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Abstract

Aims.
This study aimed to characterize the rhizosphere bacterial community structure associated with the cluster roots (CR) of the Al-
accumulating plant, Gevuina avellana Mol.(Proteaceae) growing in soils with contrasting aluminum (Al) availability.

Methods.
Bulk soil (BS) and rhizosphere soil from CR and non-cluster roots (non-CR) were sampled at two natural sites with contrasting soil
chemical profiles, especially regarding Al saturation: Oncol Park (75%, +Al site) and Rucamanque Park (0.5%, -Al site). Bacterial
diversity and community structure were assessed using 16S rRNA gene metabarcoding analyzed with QIIME2, LEfSe and FAPROTAX.
Additionally, Al-tolerant strains were isolated and screened in vitro for plant growth-promoting (PGP) traits.

Results.
Bacterial community structure was primarily shaped by site conditions rather than roots type. Proteobacteria and Acidobacteriota
were the dominant phyla. The high-Al site was characterized by adapted taxa including Ktedonobacteraceae and Candidatus
Xiphinematobacter, and the − Al site showed greater abundance of Al-tolerant strains. Isolates from both sites exhibited multiple PGP
functional traits, such as phosphate solubilization and phytohormone production.

Conclusions.
This study demonstrates that soil chemical properties - particularly Al saturation, pH, and nutrient availability- rather than root type, are
the primary drivers of bacterial community composition in G. avellana CR. The CR rhizosphere acts as a niche that selects for Al-
tolerant, plant-growth-promoting bacteria (e.g., Serratia spp. and Rahnella victoriana), offering potential bioinoculants for acidic, Al-
stressed soils. Further research is needed to validate these isolates for agricultural applications.

Introduction
Aluminum (Al) toxicity is one of the most widespread problems in acidic soils, affecting approximately 40% of the arable land
worldwide (Barone et al. 2008). When soil pH decreases, insoluble Al forms are converted to soluble Al3+ ions, which are toxic to most

microorganisms and plants (Kochian et al. 2015; Lemire et al. 2010). Al3+ inhibits root elongation by disrupting root apical cell
structure, thereby affecting water and nutrient uptake (Kochian et al. 2015; Osawa et al. 2013). In addition, soluble forms of Al3+

strongly bind other soil elements, such as phosphorus (P), thereby decreasing their availability for plant nutrition (Kochian et al. 2004).

Most plants growing in acidic soils with high soluble Al levels have developed resistance mechanisms to avoid or tolerate the toxic
Al3+ effects (Cristancho et al. 2011; Kochian et al. 2015). Plants adapted to high Al availability rely mainly on two strategies: i)
exclusion of Al³⁺ from sensitive sites and ii) internal detoxification through complexation and sequestration (Kochian et al. 2004).
Those plants that develop internal mechanisms to tolerate Al in large amounts (more than 1,000 mg kg− 1 in their foliar biomass) are
referred to as Al hyperaccumulators (Chenery 1948; Jansen et al. 2002). One main mechanism used by plants to prevent Al toxicity is
the production of carboxylates. These organic compounds act as chelating agents that bind Al³⁺, decreasing its bioavailability and
preventing its deleterious effects on plant growth and development (Bojórquez-Quintal et al. 2017; Kochian et al. 2015). Additionally, it
is well known that the exudation of carboxylates into the rhizosphere promotes the development of beneficial soil microorganisms
(Ma et al. 2022), including bacteria that can contribute to plant tolerance to soils with acidic pH and high Al saturation (Zhang et al.
2022). Consequently, there is increasing interest in identifying and studying the mechanisms of Al3+ resistance in plants inhabiting
acidic soils.

Plant tolerance to Al3+ stress can vary depending on the microorganisms that inhabit the rhizosphere (Mora et al. 2017). It is well

known that Al3+ stimulates root exudation in plants and that these compounds act as substrates, signals and/or antimicrobials,
stimulating microbial growth and chemotaxis in the rhizosphere (Chaparro et al. 2013; Morgan et al. 2005). Increased levels of
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carboxylates not only regulate soil Al3+ concentrations (Silva et al. 2004), but also shape the microbial community composition at the
root soil interface by providing readily available carbon sources (Bürgmann et al. 2005). Indeed, high Al concentrations in the
rhizosphere, as well as other heavy metals, can directly affect microbial populations by altering their size, diversity and activity (Yu et
al. 2014). Previous studies examining the rhizosphere bacterial community structure in Al-tolerant and Al-sensitive genotypes have
shown that tolerant plants selectively recruit bacterial taxa capable of mitigating Al3+ phytotoxicity (Lian et al. 2019; Wang et al. 2013;
Yang et al. 2012). Mechanisms of resistance to toxic metals in bacteria include the production of chelating agents, metal efflux
systems, active or passive bioaccumulation, biotransformation of toxic metals into less toxic forms, adsorption to the cell wall, and the
expression of metal stress-related genes (Ahemad 2019; Kavamura and Esposito 2010; Mora et al. 2017; Sukweenadhi et al. 2015).
Among these mechanisms, siderophore production has been proposed as an effective strategy for metal detoxification. Indeed,
bacteria isolated from volcanic soils, such as Klebsiella, Serratia, and Enterobacter, have the ability to form Al3+-siderophore complexes
to cope with Al stress (Mora et al. 2017).

In addition to metal tolerant bacteria, the rhizosphere harbors a wide range of bacteria that perform essential functions in plant
nutrition, growth, and disease suppression (Durán et al. 2014; Ma 2017; Oleńska et al. 2020). These bacteria are collectively referred to
as plant growth promoting bacteria (PGPB). PGPB belong to a heterogeneous group of beneficial bacteria inhabiting the rhizosphere,
including both free-living and endophytic forms (Bashan et al. 2004). PGPB can exert their effects from early plant developmental
stages through direct and indirect mechanisms (Sanhueza et al. 2024). Direct mechanisms include solubilization of essential nutrients
and phytohormone production, whereas indirect mechanisms are mostly related to the biocontrol of phytopathogens (Sarker et al.
2022). In addition, PGPB can alleviate abiotic stress by modulating 1-amino-cyclopropane carboxylic acid (ACC) deaminase activity
and regulating gene expression (Barra et al. 2019; Martínez et al. 2011).

In the native forests of southern South America, several tree species have developed mechanisms that allow them to grow and adapt
to the limiting conditions of acidic soils, including high Al3+ availability. Species belonging to the Proteaceae family are able to grow
across a wide range of soils, from nutrient-rich to nutrient-poor volcanic substrates, and under both high and low Al saturation
conditions (Delgado et al. 2018). One of these species is the Chilean hazelnut (Gevuina avellana Mol.), an endemic tree of sub-
Antarctic forests with a wide distribution in Chile (Medel and Medel 2000). It occurs between 35° and 45°S and from sea level to 700 m
altitude (Medel et al. 2004). Gevuina avellana, like most members of Proteaceae, produces cluster roots (CR), a specialized root
structure that actively exudes organic compounds, modifying the rhizosphere and enhancing the release of ionic forms of nutrients
(Delgado et al. 2021; Lambers et al. 2006; Zúñiga-Feest et al. 2021). Previous studies have shown that the rhizosphere bacterial
community structure associated with CR differ from those associated with non-CR (e.g. in Lupinus albus L.; Marschner et al. (2004)
and from bulk soils e.g. three species of Banksia, Proteaceae; Marschner et al. (2005)). These distinct microbial associations are
thought to contribute to the ability of these species to establish and persist in nutrient-poor soils, similar to G. avellana (Delgado et al.
2018). In addition, G. avellana has the capacity to accumulate Al in its leaves (> 3000 mg Al kg− 1) without showing symptoms of Al
toxicity (Delgado et al. 2025; Delgado et al. 2019). Therefore, this species represents an excellent model to investigate the
mechanisms that enable plant persistence in soils with high Al availability and low fertility. To date, most studies on G. avellana have
focused on leaf traits associated with Al tolerance (Delgado et al. 2025; Delgado et al. 2019), and on the functioning of its CR (Delgado
et al. 2021; Zúñiga-Feest et al. 2021). However, interactions between this species and soil microorganisms at the level CR remain
largely unexplored.

In this context, we hypothesize that bacterial communities associated with CR differ from those of non-CR and BS, and that CR
selectively recruit Al-tolerant bacteria with PGP traits. Therefore, in this study we characterize the bacterial community structure
associated with CR in the Al hyperaccumulator G. avellana growing in native forests of southern Chile. In addition, the functional
properties of bacterial isolates were tested in vitro to assess their potential plant growth-promoting traits. To our knowledge, this is the
first study to identify the community structure of bacteria associated with the CR of G. avellana an Al-hyperaccumulator plant and to
screen these bacteria for beneficial plant growth-promoting traits.

Materials and Methods
Soil collection and chemical analyses

Adult G. avellana plants growing in natural forests were sampled across different localities in south-central Chile, including Vilcún
(38°40'51.3"S 71°51'18.5"W), Melipeuco (38°50'25.0"S 71°39'48.7"W), Oncol Park (39°42'01.1"S 73°19'34.0"W) and Rucamanque
Ecological and Cultural Park (38°39'30.6"S 72°36'14.9"W). At each site, three composite soil samples were collected for chemical
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characterization. Each composite sample consisted of a pool of three subsamples taken from the bulk soil within 1.5 m of individual
G. avellana plants. The samples were analyzed for pH, available Al and macronutrients (Phosphorus (P), Nitrogen (N), Magnesium
(Mg), Calcium (Ca), Sodium (Na), and Potassium (K)), following the protocols described by Sadzawka et al. (2004). This preliminary
sampling aimed to identify representative sites with contrasting Al saturation levels, classified as high (“+Al”) or low (“–Al”), for
subsequent analyses.

Soil sampling of cluster roots (CR) and non-cluster roots (non-CR) rhizosphere, and bulk from selected sites

According to chemical analysis results of the study sites, the sites Oncol Park and Rucamanque Ecological and Cultural Park (from
here on called Rucamanque) were selected because they exhibited contrasting Al saturation levels, where Oncol site correspond to
“+Al site”, with 75% of Al saturation, and Rucamanque correspond to “–Al site”, with 0.5% of Al saturation. At Rucamanque, G. avellana
is associated with mixed forest species such as Nothofagus obliqua, Laurelia sempervirens, Persea lingue, Aextoxicon punctatum, and
Eucryphia cordifolia. In contrast, at Oncol site G. avellana is associated with evergreen species including Saxegothaeae conspicua,
Drimys winteri, Podocarpus nubigenus, Amomyrtus luma and A. meli. The climate and the origin of soils are well described by López et
al. (2025).

For each selected site, three rhizosphere samples were collected, each consisting of a pool of three subsamples taken from individual
G. avellana trees, each one separated by at least 10 m apart. Rhizosphere soil was collected separately from mature cluster roots (CR)
and non-cluster roots (non-CR). Mature CR were distinguished from other developmental stages (juvenile or senescent) based on their
white coloration, rounded morphology, and the presence of nail-shaped rootlet tips (see photographic record in Delgado et al. (2024),
Supplementary Material). To collect the rhizospheric fraction, soil was excavated to a depth of 20 cm around the trunk of G. avellana
trees. Once mature CR and non-CR roots were identified, they were vigorously shaken to remove loosely adhering soil. The resulting
rhizospheric soil was collected in sterile containers, kept on ice during transport, and stored at 4°C until further analysis. Similarly,
samples of bulk soil (BS) were collected for comparisons. Additionally, segments of non-CR and mature CR were excised and stored in
sterile saline solution within Falcon tubes for subsequent isolation and characterization of Al-tolerant bacteria.

Bacterial community analysis by 16S rRNA gene metabarcoding

The composition and structure of the bacterial community in rhizosphere samples (CR and non-CR) and BS were analyzed using a
metabarcoding sequencing approach. Genomic DNA was extracted using the DNeasy PowerSoil® Pro Kit (Qiagen) following the
manufacturer's protocol and stored at -20°C until further analysis. DNA integrity was verified by electrophoresis on a 1% agarose gel
stained with GelRed, visualized under UV light, and its concentration was quantified using an Epoch 2 microplate reader (BioTek
Instruments, Inc.). The V3-V4 region of the 16S rRNA gene was amplified with primers B341F and B806R and sequenced on an
Illumina MiSeq platform in paired-end mode for 300 cycles.

The quality of raw sequencing reads was assessed and processed using the QIIME2 pipeline (Bolyen et al. 2019) with its integrated
tools, as detailed below. Denoising was conducted using the DADA2 algorithm (Callahan et al. 2016) to eliminate sequencing errors
and generate high-quality amplicon sequence variants (ASVs). To enhance quality filtering, read merging, and chimera removal, the
first 18 bases of each read were trimmed, and forward and reverse reads were truncated at 290 and 200 bases, respectively. ASVs
were then derived from the processed reads. Taxonomic classification was performed using a Naïve Bayes classifier trained on the
SILVA 138 database (Quast et al. 2012), with the model constructed from sequences specific to the V3-V4 region targeted by primers
B341F and B806R. Mitochondrial and chloroplast sequences were excluded from downstream analyses. To infer phylogenetic
relationships among ASVs, a phylogenetic tree was constructed using the FastTree algorithm (Price et al. 2010) based on a masked
sequence alignment generated with MAFFT (Katoh and Standley 2013).

To ensure comparable sequencing depth, microbial samples were rarefied to 13,078 sequences per sample. Alpha diversity, which
quantifies within-sample microbial richness and evenness, was evaluated using multiple metrics calculated via the QIIME2 core-
metrics-phylogenetic function: Shannon’s diversity index (measuring species diversity and evenness), Faith’s Phylogenetic Diversity
(assessing phylogenetic richness), Observed Features (counting unique ASVs), and Pielou’s Evenness (evaluating species distribution
uniformity). These metrics were compared across sampling sites using the Kruskal-Wallis test, with significant differences further
explored through Dunn’s post-hoc test for pairwise comparisons. To investigate between-sample (beta) diversity, a Principal
Component Analysis (PCA) and hierarchical clustering were performed based on the Aitchison distance matrix, which accounts for the
compositional nature of microbial data by applying a centered log-ratio transformation. Community composition differences were
statistically tested using permutational multivariate analysis of variance (PERMANOVA) (Anderson 2001) with 999 permutations on
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the Aitchison distance matrix. All statistical analyses and visualizations were conducted using the vegan package (Oksanen et al.
2019) in R. Taxa driving group differences were identified using Linear Discriminant Analysis Effect Size (LEfSe) (Segata et al. 2011),
employing the Kruskal-Wallis test followed by Wilcoxon rank-sum tests for pairwise comparisons, with a significance threshold of P < 
0.05 and a linear discriminant analysis score cutoff of 2.0. Taxonomy-based functional profiles were predicted from 16S rRNA data
using FAPROTAX (Louca et al. 2016) to infer microbial ecological roles. Differential abundance analysis was performed using the zero-
inflated Gaussian mixture model (ZIGMM) implemented in the metagenomeSeq package (Paulson et al. 2013). This model explicitly
accounts for sparsity by modeling excess zeros separately from non-zero log-transformed abundances, while adjusting for library size
via cumulative sum scaling (CSS) normalization. Statistical inference is based on maximum likelihood estimation within the ZIGMM
framework, improving sensitivity in sparse microbiome datasets.

Isolation and characterization of Al-tolerant bacteria

Samples of the rhizosphere of mature CR, non-CR, and BS of G. avellana collected at the two sites with contrasting percentages of Al
saturation were used to isolate Al-tolerant bacteria on a specific culture medium.

To isolate rhizosphere bacteria, soil aggregates were removed from the mature CR by shaking each CR for 5 min in 50 mL sterile saline
solution (0.85% w/v NaCl). Similarly, to isolate rhizosphere bacteria from the non-CR and BS samples, 5 g of soil was weighed and then
50 mL of sterile saline solution was added and shaken for 5 min. Culturable Al-tolerant bacteria were selected by plating serial
dilutions of the extraction solutions on Luria-Bertani (LB) agar containing different concentrations of Al (0, 100, 200, 300 and 400 mg
L− 1) and incubated at 27° C for 3 days according to the methodology described by Jiang et al. (2022) with some modifications. The pH
of the culture medium was adjusted to 4.8, and Al(NO3)3 was added as an Al source. The Al(NO3)3 was filter sterilized (0.22 microns)

and then added to the sterile medium. Bacterial growth on LB agar without Al at pH 7.0 and pH 4.8 was used as controls. Al-tolerant
bacteria were those that grew on agar plates with Al concentrations greater than 100 mg L− 1 (Mora et al. 2017). Strains were selected
based on colony morphology (shape, color, and size) and Gram staining.

ERIC-PCR-based discrimination of bacterial isolates

The isolates were characterized using Enterobacterial Repetitive Intergenic Consensus Sequences (ERIC-PCR). The ERIC-PCR was
performed as described previously by (Rafiee et al. (2000)), using 1 µL from extracted DNA, 1.5 mM of MgCl2, 10 pmol of primers
ERIC1 (ATGTAAGCTCCTGGGGATTCAC), and ERIC2 (AAGTAAGTGACTGGGGTGAGCG), 1.0 U of Taq DNA polymerase (LGC
Biotecnologia, Sao Paulo, Brazil), 5 X PCR buffer, and water to complete the total volume of 25 µL.

The PCR reactions were carried out with the following cycling conditions: denaturation 5 min at 95°C, 35 cycles, consisting of
denaturation for 1 min at 94°C, annealing for 1 min at 52°C, and extension for 8 min at 65°C, followed by a final extension for 16 min at
68°C. The amplification products were detected by electrophoresis at 75 V for 1 h 15 min in 2% Agarose 1000 (Invitrogen Corporation,
Carlsbad, CA, USA) gel stained with gel red (LGC Biotecnologia, São Paulo, Brazil).

Bacteria identification through 16S rRNA gene analysis

Partial sequencing of the 16S rRNA gene was performed for molecular identification of selected bacterial isolates. For this, genomic
DNA from the bacterial strains was extracted and purified using a commercial DNA isolation kit Omega Bio-Tek (E.Z.N.A) according to
the manufacturer's instructions. Then, the 16S rRNA gene fragments were amplified by PCR with the universal bacterial primer sets
27F (5´-AGA GTT TGA TCC TGG CTC AG-3´) and 1492R (5´-TAC GGY TAC CTT GTT ACG ACT T-3´), according to the methodology
described by Peace et al. (1994). Subsequently, these samples were sequenced on an ABI 3730XL (Applied Biosystems) sequencer by
Macrogen (Chile). The sequences were analyzed and identified using the NCBI-BLAST database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

In vitro screening of plant growth-promoting traits in bacterial isolates

Phosphate solubilization
The modified National Botanical Research Institute Phosphate (NBRIP) culture medium was used to assess phosphate solubilization
from four sources: rock phosphate, tricalcium phosphate (Ca3(PO4)2), iron phosphate (FePO4), and aluminum phosphate (AlPO4). The

medium consisted of glucose (10 g L− 1), MgCl2 (2.5 g L− 1), MgSO4 (0.25 g L− 1), KCl (0.2 g L− 1), (NH4)2SO4 (0.1g L− 1), agar (15g L− 1)
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with the insoluble phosphate source replacing the standard phosphate salt (5g L− 1) besides bromophenol blue was added to the
culture medium (0.1g L− 1) as a pH indicator to enhance visualization of solubilization halos (Nautiyal 1999). After 48 hours of
incubation, halo formation around the colonies was assessed. Initially, phosphate solubilization was evaluated qualitatively, by
considering the presence or absence of halos as a positive result. Subsequently, a semi-quantitative analysis was performed by
measuring the diameter of each halo and the corresponding bacterial colony and calculating the solubilization index (halo diameter /
colony diameter).

Siderophore production
Siderophore production was assessed using agar plates supplemented with chrome azurol S (CAS) reagent, following the method
described by Hu and Xu (2011). To prepare the CAS agar, 100 mL of CAS reagent was mixed with 900 mL of sterilized LB agar. Each
plate was inoculated with four bacterial strains and incubated in triplicate. An uninoculated plate served as the negative control. After
incubation at 28°C for three days, siderophore production was indicated by the appearance of an orange halo surrounding the bacterial
colonies, as described by (Louden et al. 2011).

ACC deaminase
ACC deaminase activity was assessed using the method described by Dworkin and Foster (1958), with modifications (Penrose and
Glick (2003). A liquid bacterial culture was first incubated for 24–48 hours in DF minimal medium containing: KH₂PO₄ (4 g L− 1),
Na₂HPO₄ (6 g L− 1), MgSO₄·7H₂O (0.2 g L− 1), glucose (2 g L− 1), gluconic acid (2 g L− 1), citric acid (2 g L− 1), and (NH₄)₂SO₄ (2 g L− 1) as
the nitrogen source. The medium also included the following trace elements: FeSO₄·7H₂O (1 mg L− 1), H₃BO₃ (10 µg L− 1), MnSO₄·H₂O

(11.19 µg L− 1), ZnSO₄·7H₂O (124.6 µg L− 1), CuSO₄·5H₂O (78.22 µg L− 1) and MoO₃ (10 µg L− 1). A portion of the grown culture was then
transferred to fresh DF minimal medium containing 1-aminocyclopropane-1-carboxylic acid (ACC) as the sole nitrogen source and
incubated for 5 to 7 days. Cells were harvested by centrifugation at 8,000 × g for 10 minutes at 4°C, washed several times with 0.1 M
Tris-HCl buffer (pH 7.6), and the resulting bacterial pellet was resuspended in 0.1 M Tris-HCl buffer (pH 8.5). Cell lysis was induced by
adding toluene, followed by the addition of ACC and incubation at 30°C for 15 minutes. The reaction was stopped by adding 0.56 M
HCl. To quantify the amount of α-ketobutyrate produced, samples were centrifuged at 16,000 × g at room temperature. One milliliter of
the supernatant was mixed with 800 µL of 0.56 M HCl and 300 µL of 2.4-dinitrophenylhydrazine (0.2% in 2 M HCl), and incubated for 30
minutes at 30°C. Then, 2 mL of 2 N NaOH was added, and absorbance was measured at 540 nm using a spectrophotometer.
Quantification was expressed as micromoles of α-ketobutyrate per milligram of protein per hour (µmol α-ketobutyrate mg⁻¹ protein
h⁻¹). A standard curve was generated using known concentrations of α-ketobutyrate.

Indole Acetic Acid (IAA) production
IAA production by the selected bacterial isolates was determined following the methodology adapted from Meliani et al. (2017).
Bacterial strains were pre-cultured in 3 ml of LB medium for 24 h at 30°C under orbital agitation (120 rpm). Subsequently, 0.5 mL of
each culture was inoculated into 10 mL of DF minimal medium supplemented with trace elements, ammonium sulfate ((NH4)2SO4),

and 0.2 g L− 1 of tryptophan. Cultures were incubated at 30°C for 48 h in the dark with continuous shaking at 120 rpm. After incubation,
the optical density was measured at 600 nm, and the cultures were sequentially centrifuged at 7,500 rpm for 10 min, followed by a
second centrifugation at 13,000 rpm for 10 min at room temperature. The resulting supernatants were acidified to pH 2.5-3.0 with 1 N
HCl and extracted with ethyl acetate in a 1:2 (v/v) ratio. The extraction was repeated 2–3 times to ensure efficient recovery of the IAA.
The pooled organic phases were evaporated under reduced pressure at 50°C using a rotary evaporator. The dried extracts were
resuspended in 5 mL of ethyl acetate and filtered through 0.22 µm membrane filters prior to analysis. Quantification of IAA was
performed by high-performance liquid chromatography (HPLC) using a reverse-phase C18 column (46 × 250 mm). The mobile phase
was composed of methanol (40%) and an aqueous 1% (v/v) acetic acid solution (60%), delivered under isocratic conditions at a flow
rate of 1.0 mL min⁻¹. A volume of 20 µL of each sample was injected, and detection was carried out at 280 nm. IAA concentration was
determined using a standard calibration curve prepared with analytical-grade IAA (≥ 95% purity) dissolved in methanol at different
concentrations.

Statistical analyses
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Rhizosphere bacterial abundance (CFU mL⁻¹) was subjected to one-way ANOVA followed by Tukey’s multiple range test for mean
comparisons. All statistical procedures were executed in Sigma Plot v.12. Results were deemed significant when P ≤ 0.05.

Results
Soil chemical analyses

The chemical characterization of soils associated with G. avellana revealed clear contrasts among the four sampling sites (Table 1).
Oncol exhibited the most restrictive conditions, characterized by high Al saturation (75.3%) and elevated exchangeable Al (3.89 cmolc
kg⁻¹), together with the lowest pH (4.7) and reduced CEC. In contrast, Rucamanque showed the lowest Al saturation (0.53%) and
minimal exchangeable Al, along with the highest CEC and base saturation. Melipeuco also displayed very low Al saturation (0.54%) and
a moderately acidic pH. Soils from Vilcun presented intermediate conditions, with moderate Al saturation (8.74%), low pH, and reduced
CEC. Based on these results, the sites Oncol and Rucamanque were selected for further analysis. Hereafter, samples from Oncol and
Rucamanque will be referred to as “+Al” and “–Al” sites, respectively.

Table 1
Chemical properties of soils collected from the natural habitats of Gevuina avellana. Each value represents the mean of three samples 

± standard error.
Soil
Properties

Location

Vilcun

38°40'51.3"S
71°51'18.5"W

Melipeuco

38°50'25.0"S
71°39'48.7"W

Oncol

39°42'01.1"S
73°19'34.0"W

Rucamanque 38°39'30.6"S
72°36'14.9"W

Na 20.67 ± 2.96 12.66 ± 0.33 8.66 ± 0.67 19.0 ± 1

Pa 6.0 ± 0.67 4.0 ± 0.0 4.0 ± 0.0 5.0 ± 0.33

Ka 81.0 ± 18.1 94.0 ± 2.26 141.0 ± 10.34 156.0 ± 12.57

pHb 5.40 ± 0.04 6.01 ± 0.02 4.69 ± 0.08 5.89 ± 0.1

Organic
Matter c

7.0 ± 1.0 10.33 ± 0.33 15.33 ± 2.19 12.3 ± 0.88

CECd 7.46 ± 0.93 9.2 ± 0.9 5.08 ± 0.53 16.44 ± 2.3

Kd 0.21 ± 0.05 0.24 ± 0.0 0.36 ± 0.03 0.4 ± 0.03

Nad 0.1 ± 0.01 0.11 ± 0.03 0.13 ± 0.02 0.18 ± 0.02

Cad 5.41 ± 0.74 7.35 ± 0.06 0.31 ± 0.11 11.48 ± 2.0

Mgd 1.12 ± 0.75 1.45 ± 0.02 0.39 ± 0.07 4.3 ± 0.16

Ald 0.62 ± 0.18 0.05 ± 0.00 3.89 ± 0.7 0.07 ± 0.05

Al Saturation c 8.74 ± 2.57 0.54 ± 0.06 75.33 ± 6.29 0.53 ± 0.42

Base
saturation

6.84 ± 0.99 9.15 ± 0.09 1.19 ± 0.18 16.37 ± 2.17

a mg kg− 1

b in H2O

c %

d cmolc kg− 1

       

Bacterial analysis by 16S rRNA gene metabarcoding
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Soil samples from BS and the rhizosphere (CR and non-CR) of G. avellana growing under contrasting Al saturation were analyzed using
16S rRNA gene metabarcoding. The average relative abundance of bacterial taxa at the phylum and family levels was determined for
all soil and rhizosphere samples collected from the + Al and –Al sites (Fig. 1A). Across both sites, the dominant bacterial phyla were
Proteobacteria (ranging from 21.3 ± 2.8% to 28.3 ± 3.0% in + Al site, and from 24.4 ± 1.5% to 29.7 ± 6.0% in –Al site), Acidobacteriota
(from 21.4 ± 3.9% to 26.7 ± 2.0% in + Al site, and from 19.0 ± 1.8% to 21.7 ± 2.6% in –Al site), and Planctomycetota (from 21.8 ± 2.6% to
24.6 ± 0.8% in + Al site, and from 17.8 ± 6.0% to 20.9 ± 0.9% in –Al site). These three phyla comprised most of the bacterial community
composition across all samples. Phyla with moderate representation, reported as average values across sample types, included
Verrucomicrobiota (10.6 ± 0.6% in + Al site and 17.6 ± 2.5% in –Al site), Chloroflexi (5.5 ± 2.9% in + Al site and 2.7 ± 1.4% in –Al site), and
Bacteroidetes (3.2 ± 0.9% in + Al site and 4.7 ± 0.46% in –Al site). The remaining proportion corresponded to other phyla present at
lower relative abundances. In rhizosphere soils of CR samples from the + Al site, Chloroflexi, WPS-2, and Cyanobacteria were found in
greater proportions than in CR samples from the –Al site (Fig. 1A and Supplementary Table S1). At the family level, a higher relative
abundance of bacterial taxa belonging to the Ktedonobacteraceae and Koribacteraceae was observed at the + Al site compared with
the –Al site (Fig. 1B). In contrast, members of the Chthoniobacteraceae were more abundant at the –Al site than at the + Al site
(Fig. 1B). Additionally, in the rhizosphere soils of CR samples from the + Al site, bacterial families such as Ktedonobacteraceae,
Xiphinematobacteraceae, Acetobacteraceae, Beijerinckiaceae, and Koribacteraceae were present in greater proportions than in CR
rhizosphere soils from the –Al site (Fig. 1B and Supplementary Table S2). No significant differences were detected in alpha-diversity
metrics (Shannon Index, Pielou’s evenness, Observed Features, and Faith’s PD; p > 0.05) among samples (Supplementary Fig. S1).

Beta-diversity analysis (PERMANOVA) revealed that site was the main factor structuring bacterial communities (+ Al / –Al; F = 5.55, R²
= 0.24, p = 0.001), whereas no significant differences were detected among soil sample types (CR, non-CR, and BS; F = 1.52, R² = 0.13,
p = 0.051) or their interaction (F = 1.39, R² = 0.12, p = 0.082) (Fig. 1C; Supplementary Table S3). In the PCA ordination, samples from the
+ Al site clustered distinctly from those of the –Al site, with + Al samples showing visually tighter grouping compared to the broader
dispersion observed among –Al samples. Functional predictions based on taxonomic annotation indicated that the dominant bacterial
functional groups across all soil types and both sites were chemoheterotrophs and aerobic chemoheterotrophs. At the + Al site, a
higher predicted representation of taxa associated with cellulolysis, phototrophy, and photoheterotrophy was observed, whereas at the
–Al site, taxa linked to nitrate reduction, nitrogen respiration, and nitrate respiration were more frequently predicted (Fig. 1D).

According to the ZIGMM analysis, Candidatus Udaeobacter was significantly more abundant at the − Al site across all sample types,
with relative abundances of 8.2% in CR, 9.8% in non-CR, and 10.7% in BS, compared to ≤ 1.6% in the corresponding + Al samples
(Fig. 2A–C). Conversely, Candidatus Xiphinematobacter was significantly enriched in CR (5.8%) and non-CR (6.0%) rhizosphere samples
at the + Al site relative to the − Al site (2.2% and 2.9%, respectively), while it was not differentially abundant in BS (Fig. 2A, B and C).

Isolation and relative abundance of Al-tolerant bacteria

At the -Al site, Al-tolerant bacterial strains were found exclusively in the rhizosphere soil CR of G. avellana (Fig. 3A). In contrast, at the + 
Al site, these strains occurred in both bulk soil and the CR rhizosphere, with greater abundance in the latter; however, no Al-tolerant
isolates were detected in the non-CR rhizosphere. (Fig. 3B). Furthermore, bacteria associated with CR of G. avellana growing at the -Al
site showed greater abundance (1.5 x 10⁶ CFU mL⁻¹) and a higher degree of tolerance to Al (300 mg L⁻¹, Fig. 3A) compared to those at
the + Al site (8.2 x 10⁵ CFU mL⁻¹), which showed tolerance up to 200 mg L⁻¹ (Fig. 3B).

According to our selection criteria based on morphological characterization (Supplementary Table S4) and tolerance to �100 mg L− 1 of
Al, 11 strains were pre-selected. The genotyping by ERIC-PCR (Supplementary Fig. S2) and subsequent partial sequencing of 16S rRNA
genes revealed the presence of bacteria belonging to the genera Paeniglutamicibacter, Buttiauxella, Bacillus, Chryseobacterium,
Pseudomonas, Arthrobacter, Serratia, and Rahnella (Table 2).
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Table 2. Identification of Al tolerant bacterial strains isolated from rhizosphere of cluster roots (CR) of
Gevuina avellana and bulk soil (BS).

           

Site Strain 16S rRNA            

GenBank Accession Closest known relative   % ID            

Oncol Park

(+ Al)

                     

CR+Al01 PZ261622 Paeniglutamicibacter antarticus 98.59            

CR+Al03 PZ261623 Buttiauxella sp.   98.43            

CR+Al04 PZ261624 Bacillus sp.   100            

CR+Al02 PZ261625 Buttiauxella sp.   99.15            

BS+Al03 PZ261626 Chryseobacterium sp. 98.7            

BS+Al01 PZ261627 Pseudomonas sp. 99.15            

BS+Al05 PZ261628 Arthrobacter sp.   97.24            

BS+Al04 PZ261629 Pseudomonas sp.   99.35            

Rucamanque Park

(-Al)

                     

CR-Al01 PZ261630 Serratia proteamaculans   99.88            

CR-Al04 PZ261631 Serratia sp.   100            

CR-Al05 PZ261632 Rahnella victoriana   98.7            

3.4. In vitro screening of plant growth-promoting traits in bacterial isolates

A total of 11 bacterial strains were isolated from rhizospheric soil CR of G. avellana and from bulk soil, of which seven exhibited clear
plant growth-promoting capabilities. Notably, Buttiauxella sp. (CR+Al02), Buttiauxella sp. (CR+Al03), Pseudomonas sp. (BS+Al01),
Pseudomonas sp. (BS+Al04), Serratia proteamaculans (CR-Al01), Serratia sp. (CR-Al04) and Rahnella victoriana (CR-Al05) were identified
as the most promising isolates. On the other hand, Paeniglutamicibacter antarcticus (CR+Al01), Arthrobacter sp. (BS+Al05), and Bacillus
spp. (CR+Al04) strains were highlighted for producing only IAA and siderophores, respectively. Seven strains demonstrated the
capacity to produce siderophores and to solubilize at least one of the P sources evaluated (Table 3). Of the 11 strains analyzed, 3
exhibited qualitative and quantitative ACC deaminase production and activity. The Pseudomonas sp. (BS+Al01) strain, isolated from BS
at the + Al sampling site, stood out from the other bacterial isolates, showing 30% greater activity (Table 3). Among the 11 bacterial
isolates evaluated, four showed detectable IAA production (Table 3). However, one of these strains exhibited concentrations below the
detection limit of the method (< 0.2 mg L⁻¹). Of the four IAA-producing isolates, two were obtained from the + Al sampling site (Oncol):
Paeniglutamicibacter antarcticus and Arthrobacter sp.; while the remaining two were collected from the –Al site (Rucamanque): Serratia
sp. and Serratia proteamaculans. Regardless of sampling location, three of the four IAA-producing strains were isolated from the
cluster roots (CR), specifically Serratia sp., S. proteamaculans, and P. antarcticus. Finally, it should be noted that the isolated
Chryseobacterium sp. (BS+AL01) does not exhibit PGP traits; however, it is included in Table 3 as it is an Al-tolerant isolate.
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Table 3
The Plant growth-promoting traits (PGPTs) of the Al-tolerant bacterial strains isolated from rhizosphere of cluster roots (CR) of

Gevuina avellana and bulk soil.
Site Organism

(Isolate)

Siderophore Phosphate solubilization ACC
deaminasea

IAA
productionb

FePO4 Ca3(PO4)2 AlPO4 Phosphate
rock

Oncol Park Paeniglutamicibacter
antarticus

(CR+Al01)

- - - - - - 0.47 ± 0.02

Buttiauxella sp.

(CR+Al02)

+ + + + + - -

Buttiauxella sp.

(CR+Al03)

+ + + + + - -

Bacillus sp.

(CR+Al04)

+ - - - - - -

Pseudomonas sp.

(BS+Al01)

- + + + + 345.8 ± 
64.9

-

Chryseobacterium
sp.

(BS+Al03)

- - - - - - -

Pseudomonas sp.

(BS+Al04)

+ + + + + - -

Arthrobacter sp.

(BS+Al05)

- - - - - - 0.20 ± 0.01

Rucamanque
Park

Serratia
proteamaculans

(CR-Al01)

+ - - + - 191.5 ± 
47.2

0.49 ± 0.03

Serratia sp.

(CR-Al04)

+ + + + + 141.7 ± 
14.1

0.52 ± 0.02

Rahnella victoriana

(CR-Al05)

+ + + + + - -

a n mol α cb mg− 1 protein h− 1 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity

b mg L− 1 indole-3-acetic acid (IAA) production

The ability to produce siderophores and to solubilize phosphate was represented by ‘+’and ‘–’, where ‘+’means possesses activity
and ‘–’means no activity.

Discussion
This study analyzed the bacterial community associated with G. avellana roots growing in native soils with contrasting Al saturation.
Metabarcoding analysis revealed that the structure of the bacterial community was clearly separated between + Al and − Al sites.
(Fig. 1C), indicating that site-specific soil conditions strongly influenced the soil microbiota, acting as a key environmental driver. This
pattern is consistent with previous studies, which found that environmental factors (such as the presence of metals and the
physicochemical conditions of the site) have a much greater impact on the structure of the microbial community than the plant
species itself (Barra et al. 2019; Ma et al. 2022; Salam et al. 2020; Xing et al. 2024; Yang et al. 2012). In our study, the lower dispersion
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among samples from the + Al site (Fig. 1C), indicate a more homogeneous bacterial community structure, likely due to a strong abiotic
filtering imposed by high Al³⁺ availability and nutrient limitation (mainly by N, Table 1). In contrast, samples from the − Al site showed
greater dispersion, suggesting higher variability in community compositions and a less restrictive edaphic environment that may
support greater taxonomic heterogeneity and potential functional redundancy. This interpretation is consistent with previous findings
high Al³⁺ concentrations, pH, and nutrient deficiencies, particularly depleted mineral nitrogen act as dominant environmental filters (He
et al. 2012; Kang et al. 2024; Tripathi et al. 2018). These abiotic stresses likely drive deterministic assembly, reducing compositional
variability and shifting the community structure, as evidenced by the loss of denitrifiers (bacteria involved in nitrate reduction, nitrogen
respiration, and nitrate respiration) at the + Al site (see Fig. 1D).

At the phylum level, the most abundant bacterial groups across both sites were Proteobacteria, Acidobacteriota, and Planctomycetota,
which together accounted for more than 60% of the total bacterial community (Supplementary Table S1). The relatively high
abundance of Proteobacteria in rhizospheric samples (CR and non-CR) compared with BS suggests active recruitment of copiotrophic,
metabolically versatile taxa, which are commonly associated with nutrient cycling, secondary metabolite production, and plant growth
promotion in acidic or metal-rich environments (Kochian et al. 2015; Lian et al. 2019). Functional predictions using FAPROTAX further
supported these patterns, revealing an enrichment of cellulolysis, phototrophy and photoheterotrophy functions in + Al rhizospheres
(Fig. 1D), consistent with a microbiota adapted to both Al toxicity and probably also due to a greater availability of carbon derived from
root exudates. However, it is important to note that FAPROTAX predictions are constrained by annotations derived from cultured
organisms. Consequently, functional assignments for uncultured taxa are inferred from their closest taxonomic relatives and should
be interpreted with caution, requiring further validation through complementary approaches such as metatranscriptomic analyses.

The secretion of carboxylates by roots of G. avellana (Delgado et al. 2021; Zúñiga-Feest et al. 2021) likely plays a central role in this
selective recruitment by generating acidic microzones that favor Al-tolerant and metabolically active bacterial taxa. In contrast, the
reduced relative abundance of Acidobacteriota in root-associated samples (Fig. 1A and Supplementary Table S1) compared with BS
suggests an exclusion of oligotrophic taxa, which typically dominate nutrient-poor and low-energy environments. Planctomycetota
maintained relatively stable abundance across sites and soil types (Fig. 1A and Supplementary Table S1), indicating a consistent
contribution to essential processes, such as nitrogen and carbon turnover, under contrasting Al conditions. Additionally, the
enrichment of taxa such as Ktedonobacteraceae in + Al sites (Fig. 1B and Supplementary Table S2) is consistent with previous studies
showing increased relative abundance of these groups under conditions of high Al availability (Shi et al. 2020).

Regarding bacterial isolation, our results revealed the presence of several Al-tolerant bacteria genera harboring plant growth-promoting
(PGP) traits. The isolates exhibiting PGP activities mainly belonged to the genera Serratia, Paeniglutamicibacter, Rahnella, Buttiauxella,
Bacillus, Arthrobacter, and Pseudomonas, all of which are well recognized for their roles in enhancing plant growth under stressful soil
conditions (Alexandre et al. 2021; Kusale et al. 2021; Liu et al. 2020; Wang et al. 2022; Yasmin et al. 2022). Previous studies have
highlighted the role of Bacillus spp. and Arthrobacter spp. in promoting plant growth under high Al saturation conditions (Hazarika et
al. 2023). Similarly, Arthrobacter spp. have been positively correlated with Al concentrations in acidic soils and have been shown to
enhance plant growth in Zingiber officinale Roscoe, where Al toxicity is thought to select for microorganisms with enhanced plant
growth-promoting capabilities (Zhang et al. 2020). In contrast, limited information is available regarding the role of
Paeniglutamicibacter and Buttiauxella in promoting plant growth in soils with high Al availability.

It is widely known that plants interact with beneficial microorganisms inhabiting vital organs, establishing complex relationships with
the native microbiota, from which the host selectively stimulates the growth and activity of specific taxa possessing beneficial traits
(Philippot et al. 2013; Tharanath et al. 2024). The microorganisms isolated from the rhizosphere of CR of G. avellana possess
functional traits that may contribute to plant growth and could be particularly relevant in soils with high Al availability, such as those
found in the + Al site (Table 1). In addition, several bacterial strains isolated from the rhizosphere tolerated Al concentrations higher
than 100 mg L− 1. Notably isolates obtained from CR-associated soil exhibited the highest tolerance levels, with some strains growing
at concentrations up to 300 mg L− 1, regardless of the Al concentration measured in the original soil samples (Fig. 3). These tolerance
values ​​are in line with those described by Jiang et al. (2022), who point out that Camelia sinensis, an Al-hyperaccumulator plant, has
endophytic bacteria in its roots and rhizospheric soil with an Al-tolerance reaching 200 mg L− 1. A concentration of available Al above
270 mg L− 1 is considered highly toxic for most bacteria (Huang et al. 2018). Therefore, it is deduced that the CR of G. avellana are
attracting or selecting Al-tolerant bacteria in their rhizosphere. Greater abundance of Al-tolerant bacteria at the -Al site could be
attributed to less restrictive soil conditions, enabling the persistence of strains with more robust tolerance. Another possibility is that
CR-exuded carboxylate concentrations vary between sites. Both hypotheses require further study.
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According to our results, most bacterial isolates exhibited one or more PGP traits, including IAA production, phosphate solubilization,
and siderophore secretion (Table 3). These functions are critical for plant adaptation to acidic soils, as siderophores can chelate toxic
Al³⁺ ions, enhancing phosphate solubilization, and IAA stimulates root development under stress conditions (Lemire et al. 2010;
Martínez et al. 2011). The prevalence of multifunctional PGP strains in + Al site suggests a co-adaptive relationship between G.
avellana and its rhizosphere microbiota, in which bacterial mutualists play a key role in mitigating Al toxicity and sustaining plant
fitness in highly acidic environments. One key mechanism explaining the selective recruitment of functional microorganisms is the
continuous exudation of carboxylates by cluster roots. As reported by Renderos et al. (2022), microbial communities inhabiting the
rhizosphere soil of CR of E. coccineum differ markedly from those in non-rhizospheric soils, largely due to the quantity and
composition of root exudates released into the surrounding soil environment. The large amount of organic acids exuded by plants
forming CR not only enhances soil nutrient availability but also provides a readily available carbon source for rhizospheric
microorganisms (Sasse et al. 2018), thereby stimulating the proliferation of specific bacterial taxa with crucial roles in plant
development.

One important mechanism of Al tolerance in bacteria is siderophore production, which was detected in seven of the analyzed isolates.
In fact, previous studies have shown a strong correlation between Al tolerance and siderophore synthesis (Shilpi Mittal et al. 2003).
Siderophores are low-molecular-weight compounds (500–1500 Da) with high affinity and selectivity for ferric iron (Fe³⁺), facilitating
iron uptake under Fe-limited conditions (Carrano et al. 1996; Timofeeva et al. 2022). Given the similar ionic radii of Al³⁺ and Fe³⁺ (54
and 64 pm, respectively) (Yokel 2002), some siderophores are also capable of binding Al and other metals, including copper, zinc,
chromium, lead, manganese, cadmium, vanadium, gallium, and indium (Baysse et al. 2000; Cornelis 2008). Accordingly, siderophore-
producing bacteria may possess effective Al detoxification mechanisms via Al³⁺ chelation (Mora et al. 2017). Aluminum tolerance in
several isolates is likely associated with their siderophore-producing capacity, supporting their potential role in promoting plant growth
under Al stress (Farh et al. 2017).

Phosphate solubilization by rhizospheric bacteria represents another key mechanism contributing to plant growth in acidic soils,
where P availability is often severely limited (Rodrı́guez and Fraga 1999). Phosphate-solubilizing bacteria (PSB) release organic acids
that acidify the rhizosphere and convert insoluble phosphate compounds into plant-available forms (Rodrı́guez and Fraga 1999). This
process not only improves P nutrition but can also enhance plant tolerance to Al toxicity, as organic acids are able to chelate Al³⁺ and
reduce its phytotoxic effects (He et al. 2019). Thus, the interaction between PSB and rhizosphere associated with CR of G. avellana
may play a fundamental role in plant adaptation and survival in acidic soils with high Al availability, improving both mineral nutrition
and tolerance to abiotic stress. In this context, the isolate Rahnella victoriana (CR-Al 05) was particularly notable, producing phosphate-
solubilization halos up to three times larger than those of other strains across the four phosphate sources tested (Supplementary
Table S5). Recent studies have highlighted the plant growth-promoting potential of Rahnella spp. (Alvarado et al. 2024). For instance,
R. victoriana strain B38 promotes growth in Brassica napus and enhances Arabidopsis performance under arsenic stress (Yan et al.
2024). Similarly, R. victoriana strain JZ-GX1 has been shown to promote growth in Pinus massoniana through siderophore production,
IAA synthesis, nitrogen fixation, and P and potassium solubilization (Kong et al. 2022). Notably, P. massoniana, like G. avellana, grows
in acidic soils, underscoring the ecological relevance of this bacterial species and supporting the need for further studies on its
interactions with G. avellana.

Additional PGPTs were also detected, including ACC deaminase activity and IAA production. In this study, four out of eleven isolates
produced IAA under the tested culture conditions, most of which belonged to the genus Serratia. Numerous studies have
demonstrated the potential of Serratia spp. as PGPT. (Dastager et al. 2011; George et al. 2013), and strains belonging to this genus
have previously been isolated from the rhizosphere of plants growing in Chilean volcanic soils (Jorquera et al. 2014; Martínez et al.
2011). Together, these findings indicate that Serratia spp. and other multifunctional bacteria identified in this study possess significant
potential to enhance plant growth in acidic, Al-rich soils.

Taken together, these findings demonstrate that G. avellana maintains a structured and functionally resilient microbiota even under
high Al saturation, highlighting a close ecological association between the host plant and its rhizosphere bacterial communities. Our
results suggest that the presence of Al-tolerant and metabolically versatile bacteria may contribute to plant persistence and
performance in acidic soils. From an applied perspective, the isolation of Al-tolerant bacteria exhibiting PGPT opens new opportunities
for developing bioinoculants to improve crop productivity and soil health in acidic or Al-rich environments. Moreover, G. avellana
emerges as a valuable model species for investigating plant-microbe interactions in acidic soils, with broader implications for
ecological restoration and the development of sustainable biotechnological strategies for metal-stressed ecosystems.
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Conclusions
This study provides the first characterization of the bacterial community associated with cluster roots (CR) of the Al-hyperaccumulator
Gevuina avellana growing under contrasting soil Al saturation in southern Chile. Our findings reveal that soil chemical properties,
particularly Al saturation, pH, and nutrient availability, were the primary drivers of bacterial community structure, overriding any effect
of root type or soil compartment (CR, non-CR and BS). High Al availability acted as a strong environmental filter, selecting for a more
homogeneous bacterial assemblage dominated by Al-adapted taxa such as Ktedonobacteraceae and Candidatus Xiphinematobacter.
Beyond community-level patterns, the rhizosphere of CR emerged as a selective niche for Al-tolerant bacteria, harboring isolates with
tolerance levels reaching up to 300 mg L⁻¹ regardless of the Al concentration in the native soil. Notably, isolates from the low-Al site
exhibited higher tolerance than those from the + Al site, pointing to a complex interplay between soil chemistry, root exudation, and
microbial selection that warrants further investigation. Most of these isolates also displayed multiple plant growth-promoting traits,
including siderophore production, phosphate solubilization, ACC deaminase activity, and IAA synthesis with Serratia spp. and Rahnella
victoriana standing out as multifunctional candidates with potential biotechnological applications. Taken together, these results
highlight G. avellana as a valuable model for studying plant–microbe interactions in acidic, Al-rich soils and open new avenues for
developing bioinoculants aimed at improving crop productivity in Al-stressed Andisols. Future work should validate the plant growth-
promoting potential of these isolates under controlled and field conditions and explore the mechanistic links between CR exudation
patterns and microbial recruitment.
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Figures

Figure 1

Taxonomic structure of bacterial communities associated with rhizospheric soil of Gevuina avellana(cluster roots, CR, and non-cluster
roots, non-CR) and bulk soil (BS) collected at two sites with contrasting soil aluminium saturation (Rucamanque Park, –Al; Oncol Park,
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+Al). Barplots show the relative abundance of the dominant bacterial phyla (A) and families (B). (C) Principal component analysis
(PCA) illustrating differences among sites (Rucamanque Park, –Al; Oncol Park, +Al) and soil sample types (cluster roots: CR, non-
cluster roots: non-CR, and Bulk soil: BS). (D) Predicted bacterial functional groups based on FAPROTAX. CR: rhizosphere soil of cluster
roots of G. avellana; non-CR: rhizosphere soil of non-cluster roots of G. avellana; BS: bulk soil from native forest.

Figure 2

Heatmap of the relative abundance (%) from the most frequent bacterial genera (ZIGMM). Oncol Park (+Al) vs.Rucamanque Park (-Al).
a-CR. Rhizosphere soil of cluster roots of G. avellana. b-non-CR. Rhizosphere soil of non-cluster roots of G. avellana. c-BS. Bacterial
communities from the bulk soil (BS) of the native forest.

Figure 3
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Bacterial abundance (CFU mL⁻¹) in rhizosphere of cluster roots (CR), non-cluster roots (non-CR), and bulk soil (BS) samples across
different Al concentrations. Control: LB medium without Al. pH Control: LB medium without Al at pH 4.8. A. -Al Site, Rucamanque Park.
B. +Al Site, Oncol Park. Different letters denote significant differences between treatments according to Tukey's test for mean
comparison (p ≤ 0.05).
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