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Featured Application

The findings of this study can be applied to develop microbiome-based strategies for
enhancing drought resilience in olive trees and other Mediterranean crops. By identifying
core microbial communities associated with plant roots and rhizospheres under water-
limited conditions, this work lays the foundation for sustainable agricultural practices
aimed at mitigating the impacts of climate change on traditional cultivars.

Abstract

Drought stress poses a significant threat to olive cultivation in Mediterranean regions.
This study investigated the resilience and functional adaptation of root-associated and
rhizosphere soil microorganisms of four olive cultivars under contrasting water regimes
(irrigated vs. drought) across seasons. Using a combination of amplicon-targeted metage-
nomics, phylogenetic analysis, and text mining of the scientific literature, we identified
a conserved core microbiome and revealed that drought stress significantly alters the
structure of root-associated—but not rhizosphere soil—bacterial communities. Potential
functional profiling indicated that drought conditions enriched for genes involved in
stress response pathways, including branched-chain amino acid transport, glutathione
S-transferase activity, thioredoxin reductase, and chemotaxis. Text mining co-occurrence
networks highlighted strong associations between some key bacterial genera and plant
growth-promoting functions like phytohormone production and biocontrol. Furthermore,
we identified Solirubrobacter, Microvirga, and Pseudonocardia as the primary contributors to
these drought-resilience functions. The stability of the soil microbiome suggests functional
redundancy, whereas the restructuring of the root endophytic compartment indicates active
plant selection for beneficial microbes. Our findings provide a foundation for developing
tailored microbial consortia (SynComs) to enhance drought tolerance in olive trees and
support sustainable agriculture in water-limited environments.
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1. Introduction

The root-rhizosphere interface represents a crucial zone of interaction between plants
and microorganisms, where many processes essential for plant health and development
take place [1]. This interface plays a pivotal role in enhancing the uptake of nutrients and
water by plants and is increasingly recognized as a strategic target for microbiome-based
interventions in agriculture [2]. By modulating the microbial communities associated with
plant roots, it is possible to improve nutrient acquisition and bolster resistance to both biotic
and abiotic stressors [3]. As a result, understanding the dynamics of these interactions is
becoming a priority for developing sustainable agricultural practices.

In recent years, growing attention has been placed on identifying specific microbial
taxa or functional groups within the rhizosphere that can be leveraged to enhance crop
performance [4]. However, the complexity and diversity of microbial communities, along
with the variability between different plant species and environmental conditions, present
significant challenges [5]. One approach to narrowing the search for beneficial microorgan-
isms is to define and characterize the so-called “core microbiome”, the subset of microbial
taxa that are consistently found across different samples within a given habitat [6]. These
core members are thought to play a more central role in influencing soil processes and in
shaping the growth, health, and resilience of their host plants [7].

Nonetheless, identifying the core microbiome solely on the basis of taxonomic pres-
ence may offer only a partial picture [4]. Rhizosphere microbial diversity is known to vary
widely in response to soil properties (e.g., pH, texture, and organic matter content), plant
genotype, and broader environmental factors such as temperature, moisture, and nutrient
availability [8]. Increasingly, research suggests that it is the functional traits of microor-
ganisms that primarily determine their recruitment and persistence in the rhizosphere,
whereas taxonomic classification provides a descriptive framework rather than a causal
explanation of microbial assembly [9].

In terrestrial environments, microbial and plant life must frequently adapt to fluctu-
ations in water availability, which occur daily and seasonally [10,11]. Because plants are
sessile during their lifecycle, they have evolved multiple physiological and morphological
strategies to cope with water limitation, including alterations in root system architecture
and stomatal closure [12]; at the same time, dispersal via seeds or other diaspores repre-
sents an additional adaptive mechanism to overcome spatial and temporal environmental
variability. Recent findings also highlight the importance of microbial partners in helping
plants manage drought conditions [13]. Drought stress is known to significantly reshape
the composition and functional potential of the root-associated microbiome, and these
changes can, in turn, influence plant responses to stress [14-16].

With the frequency and severity of drought events expected to increase in the future,
it is essential to develop innovative, microbiome-based solutions that can be quickly
applied in agricultural settings [17]. A deeper understanding of the interactions between
plants and their microbiomes during drought episodes will be fundamental to enhancing
crop resilience.

In this context, this study aimed to explore how drought stress affects the composition
and structure of the rhizosphere bacterial community. Specifically, the objectives were
to (i) compare the microbial communities associated with different olive tree cultivars
across contrasting water regimes (drought vs. irrigation); (ii) identify the bacterial taxa
consistently associated with olive roots and rhizospheres (core microbiome) and distinguish
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those taxa that are specifically enriched under drought conditions (responsive taxa); (iii)
investigate the functional attributes of the core and responsive microbes, with a focus
on traits potentially linked to drought adaptation; and (iv) perform a literature-based
co-occurrence analysis to contextualize the ecological functions of core microbial taxa.
The insights gained from this research offer a valuable basis for developing microbial
applications that can support plant adaptation to drought and promote more sustainable
agricultural practices.

2. Materials and Methods
2.1. Seasonal Study

This study was carried out in olive groves located in Central Italy near Perugia (Boneg-
gio site: 43°03/26.0” N 12°21'54.4" E; Lugnano site: 42°32/24.1” N 12°19'01.1” E). Four
different olive cultivars were included in the sampling: Arbequina, Koroneiki, Chemlal de
Kabilye (Chemlal in the text), and Shengeh, originating from Spain, Greece, Algeria, and
Iran, respectively. The first two cultivars were reported as more drought-susceptible than
the latter two [18,19]. Plants were eight years old at the sampling dates and were raised
without any pruning in order to avoid trauma to branches and root systems. Average air
temperatures at 2 m above ground level, measured by the regional agrometeorological
network and expressed as monthly means, ranged from 3.23 °C (minimum) to 10.55 °C
(maximum) in January, up to 20.81 °C (minimum) to 33.90 °C (maximum) in July. Two
contrasting water regimes were adopted: dry, with only the contribution of natural rainfall,
where an average annual rainfall of 692.2 mm over the last five years was reported—with
56.6 mm, 50 mm, 38.1 mm, and 75 mm as monthly precipitation along the winter, spring,
summer, and autumn seasons, respectively (Figure S1); and irrigated (wet), supplying
approximately 3.6 m? of water per plant by subsurface drip irrigation during the summer
dry season, equivalent to ~180 mm of water depth when normalized to the average root
zone area (20 m? per plant), which allows for direct comparison with the precipitation data.
Soil was managed with natural vegetation cover, periodically cut during the dry season.
Plant volume, canopy density, and production, which were evaluated separately, displayed
similar results for both dry and irrigated treatments, with a slight alternating production
in previous years in the case of dry plants. Soils at both orchards were classified using
the WRB (IUSS Working Group WRB, 2022) and USDA Soil Taxonomy based on EU-scale
soil maps (SoilGrids v2.0; ESDAC). At the Boneggio site (43°03/26.0” N, 12°21'54.4" E),
soils are dominated by Cambisols (WRB; commonly calcaric) corresponding to Inceptisols
(USDA). At the Lugnano site (42°32/24.1" N, 12°19'01.1” E), soils are predominantly Lu-
visols/Cambisols (WRB; often chromic/calcaric), corresponding to Alfisols/Inceptisols
(USDA). These assignments reflect regional mapping and are consistent with the hilly cal-
careous landscapes of central Umbria; site-specific horizon descriptions were not collected.
Their main physico-chemical properties are reported in Table S1. Parameters included
texture (sand, silt, clay percentages), pH, organic matter, electrical conductivity, total nitro-
gen, assimilable phosphorus, cation exchange capacity (CEC), and exchangeable cations
(Ca, Mg, K).

2.2. Sampling and DNA Extraction from Soil- and Root-Associated Microorganisms

The sampling of rhizospheric soil and roots was performed both in summer and winter
seasons, under both dry and irrigated conditions. For each olive cultivar x treatment
x season combination, 3 independent trees were sampled, resulting in a total of 24 trees
(4 cultivars x 2 treatments x 2 seasons x 3 replicates). Each root and rhizospheric soil
sample was obtained from four collection points per plant, taken from four opposite
sides, approximately 50-70 cm from the trunk, exploring the layer at 20-30 cm depth
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after removing the top soil. This design ensured biological replication and accounted for
within-orchard variability. No a priori power analysis was performed; replication levels
were chosen to match standard practices in rhizosphere microbial ecology, where three
biological replicates per factor combination are considered sufficient to capture community-
level trends.

Samples for DNA analysis were frozen in liquid nitrogen, then shipped to the ENEA
laboratories in dry ice, where they were stored at —80 °C until analysis. Rhizosphere
samples were first homogenized and then 0.25 g of soil was taken for DNA extraction using
the DNAeasy PowerSoil Pro kit (Qiagen Inc., Venlo, The Netherlands). Root samples were
first washed three times with sterile H,O, lyophilized, homogenized, and finally processed
for DNA extraction, following the same procedure described for rhizosphere samples.
Extracted DNA was quantified with a Nanodrop spectrophotometer and Qubit (Thermo
Fisher Scientific ©, Waltham, MA, USA), to assess DNA quantity (ng/mL) and quality
(260/280 and 260/230 ratios). Moreover, DNA samples were also run on 1% agarose gel to
assess fragmentation. DNA extractions were carried out in triplicate.

2.3. Library Construction and Sequencing

Library construction was carried out using PCR amplification performed on 25ng of
DNA from each sample. The broad-spectrum profiling of the bacterial community was
achieved using universal primers 27f (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492r (5'-
TACGGYTACCTTGTTACGACTT-3'). Amplification was conducted with Taq polymerase
(Bioline, Meridian Bioscience, London, UK), and the PCR products were verified by gel
electrophoresis on a 1% agarose gel. Each assay was run in triplicate, including the no-
template controls. Any possible PCR inhibition was assessed by conducting an inhibition
test using samples diluted from 10- to 100-fold, and no inhibition was observed. The
PCR amplicons for each sample were purified using AMPure beads, and approximately
45ng of purified product was utilized for library preparation. Libraries were constructed
using the Rapid Barcoding Kit 24 (SQK-RBK 114.24), according to the manufacturer’s
instructions (Oxford Nanopore Technologies, Oxford, UK). Sequencing was performed on
a Flongle Flow Cell (R10.4.1) using the Mk1B device (Oxford Nanopore Technologies, UK)
overnight. An overall sequencing depth of 50 x was achieved for each sample. Basecalling
and demultiplexing were carried out using MinKNOW software (v23.08.9) integrated with
Dorado software (v0.5.2). The raw sequences are deposited in the repository PRINA1194004.
Detailed protocols for sequencing and library preparation are available through the official
channels of the supplier (Oxford Nanopore).

2.4. Bioinformatic Analysis for Taxonomy Classification and Functional Annotation

The raw reads obtained from the sequencing were basecalled with Dorado v0.5.2.
The raw fastq files were filtered using “cutadapt” v4.4 and classified with Emu (https:
/ / gitlab.com/treangenlab/emu; accessed on 1 August 2025) using the SILVA database
(version 138.1). A custom workflow was used to format the Emu output for the functional
annotation. Briefly, the R library “tidyverse” was used to manipulate the Emu output and
create an OTU-like table. A consensus sequence was created by aligning all the sequences
with the same tax_id with Clustal Omega v1.2.4 and then creating a consensus sequence
from the multiple alignments using EMBOSS v6.6.0.0. Both the OTU-like table and the
consensus sequences were used for functional prediction. The software Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2, Version
2.4.2; https:/ / github.com /picrust/picrust2; accessed on 1 August 2025)—which can predict
the function of bacterial communities according to the proportion of marker gene sequences
in samples—was used to infer approximate functional potential of microbial communities



Appl. Sci. 2025, 15, 9667

50f17

using default parameters, including a standard NSTI (Nearest Sequenced Taxon Index)
cutoff of 2.0.

2.5. Data Mining

To study the interactions between selected bacterial genera and functions associated
with drought resistance and plant growth promotion (PGP), a text mining analysis of the
scientific literature was conducted. A Python script in the Jupiter Lab environment (version
4.0.11) was developed using specialized libraries to perform a systematic search through the
Scopus database using Unpaywall APIs [20] for the download of research papers, following
predefined guidelines and the APIs’ limitations. Two separate searches were performed on
soil and endophytes, respectively. The search queries used were as follows:

1. “TITLE-ABS-KEY (microbiome or microbes or bacteria) AND (drought or “water
stress”) AND (soil or rhizosphere) AND olive”;

2. “TITLE-ABS-KEY (microbiome or microbes or bacteria) AND (drought or “water
stress”) AND (endophyte*) AND olive”.

Two manually curated keyword lists were prepared: the first containing the bacte-
rial genera of interest [21,22], and the second including terms related to key ecological
functions [23]. The script analyzed the full texts of the resulting articles and calculated
the co-occurrence frequencies between terms in the two lists. The data obtained were
structured into a co-occurrence matrix, where for each pair of terms, a value representing
the number of times they appeared together in the scientific literature was assigned. This
matrix was imported into Gephi software (version 0.10.1) for visualization and analysis of
co-occurrence networks [24,25].

2.6. Statistical Analysis

Statistical analyses of the microbial community structure and function data were per-
formed in the R environment (v 4.3.3). Specifically, the plots were created using the ggplot2
package (https://ggplot2.tidyverse.org/; accessed on 1 August 2025), while PERMANOVA
(Permutational Multivariate Analysis of Variance) on community structure data was con-
ducted using the adonis() function in the vegan package (https://vegandevs.github.io/
vegan/; accessed on 1 August 2025), based on Bray—Curtis dissimilarities. Non-metric
Multidimensional Scaling (NMDS) was performed using the metaMDS() function in vegan
to ordinate samples in a reduced dimensional space based on Bray-Curtis dissimilarities. A
single NMDS ordination including all samples was calculated to ensure comparability, with
treatments (season, irrigation, cultivar) distinguished by graphical coding (colors, shapes).
Stress values were reported to evaluate the goodness-of-fit. Functional analysis, to assess
the differential expression of microbial community functions under varying environmental
conditions—with a specific focus on identifying functions potentially linked to drought
resistance—was carried out using the Deseq2 package [26]. For clarity in visualization,
functional categories in heatmaps were abbreviated (FO1-F30), with the corresponding
full descriptions provided in Table S2. The overlap of microbial taxa among treatments
was illustrated using Venn diagrams generated with the Venndiagram package [27]. These
diagrams are used solely for visualization and were based on results from variance parti-
tioning performed with the varpart() function in vegan, which decomposes community
variation attributable to season, irrigation, and cultivar effects. To identify the most relevant
functional contributors (KOs), first, the mean abundance of each KO across water-level
conditions has been calculated. Statistical testing was then performed for each KO to assess
differences between water conditions. Specifically, a two-sided t-test (for two water levels;
in the case of more conditions, an ANOVA could be used) was applied. KOs with a p-value
< 0.05 were considered statistically significant. From this subset of significant KOs, which
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were ranked by mean abundance across samples, the top 30 were selected (Table 1) to
highlight those contributing most strongly to the functional profile. This approach ensured
that only taxa showing both statistical significance and ecological relevance (in terms of
relative abundance) were reported as “top contributors.”

Table 1. Top contributors to functions related to drought resistance.

KO Genus Description
K00384 Microvirga trxB, TRR; thioredoxin reductase (NADPH) [EC:1.8.1.9]
K00799 Microvirga GST, gst; glutathione S-transferase [EC:2.5.1.18]

K01897  Pseudonocardia  ACSL, fadD; long-chain acyl-CoA synthetase [EC:6.2.1.3]
K01997 Microvirga livH; branched-chain amino aci(?l transport system
permease protein

livM; branched-chain amino acid transport system
permease protein

livK; branched-chain amino acid transport system

substrate-binding protein

K03406 Microvirga mcp; methyl-accepting chemotaxis protein

K03654 Solirubrobacter ~ recQ; ATP-dependent DNA helicase RecQ [EC:3.6.4.12]

K03704  Pseudonocardia cspA; cold shock protein (beta-ribbon, CspA family)

K01998 Solirubrobacter

K01999 Solirubrobacter

3. Results
3.1. The Literature-Based Co-Occurrence Analysis of Drought-Related Microbes and Functions

The literature search retrieved 689 soil-related articles and 349 endophyte-related
articles. These corpora were processed using co-occurrence text-mining analysis to identify
statistically supported associations between bacterial genera and functional terms related
to drought tolerance and plant growth promotion (PGP). Associations were considered
significant when their co-occurrence frequency exceeded the 95th percentile of randomized
permutations (p < 0.05).

The soil-derived network (Figure 1) comprised 59 nodes (bacterial genera and func-
tions) and 1214 edges, resulting in a network density of 0.512. The average degree, defined
as the mean number of edges per node, was 29.695. The weighted average degree, which
reflects the cumulative strength of all connections by incorporating co-occurrence frequen-
cies, was much higher (251.729). This disproportionate value highlights that certain genera
are not only broadly connected but also strongly supported by frequent functional associa-
tions in the literature, amplifying their relative importance in the network. The clustering
coefficient averaged 0.77, with 6582 closed triangles, indicating a highly cohesive structure.
Within this network, Rhizobium emerged as one of the most connected genera, showing

i

strong associations with key functional terms such as “microbiome,” “phytohormones,”
“biocontrol,” and “siderophores.” Streptomyces was also highly connected, linking to “mi-
crobiome,” “biocontrol,” and “secondary metabolites.” Paenibacillus exhibited significant
associations with “biocontrol,” “microbiome,” and “phytohormones.” Finally, Bradyrhizo-
bium showed strong connections with Rhizobium, “microbiome,” and “phytohormones,”

underscoring its role in nitrogen fixation and the promotion of soil health.
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Figure 1. Network referring to documents related to soils. Data mining analysis revealed the co-
occurrence patterns among microbial genera from “core microbiome” text mined from the literature
and the top-occurring keywords in the documents.

The network of root-associated microorganisms (Figure 2) also contained 59 nodes
but with fewer edges (775), corresponding to a network density of 0.453. The average
degree was 26.271, while the weighted average degree reached 185.864, again reflecting the
strength of recurrent associations. The clustering coefficient remained high (0.771), with
5165 closed triangles, indicating that this network—although less connected than the soil
network—retained strong internal cohesion. In the root-associated network, Rhizobium
again stood out as one of the most connected genera, with significant associations with

s

“microbiome,” “phytohormones,” “biocontrol,” and “siderophores.” Streptomyces displayed
strong links with “microbiome,” “biocontrol,” and “siderophores,” suggesting possible
synergistic interactions with Rhizobium. Paenibacillus also showed relevant associations
with “biocontrol,” “microbiome,” and “phytohormones,” while Bradyrhizobium maintained

a central role through connections with Rhizobium, “microbiome,” and “phytohormones.”
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Figure 2. Network referring to documents related to root-associated microorganisms. The data
mining analysis revealed the co-occurrence patterns among microbial genera from “core microbiome”
text mined from the literature and the top-occurring keywords in the documents.

3.2. Taxonomic and Functional Core of the Bacterial Communities

The results shown in Figure 3 illustrate the differences in microbial community struc-
ture in rhizospheric soils and root-associated samples. Although NMDS ordination re-
vealed visually distinct clustering of samples according to water regime, especially for
root-associated samples, PERMANOVA did not detect statistically significant differences
(Table S3, p > 0.05). This apparent discrepancy likely reflects high intra-group variability
and limited sample size, which reduce statistical power. Nevertheless, the low stress value
(0.078) indicates that the ordination faithfully represents community dissimilarities, sug-
gesting that water regime exerts a structuring effect that, while evident at the visual level,
does not reach formal significance in multivariate testing.
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of significant differences in the rhizospheric soil samples (Figure 4).
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The functional analysis performed using DESeq?2 revealed an almost complete absence
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On the other hand, functions associated with root-associated microorganisms showed
differences related to water regime mainly at the cultivar level (Figure 4). In the winter
samples, a significant difference in functional profiles between drought-stressed and well-
watered conditions was observed primarily in the cultivar Koroneiki, and to a lesser extent
in Arbequina and Shengeh.

During the summer season, the most notable functional differences were found in the
samples of the cultivars Chemlal and Koroneiki.

3.3. Core Microbiomes

The Venn diagram (Figure 5) illustrates the overlap of taxa identified across treat-
ments. It is based on inertia partitioning analysis (variance explained by each factor),
and is provided as a visual summary rather than an independent statistical method. The
root-associated wet samples show the highest number of unique genera (58), while the soil
rhizosphere dry samples exhibit fewer unique taxa (13). A total of 66 genera are shared
among all four conditions, suggesting the presence of a conserved core microbiome. The
overlaps among groups indicate that both water availability and microbial niche influ-
ence community composition, with a higher variability observed in the root-associated
microbiomes compared to the rhizosphere soils.

Root-associated Wet Root-associated Dry

Soil rhizosphere Wet Soil rhizosphere Dry

Figure 5. Venn diagram showing the unique and shared microbial genera among the four different
conditions: soil rhizosphere, wet (red); root-associated, wet (blue); root-associated, dry (violet); and
soil rhizosphere, dry (green).

3.4. Functions Related to Stress Response and Enrichment

The functions of the 30 most abundant and significantly different (p < 0.05) rhizosphere
and root-associated microorganisms, predicted using the PICRUSt2 tool, are reported in
Figures 6A and 6B, respectively. Interestingly, the functions related to branched-chain amino
acid (BCAA) transfer permease were significantly higher under drought in both rhizosphere
and root-associated microorganisms. The function related to glutathione S-transferase
(GSTs) was also found to be significantly higher in rhizosphere drought conditions, as well
as the function associated with thioredoxin reductase and those associated with chemotaxis;
interestingly, the latter function was also different when combining the sampling time and
cultivar effect (Tables S6 and 57) together with water level.
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Figure 6. The 30 most abundant and significantly different (p < 0.05) functions of (A) rhizosphere and
(B) root-associated microorganism samples split by treatment (dry; wet) and related to each olive
variety (Arbequina; Chemlal; Koroneiki; Shengeh) in the two seasons (winter; summer). The values
range from low (yellow) to high (violet). Abbreviated functional codes (FO1-F30) are displayed in the
heatmap for readability; full names are listed in Table S2.

Regarding the root-associated functions (Figure 6B), it is worth noting that, in addition
to a difference between dry and wet conditions, a significant seasonal difference was also
found in 23 of the 30 functions considered (Table S7). Moreover, a significantly higher
abundance in the function related to cold shock protein has been found in all drought
samples, which was also found for the function associated with long-chain acyl-CoA
synthetase. Interestingly, the function related to an ATP-dependent DNA helicase (RecQ)
has been found to be significantly different in both the time of sampling and cultivar
(Table S7), together with the water level.

Table 1 shows the main bacterial genera responsible for contributing to the functions
identified as significantly different between dry and wet conditions, and associated with
traits related to drought stress resistance and/or plant growth promotion (PGP). In particu-
lar, three bacterial genera were found to be the major contributors to the nine identified
functions: Solirubrobacter, Microvirga, and Pseudonocardia.
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4. Discussion
4.1. Rhizosphere Stability Under Drought

The resilience of soil microbial communities under drought conditions is a remarkable
phenomenon, with direct implications for plant adaptability to environmental stressors.
Our findings reveal that the composition of the olive rhizosphere microbiome remains
largely unchanged between wet and dry conditions, highlighting the stability of these
ecosystems. This resilience can be attributed to functional redundancy and robust ecologi-
cal networks that allow soil microbes to maintain critical functions despite fluctuations in
water availability [28-30]. Many soil bacteria establish complex mutualistic relationships
with plant roots, promoting stress tolerance, nutrient acquisition, and water conserva-
tion [31]. One key mechanism underlying this stability is microbial dormancy. Many soil
bacteria can enter a dormant state during periods of drought, reactivating their metabolism
once conditions improve [32]. This ability to alternate between active and dormant states
preserves the overall microbial structure and functionality, effectively buffering the com-
munity against water scarcity [33,34]. Additionally, the presence of drought-adapted taxa
in the rhizosphere supports the concept of a core microbiome, a subset of microbial species
that remain functionally stable despite environmental fluctuations [6,35].

Interestingly, our analyses identified functional markers in soil microbiomes strongly
related to drought tolerance, including branched-chain amino acids (BCAAs), glutathione
S-transferases (GSTs), thioredoxin pathways, and chemotaxis. BCAAs, which accumulate
during drought, are typically derived from protein breakdown rather than new synthe-
sis, underscoring their role in microbial stress response [36-39]. GSTs detoxify reactive
compounds and peroxides, thereby protecting plant and microbial cells from oxidative
damage [40-43]. Thiourea, another protective compound, has been shown to enhance
drought tolerance by modulating aquaporin expression and improving cellular water
balance [44-48]. Finally, chemotaxis—the ability of bacteria to migrate toward chemical
signals—is a critical trait for plant growth-promoting bacteria (PGPB) [49,50]. In our study,
the methyl-accepting chemotaxis protein (K03406) showed a very strong correlation with
the water regime, olive cultivar, and sampling season, supporting its key role in regulating
drought-stress responses in olive systems.

4.2. Root-Associated Microbial Shifts and Functional Significance

In contrast to rhizosphere stability, root-associated microbial communities exhibited
significant compositional shifts between irrigated and dry olive groves. These results
confirm that endophytic and root-associated bacteria are more sensitive to environmental
changes [51,52]. Endophytes colonizing the internal root tissues play a central role in plant
health, facilitating root development, enhancing mineral uptake, and providing disease
resistance [53]. Under drought stress, root-associated communities reorganize, favoring
taxa that confer greater stress tolerance [54,55]. Many of these taxa produce osmolytes and
antioxidants that mitigate water stress [56,57] or modulate plant hormones such as abscisic
acid (ABA) and ethylene to optimize drought responses [58-60].

Root exudates likely drive these shifts as plants selectively recruit beneficial microbes
under stress [61,62]. Such recruitment enhances nutrient uptake when absorption is limited
and strengthens root structures to improve water retention. Functional analyses further
confirm this adaptation: root-associated microorganisms upregulated stress-related molec-
ular responses, including heat shock proteins (HSPs) and long-chain acyl-CoA synthetases
(LACSs) [63-65]. These mechanisms help maintain cellular homeostasis under drought
stress, supporting the view that root-associated microbes actively contribute to plant re-
silience [66—69].
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Three genera emerged as central members of the olive root “core microbiome”:
Solirubrobacter, Microvirga, and Pseudonocardia. Solirubrobacter, often associated with arid
soils, contributes to resilience by degrading complex organic matter and maintaining nutri-
ent cycling under low-moisture conditions [70]. Microvirga, a nitrogen-fixing genus, pro-
vides bioavailable nitrogen under drought, compensating for reduced nutrient uptake [71].
Pseudonocardia produces secondary metabolites such as osmoprotectants, antioxidants, and
phytohormones (e.g., IAA), enhancing root growth and water uptake [72]. These genera
have also been identified in the literature as key taxa in stress-resilient microbiomes [73-75].
Our findings also support the notion that the definition of a core microbiome may be more
meaningful when based on functional traits rather than taxonomic composition. While the
rhizosphere microbiome remained taxonomically stable, root-associated shifts revealed
specific taxa linked to drought-related functions such as nitrogen fixation, chemotaxis, and
phytohormone production. This functional definition of core taxa provides a more robust
framework for understanding plant-microbe interactions under drought stress [6].

4.3. Applications for Drought-Resilient Farming

By integrating the functional and the literature-based analyses, this study highlights
the translational potential of olive-associated microbiomes for agricultural applications.
The identification of Solirubrobacter, Microvirga, and Pseudonocardia as core contributors to
drought resilience suggests their utility as foundational members of synthetic microbial
consortia (SynComs) designed for Mediterranean crops. Each genus contributes comple-
mentary functions—nutrient cycling, nitrogen fixation, and hormone modulation—that are
highly desirable for promoting drought tolerance.

Moreover, functional markers such as GSTs, chemotaxis proteins, and thioredoxin
pathways provide candidate traits that can guide the selection of strains for microbial
inoculants or biostimulant formulations. These traits could be explicitly targeted in the
development of next-generation microbial products tailored for climate-smart agriculture.
Such products may support irrigation optimization (by enhancing plant water-use effi-
ciency), cultivar selection (through improved compatibility with beneficial microbiomes),
and microbiome manipulation (by fostering the establishment of beneficial taxa).

Altogether, our results provide both fundamental ecological insights and a roadmap
for applied innovation. Functionally defined core microbiomes offer a promising avenue for
the design of microbial-based solutions that enhance olive resilience to drought, while also
contributing to broader strategies for sustainable farming in water-limited agroecosystems.

5. Conclusions

Our study demonstrates the resilience and adaptability of soil- and root-associated
microbial communities under drought conditions. While root-associated communities
undergo significant compositional shifts, favoring taxa linked to stress tolerance, soil micro-
biomes exhibit remarkable stability, likely reflecting functional redundancy and microbial
dormancy strategies. These patterns highlight how microbial plasticity contributes to
maintaining ecosystem processes under environmental fluctuations.

The observed shifts in root-associated microbiota suggest that olive trees may selec-
tively recruit beneficial microbes via root exudates, thereby enriching taxa with stress-
mitigating capabilities. Functional inference further supports this view by pointing to
associations with processes such as osmolyte production, hormone modulation, and antiox-
idant activity. Although these functions were inferred rather than directly measured, they
represent potential microbial contributions to plant drought resilience. In this sense, the
identified functional markers serve as indicators of microbial processes potentially linked
to adaptation, rather than as direct causal agents.
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The identification of a root-associated core microbiome enriched under drought, in-
cluding genera such as Microvirga, Solirubrobacter, and Pseudonocardia, provides insights into
ecological strategies that may support plant performance through biocontrol, phytohor-
mone production, nutrient mobilization, and possible pathogen defense. At the same time,
it is important to acknowledge that drought tolerance in olive trees may also be strongly
influenced by plant physiological traits, and that the relative contributions of plant and
microbial responses remain to be disentangled.

From an applied perspective, our findings have several implications. First, they point
to the potential of integrating microbiome-based approaches (e.g., synthetic microbial
consortia and targeted microbial inoculants) with irrigation management to sustain pro-
ductivity under water-limited conditions. Second, they highlight the value of considering
cultivar-specific microbial associations when selecting olive varieties for drought-prone en-
vironments. Together, these insights advance the framework for leveraging plant-microbe
interactions as nature-based solutions to improve the resilience of Mediterranean agroe-
cosystems to climate change.
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