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a b s t r a c t

Lead and cadmium levels were monitored in soil at fifteen urban (riverbank, roadside, industrial and
residential) sites in the north central part of India. Calotropis procera, a hardy xerophytic plant was iden-
tified and selected for remedial potential as it was seen growing well at all sites. Root and leaf samples
were collected simultaneously with soil samples to assess the characteristics of accumulation and tol-
erance of Pb and Cd in C. procera. Chlorophyll and phenological studies were undertaken to investigate
the health of plants. The overall trend of Pb and Cd content in soil and plant samples was in the order
Industrial > Roadside > Riverbank > Residential. The highest uptake of both the metals was observed in
plants from industrial sites. Sites with more anthropogenic disturbance like vehicular and machinery
hytoremediation
ioavailability

exhausts exhibited reduced chlorophyll levels, stunted growth as well as a delayed, shortened reproduc-
tive phase. The ratios of Pb in leaves to Pb in soil were in the range of 0.60–1.37; while similar ratios of
Cd were in the range of 1.25–1.83. Highly significant correlation coefficients were determined between
concentrations of Pb and Cd in the samples with R2 values 0.839 for soil, 0.802 for leaf and 0.819 for root
samples. The strong correlation between the degree of contamination and concentrations of Pb and Cd in
plant samples identifies C. procera as an effective heavy metal remediator of contaminated lands coupled

s.
with environmental stres

. Introduction

All the compartments of the biosphere have been polluted by
aried inorganic and organic contaminants due to anthropogenic
auses that have altered the natural biogeochemical cycling.
ources of contamination include mining and refining of metals,
nergy and fuel production, application of fertilizers, etc. Lead
Pb) and cadmium (Cd) are persistent environmental contaminants
ince they cannot be degraded or destroyed. Pb is emitted into the
nvironment during its mining and smelting activities, from auto-
obile exhausts, by combustion of petro fuels with anti-knocking

dditives like tetraethyl and tetra methyl lead [1], old lead paints,
atteries, etc. as well as from industrial and liquid domestic waste.
admium is released as a byproduct of zinc and lead refining [2]
nd from vehicular exhausts and fertilizers.

Pb and Cd do not occur naturally in living organisms and have

een reported not to have any known function in them [3], yet these
oxic metals are absorbed by humans and animals through food,
ir and water and tend to accumulate. Lead poisoning damages all
mportant organ systems notably the nervous system [4]. It can
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be harmful even at very low concentrations because it tends to
bioaccumulate. Elevated levels of Cd can cause renal dysfunction,
pulmonary emphysema and bone demineralization [5,6].

Agra (India) on the banks of the river Yamuna is a major inter-
national tourist attraction in the north-central region of India.
Its satellite towns situated on the busiest national highway are
subjected to heavy pollution levels due to the rapid pace of indus-
trialization, urbanization and development.

The quantum of vehicular traffic has increased manifold in
recent years. The river Yamuna located in the study area is also
exposed to pollution from commercial and domestic waste dis-
charged into the river as well as the heavy incoming and outgoing
traffic. It is also exposed to the threats of agricultural runoff. The
riverbed and riverbank thus, act like a sink for the pollutants that
the river carries.

Several steps have been taken by the administration including
industrial monitoring as well as traffic restriction in the vicinity of
the Taj to combat and reduce further pollution, but simultaneous
efforts to remediate and reclaim soil and water sources are urgently

needed.

Several technologies exist for remediation of metal contami-
nated soils and water, but the emphasis is on ‘green’ phytoremedial
systems nowadays. Phytoremediation is a practical, natural method
that relies on plants to extract and concentrate pollutants includ-

dx.doi.org/10.1016/j.jhazmat.2010.08.056
http://www.sciencedirect.com/science/journal/03043894
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ng heavy metals from the environment into their tissues [7]. Many
lants have been well documented as hyperaccumulators as well
s indicators of high metal concentrations in soil, but these are slow
rowing, and not very widespread. In most cases their biomass yield
s also quite low. It has been demonstrated [8–10] that wild native
lants may be better phytoremediators for waste lands than the
nown metal bioaccumulators from literature. A range of native,
ell adapted plants have been tested and used widely for heavy
etal bioindicator and phytoremedial purposes including lemon-

rass, Siam weed, wild grasses, vetiver, Sesbania spp., Avena and
rotalaria to name a few [11–17].

In the seasonal surveys carried out to identify the flora at the
ampling sites, Calotropis procera L., a hardy plant that shows xero-
hytic adaptations was the dominant species at all sites. Other
eeds were seasonal and too short-lived for practical remediation.

. procera also has the advantage of multiplying rapidly through
oot suckers so its above-ground parts can be repeatedly harvested
ithout the need of reseeding. Therefore, this plant appeared to be

f particular interest in this context, and thus, was selected for this
tudy.

Stringent standards for maximum permissible limits have been
et by agencies like the World Health Organization (WHO) and
he United States Environment Protection Agency (USEPA). The
evels of toxicants in urban soils have been monitored and well
ocumented in developed countries of North America and Europe
18–23], but there is an acute paucity of data on heavy metal
ollution and its remediation in developing countries. Phytore-
ediation is especially suited for countries where such labour,

xpertise and cost saving techniques are vital due to constraints
f funds for other methods. The study was conducted to fill this
ap by coming up with a comprehensive picture of Pb and Cd con-
amination in the semi-arid north-central urban zone in India as
ell as to identify potential candidate species for efficient, practical
hytoremediation.

. Materials and methods

.1. Experimental design

Fifteen sites within the city limits of Agra and neighbouring
owns were selected and a survey carried out to evaluate the exist-
ng levels of Pb and Cd in the soil. Along with soil samples, root and
eaf samples of C. procera were collected to assess characteristics
f accumulation and tolerance of Pb and Cd in the species. Chloro-
hyll and phenological studies were undertaken to investigate the
verall health of plants in order to further evaluate their perfor-
ance as a possible metal extractor species under prevalent soil

onditions.

.2. Description of sites

Agra, the city of Taj Mahal (27◦10′N 78◦02′E) is located in north-
entral India, in Uttar Pradesh and is connected to the national
apital New Delhi, 200 km to the north by the National highway
. Mathura and Shikohabad, the selected satellite sites are roughly
0 km north and east of Agra on the same highway. A part of the
reat northern plains, the study region is considered a semi-arid
one as two-thirds of its boundaries are surrounded by the Thar
esert of Rajasthan state. The fifteen sites selected in the target
rea as outlined in Fig. 1 characterize different urban localities

iz.—riverbank (Sites 2, 3, 4) roadside (Sites 4, 5, 6, 7), industrial
Sites 8, 9, 10, 11) and residential (Sites 12, 13, 14, 15) zones. The
iverbank sites represent the metal profile of the riverbanks of the
iver Yamuna. The roadside sites were at high traffic zone inter-
ections along the busy National highway connecting the three
s Materials 184 (2010) 457–464

cities. Industrial sites represent heavy machinery and leather goods
industries equally. The residential sites were taken across the eco-
nomic spectrum. Site 12 is a now-dismantled petroleum storage
site. Soil from the botanical garden on the college campus was taken
as control (Site 1).

2.3. Calotropis procera

Calotropis procera L. is a hardy xerophytic plant, which estab-
lishes well and quickly by producing root suckers. Commonly called
milkweed or madar, it is an erect, spreading shrub, at times a small
tree up to 4 ft. tall with copious milky sap. The leaves are large,
oblong, glaucous, grey-green, and sessile with a pointed tip and
two rounded basal lobes. Flowers are waxy white with 5 sepals,
5 petals tinted purple inside with a purplish crown-like structure
at the centre that has the reproductive whorls. Flowers are car-
ried in dense stalked clusters at the end of branches. The fruit is
a recurved, inflated, grey-green follicle, 6–9 cm long containing
numerous ovoid seeds with long tufts of silky white hairs at one
end.

2.4. Collection of soil and plant samples

At each site, soil samples were collected from a depth of 5–15 cm
using a core sampler. Five random samples were collected from
each site to obtain a comprehensive profile of the site for statistical
analysis. The samples were air dried, passed through 20 mesh sieve
and stored in clean ziplock polythene bags until further use.

Leaf and root samples were collected in similar bags from plants
growing on spots from where soil samples were collected. In the
lab, these were first washed with distilled water to remove adher-
ing mud. They were further washed thoroughly 3–4 times with
deionized water and allowed to drip dry completely in a dust free
chamber.

2.5. Soil and plant analysis

Soil samples were tested for various parameters to obtain a clear
profile of soils at the sites selected. Important soil properties are
shown in Table 1. Soil pH was measured by a pH meter (Systronics
�pH system 361) with a water soil ratio of 1:2.5. Soil conductivity
was measured by a conductivity meter (Systronics) by preparing
a 1:2.5 soil suspension in water. Organic carbon was measured by
modified Walkley–Black rapid dichromate oxidation method [24]
where 10 ml 1N potassium dichromate (K2Cr2O7) and 20 ml conc.
H2SO4 were added to 5 g soil. After 30 min. 200 ml distilled water
was added along with 10 ml 85% phosphoric acid and 1 ml DPA
indicator. This was titrated against N/2 ferrous ammonium sul-
phate. The value obtained was multiplied by the factor 1.724 to
obtain organic matter content as reported. Available phosphate
was determined by digital spectrophotometer (Systronics) [25],
available potash by flame photometer (mediFlam) and available
Nitrogen by micro-kjeldahl method [25].

For Pb and Cd content, soil, leaf and root samples from all the
sites were digested for subsequent analysis. 0.5 g soil sample was
digested using a wet digestion method with HNO3 and HClO4 (3:1
ratio) and boiled on a hot plate for 20 min. Plant samples were ana-
lyzed by dry ash method where the samples were ashed in a muffle
furnace and 0.5 g cooled ash was dissolved in HNO3 and boiled
for 20 min on a hot plate. The filtrate in each case was analyzed
for Pb and Cd content by Atomic Absorption Spectrophotometry

(AAnalyst100, PerkinElmer, USA).

Chlorophyll content in C. procera leaf samples was determined
on fresh weight basis. 40 mg fresh leaves were placed in 10 ml
80% acetone in a sealed, dark bottle in a refrigerator. After 5 days
optical density of the solution was measured by a spectrophotome-
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Fig. 1. Map of the study reg

er at different wavelengths, i.e. 480 nm, 510 nm, 630 nm, 645 nm,
52 nm and 665 nm and chlorophyll content was calculated using
elevant formulae [26].

.6. Phenological studies

The region experiences three seasons mainly — summer, mon-
oon and winter. The sites were surveyed on a bimonthly cycle for
wo years from October 2007 to September 2009 to compare the
henology of C. procera plants at the sites with each other as well
s with the control plants in the college garden.

.7. Statistical analyses

Pearson’s coefficient for correlation and linear regression of the

ata were statistically analyzed at a significance level of P < 0.05 and
< 0.01 with SPSS 16.0 statistics software. Two way and One way
nalysis of Variance (ANOVA) was calculated for data and means
ompared using Fisher’s LSD method. For ANOVA, the sites were
ointly tested as zones (Table 2) for better comprehension.

able 1
hysico-chemical profile of soil samples.

Zones pH (1:2.5) Electrical conductivity
(dS/m) (1:2.5)

Organic matter (%

Control 8.10 0.54 1.1
Riverbank 7.20–7.57 0.39–0.47 0.49–0.69
Roadside 7.70–8.00 0.46–0.50 0.24–0.30
Industrial 7.25–7.39 0.72–0.98 0.17–0.25
Residential 7.81–8.20 0.34–0.50 0.78–1.6
icating sampling locations.

3. Results

3.1. Distribution of Pb and Cd in soil samples

The concentrations of Pb and Cd detected in soil samples
are recorded in Table 2. Maximum Pb and Cd were found at
Site 10 (urban industrial) with 134 mg/kg Pb and 3.6 mg/kg
Cd. Levels of Pb and Cd were each recorded in the order
Industrial > Roadside > Riverbank > Residential. 10–100 mg/kg and
0.06–3 mg/kg have been reported as ranges for Pb and Cd concen-
trations in soil, the lower value indicating normal and the higher
value toxic level, respectively [27]. The high level of Pb and Cd at
Sites 10 and 9 indicates pollution in the heavy industrial area. The
high levels of the metals at Site 12 (residential) in comparison to
other residential zones are due to storage of petro products at this

erstwhile oil depot site though they were well below the toxic lev-
els in soil set by WHO. This may be attributed to the fact that the
site has now been a wasteland for quite a few years and C. procera
was found to be the only plant flourishing. Site 3 had higher Pb lev-
els than all other riverbank sites as expected, due to deposition of

) Available
phosphate (kg/ha)

Available potash
(kg/ha)

Available nitrogen
(kg/ha)

17.5 393 112.896
55.0–65.0 178–371 66.057–87.808
12.0–17.0 236–398 38.135–52.176
16.7–32.5 456–780 56.19–77.808
21.3–40.0 560–713 87.716–96.182
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Table 2
Pb and Cd content in soil and plant (C. procera) samples.

Zones Sites Pb content (mg/kg) Cd content (mg/kg)

Soil Leaf Root Soil Leaf Root

Control Site 1 5.4 ± 0.5a 7.4 ± 1.0a 5.0 ± 0.4a 0.82 ± 0.2a 1.5 ± 0.4a 1.2 ± 0.9a

Riverbank
Site 2 11.2 ± 2.9b 11.4 ± 3.1a 9.2 ± 2.1b 1.2 ± 0.2a 2.0 ± 0.4a 1.4 ± 0.2a
Site 3 26.4 ± 4.3c 18.4 ± 1.7b 14.1 ± 2.5c 1.4 ± 0.4a 2.2 ± 0.2a 1.6 ± 0.1b

Riverbank/roadside Site 4 24.2 ± 4.2c 24.5 ± 2.6c 19.2 ± 3.0d 1.6 ± 0.2a 2.0 ± 0.3a 2.0 ± 0.2b

Roadside
Site 5 28.7 ± 1.6c 25 ± 2.4c 19.8 ± 2.6d 1.4 ± 0.1a 1.9 ± 0.2a 1.7 ± 0.1b
Site 6 30.6 ± 2.3c 28.1 ± 2.0c 17.4 ± 0.9d 1.5 ± 0.1a 2.1 ± 0.1a 1.5 ± 0.1c
Site 7 18.6 ± 1.6d 17.9 ± 1.1b 15.3 ± 0.3d 1.1 ± 0.1a 1.9 ± 0.2a 1.3 ± 0.1c

Industrial

Site 8 44.8 ± 4.5e 32.3 ± 1.4c 25.6 ± 0.9d 2.0 ± 0.3b 2.8 ± 0.1b 2.0 ± 0.2b
Site 9 120.1 ± 18.6f 78.4 ± 9.5d 54.5 ± 3.6c 2.8 ± 0.4c 3.5 ± 0.1c 3.1 ± 0.2d
Site 10 134 ± 6.2g 80.6 ± 3.9d 55.1 ± 4.0c 2.7 ± 0.4c 3.6 ± 0.3c 3.0 ± 0.3d
Site 11 33.4 ± 3.9c 23.7 ± 2.1c 19.6 ± 2.4d 1.4 ± 0.3a 1.7 ± 0.3a 1.2 ± 0.1a

Residential

Site 12 34.4 ± 3.0c 26.2 ± 2.2c 20.8 ± 2.1d 2.0 ± 0.4d 2.6 ± 0.4d 2.2 ± 0.3b
Site 13 7.6 ± 0.8a 8.1 ± 1.6a 5.5 ± 1.4a ND ND ND
Site 14 10.1 ± 0.6a 11.3 ± 0.9a 8.9 ± 1.2b ND ND ND
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Site 15 16.3 ± 1.9h 14.5 ± 2.6b

ifferent letters in the same column denote significant statistical difference (P < 0.0

he heavy metal arising from heavy traffic near it. Site 4 had simi-
ar conditions hence exhibited a minor difference in Pb content. In
he case of Cd also, Sites 3 and Site 4 exhibited minor variations in
oncentrations.

Correlation analysis was performed using univariate Pearson’s
orrelation coefficient for all pairs of Pb and Cd concentrations
Table 3) to determine relationships between the two metal con-
entrations in soil, leaf and root samples from all the sites. Pb in soil
howed significant correlation with Cd content in soil along with
b and Cd content in C. procera leaf and root.

.2. Distribution of Pb and Cd in C. procera

The results of analysis of C. procera leaf and root samples are also
ecorded in Table 2. Pb content values in C. procera leaf samples
re within the range of 7.4–80.6 mg/kg whereas in roots they are
n the lower range of 5.0–55.1 mg/kg. Levels of Pb in plant samples
ncreased in proportion to its concentration in soil samples. Highest
ptake values of Pb recorded were 80.6 mg/kg and 55.1 mg/kg in C.
rocera leaf and root samples, respectively, both from Site 10 which
ad the highest Pb levels of all sites.

Cd concentrations in leaf and root samples are in the range of
.3–3.6 mg/kg and 1.1–3.0 mg/kg, respectively. The sample plants
ccumulated higher levels of Cd with an increase in Cd concentra-
ion in soil at all sites, as seen in the case of Pb. The highest Cd
evel in leaf samples detected was 3.6 mg/kg from Site 10, while
hat in root samples was 3.0 mg/kg detected at Site 9. Both sites
howed the highest Cd levels in soil with a minor difference. The
ptake ranges are encouraging when compared to reported toxic
oncentrations in plants as 30 mg/kg and 0.1 mg/kg for Pb and Cd,
espectively [27].

. Discussion

.1. Uptake and sequestration of Pb and Cd in C. procera

All plant samples tested showed higher Pb and Cd accumulation
n leaves compared to roots indicating greater allocation of metal to

eaves. Similar studies have shown that leaves act as main sinks for
eavy metals in hyperaccumulator plants [28,29]. This is attributed
o the efficient translocation of heavy metals from roots to shoots
30] and is considered an advantageous strategy as the root system
s the primary target in heavy metal toxicity [31,32]. Accumulation
12.8 ± 2.6b 0.93 ± 0.1a 1.3 ± 0.3a 1.1 ± 0.2a

mean Pb and Cd content at the sites selected.

of potentially toxic metals is also thought to be a plant’s defensive
strategy against herbivores [33].

Significantly, all plant samples analyzed except Site 11 exhibited
higher concentrations of Cd as compared to associated soil samples.
This indicates good uptake and accumulation of Cd in C. procera.
Cd in soil and root showed significant correlation with R2 = 0.848.
Leaf samples from only four Sites 2, 4, 13 and 14 showed higher Pb
concentrations as compared to soil. As far as Pb uptake is concerned,
lower values were recorded in all plant samples as compared to soil
excepting Sites 2, 4, 13 and 14, where slightly higher values were
obtained in leaf samples.

The ratios of Pb in C. procera leaves to Pb in soil are in the range
1.37–0.60 while similar ratios of Cd are in the range of 1.83–1.25.
These ratios are an indication of good accumulation of Pb and Cd in
C. procera as a ratio greater than 1 indicates higher accumulation
of metals in the plant [34]. Pollutant bioavailability depends on the
chemical properties of the pollutant, soil properties, environmental
conditions and biological activity. Though Pb levels were higher
than Cd levels in all soil samples, it is well documented that Cd
is toxic to plants in far lower concentrations than Pb. Plants at all
the sites studied showed a far higher uptake of Cd. This could be
related to the fact that metals like Pb are mostly immobile in the
soil, which reduces their bioavailability and subsequent uptake by
the plant [35]. Cd on the other hand is usually less adsorbed by
soil and organic matter which makes it more available to plants
[36–38].

From Table 3, where correlation coefficients are recorded, sev-
eral interesting inferences can be drawn. Sequestration of Pb in
leaf showed highly significant positive correlation with Pb con-
tent in root (R2 = 0.986), and soil (R2 = 0.982). Similarly, Cd content
in leaf also exhibited positive correlation with Cd content in root
(R2 = 0.858), and soil (R2 = 0.882).

Analysis of Variance (ANOVA) showed significant difference
(P < 0.001) for Pb and Cd content among zones (Control, river-
bank, riverbank/roadside, roadside, industrial and residential) and
medium (soil, leaf and root). On comparing means by Fisher’s LSD
test, a significant difference (P < 0.001) between mean Pb and Cd
content in soil, leaf and root at sites in industrial zone vs. those

of all other zones was obtained. No significant difference was
obtained in mean Pb and Cd content in soil, leaf and root between
control and residential zones Significant difference (P < 0.001)
was seen in mean Cd content between C. procera leaf and root
samples.
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Table 3
Correlation coefficients among concentrations of Pb and Cd in soil and plant samples, soil pH and organic matter.

Pb in soil Pb in leaf Pb in root Cd in soil Cd in leaf Cd in root Soil pH

Pb in leaf 0.982**

Pb in root 0.968** 0.986**

Cd in soil 0.837** 0.864** 0.877**

Cd in leaf 0.867** 0.871** 0.869** 0.882**

Cd in root 0.816** 0.830** 0.825** 0.848** 0.858**

Soil pH 0.034 0.056 0.055 0.057 0.057 −0.090*

*
*

4

g
a
[
f
o
c
s
r
t
w
w
e
P

4

b
R
a

Organic matter −0.448* −0.495* −0.522**

Correlation is significant at 0.05 level (2-tailed).
*Correlation is significant at 0.01 level (2-tailed).

.2. Soil pH and organic matter

In general soil pH seems to have the greatest effect of any sin-
le factor on the availability of metals in soil [39,40]. All sites had
soil pH in the range of 7–8 (Table 1). It has been demonstrated

41] that at pH levels between 6 and 11, Lead (Pb2+) changes to
orm PbOH+ (solid phase). This could also account for lower uptake
f Pb detected in plant samples in contrast to Cd. Organic matter
ontent is known to influence the bioavailability of metals because
ome metals may form complexes with organic matter [42,43], thus
educing their bioavailability. As data in Table 1 show organic mat-
er content was quite low at all sites tested as they were wastelands
here only the hardiest of weeds were observed. So this parameter
as not of much practical importance in this study. These param-

ters did not show any positive correlation with concentrations of
b and Cd in various samples as seen from Table 3.

.3. Pb–Cd interaction
Highly significant correlation coefficients were determined
etween concentrations of Pb and Cd in soil, leaf and root samples.
2 value for soil was 0.839 for soil (Fig. 2a). Correlation between Pb
nd Cd content in C. procera leaf and root samples was also found

Fig. 2. Relationships between concentrations of Pb and Cd in
−0.374* −0.407** −0.310* −0.062

to be highly significant with R2 = 0.802 for leaf (Fig. 2b) and 0.819
(Fig. 2c) for root. Pb and Cd levels in soil at the sites were syn-
chronous barring a few samples. Site 10 with highest Pb level also
had highest Cd level. The case with leaf and root samples was also
the same. Thus, it is concluded that Pb did not inhibit the uptake
and sequestration of Cd in C. procera samples and vice versa.

4.4. Chlorophyll patterns in C. procera leaf samples

Photosynthesis is perhaps the most basic aspect in plant
metabolism assessment related to growth and survival in adverse
conditions. Metals like Cd, Pb, Zn, Cr, etc. [44], when present in high
concentration in soil show potential toxic effects on overall growth
and metabolism of plants. Chlorophyll, essential for photosynthe-
sis, is directly influenced by environmental factors. Chlorophyll
‘a’content was greater than chlorophyll ‘b’ content in C. procera
leaves. Similar findings have also been reported in many arid zone
plant species, weeds and crops [45,46]. Chlorophyll contents (Fig. 3)

of leaf samples from Sites 2, 11, 12, 13, 14 and 15 do not exhibit
marked variation from control, i.e. Site 1. Sites 2 and 11 were river-
bank and industrial sites, respectively whereas all others were in
the residential zones. Significantly, leaf samples from Site 12 with
highest amongst residential Pb and Cd levels in soil and plant tis-

soil (a), C. procera leaf (b) and root (c) samples (n = 75).
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Fig. 3. Chlorophyll pigments

ues had chlorophyll contents almost similar to the control, i.e. Site
. This indicates that at the present ambient concentrations in soil,
b and Cd did not disrupt the photosynthetic mechanism of C. pro-
era drastically. Plants at riverbank Sites 3 and 4, roadside Sites 5
nd 6 as well as industrial Sites 9 and 10 exhibited marked reduc-
ion in chlorophyll content as compared to Site 1 (control). It is
ignificant to note that the above-mentioned riverbank and indus-

rial sites were also exposed to heavy traffic. Hence the drop in
hlorophyll levels could be attributed to the additional stress these
lants were exposed to in the form of aerial deposition of various
ollutants from vehicular emissions combined with elevated lev-
ls of Pb and Cd in the soil [47–50]. Significant difference (P < 0.003)

Fig. 4. Phenological observations of Calotropis procera at t
lotropis procera leaf samples.

was obtained for total chlorophyll content among different zones
studied. On comparing means by Fisher’s LSD test, chlorophyll con-
tent in control vs. all zones except residential zone was significantly
different (P < 0.02).

4.5. Phenological patterns in C. procera leaf samples
The growth calendar of C. procera as observed at the sites has
been recorded in Fig. 4. As seen from phenological patterns, plants
at roadside and industrial sites exhibited significantly delayed
reproductive phases and poor overall health of the individuals. This
could again be due to the deposition of vehicular emissions on the

he test sites from October 2007 to September 2009.
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lants combined with elevated levels of heavy metals as Sites 4, 5, 6
nd 7 are along one of the busiest national highways in the region.
lants at riverbank and residential sites were not much affected
y the ambient levels of Pb and Cd in soil and their health was
omparable to plants at Site 1 (control).

.6. Prospects of Calotropis procera as a phytoextractor

Phytoextraction efficiency is determined by two key factors:
etal hyperaccumulating capacity and biomass production [51].
econtaminating a site in a reasonable number of harvests, thus,

equires plants that are both high yielders of biomass and good
etal accumulators by dry weight. Although known metal hyper-

ccumulators like Thlaspi caerulescens and Alyssum bertolonii are
ble to take up and accumulate appreciable amounts of metals in
heir tissues, their use in the field is limited because of their slow
rowth, shallow root system and low biomass production [9,52].
ence, good phytoextractors, that are non-hyperaccumulators,
ith a greater growth potential compared with hyperaccumulators

hould be considered positively [53], in that they can compensate
or their lower accumulation potential with their higher biomass.
t is also an established fact that accumulation of heavy metals in
eaves rather than roots is an advantageous strategy for a plant
ecause the root system is the primary target of metal toxicity
31,32] as already stated earlier. The advantage of native species
ver non-native species has already been discussed [8–10]. On
omparing the luxuriant vegetative growth and overall health of
. procera as indicated by near normal phenological and pigment
atterns, the question of countering toxicity at root level appears
o be of little consequence in this plant. Furthermore, this paper
eals with the extraction potential of C. procera in situ without any
id. Studies to improve the uptake by altering soil pH, adding suit-
ble fertilizers and soil amendments especially synthetic chelating
gents to increase metal bioavailability and uptake are already in
rogress. The results obtained so far are quite promising, especially

n the case of Pb.

. Conclusion

Calotropis procera has good phytoextraction potential as shown
y the accumulation ratios under natural conditions. It is well
dapted and proliferates freely through seeds and root suckers even
n adverse conditions with practically no agronomic input. Luxuri-
nt growth was observed throughout the year at most of the sites
elected. Since it is not consumed by humans or livestock, it is a
afe choice to be used as an instrument of phytoremediation.
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