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Abstract
Background  Global food security faces mounting pressure from population growth, climate change, and 
deteriorating soil conditions. Rhizospheric microbial communities (rhizobiomes) play a key role in plant physiology, 
enhancing growth and tolerance to abiotic stress. To explore their potential contribution to plant resilience in extreme 
environments, we characterized the rhizobiomes of Deyeuxia curvula and Werneria incisa across the Salar de Huasco 
(SH) in the Chilean Altiplano (~ 3800 masl), a polyextreme ecosystem characterized by high UV radiation, salinity 
gradients, water scarcity, and high metal concentrations. Our objectives were to identify microbial taxa associated 
with plant adaptation and to infer functional traits linked to survival under these conditions.

Results  We generated 16S rRNA amplicon sequencing data from 200 rhizosphere samples. Both host plant identity 
and geographic location significantly shaped microbial community composition, with site explaining a larger 
proportion of variance than plant identity alone. Actinomycetota dominated both rhizobiomes, with genera such as 
Modestobacter and Blastococcus (known for UV resistance, desiccation tolerance, and genomic plasticity) contributing 
to species-specific profiles. At the genus level, Ilumatobacter, Nesterenkonia, Tropicimonas, and Nitriliruptor were 
enriched in D. curvula, whereas Pseudarthrobacter, Kocuria, Crossiella, and Blastococcus were more abundant in W. 
incisa. Network analysis revealed greater complexity and functional redundancy in D. curvula, while W. incisa harbored 
a more generalist network. Functional predictions indicated that chemoheterotrophy dominates both rhizobiomes, 
while denitrification, methylotrophy, and ureolysis were enriched in W. incisa, and osmotic stress-tolerance functions 
such as glycine betaine cycling were enriched in D. curvula.

Conclusion  The two plants follow contrasting ecological strategies: D. curvula relies on a specialization and resilience 
strategy supported by a diverse, stress-adapted rhizobiome, while W. incisa employs a nutritional versatility strategy 
through a generalist, metabolically flexible community. These findings highlight the value of high-altitude Andean 
rhizobiomes as reservoirs of great biodiversity with relevant functions for future biotechnological applications 
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​​Background
Global food security faces an unprecedented challenge 
due to rapid population growth, accelerated climate 
change, and declining soil quality. Significant limitations 
to increasing or maintaining crop yields include their vul-
nerability to rising temperatures and water shortages [1]. 
4/5/2026 8:27:00 AMBiotechnology offers information 
and strategies to enhance crops and agricultural prac-
tices [2, 3]. Extreme environments serve as natural labo-
ratories that help us understand the limits of life and the 
mechanisms by which organisms survive various stress-
ors. Northern Chile continually experiences drought, soil 
aridity, and high radiation [4–6]; therefore, it is an attrac-
tive and unique natural setting to study the boundaries of 
life and a source of new or unknown metabolic pathways 
and molecular mechanisms [7]. Consequently, plants 
thriving under such conditions can serve as models to 
improve agriculture, given their functional novelty and 
resistance to microorganisms [8, 9].

Salar de Huasco, located in northern Chile's Tarapacá 
region, experiences substantial climatic variations, high 
salinity, high UV radiation, a negative water balance, low 
atmospheric pressure (3800 masl), and the presence of 
toxic compounds such as arsenic [10–12]. This ecosys-
tem is characterized by high microbial diversity and rich-
ness, driven by various stressors and spatial stratification, 
such as the salinity gradient from north to south [13, 
14]. Microbial communities inhabiting Salar de Huasco 
include UV- and arsenic-resistant bacteria and strains 
capable of producing potential drugs [11, 12, 15]. The 
plant coverage in SH, which is less than 10% over 78% 
of the area and more than 10% in the remaining 22%, is 
mainly made up of perennial herbaceous species like Fes-
tuca nardifolia, Festuca deserticola, Puccinellia frigida, 
Deyeuxia curvula, Carex misera, Werneria incisa, Fran-
kenia triandra, and Pratia repens. This vegetation mainly 
consists of saline grasslands, with some wetlands (such as 
Oxychloe andina, Zameioscirpus atacamensis, and Dey-
euxia curvula)as reported in an inventory by the Chilean 
Ministry of Agriculture's "Servicio Agrícola y Ganadero 
(SAG)."

D. curvula and W. incisa are the most common plants 
and have greater coverage in the Salar de Huasco. Fur-
thermore, these species are the only ones found both 
alone and as part of species assemblages. Other plant 
species in the area have been studied, such as Carex 
misera, which serves as a typical model for high-altitude 
vegetation and genetic population studies. Additionally, 
Werneria incisa has been studied to produce metabolites 

(terpenoids, benzofurans, benzopyrans, flavonoids, leu-
coanthocyanidins, catechins, saponins, and alkaloids). 
Conversely, Deyeuxia curvula is of archaeological inter-
est and is vital for the dietary needs of llamas and alpacas. 
Finally, Puccinellia frigida can resist and accumulate 
boron, demonstrating potential for bioremediation [16–
20]. However, there are no studies on the microbiome 
and its interaction with native plants, which, due to envi-
ronmental pressures, are considered essential models for 
understanding the basis of abiotic stress resistance and 
resilience.

The rhizosphere is the zone where plant roots touch 
soil, allowing many beneficial interactions between 
plants and microorganisms [21, 22]. Plant phenotype is 
the overall outcome of their genotype, environment, and 
microbiome [23]. The study of the plant microbiome is 
relatively new and has shown that microbes in the rhi-
zosphere (rhizobiome) significantly affect plant health 
and growth, as these interactions can improve nutrient 
availability [22, 24–26]. Extreme conditions appear to 
enhance these mutualistic relationships by compensating 
for metabolic deficiencies [27].

Microorganisms are crucial for sustaining ecosystem 
health and biochemical cycles. Specifically, they can 
enhance plants with advantageous traits [26]. However, 
the mechanisms and dynamics of rhizobiomes and their 
effects on plant fitness remain poorly understood, espe-
cially in extreme environments where taxonomic and 
metabolic diversity are significant.

Microbial symbionts can improve plant coloniza-
tion and survival, regardless of the plants' innate traits 
[26, 28]. For example, fungi and bacteria isolated from 
extremophile plant roots can boost drought resistance, 
enhance photosynthesis rates, and increase biomass [29, 
30]. These traits can be transferred to other crop-related 
plants, such as Lactuca sativa, Hordeum vulgare, and 
Oryza sativa [31–34]. Specific functions attributed to 
microorganisms include producing phytohormones and 
exhibiting ACC deaminase activity, which reduces harm-
ful ethylene buildup caused by stress. They also con-
tribute to salt tolerance and the solubilization of zinc, 
potassium, and phosphorus; nitrate reduction and fixa-
tion; and the production of siderophores and secondary 
metabolites [9, 35–39]. These functions align with obser-
vations that no functional differences are found between 
rhizobiomes, even when their taxonomic makeup varies 
widely [40, 41].

Evidence suggests that poly-extreme bacteria can 
enhance plant resistance to abiotic stresses. For example, 

particularly for agriculture under arid and saline conditions. This underscores the importance of extending 
conservation policies to native microbial communities in protected areas such as the Salar de Huasco.
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a halotolerant bacterium classified as Exiguobacterium, 
isolated from the Chilean Altiplano [42, 43], has been 
shown to promote plant growth under salinity stress [44, 
45]. However, rhizospheric interactions in these extreme 
environments are not well understood, as multiple 
stressors co-occur and influence the functions of biotic 
entities.

Previous characterizations of microbial potential 
depended on accessible sequencing technologies to 
investigate biology and beneficial interactions [46], and 
facilitate global research on microbial abundance, com-
position, and community functions. By examining areas 
around the plant (such as bare soil, bulk soil, rhizosphere, 
and rhizoplane) we seek to identify differences that indi-
cate functional relationships. There is also a transition 
from bulk soil to the rhizoplane that filters microbes 
interacting with the plant [47, 48].

This study aims to characterize the microbial commu-
nity in the rhizospheric fraction and surrounding area, 
where functional dynamics influence plant physiology in 
a poly-extreme environment marked by high solar radia-
tion, water scarcity, metals, and other stresses that shape 
the ecosystem. By examining the soil and plant-associ-
ated microbiome, we can estimate the beneficial condi-
tions microbes offer for plant growth and understand 
how plants recruit specific microorganisms from the 
available soil diversity, thereby shaping the rhizobiome 
composition.

Materials and methods
Field trip and sample collection
A sampling expedition was carried out in August 2021 
at Salar de Huasco National Park, located on the Chilean 
Altiplano. Nine sampling sites were established around 
the Salar basin (H0–H8), along with a control site 5 km 
outside the basin where specimens of D. curvula and W. 
incisa were also found (Fig.  1). At each site, five speci-
mens of each plant species were randomly selected within 
a 50 × 50 m area, choosing plants of similar size (~ 40 cm). 
The plants were placed in sterile bags and stored in a con-
tainer, then kept in a −  20  °C freezer until transported 
to the laboratory for analysis. Moreover, rhizospheric 
soil samples were collected from the soil that remained 
loosely attached to the roots once we completely dug out 
the plant. These samples were stored in sterile sampling 
bags and kept in the container. Some physicochemical 
parameters, including temperature, salinity, and pH, were 
measured in the field with field testers (HI98192 and 
HI981045, HANNA Instruments). Rhizoplane samples 
were obtained in the laboratory by scraping off the mate-
rial attached to the plants roots (after shaking the plant) 
with a sterile spatula, this was carried out for each of the 
100 collected plants inside a laminar flow cabinet, which 
was then collected in sterile tubes for further processing. 

The sampling design was fully balanced, with exactly five 
specimens of each plant species collected at each of the 
ten sampling sites (5 plants × 2 species × 10 sites = 100 
plants), yielding 100 rhizospheric soil samples and 100 
rhizoplane samples for a total of 200 samples.

Soil edaphic parameters
These measurements were taken from 100 rhizospheric 
soil samples. Soil moisture was determined by measur-
ing the weight loss after drying the samples at 105 °C for 
48 h. Additionally, these dried samples were used to mea-
sure pH and electrical conductivity (EC) by preparing a 
soil-distilled water suspension in a 1:2.5 ratio, which was 
then analyzed with benchtop pH and conductivity meters 
(HI2020 and HI2030, HANNA Instruments). Further-
more, the percentage of total organic matter (OM) was 
determined using the weight loss method after calcin-
ing 50  g of soil at 560  °C for 8  h. The contents of total 
N and C were measured in an elemental analyzer (Vario 
MICRO Cube, Elementar) following the ISO 10694, 1995 
standard, using 20 mg of soil. Lastly, the concentrations 
of As, B, Ca, Cd, Cu, Fe, K, Li, Mg, Mn, Mo, and Zn were 
measured by ICP-OES (inductively coupled plasma opti-
cal emission spectrometry) (Optima™ 7000 DV, Perki-
nElmer®) after acid digestion of 300 mg of soil.

DNA extraction and amplicon sequencing
Total DNA was extracted from the 100 rhizospheric soil 
and the 100 rhizoplane samples using the E.Z.N.A. Soil 
DNA Extraction Kit (Omega Bio-tek, USA) following the 
manufacturer’s instructions with 0.25 g of material. DNA 
integrity, quality, and quantity were verified by 1% aga-
rose gel electrophoresis, 260/280 ratio spectroscopy, and 
fluorescence measurements using a Qubit 3.0 fluorom-
eter along with the Qubit dsDNA HS assay kit (Thermo 
Fisher Scientific, USA). To monitor potential contami-
nation during DNA extraction and PCR amplification, 
extraction blanks were included in each extraction batch. 
These controls consisted of molecular-grade water pro-
cessed alongside samples using the same reagents, con-
sumables, and laboratory environment. All extraction 
blanks were quantified using the same fluorometric assay 
applied to samples and were consistently below the limit 
of detection. Also, these controls were subsequently sub-
jected to 16S rRNA gene PCR amplification using the 27F 
and 1525R primers to discard the presence of DNA con-
tamination, which was confirmed by the absent of visible 
amplicons in agarose gel electrophoresis for all extraction 
blanks, whereas successful amplification was observed for 
all biological samples. Subsequently, the DNA samples 
were sent to the Helmholtz Centre for Environmental 
Research (Leipzig, Germany) for the library construction, 
amplicon sequencing of the bacterial 16S rRNA gene, tar-
geting the V3–V4 hypervariable region with the 341F and 
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Plant:         D. curvula            W. incisa
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Fig. 1  Salar de Huasco study area. Top panel: SH map (68° 47′–68° 54′ W and 20° 15′–20° 20′ S Source: Google Earth) showing the ten sampled sites, also 
the localization and distribution of the sampled plants (Coordinates in Supplementary Table S1). Bottom left panel: photographs of the two studied plant 
species. Bottom right panel: picture of the SH landscape, where the studied species distribution can be observed
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785R primers [49] and the sequencing run on an MiSeq 
platform (Illumina Inc.).

Determination of amplicon sequence variants (ASVs)
This analysis was conducted using R v4.2.2 and RStu-
dio v2023.12.0 + 369, following the DADA2 v1.26.0 R 
package pipeline [50] to identify amplicon sequence 
variants (ASVs) in each sample. Briefly, the reads were 
quality-checked and then trimmed (truncLen = c(270, 
190), maxN = 0, maxEE = c(2, 2), truncQ = 2, and 
rm.phix = TRUE), followed by dereplication, denoising, 
and merging of paired reads. Next, the ASV table was 
created, allowing up to 2 expected errors. Chimeras were 
removed, and taxonomic classification was performed 
using the Silva v138 database [51] with the naive Bayesian 
classifier [52]. ASVs classified as Eukarya, Chloroplast, 
and Mitochondria were then filtered out. Additionally, 
a multi-sequence alignment was generated with DECI-
PHER v2.26.0 [53] to infer phylogeny, and the resulting 
tree was inferred using FastTree v2.1.11 [54]. Further-
more, a phyloseq object containing the ASVs, taxonomy, 
phylogenetic tree, and sample metadata was created 
using the R package Phyloseq v1.42.0 [55].

Diversity analysis
Alpha diversity indices (Shannon, Simpson, Chao1 and 
Faith's Phylogenetic diversity) were computed with the 
raw ASV counts using the Microbiome v1.20.0 and Btools 
v0.0.1 R packages. To compare soil types, plant species, 
and sites, the Wilcoxon test (P < 0.05) was employed to 
identify statistical significance, and visualizations were 
created with the ggpubr v0.6.0 R package. For beta diver-
sity the ASV counts were normalized through variance-
stabilizing transformation with the R package DESeq2 
v1.38.3 [56] and these were analyzed using Jensen–Shan-
non Divergence metric as distance with Principal Coor-
dinates Analysis (PCoA) through the ampvis2 v2.4.5 R 
package [57]. Sample dissimilarity by site was evaluated 
with hierarchical clustering using Hellinger-transformed 
Bray–Curtis distances, as implemented in the Microbio-
taProcess v1.2.2 R package [58]. Both distance metrics 
were selected based on their complementary proper-
ties (Bray–Curtis focuses on abundance differences, 
while Jensen–Shannon divergence compares full prob-
ability distributions), to assess the robustness of the 
observed biological patterns. Also, to formally partition 
the variance in microbial community composition PER-
MANOVA analyses were performed using the adonis2 
function from the vegan R package, with 999 permuta-
tions. All statistical analyses were conducted both includ-
ing and excluding the control site (located 5 km outside 
the SH basin) to assess the robustness of the results; 
unless otherwise stated, only results excluding the con-
trol site are presented.

Taxonomy composition
Taxonomy at the phylum, family, and genus levels as rela-
tive abundance were visualized using the ggplot2 v3.4.1, 
fantaxtic v0.2.0, and ampvis2 v2.7.35 [57] R packages. 
Additionally, we identified the ASVs most likely explain-
ing the differences between the two plant species using 
LEfSe (Linear Discriminant Analysis Effect Size) [59] in 
the microbial v0.0.21 R package.

Co-occurrence networks analysis
Co-occurrence networks were created by agglomerat-
ing the phyloseq object at the lowest available taxonomic 
rank for each ASV using the microbiomeutilities v1.00.11 
R package [60] and transformed as relative abundance. 
Prior to network inference, taxa were filtered to remove 
rare taxa and reduce spurious correlations. Only taxa 
present in at least one sample with a minimum relative 
abundance of 0.5% were retained, using the kOverA 
function (k = 1, A = 0.005) from the genefilter R package. 
The network was estimated with the SpiecEasi v0.1.4 [61] 
R package using the Meinshausen-Bühlmann neighbor-
hood selection method (method = 'mb'). Model selection 
was performed using the StARS (Stability Approach to 
Regularization Selection) criterion with a stability thresh-
old of 0.05, 50 subsampling repetitions (rep.num = 50), a 
regularization path of 20 lambda values (nlambda = 20), 
and a minimum lambda ratio of 1 × 10−2 (lambda.min.
ratio = 1e−2). Networks were visualized using the GGally 
v1.5.0 [62] R package. Keystone taxa were identified 
based on two complementary network centrality metrics 
calculated using the igraph R package: degree centrality, 
defined as the number of direct connections of a given 
node, and betweenness centrality, defined as the num-
ber of shortest paths between all pairs of nodes that pass 
through a given node. Taxa were classified as keystones if 
they simultaneously exceeded a degree threshold of > 2.5 
and a betweenness centrality threshold of > 50 for D. 
curvula, and > 2 and > 13 for W. incisa, thresholds deter-
mined empirically by inspecting the distribution of each 
metric within each network.

Core microbiome analysis
The same phyloseq object (agglomerated to the low-
est available taxonomic rank) was used to identify the 
core ASVs and compare them between both plant spe-
cies using the ampvis2 v2.7.35 [57] R package. The core 
microbiome was defined as taxa present in at least 80% 
of samples, a prevalence threshold widely applied in 
microbiome studies. Core taxa were reported at the 
lowest available taxonomic rank for each ASV, as many 
members of these underexplored and extreme environ-
ments lack genus-level classification in current reference 
databases.
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Environmental variables correlation
To evaluate the influence of environmental variables on 
community composition and distribution, redundancy 
analysis (RDA) was performed on Hellinger-transformed 
ASV abundance data using the amp_ordinate function 
from the ampvis2 (v2.4.5) R package [57]. The ordina-
tion was constrained by plant species and site as explana-
tory variables. The overall significance of the constrained 
ordination model was assessed using permutation-based 
ANOVA (anova.cca, 999 permutations) from the vegan 
R package. Environmental variables were subsequently 
fitted post-hoc onto the ordination using the envfit func-
tion from the vegan R package (999 permutations), and 
only statistically significant vectors (p < 0.05) were dis-
played. Spearman's rank correlation coefficients between 
the most abundant genera and key abiotic variables were 
calculated using the taxa.env.correlation function from 
the microbiomeSeq R package [63]. Multiple testing cor-
rection was applied using the Benjamini-Hochberg (BH) 
false discovery rate method.

Functional inference
Estimated functional potential signatures and metabolic 
pathway abundances based on the abundance and taxo-
nomic affiliations of identified ASVs using PICRUSt2 
v2.4.1 software [64] through the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) [65] and MetaCyc [66] 
pathway databases. Differential abundance among path-
ways was determined using the Kruskal–Wallis test 
(p ≤ 0.05) and the Benjamini–Hochberg correction for 
false discovery rate with the ggpicrust2 v1.7.2 R pack-
age [67]. Additionally, we assessed ecologically relevant 
functions by querying the Functional Annotation of Pro-
karyotic Taxa (FAPROTAX) database v1.2.7 [68] with the 
identified taxa.

Results
Amplicon sequencing of the 16S rRNA gene was per-
formed to characterize the microbial communities asso-
ciated with the roots of W. incisa and D. curvula growing 
in the Salar de Huasco basin. A total of 200 samples (100 
from plant roots and 100 from rhizospheric soils) were 
collected from 10 different sites (H0 to H8 and a control 
site) during the winter season (August) of 2021. While in 
the field, we observed an interesting pattern in the plant 
distribution along the SH. At the western sites (H0), both 
species were found growing intermixed; however, as we 
moved eastward, the species gradually separated until 
they were found growing completely separately at the 
easternmost site (H8) (Fig. 1).

To compare the diversity of rhizospheric communities 
from plants thriving in the SH, we conducted a distance-
based analysis using the Jensen–Shannon Divergence 
metric. The results showed a clustering pattern between 

the two plant species, with noticeable overlap in com-
munities from the westernmost sites of the SH. How-
ever, as we moved eastward, a clear separation appeared 
between the rhizospheric communities of the two species 
(Fig.  2A), reflecting their spatial distribution. Hierarchi-
cal clustering of samples by “site” further supports this 
trend (Fig.  2B), with all samples from the western sites 
(H0 to H4) forming a distinct cluster, clearly separated 
from those in the eastern sites (H5 to H8). Addition-
ally, we evaluated four different alpha diversity indices to 
determine whether the communities were comparable 
in terms of composition and species distribution across 
both plant species (D. curvula and W. incisa), soil com-
partments (rhizosphere and rhizoplane), and locations 
(H0 to H8). The results indicated that, despite some over-
lap, significant differences exist between the communi-
ties (Fig.  2C). All indices showed a consistent pattern, 
with D. curvula communities exhibiting greater rich-
ness, diversity, and evenness (Chao1, PD, and Shannon), 
and lower dominance (Simpson) compared to W. incisa 
communities.

There are no significant differences in richness and 
diversity among the soil compartments for each plant 
(Fig.  2D), which aligns with the PCoA analysis showing 
samples from both soil compartments intermixed (circles 
and triangles in Fig. 2A). However, significant differences 
were observed across locations, especially within the D. 
curvula communities, which exhibited greater variabil-
ity. Notably, site H4 showed significant differences for 
all indices compared to most other sites (Supplementary 
Figure S1). In contrast, site H2 demonstrated the high-
est number of significant differences among the W. incisa 
communities.

We also performed a principal coordinates analysis for 
each plant to evaluate sample dispersion across different 
locations (Fig. 3). The results indicate greater dispersion 
among the D. curvula samples and the formation of two 
distinct groups (H0-H4 and H5-H8). This pattern was 
not seen in the W. incisa samples, where no clear clusters 
appeared, and there was more overlap. Notably, although 
the control samples for both plants were completely sep-
arated, the separation was more evident in D. curvula, 
which also formed a tighter cluster.

PERMANOVA analyses revealed that both plant spe-
cies (F = 13.88, R2 = 0.079, p < 0.001) and geographic site 
(F = 3.62, R2 = 0.159, p < 0.001) were significant inde-
pendent drivers of community composition, with site 
explaining a larger proportion of variance than plant 
identity alone. The plant species/site interaction was also 
significant (F = 4.41, R2 = 0.159, p < 0.001), indicating that 
the effect of plant identity on rhizobiome composition 
varies across sampling locations. Within-plant analyses 
further confirmed that site significantly structured com-
munities in both D. curvula (R2 = 0.374, p < 0.001) and 
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W. incisa (R2 = 0.302, p < 0.001), with D. curvula show-
ing greater sensitivity to geographic location consistent 
with its stronger north-to-south structuring pattern. 
Moreover, this analysis was also performed to com-
pare soil types and confirmed that there are no differ-
ences between rhizospheric soil and rhizoplane (F = 0.71, 
R2 = 0.004, p = 0.93). Also, results were consistent whether 
or not the control site was included in the analyses 
(including control site: plant species F = 11.89, R2 = 0.062, 
p < 0.001 and geographical site F = 4.91, R2 = 0.206, 
p < 0.001), confirming the robustness of the observed pat-
terns independent of the inclusion of the control site.

Since no significant differences were detected between 
soil compartments (rhizoplane vs. rhizosphere) in either 

plant species, this distinction was not considered in sub-
sequent analyses, which from this point on were focused 
on plant species and sampling locations. We observed a 
clear dominance of the Actinomycetota phylum in both 
plants across all locations, ranging from 53 to 68% in 
D. curvula and 52% to 76% in W. incisa. At the control 
site, Actinomycetota dominance was even higher, reach-
ing 95% for D. curvula and 91% for W. incisa (Fig.  4A). 
Pseudomonadota was the second most abundant phylum 
in both plant species, with a higher proportion in D. cur-
vula (15% to 36%). Additionally, the Chloroflexota and 
Deinococcota phyla were notably abundant, with Deino-
coccota present only at the SH western sites (H0 to H4 
for D. curvula and H0 to H5 for W. incisa). In contrast, 
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the Candidatus Entotheonellaeota phylum was mainly 
enriched in the eastern locations of the SH. There was 
also a low abundance of Cyanobacteriota and Bacillota, 
which generally account for less than 1% of the commu-
nity, especially in W. incisa, where these phyla are even 
less abundant compared to D. curvula.

To gain deeper insights into the communities and 
further distinguish between the two plant species and 
the studied locations, we analyzed the taxonomic com-
position at the family level (Fig.  4B). One of the most 
noticeable findings is the high abundance of the Micro-
coccaceae family, especially in communities associated 
with W. incisa, where it makes up an average of 28.5% 
across all locations. In contrast, this family is the sec-
ond most abundant in D. curvula communities, with 
an average of 11.8%, but its abundance drops notably in 
the localities at the SH east (H4-H8). For D. curvula, the 
most abundant family is Euzebyaceae, with an average of 
14.9% across locations. This family also shows a decreas-
ing trend at the eastern sites of the SH, a pattern seen 

in several other families linked to D. curvula, includ-
ing Trueperaceae, Microbacteriaceae, Propionibacte-
riaceae, Pseudonocardiaceae, and Intrasporangiaceae. 
Conversely, families such as Rhodomicrobiaceae, Ento-
theonellaceae, Geminicoccaceae, Ilumatobacteraceae, 
and Sphingomonadaceae are more enriched in these 
eastern locations. In the case of W. incisa, Euzebyaceae 
and Geodermatophilaceae are the second and third most 
common families, with average proportions of 6.5% and 
5.9%, respectively. The patterns for W. incisa are more 
consistent across the east and west locations of the SH, 
with less noticeable differences. However, families like 
Nitriliruptoraceae, Microbacteriaceae, Trueperaceae, 
Intrasporangiaceae, and Propionibacteriaceae are more 
prevalent in the western sites, while Rhodomicrobiaceae, 
Ilumatobacteraceae, and Geminicoccaceae are more 
dominant in the eastern sites.

The most relevant differences between the studied 
communities relate to how key families, such as Euze-
byaceae, Nitriliruptoraceae, Ilumatobacteraceae, and 
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Fig. 4  Bacterial community composition. A Relative abundance of taxa phyla throughout the study area for both plant species. B Relative abundance of 
families for all the communities of both plant species
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Sphingomonadaceae, are distributed and how abundant 
they are. These families are more common in D. curvula. 
Additionally, Micrococcaceae, Geodermatophilaceae, 
and Pseudonocardiaceae show higher levels in W. incisa. 
Some families are unique to each species: Nostocaceae 
was found only in D. curvula, while Mycobacteriaceae 
was exclusively present in W. incisa. At the control site, 
the microbial communities of both plants are mainly 
made up of just four families, which make up 94.5% of 
the total abundance in D. curvula and 90.1% in W. incisa. 
However, differences in the relative abundance of these 
families are observed between the two plants. In D. cur-
vula, Micrococcaceae, Pseudonocardiaceae, Geoderma-
tophilaceae, and Propionibacteriaceae account for 11.2%, 
42.7%, 14.4%, and 26.2%, respectively. In W. incisa, these 
same families represent 23.8%, 15.7%, 14.5%, and 36.1% 
of the total, respectively.

At the genus level, the rhizospheric communities from 
both plant species showed different patterns across all 
sampled sites in terms of composition and abundance. 
The heatmap (Fig.  5: left panel) displays the top 25 
most ASVs across both plant species and all locations 

(H0–H8). A clear difference in the relative abundance 
patterns is seen between the two plant species. Gen-
era such as Sphingomonas, Pseudarthrobacter, Kocu-
ria, Modestobacter, and Blastococcus were among the 
most notable, as their abundance and distribution varied 
between species and sites.

The Linear Discriminant Analysis Effect Size (LEfSe) 
highlights the genera that are significantly enriched 
in association with each plant species (Fig.  5: right 
panel). Notably, Paenarthrobacter, Friedmanniella, and 
Roseomonas show higher LDA scores in W. incisa rhi-
zobiomes, whereas Nesterenkonia, Nitrolancea, and 
Ilumatobacter are enriched in the rhizobiomes of D. 
curvula. Interestingly, W. incisa exhibits a significantly 
greater abundance of Actinomycetota (Pseudarthrobac-
ter, Modestobacter, and Blastococcus). Moreover, other 
genera such as Sphingomonas and Mycobacterium are 
detected in both rhizobiomes, but with differential abun-
dance and preferential dominance for one of the two.

Regarding differences between sites, the genera Sphin-
gomonas, Mycobacterium, and Skermanella are highly 
abundant in locations H0 and H1. Two Actinomycetota 
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genera, Modestobacter and Blastococcus, are enriched 
in the H2/H3 locations, while Microlunatus, Crossiella, 
and Truepera are dominant in H4/H5. In locations with 
high salinity levels (H6 to H8), the genera Ilumatobacter, 
Nitriliruptor, Oceanicella, Entotheonella, and Aquipuri-
bacter were more abundant. These patterns suggest that 
microenvironmental differences across locations, such 
as moisture, salinity, nutrient content, or root exudate 
profiles, could be major drivers of bacterial community 
structure.

To further understand the structure and ecological 
roles of rhizosphere bacterial communities within D. 
curvula and W. incisa, we constructed co-occurrence 
networks based on significant correlations among ASVs. 
The networks reveal distinct topological patterns and 
taxonomic profiles between the two plant species (Fig. 6, 

upper panel). In the D. curvula network, keystone ASVs 
had 45 nodes and 60 edges (39 positive and 21 negative 
interactions), with an average degree of 1.90, a global 
clustering coefficient of 0.152, and a modularity of 0.523. 
They included members of Truepera sp., Rhodomicro-
bium sp., Oceanicella sp., and Sphingomonas sp. (from 
the Deinococcota and Pseudomonadota phyla). The W. 
incisa network exhibited 33 nodes, 33 edges (21 positive 
and 12 negative interactions), an average degree of 1.05, 
a global clustering coefficient of 0.136, and a modular-
ity of 0.638, and a more diverse set of keystone species, 
including Pseudarthrobacter sp., Nesterenkonia sp., Blas-
tococcus sp., Nitriliruptor sp., and Parasphingopyxis sp. 
(mainly affiliated with Actinobacteriota, Deinococcota, 
and Pseudomonadota phyla). Some negative associations 
were also observed, potentially indicative of competitive 

Fig. 6  Co-occurrence networks and keystone species for the bacterial communities of both plant soils. The size of each node (representing ASVs) is pro-
portional to the number of different interactions (degrees). The edges (significant connections between nodes) are colored to represent the interaction 
type. The node color indicates the taxonomic affiliation at the phylum level, and node labels indicate the identified keystone species. The Venn diagram 
illustrates the taxa detected in at least 80% of the soil samples for each plant, highlighting those that are exclusive to one plant and those that are com-
mon to both. All detected taxa were classified at the lowest available taxonomic rank
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exclusion or niche partitioning [69]. Network visualiza-
tion was performed after removing isolated nodes; quan-
titative metrics were calculated on the full networks prior 
to node removal (62 and 63 nodes for D. curvula and W. 
incisa respectively) to avoid bias in metric estimation. 
In addition, we identified 12 taxa present in at least 80% 
of all samples analyzed for both plant species, which we 
considered the core microbiome (Fig.  6, bottom panel). 
Moreover, six of these (order Rhizobiales, class KD4-96 
(Chloroflexota), class Alphaproteobacteria, class GS-136 
(Chloroflexota), order Actinomarinales, and family Euze-
byaceae) were shared by all rhizospheric communities, 
indicating a core group of generalist microbes. While 
some other taxa were more prevalent in either D. curvula 

(family Nitriliruptoraceae and Nesterenkonia sp.) or W. 
incisa (Kocuria sp., family Geminicoccaceae, Pseudar-
throbacter sp., and Blastococcus sp.), supporting the exis-
tence of host-specific microbial assemblages.

We measured several physicochemical parameters to 
evaluate the influence of environmental variables on the 
rhizospheric communities of both plants. We found dis-
tinct site-specific values and diverse patterns between 
the two plants (Fig.  7A). Humidity, EC, and OM were 
significantly different between the two plants, specifi-
cally in the southernmost sites of SH (H5 to H8), where 
the values increased significantly for D. curvula. Also, for 
this plant, we can observe some peaks, such as in total 
carbon and nitrogen for site H6. The rhizospheric soils 
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of W. incisa appear to be more stable across the variables 
evaluated, but pH was the only parameter that remained 
equivalent in the soils of both plants. The concentration 
of 10 chemical elements (As, Li, Zn, Fe, Cu, K, Ca, Mn, B, 
and Mg) in the rhizospheric soil samples was measured. 
Again, a clear differential pattern was observed across 
the locations and between plant species, reflecting what 
was described above for D. curvula (Fig.  7B). Notably, 
elements such as Fe, K, and Mg exhibit relatively high 
concentrations in several sites, whereas toxic elements 
like As, Cu, and Zn display a more homogeneous distri-
bution. Interestingly, at site H5, the elements As, Ca, B, 
Li, K, and Mg showed higher peaks for D. curvula-asso-
ciated soils. There is a gradient of elemental composition 
that may influence microbial community dynamics and 
interactions with host plants.

The redundancy analysis shows a clear segregation 
between communities associated with each plant spe-
cies (Fig. 7C). We can also clearly observe a segregation 
between the samples from the northernmost areas of the 
SH (H0 to H4) and those from the southernmost sites 
(H5 to H8) for the communities associated with D. cur-
vula. This separation is not observed in W. incisa. Several 
abiotic variables (Li, total Carbon, K, and B) were statisti-
cally significant and can help explain the observed clus-
tering and segregation patterns, most of them driving 
the segregation of D. curvula communities. Moreover, 
humidity and Mg are drivers for the northernmost sites 
of the SH (H0 to H4), while total Nitrogen, EC, OM, Ca, 
and As are drivers for the southernmost sites (H5 to H8). 
Only Mn and Fe appear to explain clustering and segre-
gation patterns in W. incisa.

By performing the redundancy analysis for each plant 
along the different locations, we were able to observe a 
much more evident segregation pattern for D. curvula, 
with the communities associated with plants from locali-
ties H0 to H4 forming a cluster and a second group with 
the communities associated with H6 to H8, leaving the 
communities of H5 separated (Fig.  7D). This pattern 
is not as clear in the communities related to W. incisa, 
where a separation between samples H6 to H8 and the 
rest is observed to a lesser degree. There are more signifi-
cant variables that drive this segregation in D. curvula. 
Among the most notable findings, we observed that EC, 
As, and Ca strongly drive plants toward the southern-
most area of SH (toward H8) at varying intensities. Still, 
OM, total carbon, and total nitrogen are significant only 
for D. curvula. Additionally, Humidity, pH, and elements 
such as Mg, Fe, Mn, Cu, and Zn are more closely asso-
ciated with northern sites on SH. In contrast, others, 
such as Li, B, and K, exhibit a different pattern between 
the two plants. The clustering of sites to these variables 
reflects localized environmental conditions that dis-
tinctly affect the rhizospheric communities of each plant.

To further explore how environmental factors influence 
microbial community composition, we evaluated Spear-
man correlations between the most abundant genera 
and key abiotic variables in the rhizospheric soils of both 
plant species (Supplementary Figure S2). The analysis 
revealed distinct patterns of correlation between bacte-
rial taxa and soil variables (pH, OM, humidity, and EC) 
across several sampling locations. In D. curvula, differ-
ent genera were significantly influenced by environmen-
tal conditions. Sphingomonas exhibited a strong negative 
correlation with EC, whereas Nesterenkonia showed a 
negative correlation with humidity and a positive cor-
relation with OM. Ilumatobacter exhibited location-
dependent correlations with EC, OM, and pH. Likewise, 
Nitriliruptor displayed multiple correlations that varied 
by site with EC, pH, and humidity.

Additionally, genera such as Oceanicella and Methy-
loceanibacter exhibited significant correlations with all 
four abiotic variables. In contrast, for W. incisa, genera 
including Paenarthrobacter, Pseudarthrobacter, Crossi-
ella, Modestobacter, and Blastococcus showed significant 
correlations with pH and EC, with variable correlations 
(positive or negative) across locations. These findings 
underscore the combined influence of local soil condi-
tions and host plants on the rhizospheric communities.

Estimation of the functional potential from both rhi-
zobiomes revealed notable differences in the relative 
abundance of predicted ecologically relevant metabolic 
pathways across SH locations (Fig. 8). Chemoheterotro-
phy and aerobic chemoheterotrophy were the dominant 
predicted metabolic strategies in both rhizobiomes, con-
sistently representing 35–45% of the relative abundance 
across all sites, with particularly strong enrichment in D. 
curvula at sites H1, H3, and H6. In contrast, W. incisa 
rhizobiomes exhibited consistently higher relative abun-
dances of bacteria putatively capable of denitrification, 
including predicted nitrate, nitrite, and nitrous oxide 
reduction, most notably at sites H2, H4, and H7. Fermen-
tation was also detected as a distinct functional category, 
with a more consistent signal in W. incisa across multi-
ple sites, suggesting the presence of anaerobic metabolic 
activity in this plants rhizosphere. Both plant-associated 
communities showed representation of predicted photot-
rophy-related functions; however, these could be distin-
guished into two functionally distinct strategies: oxygenic 
photoautotrophy and photosynthetic Cyanobacteriota, 
which were slightly more enriched in D. curvula at sites 
H0 and H8, and photoheterotrophy, which showed a dif-
ferential distribution between the two plants along the 
SH. Furthermore, W. incisa rhizobiomes uniquely har-
bored putative functions associated with methylotrophy, 
methanol oxidation, and ureolysis, which are mostly 
absent or undetected in D. curvula. These results sup-
port the differential structuring of predicted microbial 
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functional potential driven by host plant identity and 
localized environmental conditions.

Specific metabolic functions were further explored 
through taxonomy-based functional prediction to com-
pare the profiles of D. curvula and W. incisa rhizospheric 
bacterial communities (Supplementary Figure S3). This 
analysis identified 30 metabolic pathways and biologi-
cal functions that differed significantly between the two 
plant rhizobiomes (FDR-adjusted p < 0.05). Most of the 
putative enriched functions were associated with the rhi-
zosphere of W. incisa, including predicted core metabolic 
pathways such as the pyruvate dehydrogenase complex, 
the tricarboxylic acid (TCA) cycle, S-adenosyl-L-methi-
onine (SAM) cycle I and the glyoxylate bypass. In addi-
tion, degradation pathways for complex carbohydrates 
and aromatic compounds such as starch degradation, 
L-rhamnose degradation, and 3-phenylpropanoate deg-
radation were more prevalent in W. incisa communities. 
Predicted functions related to teichoic acid biosynthesis 
and sulfur metabolism (e.g., sulfoglycolysis) were also 
enriched.

In contrast, fewer predicted functional categories were 
significantly enriched in D. curvula rhizobiomes; among 
them were pathways involved in the degradation of cat-
echol and glycine betaine, and the biosynthesis of phyllo-
quinol, peptidoglycan, and 1,4-dihydroxy-2-naphthoate. 
Notably, the most enriched functions were sulfolactate 
degradation in D. curvula and L-1,2-propanediol and 
starch degradation in W. incisa. Overall, these results 
suggest that W. incisa harbors a more putatively func-
tionally diverse bacterial community, while D. curvula 
may carry a narrower but potentially more specialized 
rhizobiome.

Discussion
The characterization of rhizospheric microbial commu-
nities associated with D. curvula and W. incisa across 
the Salar de Huasco reveals that both host plant iden-
tity and environmental gradients act as complementary 
and interactive forces shaping rhizobiome composition, 
structure, and functional potential in a polyextreme eco-
system. Rather than reflecting a single dominant driver, 
the patterns observed here emerge from the interplay 
between plant-mediated selection (root exudate chem-
istry, nutrient demand, and physiological traits) and the 
strong abiotic pressures imposed by the SH salinity gradi-
ent, metal concentrations, and organic matter availabil-
ity. The clear north-to-south pattern in plant distribution 
was mirrored by a similar divergence in their associated 
rhizobiomes, particularly for D. curvula, consistent with 
previous studies showing that plant biogeography and 
ecotypic variation significantly shape rhizosphere micro-
bial diversity and assembly processes [70, 71]. Critically, 
the two plant species appear to have converged on con-
trasting rhizobiome strategies: D. curvula supports a 
more diverse, spatially variable, and environmentally sen-
sitive microbial community enriched in stress-tolerance 
and carbon-mineralization functions, while W. incisa 
harbors a comparatively stable, generalist rhizobiome 
with distinct nitrogen-cycling and anaerobic metabolic 
capabilities. These contrasting strategies likely reflect the 
different physiological demands and ecological niches of 
the two plants within SH and suggest that rhizobiome 
assembly in polyextreme environments is not random 
but rather represents an adaptive outcome of long-term 
plant–microbe coevolution under multiple simultaneous 
stressors.
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Diversity analyses showed that D. curvula supported 
rhizospheric communities that were significantly richer 
than those of W. incisa. These differences were most pro-
nounced in the southern SH sites, which had high salinity 
and metal concentrations. Similar changes in rhizobiome 
composition have been previously reported for plants 
like Robinia pseudoacacia across large spatial scales [72]. 
Additionally, the lack of notable differences between 
rhizosphere and rhizoplane compartments aligns with 
findings in desert-adapted plants, where the physical 
and chemical gradients that normally differentiate root-
associated microhabitats may be compressed or homog-
enized by the predominant influence of extreme abiotic 
conditions, resulting in overlapping microbial communi-
ties across root-associated zones [73].

Taxonomic profiling showed Actinomycetota as the 
main phylum across both plant species, with genera such 
as Pseudarthrobacter, Modestobacter, and Blastococ-
cus contributing to species-specific community profiles. 
The dominance of Actinomycetota in both rhizobi-
omes reflects the remarkable evolutionary adaptations 
that make this phylum uniquely suited to polyextreme 
environments. Actinobacteria thriving in high-altitude 
Andean ecosystems harbor a "UV-resistome" encompass-
ing UV sensing, DNA damage repair, and oxidative stress 
response mechanisms that enable survival under extreme 
irradiation [74]. At the genus level, Modestobacter exhib-
its high tolerance to UV irradiation, desiccation, and 
oxidative stress, linked to its radiation resistance profile 
and photoprotective pigment synthesis [75], while Blas-
tococcus possesses a large accessory genome conferring 
genomic plasticity that underpins its capacity for sub-
strate degradation and tolerance to drought, salinity, and 
heavy metal contamination [76]. The enrichment of fami-
lies like Micrococcaceae in W. incisa and Euzebyaceae 
in D. curvula may also indicate host-specific microbial 
selection, as seen in different plant cultivars [23, 77].

The differential enrichment of specific genera iden-
tified by LEfSe, including Nesterenkonia, Nitrolancea, 
and Ilumatobacter in D. curvula and Paenarthrobac-
ter, Friedmanniella, and Roseomonas in W. incisa fur-
ther supports the existence of host-specific microbial 
selection patterns, suggesting that each plant species 
actively shapes its rhizosphere bacterial community 
through selective recruitment, likely mediated by differ-
ences in root exudate composition and physicochemical 
microenvironments.

Actinomycetota genera Pseudarthrobacter and 
Modestobacter have been linked to resilience under 
harsh environmental conditions [78, 79], and these were 
enriched in D. curvula-associated rhizobiomes. Others, 
such as Blastococcus, Mycobacterium, and Kocuria, were 
often detected at relatively high levels, indicating they 
may be common members of rhizosphere communities 

in these arid environments, as previously reported in 
desert areas and metal-contaminated soils.

Interestingly, some genera showed strong habitat- or 
host-specific enrichment. In W. incisa-associated rhi-
zobiomes, the genus Skermanella was abundant, which 
has been associated with plants under arid or semi-arid 
conditions, showing adaptation to stress or nutrient limi-
tations [80]. Also, the Cyanobacteriota Nodularia are 
characterized as nitrogen-fixers that can thrive in high-
salinity, nutrient-poor, and UV-exposed environments 
[81]. On the other hand, Crossiella, Microbacterium, 
Candidatus Entotheonella, Ilumatobacter, and Microlu-
natus were more abundant in D. curvula rhizobiomes. All 
these genera have been associated with promoting plant 
growth and producing secondary metabolites under arid 
conditions [82–86], highlighting the functional potential 
of these communities.

D. curvula hosts a rhizobiome dominated by Actino-
mycetota adapted to arid and nutrient-poor soils, with 
several enriched taxa known for plant-growth-promoting 
traits. Meanwhile, W. incisa harbors more halotolerant 
and nitrogen-metabolizing taxa, indicating adaptation 
to saline or harsh soil conditions and potentially a dif-
ferent approach to plant–microbe interactions. The pro-
gressive shift in dominant Actinomycetota genera across 
SH localities (from Mycobacterium and Modestobacter 
in the northern sites to Microlunatus and Truepera in 
the transitional zones and Ilumatobacter and Entothe-
onella in the southern high-salinity sites) is consistent 
with a community succession driven by the intensifica-
tion of abiotic stress along the north-to-south gradient. 
This pattern suggests that as salinity, metal concentra-
tions, and osmotic stress increase southward, the rhizo-
biome undergoes a directional filtering toward taxa with 
increasingly specialized stress-tolerance traits, reflecting 
the sequential replacement of generalist Actinomycetota 
with more halotolerant and metal-resistant lineages.

Network analysis showed greater complexity and inter-
action density in D. curvula, as reflected by its higher 
number of edges (59 vs. 33) and nearly double the average 
degree (1.90 vs. 1.05) compared to W. incisa, with several 
high-degree keystone ASVs linked to stress-adapted gen-
era like Truepera and Sphingomonas [87, 88]. From an 
ecological theory perspective, this higher connectivity is 
consistent with greater functional redundancy, provid-
ing the community with higher resilience against the loss 
of individual members under stress. The central position 
of Truepera in the D. curvula network is particularly rel-
evant in this context, as this genus is renowned for its 
exceptional resistance to ionizing radiation, robust DNA 
repair mechanisms, and tolerance to alkaline and saline 
conditions [89], suggesting it may act as a structural 
anchor maintaining community stability under the fluc-
tuating abiotic conditions of SH. Similarly, Sphingomonas 
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species have been shown to improve plant growth under 
drought, salinity, and heavy metal stress conditions, and 
their gene content has been shown to reflect habitat pref-
erence, stress tolerance and resource acquisition [90] 
which is consistent with its role as a keystone taxon in 
the D. curvula network.

The predominance of positive interactions in both 
networks suggests that cooperative or syntrophic rela-
tionships are a general feature of rhizosphere microbial 
communities in this ecosystem, potentially reflecting 
the mutualistic dependencies that arise under the nutri-
ent-limited and polyextreme conditions characteristic 
of SH. In environments with resources scarcity, positive 
microbial interactions are thought to be favored over 
competitive interactions, as cooperation may provide a 
collective advantage for survival under multiple simulta-
neous stressors. Nevertheless, the higher proportion of 
positive edges and overall network complexity observed 
in D. curvula suggest that this plant rhizobiome may 
sustain a more elaborated cooperative structure, which 
could underpin greater ecological resilience and func-
tional redundancy when facing environmental stress. It 
has been previously stated that microbial communities 
with more complex network structures are more resil-
ient to abiotic stress in degraded grasslands [71, 91]. The 
negative interactions observed in both networks, while 
less frequent, may reflect competitive exclusion or niche 
partitioning among community members, processes 
that are not mutually exclusive with the broader coop-
erative dynamic of the community. In contrast, the sim-
pler network in W. incisa indicates a less interconnected 
microbial structure, which could make it more vulner-
able to disturbance despite the cooperative nature of its 
interactions.

Integrating the taxonomic, network, and functional 
evidence, the rhizobiomes of D. curvula and W. incisa 
emerge as representatives of two contrasting ecologi-
cal strategies for survival in a polyextreme environ-
ment. D. curvula follows a specialization and resilience 
strategy: higher diversity, greater network complexity, 
dominance of stress-adapted Actinomycetota with UV 
resistance and desiccation tolerance, and enrichment of 
functions related to osmotic tolerance, photoprotection, 
and compounds degradation, suggesting a rhizobiome 
well adapted to provide broad-spectrum stress protec-
tion. In contrast, W. incisa follows a nutritional versatility 
strategy: a stable, generalist community less sensitive to 
local edaphic conditions, enriched in diverse carbon and 
nitrogen cycling pathways (denitrification, fermentation, 
methylotrophy, ureolysis, and central metabolic routes) 
suggesting a microbiome that maximizes nutrient acqui-
sition flexibility as an alternative means of coping with 
environmental unpredictability. These contrasting strat-
egies likely reflect the different ecological niches of the 

two plant species within SH and highlight the diversity 
of plant–microbe interactions that can emerge within a 
single extreme ecosystem.

Environmental variables played a central role in driv-
ing microbial composition, particularly for D. curvula, 
where EC and OM were significantly associated with 
microbial shifts; the same was observed for elements 
such as Li and As, which were detected in high concen-
trations (317.1  mg/kg and 97.1  mg/kg, respectively). 
These findings are consistent with soil microbiome stud-
ies in extreme environments, which show that physico-
chemical properties and heavy metal concentrations are 
significant determinants of microbial community struc-
ture [92–94]. The contrasting patterns observed between 
the two plants are particularly informative in this regard: 
while D. curvula communities were strongly structured 
by a broad set of abiotic variables (Li, total carbon, K, B, 
humidity, Mg, total nitrogen, EC, OM, Ca, and As) with 
clear differentiation between northern and southern 
sites; W. incisa communities were primarily associated 
with only Mn and Fe, and showed comparatively little 
spatial structuring across the SH gradient. This asymme-
try suggests that D. curvula rhizobiomes are more sensi-
tive to, or more strongly selected by local soil chemistry, 
while W. incisa may harbor a more generalist microbial 
community less dependent on specific edaphic condi-
tions. Taken together, these results indicate that rhizobi-
ome composition in the SH is shaped by the combined 
and interactive influence of soil chemistry and host plant 
identity (neither factor alone being sufficient to explain 
the observed community patterns) consistent with the 
growing consensus that plant-soil feedbacks are key driv-
ers of rhizosphere microbial assembly across environ-
mental gradients [95].

Broad level functional predictions revealed clear meta-
bolic differentiation between the rhizobiomes of D. cur-
vula and W. incisa, suggesting distinct putative nutrient 
acquisition strategies and stress-response mechanisms. 
The dominance of predicted chemoheterotrophy across 
both rhizobiomes reflects the heterotrophic nature of 
soil microbial communities fueled by root exudates and 
organic matter inputs, as root exudates provide soil 
microbes with important precursors that regulate carbon 
input and microbial activity in the rhizosphere [96] and 
is consistent with the carbon-limited conditions typical 
of high-altitude arid soils. The stronger enrichment of 
these predicted functions in D. curvula at sites H1, H3, 
and H6 may be linked to the higher organic matter val-
ues recorded at those sites, suggesting a tighter coupling 
between plant-derived carbon inputs and microbial car-
bon mineralization activity, a pattern consistent with the 
microbial mining hypothesis, whereby microbes use root 
exudate-derived energy to release nutrients locked in soil 
organic matter [97]. The consistently higher abundance 
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of taxa capable of denitrifying in W. incisa rhizobiomes 
is ecologically significant, as this is the most energetically 
favorable respiratory pathway in the absence of oxygen, 
and salinity has been shown to directly affect the distri-
bution patterns and community composition of denitrifi-
ers [98], suggesting that the higher salinity characteristic 
of several W. incisa sampling sites may be driving the 
enrichment of nitrate-respiring bacteria as an alterna-
tive respiratory strategy. This has direct implications for 
nitrogen availability to the host plant, as nitrogen lost 
through denitrification to N₂ reduces the pool of plant-
available nitrogen in the rhizosphere.

The variation in predicted phototrophic functions 
along the north-to-south gradient of SH detected on D. 
curvula rhizobiomes may reflect the sensitivity of these 
putative functional groups to salinity, as high salt con-
centrations can damage the photosynthetic apparatus, 
inhibit the synthesis of photosystem-related proteins, 
and destroy thylakoid membrane structure, leading to 
inhibited photosynthesis in cyanobacteria [99], which 
would be consistent with the reduced photosynthetic 
signal observed in the high-salinity southern sites. More-
over, predicted fermentation was enriched in W. incisa 
rhizobiomes, further supports the presence of anaero-
bic microbial activity in this plant's rhizosphere, consis-
tent with evidence that the ability to perform alternative 
respiratory strategies such as denitrification and fermen-
tation provides a competitive advantage in microbiomes 
exposed to fluctuating oxygen availability [100]. Finally, 
the exclusive enrichment of methylotrophy and ureoly-
sis in W. incisa rhizobiomes is interesting, as these bac-
teria promote plant growth through nitrogen fixation, 
phosphate solubilization, phytohormone production, 
and ACC deaminase activity, which have been shown 
to exhibit superior stress-tolerating capacity against 
drought, salinity, and UV radiation [101]. Simultaneously, 
putative ureolytic bacterial communities contribute to 
nitrogen mineralization rates in the rhizosphere, with 
urease activity playing a key role in converting organic 
nitrogen to plant-available ammonium [102]. The co-
occurrence of these predicted functions exclusively in W. 
incisa suggests that this plant selectively recruits micro-
bial groups capable of expanding nitrogen and carbon 
acquisition strategies, potentially compensating for the 
lower predicted chemoheterotrophic activity observed in 
its rhizobiome compared to D. curvula.

Beyond taxonomic patterns, the predicted functional 
profiles of both rhizobiomes at a more specific level offer 
ecologically and agriculturally relevant insights. Among 
the pathways predicted to be significantly enriched in D. 
curvula rhizobiomes (Supplementary Figure S3), glycine 
betaine degradation stands out as particularly notewor-
thy. Glycine betaine is one of the most commonly pro-
duced osmoprotectants by bacteria and has been shown 

to significantly enhance the salinity tolerance of rhizobac-
teria [103], and its predicted active cycling in the D. cur-
vula rhizosphere suggests that associated bacteria may 
putatively contribute to osmotic stress buffering which 
is a relevant trait to plant performance under saline and 
drought conditions. Additionally, the predicted enrich-
ment of phylloquinone biosynthesis pathways points to 
putative microbial support of photosynthetic function, 
given that phylloquinone (vitamin K1) serves as an essen-
tial electron carrier in Photosystem I in photosynthetic 
organisms, with particular relevance under the intense 
UV radiation characteristic of the Altiplano [104]. Pre-
dicted catechol degradation pathways were also enriched 
in D. curvula, indicating a putative capacity to detoxify 
aromatic compounds and potentially mitigate the effects 
of the metal-contaminated soils which is also character-
istic of this ecosystem. In contrast, W. incisa rhizobiomes 
showed significant enrichment of the S-adenosyl-L-
methionine (SAM) cycle, which can be converted to ACC 
by the enzyme ACC synthase, thereby putatively dimin-
ishing the synthesis of plant growth-inhibitory ethylene 
[37]. The predicted enrichment of this pathway suggests 
that W. incisa may participate in hormone-mediated 
plant–microbe interactions that mitigate ethylene accu-
mulation induced by stress, a key regulator mechanism 
for plants growing under harsh environmental conditions 
[105]. Furthermore, the predicted enrichment of sulfo-
glycolysis in W. incisa communities suggests putative 
active cycling of sulfolipids within the rhizosphere. This 
process likely contributes to the microbial mobilization 
of organosulfur compounds, which is essential for con-
verting soil sulfur into plant-bioavailable sulfate [106]. 
In this context, sulfur-cycling microorganisms in the 
rhizosphere have been shown to promote plant growth 
and crop yield through multiple mechanisms, including 
enhanced nutrient mobilization and mitigation of abiotic 
stress [107].

Taken together, these predicted functional differences 
suggest that the two rhizobiomes use distinct but com-
plementary strategies for supporting plant survival under 
polyextreme conditions, with the D. curvula rhizobiome 
appearing particularly enriched in predicted functions 
associated with osmotic and oxidative stress tolerance. 
These findings reinforce the central argument that rhizo-
biome assembly in the SH reflects an adaptive outcome of 
plant–microbe coevolution under multiple simultaneous 
stressors and highlight the potential of these extreme-
environment microbiomes as reservoirs of functionally 
relevant taxa for future biotechnological applications 
aimed at improving crop resilience under arid and saline 
conditions.
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Conclusion
This study demonstrates that the rhizospheric microbial 
communities of D. curvula and W. incisa in the Salar de 
Huasco are shaped by the combined influence of host 
plant identity and local environmental gradients, giving 
rise to two ecologically distinct rhizobiomes representing 
contrasting survival strategies in a polyextreme ecosys-
tem: a specialization and resilience strategy in D. curvula, 
and a nutritional versatility strategy in W. incisa. Beyond 
their scientific interest, these findings carry implications 
that extend well beyond microbial ecology. The microbial 
communities characterized here comprise a largely unex-
plored and highly diverse assemblage (both taxonomi-
cally and functionally), that remains mostly overlooked in 
current conservation frameworks. The Salar de Huasco 
is a protected Ramsar wetland, yet like most protected 
areas in Chile, its conservation status does not consider 
microbial diversity, which is a critical gap given that these 
communities have been shaped by millions of years of 
coevolution and their loss would be irreversible. From a 
biotechnological perspective, the stress-tolerance func-
tions identified here (osmoprotection, UV resistance, 
DNA repair, and specialized nutrient cycling) represent 
an underexplored genetic reservoir for developing micro-
bial inoculants aimed at improving crop resilience under 
arid and saline conditions. Realizing this potential, how-
ever, requires that these communities are first conserved 
in situ, underscoring the fundamental link between bio-
diversity conservation and biotechnological innovation.
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