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Contamination of soils with copper (Cu) has become a serious problem in the environment.
Phytoremediation is an emerging green technology that uses green plants to remediate heavy
metal contaminated areas. This study was conducted to evaluate the potential of Jatropha
curcas for remediation of soils contaminated with Cu. Seedlings were planted in soils spiked
with Cu in amount of0, 50, 100, 200, 300, and 400 mg kg‘l (Cuo’ Cu50,Cu100,Cu200,Cu300’
and Cuyyy) for a period of five months. The maximum height and number of leaves were
recorded in control (Cuy) whereas the highest basal stem diameter was found in seedlings
exposed to Cusg. Copper concentrations among plant parts were in the following trend:
roots > stems > leaves. The highest total Cu concentration (665 £ 1 mg kg~') and total Cu
removal (1.2 £ 0.2%) based on total plant dry biomass were found in Cuypy and Cusy treat-
ments, respectively. J. curcas exhibited high root concentration factor (RCF > 1) and low
translocation factor (TF < 1). Although Cu accumulation by the plant didn’t reach the crite-
ria of Cu hyperaccumulators, this species showed a potential to be used in phytostabilization
of mildly Cu contaminated areas. However, the plant cannot be used for phytoextraction of
Cu-contaminated soils.

KEY WORDS: phytoremediation, Jatropha curcas, heavy metals, soil pollution, removal efficiency

INTRODUCTION

Since the beginning of the industrial revolution, heavy metal contamination of the
biosphere has increased considerably and became a serious environmental concern. Large
areas of land are contaminated with heavy metals, such as copper (Cu), zinc (Zn), lead
(Pb), nickel (Ni), mercury (Hg), and cadmium (Cd). Heavy metals namely Cu, Fe, Zn,
Mo, and Mn are micronutrients and are considered to be essential for maintaining life in
biological systems (Khellaf and Zerdaoui 2010). However, at higher concentrations, these
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metals become highly toxic and threaten the health of animals and humans by influencing
the quality of crops, water, and atmosphere. Unlike organic pollutant, heavy metals such as
Cu cannot be degraded by microorganisms (Ma, Rajkumar, and Freitas 2008). The heavy
metals Cd, Cu, Ni, and Hg create greater phytotoxicity than Zn and Pb (Raskin et al. 1994).

Contamination of soil with heavy metals such as Cu has become a serious problem
all over the world which causes the reduction of agricultural yield and harmful effects on
human health by entering the food chain (Jadia and Fulekar 2009). The two different ways
that heavy metals enter the environment are from natural and anthropogenic sources (Jadia
and Fulekar 2009). Natural sources of heavy metals contamination usually result from the
weathering of mines, which are themselves created anthropogenically (Wei et al. 2008).
There are various sources of copper in the soil resulting from human activities including
pesticides, fertilizers, municipal compost, sludge and car exhaust, emissions from municipal
wastes incinerators, smelting industries, mining and residues from metalliferous mine (Wei
et al. 2008).

Cu occupies 0.1% of the Earth’s crust and is an essential element for plants. It occurs
in two oxidation states: Cu™ (cuprous ion) and Cu?t (cupric ion). The normal concentration
of Cu in plant material ranged from 5 to 25 mg kg~! (Ariyakanon and Winaipanich 2006).
However, the critical concentrations of Cu in plant tissue at 10% reduction of dry weight
production were found in the range of 5 to 30 mg kg~', depending on different crop
species (Yang et al. 2002). As an essential metal in many enzymatic reactions, Cu acts
as an electron donor or acceptor (Gambling, Dunford, and McArdle 2004). It acts as
a co-factor in many enzymes, including superoxide dismutase, alcohol dehydrogenase,
peroxidases, phosphatases, and catalases (MacPherson and Murphy 2007). In spite of being
an essential element and acts as a cofactor in numerous enzymes, at higher concentrations,
copper is highly toxic to plants, microorganisms and invertebrates. It creates disorders in
physiological process including unexpected leaf fall, creating chlorotic spots and interfering
with root growth as roots are the first plant parts to be damaged when exposed to toxic
concentrations of copper (Ke et al. 2007). The annual widespread release of heavy metals
has reached 22,000 t for Cd, 939,000 t for Cu, 1,350,000 t for Zn and 738,000 t for Pb over
recent decades (Singh et al. 2003).

In fact, one of the most complicated issues for environmental engineering is detox-
ifying soils polluted with copper and other heavy metals due to their toxicity and high
persistence in the environment (Jiang, Yang, and He 2004). Current conventional methods
to remediate heavy metal contaminated soil and water including ex situ excavation, landfill
of the surface contaminated soils, soil washing/flushing, electrokinetics etc. are expensive,
time consuming, labor exhaustive and destroying the biotic and structure of the soil. These
remediation techniques are not technically and financially suitable for large contaminated
areas (Danh et al. 2009; Soleimani et al. 2010). Hence, it is necessary to spread out new
technologies to remediate the polluted soils economically (Alkorta and Garbisu 2001).

Phytoremediation is a promising new technology that uses plants to remediate con-
taminated areas and is known as a low cost, environmentally and aesthetically friendly
that is applied to immobilize/stabilize, degrade, transfer, remove, or detoxify contaminants
including metals, pesticides, hydrocarbons, and chlorinated solvents (Jadia and Fulekar
2009; Sarma 2011). Phytoremediation can be classified into different applications, such
as (i) phytofiltration or rhizofiltration, (ii) phytostabilization, (iii) phytovolatilization, (iv)
phytodegradation, and (v) phytoextraction (Jadia and Fulekar 2009).

Liu, Jiang, and Hou (2001) found that copper content in roots of Zea mays exposed to
different concentrations (10~ to 10~ mol L") of copper sulfate increased with the increase
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in the concentration of Cu?t in solution; however, no significant difference (p > 0.05) was
found in Cu accumulation of shoots. Jiang et al. (2004) reported a high tolerance ability of
Elsholtzia splendens to copper toxicity and usual growth in the presence of 80 mg kg™! of
available copper. There are some plants called metal hyperaccumulators which can accumu-
late 10 to 500 time’s higher levels of metals than crops (Garbisu and Alkorta 2001; Sarma
2011). Meanwhile, some plants with low ability of Cu bioaccumulation and translocation
from root to shoot may not be used for phytoextraction, but can be good candidates for
phytostabilization (Testiati et al. 2013) which can reduce environmental and health risks
arising from contaminated soils (Evangelou et al. 2012). Perennials Globularia alypum
and Rosmarinus officinalis (Testiati et al. 2013), Sesbania virgate (Branzini, Gonzalez and
Zubillaga 2012), as well as poplars and willows (Evangelou et al. 2012) have been used
for stabilization of Cu contaminated soils. Wu ef al. (2011) reported that Jatropha curcas
L. could be used as a suitable plant for phytostabilization in acid mine tailings containing
Cu, Pb, and Al.

Therefore, Jatropha curcas L. (local name in Malaysia: Jarak pagar, from Euphor-
biceae family) was selected for this study because of the following reasons. i) The plant
can grow in heavy metal contaminated soils and also can tolerate their toxicity effects (Wu
et al. 2011). ii) It can be simply established and grow well in poor soil due to its sturdy
shrub (Mangkoedihardjo and Surahmaida 2008). iii) Jatropha is increasingly being used in
the context of biofuel production (Rasmussen, Rasmussen and Bruun 2012) and, therefore,
it may arguably be interesting to evaluate it in the context of remediation of metal polluted
soils.

Although a lot of studies on phytoremediation of contaminated soils using weeds
and leafy wild-vegetables and ornamentals have been carried out, however, there is a
lack of information regarding the potential of tropic plant species such as J. curcas for
phytoremediation of Cu-contaminated soils. Therefore, the main objective of this study
was to evaluate the phytoremediation potential of this plant to remediate Cu-contaminated
soils. Furthermore, the other goal was to assess the growth performance of J. curcas grown
in Cu-contaminated soils.

MATERIALS AND METHODS
Soil Samples, Contamination, and Characteristics

Soil used in this study was sandy clay of Munchong series. It was taken from the
field, Faculty of Agriculture, Universiti Putra Malaysia. Soil samples used as growth media
were air-dried until could be crushed to pass through a 4 mm-seive. Stainless sieve was
used to supply a homogenous soil composite. Copper sulphate (CuSO,4.5H,0) was used
and mixed with soil as a source of copper. The different levels of growth media (soil +
different levels of Cu) were: Cug (control soil), Cusg (soil 4+ 50 mg kg™! Cu), Cuyqq (soil +
100 mg kg‘1 Cu), Cuyq (soil + 200 mg kg‘1 Cu, Cuszg (soil + 300 mg kg‘1 Cu) and Cuygg
(soil 4+ 400 mg kg™! Cu). The Cu salts were dissolved in distilled water and added to the
soil. The treated soils were saturated, mixed thoroughly and air-dried. The wetting-drying
cycles was continued for 1 month for equilibration of added metals between solid phase
and solution in the soil.

Soil used for analyses of physicochemical properties in laboratory passed through a
2 mm-sieve. Soil texture was determined using the Pipette gravimetric method (Tan 2005).
The pH of the soil was measured in the suspension of a 1:2.5 soil: deionized water before
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planting and after harvest. Cation exchange capacity and exchangeable cations (i.e., Ca,
Mg, and K) were determined by leaching method using 1 M ammonium acetate at pH
7.0. Available P was extracted using Bray II with a mixture including 0.03 M ammonium
fluoride and 0.1 M hydrochloric acid (Akbar et al. 2010).

Plant Growth and Analyses

This study was conducted at the greenhouse of Faculty of Forestry, Universiti Pu-
tra Malaysia (20° 59’ 18.24” N latitude and 101° 42’ 45.45” E longitude). The average
temperature in green house was 27, 36 and 32°C in the morning, afternoon and evening,
respectively. Relative humidity was 65%. The period of study was 5 months from February
to June 2010. Healthy seedlings of Jatropha curcas with uniform size were collected from
Malaysia agriculture research institute (Mardi), Serdang, Selangor. The plant seedlings
were grown in plastic pots (32.0 cm height, 106.0 cm upper diameter and 69.0 cm lower
diameters) containing 10 kg soil contaminated with 0, 50, 100, 200, 300, and 400 mg
kg™! Cu. After filling the pots with soil, the seedlings of J. curcas with uniform size (one
seedling for each pot) were transplanted gently without damaging the root system. The
basal diameter, height and number of leaves were measured every month.

The pot soil was fertilized using 10 g NPK Blue fertilizer (Shandong, China) having
15:15:18, N:P:K during transplanting and at 60 days after planting to supply nutrients
for optimum growth and development. Intercultural operations, such as watering were
accomplished when necessary to ensure normal growth of the plants. The pots were watered
based on 75% of the soil field capacity to prevent leaching. Plants were harvested after
5 months for evaluation of plant growth, dry biomass and heavy metal analyses. The soil
samples were taken from the rhizosphere and only the soils surrounding by plant roots were
considered as the rhizospheric soil.

Aqua Regia method was used for digestion of plant and soil samples as described
by Ahmadpour et al. (2010). Plant samples were cleaned 3 times using tap and deionized
water, respectively before digestion. Cu concentration in plant parts and soil samples was
determined using atomic absorption spectrometry. Total C and N were determined by dry
combustion using CNS 2000 analyzer. In order to evaluate the potential of plant species
for phytoremediation of Cu-contaminated soil, three parameters were used including root
concentration factor (RCF), i.e., the ratio of root Cu to soil Cu concentration, translocation
factor (TF), i.e., the ratio of shoot Cu to root Cu concentration, and removal efficiency
(RE), i.e., percentage of total Cu accumulated in plant tissues to soil Cu content (Yoon
et al. 2006).

Statistical Analyses

This study was conducted in a completely randomized design (CRD) with 5 Soil
Cd treatments and a control (soil with no Cd amendment) and 4 replications. Analysis of
variance (one way ANOVA) for growth, heavy metal concentration both in soils and plant
parts were implemented. Duncan multiple range test was used to reveal the significant
differences of mean data of growth parameters and biomass between various treatments.
Correlation analysis was also performed to relate total Cu concentrations in soil with dry
biomass production and total Cu concentration in plant species. All data obtained in terms
of growth, biomass and heavy metals in soil and plants were analyzed using the SAS
program (Release 9.2) (Fayiga et al. 2004).
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RESULTS AND DISCUSSION
Physico-chemical Properties of the Soil

The soil texture was sandy clay with 36.9 £ 1.9% clay content, 57.9 £ 2% sand
and 5.3 &+ 0.4% silt. Total N, C, P and K were 300 + 30, 7400 4+ 500, 300 £ 20 and
1000 + 30 mg kg™!, respectively. Soil was acidic with pH 4.6 & 0.2. Adding copper
sulphate showed no significant effect on soil pH. It increased at harvest compared to before
planting (data not shown) up to 0.1 to 0.3 unit, however, there was no significant difference
between treatments. The soil contained 9.2+ 1 mg kg~! available phosphorous with 14 4 1.8
cmol(+)kg™! cation exchange capacity (CEC) and 0.3 & 0.1 dS m™! electrical conductivity
(EC). Considering the content of total C and N, and CEC, the plant nutrient status in the
soil was relatively low. The concentration of Cd, Cu, Zn, Fe and Mn were 2.6 + 0.2, 9.9 &
0.3, 46.8 & 4.6, 479.4 4 22.9 and 30.6 £ 0.3 mg kg!, respectively.

Growth Performance of Plants

The results of basal stem diameter growth, height and number of leaves during 5
months growth are given in Figs. la, b, c. Based on analysis of variance, there was a
significant difference (p < 0.05) in basal stem diameter, number of leaves and seedlings
height between Cuygo and other treatments after 5 months of plant growth. However, no
significant difference (p > 0.05) was observed during first 3 months of growth. The basal
stem diameter ranged from 14.8 &= 0.8 to 17.9 £ 0.2 mm. The highest basal stem diameter
was observed in seedlings grown in Cu;gy and Cusp as compared to other treatments, while
the plants grown in soil treated with Cuygy showed the lowest basal stem diameter (14.8 +
0.8 mm). It might be due to the toxicity effect of Cu on plant growth in soils having a high
content of this metal.

The plant height ranged from 33.8 4= 1.3 to 48.9 & 7.3 cm. The maximum plant height
was found in seedlings grown in control media which was followed by Cusy compared to
the minimum height (33.8 £ 1.3 cm) which was found in seedlings treated with Cuygg.
However, there was no significant difference (p < 0.05) of seedling height among various
treatments.

The number of leaves ranged from 18 &£ 1 to 30 & 1.8 under different Cu concentra-
tions which showed significant difference (p < 0.05) between treatments. Seedlings grown
in control media showed the highest number of leaves compared to Cusgg which showed the
lowest number of leaves. It was observed that the number of leaves showed similar trend
with height growth. The leaves number decreased with the increase in the concentration of
Cu applied to the soil.

Khatun et al. (2008) reported the significant growth inhibition of Withania somnifera
exposed to various concentration of CuSO4 (0, 10, 25, 50, 100, and 200 uM). It was
indicated that higher concentration of Cu has a toxic effect on plant growth. Dengyi and
Youbao (2002) also reported that the growth of wheat improves under low Cu concentration
(<80 mg L"), however, higher Cu concentration (>80 mg L") interfered with the seedling
growth and germination which may occur due to plant characteristic and heavy metals.

Dry Biomass of Leaves, Stems and Roots

The ideal plant species for phytoremediation should tolerate and accumulate a high
amount of heavy metals and produce a high yield of biomass (Sereno et al. 2007). The effect
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Figure 1 Plant basal diameter (a), height (b) and number of leaves (c) of J. curcas at different months after
planting influenced by different Cu treatments including 0, 50, 100, 200, 300, and 400 mg Cu kg‘1 (Cuy, Cus,
Cujgo, Cuzgp, Cuzgo, and Cuagp) (color figure available online).



Downloaded by [37.254.67.121] at 12:52 27 October 2013

460 P. AHMADPOUR ET AL.

Table 1 Leaves, stems and roots dry biomass (g) of J. curcas after 5 months growth at different Cu concentrations
including 0, 50, 100, 200, 300, and 400 mg Cu kg_l (Cl.lo, CuS(), Culoo, Cuzo(), CU300’ and CU400)

Treatments Plant Parts Total
Leaf Stem Root
Cug 21.941.22 24.5+1.9% 12.34+0.8° 58.7
Cusg 19.240.4° 267+ 1.1 18.54+1.22 63.7
Cuigo 15.9+£0.5¢ 223 1.2 16.9+0.6% 55.0
Cuzgo 14240.5¢ 21.440.5 16.7 +0.4 52.2
Cuszgo 9.5+0.69 19.0 4 1.3 11.140.1% 39.6
Cuygo 8+0.54 15.9+0.2¢ 10.2+£0.2¢ 34.0

Similar letters in each column represent insignificant difference among means at a 5% level following Duncan
multiple range test (p > 0.05). Data are means =+ standard errors.

of Cu concentrations on dry biomass of plant parts are presented in Table 1. Amendment
of Cu into the soil showed a negative effect on dry biomass of leaves, stems and roots.
Seedlings grown in control media showed the highest leaves dry biomass compared to the
other treatments. Increase in the Cu concentration applied to the soil significantly decreased
the dry biomass of leaves where seedlings in Cuy treatments showed up to 36% reduction
in comparison to the control.

The stem dry biomass ranged from 16 to 26.7 g. Seedlings exposed to Cusy showed
the highest stem dry biomass compared to the lowest content which was found in seedlings
exposed to Cuygg (Table 1). The dry biomass of stems increased from 24.5 + 1.8 to 26.7 £
1.1 g in seedlings grown in control media and in soils treated with Cus, respectively. The
added Cu to the soil (Cujgg to Cuyqg) significantly decreased the stem dry biomass indicating
the toxic effect of Cu at high concentrations (Table 1). Copper is an essential nutrient for
metabolism of plants and animals in low concentrations and is considered as a component
in many enzymes, cofactors and proteins. However, this essential nutrient can be highly
toxic and cause destructive effect in higher concentrations (Khellaf and Zerdaoui 2010; Ye
et al. 2003). The reduction in biomass production could be attributed to the interference of
cell elongation and division by heavy metals (Khatun et al. 2008).

The roots dry biomass ranged from 10.1 + 0.1 to 18.4 &+ 1.2 g. The roots dry
biomass significantly increased in Cusg treatments in comparison to the control. The roots
dry biomass showed a reduction from 16.8 £ 0.5 to 10.1 £ 0.1 g in seedlings exposed
to Cujop and Cuyg, respectively. The dry biomass of different plant parts at the highest
concentration of Cu applied to the soil (Cuygg) followed the order of stems > leaves > roots
(Table 1).

Total dry biomass was varied under different Cu concentration in the soil ranging
from 34 to 64.4 g. A significant difference (p < 0.05) was observed among Cu treatments
in total dry biomass production. The highest total dry biomass was recorded in Cusg fol-
lowed by control media as compared to Cuygy which gave the lowest total dry biomass
(Table 1). The production of total dry biomass decreased as the Cu concentration in the
soil increased indicating the adverse effect of Cu on dry biomass production specifically at
higher Cu concentrations. Similar results obtained by Liu ez al. (2009) indicating copper
toxicity effects on biomass of various crops including Elephant grass (Pennisetum pur-
pureum Schumach), Vetiver grass (Vetiveria zizanioides), and the upland reed (Phragmites
australis).
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Table 2 Cu concentrations (mg kg™!) in various parts of J. curcas in different treatments including 0, 50, 100,
200, 300, and 400 mg Cu kg’I (Cuyp, Cusg, Cujgo, Cungg, Cuzgp, and Cuygp).

Treatments Plant Parts
Leaf Stem Root

Cuy 17.6+0.2¢ 12.54+0.2¢ 24.64+0.6°
Cusg 36.341.54 4374374 190.549.34
Cuigo 5224320 48.440.24 208.1+0.24
Cuzgo 73.740.22 54.041.5¢ 262.7 +4.3¢
Cusgo 45.6+1.1° 75.3+1.7° 3743+ 11.6°
Cuyo 32.841.84 81.34+0.7 551 +17.4%

Similar letters in each column represent insignificant difference among means at a 5% level following Duncan
multiple range test (p > 0.05). Data are Means =+ standard errors.

Copper Concentration in Various Plant Parts (Leaves,
Stems, and Roots)

The Cu concentrations in different plant parts are presented in Table 2. The Cu
concentration in leaves, stems and roots was significantly different (p < 0.05) under various
levels of Cu added to the soil. The concentration of Cu in leaves ranged from 17.63 to
73.74 mg kg~'. The Cu concentration in leaves was not consistent under different Cu levels
added to the soil. The highest Cu concentration in leaves (73.7 £ 0.2 mg kg™!) was found in
seedlings exposed to Cuygy compared to the lowest content (17.6 &= 0.1 mg kg™!) which was
recorded in seedling grown in control media. The concentration of Cu in leaves significantly
increased from control to soil treated with Cu,gg. However, the Cu concentration in leaves
significantly decreased when seedlings exposed to Cusg and Cuygo indicating the toxic
effect of Cu on accumulation of this element in plant.

In the case of Cu concentration in stem, seedlings showed a consistent trend when
exposed to the different Cu levels (Table 2). The maximum Cu concentration in stems
(81.2 4+ 0.7 mg kg™') was recorded in seedlings exposed to Cuyny compared to the lowest
content (12.5 = 0.1 mg kg™!) which was observed in seedling grown in control media. The
Cu concentration in stem significantly increased (p < 0.05) with the increase in the Cu
concentration applied in the soil. It indicated that the stem of J. curcas could tolerate Cu
toxicity since the concentration of Cu in stem increased at higher concentration of Cu in the
soil. However, there was no significant difference (p > 0.05) among seedlings exposed to
Cus, Cujgp and Cuygg in Cu concentration in stem. Jadia and Fulekar (2008) reported that
the uptake of heavy metals (Cd, Ni, Pb, Cu, and Zn) by Alfalfa (Medicago sativa) increased
with the increase of metal contents in the contaminated soils.

The concentration of Cu in roots ranged from 24.5 & 0.5 to 551 & 17.4 mg kg
The Cu concentration in roots showed similar trend with stem Cu concentration (Table 2).
Based on the results given in Table 2, it was observed that the concentration of Cu in
roots increased with the increase in the Cu levels added to the soil where the highest
Cu concentration in roots was achieved by seedlings exposed to Cuyp compared to the
seedlings grown in control media which revealed the lowest Cu concentration (Table 2). It
could be attributed to the Cu adsorption on surface of plant roots or accumulation into the
root cells even at high concentrations of Cu in soil. Cu concentration among different plant
parts was in the following trend: roots > stems > leaves.
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Generally, most of the soil Cu is unavailable to uptake by plant because of strong
binding with organic matter and other colloids in soils, however at higher concentrations,
this metal becomes toxic and interfere with the plant growth, root elongation and destroy the
root cell membrane and epidermal cells (Lin, Jiang, and Liu 2003). Normal concentration of
copper in plant tissue is reported to be 5 to 25 mg kg™'. The concentration of copper in plants
rarely reaches more than 100 mg kg™! even in plants grown in highly contaminated soils.
Copper uptake and accumulation by plants may be attributed to the soil properties such as
pH and moisture, the season of the year and various levels of soil pollution (Ariyakanon
and Winaipanich 2006). Lorestani, Chehregani, and Yousefi (2011) reported that Euphorbia
macroclada was the most suitable species to be used for phytostabilization of Cu and Fe in
some contaminated soils of Iran.

Total plant Cu concentration was varied under different treatment levels. It ranged
from 54.7 to 665.0 mg Cu kg™!. There was a significant difference (p < 0.05) among
treatments in total Cu concentrations. The maximum total Cu concentration was found in
Cuyoo while the minimum was recorded in control media. It was observed that the total
Cu concentration in J. curcas increased with the increase in Cu concentration applied to
the soil which was in line with the results of Lin et al. (2008) for Zea mays L. Macnair
(1987) reported that J. curcas has the potential to grow well in the soil contaminated
with high concentrations of heavy metals. The uptake of heavy metals by plants happens
in two ways including passive uptake through the mass flow of water towards the roots
or by active transport within the plasma membrane of root epidermal cells (Yoon et al.
2006). While Cu is a usual pollutant of metal contaminated habitats, hyper-accumulation
of this metal in plants occurs rarely (Rajakaruna, Tompkins, and Pavicevic 2006). Since Cu
hyperaccumulators usually accumulate more than 1000 mg kg™! Cu in their biomass (Liu
et al. 2001), it should be considered that Cu accumulation by J. curcas is below the criteria
of hyperaccumulator species.

Copper Removal by Total Plant Biomass

Removal efficiency based on plant biomass is defined as the total concentrations of
metal and dry biomass of plants to total loaded metal in growth media (Soleimani et al.
2010). Cu removal was varied among different Cu concentration in soil (Figure 2). A
significant difference (p < 0.05) was observed among treatment levels in Cu removal. The
highest Cu removal (up to 1.1%) was observed in Cus, followed by control treatment as
compared to Cuygy which gave the lowest Cu removal (Figure 2). The Cu removal decreased
with the increase in the Cu concentration added to the soil which may be attributed to the
reduction of plant dry biomass at higher Cu concentrations.

Root Concentration and Translocation Factor of Copper

Root concentration factor (RCF) is defined as the ratio of heavy metal concentration
in plant roots to that in soil (Yoon et al. 2006) whereas translocation factor (TF) is defined as
the ratio of heavy metal concentration in aerial parts of plant to that in roots (Mattina et al.
2003). The RCFs were varied under different Cu concentrations in the soil and it was in the
range of 1.58 to 4.18. There was a significant difference (p < 0.05) among treatments in
RCFs. The highest RCF (i.e., 4.1 &= 0.4) of Cu was found in Cusy as compared to the other
treatment levels, while Cuzgg exhibited the lowest RCF (1.5 £ 0.05) (Figure 3). The RCFs
were > 1 under various treatments indicating a high potential of J. curcas to accumulate Cu
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Figure 2 Total Cu removals in different treatments including 0, 50, 100, 200, 300, and 400 mg Cu kg’1 (Cuy,
Cusp, Cujgo, Cuzgo, Cusgo, and Cugagp). Similar letters above the columns indicate insignificant difference among
means at a 5% level following Duncan multiple range test (p > 0.05). Means = standard errors are shown in error
bars (color figure available online).

in roots. Malik, Husain, and Nazir (2010) found that Xanthium stromarium L., Solanum
nigrum L. and Parthenium oleraces L. showed the highest RCFs (14.2, 14.8, and 25.4,
respectively) for Cu compared to other wild species (Amaranthus viridis L. and Brachiaria
reptans L.) when grown on heavy metal contaminated soil in industrial areas in Islamabad.

TFs were also varied under different Cu concentrations in the soil and there was a
significant difference (p < 0.05) among treatments in TFs (Figure 4). This index was in
the range of 0.28 to 1.12. Control media showed the highest TF as compared to the other
treatment levels while Cu;q exhibited the lowest TF which may indicate the restriction of
root-shoot transfer at higher metal concentration applied to the soil (Figure 4). Lorestani
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Figure 3 Root concentration factor (RCF) as influenced by different Cu treatments including 0, 50, 100, 200, 300,
and 400 mg Cu kg’1 (Cuy, Cusg, Cujgg, Cuzgo, Cuzgo, and Cugagp). Similar letters indicate insignificant difference
among means at a 5% level following Duncan multiple range test (p > 0.05). Means =+ standard errors are shown
in error bars (color figure available online).
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Figure 4 Translocation factor (TF) as influenced by different Cu treatments including 0, 50, 100, 200, 300, and
400 mg Cu kg™! (Cug, Cusg, Cujgg, Cuzgo, Cuzgo, and Cuyqp). Similar letters indicate insignificant difference
among means at a 5% level following Duncan multiple range test (p > 0.05). Means =+ standard errors are shown
in error bars (color figure available online).

et al. (2011) reported that Euphorbia macroclada which comes from the same family (Eu-
phorbiaceae) of J. curcas, showed the TF<1 and RCF>1 as compared to other native plants
(Ziziphora clinopodioides, Cousinia sp. and Chenopodium botrys) when grown in heavy
metal contaminated soils in a copper mine in Iran. The result of current study was also sup-
ported with the findings of Mangkoedihardjo and Surahmaida (2008) on phytoremediation
potential of J. curcas for Cd and Pb contaminated soil which revealed that the plant was not
a metal accumulator. Generally, plants species with the root concentration factor (RCF) >1
and the translocation factor (TF) <1 are efficient to be used in phytoremediation through
phytostabilization, whereas the plant species with both TF and RCF >1 are suitable to be
used in phytoextraction (Yoon et al. 2006). Therefore, J. curcas may have a potential to be
used in phytostabilization process in Cu contaminated soils in low level of contamination,
but it’s not a good choice for phytoextraction.

Relationship Between Soil Cu, Dry Biomass and Cu
Accumulation in Plants

Cu concentration in the soil and total dry biomass of J. curcas was significantly
(p < 0.01) related to each other (r = —0.92). The negative correlation between these two
parameters revealed that the total dry biomass of J. curcas decreased with the increase in
the total Cu concentration in the soil. Higher concentrations of heavy metals can reduce
the plant growth and biomass production by affecting the plant physiology (Grifferty and
Barrington 2000). Copper has a great toxicity to normal plants, and depending on the
crop plant species, critical tissue copper concentration at 10% decrease of dry mass were
considered to be 5 to 30 mg kg™' (Jiang et al. 2004).

Correlation analysis between total Cu concentration in the soil and in J. curcas was
significantly different (p < 0.01). The total Cu concentration in the soil was significantly
related to the total Cu concentration in J .curcas (r = 0.96). This positive correlation
indicated that total concentration of Cu in J. curcas increased with an increase in the total
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Table 3 Mass Balance of Cu in different treatments for each pot including 0, 50, 100, 200, 300, and 400 mg Cu
kg‘l (Cuy, Cusg, Cujgg, Cuzgp, Cuzgo, and Cuagp). Data are means of 3 replicates.

Soil
background Cu amendment into  Accumulated Cuin Residual Cuinsoil Leached  Error*
Treatments Cu (mg) the soil (mg) plant biomass (mg) after planting (mg) Cu (mg)# (%)
Cug 96.7 0 1.0 77.6 0 18.7
Cus 96.7 476 54 381 0 32.5
Cuygo 96.7 979 54 794 0 25.7
Cuygo 96.7 1621 6.6 1449 0 15.3
Cuszgo 96.7 2366 6.0 2234 0 9.0
Cuyg 96.7 3133 7.2 2791 0 134

#There was no leaching during plant growth.
##1t means the (input Cu — output Cu)* 100/input Cu.

concentration of this metal in the soil. Similar results were obtained by Xiong and Wang
(2005) on copper bioaccumulation in Chinese cabbage (Brassica pekinensis Rupr.). Some
plants have an ability to tolerate, remain and survive in heavy metal contaminated soils
that are toxic for other plants. The tolerance of some species to high concentration of
heavy metals may be attributed to some potential mechanisms at the cellular level (Yruela
2005). Production of metallothionein (i.e., a family of cysteine-rich, low molecular weight
proteins) which bonds to metals may help plants to tolerate toxic metals (Sereno et al.
2007).

Mass Balance of Input and Output of Soil Cu

As it’s demonstrated in Table 3, up to 1% of Cu in soil has been removed by plant
biomass which shows that more time for plant growth is needed to remediate soil completely.
Additionally, enhancing phytoremediation efficiency using plant species which produce
high biomass and with ability to uptake more metals is necessary. One of the reasons
of the difference between input and output results could be due to heterogeneity of Cu
concentrations in soil samples.

CONCLUSION

Planting of J. curcas in Cu-contaminated soils exhibited that Cu was highly accu-
mulated in roots rather than stems and leaves. Total accumulated Cu in the plant biomass
did not meet the standard value for Cu hyperaccumulators (i.e., > 1000 mg kg™"). Having
a RCF more than one in all Cu-amended treatments showed the potential of accumulation
of copper by the plant roots, however, because of lower amount of Cu translocation factor
(<1) in the plants, J. curcas could not be a good choice for phytoextraction of highly con-
taminated soils. However, it may be used through phytostabilization approach to prevent
distribution of Cu in mildly contaminated areas. In-depth long-term studies to determine
the physiological process such as respiration and photosynthesis as well as a field trial in
the future is highly recommended for further confirmation of the results and the potential
of the selected species for phytoremediation.
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