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Abstract: The chemical properties, ecotoxicity, and microbiome of leachates from phytomanaged
Cu-contaminated soils were analyzed. The phytomanagement was carried out using Cu-tolerant
poplar Populus trichocarpa × deltoides cv. Beaupré and black bent Agrostis gigantea L., aided by soil
amendments, i.e., dolomitic limestone (DL) and compost (OM), alone and in combination (OMDL).
Plants plus either DL or OMDL amendments reduced in leachates the electrical conductivity, the Cu
concentration, and the concentration of total organic C except for the OMDL treatment, and decreased
leachate toxicity towards bacteria. Total N concentration increased in the OM leachates. The aided
phytostabilization increased the culturable bacteria numbers and the proportion of Cu-resistant
bacteria in the leachates, as compared to the leachate from the untreated soil. Phytomanagement also
enriched the microbial communities of the leachates with plant beneficial bacteria. Overall, the Cu
stabilization and phytomanagement induced positive changes in the microbial communities of the
soil leachates.

Keywords: metal polluted soil; soil leachate; aided phytostabilization; soil toxicity; bacterial
Cu-resistance; microbial diversity

1. Introduction

Soils host highly diverse microbial communities that may reach up to 106 of bacterial species per
gram of soil [1–3]. Such extreme microbial richness is due to a large number of microhabitats within
the soil structure [4,5] that offers, at the same time, conditions for the proliferation of the dominant
microbial phylotypes and suitable protective niches for rare species, both playing a fundamental role in

Agronomy 2020, 10, 719; doi:10.3390/agronomy10050719 www.mdpi.com/journal/agronomy

http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0002-6987-0309
https://orcid.org/0000-0003-4367-4702
http://www.mdpi.com/2073-4395/10/5/719?type=check_update&version=1
http://dx.doi.org/10.3390/agronomy10050719
http://www.mdpi.com/journal/agronomy


Agronomy 2020, 10, 719 2 of 14

microbially driven soil functions [6,7]. The composition and structure of the soil microbial communities
are influenced by main soil properties such as pH value and nutrient availability [8], climate [9],
vegetation cover due to the plant-induced microbial selection [10], and soil management [11,12]. Soil
microbial diversity has been mainly assessed by analyzing the soil solid phases, and therefore the
current knowledge refers to the bulk soil or soil aggregates [13]. However, soil is a heterogeneous
environmental matrix consisting of solid, liquid, and gaseous phases, and the complexity of intact soils
prevents a systematic study of the microbial communities adhering to the solid phases or present in the
soil solution [14]. The soil solution is the liquid phase in which nutrients diffuse and become available
for uptake by plant roots and microorganisms [15], in which the dissolved organic matter (DOM)
is transported to the deeper soil horizons, and soil hydration influences the bacterial community
composition and microbial physiological activity [16]. In addition, the soil solution is the medium
in which bacterial and virus dispersal and transport occurs [17–19], and from the microbiological
point of view, the soil solution can be considered as one of the most interactive soil phases. In
metal(loid)-contaminated soils, generally only a fraction of metal(loid)s are present in the aqueous
phase both as free ions after desorption from the surface of the solid phases or bound with soluble
organic and inorganic ligands [20]. The DOM can increase the mobility and transport of several
metal(loid)s such as Cu, Pb, and As [21], particularly for those having high affinity for the organic
ligands in solution such as Cu [22].

Copper is a micro-nutrient required as a cofactor in several oxo-reductase enzymes involved in
basic cellular metabolic pathways, owing to its ability to alternate between Cu(I) and cupric Cu(II)
oxidation states [23]. Copper, along with Cd, Cr, Pb, and Zn, may exceed its background levels
in soils of anthropogenic areas [24], being released by many industrial and agricultural activities,
and can reach particularly high concentrations in topsoils of industrial areas such as those where
wood impregnation is practiced [25]. Soil Cu contamination results in a range of adverse effects,
including phytotoxicity [26], reduced microbial activity, and diversity with deleterious effects on
soil organic matter (SOM) decomposition and nutrient mineralization [27–30], leading to a general
loss of soil fertility [31]. Excess Cu alters the microbial community structure [28,29] and can lead
to the positive selection of Cu-tolerance within the microbial community [27]. The remediation of
Cu-contaminated soils is relatively complicated due to strong Cu retention by the soil exchange
complex and SOM. Soil washing with extractants and chelating agents is a common technology for
Cu removal from soil [32–34], but although efficient, the engineering technologies are not sustainable
for large-scale remediation interventions and can cause irreversible loss of soil ecological functions.
Phytomanagement is a remediation approach for contaminated sites based on the use of plants,
microorganisms, soil conditioners, and agro-ecological practices to reduce the environmental risks
posed by soil contamination to an acceptable level, into a risk management based framework [35].
Unlike civil engineering technologies, the requirements of phytomanagement for chemicals and energy
are low, as well as the total cost, making it use sustainable for the remediation of large contaminated areas,
enhancing soil fertility resulting in high sustainability and social acceptance of such practice. Among
the phytomanagement options for meta(loid)-contaminated soils, the cultivation of metal(loid)-tolerant
woody plants aided by soil amendments can either mobilize or immobilize metal(loid)s, reduce the
soil toxicity, and restore the soil microbial diversity and microbial functions in a relatively short
time [36]. In contaminated soils, the metal(loid) pools in the aqueous phase are those having higher
interactions with soil microorganisms [37]. While it is postulated that restoration of microbiological
diversity and functions of metal(loid)-contaminated soils under aided phytostabilization is led by
decreased metal(loid) solubility and bioavailability, such beneficial effects have been demonstrated for
the microbial communities of the bulk soil. To our knowledge, the influence of phytomanagement on
the microbial diversity and bacterial metal-resistance in the soil solution has been poorly studied.

We hypothesize that an aided phytostabilization approach can reduce the metal(loid) solubility in
contaminated soils, as well as decrease their toxicity on soil microorganisms and increase the microbial
diversity. We tested such a hypothesis by analyzing the water leached from a Cu-contaminated soil
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of a wood preservation site, either untreated or amended with organic and inorganic amendments
and cultivated with the Cu-tolerant poplar Populus trichocarpa × deltoides cv. Beaupré and black bent
(Agrostis gigantea L). We analyzed the main chemical parameters, Cu concentration, and ecotoxicity
of soil leachates from large outdoor lysimeters after three phytomanagement years and related these
parameters to the microbial diversity and Cu-resistance of the endogenic bacteria.

Our results can improve the current knowledge of the chemical improvement and the
composition of the microbial community in the solution of Cu-contaminated soils managed by
aided phytostabilization.

2. Materials and Methods

2.1. Site Characteristics and Leachate Collection

The soil was collected at a wood preservation site (10 ha) located in Gironde (SW France, 44430N;
0300W) [25]. The soil is of alluvial origin, classified as Fluvisol-Eutric Gleysol (WRB, 2006), with a
coarse sandy texture and neutral pH value.

In March 2007, vats of 75 dm3 and 0.5 m diameter (Figure 1) were filled with three successive layers,
including two undisturbed layers of sandy soil collected in a trench at the P3 subsite (Table A1) [25,38]:
5 cm of coarse gravels (1–3 cm, diameter), 22 cm of sub-soil (from the 30–60 cm soil layer), and 25
cm of topsoil (from the 0–30 cm soil layer). A geotextile separated gravels and the sub-soil. Total Cu
concentrations (mg kg−1) were 1110 in the topsoil and 111–153 in the subsoil (Table A1). Amendments
were carefully mixed with the topsoil using a vat, alone and in combination (% air-dried soil DW, w/w),
before filling the lysimeters, to consist the four soil treatments: bare untreated soil (Unt), 5% compost
made of bark wood chips and poultry manure (OM, Orisol, Cestas, France), 0.2% dolomitic limestone
(DL) [39], and OM with DL (OMDL). Lysimeters were prepared in triplicates for each treatment.
Stem cuttings (roughly 20 cm long) of P. trichocarpa × deltoides cv. Beaupré, a commercial cultivar
(INRA, Nancy, France), were sampled in January 2006 from trees established in a nursery (Gironde
district, France) and were rooted in individual pots, placed in a greenhouse, on perlite imbibed with
a quarter-strength Hoagland nutrient solution. Agrostis gigantea L. (2 patches, 5 cm in diameter of a
population originated from the surrounding of a Cu/Ni smelter in Sudbury (Canada) and one Beaupré
poplar (initial shoot length: 30 ± 5 cm) were transplanted in all lysimeters except for the Unt treatment.
Lysimeters (n = 21) were placed in situ (March 2007). The soil pH value did not significantly vary
across the treatments, ranging between 7.16 ± 0.12 for the Unt soils and 7.33 ± 0.12 for the OMDL
ones (Table A1) [38]. The annual maintenance for the lysimeters was to harvest the senescent shoots
of A. gigantea at the end of the winter (February). Lysimeter leachates were periodically collected in
plastic bottles (1.5 dm3) from 5 March 2007 after each major precipitation event (>30 mm, leachate
volume >1.5 L). They were collected in March 2010, 3 years after the soil treatment, kept at 4 ◦C, and
analyzed after 48 h from the collection.

2.2. Chemical Analysis of the Leachates and Microbial Toxicity Test

The leachates were split into aliquots. To measure the leachate Cu concentrations, samples were
filtered at 0.22 µm, acidified with 0.2 mL HNO3 prior to elemental quantification by inductively
coupled plasma optical emission spectrometry (IRIS II XSP, Thermo Fisher Scientific, Courtaboeuf
cedex, France).
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Figure 1. Lysimeters filled with untreated and phytomanaged soils.

Microbial toxicity of leachate samples was assayed by using the BioToxTM Flash Test (Aboatox
Oy, Turku, Finland), which is based on the inhibition of the luciferase activity of the bioluminescent
Alivibrio fisheri bacteria, according to the standard method (ISO 21338:2010). The pH and conductivity
values during the test were adjusted as recommended by the manufacturer. The A. fisheri
bioluminescence was detected by Sirius luminometer (Berthold D.S., Pforzheim, Germany), allowing
automatic correction of color and turbidity [40], and recorded by Sirius Software for Windows at time
zero and after 15 min of sample–bacteria contact. The bioluminescence inhibition percentage (inh%)
was determined by comparing the bioluminescence intensity of control bacteria suspensions with that
of the tested materials, according to the following formula:

inh% = 100 − [(IT15/KF·IT0) × 100] (1)

where IT15 and IT0 are the luminescence values of samples at time 15 min and zero, respectively, and
KF is a correction factor given by the ratio between the luminescence after 15 min and that at zero time
in control samples.

2.3. Cu Resistance of Culturable Bacteria

The Cu resistance of culturable bacteria was evaluated by plate counts of colony-forming units
(CFU) of bacteria plated on Petri dishes. The bacteria resistance to Cu was evaluated, growing them
on minimal salt medium containing 0.8 mM CuSO4 [41]. The culturable oligotrophic bacteria were
determined by the CFU formed onto the minimal salt medium without CuSO4 addition, and the
total culturable bacteria were counted after growth onto Luria Bertani broth (Sigma). For microbial
colony development, Petri dishes were incubated at a constant 37 ◦C in the dark for 7 days [41]. The
proportion of the Cu-resistant bacteria was expressed as a percentage of CFU on Cu-selective medium
and the total culturable bacteria grown on LB broth.

2.4. High throughput Sequencing Analysis

Soil total DNA was extracted using the SPIN DNA kit (MP Biomedicals) according to the
manufacturer instructions, except that a vortex at maximum speed for 10 minutes was used instead of
the FastPrep disruptor and the DNA was eluted in 100 µL of sterile H2O. DNA was purified by the
DNA Clean Up Kit (MoBIO) according to the manufacturer’s protocol with the following exceptions:
clean up started at Step 11, and purified DNA was eluted using 50 µL of sterile water. The 16S
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rRNA gene sequences were amplified by PCR using the specific forward (515F-SBS3) and reverse
(806R:SBS12-1) primers. The PCR was performed with an initial denaturation temperature of 94 ◦C for
3 min, followed by 20 cycles of 94 ◦C for 45 s, 50 ◦C for 30 s, and 65 ◦C for 90 s. A final elongation step
of 65 ◦C was run for 10 min. The amplicon sequencing was conducted on an Illumina IIx, with two
101 base pair, paired reads. The rRNA reads were trimmed to retain only reads longer than 100 bp
and high-quality bases (Phred score > 30) using PRINSEQ [42]. Trimmed sequences were treated as
previously described [43]. A taxonomic assignment was obtained using UCLUST on QIIME v1.9.1 [44].
The bacterial operational taxonomic units (OTUs) were summarized based on 97% sequence similarity,
and taxonomic data were generated through the classification algorithm using the Silva database
version 132 [45]. The total number of classified OTUs was used to calculate the following alpha
diversity indices: diversity (Shannon), richness (Chao1), dominance, and evenness, followed by the
one-way ANOVA statistical analysis using PAST 3.03 [46]. Differences among treatments were tested
using Kruskal–Wallis, followed by Tukey posthoc test.

2.5. Statistical Analysis

The chemical parameters and ecotoxicity values of the leachates from all treatments were the
mean values of three independent lysimeters, and the significance of differences was assessed by
one-way ANOVA followed by the Fisher HSD test.

3. Results

3.1. Chemical Parameters and Toxicity of the Soil Leachates

The soil leachates had pH values ranging between 5.63 and 5.91 with no significant differences
among the treatments, whereas the EC value was significantly higher for the leachate of the bare
untreated soil (Unt) than that of the amended soils under phytomanagement (Table 1). The TOC
concentrations showed higher and similar values in the Unt, OM, and OMDL leachates as compared to
the DL ones, whereas the total N concentration was significantly higher in the OM leachates than in
other treatments (Table 1). The Cu concentrations were highest in the Unt and OM leachates and lowest
in the DL and OMDL ones. The highest value of bioluminescence inhibition of A. fischeri determined by
the BioTox test was observed for the Unt leachates (28.9%); an inhibition value of 22.5% was observed
for the OM leachates, whereas the bioluminescence inhibition was below the toxicity threshold for the
DL and OMDL leachates (Table 1).

Table 1. Chemical properties and ecotoxicity of the leachates from untreated and phytomanaged soils.

Treatment pH EC (µS) Ca
(mg L−1) Mg (mg L−1)

Cu
Concentration

(µM)

Total
Organic C
(mg L−1)

Total N (mg
kg−1)

Microbial
Toxicity

(Inhibition %)

Unt 5.91
(±0.32) a 255 (±75) a 4.70

(±1.33) a 1.21 (±0.17) a 17.0 (±0.37) a 12.9 (±5.8) a 1.15 (±0.16) b 28.9 (±5.4) a

DL 5.83
(±0.32) a 121 (±19) b 8.78

(±4.39) a 2.66 (±0.66) bc 7.40 (±0.12) b 7.58 (±1.5) b 1.05 (±0.18) b 11.4 (±3.9) c

OM 5.63
(±0.09) a 124 (±37) b 5.15

(±0.57) a 1.85 (±0.20) ab 16.2 (±0.13) a 13.7 (±1.1) a 1.56 (±0.13) a 22.5 (±5.0) b

OMDL 5.81
(±0.75) a 155 (±19) b 10.25

(±2.21) a 3.14 (±0.21) c 6.77 (±0.22) b 14.8 (±3.36) a 0.86 (±0.73) b 9.6 (±5.0) c

Values are the average of three replicates, and values in brackets are the standard deviation of the means. Values
followed by the same letter(s) are not significantly different at p value ≤ 0.05 by ANOVA and the Fisher HSD test.

3.2. Microbial Diversity, Cultural Bacteria, and Cu Resistant Bacteria

The total culturable bacteria showed a significant increase in CFU values for the OM and OMDL
leachates, whereas the culturable oligotrophic bacteria showed the lowers CFU values in the leachates
from the Unt soils (Table 2). The culturable Cu-resistant bacteria showed significantly higher CFU
values in the OM and OMDL than in the Unt and DL leachates (Table 2); however, by comparison with
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the culturable oligotrophic, the highest proportion of Cu-resistant bacteria, defined as the percentage
of the culturable oligotrophic bacteria, were detected in the leachates from the Unt soil and the lowest
proportions in the DL and OMDL leachates (Table 2).

Table 2. Total culturable bacteria, Cu-resistant bacteria, and the proportion of Cu-resistant bacteria in
the leachates of the untreated and phytomanaged soils.

Treatment Total Culturable
Bacteria (CFU mL−1)

Oligotrophic
Bacteria (CFU mL−1)

Cu Resistant
Bacteria (CFU mL−1)

Cu Resistant
Bacteria (%)

Unt 2.4 (±2.1) × 103 b 2.7 (±2.1) × 103 b 5.8 (±1.9) × 102 b 21.4 (±2.1) a
DL 9.4 (±3.7) × 103 b 1.5 (±3.7) × 104 a 5.6 (±1.0) × 102 b 3.8 (±1.3) d
OM 2.8 (±2.6) × 104 a 8.3 (±2.6) × 104 a 1.3 (±2.8) × 103 a 15.6 (±2.4) b

OMDL 1.0 (±0.1) × 104 a 1.4 (±0.1) × 104 a 1.3 (±4.7) × 103 a 9.8 (±2.1) c

Values are the average of three replicates, and values in brackets are the standard deviation of the means. Values
followed by the same letter(s) are not significantly different at p value 0.05 by ANOVA and the Fisher HSD test.

The relative abundance of the prokaryotic phyla accounting for ≥1% of the total of sequences
detected in at least one replicate per treatment, showed that Proteobacteria was the most abundant
phylogenetic group ranging from 39.3% to 47.2% of the total sequences, followed by Bacteroidetes,
Chlamydiae, and Planctomycetes in variable relative abundances depending on the treatment (Figure 2).
The largest changes in the relative abundance of bacterial phylotypes were observed in the DL treatment,
in which the Spirochaetes group appeared, and the Planctomycetes, Proteobacteria, Planctomycetes,
and Bacteroidetes groups were reduced (Figure 2).
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Figure 2. Prokaryotic phyla with relative abundance ≥1% detected in at least one treatment replicate of
the total sequences revealed by the analysis of the 16S rRNA gene using high throughput sequencing.

No significant differences among treatments were observed at the phylum level. Differences were
observed among the leachates from different treatments in the prokaryotic OTUs at the genus
level with an abundance of ≥1% of the total sequences and detected in at least one replicate
per treatment (Figure 3). Among the genera detected in single treatments, Verrucomicrobia
Pedosphaeraceae ADurb.Bin063-1 were characteristic of the Unt treatment, Bacteroidetes Chitinofaga
sp., Proteobacteria Paracaedibacteraceae, Proteobacteria Oligoflexales 0319-6G20, Spirochaetes Leptospira
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sp. were characteristic of the DL treatment, Planctomycetes Planctomycetales, Proteobacteria
Desulfobulbaceae, Proteobacteria Gammaproteobacteria sp. Verrucomicrobia Prosthecobacter sp.
were characteristic of the OMDL treatment (Figure 3). Among the genera common to two treatments,
the Bacteroidetes Chitinophagaceae_2, Planctomycetes Gemmata, Bacteroidetes Chitinophagaceae_2,
Proteobacteria Gammaproteobacteria EC3 characteristic of both DL and OMDL treatments,
Proteobacteria Reyranellaceae (Reyranella sp.), Proteobacteria Sphingomonadaceae (Sphingomonas
sp.) characteristic of both OM and OMDL treatments (Figure 3).
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Figure 3. Heatmap prokaryotic operational taxonomic units (OTUs) at genus level with relative
abundance >1% of the total sequences detected in at least one treatment replicate revealed by the
analysis of the 16S rRNA gene using high throughput sequencing.

No significant differences were observed in the alpha diversity indexes among treatments (p > 0.05),
although the diversity was slightly lower in the leachates of from all amended soils, with lowest
values for the OM and DL ones (Figure 4). Differently, the Unt soil was the soil with lower dominance,
whereas the highest values were found for the DL and OM soils (Figure 4).
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(p > 0.05).

4. Discussion

The adopted phytomanagement was effective in Cu immobilization for both DL and OMDL soils,
based on Cu concentration in the soil leachates (Table 1) likely by precipitation reactions driven by the
addition of dolomitic limestone, containing Ca and Mg oxides and carbonates, and sorption with the
OM from the compost incorporation. The limestone addition in soil can increase the availability of
macronutrients such as Ca and Mg, facilitating uptake by plants and reducing the effect of Cu toxicity,
as reported by Juang et al. [47] and Ambrosini et al. [48]. Franceschi and Nakata [49] showed that
higher Ca concentration in shoots may decrease the phytotoxic effect of Cu, facilitating the formation of
calcium oxalate crystals, which incorporate metals, such as Cu, in their structure, whereas Yruela [50]
reported that higher Mg concentration in plant tissue may compete with Cu ions and prevent the
replacement of the central Mg ion of the chlorophyll molecule. Our results were in line with those by
Fan et al. [51], reporting effective Cu immobilization in contaminated soils amended with Ca-rich sludge
from water treatment residues. Moreover, our results confirmed those reported by Trentin et al. [52]
about the effectiveness of the use of the limestone to reduce the Cu availability and phytotoxicity.
The Cu stabilization significantly reduced the leachate toxicity to microorganisms, which could, in
turn, explain both the reduced proportion of Cu-resistant bacteria in the phytomanaged soils, also in
absolute values for the DL treatment (Table 2). In fact, tolerable environmental Cu concentrations for
non-resistant bacteria are lower than 10 µM [53], and such low concentrations were only detected in the
DL and OMDL leachates (Table 1). Concerning the higher bacterial Cu-resistance in the OM treatment
as compared to DL and OMDL, this could be explained by the bacterial proliferation triggered by
the larger C availability as compared to the latter treatments, indicated by the increase of the total
and oligotrophic bacteria (Table 2) which contained a high proportion of Cu-resistant bacteria (i.e.
Unt bacterial community in Table 2) in the presence of relatively high Cu concentrations in solution
(Table 1). This explanation was also supported by slight toxicity of the OM leachates indicated by the
BioTox test and by the increase of species dominance in the bacterial community of the OM leachates
(Figure 3) coupled to the lack of significant differences in soil bacterial communities among treatments
at the phylum level (Figure 2).
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The microbial community of the soil leachates showed the typical composition of the soil
microbiome with the Acidobacteria, Actinobacteria, Proteobacteria, Bacteriodetes, and Firmicutes
being the dominating phyla [54]. Proteobacteria, Chloroflexi, Acidobacteria, Actinobacteria,
Gemmatimonadetes, Verrucomicrobia, Thaumarchaeota, Firmicutes, and Nitrospirae were reported as
the dominant phyla in a long-term Cd contaminated soil [55]. Nevertheless, the phytomanagement
influenced the microbial community composition, with major changes observed for Verrucomicrobia
and Actinobacteria, Gemmatimonadetes, and Dependentiae, and in the increase of phyla of
Proteobacteria, Planctomyces, and Cyanobacteria. Such changes could be attributed to the decreased
Cu concentration in the soil leachates, and this relationship was observed for several most abundant
and rare phylogenetic groups. The Actinobacteria, Gemmatimonadetes, and Dependentiae phyla
comprise several metal-tolerant species; their relative abundances in the leachates from phytomanaged
soil paralleled that of the Cu resistance in culturable bacteria and could be attributed to the reduced Cu
concentration in the soil leachates. The same reduction of Cu-induced selective pressure could also be
hypothesized for the slight reduction of Chlamydiae and Patescibacteria, which tolerate soil metal(loid)
pollution [56] and are generally detected in contaminated environments [57,58]. Species belonging
to Gemmatimonadetes have also been detected in metal-contaminated soils [59]. Acidobacteria
and Thaumarchaeota comprise species with variable tolerance to metal(loid)s and display divergent
lifestyles [60,61]. This may explain the lack of definite trends observed for these phylogenetic groups.
The observed reduction of relative abundance of Verrucomicrobia was in line with their negative
correlation with pollution levels in Cu-contaminated soils [62], and support the hypothesis that this
phylum may be used as a molecular biomarker of soil contamination [63].

The reduced Cu solubility and toxicity could also have interactive effects with the TOC
concentration in the soil leachates. In particular, the significantly lower TOC in the DL leachates
could be due to the stabilization of the SOM by reaction with Ca- and Mg carbonates [64]. This lower
TOC could have influenced the bacterial community, in particular, the balance between copiotrophic
and oligotrophic microorganisms. For example, the higher TOC in the OM and OMDL leachates as
compared to the Unt leachates (Table 1) could explain the increase of the Proteobacteria [65] and of
Planctomycetes [66]. Lejon et al. [67] suggested that adaptation of soil microorganisms to Cu was
related to the SOM quality. Moreover, the lower TOC concentration in the DL leachates could also
have reduced the microbial dispersal in the soil leachates. In fact, higher DOM content can increase
the groundwater transport of bacteria, mainly coating and saturating the sorption sites of the soil
solid phases [18]. Owing to their high metal sensitivity [68], the observed increase of Cyanobacteria,
particularly in the DL leachates, could be attributed to the strong reduction of Cu concentrations. The
leachate pH value was not significantly changed by the phytomanagement (Table 1). This allowed
us to better discriminate the phytomanagement effects on the microorganisms, as the pH value is an
important factor shaping the structure of soil microbial community [69].

Long-term field experiments indicated a rapid influence and sustainable efficiency of the OMDL
soil treatment over a 10-year period [30,36]. The cost is low as compared to dig-and-dump and other
ex-situ physico-chemical solutions as this in situ option only included costs for soil loosening, dolomite
and compost and their application, annual cultural practices (including inorganic N–P–K fertilization
in case of the cultivation of annual high yielding plants), and harvest.

5. Conclusions

Our results provided insights on the changes in the chemical properties and ecotoxicity and
on the microbial diversity and metal-resistance of the leachates from a Cu-contaminated soil, either
untreated or under aided phytomanagement. The adopted phytomanagement significantly reduced
the Cu in the soil leachates, the soil toxicity and the incidence of Cu-resistant bacteria, and also
led to an increase of Cyanobacteria, Proteobacteria, and Planctomyces phylogenetic groups, which
are generally plant beneficial and metal sensitive that tend to decrease in metal(loid) contaminated
soils. Overall, the results confirmed the potential of phytomanagement as an ecological remediation
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strategy. To our knowledge, this was the first study on the effects of aided phytostabilization on the
microbial communities of the soil leachate, a potential proxy for the soil solution, and we suggest that
further investigations should be conducted to assess the effects of phytomanagement on arbuscular
mycorrhizal as well as non-symbiotic fungal communities.
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Appendix A

Table A1. Main properties of the soil layers used to fill the lysimeters and main soil characteristics [38].

Soil Properties 0–30 cm Soil Layer 30–60 Soil Layer

Sand % 85.8 85.5
Silt% 8.3 11.2

Clay % 5.9 3.3
Organic matter (g/Kg) 16 5.42

C/N 17.2 8.63
CEC (cmol/Kg) 3.5 1.17

pH 7 4.04
As (mg/Kg) 9.8 4.7
Cd (mg/Kg) 0.12
Co (mg/Kg) <2 2.3
Cu (mg/Kg) 1110-1460 111-153
Cr (mg/Kg) 23 18.4
Fe (mg/Kg) 6090 7900
Mn (mg/Kg) 181 185
Ni (mg/Kg) 5 8
Pb (mg/Kg) 27
Tl (mg/Kg) 0.24
Zn (mg/Kg) 46 28.7

pCu2+ 7.66 5.12

pCu2+ = 3.20 + 1.47 pH – 1.84 log10 (total soil Cu).

References

1. Thompson, L.R.; Sanders, J.G.; McDonald, D.; Amir, A.; Ladau, J.; Locey, K.J.; Prill, R.J.; Tripathi, A.;
Gibbons, S.M.; Ackermann, G.; et al. The Earth microbiome project consortium. A communal catalogue
reveals Earth’s multiscale microbial diversity. Nature 2017, 551, 457–463. [CrossRef]

2. Bahram, M.; Hildebrand, F.; Forslund, S.K.; Anderson, J.L.; Soudzilovskaia, N.A.; Bodegom, P.M.;
Bengtsson-Palme, J.; Anslan, S.; Coelho, L.P.; Harend, H.; et al. Structure and function of the global
topsoil microbiome. Nature 2018, 560, 233–237. [CrossRef] [PubMed]

http://www.phytosudoe.eu/
https://www6.inrae.fr/ecotox_eng/
https://cote.labex.u-bordeaux.fr/en/
http://dx.doi.org/10.1038/nature24621
http://dx.doi.org/10.1038/s41586-018-0386-6
http://www.ncbi.nlm.nih.gov/pubmed/30069051


Agronomy 2020, 10, 719 11 of 14

3. Delgado-Baquerizo, M.; Oliverio, A.M.; Brewer, T.E.; Benavent-González, A.; Eldridge, D.J.; Bardgett, R.D.;
Maestre, F.T.; Singh, B.K.; Fierer, N. A global atlas of the dominant bacteria found in soil. Science 2018, 359,
320–325. [CrossRef] [PubMed]

4. Zhou, J.; Xia, B.; Treves, D.S.; Wu, L.-Y.; Marsh, T.L.; O’Neill, R.V.; Palumbo, A.V.; Tiedje, J.M. Spatial and
resource factors influencing high microbial diversity in soil. Appl. Environ. Microbiol. 2002, 68, 326–334.
[CrossRef] [PubMed]

5. Vos, M.; Wolf, A.B.; Jennings, S.J.; Kowalchuk, G.A. Micro-scale determinants of bacterial diversity in soil.
FEMS Microbiol. Rev. 2013, 37, 936–954. [CrossRef] [PubMed]

6. Bell, T.; Newman, J.A.; Silverman, B.W.; Turner, S.L.; Lilley, A.K. The contribution of species richness and
composition to bacterial services. Nature 2005, 436, 1157–1160. [CrossRef]

7. Jousset, A.; Bienhold, C.; Chatzinotas, A.; Gallien, L.; Gobet, A.; Kurm, V.; Küsel, K.; Rillig, M.C.; Rivett, D.W.;
Salles, J.F.; et al. Where less may be more: How the rare biosphere pulls ecosystems strings. ISME J. 2017, 11,
853–862. [CrossRef]

8. George, P.B.L.; Lallias, D.; Creer, S.; Seaton, F.M.; Kenny, J.G.; Eccles, R.M.; Griffiths, R.I.; Lebron, I.;
Emmett, B.A.; Robinson, D.A.; et al. Divergent national-scale trends of microbial and animal biodiversity
revealed across diverse temperate soil ecosystems. Nat. Commun. 2019, 10, 1107. [CrossRef]

9. Kaiser, K.; Wemheuer, B.; Korolkow, V.; Wemheuer, F.; Nacke, H.; Schöning, I.; Schrumpf, M.; Daniel, R.
Driving forces of soil bacterial community structure, diversity, and function in temperate grasslands and
forests. Sci. Rep. 2016, 6, 33696. [CrossRef]

10. Heuer, H.; Smalla, K. Bacterial phyllosphere communities of Solanum tuberosum L. and T4-lysozyme-producing
transgenic variants. FEMS Microbiol. Ecol. 1999, 28, 357–371. [CrossRef]

11. Crecchio, C.; Gelsomino, A.; Ambrosoli, R.; Minati, J.L.; Ruggiero, P. Functional and molecular responses of
soil microbial communities under differing soil management practices. Soil Biol. Biochem. 2004, 36, 1873–1883.
[CrossRef]

12. Hendgen, M.; Hoppe, B.; Döring, J.; Friedel, M.; Kauer, R.; Frisch, M.; Dahl, A.; Kellner, H. Effects of
different management regimes on microbial biodiversity in vineyard soils. Sci. Rep. 2018, 8, 9393. [CrossRef]
[PubMed]

13. Wilpiszeski, R.L.; Aufrecht, J.A.; Retterer, S.T.; Sullivan, M.B.; Graham, D.E.; Pierce, E.M.; Zablocki, O.D.;
Palumbo, A.V.; Elias, D.A. Soil aggregate microbial communities: Towards understanding microbiome
interactions at biologically relevant scales. Appl. Environ. Microbiol. 2019, 85, e00324-19. [CrossRef]

14. Fierer, N. Embracing the unknown: Disentangling the complexities of the soil microbiome. Nat. Rev.
Microbiol. 2017, 15, 579–590. [CrossRef] [PubMed]

15. Tecon, R.; Or, D. Biophysical processes supporting the diversity of microbial life in soil. FEMS Microbiol. Rev.
2017, 41, 599–623. [CrossRef] [PubMed]

16. Nunan, N.; Leloup, J.; Ruamps, L.S.; Pouteau, V.; Chenu, C. Effects of habitat constraints on soil microbial
community function. Sci. Rep. 2017, 7, 4280. [CrossRef]

17. Powelson, D.K.; Simpson, J.R.; Gerba, C.P. Effects of organic matter on virus transport in unsaturated flow.
Appl. Environ. Microbiol. 1991, 57, 2192–2196. [CrossRef]

18. Scholl, M.A.; Harvey, R.W. Laboratory investigations on the role of sediment surface and groundwater
chemistry in transport of bacteria through a contaminated sandy aquifer. Environ. Sci. Technol. 1992, 26,
1410–1417. [CrossRef]

19. Dechesne, A.; Wang, G.; Gülez, G.; Or, D.; Smets, B.F. Hydration controlled bacterial motility and dispersal
on surfaces. Proc. Natl. Acad. Sci. USA 2010, 107, 14369–14372. [CrossRef]

20. McBride, M.B. Reactions controlling heavy metal solubility in soils. In Advances in Soil Science; Stewart, B.A.,
Ed.; Springer-Verlag: New York, NY, USA, 1989; pp. 1–56.

21. Sauvé, S.; Dumestre, A.; McBride, M.B.; Hendershot, W.H. Soil quality criteria using chemical speciation of
Pb2+ and Cu2+. Environ. Toxicol. Chem. 1998, 17, 1481–1489. [CrossRef]

22. Odem, W.I.; Amy, G.L.; Conklin, M. Subsurface interactions of humic substances with Cu(II) in saturated
media. Environ. Sci. Technol. 1993, 27, 1045–1049. [CrossRef]

23. Osman, D.; Cavet, J.S. Copper homeostasis in bacteria. Adv. Appl. Microbiol. 2008, 65, 217–247. [PubMed]
24. Ballabio, C.; Panagos, P.; Lugato, E.; Huang, J.-H.; Orgiazzi, A.; Jones, A.; Fernández-Ugalde, O.; Borrelli, P.;

Montanarella, L. Copper distribution in European topsoils: An assessment based on LUCAS soil survey. Sci.
Total Environ. 2018, 636, 282–298. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.aap9516
http://www.ncbi.nlm.nih.gov/pubmed/29348236
http://dx.doi.org/10.1128/AEM.68.1.326-334.2002
http://www.ncbi.nlm.nih.gov/pubmed/11772642
http://dx.doi.org/10.1111/1574-6976.12023
http://www.ncbi.nlm.nih.gov/pubmed/23550883
http://dx.doi.org/10.1038/nature03891
http://dx.doi.org/10.1038/ismej.2016.174
http://dx.doi.org/10.1038/s41467-019-09031-1
http://dx.doi.org/10.1038/srep33696
http://dx.doi.org/10.1111/j.1574-6941.1999.tb00590.x
http://dx.doi.org/10.1016/j.soilbio.2004.05.008
http://dx.doi.org/10.1038/s41598-018-27743-0
http://www.ncbi.nlm.nih.gov/pubmed/29925862
http://dx.doi.org/10.1128/AEM.00324-19
http://dx.doi.org/10.1038/nrmicro.2017.87
http://www.ncbi.nlm.nih.gov/pubmed/28824177
http://dx.doi.org/10.1093/femsre/fux039
http://www.ncbi.nlm.nih.gov/pubmed/28961933
http://dx.doi.org/10.1038/s41598-017-04485-z
http://dx.doi.org/10.1128/AEM.57.8.2192-2196.1991
http://dx.doi.org/10.1021/es00031a020
http://dx.doi.org/10.1073/pnas.1008392107
http://dx.doi.org/10.1002/etc.5620170808
http://dx.doi.org/10.1021/es00043a002
http://www.ncbi.nlm.nih.gov/pubmed/19026867
http://dx.doi.org/10.1016/j.scitotenv.2018.04.268
http://www.ncbi.nlm.nih.gov/pubmed/29709848


Agronomy 2020, 10, 719 12 of 14

25. Bes, C.M.; Mench, M.; Aulen, M.; Gaste, H.; Taberly, J. Spatial variation of plant communities and shoot Cu
concentrations of plant species at a timber treatment site. Plant Soil 2010, 330, 267–280. [CrossRef]

26. Rehman, M.; Liu, L.J.; Wang, Q.; Saleem, M.H.; Bashir, S.; Ullah, S.; Peng, D.X. Copper environmental
toxicology, recent advances, and future outlook: A review. Environ. Sci. Poll. Res. 2019, 26, 18003–18016.
[CrossRef]

27. Brandt, K.K.; Frandsen, R.J.N.; Holm, P.E.; Nybroe, O. Development of pollution-induced community
tolerance is linked to structural and functional resilience of a soil bacterial community following a five-year
field exposure to copper. Soil Biol. Biochem. 2010, 42, 748–757. [CrossRef]

28. Wakelin, S.A.; Chu, G.X.; Lardner, R.; Liang, Y.C.; McLaughlin, M.J. A single application of Cu to field soil
has long-term effects on bacterial community structure, diversity, and soil processes. Pedobiologia 2010, 53,
149–158. [CrossRef]

29. Macdonald, C.A.; Clark, I.M.; Zhao, F.J.; Hirsch, P.R.; Singh, B.K.; McGrath, S.P. Long-term impacts of zinc
and copper enriched sewage sludge additions on bacterial, archaeal and fungal communities in arable and
grassland soils. Soil Biol. Biochem. 2011, 43, 932–941. [CrossRef]

30. Burges, A.; Fievet, V.; Oustriere, N.; Epelde, L.; Garbisu, C.; Becerril, J.M.; Mench, M. Long-term
phytomanagement with compost and a sunflower—Tobacco rotation influences the structural microbial
diversity of a Cu-contaminated soil. Sci. Total Environ. 2020, 700, 134529. [CrossRef]

31. Wakelin, S.A.; Chu, G.X.; Broos, K.; Clarke, K.R.; Liang, Y.C.; McLaughlin, M.J. Structural and functional
response of soil microbiota to addition of plant substrate are moderated by soil Cu levels. Biol. Fertil. Soils.
2010, 46, 333–342. [CrossRef]

32. Khalid, S.; Shahid, M.; Niazi, N.K.; Murtaza, B.; Bibi, I.; Dumat, C.A. Comparison of technologies for
remediation of heavy metal contaminated soils. J. Geochem. Explor. 2016, 182, 247–268. [CrossRef]

33. Guo, X.; Wei, Z.; Wu, Q.; Li, C.; Qian, T.; Zheng, W. Effect of soil washing with only chelators or combining
with ferric chloride on soil heavy metal removal and phyto availability: Field experiments. Chemosphere
2016, 147, 412–419. [CrossRef] [PubMed]

34. Race, M.; Marotta, R.; Fabbricino, M.; Pirozzi, F.; Andreozzi, R.; Cortese, L.; Giudicianni, P. Copper and zinc
removal from contaminated soils through soil washing process using ethylenediamine disuccinic acid as a
chelating agent: A modeling investigation. J. Environ. Chem. Engin. 2016, 4, 2878–2891. [CrossRef]

35. Kidd, P.S.; Álvarez-López, V.; Becerra-Castro, C.; Cabello-Conejo, M.; Prieto-Fernández, Á. Potential Role of
Plant-Associated Bacteria in Plant Metal Uptake and Implications in Phytotechnologies. Adv. Bot. Res. 2017,
83, 87–126.

36. Touceda-Gonzalez, M.; Prieto-Fernandez, A.; Renella, G.; Giagnoni, L.; Sessitsch, A.; Brader, G.; Kumpiene, J.;
Dimitriou, I.; Eriksson, J.; Friesl-Hanl, W.; et al. Microbial community structure and activity in trace
element-contaminated soils phytomanaged by Gentle Remediation Options (GRO). Environ. Pollut. 2017,
231, 237–251. [CrossRef]

37. Narula, N.; Reinicke, M.; Haferburg, G.; Kothe, E.; Behl, R.K. Plant–Microbe Interaction in
Heavy-Metal-Contaminated Soils. In Bio-Geo Interactions in Metal-Contaminated; Kothe, E., Varma, A.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 143–162.

38. Marchand, L.; Mench, M.; Marchand, C.; Lecoustumer, P.; Kolbas, A.; Maalouf, J.P. Phytotoxicity testing of
lysimeter leachates from aided phytostabilized Cu-contaminated soils using duckweed (Lemna minor L.). Sci.
Total Environ. 2011, 410, 146–153. [CrossRef]

39. Bes, C.; Mench, M. Remediation of copper-contaminated topsoils from a wood treatment facility using in
situ stabilisation. Environ. Pollut. 2008, 156, 128–139. [CrossRef]

40. Lappalainen, J.; Juvonen, R.; Vaajasaari, K.; Karp, M. A new flash method for measuring the toxicity of solid
and colored samples. Chemosphere 1999, 38, 1069–1083. [CrossRef]

41. Mergeay, M. Heavy metal resistance in microbial ecosystems. In Molecular Microbial Ecology Manual;
Akkermans, A.D.L., Van Elsas, J.D., De Bruijn, F.J., Eds.; Springer: Dordrecht, The Netherlands, 1995; Volume
6, pp. 7–17.

42. Schmieder, R.; Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 2011,
27, 863–864. [CrossRef]

43. Vieira, C.K.; dos Anjos Borges, L.G.; Marconatto, L.; Giongo, A.; Stürmer, S.L. Microbiome of a revegetated
iron-mining site and pristine ecosystems from the Brazilian Cerrado. Appl. Soil Ecol. 2018, 131, 55–65.
[CrossRef]

http://dx.doi.org/10.1007/s11104-009-0198-4
http://dx.doi.org/10.1007/s11356-019-05073-6
http://dx.doi.org/10.1016/j.soilbio.2010.01.008
http://dx.doi.org/10.1016/j.pedobi.2009.09.002
http://dx.doi.org/10.1016/j.soilbio.2011.01.004
http://dx.doi.org/10.1016/j.scitotenv.2019.134529
http://dx.doi.org/10.1007/s00374-009-0436-1
http://dx.doi.org/10.1016/j.gexplo.2016.11.021
http://dx.doi.org/10.1016/j.chemosphere.2015.12.087
http://www.ncbi.nlm.nih.gov/pubmed/26774307
http://dx.doi.org/10.1016/j.jece.2016.05.031
http://dx.doi.org/10.1016/j.envpol.2017.07.097
http://dx.doi.org/10.1016/j.scitotenv.2011.09.049
http://dx.doi.org/10.1016/j.envpol.2008.04.006
http://dx.doi.org/10.1016/S0045-6535(98)00352-X
http://dx.doi.org/10.1093/bioinformatics/btr026
http://dx.doi.org/10.1016/j.apsoil.2018.07.011


Agronomy 2020, 10, 719 13 of 14

44. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.;
Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data.
Nat. Meth. 2010, 7, 335–336. [CrossRef] [PubMed]

45. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA
ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res.
2013, 41, 590–596. [CrossRef] [PubMed]

46. Hammer, O.; Harper, D.A.T.; Ryan, P.D. PAST: Paleontological statistics software package for education and
data analysis. Palaeontol. Electron. 2001, 4, 1–9.

47. Juang, K.W.; Lee, Y.I.; Lai, H.Y.; Chen, B.C. Influence of magnesium on copper phytotoxicity to and
accumulation and translocation in grapevines. Ecotoxicol. Environ. Saf. 2014, 104, 36–42. [CrossRef]
[PubMed]

48. Ambrosini, V.G.; Rosa, D.J.; Prado, J.P.C.; Borghezan, M.; Melo, G.W.B.; Soares, J.J.; Comin, C.R.F.S.;
Simao, D.G.; Brunetto, G. Plant Physiology and Biochemistry Reduction of copper phytotoxicity by liming:
A study of the root anatomy of young vines (Vitis labrusca L.). Plant Physiol. Biochem. 2015, 96, 270–280.
[CrossRef]

49. Franceschi, V.R.; Nakata, P.A. Calcium oxalate in plants: Formation and Function. Ann. Rev. Plant Biol. 2005,
56, 41–71. [CrossRef]

50. Yruela, I. Copper in plants: Acquisition, transport and interactions. Funct. Plant Biol. 2009, 36, 409–430.
[CrossRef]

51. Fan, J.H.; He, Z.L.; Ma, L.Q.; Yang, Y.G.; Yang, X.E.; Stoffella, P.J. Immobilization of copper in contaminated
sandy soils using calcium water treatment residue. J. Hazard. Mater. 2011, 189, 708–710. [CrossRef]

52. Trentin, E.; Basso Facco, D.; Hammerschmitt, R.K.; Ferreira, P.A.A.; Morsch, L.; Belles, S.W.;
Ricachenevsky, F.K.; Nicoloso, F.T.; Ceretta, C.A.; Tiecher, T.L.; et al. Potential of vermicompost and
limestone in reducing copper toxicity in young grapevines grown in Cu-contaminated vineyard soil.
Chemosphere 2019, 226, 421–430. [CrossRef]

53. Bender, M.; Conrad, R. Effect of CH4 concentration and soil conditions on the induction of CH4 oxidation
activity. Soil Biol. Biochem. 1995, 27, 1517–1527. [CrossRef]

54. Roesch, L.F.; Fulthorpe, R.R.; Riva, A.; Casella, G.; Hadwin, A.K.; Kent, A.D.; Daroub, S.H.; Camargo, F.A.;
Farmerie, W.G.; Triplett, E.W. Pyrosequencing enumerates and contrasts soil microbial diversity. ISME J.
2007, 1, 283–290. [CrossRef] [PubMed]

55. Luo, L.Y.; Xi, L.L.; Jin, D.C.; Mi, B.B.; Wang, D.H.; Li, X.F.; Dai, X.Z.; Zou, X.X.; Zhang, Z.; Ma, Y.Q.; et al.
Bacterial community response to cadmium contamination of agricultural paddy soil. Appl. Soil Ecol. 2019,
139, 100–106. [CrossRef]

56. Schneider, A.R.; Gommeaux, M.; Duclercq, J.; Fanin, N.; Conreux, A.; Alahmad, A.; Lacoux, J.; Roger, D.;
Spicher, F.; Ponthieu, M.; et al. Response of bacterial communities to Pb smelter pollution in contrasting soils.
Sci. Total Environ. 2017, 605, 436–444. [CrossRef] [PubMed]

57. Rastogi, G.; Barua, S.; Sani, R.K.; Peyton, B.M. Investigation of microbial populations in the extremely
metal-contaminated Coeur d’Alene River sediments. Microb. Ecol. 2011, 62, 1–13. [CrossRef]

58. Li, X.; Qu, C.; Bian, Y.; Gu, C.; Jiang, X.; Song, Y. New insights into the responses of soil microorganisms
to polycyclic aromatic hydrocarbon stress by combining enzyme activity and sequencing analysis with
metabolomics. Environ. Pollut. 2019, 255, 113312. [CrossRef]

59. DeBruyn, J.M.; Nixon, L.T.; Fawaz, M.N.; Johnson, A.M.; Radosevich, M. Global biogeography and
quantitative seasonal dynamics of Gemmatimonadetes in soil. Appl. Environ. Microb. 2011, 77, 6295–6300.
[CrossRef]

60. Rappé, M.S.; Giovannoni, S.J. The uncultured microbial majority. Annu. Rev. Microbiol. 2003, 57, 369–394.
[CrossRef]

61. Ramírez-Díaz, M.I.; Díaz-Pérez, C.; Vargas, E.; Riveros-Rosas, H.; Campos-García, J.; Cervantes, C.
Mechanisms of bacterial resistance to chromium com- pounds. Biometals 2008, 21, 321–332. [CrossRef]

62. Berg, J.; Brandt, K.K.; Al-Soud, W.A.; Holm, P.E.; Hansen, L.H.; Sørensen, S.J.; Nybroe, Ø. Selection for
Cu-tolerant bacterial communities with altered composition, but unaltered richness, via long-term Cu
exposure. Appl. Environ. Microbiol. 2012, 78, 7438–7446. [CrossRef]

http://dx.doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://dx.doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://dx.doi.org/10.1016/j.ecoenv.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24632121
http://dx.doi.org/10.1016/j.plaphy.2015.08.012
http://dx.doi.org/10.1146/annurev.arplant.56.032604.144106
http://dx.doi.org/10.1071/FP08288
http://dx.doi.org/10.1016/j.jhazmat.2011.02.081
http://dx.doi.org/10.1016/j.chemosphere.2019.03.141
http://dx.doi.org/10.1016/0038-0717(95)00104-M
http://dx.doi.org/10.1038/ismej.2007.53
http://www.ncbi.nlm.nih.gov/pubmed/18043639
http://dx.doi.org/10.1016/j.apsoil.2019.03.022
http://dx.doi.org/10.1016/j.scitotenv.2017.06.159
http://www.ncbi.nlm.nih.gov/pubmed/28672232
http://dx.doi.org/10.1007/s00248-011-9810-2
http://dx.doi.org/10.1016/j.envpol.2019.113312
http://dx.doi.org/10.1128/AEM.05005-11
http://dx.doi.org/10.1146/annurev.micro.57.030502.090759
http://dx.doi.org/10.1007/s10534-007-9121-8
http://dx.doi.org/10.1128/AEM.01071-12


Agronomy 2020, 10, 719 14 of 14

63. Ventorino, V.; Pascale, A.; Adamo, P.; Rocco, C.; Fiorentino, N.; Mori, M.; Faraco, V.; Pepe, O.; Fagnano, M.
Comparative assessment of autochthonous bacterial and fungal communities and microbial biomarkers of
polluted agricultural soils of the Terra dei Fuochi. Sci. Rep. 2018, 8, 14281. [CrossRef]

64. Virto, I.; Gartzia-Bengoetxea, N.; Fernandez-Ugalde, O. Role of organic matter and carbonates in soil
aggregation estimated using laser diffractometry. Pedosphere 2011, 21, 566–572. [CrossRef]

65. Yao, F.; Yang, S.; Wang, Z.; Wang, X.; Ye, J.; Wang, X.; DeBruyn, J.M.; Feng, X.; Jiang, Y.; Li, H. Microbial taxa
distribution is associated with ecological trophic cascades along an elevation gradient. Front. Microbiol. 2017,
8, 2071. [CrossRef] [PubMed]

66. Ho, A.; Di Lonardo, D.P.; Bodelier, P.L.E. Revisiting life strategy concepts in environmental microbial ecology.
FEMS Microbiol. Ecol. 2017, 93, 1–14. [CrossRef]

67. Lejon, D.P.H.; Pascault, N.; Ranjard, L. Differential copper impact on density, diversity and resistance of
adapted culturable bacterial populations according to soil organic status. Eur. J. Soil Biol. 2010, 46, 168–174.
[CrossRef]

68. Tsai, K.P. Management of target algae by using copper-based algaecides: Effects of algal cell density and
sensitivity to copper. Water Air Soil Pollut. 2016, 227, 1–11. [CrossRef]

69. Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. Pyrosequencing based assessment of soil pH as a predictor
of soil bacterial community structure at the continental scale. Appl. Environ. Microbiol. 2009, 75, 5111–5120.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-018-32688-5
http://dx.doi.org/10.1016/S1002-0160(11)60158-6
http://dx.doi.org/10.3389/fmicb.2017.02071
http://www.ncbi.nlm.nih.gov/pubmed/29163383
http://dx.doi.org/10.1093/femsec/fix006
http://dx.doi.org/10.1016/j.ejsobi.2009.12.002
http://dx.doi.org/10.1007/s11270-016-2926-8
http://dx.doi.org/10.1128/AEM.00335-09
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Site Characteristics and Leachate Collection 
	Chemical Analysis of the Leachates and Microbial Toxicity Test 
	Cu Resistance of Culturable Bacteria 
	High throughput Sequencing Analysis 
	Statistical Analysis 

	Results 
	Chemical Parameters and Toxicity of the Soil Leachates 
	Microbial Diversity, Cultural Bacteria, and Cu Resistant Bacteria 

	Discussion 
	Conclusions 
	
	References

