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a b s t r a c t

Jatropha curcas seedlings were exposed to varying concentrations of mercury in order to investigate
mercury accumulation, and the changes in growth and antioxidant enzyme activities using in vitro
embryo germination and culture. Our results showed that mercury is readily accumulated by germi-
nating embryos and growing seedlings, and its content was greater in the radicles than those of in the
cotyledons and hypocotyls. This accumulation was directly correlated with an increase in tested mercury
concentrations in the medium. Biomass in the cotyledons, hypocotyls and radicles increased gradu-
ally with increasing mercury concentrations, peaking in seedlings exposed to mercury concentration
of 50 �M, and then decreased. Superoxide dismutase activities in the cotyledons, hypocotyls and radicles
showed largest increment at mercury concentration of 100 �M. Peroxidase activities in the cotyledons
and hypocotyls reached peaks at mercury concentration of 200 �M, and the highest activity in the radicles

was observed at 100 �M. Catalase activities in the cotyledons and hypocotyls were significantly induced,
and the highest activity in the radicles was observed at mercury concentration of 200 �M. Phenylalanine
ammonia-lyase activities in the hypocotyls had a positive correlation to mercury concentrations, and
the highest activities in the cotyledons and radicles were found at mercury concentrations of 200 and
100 �M, respectively. Analysis of superoxide dismutase, peroxidase and catalase isoenzymes suggested
that different patterns depend on mercury concentrations and tissue types, and the staining intensities

onsis
of these isoenzymes are c

. Introduction

Heavy metals pollution is one of the most important ecological
roblems on the world scale. Excessive heavy metals in contam-

nated soil can result in decreased soil microbial activity and soil
ertility, and losses in agricultural yield. Their presence in the
nvironment can be highly dangerous [1]. Amongst heavy met-
ls, mercury (Hg) is one of the most toxic heavy metals commonly
ound in the global environment. The interaction between Hg
nd plant systems is of particular importance because this metal
as been widely used in seed disinfectants, fertilizers and herbi-
ides [2,3]. In plants, the toxic effects of Hg can be characterized
y the following: (a) blocking of essential functional groups in
iomolecules [4,5], (b) displacement of essential metal ions from

iomolecules in photosynthetic pigments, causing a decrease in
hotosynthesis rates [6], and (c) inhibiting root and shoot growth
nd yield production, affecting nutrient uptake and homeostasis
7]. The effects of Hg toxicity on cellular systems in many plant
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E-mail address: chenfangscu@gmail.com (F. Chen).
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tent with the changes of these enzyme activities assayed in solutions.
© 2010 Elsevier B.V. All rights reserved.

species have received a great deal of attention, but researches in
this area will be continued.

Being a transition metal, Hg can induce oxidative stress in plant
cells and has been linked to the excess production of reactive
oxygen species (ROS), which may cause wide-ranging damage to
proteins, nucleic acids and lipids, eventually leading to cell death
[5,7]. In order to limit oxidative damage, plants have therefore
developed mechanisms enabling them to counteract these events.
These protective mechanisms include change in lipid composition,
changes in antioxidant enzyme activity, increased sugar or amino
acid contents, and changes in the level of soluble proteins and gene
expressions [8]. In several plants, it has been reported that the activ-
ities of ROS-scavenging enzymes, including superoxide dismutase
(SOD), peroxidase (POD) and catalase (CAT), is an important pro-
tective mechanism to minimize oxidative damage exposed to Hg
toxicity [9]. Therefore, increased activities of these enzymes may
be considered as typical defense components against Hg toxicity.
Some plant species are sensitive to heavy metal stress, whereas
others are tolerant. The latter shows little inhibition or damage,
even they may cope with higher contents of heavy metals in growth
medium as well as accumulate high concentrations of heavy met-
als in their tissues [10,11]. Much research has been done on Hg
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ccumulation in several plant species, such as Oryza sativa [1], wil-
ow (Salix) [4], tomato [9], Medicago sativa [12], Solanum melongena
13], Indian mustard [14], Pteris vittata and Nephrolepis exaltata [15].
here is also some evidence that certain plant species have the abil-
ty to extract and accumulate Hg both the atmospheric and soil
13,16]. Currently, however, no plant species with Hg hyperaccu-

ulating properties has been identified. Recently, industrial and
nergy crops have attracted the interest of researchers for meet-
ng the increasing requirements of petroleum and its products.
owever, cultivation of oil crops on large scale has to be initi-
ted without scarifying the land under agriculture. Therefore, other
ypes of land, which we consider as wastelands, may be put to
otential beneficial re-use by producing biomass for energy pur-
oses.

Jatropha curcas L., commonly known as physic nut, belongs
o the family Euphorbiaceae and is today recognized as a petro-
ubstitute. Its cultivation can also help in the reclamation of
astelands, degraded lands and mine contaminated lands [17].

anzhihua, an important industrial and mining base with abundant
ineral resources, is located in the southwest of China. In partic-

lar, the area around mine facilities in Panzhihua has the higher
evels of environmental Hg, due to the extraction and processing
f Hg-mineral ore for centuries [3]. In Panzhihua, J. curcas is often
rown on riverside, and in mining areas where soils are usually
ontaminated by heavy metals. Our previous results suggested
hat J. curcas could adjust themselves to tolerate copper and lead
tresses by an effective antioxidant defensive mechanism [18,19].
lthough no reports of eco-toxicological research on J. curcas plant
ave been published, these results indicate a promising capacity

or bioaccumulation, phyto-translocation and phytoremediation
f heavy metals in J. curcas [20,21]. Thus, J. curcas might be a
ood candidate for eco-toxicological research. Thus, the aim of
his study is to achieve a better understanding of adaptive and
olerance mechanism of J. curcas plants exposed to Hg toxicity.
hough results obtained with plants grown in pots experiments
annot be directly compared to those in field conditions, they are
rucial to highlight the growth and antioxidant responses of plants
n control conditions.

. Materials and methods

.1. Plant materials and culture

Mature J. curcas seeds were collected in August, 2007 and
ugust, 2009 from more than 10 individual wild trees in Panzhihua,
ichuan, China. Seeds were oven-dried at 30 ◦C, selected and stored
n a plastic box (Labeled, No. 20070822) were deposited at 4 ◦C. J.
urcas seeds were surface sterilized with 70% ethanol for 30 s, and
hen in 0.1% mercuric chloride for 8 min. Seeds were rinsed several
ime with distilled sterile water, and soaked in water at room tem-
erature for 24–36 h. Embryos were dissected from the seeds on a
lean bench. These embryos were placed in Murashige and Skoog
MS) medium in wide-neck bottles (100 ml) for germination and
rowth in in vitro culture for 7 days [22]. The bottles containing
ulture medium and three embryos were separated into five lots.
ne lot was allowed to grow on MS medium with 30 g l−1 sucrose
nd 0.6% agar powder to serve as control. The remaining four lots
ere cultured on basic MS medium supplemented with Hg added as
gCl2 at concentrations of 50, 100, 200 and 400 �M, respectively.
he pH value of these medium was adjusted to 5.8 ± 0.1 prior to

utoclaving at 121 ± 2 ◦C for 15 min. The cultures were incubated
t 30 ± 2 ◦C under a 12-h photoperiod in cool, white fluorescent
ight. Rotten and contaminated embryos were removed promptly.

hen cotyledons of these seedlings had developed, cotyledons,
ypocotyls and radicles were washed with double distilled water,
aterials 182 (2010) 591–597

blotted and immediately frozen in liquid nitrogen or stored at
−80 ◦C for analysis. Plant tissues were oven-dried at 80 ◦C followed
by the estimation of dry weights. The relative water content (RWC)
was calculated using RWC (%) = [(FW − DW)/FW] × 100. The experi-
ments were arranged in a completely randomized design with three
replicates per treatment and each replicate contained 75 embryos
(25 bottles).

2.2. Estimation of mercury content

Radicles were washed with 1% (v/v) HCl for several seconds,
followed by washing three times with distilled water in order to
remove the mercury adhering to the surface of the radicles. Then,
seedlings were washed thrice with distilled water and finally with
de-ionized water, and oven-dried at 70 ◦C for approximately 72 h.
Dried cotyledons, hypocotyls and radicles samples of J. curcas were
digested with 5 ml concentrated HNO3 and 1 ml H2O2 for 20 min
using microwave-digestion method, and then diluted to 25 ml with
de-ionized water. Hg contents in the cotyledons, hypocotyls and
radicles were determined using flame atomic absorption spec-
trophotometer (SpectrAA-220Fs, VARIAN, USA) and Integrated
Couple Plasma Mass Spectrophotometer (ICP-MS: PQExCell, VG
Elemental). Hg content was expressed in �g/g dry weight of tissue.

2.3. Protein extraction and estimation

Fresh cotyledons, hypocotyls and radicles were homogenized
and extracted with 50 mM sodium phosphate buffer (pH 7.0, m/v,
1/10) including 0.1 mM EDTA and 150 mM NaCl. Crude extract was
centrifuged at 15,294 × g for 5 min at 4 ◦C and the supernatant
was used for assaying of protein contents, antioxidant enzyme and
PAL as well as gel electrophoresis. Protein content was determined
according to Lowry’s method using bovine serum albumin as stan-
dard [23].

2.4. Assay of antioxidant enzymes

SOD assay was performed according to McCord and Fridovich
method with some slight modifications [24]. The 3 ml reaction mix-
ture contained 50 mM sodium phosphate buffer, pH 7.8, 13 mM
methionine, 75 �M NBT, 2 �M riboflavin and 50 �l enzyme extract.
Absorbance was read at 560 nm using a UV/vis spectrophotometer
(TU-1901, Purkinje General, Beijing, China). The enzyme volume
corresponding to 50% inhibition of the reaction (one unit) was cal-
culated. The activity was expressed as enzyme units per mg protein
(U g−1 mg protein).

POD activity was determined by measuring the increase in
absorbance at 470 nm due to the formation of tetraguaiacol [25].
Reaction mixture (3 ml) consisted of 2.8 ml 3% guaiacol in 50 mM
Tris–HCl (pH 7.0) and 100 �l 2% H2O2. The reaction was started by
adding 100 �l enzyme extract and the increase in absorbance at
470 nm was measured. One unit of enzyme activity was defined as
the amount of enzyme which produces 1.0 absorbance change at
470 nm per min in assay conditions. The activity was expressed as
enzyme units per mg protein (U g−1 mg protein).

CAT activity was measured by the Montavon method [26]. The
activity was assayed for 1 min in a reaction solution (3 ml total vol-

ume) composed of 2.8 ml phosphate buffer (50 mM, pH 7.0), 100 �l
H2O2 (2%) and 100 �l of crude extract. One unit of CAT is defined
as the amount causing the decomposition of 1 �M of H2O2 per
min. The activity was expressed as enzyme units per mg protein
(U g−1 mg protein).
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Fig. 1. Effects of mercury on the biomass of cotyledons, hypocotyls and radicles of

cles increased significantly at Hg concentration of 50 �M, and the
greatest increase being 8.28% and 5.64%, respectively. However, at
400 �M RWC decreased significantly by 18.9% in cotyledons when
compared to the control. RWC in the hypocotyls showed no sig-

Table 1
Effects of Hg on the relative moisture content of cotyledons, hypocotyls and radicles
in Jatropha curcas seedling germinated and grown in MS medium containing 50, 100,
200, and 400 �M Hg.

Hg treatment (�M) Relative moisture content (RWC, %)

Cotyledons Hypocotyls Radicles

0 71.8 ± 2.89 90.9 ± 3.75 85.5 ± 3.67
50 77.7 ± 3.36* 91.4 ± 3.87 90.3 ± 3.71*
S. Gao et al. / Journal of Hazar

.5. Enzyme extraction and PAL activity assay

Fresh cotyledons, hypocotyls and radicles were ground
n ice-cold 50 mM Tris–HCl buffer pH 8.8 containing 1%
olyvinylpolypyrrolidone and 0.1 mM EDTA. The homogenate was
entrifuged at 15,294 × g for 5 min at 4 ◦C and the supernatant
as assayed for enzyme activity. PAL activity was determined by
onitoring the reaction product trans-cinnamate at 290 nm [27].

he reaction mixture contained 50 mM Tris–HCl, pH 8.8, 20 mM l-
henylalanine, and 100 �l enzyme extract in a 5 ml volume. The
eaction was allowed to proceed for 30 min at 30 ◦C and was
topped by the addition of 0.5 ml 10% trichloroacetic acid. One
nit of enzyme activity was defined as the amount of enzyme
hat increased the absorbance by 0.01 per min under assay con-
itions. The activity was expressed as enzyme units per mg protein
U g−1 mg protein).

.6. Polyacrylamide gel electrophoresis (PAGE)

Samples of crude protein extracts were electrophoresed in 8%
w/v) polyacrylamide slab gel under non-denaturing conditions.
or SOD, POD and CAT isoenzymes staining, protocols developed
y Beauchamp and Fridovich [28], Ros Barcelo [29] and Woodburry
t al. [30] were followed, respectively.

.7. Statistical analysis

All treatments were arranged in a completely randomized
esign with three replicates. Data were expressed as means ± S.D.
tatistical significance was evaluated with a Student’s t-test, and
ifferences were considered significant if P values were less than
.05.

. Results and discussion

.1. Effects of different Hg concentrations on the seedling growth

Most plants show inhibited growth when exposed to heavy met-
ls, though the actual tolerance varies among plant species. Thus,
nowing the cascade of events produced by mercury exposure
nd relating it with growth effects would be an important con-
ideration for risk assessment in plants [1,16]. Amongst the heavy
etals, Hg has been shown to affect growth and metabolism of

lants to varying degrees depending on the concentration and sta-
us of Hg in the plant tissues [7,15]. Effects of Hg on the biomass of
otyledons, hypocotyls and radicles in seedling are shown in Fig. 1.
he fresh weight of cotyledons increased in all Hg concentrations
hough the increase was smaller at higher Hg concentrations. The
resh weight increment of hypocotyls showed a similar trend, but
as slightly decreased at Hg concentration of 400 �M compared

o the control. The fresh weight of radicles increased by 51.6% at
g concentration of 50 �M, whereas those at Hg concentration of
00 and 200 �M decreased compared to the control (Fig. 1). Earlier
eports suggested that Hg at low levels may not significantly affect
lant growth, and only at higher concentrations does Hg become
trongly phytotoxic to cells, inducing visible injuries and physi-
logical disorder [12,31]. In the present study, J. curcas seedlings
rew well at all tested Hg levels except for 400 �M, and no signifi-
ant toxic symptoms were observed. However, growth in a medium
ith 400 �M Hg concentration caused significantly toxicity effects

n seedlings growth and development. Significant morphologi-

al aberrations included impaired radicles development, coarser
ypocotyls and cotyledons chlorosis (data not shown). Various
uthors have also reported inhibition of seedling growth when
xposed to Hg toxicity [1,7,14], but results of the present study indi-
ated that lower tested Hg concentrations increased the production
Jatropha curcas seedlings germinated and grown in MS medium containing 50, 100,
200, and 400 �M Hg. Data points and error bars represent means ± S.D. of three repli-
cates (n = 3). Asterisk indicates that mean values are significantly different between
the treatment and control (P < 0.05).

of fresh weight in the seedlings (Fig. 1). This may be due to an
increase in relative moisture content in J. curcas seedling (Table 1).
This might also be due to long-term adaptation of J. curcas to pol-
luted environments, or even the development of a mechanism of
heavy metal tolerance to adjust to change in the Panzhihua region.
Plants can hyperaccumulate heavy metals according to their unique
physiology. Hyperaccumulators are highly tolerant of extreme
environmental conditions and exhibit a variety of responses to
heavy metal stresses. These adaptations enable them to tolerate
and evolve resistance to adverse conditions that are toxic to most
other plants species [10,11,16]. The changes observed in the growth
responses of J. curcas seedling are in agreement with the results
obtained at lower tested Hg concentrations in some plant species
[9,12,32]. However, J. curcas seedlings have higher tolerance to the
excessive levels of Hg in the medium during embryo germination
and seedlings growth.

3.2. Effects of different Hg concentrations on the relative moisture
content (RWC)

Relative moisture content has been reconsidered as an indicator
of phytotoxicity after heavy metal stress in plant species. Earlier
studies suggested that RWC is correlated to concentrations and
phytotoxicity of heavy metals in plants [14,15]. Effects of Hg on the
relative moisture content of cotyledons, hypocotyls and radicles in
seedling are shown in Table 1. RWC in the cotyledons and radi-
100 73.2 ± 3.12 90.9 ± 4.05 87.6 ± 3.88
200 68. 8 ± 2.74 90.5 ± 3.32 86.6 ± 3.65
400 58.3 ± 2.31* 71.1 ± 3.16* –

Data represent the mean ± S.E. of three replicates. Asterisk indicates that mean
values are significantly different between the treatment and control (P < 0.05).
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Table 2
Mercury concentrations in the cotyledons, hypocotyls and radicles of Jatropha cur-
cas seedlings germinated and grown in MS medium containing 50, 100, 200, and
400 �M Hg.

Hg treatment (�M) Hg content (�g g−1 dry weight)

Cotyledons Hypocotyls Radicles

0 ND ND ND
50 175.2 ± 7.43 384.4 ± 16.7 1121.1 ± 48.1

100 364 ± 15.5 685.3 ± 29.4 2037.6 ± 89.8
200 672.4 ± 28.6 1363.2 ± 59.2 3392.4 ± 144.3
400 1930.5 ± 81.2 6881.9 ± 294.9 -
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Fig. 2. Effects of mercury on superoxide dismutase (SOD) activity in the cotyledons,
hypocotyls and radicles of Jatropha curcas seedlings germinated and grown in MS

nificant increases with increasing Hg concentrations (Fig. 2). These
ata represent the mean ± S.E. of three replicates. ND = not determined.

ificant increase at lower tested Hg concentrations, but a decrease
y 21.8% was observed at 400 �M Hg when compared to the con-
rol. Since RWC indicated the water status in plant tissues, reduced
WC seems to have disturbed the homeostasis of plant due to heavy
etal stresses [15]. However, RWC in the cotyledons, hypocotyls

nd radicles was not suppressed by Hg exposure except for Hg con-
entration of 400 �M. This may be explained by the fact that the
hanges in the fresh weight of seedlings in response to mercury
oncentration correlate with the observed changes in RWC (Fig. 1
nd Table 1).

.3. Hg uptake

Numerous studies have demonstrated that heavy metal toxicity
o plants is positively correlated to heavy metals concentration in
lant tissues. It has been shown to affect growth and metabolism
f plants to varying degrees depending on the concentration of Hg
ccumulation in plant tissues [9,12,15], but physiological changes
n J. curcas plants exposed to Hg toxicity has not been identified.
g concentrations in the cotyledons, hypocotyls and radicles of

. curcas seedling are shown in Table 2. The Hg concentrations
n the cotyledons, hypocotyls and radicles of J. curcas seedling
howed positive and linear relationships with tested Hg concen-
rations, and maximum Hg concentrations were 1930.5, 6881.9 and
392.4 �g g−1 DW, respectively (Table 2). Partitioning of metals in
ifferent plant tissues is a common strategy to avoid metal toxi-
ity in above-ground parts. The first barrier against heavy metal
oxicity occurs in the roots where metal ions may be immobilized
y ligands on cell walls and extracellular carbohydrates [16,33].
n the present study, J. curcas showed Hg accumulation without
ny adverse effect on growth, and the increase in the fresh weight
ight be due to an increase in RWC of J. curcas seedlings at the

ested Hg concentration of 50 �M (Fig. 1 and Table 1). In addition,
he amounts of Hg uptake in the radicles were greater than those
f in the cotyledons and hypocotyls of J. curcas seedlings except
or tested Hg concentration of 400 �M. The present results are
onsistent with the findings of several studies that demonstrated
hat Hg ions are mainly retained in the roots and that only small
mounts are transported to the leaves and shoots, and Hg uptake
nto roots is relatively fast, whereas trans location to leaves and
hoots is slower [16,34]. On the other hand, a high mercury accu-
ulation (about 2500 �g g−1 DW) has been reported in the Sesbania

rummondii roots, which was considered for phytoremediation of
mercury-contaminated environment [5]. On the basis of these

esults, the present findings have provided information on how
g concentration in different tissues varies in response to elevated
g concentrations in MS medium. Such a high increase in Hg con-

entrations also suggested that J. curcas plants possess significant
otential to tolerate Hg and that plants presumably rely on more
han a single mechanism to achieve this.
medium containing 50, 100, 200, and 400 �M Hg. Data represent the mean ± S.E.
of three replicates. Asterisk indicates that mean values are significantly different
between the treatment and control (P < 0.05).

3.4. Effects of different Hg concentrations on superoxide
dismutase activity

SODs constitute the first line of defense to scavenge O2
− radi-

cles generated in various physiological conditions [8,12,35]. Effects
of Hg on SOD activity in the cotyledons, hypocotyls and radicles
of J. curcas seedlings were shown in Figs. 2 and 3. SOD activ-
ity in the cotyledons and radicles showed maximum increases
of 46% and 9.24% at 100 �M Hg concentrations, and the greatest
increase in the hypocotyls was observed at 200 �M Hg concen-
trations. Being a transition metal, Hg ion can induce oxidative
stress in plants, resulting in lipid peroxidation, K+ leakage, and
alteration of antioxidant enzyme activities and induction of thiol-
containing compounds [9,34,36]. SOD activity in the cotyledons
and hypocotyls increased significantly compared to the control.
Previous studies have suggested that increased SOD and CAT activ-
ities present a positive protection effect under varying degrees of
Hg conditions (1–10 mg l−1). However, the protection effect dis-
appeared at higher levels (50 mg l−1) of Hg [34]. Enhanced SOD
and POD activities in J. curcas seedlings under Hg stress are cir-
cumstantial evidence for tolerance mechanisms developed by this
plant. Plant varieties that over-expressing of SODs and other scav-
enging enzymes have been engineered with the goal of increasing
stress tolerance. However, the ROS-scavenging pathway is quite
complex and attempts to create resistant plants have been met
with varying success. Plants have multiple genes coding SOD and
different SOD isoenzymes are specifically targeted to chloroplasts,
mitochondria, peroxisomes, cytosol and apoplasts. Specialization
of function among SODs may be due to a combination of the influ-
ence of subcellular location of the enzyme and upstream sequences
in the genomic sequence [8,35]. Patterns of SOD isoenzyme expres-
sion obtained from different organs of J. curcas seedlings are shown
in Fig. 3. In the cotyledons, hypocotyls and radicles, at least three
isoforms of SOD visualized, respectively, but the staining intensi-
ties of these isoenzymes differ depending on Hg concentrations and
plant tissues. The expression of SOD genes are involved in many life
aspects including developmental course and in response to envi-
ronmental stress [35]. Although we did not identify the specific
activity of each isoenzymes, the total SOD activity shows the sig-
results suggest that increased activity of SOD isozymes in different
tissues might be connected with increased requirement of each tis-
sue to combat Hg toxicity. Moreover, the changes in the staining
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Fig. 3. Patterns of SOD isoenzymes present in the cotyledons, hypocotyls and radi-
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Fig. 4. Effects of mercury on peroxidase (POD) activity in the cotyledons, hypocotyls
les of Jatropha curcas seedlings. (A) Patterns of SOD isoenzymes in the cotyledons;
B) patterns of SOD isoenzymes in the hypocotyls. (C) Patterns of SOD isoenzymes
n the radicles. Lanes from 1 to 5 were 0, 50, 100, 200, and 400 �M, respectively.
bout 50 �g proteins from each sample were loaded into the native PAGE.

ntensities of these isoenzymes were correlated with the quantita-
ive changes of SOD activity assayed in solutions (Figs. 2 and 3).

.5. Effects of different Hg concentrations on peroxidase activity

POD, which is another indicator of oxidative stress in plant cells,
s involved in several important physiological and developmental
rocesses. Therefore, POD activity has often served as an indicator
f metabolism in response to changes in growth conditions and/or
nvironmental stress conditions [37]. Effects of Hg on POD activ-

ty in the cotyledons, hypocotyls and radicles of J. curcas seedlings

ere shown in Figs. 4 and 5. POD activity in the cotyledons and
ypocotyls increased significantly up to 200 �M, with maximum

ncreases of 86% and 158.6% compared to the control, respectively.
OD activity in the radicles increased progressively up to 100 �M,
and radicles of Jatropha curcas seedlings germinated and grown in MS medium
containing 50, 100, 200, and 400 �M Hg. Data represent the mean ± S.E. of three
replicates. Asterisk indicates that mean values are significantly different between
the treatment and control (P < 0.05).

the highest value increasing by 49.7% compared to the control.
Accordingly, our findings showed that Hg concentrations in the
medium really influenced the changes in POD activity in differ-
ent degree, which may be the results of commonly response to Hg
toxicity. Induction of POD activity has previously been reported
in tomato, cucumber, Medicago sativa plants exposed to Hg stress
[9,12,34]. Compared to previous studies, our findings showed that
POD activity in J. curcas seedlings was induced gradually by increas-
ing Hg concentrations, especially in the cotyledons and hypocotyls.
The changes in POD activity may result from a complex interaction
between Hg concentrations and different organs, and warrants fur-
ther study. Many plants encode POD as small or large multigenic
families, which may reflect the different roles of this enzyme. Mul-
tiple POD isoforms have been found in many plant species including
maize, Nicotiana tabacum, rice, and Arabidopsis thaliana. Expression
of POD genes is complicated since they are regulated at different
times and places in response to various kinds of biotic and abi-
otic stresses [37,38]. Results of isoenzyme patterns suggested that
at least six, five and six POD isoenzyme bands in the cotyledons,
hypocotyls and radicles are visualized, respectively (Fig. 6). POD
isoenzymes (I, II, IV and V) in the cotyledons showed an increase
in the staining intensities with increasing Hg concentrations up to
200 �M. In the hypocotyls, the change in the staining intensities
of POD isoenzyme (II, III and VI) was characteristic of a response
to increasing Hg stress. The staining intensities of POD isoenzymes
(III, IV and V) in the radicles enhanced significantly at Hg concen-
trations of 50 and 100 �M, and the maximum change was found
at 100 �M. Although these POD isoenzymes show different pat-
terns of activities under the Hg exposure, the total activity of POD
in J. curcas seedlings was significantly enhanced, suggesting that
POD activity could reflect an increased degree of oxidative stress.
Moreover, the changes in the staining intensities of these isoen-
zymes are similar to the changes of activity assayed in solutions
(Figs. 4 and 5). Our findings suggest that the differential expression
of these isozymes occurs in a tissue specific manner and differential
regulation in response to Hg concentrations. Thus, POD activity may
be useful as a heavy metal biomarker for J. curcas plant, indicating
that it is the most important ROS-scavenging enzyme.
3.6. Effects of different Hg concentrations on catalase activity

CAT, known to be one of the most efficient antioxidant enzymes,
plays a very important role in maintaining the redox homeosta-
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Fig. 5. Patterns of POD isoenzymes present in the cotyledons, hypocotyls and radi-
cles of Jatropha curcas seedlings. (A) Patterns of POD isoenzymes in the cotyledons;
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Fig. 6. Effects of mercury on catalase (CAT) activity in the cotyledons, hypocotyls and

activation are generally recognized as a marker of environmen-
tal stress in different plant species. Effects of Hg on PAL activity
in the cotyledons, hypocotyls and radicles of J. curcas seedlings
are shown in Fig. 7. PAL activity in the cotyledons enhanced con-
B) patterns of POD isoenzymes in the hypocotyls. (C) Patterns of POD isoenzymes

n the radicles. Lanes from 1 to 5 were 0, 50, 100, 200, and 400 �M, respectively.
bout 30 �g proteins from each sample were loaded into the native PAGE.

is of the cell [39]. Effects of Hg on CAT activity in the cotyledons,
ypocotyls and radicles of J. curcas seedlings are shown in Fig. 6. CAT
ctivity in the cotyledons and hypocotyls increased gradually with
ncreasing Hg concentrations up to 400 and 200 �M, and the peak
ctivity increased by 97.9% and 156.1% compared to the control,
espectively. Similarly, CAT activity in the radicles showed expo-
ure of tested Hg concentrations dependent, the greatest increase in
ctivity being only 23.3% at Hg concentration of 200 �M. CAT, SOD
nd POD in plant cells are generally considered as typical defense
omponents against heavy metals stress. Our findings suggested
hat the changes in CAT activity show a trend similar to that of POD
ctivity (Figs. 4 and 6). This perhaps indicates that a complete set
f antioxidant defense system, rather than a single antioxidant is
esponsible for protection in J. curcas plant exposed to Hg toxicity.
imilar to the present study, an increase in CAT activity has been

eported in S. drummondii, tomato, alfalfa exposed to Hg [5,9,36].
n addition, there was a significant positive correlation between
g concentrations and CAT activity, which was also found to differ

n different organs. CAT is presented as multiple isoforms encoded
radicles of Jatropha curcas seedlings germinated and grown in MS medium contain-
ing 50, 100, 200, and 400 �M Hg. Data represent the mean ± S.E. of three replicates.
Asterisk indicates that mean values are significantly different between the treatment
and control (P < 0.05).

by a small gene family in many plants [8]. However, our results
suggest the presence of at least one CAT isoenzyme in the cotyle-
dons, hypocotyls and radicles of J. curcas seedlings is detected. Its
staining intensity varies with Hg concentrations and plant tissues
and is consistent with the changes of the activities assayed in solu-
tions (pattern no shown). Our findings provide evidence that CAT
may provide an additional protection against the oxidative damage
induced by Hg toxicity.

3.7. Effects of different Hg concentrations on phenylalanine
ammonia-lyase (PAL) activity

PAL plays a key role in linking primary metabolism to
phenylpropanoid metabolism, and could perform defense-related
functions. PAL could be induced by various biotic and abiotic
stresses, resulting in the accumulation of defense-related prod-
ucts, such as phenolic and flavonoids [40]. Thus, PAL activity and
Fig. 7. Effects of mercury on phenylalanine ammonia-lyase (PAL) activity in the
cotyledons, hypocotyls and radicles of Jatropha curcas seedlings germinated and
grown in MS medium containing 50, 100, 200, and 400 �M Hg. Data represent the
mean ± S.E. of three replicates. Asterisk indicates that mean values are significantly
different between the treatment and control (P < 0.05).
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omitantly with increasing Hg up to 200 �M, and the peak activity
ncreased by 40.7% compared to the control. Similarly, PAL activity
n the hypocotyls and radicles increased with increasing Hg concen-
rations up to 400 and 100 �M, to maximum of 93.7% and 21.2%,
espectively. Induction of PAL activity has also been observed in
ome plant species under heavy metals stress and depends on the
tress and species of plant, although the significance of such induc-
ion was not clear. In general, the expression of PAL in many plant
pecies is made more complex by the existence of multiple PAL-
ncoding genes, some of which are expressed only in specific organs
r only under certain stress conditions [40]. A few reports on the
nduction of PAL activity under heavy metals stress is reconsidered
or H2O2 generation, which occurs as primary reaction in response
o stress [41]. Our results indicated that PAL activity appear to be an
ffective scavenger of ROS exposed to Hg toxicity. These findings
uggest that PAL may also be involved in modulating the resistance
f J. curcas plants exposed to Hg toxicity and their biological roles
re more complex than expected.

. Conclusion

Based on in vitro embryo germination and culture, the present
tudy could be useful for selecting tolerant plants to heavy metals
tresses. Findings allow us to conclude that growth and antiox-
dant responses in J. curcas seedlings exposed to Hg toxicity are
ignificantly different among different tissues and Hg concentra-
ions. Higher SOD, POD, CAT, PAL activities suggest an increased
olerance and capacity of J. curcas seedlings to protect the plant
rom oxidative damage caused by exposure to Hg. In fact, J. curcas
lants are growing in a complicated environment including multi-
le heavy metals. Thus, further in-depth studies on J. curcas plants
ight not only help to understand plant defense mechanisms or

ome toxicity/tolerance issues, but also possibly identify marker
roteins under multiple heavy metal stress.

cknowledgements

This work was financially supported by grant from “The Eleventh
ive-Year Plan” Key Program of the State Science and Technology
ommission of China (No. 2007BAD50B05) and the Key Project of
hinese Minisity of Education (No. 307023). The authors are grate-

ul to Thomas Keeling for proofreading the manuscript. We also
hank Sichuan University Analytical & Testing Center and Center of
nalytical & Testing, Sichuan Academy of Agricultural Science for

he estimation of mercury concentration.

eferences

[1] X. Du, Y.G. Zhu, W.J. Liu, X.S. Zhao, Uptake of mercury (Hg) by seedlings of
rice (Oryza sativa L.) grown in solution culture and interactions with arsenate
uptake, Environ. Exp. Bot. 54 (2005) 1–7.

[2] D.W. Boening, Ecological effects, transport, and fate of mercury: a general
review, Chemosphere 40 (2000) 1335–1351.

[3] L Zhang, M.H. Wong, Environmental mercury contamination in China: sources
and impacts, Environ. Int. 33 (2007) 108–121.

[4] Y. Wang, M. Greger, Clonal differences in mercury tolerance, accumulation,and
distribution in willow, J. Environ. Qual. 33 (2004) 1779–1785.

[5] M. Israr, S.V. Sahi, Antioxidative responses to mercury in the cell cultures of
Sesbania drummondii, Plant Physiol. Biochem. 44 (2006) 590–595.

[6] M. Patra, N. Bhowmik, B. Bandopadhyay, A. Sharma, Comparison of mercury,
lead and arsenic with respect to genotoxic effects on plant systems and the
development of genetic tolerance, Environ. Exp. Bot. 52 (2004) 199–223.

[7] M. Patra, A. Sharma, Mercury toxicity in plants, Bot. Rev. 66 (2000) 379–422.

[8] G. Miller, V. Shulaev, R. Mitter, Reactive oxygen signaling and abiotic stress,

Physiol. Plant. 133 (2008) 481–489.
[9] U.H. Cho, J.O. Park, Mercury-induced oxidative stress in tomato seedlings, Plant

Sci. 156 (2000) 1–9.
10] E. Pilon-Smits, M. Pilon, Breeding mercury-breathing plants for environmental

cleanup, Trends Plant Sci. 5 (2000) 235–236.

[

[

aterials 182 (2010) 591–597 597

11] R.B. Meagher, A.C. Hwaton, Strategies for the engineered phytoremediation of
toxic element pollution: mercury and arsenic, J. Ind. Microbiol. Biotechnol. 32
(2005) 502–513.

12] Z.S. Zhou, S.Q. Huang, K. Guo, S.K. Mehta, P.C. Zhang, Z.M. Yang, Metabolic adap-
tations to mercury-induced oxidative stress in roots of Medicago sativa L., J.
Inorg. Biochem. 101 (2007) 1–9.

13] M.J. Sierra, R. Millán, E. Esteban, Potential use of Solanum melongena in agricul-
tural areas with high mercury background concentrations, Food Chem. Toxicol.
46 (2008) 2143–2149.

14] S. Shiyab, J. Chen, F.X. Han, D.L. Monts, F.B. Matta, M. Gu, Y. Su, Phytotoxicity
of mercury in Indian mustard (Brassica juncea L.), Ecotoxicol. Environ. Saf. 72
(2009) 619–625.

15] J. Chen, S. Shiyab, F.X. Han, D.L. Monts, C.A. Waggoner, Z. Yang, Y. Su, Bioaccu-
mulation and physiological effects of mercury in Pteris vittata and Nephrolepis
exaltata, Ecotoxicology 18 (2009) 110–121.

16] F.N. Moreno, C.W.N. Anderson, B. Stewart, B.H. Robinson, Phytoremediation of
mercury-contaminated mine tailings by induced plant-mercury accumulation,
Environ. Pract. 6 (2004) 165–175.

17] M. Debnath, P.S. Bisen, Jatropha curcas L., a multipurpose stress resistant
plant with a potential for ethnomedicine and renewable energy, Curr. Pharm.
Biotechnol. 9 (2008) 288–306.

18] S. Gao, R. Yan, M.Q. Cao, W.C. Yang, S.H. Wang, F. Chen, Effects of copper on
growth, antioxidant enzymes and phenylalanine ammonia-lyase activities in
Jatropha curcas L. seedling, Plant Soil Environ. 54 (2008) 117–122.

19] S Gao, Q. Li, C. Ou-Yang, L. Chen, S.H. Wang, F. Chen, Lead toxicity induced
antioxidant enzyme and phenylalanine ammonia-lyase activities in Jatropha
curcas L. radicles, Fresenius Environ. Bull. 5 (2009) 811–815.

20] S.K. Yadav, A.A. Juwarkar, G.P. Kumar, P.R. Thawale, S.K. Singh, T. Chakrabarti,
Bioaccumulation and phyto-translocation of arsenic, chromium and zinc by
Jatropha curcas L.: impact of dairy sludge and biofertilizer, Bioresour. Technol.
100 (2009) 4616–4622.

21] S. Jamil, P.C. Abhilash, N. Singh, P.N. Sharma, Jatropha curcas: a potential crop
for phytoremediation of coal fly ash, J. Hazard. Mater. 172 (2009) 269–275.

22] T. Murashige, F. Skoog, A revised medium for rapid growth and bioassays with
tobacco tissue cultures, Physiol. Plant. 15 (1962) 473–497.

23] O.H. Lowry, N.J. Rosenbrough, A.L. Farr, R.I. Randall, Protein measurement with
Folin phenol reagent, J. Biol. Chem. 193 (1951) 265–275.

24] J.M. McCord, I. Fridovich, Superoxide dismutase: an enzymic function for ery-
throcuprein (hemocuprein), J. Biol. Chem. 244 (1969) 6049–6055.

25] I.Y. Sakharov, G.B. Aridilla, Variation of peroxidase activity in cacao beans dur-
ing their ripening, fermentation and drying, Food Chem. 65 (1999) 51–54.

26] P Montavon, K.R. Kukic, K. Bortlik, A simple method to measure effective cata-
lase activities: optimization, validation, and application in green coffee, Anal.
Biochem. 360 (2007) 207–215.

27] K. Hahlbrock, H. Ragg, Light-induced changes of enzyme activities in parsley
cell suspension cultures, Arch. Biochem. Biophys. 166 (1975) 41–46.

28] C. Beauchamp, I. Fridovich, Superoxide dismutase improved assays and an assay
appicabl to acrylamide gels, Anal. Biochem. 44 (1971) 276–287.

29] A. Ros Barcelo, Quantification of lupin peroxidase isoenzymes by densitometry,
Ann. Biol. 14 (1987) 33–38.

30] W. Woodbury, A.K. Spencer, M.A. Stahmann, An improved procedure using
ferricyanide for detecting catalase isozymes, Anal. Biochem. 44 (1971)
301–305.

31] C. Ortega-Villasante, L.E. Hernández, R. Rellán-Alvarez, F.F. Del Campo, R.O.
Carpena-Ruiz, Rapid alteration of cellular redox homeostasis upon exposure
to cadmium and mercury in alfalfa seedlings, New Phytol. 176 (2007) 96–107.

32] E.M. Suszcynsky, J.R. Shann, Phytotoxicity and accumulation of mercury in
tobacco subjected to different exposure routes, Environ. Toxicol. Chem. 14
(1995) 61–67.

33] M. Greger, Y. Wang, C. Neuschütz, Absence of Hg transpiration by shoot after
Hg uptake by roots of six terrestrial plant species, Environ. Pollut. 134 (2005)
201–208.

34] D. Cargnelutti, L.A. Tabaldi, R.M. Spanevello, G.O. Jucoski, V. Battisti, M. Redin,
C.E.B. Linares, V.L. Dressler, E.M.M. Flores, F.T. Nicoloso, V.M. Morsch, M.R.C.
Schetinger, Mercury toxicity induces oxidative stress in growing cucumber
seedlings, Chemosphere 65 (2006) 999–1006.

35] R.G. Alscher, N. Erturk, L.S. Heath, Role of superoxide dismutases (SODs) in
controlling oxidative stress in plants, J. Exp. Bot. 53 (2002) 1331–1341.

36] J. Sobrino-Plata, C. Ortega-Villasante, M.L. Flores-Cáceres, C. Escobar, F.F. Del
Campo, L.E. Hernández, Differential alterations of antioxidant defenses as
bioindicators of mercury and cadmium toxicity in alfalfa, Chemosphere 77
(2009) 946–954.

37] F. Passardi, C. Cosio, C. Penel, C. Dunand, Peroxidases have more functions than:
a Swiss army knife, Plant Cell Rep. 24 (2005) 255–265.

38] K. Yoshida, P. Kaothien, T. Matsui, A. Kawaoka, A. Shinmyo, Molecular biol-
ogy and application of plant peroxidase genes, Appl. Microbiol. Biotechnol. 60
(2003) 665–670.

39] H. Willekens, D. Inze, M. Van Montagu, W. Van Camp, Catalases in plants, Mol.

Breed. 1 (1995) 207–228.

40] M.J. MacDonald, G.B. D’Cunha, A modern view of phenylalanine ammonia-
lyase, Biochem. Cell Biol. 85 (2007) 273–282.

41] H. Jouili, E.F. Ezzedine, Changes in antioxidant and lignifying enzyme activities
in sunflower roots (Helianthus annuus L.) stressed with copper excess, C. R. Biol.
326 (2003) 639–644.


	Growth and antioxidant responses in Jatropha curcas seedling exposed to mercury toxicity
	Introduction
	Materials and methods
	Plant materials and culture
	Estimation of mercury content
	Protein extraction and estimation
	Assay of antioxidant enzymes
	Enzyme extraction and PAL activity assay
	Polyacrylamide gel electrophoresis (PAGE)
	Statistical analysis

	Results and discussion
	Effects of different Hg concentrations on the seedling growth
	Effects of different Hg concentrations on the relative moisture content (RWC)
	Hg uptake
	Effects of different Hg concentrations on superoxide dismutase activity
	Effects of different Hg concentrations on peroxidase activity
	Effects of different Hg concentrations on catalase activity
	Effects of different Hg concentrations on phenylalanine ammonia-lyase (PAL) activity

	Conclusion
	Acknowledgements
	References


