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Abstract

Pistacia lentiscus L. is an excluder metallophyte proposed for revegetation and phytostabilization of metal
contaminated sites in Mediterranean area. The present study aims at evaluating the linking between
bacterial communities and plants spontaneously growing in ecosystems chronically impacted by mining
activities. Environmental properties and metal accumulation into hypogeal and epigeal tissues were
analyzed in wild plants of two contrasting habitats with extreme metal contamination (> 2,300 mg/kg for
Zn, > 1,100 mg/kg for Pb, > 10 mg/kg for Cd). The community structures of rhizospheric and root
endophytic bacteria were fingerprinted by terminal restriction fragment length polymorphism of 16S rRNA
gene. The wild shrubs efficiently restrict accumulation of the three major contaminants to the epigeal
tissues in the two habitats under study (249 + 68 mg/kg dw for Zn, 43 + 21 mg/kg dw for Pb, and 1.4 £ 0.5
mg/kg dw for Cd). Evidence was provided that the combined but not individual effect of environmental
conditions (moisture, inorganic carbon, pH) and proportion between Zn and Cd in the mine substrate play
a role in structuring rhizosphere bacterial communities. The observed changes in community structures of
root endophytes were found to be strongly associated with Pb level in roots and substrate properties
(inorganic carbon and Zn/Cd ratio). Overall, our study highlights the importance of the analysis of
multifactorial interactions among mine substrate, plant, and microbes for understanding how the

environmental context affects phytoremediation under real conditions.
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1. Introduction

Exploitation of Zn-Pb ores has taken place on a massive global scale for centuries causing serious
environmental and health hazards worldwide. Pb and Zn are often found together in ore deposits, where
Pb is obtained from galena and Zn is produced from sphalerite (Manca et al. 2021). Due to the chemical
similarity of Zn and Cd, Zn ores also contain Cd through Zn substitution in minerals (Bao et al. 2022).
Therefore, Zn, Cd, and Pb are common co-pollutants (Smieja-Krdl et al. 2022). Nevertheless, these metals
have distinct biogeochemical behaviors and cause different biological effects on the receiving ecosystems.
Pb and Cd have no known positive biological function and are regarded as persistent pollutants. Cd raises
severe environmental and health concerns because of its high mobility, attitude to be taken up by plants,
and toxicity to soil biota and humans (Zhu et al. 2023), while Pb is generally less mobile in soil and
vegetation (Zulfigar et al. 2019). On the other hand, Zn is a physiologically essential element, but it can
become toxic when concentrations are elevated (Thakare et al. 2021). Moreover, interactions occur
between Zn and Cd with synergic or antagonist effects (Renella et al. 2003; Fulladosa et al. 2005; Cherif et
al. 2011; Tkalec et al. 2014; Song et al. 2018; Yang et al. 2020; Zhu et al. 2023).

Pressures exerted by mining activities impact neighboring territories, causing fragmentation and
degradation of the ecosystems, biodiversity loss, and health risks for residents (Maus et al. 2020). The
negative impacts of abandoned or inactive mines have been mainly related to the incorrect management
of tailing disposal sites, which constitute a major source of metal contamination for the surrounding lands
due to wind dust dispersion, water erosion, and leaching (Wang et al. 2017). Areas exposed for long-time
periods to metal ore mining are complex anthropized ecosystems. They generally exhibit severe metal
pollution, wide diffusion of pollutants, multi-elemental contamination, and heterogeneous metal levels. In
addition, mine residues suffer for poor structure of the substrate, organic matter and macronutrient
deficiencies, drought, and wide temperature fluctuations (Karaca et al. 2018). For these reasons, mine
substrates pose a serious threat to soil microorganisms, hindering functions fundamental for soil health,
such as carbon and nutrient cycling (Mendez and Maier 2008; Beattie et al. 2018). In previous studies, Pb,
Zn, and Cd have been found to alter the structure of bacterial communities and decrease their biodiversity
(Pan et al. 2020; Chen et al. 2021). Moreover, the physical, chemical, and biological constraints
encountered in mine substrates severely limit plant colonization and growth (Mendez and Maier 2008;
Bacchetta et al. 2015).

Phytostabilization technology implies the creation of a vegetation cover for the long-term immobilization
of metals within the plant rhizosphere, reducing the ecosystem exposure (Shen et al. 2022). This complex
process takes place at the substrate-root interface, where the excluder type metallophyte and its root-
associated microorganisms minimize metal mobility and bioavailability through precipitation within
rhizosphere, adsorption onto root surface, and accumulation into hypogeal tissues, with limited

translocation to the aerial parts (Kidd et al. 2009; Medas et al. 2015; Shackira and Puthur 2019). Root
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exudates can affect metal bioavailability in the rhizosphere directly by changing pH, chelation/precipitation
and redox reactions, or indirectly through their effects on associated microorganisms (Kidd et al. 2009;
Podar and Maathuis 2022). Nutrients introduced in the rhizosphere as root exudates enhance
heterotrophic microbial community (Cao et al. 2007; Ojuederie and Babalola 2017) and restore
microbially-mediated ecosystem services, such as organic matter decomposition (Navarro-Cano et al.
2018; Colin et al. 2019). On the other hand, root-associated bacteria, both rhizobacteria and root
endophytes, contribute to the phytostabilization process by metal sorption, sequestration, and
precipitation as well as by increasing plant tolerance to metal stress and promoting plant growth (Ma et al.
2011; Tamburini et al. 2017; Colin et al. 2019; Gazitua et al. 2021). Moreover, metal mobility and plant
accumulation have been demonstrated to be under the control of several different and interacting abiotic
factors, including structural properties of the substrate (Shackira and Puthur 2019), drought stress (Bauddh
and Singh 2012), and co-contaminations (Adams et al. 2004).

Spontaneous vegetation growing in mining areas provides the opportunity to study phytostabilization after
long term exposure under real environmental conditions. Pistacia lentiscus L. is a perennial, sclerophyllous
shrub typical of the Mediterranean maquis community. Its spontaneous growth in metal contaminated
sites impacted by mining activities and landfills has been recognized in Mediterranean area, including
Algeria (Belabed et al. 2014), Cyprus (Baycu et al. 2015), Spain (Dominguez et al. 2008), and Sardinia in Italy
(Angiolini et al. 2005; Conesa et al. 2006). The species has been extensively studied in abandoned mining
area of the Iglesiente district (Sardinia, Italy), where wild plants are present as component of the sparse
autochthonous vegetation (Bacchetta et al. 2012, 2015; De Giudici et al. 2015; Concas et al. 2015). In the
area, Pb-Zn deposits had been exploited for centuries (Boni et al. 1999). After an inadequate post-closure
management, the current state of the territory is of serious concern due to pollution by Cd, Pb, and Zn and
programs for requalification have been planned (Cidu et al. 2009; Bacchetta et al. 2015). Previous
greenhouse and field scale trials have demonstrated great adaptability of P. lentiscus to metal
contaminated substrates of the abandoned mining area, exhibiting a shrub high biomass production and a
deep root system (Bacchetta et al. 2012, 2015; Concas et al. 2015). Its metal tolerance is based on the
exclusion process thanks to its ability to restrict metals into roots with a low translocation to the epigeal
tissues (Fuentes et al. 2007; Bacchetta et al. 2012, 2015; Concas et al. 2015). At microscopic scale, the
occurrence of Si-Al biomineralizations in the root epidermis has been interpreted as the mechanism by
which the plant excludes the bioavailable excess amount of Zn (De Giudici et al. 2015). Moreover, an
endophytic Variovorax sp. strain isolated from roots of P. lentiscus has been found to promote seed
germination, increase plant biomass, and reduce metal translocation from hypogeal to epigeal tissues by
mastic shrub during a bioaugmentation-assisted phytostabilization tests on the mine substrates under
greenhouse conditions (Tamburini et al. 2017). Despite the current knowledge, the synergy between P.

lentiscus and its associated bacterial communities under real conditions is still completely unexplored.
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With these premises, the research hypothesis of the study was that differences in the bacterial
communities associated with P. lentiscus spontaneously growing in metal contaminated mining areas are
linked to the local abiotic properties of the mine substrates and metals inside plant tissues. To test this
hypothesis wild plants were collected at two contrasting habitats of the abandoned mining area in the
Iglesiente district (Sardinia, Italy) and analyzed for environmental properties and metals in mine
substrates, metal accumulation into plant tissues, and structures of rhizosphere and endophytic bacterial
communities. Due to the multifactorial nature of the system, a multivariate statistical approach was
employed.

2. Materials and Methods

2.1. Study site description and samplings

The investigated area is located along the Rio San Giorgio valley in the Iglesiente district (Sardinia, Italy)
(Figure S1), an area characterized by a thermo-Mediterranean dry bioclimate, with long summer drought
period and long-term mean precipitation of 600 mm/y concentrated in 50 mean rainy days (Bacchetta et
al. 2009, 2015). Along the valley, the two investigated locations were the embankment delimiting the
Campo Pisano tailing dump (39° 17.743’ N, 8° 31.905’ E), where wastes resulting from the flotation process
were settled (Cidu et al. 2009), and the Sa Masa swamp (39° 16.569’ N, 8° 27.370’ E), a marshy area
periodically subject to flooding (Cherchi et al. 2023). There, the drainages from the upstream mining sites
are transported by the Rio San Giorgio (Cherchi et al. 2023).

Samplings were carried out between late June and early July during the drought period. For each site, five
spontaneous plants of P. lentiscus with a homogeneous height of about 20-30 cm were randomly chosen
(Figure S2). Each plant location was labelled with an alphanumerical label as follows: site (CP: Campo
Pisano tailing dump; SM: Sa Masa marsh), a progressive number (1-5). For each location, a plant with the
mine substrates retained by its roots was removed from the ground with a disinfected shovel. After
eradication, the plant was vigorously shaken and the substrate remaining adherent to the hypogeal tissues
was considered as its rhizosphere substrate. Each plant specimen (i.e., epigeal and hypogeal parts with its
rhizosphere) was transferred into a sterile polyethylene bag. At the same location, a sample of mine
substrate (200 g) was also collected with a disinfected spatula, immediately after plant eradication.
Samples were transported to the laboratory under refrigeration at 4 °C. For each plant specimen, part of
the roots with its rhizosphere (20 g) was aseptically cut with sterilized scissors and used for microbiological
analyses. The remaining specimen was used for chemical analyses.

2.2. Physico-chemical analyses

2.2.1. Analyses of mine substrates

Samples of mine substrates (five samples for each location) were processed according to official Italian
analytical methods (D.M. 13/09/1999). The analytical determinations were carried out in triplicate.

Moisture was evaluated through oven drying at 105 °C for 24 hours, as a percentage of wet-weight loss.
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The pH was measured in a 1:2.5 substrate:water solution (KCl 1M), after 2 hours mixing and subsequent
settling.

Nitrogen, inorganic carbon, and organic carbon contents were determined by dry combustion method
using the LECO CHN 1000 analyzer (LECO, Milan, Italy). The organic fraction was evaluated by acidifying the
substrate samples before dry combustion (2 mL HCl per gram of dry sample) and taking account of the
weight loss due to the reaction of HCl with carbonates. Phosphorus concentrations were evaluated by
digestion with aqua regia.

Bioavailable phosphorus was determined through the Olsen method, according to the official Italian
analytical methods (D.M. 13/09/1999). More specifically, two grams of dry sample were mixed with 40 mL
0.5 N sodium bicarbonate solution adjusted to pH 8.5. After 30 minutes of mixing, the extracted
orthophosphate ions were made to react with ammonium molybdate and antimony potassium tartrate
under acidic conditions. Subsequently, ascorbic acid was used to form a blue complex. The concentration
of orthophosphate was finally evaluated spectrophotometrically at 880 nm (Hitachi U-2000 Double-Beam
UV/Vis Spectrophotometer, Tokyo, Japan).

Total concentrations of Zn, Pb and Cd in the mine substrates were measured according to the official
Italian analytical methods (D.M. 13/09/1999). More specifically, the substrate sample was air dried and
sieved. The <2 mm particle size fraction (1 g dry w) was mixed with 12 mL aqua regia (HNO3:HCl 1:3) and
digested in a hot plate (150 °C for 2 hours). Metal concentrations in the extracts were determined by an
inductively coupled plasma optical emission spectrometer (Optima DV 7000 ICP/OES, Perkin Elmer Inc.).
For each sample, the ratio between Zn and Cd concentrations in the mine substrates was calculated. To
verify the accuracy of the method, the reference material GBW-07403-GSS-3 soil was utilized, alongside
the blank solution EnviroMAT-pure water high reference solution (EP-H-1150). The recovery of total metal
content in the standard reference material was always greater than 97% and less than 104%.

2.2.2. Analyses of plant tissues

Plants (five specimens for each location) were gently washed with tap water in order to remove the
substrate particles, rinsed with distilled water, and air-dried. Then, each plant specimen was split into
roots, stem, and leaves, which were dried at 105 °C and separately weighed. Total metal (Zn, Pb, Cd)
concentrations in plant tissues were evaluated by digestion with aqua regia and subsequent analysis by an
inductively coupled plasma optical emission spectrometer (Optima DV 7000 ICP/OES, Perkin Elmer Inc.).
For each of the three analyzed metals, accumulation from the mine substrate into the plant tissues was
ascertained by calculating the accumulation factor (AF) as the ratio between the metal concentration in a
given plant tissue and the metal concentration in the substrate (Johansson et al. 2005). The accuracy of the
method was assessed though the use of the reference material GBW-07603-GSV-2 (specifically bush twigs
and leaves), as well as the EP-H-1150 blank solution. The total metal content recovery in the standard

reference material ranged from over 97% to under 103%.
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2.3. Microbiological analyses

Roots with its rhizosphere (20 g) of five plant specimens per location were washed in sterile 10 mM Mg
solution for two hours in an orbital shaker at 28 °C and 100 rpm (Dandurand and Knudsen 1997). After
detachment of rhizosphere substrate from the roots, the rhizosphere suspension was used for the analyses
of rhizospheric microorganisms. The roots (~15 g) were surface sterilized and used for the analyses of root
endophytes. Surface sterilization of roots was carried out according to Tamburini et al. (2017). More
specifically, root tissues (after removal of rhizospheric suspension) were soaked in a freshly prepared
solution of NaClO (10 g/L active chlorine) and Tween 20 (1 g/L) for 10 min under shaking conditions (Barac
et al. 2004). The sterilization solution was replaced with fresh solution and the shaking was prolonged for
additional 10 min. Then, the sterilization solution was removed by four successive washes with sterile Mg
solution. The roots were checked for the efficacy of sterilization by rolling them on agar plates of Tris-
buffered low-phosphate (TBLP) minimal medium supplemented with lactate, glucose, gluconate, fructose,
and succinate (3 mM each) (Mergey 1995; Lodewyckx et al. 2002) and 10-fold diluted tryptic soy medium
(Condalab, Madrid, Spain). Aliquots of the last wash were also plated. After sterilization process, root
tissues were aseptically cut in 3-5 mm pieces. Tissue aliquots (1 g) were aseptically crumbled in 10 mL of
sterile Mg solution into an Ultra-Turrax tube disperser with stainless-steel balls (IKA, Staufen, Germany)
and manually ground with sterile mortar and pestle. Plates for sterilization controls were examined for
microbial growth after one-month incubation at 28 °C.

2.3.1. Determination of viable titers of rhizospheric bacteria and root bacterial endophytes

The viable titers of aerobic heterotrophic bacteria in rhizosphere substrate and root tissues were
determined on TBLP agar with cycloheximide (300 pg/L) to inhibit fungal growth (Cao et al. 2007,
Tamburini et al 2017). Rhizosphere suspension and ground plant materials were left to settle for 15 min
and the viable titers determined as colony forming units (CFU). Determinations were completed within six
hours of plant collection. Cultures were incubated at 28 °C for 20 days. All determinations were performed
in triplicate on five plant specimens per location. For statistical analysis, viable titers were log transformed.
2.3.2. Analysis of bacterial community structure by Terminal Restriction Fragment Length Polymorphism
For community analysis of rhizospheric bacteria and bacterial root endophytes, the rhizosphere suspension
(corresponding to 250 mg of rhizosphere substrate) and the ground root material (corresponding to 250
mg of root tissues) were used, respectively. The samples were centrifuged at 11,000 rpm at 4 °C and stored
at -20 °C until further processing. Sample storage was completed within six hours of plant collection.

Total DNA was extracted by the PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc, Carlsbad, United
States) following manufacturer’s instructions. For analysis of rhizospheric bacteria, all samples (five
samples per location) were analyzed. For analysis of root endophytes, samples exhibiting surface

contamination were excluded.
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The bacterial 16S rRNA genes were amplified by using the primer 799f-FAM (Chelius and Triplett 2001),
which does not target the chloroplast 16S rRNA genes, in combination with the bacterial universal primer
1492r (Lane 1991). The amplification was performed in a total volume of 50 pL containing 50 ng of DNA, 1x
reaction buffer, 1.5 mM of MgCl,, 200 uM of each dNTP, 0.1 mg/mL of BSA, 1.25 U of native Tag DNA
polymerase (Fermentas, Vilnius, Lithuania), and 10 pmol of each primer. The thermal cycler conditions
were an initial denaturation at 95 °C for 2 min followed by 30 cycles (95 °C for 30 s, 52 °C for 30's, 72 °C for
1 min), and a final extension at 72 °C for 10 min. The PCR products from three replicate reactions were
combined to minimize stochastic PCR bias. The PCR products were purified from the agarose gel with the
Wizard SV Gel and PCR Clean-up System (Promega, Milan, Italy) following manufacturer’s instructions.
Purified PCR products (100 ng) were digested with 20 U of Hha |, and digested products (7.5 ng) were
resolved by capillary electrophoresis on an ABI310 Genetic Analyzer using LIZ 500 as size standard at the
sequencing service C.I.B.LLA.C.I. (Florence, Italy). Terminal Restriction Fragment Length Polymorphism (T-
RFLP) profiles were analyzed using GeneMarker 2.4.0 software (SoftGenetics).

2.4. Statistical analyses

2.4.1. Variable definition

Labels for variables are as follows: U%: moisture in mine substrate, IC: inorganic carbon in mine substrate,
OC: organic carbon in mine substrate, N: total nitrogen concentration in mine substrate, P: total
phosphorous concentration in mine substrate, BioP: bioavailable phosphorus in mine substrate, Zn_s,
Pb_s, Cd_s: metal concentrations in mine substrate, Zn_st, Pb_st, Cd_st: metal concentrations in stem,
Zn_L, Pb_L, Cd_L: metal concentrations in leaves, Zn/Cd ratio: ratio between Zn and Cd concentrations in
mine substrate, AF.: accumulation factor from mine substrate to roots, AFs: accumulation factor from
mine substrate to stem, AFy: accumulation factor from mine substrate to leaves, LOG_s: log-transformed
viable titer of rhizospheric bacteria, LOG_r: log-transformed viable titer of root endophytic bacteria.

2.4.2 Univariate and multivariate analyses

The complete procedure for univariate and multivariate analyses of chemical and microbiological data is
provided in the Supplementary material and here briefly summarized. The Kruskal-Wallis rank non-
parametric ANOVA was performed by PAST software package v4.03 to compare the median of values
measured for all variables (Hammer et al. 2001). For multiple comparisons among AFs in different plant
tissues, the post-hoc Mann—Whitney pairwise test with the Bonferroni correction was applied. Differences
were significant when p < 0.05.

The relationships among variables were explored by principal component analysis (PCA) (Mandaresu et al.
2023), as implemented in the FactoMineR package (Lé et al. 2008) in the R software. Two-way crossed
ANOSIM (9,999 permutations) was carried out on Euclidean distance matrix of abiotic variables measured
in the mine substrates and plant tissues to test of significant difference between the two investigated

locations (Clarke and Gorley 2006).
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Communities of rhizospheric and endophytic bacteria were analyzed according to a multivariate statistical
approach previously tested by Vitali et al. (2019). An ordination analysis was performed by non-metric
multidimensional scaling (nMDS). The effect on the community structure of the two experimental factors
of the experimental design, “habitat” (Campo Pisano versus Sa masa) and “matrix” (rhizosphere versus
root) and their interaction was tested by two-way crossed ANOSIM and PERMANOVA (Oksanen et al.
2023). The heterogeneity in bacterial community structure was estimated using the betadisper function of
the vegan package (Lee-Cruz et al. 2013).

The community structures of rhizospheric bacteria and root endophytes were separately examined by
BIOENV and RELATE routines of the PRIMER v.7 software (Clarke and Gorley 2006). The BIOENV routine
was used to identify the subset of abiotic variables that produces the highest Spearman rank correlation
coefficient between the Euclidean distance matrix for abiotic variables and the Bray and Curtis similarity
matrix computed for T-RFLP profiles. Once the subset of abiotic variables that optimizes the match with
the bacterial community structure was obtained, the RELATE routine was applied on the same subset to
assess the significance of the biotic-abiotic relation (Vitali et al. 2019). Variance Partition Analysis (VPA),
confirmed by Redundancy Analysis (RDA), was executed by using the varpart function in the vegan package
to assess the main sources of variation in bacterial community structure.

3. Results

3.1. Environmental conditions and metals in mine substrates

Table 1 reports the physico-chemical parameters measured in the mine substrates collected at the two
investigated locations along the Rio San Giorgio valley in the abandoned mining area of the Iglesiente
district. Results of the statistical analysis on those parameters are reported in Supplementary Table S1. The
substrate collected at the Sa Masa marsh was characterized by significantly higher values of moisture, pH,
and inorganic carbon, while the mine substrates from Campo Pisano tailing dump exhibited significantly
higher concentrations of total nitrogen, total phosphorous and bioavailable phosphorous. Levels of organic
carbon were not significantly different between the two locations, with average values of 4.2 + 1.4 g/kg dw
in Campo Pisano and 3.3 = 0.8 g/kg dw in Sa Masa.

In mine substrates, the highest metal contents were found for Zn, followed by Pb and Cd at both sites
(Figure 1 and Table S2). Wider variation (CV%) in concentrations of the three metals was observed for mine
tailings collected in Campo Pisano as compared with Sa Masa. The average levels of both Zn and Pb were
two times higher in Sa Masa than in Campo Pisano, even if differences were not statistically significant due
to the wide substrate heterogeneity (Figure 1 and Table S2). More specifically, concentrations of Zn ranged
from 2,344 to 18,156 mg/kg dw and from 12,452 to 19,111 mg/kg dw in the substrates collected at Campo
Pisano (CV%=82%) and Sa Masa (CV%=16%), respectively. The levels of Pb spanned from 1,121 to 8,982
mg/kg dw in Campo Pisano (CV%=106%) and from 4,973 to 9,018 mg/kg dw in Sa Masa (CV%=23%). The Cd

concentrations in the mine substrates were also higher in the Sa Masa marsh (101 - 124 mg/kg dw;
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CV%=9%) than in Campo Pisano tailing dump (10 - 98 mg/kg dw; CV%=88%) and the difference between
the two studied locations was found to be significant. Differences were also found in the ratio between Zn
and Cd concentrations in the mine substrate (Zn/Cd ratio), which was significantly higher in Campo Pisano
tailings dump than in Sa Masa marsh (Figure 2; Table S2).

3.2. Metals accumulation into plant tissues

The average metal levels in hypogeal tissues were about 10-times higher in the Sa Masa marsh than in
Campo Pisano tailing dump (Figure 1). More specifically, concentrations ranged from 1,379 to 7,065 mg/kg
dw for Zn, from 1,053 to 4,062 mg/kg dw for Pb and from 7.7 to 30 mg/kg dw for Cd in root tissues of
plants collected at Sa Masa. In Campo Pisano, the concentrations were 129 - 635 mg/kg dw for Zn, 32 - 271
mg/kg dw for Pb and 0.8 - 4.3 mg/kg dw for Cd. Indeed, the root concentrations of the three metals were
significantly different between the two locations (Table S3). On the other hand, the metal concentrations
in epigeal tissues did not differ significantly between Campo Pisano and Sa Masa, the mean metal levels in
leaves, cumulating shrubs collected at both locations of the abandoned mining area, was 249 + 68 mg/kg
dw (CV%=27%) for Zn, 43 + 21 mg/kg dw (CV%=49%) for Pb, and 1.4 + 0.5 mg/kg dw (CV%=37%) for Cd.
The calculated AFs of the three analyzed metals were always lower than 1 (Table 2). AF,; were higher in Sa
Masa than in Campo Pisano and the differences were significant for Zn and Pb (Table S4), while the values
of AFs: and AF were higher in Campo Pisano than in Sa Masa, even if differences were not significant for
the three metals. As far the comparison between hypogeal and epigeal parts is concerned, AF of the three
metals were significantly higher than AFs and AFi in Sa Masa, while differences were not found to be
significant in Campo Pisano (Table 2). Among the three analyzed metals (Figure S3), Pb showed the highest
values of AF. but the lowest values of AFs to the areal parts (AFs, AFy).

3.3. Abundance of bacteria in rhizosphere and root tissues

The viable titers of rhizospheric and endophytic bacteria were lower in plants from the Sa Masa marsh
than in those collected in the Campo Pisano tailing dump and the difference between the two locations
was not significant for root endophytes (Figure S4). More specifically, the population densities in
rhizosphere substrate were 5.9 + 0.3 log CFU/g in Campo Pisano and 5.6 + 0.4 log CFU/g in Sa Masa. In root
tissues, the values of viable titers were 1-log higher in plants from Campo Pisano (4.7 + 0.2 log CFU/g) that
in those collected in the Sa Masa marsh (3.2 + 0.4 log CFU/g).

3.4. Habitat definition by multivariate analysis

In order to identify which variables contributed the most to differentiate between the two investigated
locations and the relationships among measured variables, a PCA was performed including all the abiotic
variables measured in the mine substrates, metal concentrations in leaves, and viable titers of rhizospheric
and endophytic bacteria (Figure 3). The first two components accounted for 72.9% of the total variance.
Specimens collected in Sa Masa were separated from those sampled in Campo Pisano on the first

component (PC1) based on parameters measured in the substrate and root tissues, and more specifically
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(see vectors in Figure 3a; see Figure 3b for importance of those variables in contributing to the ordination)
higher pH, IC, and U%, higher metals in the substrate and plant roots, as well as the lower contents of
nitrogen and bioavailable phosphorous, viable titers of rhizospheric bacteria and root endophytes. The
second component (PC2) separated the samples based on higher concentrations of metals in epigeal
tissues and more specifically Cd, Pb and Zn in leaves and a segregation among samples collected at the two
locations was not evident (see vectors in Figure 3a; see Figure 3c for importance of those variables in
contributing to the ordination).

As demonstrated by one-way ANOSIM (R = 0.764, p = 0.008), the patterns of the environmental variables
measured in the substrate and plant tissues were significantly different between the two locations, thus
supporting their initial selection as contrasting habitats in the context of the studied abandoned mining
area.

3.5. Structures of bacterial communities in rhizosphere and roots

The nMDS ordination plot resulting from the T-RFLP profiles of the bacterial communities in rhizosphere
and roots of plants collected at Sa Masa and Campo Pisano is shown in Figure 4a. The community
structures revealed a divergence of communities between Sa Masa marsh and Campo Pisano tailing dump
(factor “habitat”) as well as between rhizosphere and root tissues (factor “matrix”). Indeed, the two-way
crossed analysis of similarity (ANOSIM) demonstrated significant differences in bacterial communities for
both factors of the experimental design, “habitat” (R = 0.909 and p = 0.0008) and “matrix” (R =0.764 and p
= 0.0003). Accordingly, the permutational multivariate analysis of variance (PERMANOVA) showed that not
only the “habitat” and the “matrix” were significant factors (p < 0.001) affecting community structures of
root-associated bacteria, but also their interaction (p < 0.05).

The rhizospheric communities of Sa Masa plants were totally in overlap in the nMDS ordination (Figure 4a),
suggesting an extremely low heterogeneity among different plants. Indeed, the rhizospheric communities
of Sa Masa plants exhibited the lowest structure heterogeneity (lowest distance to group centroid in the
ordination space of community structures by T-RFLP of bacterial 16S rRNA gene) among the four
investigated groups of communities, and differences were significant with rhizospheric bacteria of Campo
Pisano (p = 0.030) and root endophyte of Sa Masa (p = 0.005), but not significant with endophytic bacteria
of Campo Pisano (Figure 4b).

3.6. Linking bacterial community structures to abiotic conditions

The linking between the structures of bacterial communities and the abiotic variables was explored using
the BIOENV routine. Strong (R > 0.8) and significant correlations (p < 0.05) were found for both
rhizospheric and endophytic bacteria. More specifically, the subset of abiotic variables that best explained
the patterns of community structures in the examined specimens (i.e., all plants collected at the two
investigated habitats) was: i) for rhizospheric bacteria (Figure 5a), U%, IC (pH highly correlated with IC, R =
0.93) and Zn/Cd ratio (R = 0.860, p = 0.0001), and ii) for root endophytic bacteria (Figure 5b), the
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concentration of Pb in root tissues as well as IC (pH highly correlated with IC, R = 0.93) and Zn/Cd ratio (R =
0.853, p =0.0036).

Subsequently, the VPA was employed to explore the contributions to the variation in bacterial community
structures of the selected environmental properties (selected by BIOENV routine) and metal levels in mine
substrates and root tissues. For rhizospheric bacteria, the variance explained by the model was 59%.
Moisture, IC (pH), Zn/Cd ratio and metal levels in the substrates jointly explained 51% of the total variation
in community structure (Figure 5c). The variation explained by environmental properties (U% and IC (pH))
was 18% of total variance, while only 3% of variance was explained by pollutants (Zn/Cd ratio and metal
levels). All the reported sources of variation were significant when tested with single RDA (p < 0.050).

The model performed similarly for root endophyte community, and the total explained variance was 65%.
The environmental (IC (pH)) and pollutant (Zn/Cd ratio, and metal levels) variables jointly explained 36% of
the total variance (Figure 5d). As single variable, IC (pH) explained 2% of the total variance, and it shared
15% with Zn/Cd ratio and 12% with metal levels (Pb). The amount of variation explained by pollutants
(Zn/Cd ratio and metal levels) was only 2%. All reported sources of variation were significant (p < 0.050)
when statistically tested with single RDA, with the exception of the effect shared among the three groups
of variables (p = 0.094).

4. Discussion

In the last decades, autochthonous exclusion-type metallophytes have been demonstrated to be effective
and beneficial for reclamation of vast metal contaminated territories, such as abandoned mining areas
(Kharazian et al. 2023; and references therein). The formation of a vegetation cover produces a long-term
stabilization of metal contaminants, preventing eolian dispersion and surface runoff. Not only native
species preserve local biodiversity, but they have also evolved survival mechanisms appropriate to the
local climate and metal toxicity. Currently, it is well understood that the restoration of the ecosystem
services on mine tailings implies biological processes derive by the synergically interaction between plants
and their associated microbial communities. Nevertheless, understanding how the local environmental
properties influence this multifactorial system under the local field conditions is still a difficult task. In this
background, the current study contributes to the definition of the metal exclusion process in P. lentiscus
and provides the first evidence that environmental properties and metal contamination play a role in
structuring bacterial communities associated with plants autochthonous of an abandoned mining area
with extreme Zn-Pb-Cd co-contamination. Despite metal accumulation into hypogeal tissues exhibited
wide variation both within and between the two studied habitats, the wild shrubs efficiently restrict
accumulation of the three major contaminants to the epigeal tissues.

4.1 Environmental conditions and pollution properties shape the rhizospheric bacterial communities

A strong separation in the structures of bacterial communities in the rhizosphere of wild plants was

highlighted in the two investigated habitats (Figure 4a), which parallels the marked differences in the local
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environmental (Table 1) and pollution conditions (Figures 1 and 2) of their mine substrates. Rhizospheric
bacterial communities are more homogeneous across space (i.e., lower B-diversity) at the Sa Masa marsh
than those in Campo Pisano tailing dump (Figure 4b), consistently with the greater homogeneity in the
abiotic conditions of the marshy habitat (i.e., lower CV%, Tables S1 and S2). Indeed, our data evince high
metal content variation in the substrate at Campo Pisano (Figure 1, Tables S1 and S2), which could be
attributed to the heterogeneity of the mine wastes deposited over time in the tailing dump (Cidu et al.
2009).

Among the several abiotic properties differentiating the two habitats, the community structure of
rhizospheric bacteria was strongly related to a small set of substrate properties: moisture, Zn/Cd ratio and
inorganic carbon (a proxy of pH) (see results of BIOENV). The two studied habitats present opposite local
situations with respect to substrate moisture (Table 1). The marshy habitat located downstream along the
Rio San Giorgio valley (Figure S1) is periodically subject to flooding during the wettest periods (Cherchi et
al. 2023). Recently, Smieja-Krdl et al. (2022) have demonstrated the enrichment of Cd relative to Zn in
periodically water-logged soil as a result of the formation of aggregates in which high-Zn outer layers
encapsulate Cd-rich sulfide core and limits Cd mobility at the Zn expense. This situation might have
happened at Sa Masa swamp, thus justifying the detected enrichment in Cd relative to Zn (i.e., lower Zn/Cd
ratio) as compared to the Campo Pisano tailing dump, where semiarid conditions are frequent (Bacchetta
et al. 2012; 2015). In the geological background of the Iglesiente district, where the substrate has been
traced back to a derivation from a carbonate lithology (Boni et al. 1999), we also found a slightly alkaline
substrate at the Sa Masa marsh and lower carbonate levels (i.e, IC) and neutral pH in the Campo Pisano
tailing dump (Table 1).

Overall, the employed stepwise statistical approach allowed us to demonstrate that the rhizospheric
bacterial community was mainly driven by the combined but not individual effect of the substrate
properties, suggesting an interdependent influence of inorganic carbon (a proxy of pH), moisture, and
Zn/Cd ratio in the mine substrates (see results of BIOENV, RELATE, VPA in Figures 5 a and c) on rhizospheric
bacteria. This finding can be well understood in the light of previous studies demonstrating the additive
toxic effect of Cd and Zn on microbial activity and biomass in soils (Renella et al. 2003; Song et al. 2018) as
well as the dependency of mobility and bioavailability of Zn and Cd (and their ratio) on their respective
tendencies toward precipitation and dissolution, phenomena that are influenced by pH and moisture in
the substrate (Bao et al. 2022; Smieja-Krdl et al. 2022).

4.3 Drivers of endophytic communities

In the wild plants growing in two studied habitats, the community structure of bacterial endophytes
inhabiting the hypogeal tissues of P. lentiscus was found to be strongly associated with the combined
effects of metals levels in roots and substrate properties (see results of BIOENV, RELATE, VPA in Figures 5b

and d). More specifically, Pb seems to play a role in structuring the endophytic community in the root
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microenvironment. Consistently, Pb is the metal transported into the hypogeal tissues with the highest
efficiency among the three most abundant contaminants in mine substrates (i.e., highest AFy, Table 2),
even though the metal is generally regarded as relatively immobile in soil and plants (Zitka et al. 2013;
Bacchetta et al. 2018). Our findings also suggest that the proportion between the two elements (Zn/Cd
ratio) and pH in the mine substrate shape the structure of endophytic communities (Figure 5b), a result
which could be attributed to the reciprocal influence of the two elements on their uptake by roots in a pH
dependent manner (Podar and Ramsey 2005). In lettuce, the uptake of Cd is increased by the Zn level with
a greater effect in slightly alkaline than in slightly acidic or neutral soils (Podar and Ramsey 2005).
Moreover, increased Cd accumulation was found in slightly alkaline soils as compared to neutral ones
(Podar and Ramsey 2005), a phenomenon attributed by the authors to a higher Ca** competition and a
decreased Cd* adsorption at higher carbonate concentrations in the substrate (Bolan et al. 2003; Podar
and Ramsey 2005). Coherently, we found higher metal accumulation from the substrate to the hypogeal
tissues in the plants spontaneously growing in the slightly alkaline substrate of the Sa Masa marsh (Table
2).
5. Conclusions
Our study provides the first evaluation of the linking between bacterial communities and P. lentiscus
spontaneously growing in ecosystems chronically impacted by mining activities. The obtained results
confirm the shrub P. lentiscus is an excluder-type metallophyte. Moreover, our data support the notion
that the effects of Zn and Cd on bacterial communities are dependent on their relative proportion in the
substrata and on local environmental properties, with a strong interdependency between the properties of
the mine substrates and metals in shaping bacterial communities. In the root microenvironment, Pb seems
to play a role as driver of the endophytic bacterial community. Overall, the present study highlights the
importance of the analysis of multifactorial interaction among mine substrates, metals, plants, and
microbes for understanding how the environmental context affects phytoremediation under real field
conditions. Since revegetation and phytoremediation programs are often conducted in arid or semi-arid
ecosystems over vast areas, preliminary field scale evaluation and long-term monitoring are becoming
increasingly needed under the different climate change scenarios.
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Figure Captions

Fig. 1 Metal concentrations (mg/kg) in mine substrates and tissues of P. lentiscus at two locations along the
Rio San Giorgio valley, Campo Pisano tailing dump (CP, orange) and Sa Masa marsh (SM, blue). Data are
represented in box-whisker plots: the horizontal line within each box represents the median; lower and
upper boundaries of the boxes represent the 25th and 75th percentiles, respectively. The whiskers are
drawn from each box to the maximum and minimum values data. Kruskal-Wallis test: ** p < 0.01

Fig. 2 Ratio between Zn and Cd concentrations in the mine substrates from the Campo Pisano tailing dump
(CP, orange) and the Sa Masa marsh (SM, blue). Data are represented in box-whisker plots: the horizontal
line within each box represents the median; lower and upper boundaries of the boxes represent the 25th
and 75th percentiles, respectively. The whiskers are drawn from each box to the maximum and minimum
values data. Kruskal-Wallis test: ** p < 0.01

Fig. 3 Principal component analysis of abiotic variables in mine substrate, metal concentrations in plant
tissues (roots, stem, and leaves), and viable titers of rhizospheric and endophytic bacteria of P. lentiscus
from the Campo Pisano tailing dump (CP, orange squares) and the Sa Masa marsh (SM, blue circles). (a)
PC1 vs PC2 plot; the percentage of the variation explained by each axis is indicated in parentheses after the
axis label. Contribution of the different variables to PC1 (b) and PC2 (c). The reference values (dashed red
line) correspond to the expected value if all variables had equal contribution. Variable labels are defined in
the Material & Method section

Fig. 4 Bacterial communities in rhizospheres and root tissues of P. lentiscus from Campo Pisano tailing
dump (CP, shades of orange) and Sa Masa marsh (SM, shades of blue). (a) Non-metric multidimensional
scaling constructed based on Bray-Curtis similarity index. Stress value (0.04) indicates a very good fit in two
dimensions. (b) Structure heterogeneity estimated as the distance to group centroid of the four groups of
bacterial communities. Data are represented in box-whisker plots: the horizontal line within each box
represents the median; lower and upper boundaries of the boxes represent the 25th and 75th percentiles,
respectively. The whiskers are drawn from each box to the maximum and minimum values data.

Fig. 5 Flowcharts representing the selection by BIOENV and RELATE routines of the subsets of
environmental and pollutant variables that optimizes the match with the bacterial community structures in
rhizosphere (a) and root tissues (b) and Venn diagrams representing the partition of the variation in
bacterial community structures in rhizosphere (c) and root tissues (d) explained by the environmental and

pollutant variables. Only values of significant partitions are reported.
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Table 1

Table 1. Physico-chemical parameters in the mine substrates from the Campo Pisano tailing dump (CP) and
the Sa Masa marsh (SM). Each value is the average of five samples collected at each location.

Parameter Site mean * SD CV%

P 492, 46.59
Moisture (%) S(.:M 17_97 + 1?5 8?35"2

pH (KC) o 5020 o
Inorganic carbon (g kg™ dw) SC“I; ;‘7‘2 z ;“1‘ 52672?
Organic carbon (g kg™ dw) SC,\: :; i (1); 24212:2
Total nitrogen (g kg dw) SC“I; (1)23 i giz :g;:ﬁ
Total phosphorous (g kg dw) S?I\FI,I g:cz) i g;z 37088¢;f
Bioavailable phosphorous (mg kg dw) S?I\FI,I z; i (132 izzzﬁ

Bold: p < 0.05; SD: standard deviation, CV%: coefficients of variation, dw: dry weight.



Table 2

Table 2 Accumulation factors calculated dividing the metal concentration in a given plant tissue with the
metal concentration in the mine substrate. Campo Pisano tailing dump (CP) and Sa Masa marsh (SM). Each
value is the mean % SD of values measured on five plants for each location

Accumulation factor from mine substrate to

leaves

Zn root stem

CP 0.041£0.017® 0.089+0.069% 0.046 +0.028°

SM 0.245 +0.149° 0.023+0.006° 0.016 + 0.004°
leaves

Pb root stem

CP 0.094 £ 0.094° 0.029+0.023* 0.025+0.028°

SM 0.315+0.183% 0.008 +0.004° 0.007 +0.003°
leaves

Cd root stem

CP 0.068 £+ 0.044% 0.139+0.131* 0.052 £0.045°

SM 0.148 +0.0872% 0.027 +0.004° 0.015 +0.002°

Different letters indicate statistically different values (p<0.05) among different
plant tissues at each location. Significant different values (p<0.05) between
the two locations are in bold.



