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Abstract
Background, aim, and scope The success of phytoextrac-
tion depends upon the identification of suitable plant
species that hyperaccumulate heavy metals and produce
large amounts of biomass using established agricultural
techniques. In this study, the Mediterranean saltbush
Atriplex halimus L., which is a C4 perennial native shrub
of Mediterranean basin with an excellent tolerance to
drought and salinity, is investigated with the main aim to
assess its phytoremediation potential for Pb and Cd removal
from contaminated soils. In particular, the influence of soil
salinity in metal accumulation has been studied as there is
notable evidence that salinity changes the bioavailability of
metals in soil and is a key factor in the translocation of
metals from roots to the aerial parts of the plant.
Materials and methods Three pot experiments were con-
ducted under greenhouse conditions for a 10-week period
with A. halimus grown in soil artificially polluted with
20 ppm of Cd and/or 800 ppm of Pb and irrigated with
three different salt solutions (0.0%, 0.5%, and 3.0% NaCl).
Soil measurements for soil characterization were performed
with the expiration of the first week of plant exposure to
metals and NaCl, and at the end of the experimental period,
chlorophyll content, leaf protein content, leaf specific
activity of guaiacol peroxidase (EC 1.11.1.7), shoot water
content, biomass, and Cd and Pb content in the plant tissues
were determined. Additionally, any symptoms of metal or

salt toxicity exhibited by the plants were visually noted
during the whole experimental period.
Results The experimental data suggest that increasing
salinity increases cadmium uptake by A. halimus L. while
in the case of lead there was not a clear effect of the
presence of salt on lead accumulation in plant tissues. A.
halimus developed no visible signs of metal toxicity; only
salt toxicity symptoms were observed in plants irrigated
with 3% NaCl solutions. Chlorophyll content, leaf protein
content, shoot water content, and biomass were not
negatively affected by the metals; instead, there was even
an increase in the amount of photosynthetic pigments in
plants treated with both metals and salinity. The specific
activity of guaiacol peroxidase seems to have a general
tendency for increase in plants treated with the metals in
comparison with the respective controls but a statistically
significant difference exists only in plants treated with the
metal mixture and saline conditions.
Discussion The data revealed that lead and cadmium
accumulation in plant tissues was kept generally at low
levels. Salinity was found to have a positive effect on
cadmium uptake by the plant and this may be related to a
higher bioavailability of the metal in soil due to decreased
Cd sorption on soil particles. On the other hand, salinity did
not influence in a clear way the uptake of Pb by the plant
probably because of lead’s limited mobility in soils and
plant tissues. Cd and Pd usually decrease the chlorophyll
content and biomass and change water relations in plants;
however, A. halimus was found not to be affected indicating
that it is a Cd- and Pb-tolerant plant. Guaiacol peroxidase
activity as one of the parameters expressing oxidative
damage and extent of stress in plants was not generally
found to be significantly affected under the presence of
metals in most plants suggesting that the extent of stress in
plants was minimal, while only for plants treated with the
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metal mixture and low salinity the enzyme activity was
elevated confirming that this enzyme serves as an antiox-
idative tool against the reactive oxygen species produced by
the metals.
Conclusions Atriplex halimus L. is a Pb- and Cd-tolerant
plant but metal concentrations achieved in plant tissues
were kept generally at low levels; however, metal accumu-
lation in shoots, especially for Cd, considered together with
its high biomass production, rapid growth, and deep root
system able to cope with poor structure and xeric character-
istics of several polluted soils suggest that this plant
deserves further investigation.
Recommendations and perspectives Phytoextraction by
halophytes is a promising alternative for the remediation
of heavy metal contaminated sites affected by salinity since
saline depressions often indicate sites of industrial effluents
accumulation, contaminated by heavy metals, including Pb
and Cd. Halophytes are also promising candidates for the
removal of heavy metals from non-saline soils. Further-
more, the use of such plants can be potentially viewed as an
alternative method for soil desalination where salt is
removed from the soil instead of being washed downwards
by water or other solutions.
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1 Background, aim, and scope

Heavy metals, including Cd and Pb, in soils are a serious
concern given their widespread distribution due to human
activities such as mining, energy production and agricultural
activities, and the potential human and ecological risks posed
by them. Long-term environmental safety dictates the removal
of these metals. While conventional technologies have proven
to be effective in small areas, they are not only costly but they
also cause soil disturbances, and they are not readily accepted
by the general public (Martin and Ruby 2004; Saifullah et al.
2009). Phytoremediation and more specifically phytoextrac-
tion, which involves the use of plants to remove metals from
the soil into their above-ground biomass which can be
harvested using conventional agricultural techniques, has
been posed as a cost-effective, environment-friendly alterna-
tive restoration strategy for the cleanup of heavy metal
contaminated soils (Palmer et al. 2001; US EPA 2001;
Memon and Schröder 2009; Butcher 2009). However, the
success of phytoextraction depends upon the identification of
suitable plant species that tolerate and hyperaccumulate
heavy metals and produce large amounts of biomass using
established agricultural techniques.

In this study, the Mediterranean saltbush Atriplex
halimus L., which is a C4 perennial native shrub of
Mediterranean basin with an excellent tolerance to drought
and salinity, is investigated. Saltbushes are dominant in
many arid and semi-arid regions of the world, particularly
in habitants that combine relatively high soil salinity with
aridity and have been used as a resource for livestock or for
the rehabilitation of degraded lands like sand dunes, saline/
alkaline soils, mine waste, badlands, shallow soils, etc.
(Le Houérou 1992; Ortíz-Dorda et al. 2005). A. halimus
was chosen for phytoextraction research because its
presence is often reported on mining areas contaminated
with heavy metals and because of its high biomass
production—it branches out almost from the base, can
reach 1–3 m high and up to 3 m in diameter—and its deep
root system is able to cope with poor structure of several
polluted substrates (Lutts et al. 2004; Ortíz-Dorda et al.
2005). Moreover, it is a plant well adapted to arid and salt-
affected areas where few species can develop. It also grows
in non-saline soils and for these reasons together with its
favorable crude protein content, it has been studied and
extensively used as livestock fodder reserves in arid and
semi-arid counties (Ortíz-Dorda et al. 2005; Osman et al.
2006). In addition, it can be cultivated with saline irrigation
water which is a purposeful feature since often high-quality
irrigation water is not available for application to crops in
arid regions and brackish waters must be used. Saltwater
irrigation is becoming an increasingly important practice
because the quality of irrigation waters is decreasing as
water supplies for agriculture become restricted due to
urban needs and climate change (Wahla and Kirkham
2008). Furthermore, halophyte species are of special
interest since these plants are naturally present in environ-
ments characterized by an excess of toxic ions, mainly
sodium and chloride, and can also tolerate other stresses
such as chilling, freezing, heat, and drought while it has
been speculated that salt-tolerant plants may also be heavy
metal tolerant and, further, may be able to accumulate
metals (Thomas et al. 1998; Jordan et al. 2002; Lutts et al.
2004). Therefore, halophytes have been suggested to be
better adapted to coping with environmental stresses,
including heavy metals than salt-sensitive crop plants
commonly chosen for phytoextraction studies (Ghnaya et
al. 2005, 2007). Thus, halophytes are expected to receive
more attention of phytoremediation researchers in the near
future.

The main purpose of this work was to assess the
phytoremediation potential of the Mediterranean saltbush
for lead and cadmium removal from contaminated soils. In
order to achieve that goal, the accumulation of Pb and Cd
via root uptake from contaminated soil has been investi-
gated. Moreover, the influence of soil salinity in metal
accumulation has been studied as there is notable evidence
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that salinity changes the bioavailability of metals in soil and
is a key factor in the translocation of metals from roots to
the aerial parts of the plant (Otte 1991; Fitzgerald et al.
2003; Weggler et al. 2004; Wahla and Kirkham 2008;
Manousaki et al. 2008). Furthermore, the response of plant
growth, water content, chlorophyll content and leaf protein
content to Pb and Cd and saline environment were also
investigated in order to obtain a better understanding of the
tolerance of A. halimus to heavy metals. Furthermore, the
activity of guaiacol peroxidase (as ‘stress enzyme’) was
used as biomarkers to evaluate the intensity of stress in the
Atriplex plants.

2 Materials and methods

2.1 Plant material

Cuttings of Atriplex halimus L. collected from mature
plants growing on the Wall of the Old City of Heraklion
(Crete, Greece) were propagated in sand of a mist
propagator inside a greenhouse for 20 days. To enhance
rooting, hormones (auxins) were used. The rooted cuttings
were transferred individually into plastic pots (21.5 cm in
height and 24 cm in diameter) filled with the same amount
of organic substrate produced in Germany with the trade
name Blumenerde, Capriflor which was a blend of weakly
decomposed white sphagnum peat, high grade frozen
through black sphagnum peat, green compost, and wood
fibers, with pH (H2O) 5.5–6.5, amount of added N:P:K
12:12:17 fertilizer 1.5 kg/m3, organic C from biological
origin 47%, organic N 1%, total amount of nitrogen 200–
300 mg/l, and with concentration of other nutrients: P2O5

200–500 mg/l, K2O 300–800 mg/l, MgO 100–300 mg/l.
The adaptation period was extended to 11 months in order
to allow the root system to mature.

2.2 Pot experiments

At the beginning of the experimental phase, plants were
divided into three pot experiments with A. halimus grown in
soil polluted with: 20 ppm (per dry weight of soil) of Cd;
800 ppm of Pb; 20 ppm of Cd; and 800 ppm of Pb.
Additionally, one set of control plants was used for all
experiments. Every set consisted of three experimental
groups-treatments, with 0% salty watering, 0.5% salty
watering, and 3% salty watering, and with six plants per
group-treatment resulting in 72 plants in total. The complete
experimental design is shown in Table 1. The experiments
were conducted under greenhouse conditions with the plants
grown in soil which was artificially polluted with the metals
in the above concentrations as aqueous solutions of Pb
(NO3)2 and Cd(NO3)2·4H2O in one dose at the beginning of

the experiments. The experimental period was 10 weeks
(September to November) and the photoperiod was 10.5–
12.5 h. Temperature and humidity were measured three
times during daytime and minimum and maximum temper-
atures were measured during the night. The ranges and
average values are provided in Table 2. Plants were watered
every 2–3 days, depending on the evaporative demand, with
approximately 200 ml of tap water or salty water (according
to the treatment, see Table 1) in order to avoid leakage of
water from the pots while plastic trays were placed under
each pot. The salty water was prepared from edible sea salt
and tap water. Any symptoms of metal or salt toxicity
exhibited by plants were visually noted during the whole
experimental period.

2.3 Soil measurements

For soil characterization, with the expiration of the first
week of plant exposure to metals and NaCl, two randomly
selected plants per treatment were harvested and the soil
samples of each pot were air dried at room temperature,
ground in a ceramic mortal to pass through a 2-mm-mesh
sieve (Restch Test Sieve, Germany), homogenized, and
stored in polyethylene bags for subsequent analysis. Soil
pH values were measured in a 1:5 (w/v) soil-to-water ratio.
Electrical conductivity (EC) was determined in the soil
saturation extract. Organic matter (OM) was determined by
the Walkley–Black method (Nelson and Sommers 1996).
For the determination of CaCO3, CO2 released by addition
of HCl was measured with a calcimeter (Calcimeter
Scheibler). Τotal Cd and Pb contents of the soil samples
were determined using microwave (Anton Paar, Multiwave)
assisted acid digestion of soils (US Environmental Protec-
tion Agency 1994 method 3051) and DTPA-extractable Cd
and Pb concentrations were analyzed according to the
method of Lindsay and Norvell (1978) with the use of a
Leeman Labs PS1000AT inductively coupled plasma
atomic emission spectroscope (ICP-AES). All analyses
were conducted in triplicates per sample.

2.4 Chlorophyll content measurement

The chlorophyll content was measured at the end of the
experiments by the method of Harborne (1984). Fresh
leaves (0.4 g) were selected randomly from the middle
part of each plant, washed with deionized water, and
homogenized in a porcelain mortar with 80% acetone
solution. The homogenate was centrifuged at 16,000×g
for 1 min twice and the measurement of chlorophyll
content was done by direct determination of the absor-
bance at wavelengths 663 and 646 nm at the clear
supernatant fraction using UV–Vis spectrophotometer
(Shimadzu 1240 UV–Vis).
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2.5 Guaiacol peroxidase activity and protein determination

The last day of the experiments, 1 g of fresh leaves was
homogenized in 0.05 M cold phosphate buffer (pH 5.8)
for the extract preparation according to the method of
Erdelský and Frič (1979). The homogenate was filtered
through four layers of cheese cloth and centrifuged at
16,000×g for 25 min. Supernatant was used for the
determination of protein content and activity of guaiacol
peroxidase. Protein content was measured using Modified
Lowry Protein Assay Kit from Pierce (Rockford, IL, USA;
product no. 23240) based on the Lowry method using
bovine serum albumin as a standard. Activity of guaiacol
peroxidase (GPX; EC 1.11.1.7) was assayed according to
Erdelský and Frič (1979). The reaction mixture was
prepared by adding 2.7 ml of 0.05 M phosphate buffer
(pH 5.8), 0.1 ml of plant enzyme extract, and 0.1 ml of
guaiacol (15 mg/ml). To start the reaction, 0.1 ml of 1%
H2O2 was added to the mixture with a final volume of
3 ml. The increase of absorbance due to oxidation of
guaiacol to tetraguaiacol was monitored for 3 min at
470 nm in a UV–Vis spectrophotometer (Shimadzu 1240

UV–Vis). Enzyme activity unit was expressed as the
change in absorbance per minute (∆A470/min). The
specific activity of enzyme is expressed in terms of units
per milligram of extracted proteins. Each sample was
measured in triplicates.

2.6 Water content and biomass measurement

With the expiration of the 10-week experimental period,
shoots were harvested and roots were carefully taken out
of the soil, washed with tap water and twice with
deionized water in order to remove any dust deposits
and surface soil, respectively, and their fresh weights
(FW) were determined. Dry weights (DW) were deter-
mined after oven drying for 48 h at 70°C and cooled
down to room temperature. Finally, all dry samples were
milled, air dried, and stored until metal content determi-
nation in the plant tissue. Water content (WC, %) was
calculated according to the formula:

WC ¼ FW� DWð Þ=FW � 100

2.7 Determination of lead and cadmium in the plant tissue

Metal content analysis in the plant tissues was performed
by ICP-AES (Leeman Labs PS1000AT) according to the
modified method of Soon (1998). For the sample prepara-
tion, 0.5 g of dried ground plant tissue was ashed in the
muffle furnace for 16 h at 480°C. Ash was dissolved in
10 ml of 2 N HCl (on a hot plate (~100°C)), solution was
filtered, diluted with deionized water to 50 ml, and the
cadmium and lead content were determined.

Table 1 Experimental design

No. of
experimental
sets

No. of
treatments

Experimental treatment
(‘code name’)

Pb concentration (mg/kg dry
weight of soil)

Cd concentration (mg/kg dry
weight of soil)

Salt
concentration
(%)

I 1 ‘0/0’ 0 0 0

2 ‘0/0.5’ 0 0 0.5

3 ‘0/3’ 0 0 3

II 4 ‘Cd/0’ 0 20 0

5 ‘Cd/0.5’ 0 20 0.5

6 ‘Cd/3’ 0 20 3

III 7 ‘Pb/0’ 800 0 0

8 ‘Pb/0.5’ 800 0 0.5

9 ‘Pb/3’ 800 0 3

IV 10 ‘Pb+Cd/0’ 800 20 0

11 ‘Pb+Cd/0.5’ 800 20 0.5

12 ‘Pb+Cd/3’ 800 20 3

Table 2 Temperature and humidity during the experiments

Temperature (°C) Humidity (%)

Range Average Range Average

Morning 14–40 29 37–78 61

Noon 15–47 30 27–78 49

Afternoon 13–30 19 49–78 65

Night 7–21 15 – –
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3 Results

3.1 Soil properties

Selected properties of the soil samples are presented in
Table 3. Soil pH ranges from 5.3 to 5.9 with a small
tendency to decrease with increasing salinity as expected
since it is well known that an increase of salts such as
NaCl, NaSO4, or Ca(NO3)2 in soil results in a progressive
decrease of soil pH (Thomas 1996). Moreover, the
increase of soil salinity with the use of NaCl aqueous
solutions as irrigation water is shown by the increase of
electrical conductivity from 1.3 to 2 in the treatments
without NaCl (0/0, Cd/0, Pb/0, Pb+Cd/0) to 3.0–3.8 in the
treatments with 0.5% NaCl (0/0.5, Cd/0.5, Pb/0.5, Pb+Cd/
0.5), and reaching 9.3–11.9 mS/cm in the treatments with
3% NaCl (0/3, Cd/3, Pb/3, Pb+Cd/3). Furthermore, the
measured organic matter was 58–60% as expected since
the experimental soil was organic substrate and the total
CaCO3 was found to be zero. The average total concen-
trations of Cd and Pb in all samples are in accordance with
the spiked concentrations of the metals confirming the
experimental design. From the DTPA-extractable metals
used for the determination of metal phytoavailability, the
measured concentrations show that the entire amount of
metals added in the soil was available for plant uptake; the
results are arguable especially for a soil with a high
organic content, therefore it is believed that in this case the
DTPA method failed to provide information for metal
bioavailability although one-step extraction methods with
single extractants, such as DTPA, are usually chosen to
evaluate a particular controlling mechanism such as
desorption by increasing salinity or presence of other
metals (Rauret 1998).

3.2 Metal accumulation in plant tissues

The experimental data revealed that lead and cadmium
concentrations achieved in plant tissues were kept generally
in low levels. For cadmium, its concentration in roots
ranged from 1.9 to 4.9 ppm for the plants exposed only to
cadmium and 2.1–4.5 ppm for the plants exposed to
cadmium and lead (Fig. 1). Cd concentration in shoots
ranged from 0.9 to 2 ppm for the plants grown on soil
polluted only with cadmium and 1.8–2.7 ppm for the plants
grown on soil polluted with both metals, but the toxic level
of Cd in leaves of plants which is 5–30 ppm dry weight
(Orcutt and Nilsen 2000) was never exceeded. Interestingly,
increased salinity resulted in increased cadmium uptake by
A. halimus L. Accumulation in roots of plants treated only
with cadmium increased from 1.9 ppm in the treatment
without salt addition to 3.4 ppm in the treatment with 0.5%
salinity, and reached 4.9 ppm for plants treated with 3% soil
salinity. Correspondingly, the accumulation in roots of
plants treated with the metal mixture increased with
increasing salinity, but there was not a clear effect of the
presence of salt to cadmium accumulation in plant shoots.
Moreover, the same information was obtained by examin-
ing the total removal of cadmium (phytoextraction) by the
plant as shown in Fig. 2, which is calculated by multiplying
shoot metal concentration by tissue dry weight and can
provide further information for the effectiveness of the
plant as a cleanup tool for phytoextraction applications
since it takes under consideration the effect of the metal and
salt as stressors to the biomass production.

In all treatments with lead, the metal was mostly
accumulated in Atriplex roots with 75–95% of the total
accumulated lead by the whole plant to be found in root
tissues (Fig. 3). Lead concentrations in shoots were kept in

Table 3 Soil properties 1 week after the beginning of the experiments

Treatment

0/0 0/0.5 0/3 Cd/0 Cd/0.5 Cd/3 Pb/0 Pb/0.5 Pb/3 Pb+Cd/0 Pb+Cd/0.5 Pb+Cd/3

pH (H2O) 5.8 5.7 5.4 5.7 5.5 5.3 5.7 5.6 5.4 5.9 5.7 5.6

EC (mS/cm) 1.9 3.6 11.9 1.3 3.2 9.3 2.0 3.0 9.3 2.0 3.8 11.5

OM (%) 58–60

CaCO3 (%) 0

Total Pb (ppm)a 27.9 24.9 23.7 553 516.5 509 629.5 623.5 521

Total Cd (ppm)a ndb nd nd 17.1 14.5 21.9 14.85 18.45 15.6

DTPA-Pb (ppm) 20.1 22.2 32.6 775 702.5 847 943.5 842 627

DTPA-Cd (ppm) 0.47 0.47 0.45 23.7 27.9 29.7 34.6 29.7 23

a European Union Limits (mg/kg) for agricultural soils (pH 6–7): Cd 1–3; Pb 50–300 (Council of the European Communities 1986)
b nd means not detected
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low levels not exceeding the concentrations considered to
be toxic to plants which are 30–300 ppm dry weight for
lead (Orcutt and Nilsen 2000). Moreover, salinity did not
influence in a clear way the uptake of Pb by the plant. Only
in case of plants treated with the metal mixture was there an
increase of Pb shoot concentration observed with increasing
salinity while the same conclusion is reached by examining
the total removal of lead (phytoextraction) by the plant
(Fig. 4).

3.3 Correlation between metal and salt concentrations
and physiological response

A. halimus L. developed no visible signs of metal toxicity.
Only salt toxicity symptoms were observed in plants treated
with 3% saline watering after the sixth experimental week,
confirming the decreased shoot water content (Fig. 6) and
finally the reduced survival up to 50% of these plants
(detailed data not shown), and for this reason, the
determination of chlorophyll and protein content and GPX
activity was not performed in these plants. On the contrary,
the low soil salinity (0.5% saline watering) seems to have a
positive effect on biomass (Fig. 5) and shoot water content
(see Fig. 6) of Atriplex plants confirming their halophytic

nature, but the differences are not statistically significant.
Chlorophyll content in all experiments was not negatively
affected by the metals; instead, there seems to be an
increase of the amount of photosynthetic pigments in all
plants treated with lead but a statistically significant
difference exists only in plants treated with both metals
and low salinity (Fig. 7). Moreover, the shoot water content
was not found to be affected by the presence of metals (see
Fig. 6). The growth of plants expressed as biomass dry
weight (see Fig. 5) was not found to be influenced by
cadmium while it seems that there was an increase in the
treatments with lead and a decrease in treatments with the
metal mixture, but again these are not statistically different.
Furthermore, the leaf protein content was not found to be
negatively affected by the metals, but there was a slight
decrease in leaf proteins concentrations for all plants
watered with 0.5% NaCl but the differences are not
significant (detailed data not shown). The specific activity
of guaiacol peroxidase again seems to have a general
tendency to increase in plants treated with the metals and a
tendency to decrease under the influence of salt stress in
comparison with the respective controls, but a statistically
significant difference exists only in plants treated with both
metals and saline conditions (Fig. 8).
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4 Discussion

4.1 Metal accumulation in Atriplex tissues

The data revealed that lead and cadmium concentrations
achieved in plant tissues were kept generally at low levels
(see Figs. 1 and 3). However, these results are not in
agreement with previous hydroponic experiments with
young plants of A. halimus in our lab (Kadukova et al.
2004) and by other research groups (Lutts et al. 2004)
which showed that, although higher concentrations of both
metals were found in roots of plants as in this study,
significantly high concentrations were also measured in the
above-ground tissues and together with the fact that there
was no reduction of biomass suggested that A. halimus
could be a possible Cd and Pb hyperaccumulator. These
findings have not been confirmed by experiments using soil
as substrate which take into consideration the bioavailabil-
ity of the metals in soil condition and by observing no
growth inhibition on a long-term basis. Moreover, it is
known that extrapolation of results from hydroponic studies
to phytoextraction of metals from soils could be misleading
even when using the same plants due to the much greater
metal bioavailability in the hydroponic solution compared

to metals in soil and to the effects of biosorption and other
passive assimilation processes that take place under
hydroponic growth; thus, hydroponics indicate the metal
tolerance of the plant and that uptake is possible rather than
providing estimates of the actual concentrations and the
distinction between hyperaccumulator and non-
hyperaccumulator plants on the basis of metal concentration
in the biomass (US EPA 2001; Nedelkoska and Doran
2000; Boominathan and Doran 2003). Besides these,
different results are believed to be mainly due to the
different age and subsequent developmental stages of the
plant since the previously mentioned studies were per-
formed with young plants or seedlings while this study was
performed with 11-month-old full-grown plants and gener-
ally the age and the growth stages of plants are factors
affecting metal uptake by the plant (Orcutt and Nilsen
2000; Fitzgerald et al. 2003; Qadir et al. 2005).

The ideal plant species to remediate a heavy metal
contaminated soil would be a high biomass-producing crop
that can both tolerate and accumulate the contaminant of
interest (Pulford and Watson 2003), yet hyperaccumulator
plants are usually small with a shallow root system and low
biomass production and the technology for their large-scale
cultivation is not fully developed; therefore, their use is
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rather limited (Raskin et al. 1997; Palmer et al. 2001;
Pulford and Watson 2003; Saifullah et al. 2009). In
contrast, plants with good growth usually exhibit low metal
accumulation or the metals are accumulated mainly in the
roots besides having a low tolerance to heavy metals.
Therefore, if such a combination is not possible, a trade-off
between hyperaccumulation and lower biomass must be
made (Pulford and Watson 2003). The concentrations of
metals achieved in plant tissues of A. halimus, especially
for cadmium, considered together with its high biomass
production and its metal tolerance suggest that it could be
used for phytoextraction research. Although roots accu-
mulated higher concentrations of cadmium than shoots,
average Cd accumulation in shoots was found 68% of
the total accumulated cadmium by the whole plant (see
Fig. 2) due to the high above-ground biomass production
by the plant, an important feature for phytoextraction
applications.

Furthermore, soil pH, organic matter, salinity, pres-
ence of other metals, and calcium concentrations consti-
tute important factors affecting metal bioavailability in
the soil since the transfer of metals between the readily
available and less-available phases of the soil is
significantly influenced by the competition for surface
exchange sites by other cations (especially H+) and by
the presence of binding surfaces such as the organic matter
(Martin and Kaplan 1998; Naidu et al. 2003; Fitzgerald
et al. 2003; Rieuwerts et al. 2006). Salinity was found to

have a positive effect on cadmium uptake by Atriplex
plants (see Fig. 1), and this is probably related to higher
bioavailability of the metal in soil since the increased
metal mobility and thus bioavailability and phytoaccumu-
lation upon the addition of NaCl may be due to (1)
displacement of metals from binding sites in the soil
matrix by Na+, (2) solubilization of organic matter to
which the metals are bound, and (3) as recent studies have
shown, formation of soluble chloro-complexes of Cd
which tend to shift Cd from solid to solution phase
(Bingham et al. 1983; Smolders and McLaughlin 1996;
Smolders et al. 1998; Norvell et al. 2000; Weggler et al.
2004; Wahla and Kirkham 2008). In addition to increas-
ing transport to roots, these chloro-complexes may also
be taken up directly by plant roots through different
mechanisms than those responsible for uptake of unas-
sociated Cd+2 (Smolders et al. 1998). Nevertheless,
salinity did not influence in a clear way the uptake of Pb
by Atriplex plants (see Fig. 3) probably because lead,
unlike Cd which is generally mobile in soils and plant
tissues, is known to be extremely insoluble in the normal
range of soil pH and moreover its translocation from roots
to aerial shoots is limited due to binding at root surfaces
and cell walls (Raskin et al. 1997; Balsberg Påhlsson
1989; Lasat 2002; Butcher 2009; Saifullah et al. 2009);
thus, lead in most plants is accumulated in roots as also
observed in this study. Furthermore, salinity is shown to
be a key factor in the translocation of metals from roots to
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the aerial parts of plants (Otte 1991; Fitzgerald et al. 2003;
Manousaki et al. 2008), but the present results do not
support such a case.

4.2 Physiological response of Atriplex halimus L.

The presence of metals usually affects adversely plant
health. It has been shown that cadmium and lead in plants
interfere with and inhibit various physiological processes
such as plant–water relationships, chlorophyll biosynthesis,
transpiration rates, enzyme activities, nutrient uptake, root
elongation, biomass production, and growth (Balsberg
Påhlsson 1989; Das et al. 1997; Orcutt and Nilsen 2000;
Cheng 2003). However, A. halimus was not found to be
affected by the presence of metals, corroborating previous
studies (Lutts et al. 2004; Kadukova et al. 2004) that it is a
cadmium- and lead-tolerant plant. Biomass, shoot water
content, and chlorophyll content were not negatively
affected by the metals; instead, there was even a case of
chlorophyll increase in plants treated with both metals and
salinity (see Fig. 7). These findings are in accordance with
many studies which showed that small amounts of lead in
plant tissues may have a stimulation effect on some plants
(Liu et al. 2000; Balsberg Påhlsson 1989 and references
within). Moreover, salinity as a stressor induces a wide
range of detrimental effects at the cell and whole plant

level; however, A. halimus L. as a halophyte developed
salinity toxicity symptoms only after exposure to very high
salinity levels that simulated seawater irrigation for a long
period of time, while in treatments with the low saline
irrigation the biomass and shoot water content seems to
have a general tendency to increase but the differences are
not statistically significant at least for the duration of the
present experiment. Bajji et al. (1998) and Blumenthal-
Goldschmidt and Poljakoff-Mayber (1968) also reported
that low NaCl concentrations promoted A. halimus growth
confirming its halophytic nature.

Furthermore, heavy metals and salinity are known to
cause oxidative damage to plants through the formation of
reactive oxygen species (ROS) which cause damage to
biomolecules such as membrane lipids, proteins, etc. To
resist oxidative damage, plants have an antioxidant defense
system comprising of antioxidant enzymes such as perox-
idases, superoxide dismutases and catalases, non-enzymatic
constituents such as ascorbate and reduced glutathione
which scavenge ROS leading to adaptation and ultimate
survival of plants during periods of stress (Radotic at al.
2000; Verma and Dubey 2003; Zhu et al. 2004). Perox-
idases are widely accepted as ‘stress enzymes’ and it has
been shown that, under sublethal salinity and metal toxicity
conditions, the level of peroxidase activity can be used as a
potential biomarker to evaluate the intensity of stress in
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plants (Radotic at al. 2000; Verma and Dubey 2003). The
present results suggest that the presence of Pb and Cd did
not influence the activity of guaiacol peroxidase as one of
the enzymatic protectors against peroxidation reactions
suggesting that the extent of stress in plants was minimal
while only for plants treated with the metal mixture and low
salinity the enzyme activity was elevated (see Fig. 8),
confirming stress conditions in plants and suggesting that
GPX serves as a tolerance tool against Pb- and Cd-induced
oxidative damage in A. halimus L. On the contrary, the
enzyme activity seems to have a general tendency to
decrease in plants irrigated with low salt concentrations
but without a statistically significant difference from the
corresponding controls, findings in accordance with Bajji et
al. (1998) who found decreased guaiacol peroxidase
activity in A. halimus leaves in response to 150 mM NaCl
under hydroponic growth but increased enzyme activities in
response to higher stress intensity and concluded that, in A.
halimus, guaiacol peroxidases do not seem to be directly
involved in the salt tolerance at least at the leaf level.
Furthermore, the leaf protein content was not affected by
the metals or low saline irrigation, findings again parallel to
those of Bajji et al. (1998) who found decreased protein
concentration in roots while in leaves it presented a
minimal value in response to 300 mM NaCl but in response
to higher salinities it was only slightly lower than controls.

5 Conclusions

The Mediterranean saltbush was found to be a lead- and
cadmium-tolerant plant but Pb and Cd concentrations
achieved in above-ground tissues were kept generally at low
levels; however, its potential use for phytoextraction or
generally phytoremediation purposes is not prohibitive.
Further research is needed in order to investigate its removal
efficiency under higher bioavailable metal levels in soil (either
in different soil types or with the use of soil amendments) and
in different developmental stages of the plant. Salinity was
found to have a positive effect on cadmium uptake by A.
halimus, but did not influence with a clear trend the uptake
of Pb. Biomass, shoot water content, chlorophyll content,
and leaf protein concentrations were not negatively affected
by the metals; instead, there was even an increase in the
amount of photosynthetic pigments in plants treated with
both metals and salinity. Guaiacol peroxidase activity as one
of the parameters expressing oxidative damage and extent of
stress in plants was not generally found to be significantly
affected under the presence of metals in most plants
suggesting that the extent of stress in plants was minimal
while only for plants treated with the metal mixture and low
salinity the enzyme activity was elevated confirming that this
enzyme serves as an antioxidative tool against the reactive

oxygen species produced by the metals. Furthermore, the
unchanged enzyme activity under the presence of salt
suggests that, in A. halimus, guaiacol peroxidases do not
seem to be directly involved in the salt tolerance at least at
the leaf level.

6 Recommendations and perspectives

Within the field of phytoextraction, halophytes like A.
halimus L. have been suggested to be better adapted to
coping with environmental stresses, including heavy met-
als, compared to salt-sensitive crop plants commonly
chosen for phytoextraction studies; thus, halophytes are
promising candidates for the removal of heavy metals not
only from heavy metal polluted soils but also from heavy
metal contaminated sites affected by salinity since saline
depressions often constitute accumulation sites of industrial
effluents contaminated by heavy metals, including Pb and
Cd (Ghnaya et al. 2005, 2007). Furthermore, the use of salt-
accumulating halophytes can be viewed as an alternative
phytoremediation method of soil desalination where salt is
removed from the soil to the point that the soil can be
returned to agricultural productivity.
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