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Abstract

Background In plants, root exudates selectively influence the growth of bacteria that colonize the rhizosphere.
Bacterial communities associated with root systems are involved in macro and micronutrients cycling and organic
matter transformation. In particular, iron is an essential micronutrient required for the proper functioning of iron-
containing enzymes in processes such as photosynthesis, respiration, biomolecule synthesis, redox homeostasis,
and cell growth in plants. However, the impact of changes of iron availability on the structure and set of ecological
interactions taking place in the rhizosphere remains poorly understood. In this study, field experiments were
conducted to compare the effects of iron supplementation (0.1 and 0.5 mM of FeSO,) on the assembly of the
bacterial community of rhizosphere soil and bulk soil in a perennial grass present in the Andes steppe of Atacama
Desert.

Results The results indicated that the difference in beta diversity between bulk soil and rhizosphere soil detected
before supplementation did not persist after iron supplementation, in addition, co-occurrence networks showed a
significant reduction in negative interactions among soil bacteria, mainly in rare taxa (< 0.1% relative abundance).

Conclusions These observations suggest that iron availability contributes to the differentiation between bulk soil
and rhizosphere bacterial communities, a process that is linked to significant changes in the relative abundance
of more abundant species (>0.1% relative abundance) and with a decrease in the negative interactions in both
compartments after metal exposure. The differential effect of iron on the competition/cooperation ratio between
bulk soils and the rhizosphere microbiome supports the hypothesis that the host limits the degree of cooperation
that can be achieved by the bacterial community associated with an organ dedicated to nutrient absorption.
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Background

In natural environments, soil microorganisms form rich
and complex assemblies of hundreds of species with
diverse metabolic capabilities living in a common habi-
tat [1, 2], where a few species are highly abundant and
a large number of other species are in low abundance,
referred to as the rare biosphere [3]. The structure (com-
position and abundance) of soil bacterial communities
is influenced by environmental variables, such as soil
pH [4, 5], relative humidity [6, 7], temperature [8], and
nutrient availability [9-11], as well as biotic factors, such
as competition, facilitation, commensalism, and plant-
bacteria interactions. Interactions with plants influence
the rhizobacterial community structure by stimulating or
repressing bacterial growth [12—14] or by altering the soil
microhabitat [4, 15-17]. This influence is mediated, in
part, through the release of various compounds into the
rhizosphere, which serve as chemical signals or resources
for microbial communities [18, 19].

Networks composed of nodes (operational taxon units,
OTUs, or amplicon variant sequences, ASVs) and edges
(predicted relations among microbes) have been used to
explore the ecological interaction patterns among micro-
bial species. Co-occurrence patterns can help to predict
“positive or negative interactions” between two microbial
taxa, which typically could be interpreted as coopera-
tive or competitive interactions that promote or inhibit
growth among them [20-24]. However, there is con-
troversy about the importance of positive and negative
interactions in bacterial communities [25], as theoretical
and experimental in vitro studies indicate that negative
interactions are common among bacteria [20, 25-28],
while other studies, mainly from natural environments,
point to a dominance of positive interactions [10, 16,
24, 29-35], even under nutrient supply conditions [24].
Furthermore, although positive interactions in bacterial
communities are expected to promote overall metabolic
efficiency [31-33, 36], it has been argued that a preva-
lence of positive interactions in bacterial communities
may decrease community stability because they can lead
to metabolic dependencies [20].

Recent investigations have provided clues regarding
the role of micronutrients supply in controlling the eco-
logical interactions of bacterial communities [24]. Studies
with soil microcosms have indicated that the nutritional
status of iron affects the structure of the rhizosphere
microbiome [37]. Although iron is abundant in the soil,
its availability is often limited because Fe is poorly soluble
at neutral and high pH [38-40], especially in the presence
of oxygen due to the formation of stables iron oxyhydrox-
ide, hydroxide, and oxides [41, 42]. Recent research also
highlighted the influences of iron availability on bacterial
interactions and community dynamics in the rhizosphere
[43, 44]. At the rhizosphere the formation of soluble
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organic chelates is important for iron supply, both plant
exudates and secreted bacterial biomolecules that func-
tion as chelating agents for metal ions (e.g. siderophores)
not only improve the iron mobilization within the soil
matrix, alleviating iron deficiency, but also shape the
composition and organization of rhizosphere microbial
communities [14, 41, 45], suggesting that changes in iron
availability represent an opportunity to progress on our
knowledge of rhizosphere ecology [46].

In the Atacama Desert, a rich plant diversity can be
found in an altitudinal gradient (Talabre-Lejia transect
from 2,200 to 4,500 m above sea level) on the western
slope of the Andes [47, 48]. The upper limit of this alti-
tudinal transect is dominated by perennial grasses and
subshrubs [48], given rise to a patchy distribution of soil
properties, with accumulations of plant nutrients under
grasses and subshrubs, and leaving arid soils in the inter-
plant spaces. Elemental composition analysis indicates
that in Talabre-Lejia transect the total Fe content repre-
sents between 3 and 5% of the total soil elements present
in the soil, while the concentration of soluble Fe varied, in
close relation with the soil pH, from 2 to 25 mg kg! [10,
48]. This iron concentration is in the order of magnitude
of the Fe concentration found in a study of 32 soil types
(3 to 210 mg kg~ 1), which showed that 50 to 90% of the Fe
was complexed by organic molecules (i.e., siderophores)
suggesting that soil organic matter and its turnover are
determining factors for Fe availability in soil.

In this study, we used Pappostipa frigida, a native
perennial grass as an experimental model [17, 48] and
carried out field experiments to alter the nutritional
matrix of soil by direct supplementation with iron in two
soil compartments: the rhizosphere, where the bacterial
community structure is influenced by plant roots, and
the surrounding bulk soil. Considering the need of bacte-
ria and plants to satisfy their iron requirements [40, 46],
we proposed two hypotheses: (1) the increase in available
iron in the soil reduces competition (negative interac-
tions) between bacteria in both soil compartments, rhi-
zosphere, and bulk soil; and (2) the ratio of positive to
negative bacterial interactions within the rhizosphere is
modulated by the host and responds to iron availability.

Materials and methods

Sampling site and experimental design

The study site was located at the steppe region of the
Talabre-Lejia transect in the Atacama Desert [48] at
4,370 m above sea level (Fig. 1A). This area is domi-
nated by Pappostipa frigida (P. frigida (Phil.) Romasch
o F Rojas), a perennial grass, previously described as
one of the most abundant plants on the Andes steppe
(Fig. 1B) [10]. P, frigida develops an important root sys-
tem that retains an adequate amount of rhizosphere. The
experiments were carried out in April 2019, after the
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Fig. 1 Sampling site and experimental strategy. (A) Photograph of the study site (10 m?), showing an overview of the distribution of the study plant
(Pappostipa frigida) in the left inset, and the two soil compartments sampled: bulk soil (BS) and rhizosphere soil (RS) in the right inset. (B) Box plots of
iron concentration in soil samples (ug/L) for non-supplemented samples: 1 (without irrigation) and 2 (irrigated with water) (white boxplots), and iron-
supplemented samples: 1 (irrigated with 0.1 mM FeSO,) and 2 (irrigated with 0.5 mM FeSO,) (grey boxplots). In the right inset, box plots show iron
concentration in root samples (ug/g DW). Letters indicate Kruskal-Wallis comparisons (p <0.05). The bottom and top of each box represent the 25th and
75th percentiles, the horizontal line within the box is the median, and the ends of the whiskers represent the limits of the distribution, inferred from the
upper and lower quartiles. Dots represent individual samples. The red arrow indicates the lowest iron levels reported in agronomic soils (Eshel et al,, 2021)

rainy season, which takes place between December and
March. We demarcated a 10 m? quadrant where ran-
domly selected 16 P, frigida plants of equal size that were
located on a flat ground, with no plants of other species
around. Then, approximately 1 m away from each plant,
a point was selected in the bulk soil that lacked plants or
roots. Groups of four plants and the corresponding bulk
soil of each plant were watered with two liters of solu-
tions of FeSO, 0.1 mM or FeSO, 0.5 mM, or with two
liters of water or left without watering (representing time
zero). The solutions and the water were delivered directly
to the soil at the base of each plant.

Forty-eight hours after the treatments, we collected
32 soil samples from two different compartments: (1)
rhizosphere soil (RS), corresponding to the soil tightly
bound to the plant root tissue, and (2) bulk soil (BS).

For each plant, approximately 200 g of RS were recov-
ered as described in [16]. Around 200 g of bulk soil, were
obtained at 15 cm deep, after removing the first 2 cm of
surface soil. All soil sampling was carried out in sterility,
tools were sterilized with ethanol 70% before each collec-
tion and the soils, placed in sterile bags, were immedi-
ately frozen on dry ice, and transported to the laboratory,
where they were stored at -80 °C until DNA extraction.
To determine the effect of iron supplementation on iron
concentration at soil and root, we collected 10 g of BS
and RS and approximately 5 g of plant roots. The samples
were stored at 4 °C for Fe, Cu, and Zn content analysis
(Table S1).
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Soil classification, physicochemical characteristics and
micronutrient properties

Soil order in the sampling area corresponds to Entisols
[49]. Soil pH was measured as described by Mandakovic
et al. [50]. Soil moisture was monitored using a HOBO
U23-001 data logger. The sensor was buried 10 cm deep
in unaltered soil at the start of the experiment (time zero)
and removed for data collection at the end of the experi-
ment (after 48 h). Soluble Fe, Cu, and Zn contents of BS
and RS samples were determined using the total reflec-
tion X-ray fluorescence (TXRF) technique [16]. Briefly,
5 g of soil was resuspended in 5 mL of distilled water and
homogenized for 2 h at room temperature. After mixing,
the samples were centrifuged at 11,440 x g for 10 min in
a Hettich Universal 32R centrifuge. The soluble fraction
was recovered and used to determine the metal composi-
tion. To determine the micronutrient content in root and
shoots tissues, the samples were processed and digested
as described by del Pozo et al., 2010 [51].

DNA extraction and 16 S rRNA gene sequencing

Total DNA was extracted from RS and BS soil samples
following a previously described protocol [16]. DNA
integrity was evaluated by electrophoresis on agarose gel
1% and the DNA was stored at -20 °C until DNA anal-
yses were performed. For each DNA sample (N=32),
the V1-V3 hypervariable region of the 16 S rDNA gene
was amplified using a bacteria-specific primer set: 28 F
(5'-GA GTT TGA TCM TGG CTC AG-3’) and 519R
(5'-GWA TTA CCG CGG CKG CTG-3’) [52]. Extrac-
tion blanks were included for each DNA extraction to
monitor for potential contamination during the extrac-
tion process, and no-template controls were used in the
amplification to ensure no contamination in the PCR
reagents. Sequencing was performed by Mr. DNA (Shal-
lowater, TX, USA) using the Illumina MiSeq platform in
an overlapping 2 x 300 bp configuration with a minimum
throughput of 51,500 reads per sample. The sequencing
outputs were raw sequence data. The Fastq processor
application on the website www.mrdnafreesoftware.com
created the file formats expected by QIIME2 for down-
stream analysis.

Microbiome bioinformatics analysis

Microbiome bioinformatic analysis was performed
using QIIME 2 2021.4 [53]. Raw sequence data were
demultiplexed using the q2-demux plugin and qual-
ity filter by denoising with DADA2 [54] (via q2-dada2
denoise single). Quality trimming was performed using a
Phred score threshold of 30, and primer sequences were
trimmed using Cutadapt with a 5% mismatch allow-
ance. Amplicon sequence variants (ASVs) were resolved
during the denoising step using DADA2, which uses a
denoising algorithm to resolve sequence variants at single
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nucleotide resolution, thereby identifying accurate ampli-
con sequence variants (ASVs). This method avoids arbi-
trary similarity thresholds (e.g. 97% for OTUs) and allows
precise delineation of ASVs. After rarefaction to 51,500
sequences per sample (subsampled without replacement)
were taxonomically classified using the QIIME Sklearn
method with default parameters [55] against the SILVA
r16S database (v.138) [56].

Microbial diversity analysis

All amplicon sequence variants (ASVs) obtained after
denoising were aligned with Mafft (via q2-alignment)
and used to construct a phylogeny using fasttree2 [57]
(via q2-phylogeny). After rarefaction to 51,500 sequences
per sample (subsampled without replacement), micro-
bial alpha diversities were computed with both observed
ASVs and Shannon indices using “qiime diversity core-
metrics” in QIIME2 plugin.

Interaction networks based on co-presence and mutual
exclusion

Co-occurrence networks were generated using ASV
abundance obtained from sequence processing and anal-
ysis and visualized using Cytoscape (v3.7.1) [58] with
the CoNet plugin [59]. To explore the association with
micronutrients, Fe, Cu, and Zn were included in the net-
works as nodes. ASVs with more than three zero values in
the abundance table were eliminated to avoid noise (filter
row_minocc =5). For network construction, two dissimi-
larity indices (Bray Curtis and Kullback-Leibler) and two
correlation indices (Pearson and Spearman) were used to
obtain similarity measures. The first threshold was set to
generate an initial network containing 500 positive and
500 negative edges, derived from the values obtained
for the four similarity measures. The final network was
generated using permutation and bootstrapping with
100 iterations. The number of nodes, clustering coef-
ficient, average path length, and density were obtained
from the Cytoscape platform. To facilitate the graphical
comparison between pairs of networks, without influenc-
ing the calculated correlation metrics generated with the
CoNet protocol, we used the plot network method imple-
mented in NetCoMi (v1.1.0) [60]. To quantify rewiring
in co-occurrence networks between the two conditions
(non-supplemented and iron supplemented), we used the
Netshift method [61]; this last analysis was carried out as
described by Mandakovic et al. [10]. For the analysis of
the modules, we selected only those modules with more
than ten nodes, which contained approximately 70% of
all nodes in the network.

Statistical analysis
Alpha diversity indices were compared between sam-
ples using a pairwise Kruskal-Wallis test, P-values were
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corrected using the Benjamini and Hochberg correc-
tion method, and false discovery rate (FDR) q<0.05 was
considered statistically significant. Principal coordinate
analysis (PCoA) of Bray-Curtis dissimilarity (referred as
percentage difference in [62] distance matrices was cal-
culated from count matrix for beta diversity analysis.
Permutational (nonparametric) multivariate statistical
analysis (perMANOVA) (allowing 999 permutations) was
used for group comparisons using MicrobiomeAnalyst
[63] (R-based software). Differential abundance analysis
between groups of samples was performed using EdgeR
[63] at the ASV level using the Stamp [64] platform to
compute the test at other taxonomic levels (phylum,
order, class, and family) using two-sided Welch’s t-test
with FDR correction. The relationship between the ASV
abundances and the effect of the iron supplementation
(iron-supplemented and non-supplemented) and the
soil type (rhizosphere and bulk soil) was evaluated using
the R package vegan version 2.6-4 [65]. For this analysis,
the Hellinger transformation was applied to the count
matrix and a transformation-based redundancy analysis
(tb-RDA) was performed. The significance of the whole
model and the individual axes was tested with a Monte
Carlo permutation test (function anova.cca of vegan).
In addition, a transformation-based principal compo-
nent analysis (tb-PCA) on the transformed data was per-
formed to obtain the maximum variance that could be
explained by uncorrelated variables.

Results

Effects of iron supplementation on Fe, Cu, and Zn content
in soil and roots

To assess the effects of iron supplementation on soils,
we conducted a Mann-Withney test comparing the con-
tents of soluble iron in iron supplemented versus non-
supplemented samples. Although 0.1 mM and 0.5 mM
supplementation of FeSO4 caused a significant increase
in soil iron content in both the RS and BS compart-
ments, no statistically significant differences between the
two iron concentrations were detected (Kruskal-Wallis
p<0.05) (Fig. 1A, Table S2). Therefore, in all subsequent
analyses, iron supplemented soil samples were referred as
iron-supplemented-RS (N=8) or iron-supplemented-BS
(N=8). In addition, the water treatment did not change
the iron concentration in soil compared to the soil with-
out watering (Fig. 1A). Regarding soil moisture, our data
showed that before treatments, soil relative humidity was
above 90%, and no changes were recorded throughout
the experimental period of 48-h (Fig. S1). Thus, these
samples were referred throughout the text as non-sup-
plemented-RS (N=8) or non-supplemented-BS (N=8)
(Table S1). Nevertheless, all samples (N=32) were pro-
cessed and analyzed separately. Additionally, we assessed
the effect of iron supplementation in the concentration of
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soluble iron in the roots, and we found that iron supple-
mented plants had a significantly higher concentration
of iron than those of non-supplemented plants (Fig. 1C
right panel). When we compare the iron content in the
shoots of the non-supplemented plants, which ranged
from 250 to 550 pg/kg DW, with that of the iron-sup-
plemented plants, which ranged from 1600 to 2000 pg/
kg (Table S2.3), we assumed that the iron supplementa-
tion has led to an internalization of iron in the plant tis-
sues. Considering previous studies indicating that Zn, Cu
and Fe interactions can affect each other absorption and
bioavailability by a number of mechanisms [66, 67], as
well as, studies showing that excess of one of these metals
might alter homeostasis of the others [68], we also exam-
ined the effects of iron supplementation on the soluble
contents of zinc and copper in soil and roots. We did not
find significant changes in the contents of Cu (Fig. S2A)
and Zn (Fig. S2B), either in soils or roots of iron-sup-
plemented samples compared with non-supplemented
samples, indicating that the iron exposure did not alter
the solubility or absorption of the other micronutrients
(Kruskal-Wallis p > 0.05).

Therefore, the increase in iron concentration in the
roots was probably due to plant uptake of the iron sup-
plemented in the soil. Although we acknowledge that
the evaluation of the safety of iron supplementation
requires toxicological studies to determine the limits of
a safe acute exposure, the absence of adverse effects such
as signs of chlorosis or size variation in the shoots of P
frigida allowed us to suggest the absence of toxic effects
under our experimental condition.

Taxonomic composition of soil bacterial communities

A total of 22,055 ASVs were identified across all 32 soil
samples after rarefaction (51,500 reads) (Table S3). In the
rhizosphere, 9,757 ASVs were identified in Non-supple-
mented-RS samples, and 9,794 in Iron-supplemented-RS
samples. In bulk soil, 7,670 ASVs and 8,024 ASVs were
identified in Non-supplemented-BS and Iron-supple-
mented-BS samples, respectively(Fig. S3 and Table S3).
The most abundant phyla in rhizosphere samples were
Proteobacteria, Acidobacteriota, Bacteroidota, and Acti-
nobacteriota. In bulk soil, Proteobacteria, Actinobacteri-
ota, Chloroflexi, and Acidobacteriota were predominant
(Table S3). Approximately 26% of the ASVs were shared
between Non-supplemented-RS and Iron-supplemented-
RS samples, with a similar trend in bulk soil (Fig. S3).
Most ASVs in both rhizosphere and bulk soil were clas-
sified as rare (relative abundance <0.1%) (Table S3). For
more details, see supplementary material S1.
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Comparison of bacterial community structure between RS
and BS before and after iron-supplementation
Alpha diversity analysis revealed no differences in rich-
ness or Shannon index (q-value<0.05 Kruskal-Wallis
test) between non-supplemented and iron supplemented
samples neither in RS nor in BS (Fig. 2A and Table S4). To
assess whether bacterial community composition differed
between the non supplemented and iron supplemented
samples, we performed a principal coordinate analysis
(PCoA) plot with Bray-Curtis dissimilarity (Fig. 2B). The
results also indicated no significant differences between
Non-supplemented-RS and Iron-supplemented-RS, nor
between Non-supplemented-BS and Iron-supplemented-
BS (Fig. 2B).

Nevertheless, the most striking differences were
observed between the RS and BS samples (Fig. 3).
Thus, the PCoA of the non-supplemented bacterial
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communities revealed a significant separation between
RS and BS, with PCol explaining 53.6% and PCo2
21.4% of the variance (Fig. 3A). Interestingly, differences
in beta diversity were lost after iron supplementation
(gq-value>0.05) (Fig. 3B). In addition, significant dif-
ferences in the taxonomic composition between Non-
supplemented-RS and Non-supplemented-BS were
detected in all taxonomic categories, even at the phy-
lum level (Table S5). For example, 81% of ASVs shared
between Non-supplemented-RS and Non-supple-
mented-BS were differentially abundant (Table S6.1
and Table $6.2), accounting for 40% of the total relative
abundance of Non-supplemented-RS samples, whereas
only 43% of ASVs shared between Iron-supplemented-
RS and Iron-supplemented-BS were differentially abun-
dant, representing 24% of the total relative abundance
of Iron-supplemented-RS (Table S6.3 and Table S6.5).
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Furthermore, twenty-three families that were differen-
tially abundant between RS and BS without iron supple-
mentation, showed no significant differences after iron
exposure (Table S5), including ASVs belonging to fami-
lies with reported plant growth-promoting effects (Table
S6).

To assess the relationship between ASV abun-
dances and the effect of iron supplementation (non-
supplemented and iron-supplemented) and soil type
(rhizosphere soil and bulk soil), we performed a trans-
formation-based redundancy analysis (tb-RDA) (Fig. S4).
The first RDA axis described the soil type, and explains
7.8% of the total variance, while the second RDA axis was
related to iron supplementation and explains 4.1%. Both
the overall model and the individual axes explain signifi-
cant variance (p-value<0.05). In addition, the first two
axes of a PCA on the same data set explain 17.8% of the
variance. Since this value represents the maximum vari-
ance that can be explained by two uncorrelated variables,
the first two axes of the RDA (11.9% of the total variance)
account for 66.9% of the variance that could be explained
by two axes.

Effects of iron supplementation on topological parameters
of networks

To examine the effect of iron exposure on the co-occur-
rence patterns in RS and BS bacterial communities, we
carried out a quantitative comparison between co-ocur-
rence networks. The number of nodes between non sup-
plemented and iron supplemented networks was similar
in RS (385 and 342 nodes for Non-supplemented-RS and
Iron-supplemented-RS networks, respectively) and BS
samples (296 and 292 nodes for Non-supplemented-
BS and Iron-supplemented-BS networks, respectively)
(Fig. 4 and Table S7, S8). Approximately 27% and 21% of
the nodes were shared between the iron supplemented
and non- supplemented networks generated from the RS
and BS samples, respectively (Fig. S5 and Table S7). On
the other hand, the number of edges in the rhizosphere

(n=843) and bulk soil (#=721) networks decreased by
30% in both iron supplemented networks (Table S8).

Regarding the ratio between positive and negative
interactions, the data showed that this value increased
in the iron supplemented networks of both the BS and
RS samples. In RS, the ratio increases from 3.2 in Non-
supplemented-RS to 4.8 in the Iron-supplemented-RS
network, while in BS, the ratio goes from 2.4 in Non-
supplemented-BS to 6.8 in the Iron-supplemented-BS
network (Fig. 4 and Table S8). To determine whether pos-
itive or negative interactions drove the observed increase
in the ratio, we compared the types of interactions in the
two networks using the Mann-Whitney test. The results
showed that negative interactions were significantly
decreased in the iron supplemented networks compared
to non-supplemented networks in both soil compart-
ments (Fig. S6A).

When the ratio of positive/negative interactions was
analyzed considering ASV relative abundance (rare and
abundant categories), the following was observed: in the
RS compartment, the number of negative interactions
decreased in rare nodes (Table S9), mainly between rare
interactions (Fig. 4). In the BS compartment, connectivity
between abundant nodes showed a generalized decrease
(degree, positive degree, and negative degree), whereas
connectivity between rare nodes showed a decrease
in negative interactions (Table S9). As in RS, in BS, the
interactions between rare nodes underwent a more dras-
tic increase in the ratio; although, the ratio of positive/
negative interactions increased between rare and abun-
dant nodes (Fig. 4).

Comparative analysis of modules in co-occurrence
networks

We used the clustering methods from the NetCoMi plat-
form [60], in order to identify groups of nodes that are
highly connected to one another but might have few con-
nections to nodes outside their module (Fig. S7 and Table
S7). In the RS and BS networks, approximately 90% of all
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Fig.4 Analysis of positive/negative interactions in co-occurrence networks. The figure shows the parameters of the networks (number of nodes, number
of edges and ratio between positive and negative interactions) in the upper panel and the bar plots of the analysis of the number of positive and negative
interactions between nodes belonging to different abundance categories (abundant-abundant, abundant-rare and rare-rare) in the bottom panel, for the
non-supplemented and iron-supplemented networks of rhizosphere networks in A) and bulk soil networks in B)

positive interactions occurred intra-module, and 70-80%
of all negative interactions occurred inter-module (Table
$10). In Non-supplemented-RS network, over 40% of the
negative interactions occurred between modules I and II,
and between modules I and III (Fig. S7A arrows, Table
S$10). Notably, a node from the Pyrimonadaceae family
(belongs Acidobacteriota) in module II had 45 negative
interactions with 35 members of module I (Fig. S7A and
Tables S7, S10). In the Iron-supplemented-RS network,
we did not observe this phenomenon, with only 16 nega-
tive interactions between modules IV and V (Fig. S7A,
arrows and Table S10). In Non-supplemented-BS, most
of 40% of negative interactions occurred between module
VI and VII and between VI and VII (Fig. S7B arrows and
Table S10). In the Iron-supplemented-BS networks, most
of the positive interactions (n=92) occurred among the
members of module IX, with a notable decrease in the
inter-module negative interactions (Table S10).

Identification of driver taxa in co-occurrence networks

Using NetShift analysis [61], we identified twenty nodes
as candidate drivers in RS and nine in BS (Table S7). To
establish the type and number of connections of these
nodes, we constructed subnetworks considering only
candidate drivers with their respective connections
(Fig. 5). When we analyzed the ratio between positive
and negative interactions of NetShift nodes in the sub-
networks, we observed that in RS the ratio goes from
3.5 to 7.0 (2-fold increase) (Fig. 5A) and in BS from 2.2
to 12.8 (more than 5-fold increase) (Fig. 5B), this dras-
tic increase in the ratio was due to a significant decrease
in the negative interactions between members of the

non-supplemented and iron supplemented networks in
both RS and BS compartments (Fig S6B). Regarding the
relative abundance of twenty candidate drivers detected
in Non-supplemented-RS, seven and thirteen candidate
driver nodes are abundant and rare respectively, while
this number changes to ten and ten in the Iron-supple-
mented-RS network (Fig. S8 and Table S7). In BS net-
works, of the nine candidate drivers, seven and two were
abundant and rare in the Non-supplemented-BS network
and eight and one were abundant and rare after iron
supplementation (Fig. S8 and Table S7). Finally, to distin-
guish between the nodes that interacted with candidate
drivers shared or exclusive between non supplemented
and iron supplemented networks, we generated Venn
diagrams excluding the candidate driver taxa (Fig. S8,
lower panel). The results indicated that in the Iron-sup-
plemented-RS network, candidate driver taxa maintained
interactions with 16 of the 66 nodes with which they
interacted in Non-supplemented-RS network, while in
the Iron-supplemented-BS, candidate driver taxa did not
maintain any of the connections observed in Non-sup-
plemented-BS. Overall these results suggest a remarkable
remodeling of soil bacterial community after iron supple-
mentation (Fig. S8).

Discussion

Iron supplementation influences beta-diversity of soil
bacterial communities

Understanding how soil bacterial communities respond
to environmental changes, such as nutrient availability,
is crucial to address global challenges like desertifica-
tion and climate change [69]. Soil microorganisms in the
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Fig. 5 Candidate driver co-occurrence networks of non-supplemented and iron-supplemented simples in the rhizosphere and bulk soil. Co-occurrence
networks were constructed using only candidate driver nodes and the nodes to which they are connected in non-supplemented and iron-supplemented
samples of rhizosphere soil A) and bulk soil B). Interactions were inferred from bacterial ASVs abundances. Each node represents ASVs annotated at the
phylum level and edges represent positive (co-occurrence) or negative (exclusion) correlations between the relative abundances of the ASVs. Finally, the
size of the nodes indicates whether the ASVs belong to abundant (relative abundance >0.1) or rare (relative abundance <0.1) abundance categories.

Candidate driver nodes are identified by the word “Net”

Andes of Atacama Desert cope with a general nutrient
limitation, including a low availability of soluble iron [48,
70], a metal that has a predominant role in microorgan-
ism communities [71]. In this work, compared to refer-
ence values [48], the soluble iron content in the BS and
RS compartments was below the lower limit detected in
agronomic soils. After iron supplementation, the solu-
ble content of the metal increased, reaching a value that
exceeded 1.4 to 1,9 times the minimal agricultural refer-
ence value for this nutrient. Moreover, after iron supple-
mentation, the iron content in the root tissue of P. frigida
increased four to five times, suggesting that P frigida
root system was able to absorb the supplemented iron
and that the plant was far from its maximum iron stor-
age capacity. Thus, it seems reasonable to assume that
changes in the structure and interaction pattern of the
bacterial community were associated with an increase in
iron availability due to iron supplementation in the soil.
Surprisingly, beta-diversity analysis revealed that
before supplementation, the BS and RS bacterial commu-
nities of P, frigida showed marked dissimilarity and after
supplementation, this dissimilarity no longer persisted.
Interestingly, an increase in beta diversity or commu-
nity dispersion has been observed across different envi-
ronments and stressor types [72]. In this scenario, the
observed changes in beta diversity could be interpreted

according to the Anna Karenina principle [73], i.e.
“stressed microbiota vary more than those unstressed”
[74]. In this line of reasoning, Rocca et al. [72] suggests
that stress increases beta diversity (dissimilarity) among
microbial communities, and when stress decreases, the
differences in beta diversity caused by the stressor also
decreases, making the communities more similar to
each other. Thus, our results indicate that iron availabil-
ity can be a crucial factor driving microbiome structure
and assembly in both the BS and the RS. Although plant
species tend to assemble relatively distinct rhizobacterial
communities [74] by stimulating or repressing bacterial
growth [12—14] or by altering the soil microhabitat [15—
17], Our results suggest that the increase in iron content
produced by supplementation modified the availability of
iron in BS and RS, shaping the assembly of microbiomes
in both compartments. On the other hand, it is known
that the nutrient status of the plant has a profound effect
on the exudation pattern of the roots [38, 75], therefore it
the increment of iron in roots of P, frigida may have trig-
gered a response in the plant, affecting the plant—-microbe
interactions at the rhizosphere level. In fact, the rhizo-
sphere of P. frigida exhibits a variety of compounds such
as organic acids, sugars, as well as, primary and second-
ary metabolites [18] that might have a substantial influ-
ence on the composition and structure of the rhizosphere
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microbiome [19, 41]. In this context, the synthesis of
plant-derived coumarin in response to changes in iron
availability has been shown to modulate the composition
of rhizosphere [38, 43, 76] due to coumarin antimicro-
bial activity [43]. Interestingly, among the wide range of
metabolites that P, frigida exudes, the presence of couma-
rins was detected [18]. Thus, we speculate that synthesis
and secretion of coumarin (without iron supplementa-
tion), may be part of the mechanism that sustains the dis-
similarity between BS and RS of P, frigida, a mechanism
that could be altered after iron supplementation. How-
ever, further studies are required to evaluate when cou-
marin synthesis and secretion decreases in response to
an increase in iron availability.

In terms of how the change in beta diversity metrics
was produced, our data indicate that the percentage of
ASVs with significant differences in abundance between
BS and RS decreased from 81 to 43% after iron supple-
mentation, including known plant growth-promoting
bacteria [48]. At the family level, 23 families representing
the 17% of relative abundance in RS, exhibited significant
differences in their relative abundance only before iron
supplementation. This result supports the notion that
the recruitment strategy of plants can be modulated by
the nutrient availability, as has been proposed by Trivedi
et al. [77] for plants under iron or phosphorus stress
conditions.

Moreover, iron availability can modify the ecological
interactions among members of the bacterial community.
For example, it has been suggested that the low avail-
ability of iron in soil and the high iron demand of plants
and microorganisms could induce a considerable level of
competition for iron in the rhizosphere [78, 79].

Iron modifies the positive/negative interactions in soil
bacterial communities

Since that the ratio of positive/negative interactions
strongly impacts the structure of the bacterial communi-
ties [20, 80], we assessed whether iron supplementation
modulates the ratio of positive/negative interactions in
the BS and RS bacterial communities. Our results showed
that most of the negative interactions were inter-mod-
ules while positive interactions were intra-modules and
that according to our hypothesis, negative interactions
decreased among members of bacterial communities
both in the BS and RS compartments after iron supple-
mentation, mainly among rare taxa. The decrease in neg-
ative interactions in response to iron was also observed
in the subnetworks of candidate driver taxa. Interestingly,
two of the three driver taxa that change their abundance
from rare to abundant after iron supplementation belong
to the genera Blastococcus (Actinobacteria) and Halian-
gium (Proteobacteria), which are more abundant in the
bulk soil than the rhizosphere [80] suggesting that these
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bacteria respond to change of iron availability increasing
their abundance and modifying the interaction pattern
of bacterial community. The third driver taxa belong to
Sphingomonadaceae family (Proteobacteria), which has
been has been observed to enhance plant growth [81],
suggesting that these bacteria could connect the function
of PGP with the assembly of bacterial community.

As observed within the microbiomes of diverse plant
hosts [82, 83], the rhizosphere of P, frigida showed a large
proportion of low abundance species (relative abundance
less than 0.1% or 0.01%) defined as “rare biosphere” [28,
84], which may be the result of competition induced by
nutrient-poor conditions [83]. It is therefore reasonable
to assume that an increase in iron concentration will
reduce the competition for this micronutrient, especially
in rare taxa. This idea is supported by a study comparing
bacterial communities in nutrient-rich coastal sediment
and nutrient-scarce pelagic zones of the ocean [24], and
demonstrates that the abundance profiles of bacterial
species (rare versus abundant) were influenced by nutri-
ent availability. Furthermore, a continental-scale study in
the eastern China [85] showed that the factors that most
affected co-occurrence relationships between taxa were
organic matter and iron content, further supporting the
importance of these factors on soil bacterial interactions.

On the other hand, co-occurrence networks showed
that there was a 3-fold increase in the ratio of positive/
negative interactions within bulk soil bacterial commu-
nity, while in the P. frigida rhizosphere the increase was
1.5-fold. Since cooperative interactions in bacterial com-
munities promote overall metabolic efficiency [86], an
increase in positive interactions may be beneficial to the
community. However, an increase in cooperativity can
result in a decrease in bacterial community stability, as it
may lead to metabolic dependencies among bacteria [20].
Considering that bacterial communities not only evolve,
but also co-evolve with their host [86], it is of vital impor-
tance for the host, as well as for any taxa being part of
their associated microbiome, that the community equi-
librium remains stable. Following this line of reasoning,
our results provide empirical evidence in support to the
model of Coyte et al. [20], which proposes that the host
can impose a limitation to increase cooperativity (in our
case caused by iron availability) within the community. In
a more practical context, this study contributes to under-
standing the effects of nutrient supplementation strate-
gies on microbial interactions and their impact on plant
health, a knowledge that will help to develop nutritional
interventions in arid regions.

Study limitations and perspectives

Although valuable insights were gained in this study by
applying an experimental strategy to test ecological the-
ories in a natural environment, some limitations need
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to be considered. First, the length of the experimental
intervention, the use of a single iron pulse, and the short
interval between its application and sampling may not
have been enough to capture the full extent of micro-
bial community responses to iron supplementation over
time. For example, it has been proposed that the Anna
Karenina principle may be a transient state in nature that
may precede the resilience of the animal/plant holobiont
[74]. Alternatively, the loss of dissimilarity in microbiome
composition between bulk and rhizosphere soils could
be a consequence of the selection pressure exerted by the
iron supplementation on the microbiome and/or plant,
overcoming or masking the differentiating effect exerted
by the plant exudates. When the effect of iron supple-
mentation dissipates, we can expect that differences in
beta diversity between BS and RS will be restored. Sec-
ond, it is important to be cautious when interpreting
interactions between taxa predicted by co-occurrence
network analysis, as they are often interpreted as direct
biotic interactions (true ecological relationships such as
competition or cross-feeding). However, they may reflect
changes in indirect interactions among species that cor-
relate as a consequence of responding in the same way to
iron supplementation.

Conclusions

Our study indicates that iron supplementation led to
a significant reduction in the beta diversity difference
between rhizosphere soil and bulk soil, suggesting that
iron has a role in the differentiation between these two
compartments. Additionally, the co-occurrence net-
works revealed a notable decrease in negative interac-
tions among soil bacteria, particularly among rare taxa.
These findings suggest that changes of iron availability
play an important role in shaping the bacterial commu-
nity dynamics, enhancing cooperation while reducing
competition. Although, the distinct effect of iron supple-
mentation in competition/cooperation ratio between the
rhizosphere and bulk soil supports the notion that the
host plant modulates the degree of cooperation that can
be reached by a bacterial community associated with a
host.
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