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Abstract: The presence of the olive tree in Tuscany, Italy, in its forms that have survived to the present
day as an essential component of the landscape dates back many centuries. Global change is now
threatening it. Therefore, it is important to find markers to enhance the olive tree environment in
terms of its resilience. The aim of the research was to investigate the composition of soil bacteriomes
in contrasting geochemical environments using a geochemistry approach based on the behavior
of the REEs, inherited from parent rock material. Bacteriome assemblages and REE content were
analyzed in 48 topsoils developed in six geochemical Tuscan environments. Combined geochemical,
geoinformatic, and bioinformatic techniques highlighted the existence of four bacteriome assemblages
depending on Light-REEs. Further results showed that the soil bioavailable fraction of REEs was
related to parent rock materials, pH, and bacteriome composition. The most abundant bacteria were
Microlunatus in graded fluvio-lacustrine soils, Gaiella in graded arenaceous soils, Bradyrizhobium in
pyroclastic soils, and Rubrobacter in soils on gentle slopes of calcareous and carbonatic lithologies.
This research represents a starting point to define new indicators able to assess the resilience of the
olive trees in the Mediterranean landscape and characterize the territory of extra virgin olive oils.
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1. Introduction

The soil microbiota plays a key role in fertility, and its composition is influenced by
various factors, such as agricultural practices, microclimate, and soil structure [1] Also,
the mineral components of the soil can affect the composition of the microbiome [2,3].
Thus, there is a coevolution between soil microbial communities and the mineralogical
environment [4,5].

Both bacteria and fungi coexist in soil with very important roles: they contribute to
soil structures and moisture retention through physical and biochemical functions, and
they are involved in the nutrient cycles [6–8].

Microorganisms, being the main decomposers, are widely distributed in the soil, show-
ing different and complex composition and structure between them (microbial communities).
The continuous dynamic changes in the soil microecology, mediated by interactions between
plant-microbe-soil communities, involve the regulation of soil ecosystems and therefore the
development of the plants themselves. The main functions of the microbiome, including both
bacteria and fungi, in the plant-microbe-soil system are: (1) regulating soil physico-chemical
properties and fertility; (2) forming mycorrhizal structures with plant roots; (3) decomposing

Diversity 2024, 16, 427. https://doi.org/10.3390/d16070427 https://www.mdpi.com/journal/diversity

https://doi.org/10.3390/d16070427
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0002-4670-5888
https://orcid.org/0000-0002-4261-7514
https://orcid.org/0009-0001-1884-8275
https://orcid.org/0009-0000-8546-0521
https://orcid.org/0000-0002-1167-2721
https://orcid.org/0000-0002-6581-4238
https://doi.org/10.3390/d16070427
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d16070427?type=check_update&version=1


Diversity 2024, 16, 427 2 of 23

plant and animal residues; (4) participating in soil pollutants fixation and degradation; and
(5) inhibiting pathogens and induced systemic resistance to plants [9–11].

The present research targeted to study at first the soil bacterial community composition of
century-olive orchards in Tuscany (Italy) that are now threatened by global change, especially
by prolonged drought during different phenological phases of the plants. In fact, a preliminary
and only indicative analysis by quantitative PCR of the 16S and 18S gene sequences was
performed, indicating that the number of soil bacterial sequences was 10 times higher than
the fungal one (Figure S1). Therefore, we decided to start with monitoring the soil bacteriome.

The general aim of the research was to investigate the composition and diversity of
soil bacteria in different contrasting environments, and for this, we used a geochemistry
approach based on the behavior of the REEs in the soil bioavailable fraction, which are
mostly inherited from the parent rock material. The use of REEs as a natural tracer offers
the possibility of further exploring an emerging scientific topic relating to the dependence
of some bacteria on specific REEs as enzymatic cofactors [6,12,13]. The REEs were here
used as a proxy for different soil mineral assemblages.

REEs, a chemically uniform group due to their similar physicochemical behavior, which
promotes their co-existence in nature, consist of 15 elements of the lanthanide series [14].
All REEs occur in nature but not in pure metal form, although promethium, the rarest,
only occurs in trace quantities in natural materials as it has no long-lived or stable isotopes.
REEs are widely distributed in the Earth’s crust, with concentrations ranging from 150 to
220 mg/kg [15]. For example, the mean total crustal abundance of REEs is 169 mg/kg, and
Light REE (LREE from La to Eu) are 137.8 mg/kg higher than Heavy REE (HREE from Gd to
Lu, 31.34 mg/kg). Some authors [16–18], reported that the REE content in soil ranges from
30 to 700 mg/kg and in the topsoil layer reaches 100–200 mg/kg, increasing to 1000 mg/kg
because of human activities. In Italy, median REE concentrations in agricultural soils were
found to be 0.126 mg/kg and 167.24 mg/kg, bioavailable and total fraction, respectively [19].
More in depth, for olive groves in Croazia, the REY (REEs plus Yttrium) soil availability,
extracted with 1 M NH4NO3 (mobile and short-term-available fraction), was found to be in
the range of 0.1 mg/kg to 141 mg/kg [3]. In Italy, a value of REEs was found to be equal
to 0.231 mg/kg for olive grove topsoil samples (extracted with DTPA, a potentially plant
available fraction) collected from an Experimental Station of the Agricultural Development
Agency (ESA) located in Sicily [20]. Furthermore, in Central Tuscany (Italy), for centuries-old
olive groves, reported values of REEs in the DTPA-bioavailable topsoil fractions ranged
from 0.91 mg/kg in claystone to 22.08 mg/kg in sandstone-derived soils [21].

In the agricultural sector, the main source of REEs is linked to the use of phosphate
fertilizers, and for conventional olive tree cultivation, the recommended dose is approx-
imately 200–250 kg/ha of P2O5 [22]. Considering that the olive groves in the study area
are composed of approximately 300–350 plants per hectare, it can be estimated that in the
past, 0.6–0.7 kg of fertilizer per plant per year may have been applied. Our previous inves-
tigations carried out in collaboration with the Palermo University laboratory (unpublished
data) showed that some commercial fertilizers, such as N:P:K 20:5:10, had a REEs content
of about 18 g/kg, whereas the REEs distribution patterns of fertilizer were completely
different from those found in the sampled soils.

The use of mixing REEs with fertilizers, currently carried out in paddy soils to improve
crop yield, especially in China [8] or in Brazilian tropical agroecosystems characterized by
low native phosphorus (P) content [23], is not a practice used in centenary-olive growing in
Tuscany. For the Chianti area (Florence, Tuscany, Central Italy), Pelacani et al. [21] found a
REEs distribution in olive drupes showing the same patterns as their relative soils, with an
exception for Lanthanum, Cerium, and Europium. Indeed, olive drupes from different soils
showed variable REE patterns, allowing us to trace their origin [20,21,24]. The Lanthanum
anomaly in environmental samples is still poorly understood; however, recent studies have
highlighted that biological activity can fractionate light-REE [6,25–27]. Interesting was that
the anomaly for olive trees was probably due to the microbial enzymatic activities related
to aerobic methane oxidation [28]. Moreover, some microorganisms can mediate the mobi-
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lization of REEs by exchange and replacement from mineral surfaces, through reductive or
oxidative reactions, or by complexing with mineral surfaces. Several studies have shown a
close correlation between soil microflora growth, reproduction, colonization, and REEs and
in turn, microorganisms can uptake REEs from minerals and immobilize them in the micro-
bial biomass [29]. Moreover, REEs reflect the mineralogical and geochemical signatures of
the basin rocks and indicate the bio-geochemical evolutionary processes of the sedimentary
systems [30], and the majority of REEs derived from geological parent material vary in
concentration as a function of bedrock and source areas [31,32]. The REE content in soils
depends on the stability of primary REE-bearing minerals to weathering, the presence of a
clay phase, the soil organic matter content, and therefore, on the soil’s physical-chemical
characteristics [33–35]. Moreover, in a previously conducted study in the same Chianti area
of this work, Pelacani et al. [21], by approaching through geostatistics techniques and a
machine learning modeling framework, showed that the Lanthanum/Samarium and Lan-
thanum/Ytterbium spatial distribution models, based on the interaction of the topographic,
geochemical, and hydrological variables (geodiversity), might change the response of the
biotic components (REE accumulation pattern in olive drupe). Nevertheless, there are still
few studies relating changes in REE composition to soil microbial diversity [36,37].

In Central Italy, extensive EVOO production has been known since the seventh century.
At present, about 1.5 million olive trees are cultivated in this area [38], and in Tuscany, an
indisputable characteristic is the dual role played by the olive tree: a functional plant in the
agricultural system for the “high quality” oil it provides and a determining element of the
landscape, which guarantees balance between the naturalness of the environment and the
degree of anthropization of the territory [39]. There are still ancient small and medium-sized
artisan enterprises that produce EVOO, particularly for its organoleptic and nutraceutical
qualities, which, however, are not valued. It is therefore important, to find experimentally
valid markers to highlight the link between the olive tree and its environment [40,41]. In this
framework, our research study focused on Tuscan organic olive orchard agro-ecosystems for
at least 20 years, that use conservative practices with spontaneous and autochthone herba-
ceous cover cropping (e.g., Sulla coronaria L., Trifolium, Taraxacum officinale, Crepis Vesicaria,
and Plantago lanceolata L.) and recycling pruning residues but grow on different soils
developed from geochemically contrasting parent material.

Our hypothesis was that soil bacterial composition was sensitive to changes in REEs
along a geochemical gradient and could be used as proxies for soils derived from different
parent materials. Through REE content by inductively coupled plasma mass spectrometry
and metagenomics by 16S Next Generation Sequencing, we experimented to show the
existence of a characteristic soil bacterial community and its contribution to the characteri-
zation of the territory of a valuable extra virgin olive oil. To our knowledge, this is the first
time that this approach has been applied to old olive grove soils.

2. Material and Methods
2.1. Soil Sampling Strategies and REE Analyses

Soil samples were collected during spring 2021 from 16 olive groves belonging to
six geochemical environments of the Tuscany region, Italy (Figure 1): limestone, siltstone,
sandstone, shale, volcanic rocks, and conglomeratic deposits; more information on the
geology setting of the study area is reported in [21]. The study areas were (i) Chianti, located
in the central part of Tuscany, close to Florence; (ii) Alta Valtiberina, located in the eastern
part of Tuscany, close to Anghiari (Arezzo); (iii) Maremma, located in the southeastern part
of Tuscany, close to Pitigliano (Grosseto).

The olive groves are characterized by different landforms, lithologies and hence soil
types (Table 1). The median areal extension of single olive groves is about 0.9 hectares and
from each site, three soil samples were collected from the first 30 cm of topsoil, as close as
possible to the olive tree roots, for the REEs and metagenomic analysis. These last samples
were stored at −20 ◦C until DNA extraction.
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Figure 1. (A) Schematic geologic map of the Tuscany Region, Italy. In black numbers are highlighted
the different geochemical environments of olive groves where the soil samples were collected, located
in: (1) Chianti area (Florence-FI), (2) Alta Valtiberina (Anghiari, Arezzo-AR), and (3) Maremma
(Pitigliano, Grosseto-GR); (B) Lithologic Map of the Chianti Mts with the location of the olive groves
(TEST AREA); (C) Orthophotos (2023 years, Regione Toscana, Geoscopio WEB GIS) showing the
sampling point distribution for the Anghiari olive grove; (D) Orthophotos (2023 years, Regione
Toscana, Geoscopio) showing the sampling point distribution for the Pitigliano olive grove.

The selected olive groves lie on a geomorpho-dynamically stable landform [42], where
the soil developed from its parent rock material and is not subjected to soil erosion or
depositional processes of sediments. Therefore, samples were collected from olive groves
lying on the upper part of the relief, where the soil horizons develop from each selected
bedrock. If these conditions were not satisfied, the soil hillslope catena concept [43] was
taken into consideration for sampling design.

REEs include the 15 lanthanides (atomic number 57–71), and, according to their
physical and chemical properties, they are usually divided into light (L-REEs = Light Rare
Earth Elements from La to Sm), medium (M-REEs from Sm to Gd), and heavy (H-REEs
from Gd to Lu) REEs.

Their bioavailable content in soils (Table 1) was analyzed by a quadrupole Inductively
Coupled Plasma Mass Spectrometry (ICP-MS; Agilent Technologies 7900 ICPMS-Hachioji,
Tokyo, Japan) equipped to remove polyatomic interferences. The reproducibility of mea-
surements was assessed by combining an internal standard normalization by rhodium and
an external calibration using AGV-1-certified reference materials. The accuracy (RSD) for
all of the estimated elements varied from 2 to 12.9% at the µg g−1 levels of concentration.
The variability of the analytical repetitions was <10% at the ng kg−1 levels of concentration.
The soils were treated with DTPA at pH 5 [44,45] to simulate the uptake by the rhizosphere
microbiome. Each sample was determined in triplicate. The bioavailable fraction was
extracted by reacting 10 g of dried soil with 20 mL of a 5mM DTPA solution at pH 5. The
obtained suspension was stirred for 24 h at 25 ◦C, filtered with Millipore™ membranes
(0.45-µm membrane filter), and diluted 50 times.
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Table 1. Landform and sampling site descriptions for topsoil collected in 16 Tuscany olive orchards: soil texture, pH, SOM (Soil Organic Matter), soil classification,
lithology, aspect, total contents, and fractionation ratios of REE for topsoil developed on 11 lithologies in Tuscany. The soil classification obtained from the Tuscany
region soil database was referred to the World Reference Base (WRB-FAO, 2015). The subscripts beside the geological formation indicate the different sampling soils
and are not referred to another geological domain (ΣREE [mg/kg]: REE contents in the bioavailable fraction).

Landform Site Location Zone Soil
Samples

Soil Classification
WRB Lithology Aspect Sand

(2 mm)
Silt

(50 µm)
Clay

(2 µm) pH SOM
(%)

ΣREE
[mg/kg] (La/Yb)n (La/Sm)n (La/Gd)n (Gd/Yb)n (Pr/Ce)n

Low gradient
slope Tosteto–Pitigliano Maremma 31-32-33 Eutric Andosols Pyroclastic deposits

(Vulc–PIT3) SE 80.6 1.3 18.0 6.28 1.2 69.1 2.45 0.95 1.02 2.39 0.96

Graded

Faggeto–Anghiari (Arezzo) Alta Valtiberina 1-2-3 Calcari Epileptic
Cambisols

Fluvial-lacustrine deposits
(VILa1) NE 46.1 42.6 11.3 7.41 1.5 13.5 0.56 0.40 0.27 2.0 0.87

Faggeto–Anghiari Alta Valtiberina 4-5-6 Calcari Epileptic
Cambisols

Fluvial-lacustrine deposits
(VILa2) NW 46.1 42.6 11.3 7.41 1.5 13.5 0.56 0.40 0.27 2.0 0.87

Lamole-Greve in Chianti Chianti 46-47-48 Eutric Cambisols Macigno Formation (MAC) S-SW 76.8 15.1 8.1 7.46 0.5 21.9 1.51 0.82 0.74 2.03 0.74

Midslope
ridges

Torriano–Montefiridolfi,
San Casciano Chianti 13-14-15 Endoskeleti Calcaric

Cambisols Fluvial deposits (VILa3) NW 52.6 27.1 20.3 7.97 2.2 7.0 0.37 0.41 0.24 1.5 0.85

Pruneti–Chiocchio, Chianti 10-11-12 Calcari Endoleptic
Cambisols Palombini Shales (APAa) NE 26.4 42.4 31.2 8.15 1.6 2.1 0.36 0.19 0.11 3.30 2.80

Pruneti-S. Polo in Chianti Chianti 7-8-9 Calcari Endoleptic
Cambisols San Polo Marls (Marne) SE 64.0 18.5 17.5 7.59 2.1 4.0 0.45 0.20 0.14 3.31 0.78

Upper slopes

Rignana-Greve in Chianti Chianti 40-41-42 Eutri Epileptic Regosol Pietraforte Formation (PTF) S-SW 39.8 51.8 8.4 7.78 1.2 2.0 0.48 0.17 0.13 3.74 1.18

Rignana-Greve in Chianti Chianti 43-44-45 Calcaric Regosols Varicolori Shales (AVR2) S-SW 29.5 66.0 4.5 7.62 1.3 5.9 0.54 0.23 0.17 3.10 0.90

Castel Ruggero Monta
Taurina Chianti 37-38-39 Calcaric Regosols Claystone (SIL2) S-SW 33.1 42.6 24.3 7.95 1.1 3.2 0.47 0.10 0.10 0.17 3.50

Monteoriolo, Impruneta Chianti 28-28-30 Calcaric Regosols Claystone (SIL1) E 61.3 22.5 16.2 7.05 2.6 6.9 0.68 0.34 0.34 0.09 1.22

Pruneti-I Tinti, Strada in
Chianti Chianti 16-17-18 Calcari Endoleptic

Cambisols Basalts (bm) N-NW 61.9 31.5 6.6 7.90 2.3 1.2 0.33 0.46 0.27 1.23 0.95

Open slopes

Pruneti–Lizzano Chianti 22-23-24 Calcaric Regosols Monte Morello Formation
(MLL1) N-NW 36.7 38.9 24.4 8.07 1.2 2.5 0.81 0.32 0.26 3.2 0.93

La Querce-Impruneta Chianti 25-26-27 Calcaric Regosols Monte Morello Formation
(MLL2) W 22.7 68.4 8.9 8.12 1.1 2.4 0.65 0.50 0.23 2.9 0.86

Erta di Quintole-Impruneta Chianti 19-20-21 Endoskeleti Calcaric
Cambisols Carbonatic flysch (Fcar) S 57.6 22.4 20.0 7.54 2.8 3.5 0.51 0.38 0.26 1.98 0.77

Castel Ruggero Poggio
Fontaccia Chianti 34-35-36 Calcaric Regosols Varicolori Shales (AVR1) S-SW 34.5 51.3 14.2 8.09 1.1 2.8 0.68 0.31 0.18 3.0 1.30



Diversity 2024, 16, 427 6 of 23

2.2. Geological Settings

The Chianti study area (Figure 1) is located 30 km in the SW direction of Florence,
Tuscany, Italy. The most widely outcropping characterized by olive groves in this area
are the sediments belonging to the External Ligurian Domain Mt. Morello units [46]:
Morello Formation, Sillano Fm. [47], and Pietraforte Fm., followed by Tuscan Nappe,
Macigno Fm., and Palombini Shales (APA-Mt. Gottero Unit), which are part of the Internal
Ligurian Domain. A post-orogenic fluvial deposit was also considered in the Chianti area
(Plio-Pleistocenic deposits, VILa-Montefiridolfi, Figure 1 and Table 1). The Morello Unit
is represented by limestones and shales (Sillano Formation-SILL, late Cretaceous–early
Eocene) with interbedded coarse lens-shaped bodies of finely grained quartz-calcareous
sandstones (‘Pietraforte’Fm.-PTF); limestones, marly limestones, and sporadically clayey
marls and calcarenites (Mt. Morello Fm.-MLL, early-middle Eocene). The inner portion
of the Ligurian domain is characterized by shales and silica-rich limestone, quartz-rich
siltstones and sandstones, marls, and calcareous turbidites (‘Palombini’ Shales Fm.-APA;
early Cretaceous) with interbedded fragments of ophiolitic complexes (basalts-bm, gabbros,
serpentinite breccias, and reddish cherts). The Sillano Fm. is a chaotic body [4] of mixed
rocks, including blocks of different ages and origin, such as varicolored shales (AVR,
green, gray, brown, and red), alternating quartz-rich or carbonaceous turbiditic sandstone,
siltstones, marls, and calcareous marlstone.

The ‘Macigno’ Sandstones Fm. (‘Macigno’ Fm.-MAC; Chattian-Aquitanian) is the up-
permost unit of the Tuscan Nappe with a thickness of up to 1500–2000 m [48] of siliciclastic
turbidite sandstones and siltstones. Furthermore, the ‘Macigno’ Fm. hosts interbedding up
to 50 m thick lenticular successions of hemipelagic marls and very fine/distal turbidites
(San Polo Marls–“Marne”).

The lithology belonging to the Middle Pleistocene monogenic conglomerates (VILa),
corresponding to the top of fluvio-lacustrine deposits in the Anghiari-Sansepolcro basin [49],
was selected in Alta Valtiberina (Figure 1), and it is part of the larger Tiberino Basin [5].

The Pitigliano Fm. (Maremma, Figure 1) represents the youngest deposit of the Latera
volcanic sequence, and it is characterized by a complex sequence comprising airfall, pumice
deposit, flow deposit, ignimbrite strongly welded, and pyroclastic flow containing glassy
matrix [50].

2.3. Extraction of Total DNA and 16S rRNA Gene Sequencing

Metagenomic soil DNA was extracted by the “FastDNA ™ SPIN Kit for Soil” (MP
Biomedicals, Santa Ana, CA, USA) from 0.5 g of soil using the FastPrep® instrument [51].

The V3-V4 region of the 16S rRNA gene was amplified using specific primers S-D-
BACT-0341 and S-D-BACT-0785 [52] by using a T-Professional thermal cycler (Biometra,
Biomedizinische Analytik GmbH, Gottingen, Germany). The PCR reaction mix (50 µL)
contained: 40 ng of template DNA, 1X (plus MgCl2 20 mM) Dream Taq reaction buffer
(Thermo Scientific, Carlsbad, CA, USA), 0.05 Units µL−1 of Taq DNA Polymerase (Ther-
moFisher Scientific), 0.4 µM of each primer, and 0.4 mM of dNTPs. PCR running conditions
were: 3 min denaturation at 95 ◦C, followed by 30 cycles each consisting of 30 s at 95 ◦C,
30 s at 55 ◦C, and 30 s at 72 ◦C, followed by a final extension step at 72 ◦C for 7 min. PCR
products were mixed at equal density ratios. The mixed PCR products were purified with
the Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany).

The library preparation and NGS sequencing were performed by Novogene Company
(Novogene, Beijing, China) on the Illumina platform on the NovaSeq PE 250 System
(Illumina, San Diego, CA, USA).

2.4. Bioinformatic Analysis
2.4.1. Sequencing Data Processing

Paired-end reads were assigned to samples based on their unique barcodes, truncated
by cutting off the barcode and primer sequences, and merged using FLASH (V1.2.7) [53].
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Quality filtering on the raw tags was performed to obtain high-quality clean tags [54]
according to the quality-controlled process Qiime (V1.7.0) [55].

The tags were compared with the reference database (Gold database) using the
UCHIME algorithm (UCHIME Algorithm) [56] to detect chimera sequences; then the
chimera sequences were removed [57], obtaining, finally, the effective tags.

2.4.2. OTU Cluster and Taxonomic Annotation

Sequence analyses were performed by Uparse software (Uparse, v7.0.1001) [58] using
all the effective tags. Sequences with ≥97% similarity were assigned to the same OTUs. A
representative sequence for each OTU was screened for further annotation.

For each representative sequence, Mothur software (v.1.43.0) was performed against
the SSU rRNA database of the SILVA Database [59] for species annotation at each taxonomic
rank [60].

To obtain the phylogenetic relationship of all OTU representative sequences, the MUS-
CLE alignment software (Version 3.8.31) [61] was used to compare multiple sequences rapidly.

OTUs abundance information was normalized using a standard sequence number corre-
sponding to the sample with the fewest sequences. We then selected the top 10 taxa at the
Phylum and Genus taxonomic rank for each lithology to obtain the relative abundance of taxa.

2.5. Statistical Analysis
2.5.1. Multivariate Analysis

The relationship between biological assemblages of species and REEs was determined
by Canonical Correspondence Analysis (CCA) in R vegan [62], to infer information from
cross-covariance matrices. An analysis of variance was applied using distance matrices
to find the best pattern of REE that describes the community structure. For this purpose,
we have employed Adonis as a nonparametric statistical method based on Bray-Curtis
distance with 999 permutations, which fits linear models to distance matrices and uses a
permutation test with pseudo F-ratios. CCA plot (Figure 4) using only those elements of
REEs that were found to be significant (p < 0.01). ANOVA combined with CCA was used to
test the effect of REEs. Then the data was visualized on a 3D plot linking weighted average
scores with linear combination scores (“orglspider” function in vegan3d-R), where each
sample site was connected by segments to the centroid of its group of similarity (Figure 5).

2.5.2. Supervised Machine Learning

Prediction of a categorical or numerical response variable using a set of predictor
variables is the main objective of supervised machine learning. The categorical variable
“Lithologies” was used to train classification and regression trees supervised learning
algorithms to recognize REE fractionation patterns associated with different topsoils by
an ensemble of bagged decision trees, a flexible nonparametric tool for tree-based algo-
rithms [62]. Bagging, which stands for bootstrap aggregation, is an ensemble method that
reduces the effects of overfitting and improves generalization. The fractionation ratio was
used as a predictor variable to characterize soils developed on volcanic rocks, tertiary and
quaternary deposits in the Tuscany region (Figure 1). Furthermore, CART was used to
identify variables, such as the specific REE and its concentration, associated with a specific
soil bacterial composition and, thus, to characterize a particular environment. CART uses
training data and creates a model that could predict the value of a class for each test. The
CART algorithm uses splitting rules to segment the predictor space into several high-
dimensional terminal nodes to minimize the classification error. Recursive binary splitting
is used to find the best predictor variable. The class of a new observation is predicted using
the mode of the training observations in the terminal node to which the new observation
belongs. The number of predictor variables used to fit a predictive model is the major factor
contributing to increased model complexity, which may result in decreased accuracy and
increased model variance [63]. In this study, we used 14 geochemical predictors (REEs) and
3017 bacterial predictors (OTUs), considering 11 terminal nodes, equal to the lithologies
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class (target variable). It was randomly selected from about 30% of the total 9864 OTUs to
prevent overfitting in machine learning [64].

3. Results
3.1. Geochemistry of REEs

REE contents in the bioavailable fraction ranged from 1.2 to 69.1 ppm in basaltic-
and pyroclastic-derived soils, respectively (Table 1). A generally lower content was found
in shales- and limestone-derived soils (2.0–4.0 ppm); conversely, a medium to higher
content was found in soils derived from sandstone, fluvio, and fluvio-lacustrine deposits
(7.0–21.9 ppm).

These results suggested a larger REE delivery to soil from pyroclastic and arenaceous
parent materials than calcarenitic and marly parent materials, with the exception of coarse
conglomeratic soils of fluvio and fluvio-lacustrine deposits.

REE patterns were calculated by normalizing the measured concentrations to Post-
Archean Australian Shale (PAAS) according to Taylor and McLennan [65]. (La/Sm)n,
(La/Yb)n, and (Gd/Yb)n ratios indicated L-REE enrichment over M-REE, L-REE enrich-
ment over H-REE, and M-REE enrichment over H-REE, respectively (Figure S2). A ratio of
1 indicates no fractionation with respect to PAAS, whereas a value greater than 1 denotes
enrichment and a value less than 1 denotes depletion. In general, LREE/HREE fractiona-
tion is more pronounced in soils developed on pyroclastic sediment (PIT3, volcanic rock)
and Macigno Formation rocks (MAC, sandstone). Fractionation for L-REE with respect
to M-REE was visible in the pyroclastic sediment, conversely, in sandstone and in other
lithologies. MREE/HREE fractionation is evident in all lithologies and mostly in marls,
shales (SILL, AVR, and APA), and carbonate sediments (MLL, Monte Morello Formation).
Interestingly, a positive fractionation of (Pr/Ce)n is observed in soils developed on shales
(APA and SIL; Figure S1 and Table 1).

Although most authors [7] pointed to the enrichment of REEs with the increase of finer
particles, the correlation between the total content of REEs and the texture of the studied
soils (Table 2) is proportional to sand concentration (r > 0.6; r = Pearson coefficient). A
negative relationship was found between the total REE content and the silt concentration.
There is a significant relationship between the fractionation parameters and the contents
of the sandy, silty, and clay fractions. The variation of some fractionation parameters,
such as (La/Yb)n, rather reflects the petrographic nature of the source rocks. The lowest
values of this parameter are found in soils influenced by basaltic rocks (bm) and developed
on conglomerate rocks (Villa). A positive relationship was found between (i) (La/Yb)n,
(La/Sm)n, and (La/Gd)n and the sand concentration (r > 0.6); (ii) (Pr/Ce)n and clay
concentration (r > 0.5), and a negative linear correlation was found between (La/Yb)n,
(La/Sm)n, and (La/Gd)n and the silt concentration (Table 2). A general high correlation
(r > 0.7) with a negative relationship was found between the values of pH and (La/Yb)n
and (La/Sm)n, whereas no correlation with r > 0.3 was found between pH and (Gd/Yb)n
and (Pr/Ce)n (Table 2).

To address which fractionation ratio of REEs was important for characterizing the
topsoil developed in different geological environments, we performed cluster analyses
by using a principal component analysis (PCA) [66]. Figure 2 shows the relationship
among soil samples considering the ratios La/Yb and Gd/Yb. Highly clustered samples
were found for pyroclastic and arenaceous-derived soil. Furthermore, the component PC1
described the soils as follows: (I) those developed on fluvio-lacustrine deposits and basalts;
(II) those related to the soil of the Chianti area developed on fluvio-conglomeratic deposits
claystone and carbonatic flysh; and (III) pyroclastic derived soil. The PC2 component
highlighted the difference between arenaceous and pyroclastic-derived soils and those
derived from calcareous soils, hence limestone, marls, and claystone (IV).
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Table 2. Correlation coefficient for each pair of variables: soil texture, pH, REE, and fractionation
ratios of REE for topsoil developed on 11 lithologies of Tuscany.

Pair Pearson’s r Fisher 95% CI p-Value

Sand, REE 0.614 0.148 to 0.857 0.0149

Silt, REE −0.591 0.847 to −0.113 0.0203

Clay, REE −0.013 0.522 to 0.503 0.9643

Sand, (La/Yb)n 0.587 0.107 to 0.845 0.0214

Sand, (La/Sm)n 0.675 0.250 to 0.882 0.0057

Sand, (La/Gd)n 0.741 0.369 to 0.909 0.0016

Clay, (Pr/Ce)n 0.584 0.102 to 0.844 0.0223

Silt, (La/Yb)n −0.547 0.827 to −0.048 0.0348

Silt, (La/Sm)n −0.552 0.829 to −0.055 0.0330

Silt, (La/Gd)n −0.665 0.878 to −0.055 0.0069

pH, (La/Yb)n −0.755 0.914 to −0.396 0.0011

pH, (La/Gd)n −0.784 0.925 to −0.455 0.0005

pH, (Gd/Yb)n 0.226 0.323 to 0.662 0.4173

pH, (Pr/Ce)n 0.293 0.258 to 0.700 0.2888
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Figure 2. Correlation among soil samples considering the ratios La/Yb and Gd/Yb. Scores plot for
PC1 (50.3% of the total variance) vs. PC2 (49.7%) describe the 73 topsoil samples from each parent rock
material, which were color coordinated. The roman numbers in brackets refer to different clusters:
(I) conglomeratic (Anghiari, Valtiberina) and basaltic (Chianti); (II) conglomeratic (Montefiridolfi),
carbonatic flysh, and claystone in the Chianti area; (III) pyroclastic-derived soils; and (IV) claystone,
marls, and siltstone.
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3.2. Bacteriome Sequencing

A total of 2,219,018 amplicon sequences from the V3-V4 region of the 16S rRNA gene
that clustered into 9864 OTUs (97% nucleotide identity) were obtained from the sequencing
analysis. As shown in Figure 3a, the dominant bacterial phyla were Actinobacteria (39.6%),
Proteobacteria (21.2%), and Acidobacteria (9.6%); the dominant genera (Figure 3b) were
Microlunatus, especially in soils developed on fluvio-lacustrine deposits (VILa1-2-3), Gaiella
in arenaceous soil (MAC), Bradyrizhobium in pyroclastic soil (Vulc), and Rubrobacter in
carbonate flysch, basalts, and marls soils (Chianti area Marne, bm, Fcar, MLL).
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Figure 3. Principals of 10 groups of bacteria at Phylum (a) and Genus (b) levels for olive grove
lithologies (Table 1) in Tuscany. The dominant bacterial phyla were Actinobacteria, Proteobacteria,
and Acidobacteria. The dominant genera were Microlunatus in soils developed on fluvio-lacustrine
deposits (VILa1-2-3), Gaiella in arenaceous soils (MAC), Bradyrizhobium for pyroclastic (Vulc) soils,
and Rubrobacter in carbonate flysch, basalts, and marls soils (Chianti area Marne, bm, Fcar, MLL).

Moreover, the phylogenetic distance between bacterial phyla of the topsoil of different
lithologies (Figure S3) highlighted that the bacterial clusters I and II were close in soils
developed on a pebbly matrix or of basaltic origin, as also shown by the PCA (Figure 2).
Furthermore, cluster III in volcanic soils was distant from cluster IV, which characterizes
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soils developed from marls and claystone, and relatively close to those in the arenaceous
ones (MAC).

3.3. Correlation between Bacteriome and REEs

The fractionation patterns of REEs were used to characterize the topsoil developed
on different geologic substrata because they are either inherited from their parent rock
materials (source-related) and controlled by natural geochemical processes or influenced by
anthropogenic sources. At the same time, we compared the results of PCA soil clustering
to the phylogenetic ones (Figure 4).
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Figure 4. Relationships between soil bacterial composition and REE content: (a) CCA joint plot be-
tween OTUs and significant REEs (Pr: Praseodymium; La: Lanthanum; Nd: Neodymium; Ce: Cerium)
in soils (rows) developed on different lithologies of Tuscany. Rows refer to Table 1. (b) Sites of sam-
pled soils grouped by OTUs similarity, clustering in four different bio-geochemical environments of
Tuscany. The corresponding lithologies are for Chianti area (green): Marne, APAa, VILa3, bm, Fcar,
MLL1-2, SIL1-2, AVR1-2, and PTF; for Anghiari (red) VILa1-2; for Pitigliano (dark blue) Vulc-PIT3,
and for Lamole (sky blue) MAC (Table 1).
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Two complementary approaches were used to elucidate the relationships between
soil bacterial composition and REE content in the analyzed topsoil: a canonical correspon-
dence analysis (CCA) in R vegan [62] and CART analyses performed by Salford Predictive
Modeler Software (SPM Version 8.3.2, Minitab 19). ANOVA applied to CCA showed a
significant (p < 0.01) association between microorganisms and REEs. By Adonis analy-
ses, the CCA1 axis showed that Lanthanum (La), Cerium (Ce), Praseodymium (Pr), and
Neodymium (Nd) (p < 0.01) were LREEs that affected the composition of the bacteriome
(Figure 4a). Pyroclastic soils (rows 31, 32, 33) were characterized by the highest content of
La, Ce, Pr, and Nd, while arenaceous soils (rows 46, 47, 48) were mainly characterized by
the Ce content. Considering the OTU relative abundance and REE content of each soil, we
observed the following behavior: (i) most of the OTUs were close to the intersection of the
axes, representing the core bacteriome [67]; (ii) some OTUs (i.e., 159, 543, 881, 882), belong-
ing to Thaumarchaeota, Verrucomicrobia, and Chloroflexi, reached high relative abundances
in volcanic soils also characterized by the high concentrations of La, Ce, Pr, and Nd; and
(iii) other OTUs (376, 533, 719), belonging to Chloroflexi, showed higher values of relative
abundances in arenaceous soils (MAC).

The results of the CCA analysis were visualized by the 3D plot (Figure 4b), where each
sample site was connected with the centroid of its group of similarity. This plot showed
four clusters: conglomeratic derived soil (VILa1-Alta Valtiberina, Anghiari), pyroclastic
derived soil (PIT3-Vulc Maremma, Pitigliano), arenaceous soil (MAC-Chianti area, Lamole),
and 11 different lithologies in one single cluster (Chianti area).

By using the CART statistical analysis, we further assessed the value of REE contents
in soils that could affect the bacteriome composition (OTUs). The cluster results for all
selected lithologies of the Tuscany olive grove and, separately, for only the lithologies
of the Chianti area were summarized in Figure 5a and 5b, respectively. The Chianti area
alone was considered in the model computation because of the presence of a great variety
of lithologies as opposed to the monolithologic system of the Pitigliano area. The CART
outputs indicated that the L-REE may be used as a proxy for the bacteriome composition.
For instance, a Ce content lower than 0.36 ppm was a discriminant factor for soils derived
from argillaceous rocks (APA-Palombini shales). This result agreed with the descriptive sta-
tistical analyses (Figure S2) where we considered the Pr/Ce ratio. Moreover, in agreement
with the CCA results, La content (>12.78 ppm) and Pr content (>1.85 ppm) characterized
volcanic soils (VUL-PIT3). During the initial recursive partitioning step of the analysis,
the following phyla, Actinobacteria (OTU_95, Rubrobacteria OTU_2) and Thaumarchaeota
(Nitrososphaeria OTU_57, Nitrososphaeria OTU_1), depended on the REE contents (Figure 5a)
in agreement with CCA results. CART analysis showed that Nitrososphaeriales was a
discriminant factor for clustering soils developed on fluvio-lacustrine deposits (VILL),
characterized by a high content of gravels, and soils characterized by fine-grained quartz-
calcareous sandstones (PTF) and hemipelagic marls (Marne). Furthermore, the Rubrobacteria
characterized soils from the carbonate flysch sediment and claystone (APA). The CART
analysis of the Chianti area (Figure 5b) showed that Bacteroides (Chitinophagales OTU_14),
Protobacteria (Alphaproteobacteria OTU_16, Gammaproteobacteria OTU_17), and Firmicutes
(Bacillales OTU_83) were affected by soils developed on different lithologies. Furthermore,
considering only the bio-geochemical environment of this area, which is characterized
by several different kinds of lithologies (Table 1), the analysis showed that the first dis-
criminant factor was the Ce content. Moreover, Rubrobacteria (OTU_2 Figure 5a) were
discriminant for the Chianti area. These findings agreed with the statistical analysis in
Figure 3, where the dominant genus in Chianti soil was Rubrobacter.
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and its REEs content for the selected lithologies of Tuscany (a) and the lithologies of Chianti area (b).
The values shown in the figure refer to REE concentration (ppm). The phyla (and classes) of the OTUs
listed in the graphs are: (a) Actinobacteria (OTU_95, Rubrobacteria OTU_2) and Thaumarchaeota
(Nitrososphaeria OTU_57, Nitrososphaeria OTU_1); (b) Bacteroides (Chitinophagales OTU_14), Pro-
tobacteria (Alphaproteobacteria OTU_16, Gammaproteobacteria OUT_17), and Firmicutes (Bacillales
OTU_83). For model (a) the accuracy is equal to 97%. The receiver operating characteristics (the area
under ROC) curve was 0.87. For model (b), the accuracy is equal to 82% and the ROC value is 0.86.

4. Discussion

The soil bacteriome characterization is one of the major scientific challenges due
to its high complexity; therefore, a multidisciplinary approach with different skills and
knowledge is required [68,69]. On the other side, the biological role of REEs has long
been underestimated, despite several studies showing how these elements can affect some
groups of microorganisms with stimulation or inhibition of their metabolic functions [70].
For this reason, in the present research, we integrated the biogeochemical approach with
bioinformatics and machine learning techniques to investigate the composition and diver-
sity of soil bacteria within contrasting environmental settings but with the same land use
and comparable management. Machine learning has proven to be a useful approach for
analyzing bacteriome data and predicting outcomes, including human and environmental
health (TARA OCEANS project [71]; Earth Microbiome Project [72]). For example, machine
learning applied to microbial community profiles has been used to predict environmental
quality as well as trace evidence in forensics.

Using the REEs as a proxy for different soil mineral assemblages, we showed that the
lithologies are closely related to microbial community assemblages (Figure 4). Through the
CCA analysis, the existence of four microbial assemblages depending on the LREEs was
highlighted, in agreement with [29], who found a consistent biotic signature for L-REE with
a general depletion with respect to M-REE and H-REE. The found bacteriome assemblages
corresponded to geographic ranges with geologically young (pyroclastic–PIT3) and old
(Palombini shales–APA) soils and different microclimates. We hypothesized that this result
could be due to the long history of weathering at these sites, given that the REE content in
the bioavailable fraction of Tuscan olive grove soils is in the range of non-contaminated
European soils [73–75], varying from 1.2 to 69.1 mg/kg in basaltic- and pyroclastic-derived
soils. It is known that soil salinity, temperature, pH, and organic matter individually affect
the bacteriome, but they can more significantly modify it if combined with REEs [30,76].
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However, the most sensitive bacterial phyla to REE content belonged to Proteobacteria,
Verrucomicrobia, and Firmicutes [77,78]. Our results from NG sequencing for the considered
Tuscany olive groves showed that the dominant phyla were Actinobacteria, Proteobacteria,
Acidobacteria, Chloroflexi, Verrucomicrobia, and Firmicutes (Figure 3a). Similar results were
found by Fausto et al., [1] in soils of mature olive groves in Matera province, Southern Italy,
although Firmicutes were not present in consistent numbers in Tuscan olive groves.

Our results showed that a higher content of bioavailable REEs may have selected
bacterial assemblages more suitable to survive in these soils, as indicated by the abundance
of bacterial genera (Figure 3b) but also by alfa diversity (Figure S2). In fact, the pyroclastic
had the greatest specific number of 275 OUTs, the arenaceous 255 OTUs, the Palombini
shales 145, and the carbonate flysh 135 OTUs. In particular, NGS results showed that the
dominant phyla were Actinobacteria, Proteobacteria, Acidobacteria, Chloroflexi, Verrucomicrobia,
and Firmicutes (Figure 3a). Actinobacteria are described as highly resistant to drought and
poor nutrient conditions. Moreover, they are almost ubiquitous in soils and have the func-
tion of promoting plant growth thanks to their good adaptability to the plant root surfaces
and their ability to counteract many plant pathogens [2,79,80]. Acidobacteria, Verrucomicrobia,
Chloroflexi, and Firmicutes include members involved in sulfate- and iron-reduction, those
surviving in groundwater, volcanic, or heavy meal-contaminated soils where high REE
content has accumulated; thus, these bacteria may be used as indicators of risk assess-
ment [76,81,82]. Among the Proteobacteria, generally divided into five main phylogenetic
lineages known as Alpha proteobacteria, Beta proteobacteria, Gamma proteobacteria, Delta
proteobacteria, and Epsilon proteobacteria [83], Acidobacteria have extensive metabolic
versatility and therefore have a dynamic role in soil ecology. For example, they participate
in the nutrient biogeochemical cycles and include plant growth promotion rhizobacte-
ria [84]. Furthermore, oligotrophic chloroflexi are considered omnipresent in soil and
involved in various biogeochemical processes. Some members are aerobic thermophiles,
demonstrating the ability to live in soil spots with high temperatures and promoting the
decomposition of organic matter [85]. Verrucomicrobia are mostly not cultivable in vitro, but
they are involved in the degradation of complex compounds that allow them to survive
environmental stresses, characteristics that make them suitable for a possible use in sus-
tainable agricultural systems [86,87]. Moreover, Firmicutes were found to be discriminant
between calcaric-siltstone-derived-soil (PTF) and limestone and claystone-derived-soil of
the Chianti area (Figure 5b, OTU 83). This phylum includes bacteria belonging to the genus
Bacillus, whether or not endospore-forming, Clostridium, and Lactic Acid Bacteria. Bacillus
and Clostridium are able to degrade various carbon substrates, such as polysaccharides
and other complex carbon compounds; some are capable of fermentation, and others are
involved in the nitrogen cycle. Thanks to their ability to form endospores, they can survive
drought for long periods in soil [88]. The genus Lactobacillus includes aerotolerant anaer-
obes found in food-rich environments, decaying plants, milk products, and the human
gut. Due to these multiple characteristics, they have recently attracted much interest for
sustainable agricultural strategies [89].

The dominant genera (Figure 3b) were: Microlunatus in soils developed on fluvio-
lacustrine deposits (Anghiari VILa1-2, and Montefiridolfi VILa3); Rubrobacter in soil devel-
oped from carbonate flysch, basalts, and marls (Chianti area Marne, bm, Fcar, MLL; Table 1);
Gaiella and Bradyrhizobium in arenaceous (MAC) and pyroclastic (Pitigliano Vulc) soils,
respectively. Overall, these bacterial genera perform important soil metabolic functions,
including the major nutrient cycles. In particular, Rubrobacter participates in the dark
oxidation of sulfur compounds and thus can affect sulfur availability to plants, but it is also
abundant in sunlight-exposed biofilms, in desiccated areas of the Atacama desert [90], and
in other arid soils [91,92]. The relative abundance of Rubrobacter was higher in Chianti soils
than in Anghiari conglomerate soils. Considering the rising temperature in the Chianti area
of the last decade, with temperatures above 35 ◦C [93], we can hypothesize that the higher
presence of Rubrobacter could be related to water stress and desiccation conditions in Chianti
soils. This hypothesis was also supported by [94], who also suggested that Rubrobacter may
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protect other soil bacteria from heat, salinity, radiation, and desiccation stresses through
trehalose synthesis. Moreover, Microlunatus contributes to the decomposition of organic
matter; Gaiella might be an indicator for soil PAH contamination; symbiotic Bradyrhizobium
is notoriously involved in nitrogen-fixation; and non-symbiotic Bradyrhizobium has been
recently described as resistant to heavy metals and REE stress [70,95,96]. It is interesting
to note that the volcanic soil (PIT3, Table 1), characterized by minerals such as sanidine
and halloysite, showed a bacterial composition predominantly dominated by the genus
Bradyrhizobium (Figure 3b). Furthermore, during the pedological investigation, it was
possible to detect the presence of Trifolium spp. in this olive grove (Figure 1). It is known
in the literature that symbiotic Bradyrhizobium are involved in nitrogen fixation, while
non-symbiotic Bradyrhizobium are resistant to heavy metals and REE stress [70,95,96]. A
legume symbiotic nitrogen-fixing Bradyrhizobium strain can grow on methanol as a sole
carbon source in the presence of La3+, which is essential for the methanol dehydrogenase
activity [12,13]. The presence of Bradyrhizobium is important for biologically significant
functions including photosynthesis, nitrogen fixation, heterotrophic denitrification, and the
degradation of aromatic compounds [97].

The results of CART analysis (Figure 5a,b) led us to think that soils with different REE
contents can have a different characteristic bacterial composition. Furthermore, cluster anal-
yses (Figure 2 and Figure S2) showed that the bacterial taxonomic composition was related
to soil texture and to the lower fractionation ratio La/Yb in the case of the pebble surface
characterizing the conglomeratic-derived-soils (Anghiari, Montefiridolfi). This could be
related to the effect of the pebble’s physical properties on bacterial niche differentiation,
resulting in different soil community structures [98,99]. According to the CCA analysis
(Figure 4a), a number of specific OTUs were connected to L-REE in soils developed on
pyroclastic lithology (i.e., rows 31, 32, 33, VULC-PIT3) and characterized by a high content
of La, Nd, Pr, and Ce, while many others were centered on limestone deposits (Marne,
APAa, bm, Fcar, MLL, SIL, AVR, PTF, in Chianti) far from all the other L-REE lithologies. The
likely selection of bacterial OTUs could be considered as indicators of different olive groves
of different Tuscany olive grove soils, i.e., bacterial OTUs belonging to Thaumarchaeota
Verrucomicrobia and Chloroflexi might be indicators for pyroclastic soils (Vulc, Pitigliano),
since they are considered pioneers in colonizing this type of environment [100]; Chloroflexi
could be indicators of particular arenaceous soils (row 46, 47, 48, MAC, Lamole). More
specifically, Thaumarchaeota contributes significantly to nitrification rates in carbon and
nitrogen rich soils influenced by perennial grasses. Oligotrophic Chloroflexi are involved in
various biogeochemical processes. Some members are aerobic thermophiles, demonstrating
the ability to live in soil spots with high temperatures, promoting the decomposition of
organic matter [82]. Verrucomicrobia are mostly not culturable in vitro, but they are involved
in the degradation of complex compounds that allow them to survive environmental
stresses, a characteristic that makes them suitable for a possible use in sustainable agri-
cultural systems [87,91]. It is also interesting that Verrucomicrobia and Chloroflexi include
members involved in sulfate- and iron-reduction, surviving in groundwater, volcanic, or
heavy metal contaminated soils with high REE content; thus, these bacteria may be used
as indicators of risk assessment [11,64,78]. The 3D plot of Figure 4b showed four clusters:
(i) fluvio-lacustrine deposit (VILa1-2, Anghiari), (ii) arenaceous (MAC, Lamole), (iii) pyro-
clastic (PIT3-Vulc, Maremma, Pitigliano), and (iv) limestone soils (Chianti area). Based on
these results and those obtained from CART analysis, we showed that there is a reciprocal
relationship between the bacterial community and the REE content in olive orchard soils of
different lithological origins.

Considering the arenaceous soils (MAC, “Tab.1”), they developed on graywacke,
a sandstone with ultramafic detritus and a lower clastic carbonate content (less than
2%). These soils, rich in quartz and microcline and poor in albite, have a REE content
of 21.9 mg/kg and are therefore higher than limestone and clayey soils (Tab.1). The soil
texture is dominated by the sandy fraction (76.8%) with a low clay content (8.1%) that
results in a low SOM content, the lowest of the soils investigated, but at the same time
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they are characterized by a higher bacterial alfa diversity with 255 OTUs more than clayey
soils (Tab.1). Our results were in agreement with [101], who found that SOC content alone
was not an indicator of microbial growth rate or, in our case, bacterial diversity, and that
bacteria derived from granitic rocks had higher relative growth, despite having lower SOC,
compared to andesite and basalt soils. This could be caused by the higher abundance of
short-range order (SRO) mineral phases in those soils [101,102].

The further agroecological zone highlighted by applying the CCA (Figure 4) was
the fluvio-lacustrine deposits (Anghiari, Arezzo). The rounded pebble conglomerate
deposits showed an intermediate value content in REE of 13.5 mg/kg, always higher
than the limestone and clayey soils of the Chianti area, with the exception of the soils
developed on fluvial conglomerates (VILa3, Table 1), resulting from the dismantling of the
Chianti Mountains (MAC). These soils showed comparable geochemical behavior of REEs
(Figure 2) and the same root of the phylogenetic tree (S10, S210, S270, S280, S70, and S80
Figure S3). This could be related to the effect of the pebble’s physical properties on bacterial
niche differentiation, resulting in different soil community structures [98,99]. Furthermore,
cluster analyses (Figure 2) showed that the bacterial taxonomic composition was related
to soil texture and to the lower fractionation ratio La/Yb in the case of the pebble surface
characterizing the conglomeratic-derived-soils (Anghiari, Montefiridolfi).

The differences between the two conglomerate-derived soils (Anghiari and Mon-
tefiridolfi Chianti) were probably related to the climatic characteristics of the two olive
groves, highlighted by the presence of Microlunatus genus (Villa1 Figure 3b) in those of
Anghiari and Bacillus and Candidatus nitrosospharea in those of Chianti (VILa3 Figure 3).
Moreover, Praseodymium was the most important factor to indicate concentrations of
Gammaproteobacteria Burkholderiaceae for decision tree approaches (CART analyses) for the
conglomerate-derived soil in Chianti area (VILa–Figure 5b). The lower value content
of the Gammaproteobacteria was found to be associated with VILa and olive groves culti-
vated on soil developed on carbonate flysh (Flysh Figure 5). Gammaproteobacteria include
fast-growing copiotrophics abundant in soil with sufficient labile substrates. This was
also supported by our findings, which highlighted that soil derived from carbonate flysh
showed lower alfa diversity (135 OTUs) (Fcar, Figure S4).

This calcaric cambisol (Fcar) was characterized by a SOM value of 2.8%, the highest of
the study sites, a clay fraction equal to 20%, and the phyllosilicate clay minerals kaolinite
and hydroxy-interlayered vermiculite. Although numerous scientific studies agree on the
fact that reducing soil tillage and acting on vegetal cover can increase soil quality [103], it is
the quality of soil organic compounds linked to vegetal origin that could influence bacterial
activity and their temporal priming dynamics [104]. On the other hand, some authors
reported that the addition of complex substrates to the soil can favor the production
of more extracellular enzymes in response to the complex substrate accelerating SOC
decomposition [105]. However, there still remains considerable uncertainty about how
different types of substrates can influence soil microflora and, therefore, SOC mineralization.
The land management of olive groves on calcaric cambisols (Fcar) in the last 20 years has
been characterized by no-tillage operations with cover crops and plant residues derived
from olive pruning, containing bioactive compounds with antimicrobic and antioxidant
activities. This type of management, together with the mineralogical assemblage, could
explain the lower alpha diversity (Figure S4) and the high presence of Rubrobacter belonging
to the Actinobacteria. These filamentous bacteria are described as highly resistant to drought
and poor nutrient conditions but also promoters of plant growth thanks to their good
adaptability to the root surfaces [2,79,80]. In particular, Rubrobacter participates in the dark
oxidation of sulfur compounds and thus can affect sulfur availability to plants, but it is
also abundant in sunlight-exposed biofilms, in desiccated areas of the Atacama desert [90],
and in other arid soils [91,92]. The relative abundance of Rubrobacter was higher in Chianti
soils than in Anghiari conglomerate soils. It is of some importance to note that traditional
Mediterranean olive groves are affected by low SOM content (<2%) due to the recent high
temperature that favors SOM mineralization [106]. Considering the rising temperature in
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the Chianti area of the last decade, with temperatures above 35 ◦C [93], we can hypothesize
that the higher presence of Rubrobacter could be related to water stress and desiccation
conditions of these soils. This hypothesis was also supported by [94], who also suggested
that Rubrobacter may protect other soil bacteria from heat, salinity, radiation, and desiccation
stresses through trehalose synthesis.

5. Conclusions

This work, although preliminary, highlighted the mutual influence of the soil’s bacte-
rial and lithological components. The machine learning approach is a powerful tool for
corroborating results based on bivariate statistics and discovering multivariate relation-
ships between REE and bacteria in soils of different origins whose relationships cannot
be detected by bivariate statistics. Coupling metagenomics with geochemical analyses in
a machine learning algorithm framework for community profiling can provide a more
robust characterization of bacterial communities in relation to environmental features.
Here we showed that using a complementary proxy such as REE and bacteriome, through
a machine learning approach, it was possible to highlight the bacteriome assembly of a
soil related to the parent rock material and land management. In fact, we were able to
detect a characteristic bacteriome, which implies the existence of a different metabolic
potential, in four Tuscan olive grove soils. Our opinion is that it is necessary to use this
combined approach to more comprehensively and concretely characterize a territory whose
importance lays on the production of a valuable extra virgin olive oil and on the good
agricultural management and environmental conditions hoped for by EU directives and
(Common Agricultural Policy-CAP Strategic Plan. This research represents a starting point
useful for producers to define new indicators able to highlight the link between the olive
groves and the territory in which they are located, but also to improve fertility, resistance
to water stress, or assess the resilience of the olive trees in the Mediterranean landscape.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d16070427/s1, Figure S1: 16S (341F515R) and 18S (FF390FR1) rRNA Gene
Copy Number g-1 soil by qPCR in soils of the studed olive orchards of Tuscany; Figure S2: Comparison
of representative fractionation parameters of light, medium, heavy rare earth elements and Ce:
(La/Yb)n, (La/Sm)n, (La/Gd)n, (Gd/Yb)n and (Pr/Ce)n for soils developed on different lithologies
of Tuscany (Tab.1). Whiskers indicate minimum and maximum values; the lines in boxes-center show
median values; Figure S3: Phylogenetic tree and principals 10 groups of bacteria at Phylum level for
topsoil of olive groves on different lithologies of Tuscany (Tab.1). The dominant bacterial Phyla were
Proteobacteria, Actinobacteria and Acidobacteria; Figure S4: Flower diagram alpha diversity. Each petal
in the flower diagram represents for a sample or group, with different colours for different samples
or groups. The core number in the center is for the number of OTUs present in all samples, while
number in the petalis for the unique OTUs only showing in each sample. For some sites bacterial
biodiversity is particularly high, as in the case of R (Lamole) and M (Pitigliano).
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