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Abstract The release of large amounts of toxic metals in the
neighboring sites of abandoned mine areas represents an impor-
tant environmental risk for the ecosystem, because it adversely
affects soil, water, and plant growth. The aim of the present
study was to investigate the metal(loid) (As, Cr, Cu, Ni, Pb,
and Zn) contents of native Mediterranean plants grown on the
ex-mining area of Elba island (Italy), with the prospective of its
recovery by further phytoremediation technology. Soil samples
were collected and characterized for metal(loid) content in
total and potentially available (EDTA-extractable) fractions.
Arsenic was particularly high, being 338 and 2.1 mg kg−1 as
total and available fractions, respectively. Predominant native
species, namelyDittrichia viscosa L. Greuter,Cistus salviifolius
L., Lavandula stoechasL., andBituminaria bituminosaL., were
analyzed for metal content in the different plant organs.
D. viscosa exhibited the highest metal(loid) content in the leaves
and the singular behavior of translocating arsenic to the leaves
(transfer factor about 2.06 and mean bioconcentration factor
about 12.48). To assess the healthy status of D. viscosa plants,
the leaves were investigated further. The activities of the main

antioxidant enzymes and the levels of secondary metabolites
linked to oxidative stress in plants from the ex-mining area were
not significantly different from those of control plants, except
for a lower content of carotenoids, indicating that native plants
were adapted to grow in these polluted soils. These results indi-
cate thatD. viscosa can be suitable for the revegetation of highly
metal-contaminated areas.

Keywords Ex-mining area . Arsenic . Heavymetals . Plant
metal(loid) uptake .Dittrichia viscosa . Oxidative stress

Introduction

Elba island is the largest island of Tuscan archipelago, and it
has been one of the most important iron mining areas in Italy
since Etruscan times (Tanelli et al. 2001). Extraction activity
ceased in 1981 and left many abandoned ore mines and waste
dumps, mineral deposits, and distributions of heavy metals
and metalloids related to iron extraction and processing, such
as arsenic (As), chromium (Cr), cobalt (Co), copper (Cu), lead
(Pb), nickel (Ni), and zinc (Zn) (ARPAT 2002). Nowadays,
the abandoned ex-mining sites constitute the Elba Island
Mineralogical and Mining Park located in the Rio Marina
district. In a detailed geochemical study, Servida et al.
(2009) reported that this area is characterized by hematite
and pyrite ore association, including carbonate and siliceous
bedrocks, together with large amounts of waste rock dumps
derived from the mining activity. These sites now represent a
potential source of metal(loid) pollutants (Benvenuti et al.
1999; Mascaro et al. 2001; Tanelli et al. 2001; Servida et al.
2009). Moreover, the intense open pit mining activity carried
out in these sites produced strong environmental pollution, as
demonstrated by contamination of water and soil samples,
which showed pH values ranging from 2.8 to 3.4 and high
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concentrations of some heavy metals (like Cu, Pb, and Zn),
exceeding the limits allowed by Italian Legislation (D. Lgs.
152/2006, GURI 2006; Servida et al. 2009). Metals such as
Cu and Zn are essential for plant growth, but there are also
many reports of the deleterious effects of high concentrations
of these metals on plant growth and development
(Emamverdian et al. 2015). Toxic levels of heavy metals hin-
der normal plant functions and metabolic processes affecting
vital events, such as photosynthesis, respiration, and enzymat-
ic activities (Furini 2012). Moreover, it is widely reported that
heavy metals are associated with the generation of reactive
oxygen species (ROS), which causes oxidative stress and al-
ters the oxidative homeostasis in plant cells (Sytar et al. 2013).
In addition to heavy metals, arsenic, a non-essential metalloid,
is considered to be one of the most toxic elements for living
organisms. Once As is inside the cell, it causes morphological,
physiological, and biochemical alterations such as inhibition
of seed germination and ROS generation leading to oxidative
stress (Gupta et al. 2009; Finnegan and Chen 2012; Islam et al.
2015).

Plant cells possess several defense mechanisms to circum-
vent metal(loid) stress, such as enzymatic and non-enzymatic
antioxidant systems, which maintain ROS levels under strict
control (Sytar et al. 2013; Hernandez et al. 2015). The most
important antioxidant enzymes involved in ROS scavenger
activity are superoxide dismutase (SOD), catalase (CAT), per-
oxidases such as ascorbate peroxidase (APX), and glutathione
reductase (GR). Themain non-enzymatic antioxidants are glu-
tathione, polyphenols, flavonoids, carotenoids, ascorbate, and
organic acids. Polyphenols play an important role in the anti-
oxidant defense since they can chelate metal ions and also
react with ROS (Pereira et al. 2009), while glutathione pro-
tects cells from oxidative stress and is a precursor of
phytochelatins (PCs) (Meharg 2005). Moreover, plant cells
also synthesize different metabolites able to sequester intracel-
lular metal(loid) ions into non-toxic stable complexes. An
important group of ligands consists of Cys-rich peptides, like
PCs synthesized from glutathione (Grill et al. 1985; Cobbett
2000), or metallothioneins (MTs), which are transcriptionally
regulated (Meharg 2005). The ability of plants to implement
defense mechanisms and tolerance of exposure to metal(loid)s
can be exploited to develop phytoremediation technologies,
aimed at alleviating the metal(loid) pollution of terrestrial eco-
systems (Meharg 2005).

Phytoremediation is considered a novel approach to man-
age polluted soils, based on the ability of plants to extract and/
or to stabilize the metal(loid) pollutants from these soils.
Plants suitable for phytostabilization show tolerance and de-
velop an extensive root system able to immobilize contami-
nant metal(loid)s in the rhizosphere (Kramer 2005). On the
other hand, plants that translocate high levels of metal(loid)s
to the aerial parts are suitable for phytoextraction. Avariety of
metal(loid)-accumulating plants have been described,

especially those growing in mining areas (Baker and Brooks
1989; Pratas et al. 2013). However, phytoremediation technol-
ogy for highly polluted soils requires identification of species
not only able to tolerate such pollutants but also adapted to
grow in the specific environmental conditions of the area of
interest (Favas et al. 2014). Therefore, the selection of plant
species suitable for phytoremediation needs to be carried out
with site-specific studies.

The vegetation present in different Italian mining sites
(Sardinia and South Tuscany) has already been studied by
other authors, and their metal content has been determined
(Baroni et al. 2004; Barbafieri et al. 2011; Bacchetta et al.
2015). The predominant species found in contaminated min-
ing soils of Sardinia Island were Cistus salviifolius L.,
Helichrysum italicum (Roth) G. Don, Arundo donax L.,
Dittrichia viscosa L. Greuter, and Euphorbia dendroides L.

However, specific studies of soil-plant systems related to
the mining sites of Elba island are fairly scarce. The vegetation
of Elba island is influenced by the Mediterranean climate and
by the insularity and is thus adapted to grow on rocky soils,
tolerating both drought and salt stress (Rinaldi 2000). The
vegetation is mainly characterized by the BMediterranean
Maquis,^ constituted by a consortium of different spontaneous
species from shrubs (low bush) to more strictly arboreal plants
(high bush). Typical plants of this low bush are Cystus sp.,
Cytisus scoparius L., Myrtus communis L., Rosmarinus
officinalis L., Lavandula stoechas L., and H. italicum
(Rinaldi 2000). On the contrary, in the Mineral Park of Elba
island, only a few species of small shrubs are present, includ-
ing D. viscosa , C. salvii folius , L. stoechas , and
Bituminaria bituminosa (L) C.H. Stirton.

D. viscosa is a ruderal shrub of the Asteraceae (Inuleae
tribe, also known as Inula viscosa L.) and is considered to
be an invasive plant in all the northwestern Mediterranean
basin, due to its adaptation to different soils (ranging from
siliceous to calcareous). This plant is a pioneer species due
to its ability to survive under stressed environmental condi-
tions, such as large excursions of humidity and salinity
(Curadi et al. 2005; Batista et al. 2013). In particular, the
adaptation of young plants to Cd treatment has been observed
(Fernandez et al. 2013). Conesa et al. (2011) indicated
D. viscosa as a species accumulating large quantities of met-
al(loid)s from sand dunes polluted by mining wastes in Spain.
Moreover, D. viscosa was one of the species with the highest
concentration of trace elements found in the aboveground bio-
mass of Sardinia ex-mining soil, suggesting that this plant can
be considered a good phytoextractor (Barbafieri et al. 2011).

The Cistus spp. (Cistaceae family) generally shows a great
plasticity, and it is considered a pioneer plant after fire events.
It is able to grow both in poor and/or contaminated soils, and it
can tolerate important concentrations of metal(loid)s
(Murciego et al. 2007; Abreu et al. 2012). Various studies
confirmed that this plant can contribute to the rehabilitation
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of mining areas with semi-arid characteristics. In particular,
the species C. salviifolius shows suitable behavior for
phytostabilization and it can be considered a good indicator
of contamination (Barbafieri et al. 2011; Abreu et al. 2012).

B. bituminosa (syn. Psoralea bituminosa L., Fabaceae,
Pitch trefoil) is a perennial species widely distributed in the
Mediterranean basin and the Canary Islands and is a common
plant on Elba Island (Sternberg et al. 2006; Pecetti et al. 2016).
It is easily recognizable by the marked Bbitumen^ smell of the
foliage, the origin of which is still unclear (Bertoli et al. 2004).
B. bituminosa is used to provide hay and forage for livestock
(Sternberg et al. 2006), but it is also employed in industry
because of its content of secondary metabolites such as phe-
nolics, furocoumarins, and pterocarpans (D’Angiolillo et al.
2014). The plant adapts to abiotic stress conditions such as
drought (Walker et al. 2010) and heavy metal-polluted sites,
so that it can be considered for the phytostabilization of con-
taminated or degraded soils (Martínez-Fernández et al. 2011).

L. stoechas is a small shrub typically growing in low mar-
quis and in acidophilus garrigues (frequently associated with
Cistus spp.), occurring in Mediterranean regions from sea lev-
el up to 600 m a.s.l. (Pignatti 1982). L. stoechas is nowadays
commercially cultivated around the world for several uses,
including ornamental and/or soil stabilization purposes, or
cosmetic uses (Carrasco et al. 2015). L. stoechas has been
found in serpentinized rocks, accumulating Mn and Co
(Freitas et al. 2004). Moreover, some attention has been given
to the ability of L. stoechas to take up mercury in greenhouse
experiments, in order to evaluate their use in Almadén mercu-
ry mining sites (Sierra et al. 2009).

The aim of the present study was to investigate the ability
of autochthonous plants to survive on the Puppaio area, an ex-
mining site included in the Mineral Park of Elba Island. We
measured the total and potentially available fraction of metal(-
loid)s in Puppaio soils. Metal(loid) concentration in different
organs of the most representative plant species was also deter-
mined, in order to establish their metal uptake and transloca-
tion ability. Furthermore, we assessed the physiological adap-
tation of a selected plant species,D. viscosa, by measuring the
antioxidant enzymatic activities, secondary metabolites, and
photosynthetic pigments of the leaves.

Materials and methods

Description of the studied area

The studied area is located on Elba island, inside the
Mining Park of Rio Marina, in an ex-mining site named
Puppaio (SP, 42°50″18.7″N 10°26″10.2″E) (Fig. 1a). After
the iron extraction period, at the end of the 1980s, the area
was abandoned and, so far, no environmental remediation
project has been undertaken. The Puppaio area is

structured like a small basin constituted by a large amount
of mining wastes, with a central seasonal pond character-
ized by extremely acidic water (pH = 1.7) (ARPAT 2002).
The pond is surrounded by a mostly barren ring area with
small shrubs and herbaceous plants (Fig. 1b, c).
Externally to the basin, a small hill with a typical
Mediterranean vegetation delimitates the area. The
Mining Park of Rio Marina is character ized by
Mediterranean climate with dry summer and wet autumn.
The average annual temperature is 16.9 °C, and the annual
precipitation ranges from 387 to 842 mm (Servida et al.
2009).

Collection of soil and plant samples

Two sampling campaigns were carried out in spring of 2013
and 2014. In the first campaign, soil and plant samples were
collected in four sampling points near to the pond of the
Puppaio area (SP, Fig. 1). A control site (SC, Fig. 1a)
was chosen on Elba island, near Portoferraio (42°48″04.3″N
10°19″27.3″E), far from any mining activity. Three soil sub-
samples at each sampling point were taken at the 0–20-cm
depth, put in a plastic bag, and brought to the laboratory.
Thereafter, samples were dried at 50 °C until constant weight,
ground, sieved through a 2-mm sieve, and stored in sealed
plastic boxes until analysis.

Plant samples of Dittrichia viscosa L. Greuter, Cistus
salviifolius L., Lavandula stoechas L., and Bituminaria
bituminosa L. were collected near the barren area around the
pond of the SP area. For each plant species, a variable number
of samples were harvested within a 3-m radius of each soil
sampling point and analyzed for metal(loid) content. In the
second sampling campaign, samples ofD. viscosa leaves were
collected in the same sampling points for biochemical analy-
ses. The leaves were washed in situ with deionized water to
remove dust and wiped with filter paper. Sub-samples were
immediately frozen in dry ice, brought to the laboratory, and
stored at −70 °C.

Soil analysis

The main chemical and physical properties of soil (pH, E.C.,
C.E.C., clay, silt, and sand content) and some parameters of
agronomic importance were determined according to proce-
dures described in Methods of Soil Analysis (SSSA 1996).
Briefly, soil pH was determined using a glass electrode at a
soil/water ratio of 1:2.5, cation exchange capacity (CEC)
using barium chloride (pH = 8.1), texture (sand, silt, and clay)
by the pipette method, P by digestion with perchloric acid, and
K by the ammonium acetate method. N and organic and inor-
ganic C were determined using a CHNS analyzer Carlo Erba
NA 1500 (Milano, Italy).
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Metal(loid) analysis

The soil samples were digested with an HNO3/H2O2 solution
(2.5:1 ratio) in a microwave oven system (Milestone 1200,
Bergamo, Italy) for (pseudo) total metal(loid) analysis. The
available fraction of metal(loid)s in soils was determined by
extracting soils for 2 h at room temperature with 0.05 M
ethylendiaminetetraacetic acid (EDTA), using 1:10 ratio as de-
scribed elsewhere (Barbafieri et al. 1996; Italian Official Gazette
1999; Marques et al. 2009). Plant samples for metal(loid) anal-
ysis, separated into their organs (leaves, stems, and roots), were
carefully washedwith deionized water, oven-dried at 50 °C until
constant weight, and finely powdered. As regards roots, we
added a washing step using an ultrasonic bath to remove
adsorbed soil particles. Successively, the samples were digested
with an HNO3/H2O2 solution (2.5:1 ratio) in a microwave oven
and analyzed for metal(loid) content in the different organs.

All the samples were analyzed by a Liberty Axial
Varian (Torino, Italy) inductively coupled plasma optical
emission spectrometer (ICP-OES). Quality assurance and
quality control were performed by testing a standard so-
lution (multi-elements standard 504305 and 504303,
Carlo Erba, Milano, Italy) every 10 samples. A certified
reference material was used both for soil (SQC 001) and
plants (SRM 1573a) to control the quality of the analytical
procedure. A reagent blank was also analyzed. The detec-
tion limits (μg L−1) of Cr, Cu, Zn, Pb, Ni, and As were 1,
1, 2, 5, 8, and 5, respectively.

The metal(loid) uptake and distribution in collected plants
were expressed using biological coefficients. The biological
concentration factor (BCF) for each species was calculated to
evaluate the capacity for metal(loid) transfer from the matrices
to the plant, accumulating in different organs. It is defined as
the ratio of plant metal(loid) content to soil metal(loid) content
(Baker et al. 1994). Here, the BCF was calculated using the
available metal(loid) fraction (Geebelen et al. 2003; Barbafieri
et al. 2011):

BCF ¼ Mleaves½ �= MsAv½ �
where

[Mleaves] metal(loid) concentration in leaves
[MsAv] metal(loid) concentration in the soil, available

fraction

Another interesting parameter is the translocation factor
(TF) indicating the rate of metal(loid) translocated from roots
to shoots (Concas et al. 2015):

TF ¼ Mleaves½ �= Mroots½ �
where

[Mroots] metal(loid) concentration in roots

The standard error (SE) of the mean for both the TF and
BCF parameters was calculated by using the formula of the
propagation of the error:

Fig. 1 a Geographical location of the study sites in Elba Island (Tuscan, Italy). The Puppaio site in the Mineral Park and the control site in Portoferraio
are indicated with SP and SC, respectively. b, c Pictures of the sampling area around the seasonal pond of the Puppaio site
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SE for TF ¼ SE Mleaves½ � � Mroots½ � þ SE Mroots½ � � Mleaves½ �� �
= Mroots½ �2

and SE for BCF ¼ SE Mleaves½ � � MsAv½ � þ SE MsAv½ � � Mleaves½ �� �
= MsAv½ �2

where
SE[Mleaves], SE[Mroots], and SE[MsAv] are the SEs calculated

on [Mleaves], [Mroots], and [MsAv], respectively.

Pigment analysis

The concentration of pigments in 100 mg of fresh leaves of
D. viscosa was determined, following the method described
by Lichtenthaler (1987). The chlorophyll and carotenoids
were extracted overnight in 5 mL of pure methanol at 4 °C
in the dark. The absorbance of the extracts at 665, 652, and
470 nm was measured using a UV-Vis spectrophotometer
(Cintra 101, GBC scientific instruments, Melbourne,
Australia), and the content of total chlorophyll and caroten-
oids was expressed as milligrams per gram of fresh weight.
The data presented are the mean of three independent
replicates.

Total soluble phenol compounds

One hundred milligrams of fresh D. viscosa leaves was pul-
verized and homogenized in a mortar with 70% (v/v) methanol
to facilitate the extraction. After 30 min of incubation on ice,
the extracts were centrifuged at 10000×g for 10 min, and the
supernatants were utilized for further analyses. Total soluble
phenol compounds were assayed using Folin-Ciocalteau’s
phenol protocol (Singleton and Rossi 1965) with minor mod-
ification (Bretzel et al. 2014). Different methanol extracts
were added andmixed with 0.5 mL Folin-Ciocalteau’s reagent
and 0.45 mL of 7.5% (w/v) solution of saturated sodium car-
bonate. The samples were incubated at room temperature for
2 h. Absorbance was measured at 765 nm, and the results were
expressed as milligrams of chlorogenic acid per gram of fresh
weight (mg g−1 fresh weight). Quantification data were in
triplicate.

DPPH radical scavenging activity

The free radical scavenging activity of D. viscosa metha-
nol extracts was measured with the stable radical 1,1-
diphenyl-2-picrylhydrazyl (DPPH) method (Brand-
Williams et al. 1995). One milliliter of methanol extract
at different concentrations (0.10, 0.25, 0.50, mg mL−1)
was added to 0.5 mL of a 0.25-mM (w/v) DPPH solution
and incubated at room temperature in the dark for 30 min.
The activity was measured as the decrease of absorbance
at 517 nm using a UV-Vis spectrophotometer (Cintra
101). The percent inhibition of the DPPH radical by the
samples was calculated according to the formula: %

inhibition = (Ablank − Asample / Ablank) × 100, where
Ablank is the absorbance of the DPPH radical without the
antioxidant and Asample is the absorbance of the samples.
The concentration (μg mL−1) of the extract providing
50% of antioxidant activities (IC50) was calculated by
plotting a graph of the inhibition percentage against ex-
tract concentration. All determinations were performed in
triplicate.

Determination of non-protein thiols

Glutathione and PCs were measured by a methodology
employing pre-column derivatization with monobromobimane
and quantification by reverse-phase high-performance liquid
chromatography, following a procedure reported elsewhere
(Giansoldati et al. 2012).

Enzymatic activities

Frozen D. viscosa leaves (0.2 g) were ground under liquid
nitrogen and homogenized in 2 mL of extraction buffer,
consisting of 50 mM sodium phosphate buffer (pH 7.0),
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 2%
(w/v) insoluble polyvinylpolypyrrolidone. The homogenate
was centrifuged at 20000×g for 30 min at 4 °C and the super-
natant used for the enzymatic activity. Superoxide dismutase
(SOD, EC 1.15.1.1) activity was assayed by measuring its
ability to inhibit the photoreduction of nitro blue tetrazolium
(NBT) according to the method of Beyer and Fridovich
(1987). In this assay, one unit of SOD is defined as the amount
required to inhibit the photoreduction of NBT by 50%.
Catalase (CAT, EC 1.11.1.6) activity was measured according
to Aebi (1974), by monitoring the decomposition of H2O2.
The enzyme activity was calculated bymeasuring the decrease
of absorbance at 240 nm in 1 min (ε = 0.04 mM−1 cm−1).
Ascorbate peroxidase (APX, EC 1.11.1.11) activity was deter-
mined by following the decrease of absorbance at 290 nm
(ε = 2.7 mM−1 cm−1) due to ascorbate oxidation (Nakano
and Asada 1981). Glutathione reductase (GR, EC 1.6.4.2)
activity was determined by following the decrease of absor-
bance at 340 nm (ε = 6.2 mM−1 cm−1) due to the glutathione-
dependent NADPH oxidation, according to the modified
method of Foyer and Halliwell (1976). One unit of activity
was defined as the amount of enzyme that can oxidize
1 μmol of substrate per minute, in the case of CAT, APX,
and GR. All enzymatic activities were calculated per
milligram of protein. The soluble protein content was
determined according to Bradford (1976) using bovine serum
albumin as standard. Enzymatic assays were carried out at
25 °C using a double-beam Jasco UV/Visible Spectrometer
(Model V-550, Lecco, Italy).
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Statistical analysis on biochemical parameters

One-way ANOVA test and post hoc analysis of variance
(Tukey test) were conducted using OriginPro 9.0 software
(OriginLab Corporation, MA, USA). Evaluation of normality
was carried out using the Shapiro-Wilk test, and a normal
distribution of the data was verified at the 0.05 level. The
homogeneity of the variance was tested by using Levene’s
test. At the 0.05 level, the population variances were not sig-
nificantly different.

Results and discussion

Soil characteristics

The main soil characteristics of the Puppaio ex-mining area
(SP) and of the uncontaminated control soil (SC) are reported
in Table 1. The SC and SP samples showed similar physical
characteristics. According to the USDA classification, the soil
texture was sandy loam, the content of sand being very high.
The pH values of the SP soil was close to 4.0, with the samples
having acidic pH values ranging from 3.96 to 4.38, while that
of the SC soil was higher (pH = 5.5). The SP soil samples
showed a lower organic carbon and plant nutrient content, but
with higher EC in comparison to the SC sample. These chem-
ical characteristics are typical of exploited ex-mining soils
(Wong 2003).

The concentration of metal(loid)s (As, Cr, Cu, Ni, Pb, and
Zn) was determined in SP and SC soils (Table 2). The choice
of such elements was based on previous data regarding the
main potentially polluting elements found in the Rio Marina
district (ARPAT 2002; Servida et al. 2009). The amount of
metal(loid)s detected in the Puppaio area is in agreement with
the values reported by ARPAT (2002), showing metal(loid)
concentrations typical of this polluted area. The distribution of
metal(loid) concentration within the SP area showed a high
heterogeneity and variability. The highest metal(loid) concen-
trations, compared to baseline values measured in SC soil,
were found for As, Cu, Pb, and Zn, with mean values of
338, 552, 152, and 271 mg kg−1, respectively. In particular,

As and Cu in the SP area were very high, being about 30 times
higher than in the control soil. In general, the total content of
metal(loid)s in the SP soil samples was much higher than the
limits imposed by the Italian legislation (GURI 2006, D. lgs.
152/2006) for public green sites (As = 20 mg kg−1,
Cu = 120 mg kg−1, Pb = 100 mg kg−1, Zn = 150 mg kg−1).
These limits were exceeded by 17 times for As, 4 times for Cu,
1.5 times for Pb, and 2 times for Zn.

In Table 2, data on the metal(loid) potentially available
fraction (MsAv), evaluated by EDTA extraction, are also re-
ported. It exhibited a maximum value for Zn (27%) and a
minimum value for As (0.6%), while for Cu and Pb, it was
17 and 10%, respectively. These values were much lower than
those reported by other authors (Monterroso et al. 2014) in a
NW Spain mining soil (Pb 61%, Cu and Zn 31–39%), while
data for As are in agreement with similar low values observed
in other mining areas (Abreu et al. 2012; Pérez-Sirvent et al.
2012). As far as Cr and Ni are concerned, these heavy metals
did not show specific differences among the SP and SC sites,
both for Mtot and MsAv.

Metal(loid)s in plants

The plant species collected at the ex-mining site (SP) exhibit-
ed different metal(loid) concentrations (Table 3) with a vari-
able distribution, depending on the metal(loid) and plant spe-
cies. Generally, D. viscosa showed the highest metal(loid)
accumulation in leaves, while B. bituminosa showed the
highest metal(loid) accumulation in stems and roots.

Arsenic was detected only in D. viscosa while no other
plant was able to absorb it. D. viscosa organs showed a sig-
nificant As uptake at root level (12.7 mg kg−1) and transloca-
tion to the aerial system according to the following accumu-
lation pattern: leaves > stems > roots. Baroni et al. (2004)
investigated the same species in a contaminated area in south-
ern Tuscany (mainland Italy) and reported a similar accumu-
lation pattern, with the highest As values in leaves (about
3 mg kg−1). However, this value was nine times lower than
that found in the SP area (about 25 mg kg−1). On the other
hand, in a study conducted on a Pb/Zn mining soil (Sierra
Minera, Spain), Pérez-Sirvent et al. (2012) reported a limited

Table 1 Physical and chemical characteristics of the soil samples collected in the Puppaio ex-mining area (SP) and in the control site (SC)

pH EC mg kg−1 CEC % Corganic Cinorganic

μS cm−1 K P N Cmol+kg−1 Clay Silt Sand % %

SP 4.1 ± 0.2 1934 ± 1524 184 ± 46 n.d. 1283 ± 370 20.4 ± 2.7 14.5 ± 5.1 24.7 ± 4.0 60.8 ± 6.3 0.22 ± 0.19 0.0046 ± 0.0002

SC 5.5 ± 0.5 716 ± 341 825 ± 79 180 ± 28 1290 ± 285 25.5 ± 4.2 25.7 ± 7.3 26.5 ± 5.5 47.8 ± 3.5 1.42 ± 0.56 0.01550 ± 0.0035

Data are mean values ± standard deviation (n = 4)

n.d. not detectable
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ability of D. viscosa plants to translocate As from roots to
leaves. These contrasting results seem to suggest a site-
specific response of plant adaptation to As contamination.

In general, in the SP plants, the accumulation of Zn was the
highest followed by that of Cu, as previously observed by
Jiménez et al. (2011). Moreover, these elements showed a
similar accumulation pattern: leaves > stems > roots in all
the studied plants, except for B. bituminosa, which showed
the highest Zn and Cu concentrations in stems. Among the
plant species, D. viscosa exhibited the highest content of Cu
and Zn in the leaves, with mean values of 62 and 133mg kg−1,
respectively.

As far as Pb is concerned, its uptake was very low in the
studied plant species, with the exception ofD. viscosawhere a
high value (25 mg kg−1) was observed in the leaves, but not in
stems or roots. Also, Barbafieri et al. (2011) in a study carried
out in a mining site of Sardinia observed a higher Pb content in
D. viscosa leaves (mean value 420 mg kg−1) with respect to
roots and stems.

Cr was not detected in any collected plant species, and Ni
was present at very low concentrations or undetectable in
D. viscosa. This result reflects the low content of these metals
measured in the SP soil, as reported in Table 2; therefore, these
data will not be discussed further.

The biological concentration factor (BCF) and transloca-
tion factor (TF) for each species were calculated to evaluate
the capacity to transfer metal(loid)s (As, Cu, Pb, and Zn) from
the matrices to the plants and their translocation from the roots
to the leaves (Table 4). The standard error values showed a
limited variability, ranging from 1 to 22% and from 14 to 37%
for TF and BCF, respectively. BCF and TF have been often
used as indicators to estimate the phytoremediation ability of
plants (Baker et al. 1994). Generally, values of BCF >1 and
TF >1 are required for phytoextraction processes, while lower
values are preferred for phytostabilization processes (Concas
et al. 2015).

According to the BCF and TF values listed in Table 4,
D. viscosa showed a marked capability to transfer the poten-
tially bioavailable fraction of all the considered metal(loid)s
(As, Cu, Pb, Zn) to the leaves. In particular, this plant exhib-
ited the unique ability to translocate As from roots to the aerial
parts, with a high TF (2.06) and a very high BCF (12.48).
L. stoechas and C. salviifolius showed TF >1 for Cu, Pb,
and Zn, but the BCF value was >1 only for Zn. However,
the BCF values of these two plants were always lower than
those of D. viscosa. Moreover, the TF values of L. stoechas
andC. salviifoliuswere lower for Pb and Zn but higher for Cu,
with respect to those calculated for D. viscosa. In agreement
with our data, Jiménez et al. (2011) and Abreu et al. (2012)
reported low accumulation values of trace elements in Cistus
species. B. bituminosa showed the lowest TF and BCF values
compared to the other plants, for all the measuredmetal(loid)s.
These results are in agreement with those reported byT
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Martínez-Fernández et al. (2011) and Walker et al. (2007),
which confirmed a scarce ability of this plant to translocate
heavy metals (Zn and Pb) to the upper parts.

Native flora of ex-mining sites from southern Europe are
actually studied for their phytoremediation potentiality (Abreu
et al. 2012; Pratas et al. 2013; Favas et al. 2014). These plant
species are adapted to grow in metal-polluted sites depending
on the pedoclimatic characteristics and the metal abundance
(Favas et al. 2014). Cistus spp. and D. viscosa are often found
in these polluted sites, and their metal accumulation and trans-
location are peculiar to the metal(loid) concentration and the
type of soil.

In the present study, all collected plant species were able to
survive under the pedoclimate conditions of the metal(loid)-
contaminated SP area and showed different patterns of met-
al(loid) uptake and distribution among different plant tissues.

In particular, our data showed that D. viscosa exhibited the
highest ability to accumulate As and other metals (Cu, Pb, and
Zn), although it cannot be considered a hyper-accumulator as
defined by Baker et al. (1994).

Biochemical analysis of D. viscosa leaves

Plant defense mechanisms towards metal(loid) stress involve
different strategies, ranging from the activation of the antiox-
idant machinery, including enzymatic and non-enzymatic de-
fense systems, to the modulation of the photosynthetic pig-
ments (Sytar et al. 2013; Hernandez et al. 2015). We tested a
battery of biochemical parameters to evaluate the physiologi-
cal adaptation of D. viscosa of the SP ex-mining site, because
of its greater ability to transfer metal(loid)s to the leaves in
comparison with other plants (Table 4). In the second

Table 3 Metal (loid)
concentration in organs of plants
collected in the Puppaio ex-
mining area (SP), during the
sampling campaign of 2013

Plant species mg kg−1 DW

As Cr Cu Ni Pb Zn

D. viscosa (n = 6)

Leaves 26.2 ± 8.6 n.d. 61.7 ± 10.8 n.d. 25.0 ± 1.4 133.2 ± 36.0

Stems 18.5 ± 8.7 n.d. 37.0 ± 7.5 n.d. 7.3 ± 2.8 27.4 ± 1.5

Roots 12.7 ± 2.6 n.d. 55.4 ± 5.4 n.d. 4.5 ± 1.3 20.3 ± 1.7

L. stoechas (n = 5)

Leaves n.d. n.d. 17.0 ± 0.5 5.5 ± 0.6 4.6 ± 0.5 82.7 ± 1.2

Stems n.d. n.d. 7.8 ± 1.0 1.5 ± 0.3 2.0 ± 0.6 29.1 ± 5.0

Roots n.d. n.d. 7.9 ± 1.1 3.0 ± 0.3 1.2 ± 0.1 25.8 ± 0.2

C. salviifolius (n = 5)

Leaves n.d. n.d. 17.9 ± 0.7 2.0 ± 0.2 3.1 ± 0.9 113.4 ± 2.2

Stems n.d. n.d. 14.8 ± 0.4 3.5 ± 1.3 2.1 ± 0.8 58.6 ± 8.1

Roots n.d. n.d. 12.4 ± 4.7 2.7 ± 0.5 1.7 ± 0.3 26.0 ± 8.2

B. bituminosa (n = 3)

Leaves n.d. n.d. 12.7 ± 1.0 2.9 ± 0.3 4.0 ± 0.6 70.4 ± 7.0

Stems n.d. n.d. 35.6 ± 3.6 5.2 ± 0.3 16.7 ± 0.6 107.0 ± 7.2

Roots n.d. n.d. 33.6 ± 6.7 7.8 ± 0.4 4.7 ± 0.7 62.9 ± 1.3

Data are expressed as milligrams per kilogram of dry weight. Mean values ± s.d. (n ≥ 3)

n.d. not detectable

Table 4 Translocation factor (TF) as a ratio Meleaves/Meroots and bioconcentration factor (BCF) as a ratio Meleaves/MsAv for As, Cu, Pb, and Zn
calculated in the sampled plants

Plant species As Cu Pb Zn

TF BCF TF BCF TF BCF TF BCF

D. viscosa 2.06 (0.45) 12.48 (3.22) 1.11 (0.12) 0.66 (0.22) 5.56 (0.78) 1.69 (0.51) 6.56 (0.62) 1.82 (0.27)

L. stoechas 2.15 (0.16) 0.18 (0.05) 3.83 (0.34) 0.31 (0.10) 3.21 (0.03) 1.13 (0.16)

C. salviifolius 1.44 (0.27) 0.19 (0.05) 1.82 (0.37) 0.21 (0.09) 4.36 (0.65) 1.55 (0.23)

B. bituminosa 0.38 (0.06) 0.14 (0.04) 0.85 (0.15) 0.27 (0.10) 1.10 (0.08) 0.96 (0.19)

Mean values and standard error (between brackets) are reported
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sampling campaign, leaves of D. viscosa were collected in
both SP and SC sites and characterized for their metal(loid)
content (Table 5). Data showed metal(loid) concentrations in
SP samples similar to those measured in the first sampling
campaign and reported in Table 3. Values obtained for the
SC control site showed lower concentrations of the essential
metals (Cu and Zn) and undetectable values for the other
metal(loid)s.

Biochemical parameters are reported in Table 6. Leaves of
D. viscosa collected in SP showed total chlorophyll concen-
trations not significantly different from that of the control
samples (Table 6). Conversely, the content of carotenoids in
SP plants was significantly lower than that measured in con-
trol plants. Some authors report that the chlorophyll level can
be inhibited by the increase of As concentration, due to the
peroxidative breakdown of pigments and chloroplast mem-
brane lipids by ROS (Duman et al. 2010). However, the sta-
bility of chlorophyll and the weak alteration of carotenoids
found in our samples may suggest that the photosynthetic
pigments of D. viscosa growing on this ex-mining site were
not much affected by the soil contamination. Similarly,
Martins et al. (2011) did not observe a breakdown of pigments
in mature leaves ofN. tabacum plants under metal stress (Cd),
even if negative effects on physiological parameters were
clearly observed in young leaves. Actually, oxidative stress
responses have been reported to occur in young seedlings
grown under controlled conditions (Malar et al. 2014;
Fernandez et al. 2013), whereas few data are available for

leaves picked up from adult native plants growing in polluted
areas.

The antioxidant power, total polyphenol content, and glu-
tathione concentration in leaves collected in the SP site were
not significantly different from those of control plants
(Table 6). Since As, Cu, and Zn are strong inductors of PCs
(Cobbett 2000), the presence of PCs in the leaves of
D. viscosa could be expected. However, PCs were not detect-
ed (data not shown) in our samples, and this is in agreement
with the similar level of glutathione found in SP and SC plants
(about 5 nmol g−1 FW), suggesting that the tolerance towards
metal(loid)s exhibited by these plants does not seem to be
related to the level of non-protein thiols. The lack of alteration
of either the level of secondary metabolites or the antioxidant
power indicates that the amount of metal(loid)s taken up by
the plant was not sufficient to activate the non-enzymatic de-
fense mechanisms against ROS, also suggesting that
D. viscosa was well adapted to grow in such conditions.

The antioxidant enzymatic defense system was also exam-
ined, by measuring the activities of SOD, CAT, APX, and GR.
The results (Table 6) showed that the enzymatic activities in
SP plants were comparable to those measured in SC plants. It
is well known that these enzymes are implied in ROS-
scavenging activities, so the general stability of these activities
confirmed the absence of an oxidative stress, as above report-
ed for antioxidant non-enzymatic activities (Gill and Tuteja
2010). Different levels of antioxidant enzymes have been re-
ported in two populations of metallicolous and non-

Table 6 Biochemical parameters
measured in leaves of D. viscosa
plants collected in the Puppaio
site (SP) and in the control site
(SC). Photosynthetic pigments,
secondary metabolites, antioxi-
dant power, and antioxidant en-
zymatic activity (SOD, CAT,
APX, GR) are reported

Biochemical parameters Control leaves (SC) Puppaio leaves (SP)

Total chlorophyll (mg g−1 FW) 1.01 ± 0.08a 0.82 ± 0.09a

Carotenoids (mg g−1 FW) 69.79 ± 1.66a 52.90 ± 7.98b

Total polyphenols (mg g−1 FW) 1.65 ± 0.37a 1.89 ± 0.51a

Total glutathione (nmol g−1 FW) 5.0 ± 0.2a 5.2 ± 0.8a

Antioxidant power IC50 (mg FW mL−1) 5.71 ± 2.86a 4.29 ± 1.96a

SOD activity (U mg protein−1) 412 ± 115a 385 ± 110a

CAT activity (U mg protein−1) 10.9 ± 0.8a 12.8 ± 2.9a

APX activity (U mg protein−1) 0.29 ± 0.06a 0.30 ± 0.07a

GR activity (U mg protein−1) 0.040 ± 0.011a 0.035 ± 0.014a

Mean values (± s.d.) were obtained from six independent replicates. Numbers followed by different letters in the
same row are statistically different for P ≤ 0.05

Table 5 Metal (loid)
concentration in leaves of
D. viscosa plants collected in the
SP site of the Puppaio ex-mining
area and in the control site near
Portoferraio (SC), during the
sampling campaign of 2014

mg kg−1 DW

As Cr Cu Ni Pb Zn

SP leaves 18.7 ± 9.2 n.d. 43.5 ± 5.4 n.d. 11.1 ± 7.0 174.9 ± 48.4

SC leaves n.d n.d 4.0 ± 1.7 n.d n.d 42.5 ± 2.4

Data are expressed as milligrams per kilogram of dry weight. Mean values ± s.d. (n = 6)
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metallicolousD. viscosa plants tolerant to Cd (Fernandez et al.
2013), even though these data referred to ex vitro young plants
exposed to Cd treatment for 10 days. In the literature, relevant
data are reported for the modulation of antioxidant activities in
response to heavy metal pollution, but the trials have been
carried out using young plantlets and artificial substrates
(e.g., hydroponic conditions) (Shri et al. 2009; Ahmad and
Gupta 2013; Fernandez et al. 2013; Malar et al. 2014; Mirza
et al. 2016). To our knowledge, few data about the antioxidant
activity in spontaneous plants collected in mining sites have
been reported so far (Marquez-Garcia and Cordoba 2009;
Boojar and Goodarzi 2007). The spontaneous plants grown
in metal(loid)-polluted soils exhibited variable antioxidant en-
zyme activities, depending on several factors such as plant
species, metal ion concentration, and bioavailability. In fact,
Boojar and Goodarzi (2007) reported thatDatura stramonium
L. and Chenopodium ambrosioides L. increased SOD, CAT,
and GPX activities in response to Cu toxicity. On the other
hand, Erica australis L. grown in pyrite mine wastes (Iberian
Pyritic Belt) did not exhibit significant changes of antioxidant
enzyme activities (Marquez-Garcia and Cordoba 2009).

The overall view of the biochemical parameters indicated a
generally healthy status of D. viscosa plants grown in the
polluted site, as confirmed by visual observation of the plants
in situ, despite the higher levels of As and heavy metals in soil.
These results confirmed previous studies on micropropagated
D. viscosa explants collected in SP, which showed very good
ability to grow in culture media with added As, Zn, and Cu at
low pH (Pistelli et al. 2017). Otherwise, the explants from the
SC site could not survive in such conditions, suggesting that a
selection of D. viscosa capable of surviving in acidic and
metal(loid)-polluted media has occurred.

Conclusions

Ex-iron mining areas of Elba island represent a potential source
ofmetal(loid) pollutants. In fact, the soil from the ex-mining site
Puppaio is still highly contaminated by As, Cu, Pb, and Zn,
decades after the closure of the mine. Nevertheless, some native
species (C. salviifolius, L. stoechas, B. bituminosa, and
D. viscosa) can grow in these very stressful conditions, showing
peculiar characteristics of metal(loid) accumulation. The use of
these shrub plants in the revegetation of the area could stabilize
the soil by their root system and, at the same time, could act as a
barrier to soil degradation (rain and wind erosion). Only
D. viscosa was able to take up As, with high TF and BCF
values. In addition, D. viscosa grown in this area showed no
significant alteration in the pigment and foliar metabolites, as
well as in the antioxidant enzymatic activities, with respect to
that collected in SC. These results suggest that a new ecotype of
D. viscosa could have been selected in the ex-mining sites in
Elba. Further experiments should be conducted to elucidate the

adaptation of D. viscosa for survival in these stressful condi-
tions, and additional studies are needed to evaluate the biomass
production, contaminant uptake, and the real efficiency of the
plant in phytoextraction processes. Once these parameters will
be measured, these plants could become very interesting for
future in situ phytoremediation projects aiming at restoring
the ecological and touristic value of this area.
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