
Fig. 6).

Clustering of rhizosphere samples showed that micro-
bial communities of N. atacamensis were not associ-
ated with geographical location or location inside the 
hydrogeological system (Fig.  6A). Based on this cluster-
ing, we defined three groups of samples: clade 1, Puilar, 
Aguas de Quelana 3, Vegas Carvajal, and Vega los Pan-
tanos; clade 2, Vegas de Cas, Aguas de Quelana 2, and 
Vegas Tarar; and clade 3, Aguas de Quelana 1. This is 
supported by the beta diversity analysis results, which 
showed differences between the clades at the phylum 
(Fig. 6B) and genus levels (not shown), where differences 
were observed between clades 1 and 2 (pairwise post 
hoc test, p < 0.0001), clades 1 and 3 (pairwise post hoc 
test, p < 0.01), and clades 2 and 3 (pairwise post hoc test, 
p < 0.05).

To evaluate the variables that generated these differ-
ences, we analyzed the presence of differentially abun-
dant taxa in the three clades. In total, 707 classified 
genera were identified among all three clades: 196 exclu-
sive genera in clade 1; 80 exclusives to clade 2; 68 exclu-
sives to clade 3; 20 genera shared between clades 1 and 
3; 169 shared between clades 1 and 2; 30 shared between 
clades 2 and 3; and 144 shared between all three clades 
(Supplementary Fig. 6D). LEfSe analysis showed 134 dif-
ferentially abundant genera among the clades, and the 20 
with the highest relative abundance are shown in Fig. 6C. 
Some genera, such as Methylophaga, Verrucomicrobium, 
Pseudorhodobacter, Vicinigus, and Dojkabacteria (rhizo-
sphere exclusive), were also overrepresented in one of the 
three clades.

We performed RDA including all physicochemical 
parameters (described in Fig. 1). All environmental vari-
ables were included as predictors in a forward selection 
procedure using the ordistep function, after which only 
seven physicochemical variables showed significance: 
magnesium, bicarbonate, chlorides, nitrate, calcium, pH, 
and potassium. The total inertia was 9.087e + 06, whereas 
the constrained inertia was 7.856e + 06, indicating that 
the constrained variables could explain 86.45% of the 

Fig. 4  Venn and petal diagrams of genera shared for (A) rhizosphere 
and bulk soil samples, (B) the three rhizosphere clades. (C) all rhizosphere 
samples of Nitrophila atacamensis. (D) All bulk soil samples. Sample ab-
breviations: Aguas de Quelana 1 (AQN1 and AQT1); Aguas de Quelana 2 
(AQN2 and AQT2); Aguas de Quelana 3 (AQN3 and AQT3); Puilar (PUN and 
PUT); Vegas de Cas (VKN and VKT); Vegas Carvajal (VCN and VCT); Vega Los 
Pantanos Poniente (VPN and VPT); and Vegas Tarar (VTN and VTT)
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variation in the distribution of known genera. Finally, 
the first two components of the constrained eigenvalues 
exhibited proportions of 63.7% and 15.5%, respectively. 
The sampling points within the first component of the 
RDA were divided into two groups: the first group com-
prised clade 1 and half of the clade 2 samples, which were 
associated with nitrate, bicarbonate, and pH; the second 
group comprised clade 3 and the other half of the clade 2 

samples, which were associated with potassium, chloride, 
calcium, and magnesium (Fig. 7).

The genera Nesterekonia, Aliifodinibius, Candidatus 
Tremlaya, Sinomicrium, Pelagibius, Subgroup 2, Amb-
16  S-1323, Woeseia, IMCC2656, Pir4 lineage, Rokubac-
teriales, HOC36, JG30-KF-CM66, S085, SARR202, and 
Nitriliruptoraceae were positively associated with nitrate, 
bicarbonate, and pH, since their relative abundance 
increased with an increase in these parameter levels. 

Fig. 5  Relative and differential abundances at the genus level. (A) Relative abundances of the 20 most abundant bacteria per sample at the genus level, 
and (B) differential abundance of the first 20 genera with differences between rhizosphere and bulk soils (LEfSe, α = 0.05; Kruskal–Wallis, * = p < 0.05, 
** = p < 0.01, *** = p < 0.001). Sample abbreviations: Aguas de Quelana 1 (AQN1 and AQT1); Aguas de Quelana 2 (AQN2 and AQT2); Aguas de Quelana 3 
(AQN3 and AQT3); Puilar (PUN and PUT); Vegas de Cas (VKN and VKT); Vegas Carvajal (VCN and VCT); Vega Los Pantanos Poniente (VPN and VPT); and 
Vegas Tarar (VTN and VTT)
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Salipaludibacillus, Bacillis, and MB-A2-108 were posi-
tively associated with potassium, chlorides, calcium, and 
magnesium (Fig. 7). These results are consistent with the 
results of the Spearman correlation analysis for all mea-
sured physicochemical parameters and the relative abun-
dance of the genus (Supplementary Fig. 11).

Overall, the groups formed by sample location based 
on physicochemical parameters (Fig.  7) were highly 
similar to those formed based on beta diversity analysis 
(Fig.  6B) and differential abundance (Fig.  6C). Clade 1, 
which contained low calcium concentrations, was closely 

related to the Pir4 lineage, HOC36, Amb-16 S-1323, and 
Woeseia. The genus Aliifofodinibius was primarily pres-
ent in clade 2, and specifically, Vegas Tarar, which exhib-
ited one of the highest pH values and lowest magnesium 
concentrations; these parameters were related positively 
and negatively, respectively, according to the RDA and 
Spearman correlation analysis.

Fg. 6  Clustering of rhizosphere samples, analysis of beta diversity, and differential abundance of rhizosphere clades. (A) Clustering of sampling sites 
based on relative abundance at the phylum level. (B) Principal coordinate analysis of Bray–Curtis distance at the genus level (PERMANOVA, P = 9.99991e-
06). (C) Relative abundances of the 20 most abundant bacteria per sample at the genus level for the three rhizosphere clades. Sample abbreviations: 
Aguas de Quelana 1 (AQN1); Aguas de Quelana 2 (AQN2); Aguas de Quelana 3 (AQN3); Puilar (PUN); Vegas de Cas (VKN); Vegas Carvajal (VCN); Vega Los 
Pantanos Poniente (VPN); and Vegas Tarar (VTN and VTT)
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Discussion
N. atacamensis rhizosphere presents higher diversity than 
bulk soil
This study showed the differences in the bacterial compo-
sition between the bulk soil and rhizosphere soil samples 
of N. atacamensis at Salar de Atacama. Unexpectedly 
higher diversity was observed in the rhizosphere than in 
the bulk soil samples. Generally, the rhizosphere selects 
microorganisms from the bulk soil [36, 37], translating 
to reduced microbial diversity in the roots. However, the 
rhizosphere of N. atacamensis shows the opposite trend, 
which is rare (but not unique) and is commonly observed 
in forest ecosystems [37] and rice plants [38]. For exam-
ple, rice releases oxygen on its roots, which allows higher 
presence of aerobic bacteria in the rhizosphere compared 
with the rest of the nearby environment [38]. This indi-
cates that environmental heterogeneities, such as root 
exudates, interact to produce selective effects in the rhi-
zosphere, which are of special importance to specialized 
plants. Ammodendron bifolium shows a similar trend as 
that of N. atacamensis, where the rhizosphere commu-
nity is more abundant and diverse than that of the bulk 
soil community at different soil depths [39]. The plant 
host provides nutrients for underground microbial com-
munities through plant litter, root exudates [12, 40, 41], 
and strengthens microbial activity [42]. However, the 
bacterial community in topsoil is highly vulnerable to the 

influence of plant rhizosphere exudates and the ground 
environment, which drives its diversity and function in 
maintaining the stability of the community structure [43]. 
Moreover, root exudates, especially organic acids such as 
oxalic, malic, and citric acids, improve the solubility of 
soil nutrients (K, Fe, and P) through acid hydrolysis and 
double decomposition [40, 44, 45]. This process is espe-
cially important in nutrient-poor ecosystems, such as 
desert soils. Additionally, the number of unique bacterial 
species in the rhizosphere of N. atacamensis was higher 
than that in the bulk soil. This may be because plant type 
is the major factor that influences bacterial community 
distribution [12, 35–37, 44–46], and the plant rhizo-
sphere could recruit specific bacterial populations [14]. 
However, as this is the first report of N. atacamensis rhi-
zosphere characterization, the reason for its higher diver-
sity than that of the bulk soil may only be hypothesized.

Soil bacterial composition associated with N. atacamensis
The bacterial composition of the bulk soil samples was 
dominated by Pseudomonadota, Bacillota, and Acti-
nomycetota, especially in samples from the Aguas de 
Quelana hydrogeological system. However, not all sam-
pling sites had the same phylum distribution. On Puilar, 
Vega los Pantanos, and Vegas de Cas, Bacillota showed 
a lower relative abundance whereas Planctomyce-
tota and Chloroflexota became relevant. The presence 

Fig. 7  Redundancy analysis (RDA) of the distribution of most abundant genera with respect to seven environmental variables. Clades are indicated based 
on area: green for clade 1 (red dot and line), orange for clade 2 (blue dot and line), and purple for clade 3 (purple dot and line). Red arrows indicate the 
genera and their names; black arrows indicate environmental variables
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of Chloroflexota is consistent with previous findings 
focused on bacterial community variations at the sur-
face and subsurface of harsh environments [47, 48]. This 
phylum and Actinomycetota dominate soil microbial 
communities in the hyper-arid margin of the Atacama 
Desert, with extremely low abundance of Acidobacteria 
and Alpha- and Betaproteobacteria [49]. Additionally, 
other soils of the Atacama Desert are mostly dominated 
by Actinomycetota, Chloroflexota, Pseudomonadota, 
and Gemmatimonadetes [12, 50, 51]. Although Plancto-
mycetota is detected in extreme ecosystems, it is com-
monly associated both with plants [12, 52] and bulk soil 
[53]. All bulk soil samples collected from the Aguas de 
Quelana hydrogeological system were closely related in 
terms of the composition and abundance of microorgan-
isms, even when the physicochemical composition did 
not group them together. This implies that the chemical 
composition is less relevant for microbial diversity, and 
the mechanism associated with the structure and behav-
ior of the Aguas de Quelana system is more relevant for 
the distribution of microorganisms at these sampling 
points. Since Aguas de Quelana and Soncor systems have 
different behavior in terms of vegetation distribution and 
hydrological interconnection, it is possible to hypoth-
esize which of these characteristics has a greater impact 
on how microbial populations are generated and shared. 
The Aguas de Quelana system has a continuum of veg-
etation between all sampling points, which suggests that 
the homogenization of microorganisms occurs due to the 
interaction with wild animals or domestic livestock [54]. 
In contrast, the Soncor system has a greater hydrologi-
cal connection (and much less vegetation). Therefore, the 
homogenization of microorganisms could only occur 
during flooding events, which is unusual and only occurs 
in years of high rainfall [55]. The rhizosphere samples 
were predominately composed of almost the same phyla 
as in the bulk soil; however, certain samples displayed 
specific trends. In Vegas Carvajal samples, the predomi-
nant taxon was Planctomycetota, followed by Pseudomo-
nadota. Actinomycetota was the predominant phylum in 
Aguas de Quelana 2 and Vegas de Cas, whereas Bacillota 
represented more than half the total relative abundance 
in Aguas de Quelana 1 samples. This indicates that the 
distribution of the most predominant phyla and their 
relative abundances showed differences between sam-
ples, even at the phylum level. This is consistent with the 
clustering of rhizosphere samples, which did not allow 
the grouping of the samples in the same distribution as 
those of the bulk soil samples, implying different under-
lying bacterial selection and proliferation mechanisms. 
The distribution was heterogeneous at the genus level, 
although several taxa were common among all samples. 
The Bacillus genus was the most prevalent in all samples, 
which is consistent with its role in the rhizosphere [56]. 

The Bacillus genus is a major type of rhizobacteria that 
forms spores and survives in the soil for long periods 
under adverse environmental conditions [56]. However, 
Bacillus was not the predominant genus in all samples. 
For example, the Pir4 lineage was the most prevalent 
genus in both Vegas Carvajal and Aguas de Quelana 3 
samples from the Aguas de Quelana System, and in the 
samples from Puilar, which belongs to the Soncor System. 
This result is notable because, among the 20 most abun-
dant genera, the Pir4 lineage is the only one that belongs 
to the phylum Plancotmycetota and is present in many 
different habitats, such as oceans, marine sediments, 
freshwater lakes, sewage, and terrestrial soils. Anaerobic 
autotrophs of this phylum oxidize ammonia to N2 with-
out oxygen; thus, they may play a key role in the global 
nitrogen cycle [57]. Planctomycete diversity is higher in 
anoxic soils than in oxic rhizospheres, suggesting that 
changes in soil oxygen distribution affect the Planctomy-
cetes community [58]. This could be related to the water 
dynamics of the salt flats, where the water levels change 
according to factors such as precipitation and evapora-
tion [3]. Additionally, the Pir4 lineage has been described 
as part of the core microbiome of semi-arid plants [59]. 
Furthermore, the genus Candidatus Tremblaya, which 
has been described exclusively as a symbiont of mealy-
bugs, was detected only in the Vegas Tarar samples. 
Given its obligatory intracellular niche and extensive 
reliance on the host insect for critical metabolic func-
tion, this genus cannot survive independently in soil or 
plant-associated environments [60]. Thus, its presence in 
rhizosphere samples suggests the presence of mealybugs 
or related insects that harbor this endosymbiont. Conse-
quently, detection of Candidatus Tremblaya could reflect 
insect infestation in the plant’s immediate environment, 
rather than an independent soil or plant bacterium. Pseu-
dococcus is the most common mealybug genus in Chile. 
However, its detection is yet to be reported on Salar de 
Atacama, even with several species detected across the 
country (including the Atacama region) [61].

The analysis of differential abundance showed differ-
ences between the rhizosphere and bulk soil samples at 
the phylum and genus levels. Bacteroidetes colonize all 
plant compartments, including the phyllosphere (aerial 
parts of the plant), rhizosphere (soil-root interface), and 
root endosphere (inner root tissue) [62]. Bacteroide-
tes grow in the presence of high carbon concentrations; 
furthermore, they typically serve as symbionts for plant 
species [62]. Several genera that are commonly associ-
ated with the rhizosphere were overrepresented in the 
rhizosphere samples. These include Bacillus, Pir4 lineage, 
Nesterenkonia [63], Sinomicrobium [64], Salegentibacter 
[65], Pelagibacterium [38], Glycomyces [66], Woeseia 
[67], Luteolibacter [68], Azoarcus [69], Jiangella [70], 
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Isoptericola [71], and Promicromonospora [72]. Some 
strains of these genera promote plant growth [12, 36, 37, 
43, 65].

Selective microbial recruitment in the rhizosphere of N. 
atacamensis beyond geographical influence
The structure of the bacterial profile in the rhizosphere 
samples was not related to the geographical location. 
Therefore, the plant likely recruits microorganisms that 
can help it survive the difficult conditions typical of 
the Salar de Atacama. Although this behavior is widely 
known [45, 73, 74], geographical and climatic conditions 
sometimes modulate the effects of soil properties on rhi-
zosphere microbial diversity, thereby affecting the driv-
ing effect of microbial diversity on soil multifunctionality 
[75, 76]. In N. atacamensis rhizosphere samples, almost 
no correlation was observed with geography except 
in clade 1, which had two samples from the Aguas de 
Quelana system and clustered with Puilar (Soncor sys-
tem) and Vega los Pantanos (the northern sampling site). 
Furthermore, geographical distance negatively affects 
the similarity between widely separated groups of plants, 
even in plants of the same species [77]. This may be espe-
cially relevant in N. atacamansis because the isolation of 
the populations has led to the hypothesis that they may 
be genetically distinct [8, 78], which facilitates the diver-
sification of their rhizosphere communities. Our results 
suggest that the bulk soil, but not the rhizosphere of the 
Aguas de Quelana System, contains a homogeneous dis-
tribution of microorganisms; based on this, we hypoth-
esized that these populations have particular needs that 
are likely associated with the physicochemical conditions 
of each soil type. The clustering of the rhizosphere sam-
ples (Fig.  6A) showed a different structure from that of 
the sites grouped according to physicochemical param-
eters (Fig. 1), suggesting that only some of these param-
eters are important for the selection of microorganisms. 
This further suggests that non-considered chemical fac-
tors could also have an impact, implying an ecological 
mechanism.

Bacterial diversity could be related to microhabitat 
conditions
The identification of three clades was consistent with the 
beta diversity analyses, showing similar organization and 
significant differences between populations, from phylum 
to genus levels (Fig. 6A). Although these clades contained 
several shared microorganisms (144 genera in total), they 
also contained unique genera (196 in clade 1, 80 in clade 
2, and 68 in clade 3). The clustering did not correspond to 
geographical proximity; rather, it corresponded to micro-
habitat conditions. Although all sites presented saline 
soil (Fig. 1), different patterns of salt accumulation were 
observed on each clade. Similar behavior was reported 

in a previous study examining bulk soil in the Great Salt 
Plains in Oklahoma [76]. Samples obtained from a visible 
salt crust, with high salinity and low moisture, were dom-
inated by oxygenic cyanobacteria such as Cyanothece and 
Euhalothece, which are adapted to oxidized and evapora-
tive environments. In contrast, soils without surface salt 
crusts and with higher moisture harbored anaerobic sul-
fur-cycling bacteria such as Desulfuromonas, Halochro-
matium, and Thiohalorhabdus. This contrast indicates 
that surface salinity patterns reflect deeper microhabitat 
differences that structure microbial communities.

Sampling points grouped in clade 1 (Pular, Aguas de 
Quelana 3, Vegas Carvajal, and Vega los Pantanos) exhib-
ited visible salt crusts or accumulations on the surface, 
indicating higher evaporation rates and a seasonally 
variable water table, which likely results in periods of 
greater soil moisture near the surface [3, 4]. These sites 
also shared several bacterial genera, belonging mainly to 
the phyla Pseudomonadota, Planctomycetota, and Chlo-
roflexota, which have been detected in hypersaline eco-
systems [79]. Pseudomonadota, which are renowned for 
their metabolic versatility and adaptive capacity, typically 
flourish in environments where moisture is readily avail-
able to support their copiotrophic lifestyles [79]. In con-
trast, the presence of Planctomycetota (Pir4 lineage) and 
Chloroflexota (particularly those within the class Dehalo-
coccoidia, S085, and SAR202) suggests that they facilitate 
plant growth and proliferation when water levels reach 
the rhizosphere. A recent report identified Planctomy-
cetota as a pioneer taxon in root colonization following 
artificial irrigation, a condition similar to the intermit-
tent presence of water at these sites [80]. Additionally, 
Chloroflexota is attracted by root exudates of maize 
and is involved in host-medicated rhizosphere micro-
biota assembly, consequently promoting the growth and 
defense capability of the host [81]. Thus, the ecological 
function on this ecosystem could be similar.

Clade 2 (Vegas de Cas, Aguas de Quelana 2, and Vegas 
Tarar) included sites with saline soil but without visible 
surface salt deposits, suggesting deeper water tables and 
lower surface moisture. These conditions were associ-
ated with higher abundances of genera belonging to the 
phyla Actinomycetota and Bacteroidota. The phylum 
Actinomycetota is commonly associated with drier and 
more stable saline soil, even in desert ecosystems [13]. 
The slower growth rate and higher drought tolerance 
could favor the survival of this phylum and allow it to 
colonize plant roots [13, 82]. Additionally, many genera 
belonging to this phylum can sporulate to survive, which 
confers another adaptative advantage under adverse 
conditions [83]. An increase in the abundance of Bacte-
roidota has been reported in dry environments. In hot 
deserts, the humidity level affects the diversity of endo-
phytic bacteria, with Actinomycetota and Bacteroidota 
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exhibiting increased abundance in dry periods [82]; this 
is consistent with our results. The Bacteroidota phylum 
plays a crucial role in both host-microbe interactions 
and broader ecosystem functioning. In particular, it is 
involved in global nutrient cycling, the breakdown of 
complex organic matter, and promotion of plant growth. 
Moreover, this phylum is commonly associated with 
water presence. Thus, the plant could be recruiting these 
bacteria to improve its fitness [62].

The diversity of specific bacteria in the rhizosphere 
of different N. atacamensis populations reinforces the 
importance of the species as a habitat, making these 
microbes relevant to its conservation. This demonstrates 
the need for continued microbial biodiversity in the des-
ert. Among all the sampling points, only two sites from 
clade 1 (Vega los Pantanos and Vega Carvajal) and Aguas 
de Quelana 1 (clade 3) are located within the protected 
area of the ‘Reserva Nacional Los Flamencos’. Although 
several of the remaining sites are recognized as biodiver-
sity priority areas in the regional conservation strategy, 
none of the clade 2 locations benefit from official protec-
tion against extraction, disturbance, or land use change. 
This represents a significant threat to the natural biodi-
versity associated with N. atacamensis, a species already 
classified as endangered.

Association between genus presence and physicochemical 
variables
Soil salinity was high throughout the soil profile, as 
reflected by the EC (Fig.  1). This seems to shape bac-
terial communities owing to intense selective pres-
sure because only a few bacteria can develop over large 
salt concentration gradients [76]. The EC values were 
exceptionally high (approximately 24.5–151 dS m–1) in 
the surface zone. However, ions, but not EC, had a sig-
nificant effect on the bacterial community structure and 
showed correlation with some of the genera detected in 
the rhizosphere (Fig. 7 and Supplementary Fig. 10). The 
genera Salipaludibacillus, Bacillus, and MB-A2-108 
showed a positive correlation with chloride, calcium, 
potassium, and magnesium, indicating the presence of 
highly tolerant bacteria. Although halotolerant bacteria 
are commonly found in extreme environments such as 
deserts [12, 15, 47, 49, 79] or commonly isolated from 
halophytic plants [84], the correlation between some of 
the genera and the presence of chloride (which is com-
monly associated with halophytes and salt tolerance) 
is expected. This suggests that plants with higher chlo-
ride levels tend to recruit specialized halophilic bacte-
ria, most likely to mitigate the osmotic pressure of this 
ion. Additionally, some of the families present in the soil 
profile include halophilic taxa or are present in other 
saline environments, such as Pseudomonadota (Coma-
monadaceae, Marinobacteraceae, Nitrosomonadaceae, 

and Pseudomonadaceae), Actinomycetota (Bifidobacte-
riceae and Sporichthyaceae), and Bacillota (Bacilliaceae 
and Salisediminibacteriaceae), which have been detected 
in different saline environments [85]. Members of the 
families Chitinophagaceae, Ilumatobacteraceae, Rubri-
taleaceae, Pedosphaeraceae, and Pirellulaceae have been 
detected in various soils and sediments such as desert 
surfaces (China), arid biological crusts (United States), 
and hypersaline lagoons (Chile) [15, 86–90]. Salipaludi-
bacillus is related positively to chlorides but negatively 
with pH, which is contrary to the alkalophilic nature of 
this genus and its moderately halophilic strains. Both 
Bacillus and Salipaludibacillus are members of Bacillota 
phylum, which does not present differences across the 
rhizosphere clades. This implies that these genera have 
an important role in plant development. Their role may 
be conferred through the solubilization of minerals — 
such as calcium, potassium, and magnesium, with which 
they are correlated — thereby increasing the availability 
of nutrients to crops [91].

Nitrate-solubilizing bacteria can convert nitrate (NO3
−) 

into other nitrogenous compounds, such as nitrite 
(NO2

−), nitric oxide (NO), nitrous oxide (N2O), or even 
nitrogen gas (N2), through a process called denitrifica-
tion. Our results suggest a strong correlation between 
nitrate presence and Sinomicrobium, Pelagibius, and 
Acidobacteria Subgroup 2. Sinomicrobium strains with 
PGP traits (such as indole-3-acetic acid production) [92] 
and nitrate conversion capacity [64] have been detected. 
Although the role of Acidobacteria in nitrogen cycling 
has been reported, its specific ecological role remains 
unclear [93, 94]. Nesterenkonia and Aliifodinibius have 
been detected under alkalophilic conditions. Thus, our 
findings are consistent with previous reports [95, 96].

A large group of genera is not directly related to the 
evaluated chemical variables. Even when there is a nega-
tive correlation with potassium, chloride, calcium, and 
magnesium, none of the variables have a positive relation 
to their relative abundance. All genera share the same 
quadrant of clade 1 samples, which present salt-crust on 
the surface. This leads to higher soil moisture and lower 
oxygen levels. This is consistent with reports of the anaer-
obic or facultative anaerobic genus Woeseia [97], a Pir4 
lineage detected in anoxic or micro-oxic habitats [98]. 
The uncultured Rhizobiales Amb-16  S-1323 has been 
detected in hypoxic and anaerobic environments [99], 
and the SAR202 clade has been proposed as a facultative 
anaerobic [100]. Therefore, the evaluation of oxygen lev-
els in the vicinity of the roots may be the key to deter-
mining the mechanisms underlying bacterial recruitment 
by N. atacamensis.
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Conclusion
This study provides the first comprehensive character-
ization of the rhizosphere and bulk soil bacterial com-
munities associated with the endangered halophyte N. 
atacamensis in the Salar de Atacama. In this study, we 
identified distinct microbial communities that were more 
diverse in rhizosphere samples than in bulk soil. Rhizo-
sphere samples clustered into three clades defined by dif-
ferentially abundant genera, independent of geographic 
location. Our findings suggest selective microbial recruit-
ment by N. atacamensis in response to specific environ-
mental stresses and microhabitat conditions associated 
with the presence/absence of salt-crusts on the sampling 
sites. These findings confirm that this species can alter 
the bacterial biodiversity of soils. This demonstrates the 
need for further studies of endemic species in all eco-
systems wherein the plant develops. Furthermore, these 
findings highlight the importance of protecting ecologi-
cal niches where endemic and endangered plants grow 
and develop.

Bulk soil samples were more homogeneous in the 
Aguas de Quelana hydrogeological system, which was 
likely due to vegetation continuity and animal-mediated 
dispersal, whereas the Soncor system showed greater 
microbial heterogeneity. These results provide a theoreti-
cal basis for elucidation of the regulatory mechanisms of 
microbial communities in extreme ecosystems. More-
over, the presence of specialized bacterial taxa adapted to 
salinity and aridity suggests potential for use in sustain-
able agriculture under stress conditions.

Our results further highlight the need for conserva-
tion strategies to preserve N. atacamensis and its unique 
microbiota in the face of increasing anthropogenic and 
climatic pressures. However, more complex metage-
nomic studies are required to elucidate the mechanisms 
through which this plant interacts with its microbiota 
and survives extreme conditions. The isolation of micro-
organisms from the N. atacamensis rhizosphere and 
endosphere could help elucidate these mechanisms. Fur-
thermore, the isolated microbes could be subsequently 
used as a biotechnological input for the growth of other 
plants that are more susceptible to salt and water stress.

Abbreviations
OM	� Organic matter
PCR	� Polymerase chain reaction
OTUs	� Operational taxonomic units
ECs	� Electrical conductivities
RDA	� Redundancy analysis
LEfSe	� Linear discriminant analysis Effect Size
ANCOM-BC2	� Analysis of Compositions of Microbiomes with Bias 

Correction 2

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​7​9​3​-​0​2​5​-​0​0​7​6​6​-​7.

Supplementary table 1 (Part 1): Physicochemical characterization 
of rhizosphere and bulk soils from the sampling sites. The samples are 
ordered from north to south according to their geographical location. 
Supplementary table 1 (Part 2): Physicochemical characterization 
of rhizosphere and bulk soils from the sampling sites. The samples are 
ordered from north to south according to their geographical location. 
Supplementary table 1 (Part 3): Physicochemical characterization of 
rhizosphere and bulk soils from the sampling points. The samples are 
ordered from north to south according to their geographical location. 
Supplementary Figure 1: Hierarchical clustering dendrogram. Clustering 
of the sampling sites based on the physicochemical characteristics of 
the bulk soil. Supplementary Figure  2: Alpha diversity for Nitrophila 
atacamensis rhizosphere (sample) and bulk soil (control) based on four 
indices (Chao1, A; Observed, B; Shannon, C; and Simpson, D). Wilcoxon 
test, * <0.05, ** <0.01. Supplementary Figure  3: Alpha diversity for all 
and N. atacamensis rhizosphere samples based on four indices (Chao1, 
A; Observed, B; Shannon, C; and Simpson, D). Kruskal–Wallis, P > 0.05. 
Supplementary Figure  4: Alpha diversity for all and bulk soil samples 
based on four indices (Chao1, A; Observed, B; Shannon, C; and Simpson, 
D). Kruskal–Wallis, P > 0.05. Supplementary Figure  5: Beta diversity for 
Nitrophila atacamensis rhizosphere (sample) and bulk soil (control) based 
on the following indices: A) Bray–Curtis (PERMANOVA, P = 0.00466), A; Can-
berra, B (PERMANOVA, P = 0.0041); Jaccard, C (PERMANOVA, P = 0.00495); 
JSD, D (ns); Unifrac, E (PERMANOVA, P = 0.00579); and Weighted Unifrac, F 
(ns). Supplementary Figure  6: Clustering of bulk soil of sampling sites 
based on the relative abundance of the phylum. Sites of Soncor and Aguas 
de Quelana systems are shown as red and blue squares, respectively. 
Supplementary Figure  7: Clustering of the rhizosphere of N. atacamen-
sis of sampling sites based on the relative abundance of phyla. Sites of 
Soncor and Aguas de Quelana systems are shown as red and blue squares, 
respectively. Supplementary Figure  8: Beta diversity for rhizosphere 
samples. A) Bray–Curtis (PERMANOVA, P = 9.99991e-06), A; Canberra, B 
(PERMANOVA, P = 9.99991e-06); Jaccard, C (PERMANOVA, P = 9.99991e-
06); JSD, D (PERMANOVA, P = 9.99991e-06); Unifrac, E (PERMANOVA, 
P = 9.99991e-06); and Weighted Unifrac, F (9.99991e-06). Supplementary 
Figure  9: Differential abundance of exclusively clade 3 genera. Differential 
abundance of the 11 genera with differences between rhizosphere clades 
(LEfSe, α = 0.05; Kruskal–Wallis, *** = p < 0.001). Supplementary Figure  
10: Correlations between genus and physicochemical variables. Spearman 
correlation matrix between all genera with relative abundance > 0.1%, 
and physicochemical parameters from the rhizosphere samples. Each box 
shows the Spearman correlation for each taxon (rows) and physicochemi-
cal variable (columns)

Author contributions
L.Z., J.S., C.R. and M.P. conceptualization, methodology, investigation, and 
formal analysis; F.P and L.U. methodology and investigation; L.Z. wrote the 
main manuscript text and prepared figures; J.S., C.R., and M.P. writing—review 
and editing, M.P. resources and supervision.

Funding
This work was supported by the CONAF-FIBN under grant 026/2021.

Data availability
All raw sequences have been deposited in the National Center for 
Biotechnology Information (NCBI) database (Bethesda, MD, USA) under 
BioProject accession code PRJNA1216253.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

https://doi.org/10.1186/s40793-025-00766-7
https://doi.org/10.1186/s40793-025-00766-7


Page 16 of 18Zamora-Leiva et al. Environmental Microbiome          (2025) 20:100 

Received: 3 March 2025 / Accepted: 30 July 2025

References
1.	 Gómez-Silva B, Batista-García RA. The Atacama desert: A biodiversity hotspot 

and not just a mineral-rich region. Front Microbiol. 2022;13:812842.
2.	 Gajardo G, Redón S. Andean hypersaline lakes in the Atacama desert, North-

ern chile: between lithium exploitation and unique biodiversity conservation. 
Conserv Sci Pract. 2019;1.

3.	 Marazuela MA, Vázquez-Suñé E, Ayora C, García-Gil A, Palma T. Hydrody-
namics of salt flat basins: the Salar de Atacama example. Sci Total Environ. 
2018;651:668–83.

4.	 Salas J, Guimerà J, Cornellà O, Aravena R, Guzmán E, Tore C, et al. Hidroge-
ología Del sistema Lagunar Del Margen este Del Salar de Atacama (Chile). 
Boletín Geológico Y Min. 2010;121:357–72.

5.	 Hillel D. Introduction to environmental soil physics. 1st ed. San Diego: Elsevier 
Academic; 2003.

6.	 Dexter AR. Soil physical quality. Soil Tillage Res. 2004;79:129–30.
7.	 Poblete V, Campos V, Gonzalez L, Montenegr G, Biogicas FDC. Anatomical leaf 

adaptations in vascular plants of a salt marsh in the Atacama desert (Chile). 
Res J Med Plants. 1950;65–75.

8.	 Ministerio de Medio Ambiente. Nitrophila atacamensis (Phil.) Hieron. ex Ulbr. 
Gob.cl. Accessed 28 Feb 2025. ​h​t​t​p​​s​:​/​​/​c​l​a​​s​i​​f​i​c​​a​c​i​​o​n​e​s​​p​e​​c​i​e​​s​.​m​​m​a​.​g​​o​b​​.​c​l​​/​w​p​​-​c​
o​n​​t​e​​n​t​/​​u​p​l​​o​a​d​s​​/​2​​0​1​9​​/​1​0​​/​N​i​t​​r​o​​p​h​i​​l​a​_​​a​t​a​c​​a​m​​e​n​s​i​s​_​1​5​R​C​E​_​F​I​N​A​L​.​p​d​f

9.	 Sünnemann M, Beugnon R, Breitkreuz C, Buscot F, Cesarz S, Jones A, et al. 
Climate change and cropland management compromise soil integrity and 
multifunctionality. Commun Earth Environ. 2023;4:1–9.

10.	 Zhang Q, White JF. Bioprospecting desert plants for endophytic and bio-
stimulant microbes: A strategy for enhancing agricultural production in a 
hotter, drier future. Biology (Basel). 2021;10:961.

11.	 Compant S, Cambon MC, Vacher C, Mitter B, Samad A, Sessitsch A. The 
plant endosphere world – bacterial life within plants. Environ Microbiol. 
2021;23:1812–29.

12.	 Contreras MJ, Leal K, Bruna P, Nuñez-Montero K, Goméz-Espinoza O, Santos 
A, et al. Commonalities between the Atacama desert and Antarctica rhizo-
sphere microbial communities. Front Microbiol. 2023;14:1197399.

13.	 Xie F, Pathom-Aree W. Actinobacteria from desert: diversity and biotechno-
logical applications. Front Microbiol. 2021;12:765531.

14.	 Eida AA, Ziegler M, Lafi FF, Michell CT, Voolstra CR, Hirt H, et al. Desert plant 
bacteria reveal host influence and beneficial plant growth properties. PLoS 
ONE. 2018;13:e0208223.

15.	 Ramos-Tapia I, Nuñez R, Salinas C, Salinas P, Soto J, Paneque M. Study of wet-
land soils of the Salar de Atacama with different azonal vegetative formations 
reveals changes in the microbiota associated with hygrophile plant type on 
the soil surface. Microbiol Spectr. 2022;10:e0053322.

16.	 Williams WD. Conductivity and salinity of Australian salt lakes. Mar Freshw 
Res. 1986;37:177–82.

17.	 Narayan A, Jain K, Shah AR, Madamwar D. An efficient and cost-effective 
method for DNA extraction from athalassohaline soil using a newly formu-
lated cell extraction buffer. 3 Biotech. 2016;6:62.

18.	 Hinlo R, Gleeson D, Lintermans M, Furlan E. Methods to maximise recovery of 
environmental DNA from water samples. PLoS ONE. 2017;12:e0179251.

19.	 Heuer H, Krsek M, Baker P, Smalla K, Wellington EM. Analysis of actinomycete 
communities by specific amplification of genes encoding 16S rRNA and gel-
electrophoretic separation in denaturing gradients. Appl Environ Microbiol. 
1997;63:3233–41.

20.	 Illumina. Illumina 16S metagenomic sequencing library preparation (Illumina 
Technical Note 15044223). 2013. ​h​t​t​p​​s​:​/​​/​s​u​p​​p​o​​r​t​.​​i​l​l​​u​m​i​n​​a​.​​c​o​m​​/​d​o​​c​u​m​e​​n​t​​s​/​d​​
o​c​u​​m​e​n​t​​a​t​​i​o​n​​/​c​h​​e​m​i​s​​t​r​​y​_​d​​o​c​u​​m​e​n​t​​a​t​​i​o​n​​/​1​6​​s​/​1​6​​s​-​​m​e​t​​a​g​e​​n​o​m​i​​c​-​​l​i​b​​r​a​r​​y​-​p​r​​e​
p​​-​g​u​i​d​e​-​1​5​0​4​4​2​2​3​-​b​.​p​d​f. Accessed 01 April 2025.

21.	 Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, 
et al. QIIME allows analysis of high-throughput community sequencing data. 
Nat Methods. 2010;7:335–6.

22.	 Babraham bioinformatics -. FastQC A quality control tool for high throughput 
sequence data. Babraham.ac.uk. ​h​t​t​p​​:​/​/​​w​w​w​.​​b​i​​o​i​n​​f​o​r​​m​a​t​i​​c​s​​.​b​a​​b​r​a​​h​a​m​.​​a​c​​.​u​k​/​
p​r​o​j​e​c​t​s​/​f​a​s​t​q​c​/. Accessed 28 Feb 2025.

23.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: High-resolution sample inference from illumina amplicon data. Nat 
Methods. 2016;13:581–3.

24.	 Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA 
ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res. 2013;41(Database issue):D590–6.

25.	 Katoh K, Standley DM. MAFFT multiple sequence alignment software version 
7: improvements in performance and usability. Mol Biol Evol. 2013;30:772–80.

26.	 Price MN, Dehal PS, Arkin AP. FastTree: computing large minimum 
evolution trees with profiles instead of a distance matrix. Mol Biol Evol. 
2009;26:1641–50.

27.	 McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive 
analysis and graphics of Microbiome census data. PLoS ONE. 2013;8:e61217.

28.	 Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should 
replace operational taxonomic units in marker-gene data analysis. ISME J. 
2017;11:2639–43.

29.	 Liu C, Cui Y, Li X, Yao M. Microeco: an R package for data mining in microbial 
community ecology. FEMS Microbiol Ecol. 2021;97:fiaa255.

30.	 Chao A. Nonparametric Estimation of the number of classes in a population. 
Scand J Statist. 1984;11:265–70.

31.	 Pielou EC. The measurement of diversity in different types of biological col-
lections. J Theor Biol. 1966;13:131–44.

32.	 Shannon CE, Weaver W. The mathematical theory of communication. Balti-
more, MD: University of Illinois Press; 1949.

33.	 Simpson EH. Measurement of diversity. Nature. 1949;163:688.
34.	 Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS. Hutten-

hower, C. Metagenomic biomarker discovery and explanation. Genome Biol. 
2011;12:R60.

35.	 Lin H, Peddada SD. Multigroup analysis of compositions of microbiomes with 
covariate adjustments and repeated measures. Nat Methods. 2024;21:83–91. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​2​-​0​2​3​-​0​2​0​9​2​-​7

36.	 Chen JZ, Huang XL, Sun QW, Liu JM. Bulk soil microbial reservoir or plant 
recruitment dominates rhizosphere microbial community assembly: evi-
dence from the rare, endangered Lauraceae species Cinmaomum Migao. Ecol 
Indic. 2023;148:110071.

37.	 Ling N, Wang T, Kuzyakov Y. Rhizosphere bacteriome structure and functions. 
Nat Commun. 2022;13:836.

38.	 Atulba SL, Gutierrez J, Kim GW, Kim SY, Khan MI, Lee YB, et al. Evaluation of 
rice root oxidizing potential using digital image analysis. J Korean Soc Appl 
Biol Chem. 2015;58:463–71.

39.	 Zhu YL, Huang YJ, Nuerhamanti N, Bai XY, Wang HN, Zhu XY, et al. The compo-
sition and diversity of the rhizosphere bacterial community of Ammodendron 
bifolium growing in the takeermohuer desert are different from those in the 
nonrhizosphere. Microb Ecol. 2023;87:2.

40.	 Antoszewski M, Mierek-Adamska A, Dąbrowska GB. The importance of micro-
organisms for sustainable agriculture —A review. Metabolites. 2022;12:1100.

41.	 Chai YN, Schachtman DP. Root exudates impact plant performance under 
abiotic stress. Trends Plant Sci. 2022;27:80–91.

42.	 de Vries FT, Griffiths RI, Bailey M, Craig H, Girlanda M, Gweon HS, et al. Soil 
bacterial networks are less stable under drought than fungal networks. Nat 
Commun. 2018;9:3033.

43.	 Zhou Y, Coventry DR, Gupta VVSR, Fuentes D, Merchant A, Kaiser BN, et al. 
The preceding root system drives the composition and function of the 
rhizosphere Microbiome. Genome Biol. 2020;21:89.

44.	 Giles CD, Brown LK, Adu MO, Mezeli MM, Sandral GA, Simpson RJ, et al. 
Response-based selection of barley cultivars and legume species for comple-
mentarity: root morphology and exudation in relation to nutrient source. 
Plant Sci. 2017;255:12–28.

45.	 Krishnapriya V, Pandey R. Root exudation index: screening organic acid exu-
dation and phosphorus acquisition efficiency in soybean genotypes. Crop 
Pasture Sci. 2016;67:1096–109.

46.	 Mandakovic D, Rojas C, Maldonado J, Latorre M, Travisany D, Delage E, et al. 
Structure and co-occurrence patterns in microbial communities under acute 
environmental stress reveal ecological factors fostering resilience. Sci Rep. 
2018;8:5875.

47.	 Crits-Christoph A, Robinson CK, Barnum T, Fricke WF, Davila AF, Jedynak B, 
et al. Colonization patterns of soil microbial communities in the Atacama 
desert. Microbiome. 2013;1:28.

48.	 Warren-Rhodes KA, Lee KC, Archer SDJ, Cabrol N, Ng-Boyle L, Wettergreen 
D, et al. Subsurface microbial habitats in an extreme desert Mars-analog 
environment. Front Microbiol. 2019;10:69.

49.	 Neilson JW, Quade J, Ortiz M, Nelson WM, Legatzki A, Tian F, et al. Life at the 
hyperarid margin: novel bacterial diversity in arid soils of the Atacama desert, 
Chile. Extremophiles. 2012;16:553–66.

https://clasificacionespecies.mma.gob.cl/wp-content/uploads/2019/10/Nitrophila_atacamensis_15RCE_FINAL.pdf
https://clasificacionespecies.mma.gob.cl/wp-content/uploads/2019/10/Nitrophila_atacamensis_15RCE_FINAL.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/s41592-023-02092-7
https://doi.org/10.1038/s41592-023-02092-7


Page 17 of 18Zamora-Leiva et al. Environmental Microbiome          (2025) 20:100 

50.	 Neilson JW, Califf K, Cardona C, Copeland A, van Treuren W, Josephson KL 
et al. Significant impacts of increasing aridity on the arid soil Microbiome. 
mSystems. 2017;2.

51.	 Knief C, Bol R, Amelung W, Kusch S, Frindte K, Eckmeier E, et al. Tracing 
elevational changes in microbial life and organic carbon sources in soils of 
the Atacama desert. Glob Planet Change. 2020;184:103078.

52.	 Connon SA, Lester ED, Shafaat HS, Obenhuber DC, Ponce A. Bacterial diversity 
in hyperarid Atacama desert soils. J Geophys Res. 112:G04S17.

53.	 Demergasso C, Neilson JW, Tebes-Cayo C, Véliz R, Ayma D, Laubitz D, et al. 
Hyperarid soil microbial community response to simulated rainfall. Front 
Microbiol. 2023;14:1202266.

54.	 Peng Z, Qian X, Liu Y, Li X, Gao H, An Y, et al. Land conversion to agriculture 
induces taxonomic homogenization of soil microbial communities globally. 
Nat Commun. 2024;15:3624.

55.	 Pan B, Liu X, Chen Q, Sun H, Zhao X, Huang Z. Hydrological connectivity pro-
motes coalescence of bacterial communities in a floodplain. Front Microbiol. 
2022;13:971437.

56.	 Hashem A, Tabassum B, Abd Allah EF. Bacillus subtilis: A plant-growth 
promoting rhizobacterium that also impacts biotic stress. Saudi J Biol Sci. 
2019;26:1291–7.

57.	 Fuerst JA, Sagulenko E. Beyond the bacterium: planctomycetes chal-
lenge our concepts of microbial structure and function. Nat Rev Microbiol. 
2011;9:403–13.

58.	 Buckley DH, Huangyutitham V, Nelson TA, Rumberger A, Thies JE. Diversity of 
planctomycetes in soil in relation to soil history and environmental heteroge-
neity. Appl Environ Microbiol. 2006;72:4522–31.

59.	 McDonald MD, Lewis KL, Blazier JC, Gentry TJ. Semi-arid soil bacterial com-
munities are refined by altered plant selection pressure under conservation 
management practices. Appl Soil Ecol. 2024;194:105191.

60.	 McCutcheon JP, Von Dohlen CD. An interdependent metabolic patchwork in 
the nested symbiosis of mealybugs. Curr Biol. 2011;21(16):1366–72.

61.	 Correa MCG, Lombaert E, Malausa T, Crochard D, Alvear A, Zaviezo T. 
Palero. F. Mealybug species from Chilean agricultural landscapes and main 
factors influencing the genetic structure of Pseudococcus viburni. Sci Rep. 
2015;5:16483.

62.	 Pan X, Raaijmakers JM, Carrión VJ. Importance of bacteroidetes in host-
microbe interactions and ecosystem functioning. Trends Microbiol. 
2023;31:959–71.

63.	 Wang HF, Zhang YG, Chen JY, Hozzein WN, Li L, Wadaan MAM, et al. Nesteren-
konia rhizosphaerae sp. nov., an alkaliphilic actinobacterium isolated from 
rhizosphere soil in a saline-alkaline desert. Int J Syst Evol Microbiol. 2014;64 
Pt12:4021–6.

64.	 Xu Y, Tian XP, Liu YJ, Li J, Kim CJ, Yin H, et al. Sinomicrobium oceani gen. Nov., 
sp. Nov., a member of the family Flavobacteriaceae isolated from marine 
sediment. Int J Syst Evol Microbiol. 2013;63 Pt3:1045–50.

65.	 Zhang Y, Cheng Z, Li Q, Dai Q, Hu J. Responses of rhizosphere bacterial com-
munities in newly reclaimed mudflat paddies to rice genotype and nitrogen 
fertilizer rate. Environ Sci Pollut Res Int. 2022;30:38761–74.

66.	 Li W, Liu C, Guo X, Song W, Sun T, Duan L, et al. Glycomyces tritici sp. 
nov., isolated from rhizosphere soil of wheat (Triticum aestivum L.) and 
emended description of the genus Glycomyces. Antonie Van Leeuwenhoek. 
2018;111:1087–93.

67.	 Liu Y, Guo Z, Zhang P, Du J, Gao P, Zhang Z. Diversity and structure of vegeta-
tion rhizosphere bacterial community in various habitats of Liaohekou 
coastal wetlands. Sustainability. 2022;14:16396.

68.	 An J, Xuan X, Wang Y, Wu L, Zhou J, Mu D. Analysis of genomic and character-
ization features of Luteolibacter soli sp. nov., isolated from soil. Front Microbiol. 
2024;15:1483195.

69.	 Hurek T, Handley LL, Reinhold-Hurek B, Piché Y. Azoarcus grass endophytes 
contribute fixed nitrogen to the plant in an unculturable state. Mol Plant 
Microbe Interact. 2002;15:233–42.

70.	 Han C, Zhao J, Shi H, Tian Y, Zhang C, Guo X, et al. Jiangella rhizosphaerae sp. 
nov., an actinomycete isolated from the rhizosphere soil of wheat (Triticum 
aestivum L). Int J Syst Evol Microbiol. 2019;69:1320–6.

71.	 Alghamdi AK, Parween S, Hirt H, Saad MM. Complete genome sequence 
analysis of plant growth-promoting bacterium, Isoptericola sp. AK164 isolated 
from the rhizosphere of Avicennia Marina growing at the red sea Coast. Arch 
Microbiol. 2023;205:307.

72.	 Podar M, Hochanadel LH, Alexander WG, Schadt CW, Pelletier DA. Complete 
genome sequence of Promicromonospora sp. strain populi, an actinobac-
terium isolated from Populus trichocarpa rhizosphere. Microbiol Resour 
Announc. 2024;13:e0085124.

73.	 Backer R, Rokem JS, Ilangumaran G, Lamont J, Praslickova D, Ricci E, et al. 
Plant growth-promoting rhizobacteria: context, mechanisms of action, and 
roadmap to commercialization of biostimulants for sustainable agriculture. 
Front Plant Sci. 2018;9:1473.

74.	 dos Santos RM, Desoignies N, Rigobelo EC. The bacterial world inside the 
plant. Front Sustain Food Syst. 2022;6:830198.

75.	 Yang Y, Qiu K, Xie Y, Li X, Zhang S, Liu W, et al. Geographical, climatic, and soil 
factors control the altitudinal pattern of rhizosphere microbial diversity and 
its driving effect on root zone soil multifunctionality in mountain ecosystems. 
Sci Total Environ. 2023;904:166932.

76.	 Caton IR, Schneegurt. MA Culture-independent analysis of the soil bacte-
rial assemblage at the great salt plains of Oklahoma. J Basic Microbiol. 
2012;52:16–26.

77.	 Xu X, Wei Y, Lan G. Geographical differences weaken the convergence effect 
of the rhizosphere bacteria of rubber trees. Forests. 2024;15:415.

78.	 Yang YZ, Luo MX, Pang LD, Gao RH, Chang JT, Liao PC. Parallel adaptation 
prompted core-periphery divergence of Ammopiptanthus mongolicus. Front 
Plant Sci. 2022;13:956374.

79.	 Oren A. Novel insights into the diversity of halophilic microorganisms and 
their functioning in hypersaline ecosystems. Npj Biodiverse. 2024;3:18.

80.	 Maurice K, Robin-soriano A, Vincent B, Ducousso M. Simulated precipitation 
in a desert ecosystem reveals specific response of rhizosphere to water and a 
symbiont response in freshly emitted roots. 2024;3:199.

81.	 Hu L, Robert CAM, Cadot S, Zhang X, Ye M, Li B, Manzo D, Chervet N, Steinger 
T, van der Heijden MGA, Schlaeppi K, Erb M. Root exudate metabolites drive 
plant-soil feedbacks on growth and defense by shaping the rhizosphere 
microbiota. Nat Commun. 2018;9:2738.

82.	 Taniguchi T, Isobe K, Imada S, Eltayeb MM, Akaji Y, Nakayama M, Allen MF, 
Aronson EL. Root endophytic bacterial and fungal communities in a natural 
hot desert are differentially regulated in dry and wet seasons by stochastic 
processes and functional traits. Sci Total Environ. 2023;3:899.

83.	 Messaoudi O, Wink J, Bendahou M. Diversity of actinobacteria isolated from 
date palms rhizosphere and saline environments: isolation, identification and 
biological activity evaluation. Microorganisms. 2020;8(12):1–19.

84.	 Etesami H, Beattie GA. Mining halophytes for plant growth-promoting halo-
tolerant bacteria to enhance the salinity tolerance of non-halophytic crops. 
Front Microbiol. 2018;9:2.

85.	 Li X, Wang A, Wan W, Luo X, Zheng L, He G, et al. High salinity inhibits soil 
bacterial community mediating nitrogen cycling. Appl Environ Microbiol. 
2021;87:e01366–21.

86.	 Orellana R, Macaya C, Bravo G, Dorochesi F, Cumsille A, Valencia R, et al. Living 
at the frontiers of life: extremophiles in Chile and their potential for bioreme-
diation. Front Microbiol. 2018;9:392041.

87.	 An S, Couteau C, Luo F, Neveu J, DuBow MS. Bacterial diversity of surface sand 
samples from the gobi and Taklamaken deserts. Microb Ecol. 2013;66:850–60.

88.	 Asem MD, Shi L, Jiao JY, Wang D, Han MX, Dong L, et al. Desertimonas Flava 
gen. Nov., sp. Nov. Isolated from a desert soil, and proposal of Ilumatobacte-
raceae fam. Nov. Int J Syst Evol Microbiol. 2018;68:3593–9.

89.	 Li Q, Song A, Yang H, Müller WEG. Impact of Rocky desertification control on 
soil bacterial community in karst graben basin, Southwestern China. Front 
Microbiol. 2021;12:636405.

90.	 Núñez Salazar R, Aguirre C, Soto J, Salinas P, Salinas C, Prieto H, et al. Physi-
cochemical parameters affecting the distribution and diversity of the water 
column microbial community in the high-altitude Andean lake system of La 
Brava and La Punta. Microorganisms. 2020;8:1181.

91.	 Sharma R, Sindhu SS, Glick BR. Potassium solubilizing microorganisms as 
potential biofertilizer: A sustainable Climate-Resilient approach to improve 
soil fertility and crop production in agriculture. J Plant Growth Regul. 
2024;43:2503–35.

92.	 Li L-F, Xu L, Li W-H, Sun J-Q. (2022). Sinomicrobium kalidii sp. nov., an indole-
3-acetic acid-producing endophyte from a shoot of halophyte Kalidium cus-
pidatum. International Journal of Systematic and Evolutionary Microbiology. 
2022:72(7).

93.	 Liu C, Dong Y, Hou L, Deng N, Jiao R. Acidobacteria community responses to 
nitrogen dose and form in Chinese Fir plantations in Southern China. Curr 
Microbiol. 2017;74(3):396–403. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​0​7​​/​s​0​0​​2​8​4​-​​0​1​6​-​​1​1​9​2​-​8. 
Epub 2017 Feb 9. PMID: 28184989.

94.	 Ward NL, Challacombe JF, Janssen PH, Henrissat B, Coutinho PM, Wu M, Xie 
G, Haft DH,Sait M, Badger J, Barabote RD, Bradley B, Brettin TS, Brinkac LM, 
Bruce D, Creasy T, Daugherty SC, Davidsen TM, DeBoy RT,… Kuske, C. R. Three 
Genomes from the Phylum Acidobacteria Provide Insight into the Lifestyles 

https://doi.org/10.1007/s00284-016-1192-8


Page 18 of 18Zamora-Leiva et al. Environmental Microbiome          (2025) 20:100 

of These Microorganisms in Soils.Applied and Environmental Microbiology. 
2009;75(7):2046–2056.

95.	 Machin EV, Asem MD, Salam N, Iriarte A, Langleib M, Li WJ, Menes RJ. (2019). 
Nesterenkonia natronophila sp. nov., an alkaliphilic actinobacterium isolated 
from a soda lake, and emended description of the genus nesterenko-
nia. International Journal of Systematic and Evolutionary Microbiology. 
2019;69(7):1960–1966.

96.	 Zhao X, Miao S, Sun Y, et al. Aliifodinibius Salipaludis sp. nov., isolated from 
Saline-Alkaline soil. Curr Microbiol. 2020;77:1328–33.

97.	 Zhang Y, Ma Y, Zhang R, Zhang B, Zhai X, Li W, Xu L, Jiang Q, Duan J, Hou B. 
Metagenomic resolution of functional diversity in copper Surface-Associated 
marine biofilms. Front Microbiol. 2019;11:10:2863.

98.	 Dedysh SN, Kulichevskaya IS, Beletsky AV, Ivanova AA, Rijpstra WIC, Damsté 
JSS, Mardanov AV, Ravin NV. Lacipirellula parvula gen. Nov., sp. Nov., repre-
senting a lineage of planctomycetes widespread in low-oxygen habitats, 
description of the family lacipirellulaceae fam. Nov. And proposal of the 

orders pirellulales ord. Nov., gemmatales ord. Nov. And isosphaerales ord. 
Nov. Syst Appl Microbiol. 2020;43(1):126050.

99.	 Yergaliyev TM, Alexander-Shani R, Dimerets H, Pivonia S, Bird DM, Rachmilev-
itch S, Szitenberg A. Bacterial community structure dynamics in Meloidogyne 
incognita-Infected roots and its role in Worm-Microbiome interactions. 
mSphere. 2020;15(4):5.

100.	 Mehrshad M, Rodriguez-Valera F, Amoozegar MA, López-García P, Ghai R. The 
enigmatic SAR202 cluster up close: shedding light on a globally distributed 
dark ocean lineage involved in sulfur cycling. ISME J. 2018;12(3):655–68.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Characterization of bacterial diversity associated with a Salar de Atacama native plant ﻿Nitrophila atacamensis﻿
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study site and sample collection
	﻿DNA extraction and sequencing
	﻿Bioinformatic analysis

	﻿Results
	﻿Chemical characterization
	﻿Microbial diversity and taxonomic assignment
	﻿Comparative analysis of rhizosphere and bulk soil bacterial diversity
	﻿Environmental factors influencing microbial communities

	﻿Discussion
	﻿﻿N. atacamensis﻿ rhizosphere presents higher diversity than bulk soil
	﻿Soil bacterial composition associated with N. atacamensis
	﻿Selective microbial recruitment in the rhizosphere of ﻿N. atacamensis﻿ beyond geographical influence
	﻿Bacterial diversity could be related to microhabitat conditions
	﻿Association between genus presence and physicochemical variables

	﻿Conclusion
	﻿References


