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Lead-contaminated soil induced oxidative stress, defense response
and its indicative biomarkers in roots of Vicia faba seedlings
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Abstract Seeds of Vicia faba. L were grown in increasing
concentrations of lead (Pb)-added soils (0-2,000 mg/kg).
After germination of 25 days, roots were harvested to
investigate oxidative stress, defense response and indicative
biomarkers based upon chemical analyses and biological
measurements. The results showed that higher concentra-
tions of Pb-polluted soils led to seedling growth inhibition,
indicative of phytotoxicity. O3~ and lipid peroxidation were
increased with the increase of available Pb in soils and Pb
contents in roots, displaying a “J”-shaped dose response
curve, whereas H,O, showed a biphasic dose response curve
(a consecutive “J”-shaped and inverted “U”-shaped curve).
Superoxide dismutase (SOD), guaiacol peroxidase (POD)
and ascorbate peroxidase (APX) enzymes were activated by
soil Pb, displaying biphasic curves. The upregulated POD
and APX enzymes might be major scavengers of excessive
H,O, when CAT activities were drastically reduced with the
increasing soil Pb. The enhanced glutathione (GSH) and
APX activities suggested that GSH-ascorbate cycle also
participated in eliminating H,O,. Moreover, obvious
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changes were observed in SOD, CAT and POD isoenzyme
patterns, but not in APX except increasing intensities of
bands. HSP70 synthesis was significantly induced by
extraneous Pb from 125 to 1,000 mg/kg and showed a
biphasic curve in this experiment. Comparatively, HSP70
and lipid peroxidation might be more sensitive than other
parameters in response to Pb stress, suggesting that these
two parameters in the roots might be potential biomarkers
for early bioassay of Pb-contaminated soils.

Keywords Lead (Pb) - Vicia faba. L - Oxidative stress -
Defense response - Heat shock protein 70 (HSP70) -
Biomarker

Introduction

Heavy metal polluted soils have severe influence for
environmental and human beings as accumulation of heavy
metals in crops poses a threat to food safety (Dell” Amico
et al. 2008). The United States Environmental Protection
Agency (USEPA) states that Pb is the most common heavy
metal contaminant as a result of human, agricultural and
industrial activities (Watanabe 1997). As a non-redox-
active metal, Pb can substitute essential metals or cofactors
at enzyme active sites, leading to an unbalance of essential
trace metals and cellular redox status. Pb>" phytotoxicity
has been well documented in many species (Schiitzendiibel
and Polle 2002; Verma and Dubey 2003; Pallavi and Rama
2005; Liu et al. 2009), which was generally involved in
induction of reactive oxygen species (ROS), resulting in
oxidized cell components, inactivated enzymes, damaged
DNA and even dead cells.

Enhanced ROS may also act as an elicitor of common
stress response in plants (Mittler 2002). To alleviate
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oxidative stress due to ROS, plants have developed a series
of antioxidant defense systems, such as superoxide dis-
mutase (SOD), guaiacol peroxidase (POD), -catalase
(CAT), ascorbate peroxidase (APX) and many natural
antioxidants, such as o-tocopherol, f-carotene, ascorbate
acid (ASC) and glutathione (GSH). Generally, these
enzymes have isoenzymes, which may be expressed by
distinct regulatory mechanisms in response to various
environmental stresses and play the cooperative role in
protecting each organelle and minimizing tissue injury
(Mittler 2002).

Heat shock proteins (HSPs) are chaperone proteins
functioned in maturation of renascent protein peptides in
cells, which consist of a series of different molecular
weights of proteins. They are also involved in repairing or
accelerating disposal of denatured proteins, homeostatic
maintenance and adaptation to various stresses. HSP70
induction is regarded as the toxicity criterion of metallic
pollution (Ait-Aissa et al. 2003; Bhargav et al. 2008),
especially in response to increase of protein denaturation
(Wang et al. 2008). Measurements of these chaperones are
biomarkers for the integrity of the superstructure of the
organisms (Downs et al. 2001). HSP70 family have been
used as a general biomarker for heavy metal toxicity for
terrestrial animals in soil (Nadeau et al. 2001; Arts et al.
2004) and aquatic contaminants for aquatic animals
(Hallare et al. 2005). This method was also conducted to
detect expression of HSPs in plant species, such as HSP70
in Fucus serratus and Lemna minor (Ireland et al. 2004),
aquatic moss Fontinalis antipyretica (Rau et al. 2007) and
HSP90 in transgenic Physcomitrella patens (Saidi et al.
2007). Based on previous studies of HSP70 with both
animals and plants, we speculate that HSP70 could be a
sensitive biomarker for Pb phytotoxicity in plants.

Biomarker response can mirror the stress in organisms
and thus act as more precise indicator of the environmental
status than that of chemical analysis (Hallare et al. 2005).
Therefore, chemical measurements need to be comple-
mented with biochemical assays in a multidisciplinary
approach to assess soil contamination.

The previous study showed that Pb-treated soils con-
tributed to oxidative stress and defense response in leaves
of Vicia faba seedlings (Wang et al. 2008). As a result,
05, HSP70 and guaiacol peroxidase isoenzymes were
proposed as potential biomarkers of Pb-contaminated soils.
Heavy metals are absorbed and mainly accumulated in
roots. Thus, roots may be primary sufferers and first
defense organs against heavy metal stress. In this experi-
ment, roots of V. faba seedlings were employed preferen-
tially as tested material. The objectives are to investigate
oxidative stress, defense responses and toxicological
effects in the roots of V. faba seedlings grown in
Pb-contaminated soils, and further screen and validate the

potential biomarkers in the roots for early warning of
Pb-polluted soils.

Materials and methods
Soil treatment and plant materials

Soil sample was collected from Huainan district, Anhui
Province, China. In the native soil, pH value was 7.6, total
Pb content was 20.72 mg/kg dry weight and organic matter
was 1.105%. After spiking, concentrations of extraneous
Pb in soil were 0, 25, 125, 250, 500, 1000 and 2000 mg/kg,
respectively. The soils were equilibrated naturally for
nearly 2 months. The pH values were measured according
to ISO 10390 (International Organization for Standardiza-
tion, 1994. Soil Quality-Determination of pH, No. 10390.
ISO, Geneva) and ranged from 7.4 to 7.6 before sowing.
The nearly homogeneous seeds of V. faba were selected
and sterilized with 0.1% sodium hypochlorite solution for
10 min and then rinsed with distilled water. Six seeds were
sown in a pot containing 1.5 kg of Pb-added soil. The
seedlings were cultured in a growth chamber under con-
trolled conditions (24-25°C, 70% relative air humidity, a
photoperiod of 14/10 h (day/night), photosynthetic active
radiation of 200 pmol/m? s). They were daily watered and
supplemented with equal amount of Hoagland nutrient
solution (Lucretti et al. 1999) once a week. Roots were
harvested after germination of 25 days. A single experi-
ment was performed in 4 replicates in each treatment.

Determination of available Pb in soil and Pb content
in the roots

Available Pb in soil was extracted using acetic acid (0.11 M)
and then measured by Atomic Absorption Spectrophotomer
(Solaar M series equipped with a GF95 graphite furnace and
an FS95 autosampler, Thermo Elemental, Cambridge, UK).
The detection limits for Pb was 0.07 mg/1.

After being harvested, fresh roots were rinsed with 1 M
HCI followed by distilled water, then dried at 60°C. The
digestion of dried samples and determination of Pb content
were performed in consistent with the previous protocol
(Wang et al. 2008). The Pb content was expressed as pg/g
dry weight. Certified standard samples (GBW07429) and
triplicates of all samples were used to ensure accuracy and
precision. The concentrations of Pb in all the samples are
above the method detection limits (0.01 pg/l).

Measurement of shoot heights of the seedlings

Length between apical leaf and basal stem was measured
and denoted as shoot height. There were four pots in each
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treatment, and heights of six seedlings were measured in
each pot.

Determination of GSH content in the roots

GSH content in roots was determined according to the
method described by Hissin and Hilf (1976), with minor
modification. 0.4 g of fresh roots were ground in liquid
nitrogen and homogenized in 100 mM sodium phosphate
buffer (pH 8.0) on ice, containing 5 mM Na,EDTA and
6.0% (m/v) meta-phosphoric acid (HPO3). The homoge-
nate was centrifuged at 13,000xg for 30 min at 4°C.
4.5 ml of the phosphate-Na,EDTA buffer was added to
0.5 ml of the supernatant. The final assay mixture (2.0 ml)
contained 0.1 ml of the diluted supernatant, 1.8 ml of
phosphate-Na,EDTA buffer and 0.1 ml of O-phthalalde-
hyde reagent (OPT), including 100 pg of OPT. GSH con-
tent was measured fluorometrically after a brief and
thorough mixing followed by 15 min of incubation at room
temperature. Its fluorescence intensity was recorded at
420 nm after excitation at 350 nm on fluorescence spec-
trophotometer (Hitachi, model 850). A standard curve of
GSH was prepared similarly and used for calibration.

Determination of antioxidant enzymes’ activities
and corresponding isoenzymes in the roots

Enzyme extraction was prepared according to the method
described by Romero-Puertas et al. (2004) with supple-
ment of 5mM ASC. 1 g of fresh roots was ground
immediately to be fine powder under liquid nitrogen and
homogenized in extraction buffer (0.1 M Tris—HCIl (pH
8.0), 10% (v/v) glycerol, 0.1 mM ethylenediaminete-
traacetic acid (EDTA), 0.2% (v/v) Triton X-100, 2 mM
DTT, 5SmM ASC and 1 mM phenylmethylsulphonyl
fluoride). The extraction was centrifuged at 15,000x g for
30 min to remove precipitation. Soluble protein content
was determined by Bradford (1976) with BSA as standard.
All operations were performed at 0—-4°C.

SOD (EC 1.15.1.1) activity was determined according to
previous protocol (Wang et al. 2008). 3 ml of assayed
mixture contained 50 mM phosphate buffer (pH 7.8),
50 uM NBT, and 0.03% Triton X-100, 0.1 mM Na,EDTA,
14.5 mM methionine, 1.05 pM riboflavin and 100 pl
enzyme extractions. The reaction was started by adding
riboflavin and Asqy was measured immediately after
12 min illumination with light intensity of 12,000 lux.
Control assays with and without the enzyme were also run.
SOD activity is expressed as units/min mg protein. One
unit of enzyme activity is defined as the amount of enzyme
required to inhibit the NBT reduction by 50%.

Guiacol POD (EC 1.11.1.7) activity was assayed
according to Garcia-Limones et al. (2002), CAT (EC
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1.11.1.6) activity according to Bestwick et al. (2001) and
APX (EC 1.11.1.11) activity according to Janda et al.
(1999).

Isoenzyme patterns were resolved by native poly-
acrylamide gel electrophoresis (PAGE) using Bio-Rad
Mini-Protein 2 electrophoresis system. Crude enzyme cor-
responding to 20.0 pg of total soluble protein, mixed with
glycerin and bromophenol blue, was loaded into each lane
for separation of antioxidant isoenzymes. Electrophoresis
was subjected to constant voltage of 70 V reaching
resolving gel, and resumed to end by 100 V at ice bath
using a 25 mM Tris, 192 mM glycine solution (pH 8.3) as
running buffer.

SOD, POD and APX isoenzymes were visualized as
described by Garcia-Limones et al. (2002), CAT isoen-
zymes were visualized as described by Verma and Dubey
(2003). Photographs were taken by Bio-Rad gel image
system.

Determination of O3, H,O, and lipid peroxidation
in the roots

O>~ content was determined according to the method
described by Ke et al. (2002), with minor modification.
0.4 g of fresh roots were quickly ground in liquid nitrogen
and homogenized at a 1:5 (w/v) ratio in a solution con-
taining 100 mM phosphate buffer (pH 8.0), 10 uM pyri-
doxal phosphate, 1 mM Na,EDTA and 5 mM DTT, then
centrifuged at 15,000xg for 20 min at 4°C. The superna-
tant was collected as crude enzyme extraction and used
immediately for investigation of O3~ production. Detailed
operation was specified in our previous protocol (Wang
et al. 2008). The specific absorption was assayed at
530 nm. O3 content was calculated according to the
standard curve, which was prepared with sodium nitrite as
discussed above.

H,0O, content was determined by the method of Patter-
son et al. (1984), with minor modification. 0.5 g of fresh
roots were ground in liquid nitrogen, homogenized in 4 ml
cold acetone, and centrifuged at 1,500xg for 10 min.
0.1 ml 20% TiCl, and 0.2 ml concentrated ammonia were
added into 1 ml of the supernatant. After 10 min of reac-
tion at 25°C, the mixture was centrifuged at 1,500x g for
5 min. Rinsed twice with cold acetone, the sediment was
dissolved in 3 ml of 2 M H,SO4. The absorption was
measured at 410 nm, and H,O, content was calculated
according to standard curve.

Lipid peroxidation was determined by measuring the
concentration of 2-thiobarbituric acid reacting substances
(TBARS) according to the method described by Verma and
Dubey (2003). The content of lipid peroxides was quanti-
fied and expressed as total TBARS in terms of pmol/g fresh
weight by the extinction coefficient of 155 mM ™' cm™'.
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Western blotting and measurement of HSP70
production in the roots

The enzyme extraction was also used as total protein
extraction. Lysis buffer consisted of 0.5 M Tris, pH 6.8,
20% (v/v) glycerol, 4% (w/v) SDS, 0.2% (w/v) bromo-
phenol blue and 10% (v/v) f-mercaptoethanol. Aliquots of
total protein extraction were mixed with lysis buffer (2:1),
boiled for 5 min, cooled on ice. SDS-PAGE and western
blotting of HSP70 were conducted according to methods of
Arts et al. (2004) with minor modification. 18.0 pg of total
protein per lane with prestained molecular weight markers
were analyzed by SDS-PAGE (10% separating gel and 5%
stacking gel). After electrophoresis, gels were either
stained with Coomassie brilliant blue R-250 or transferred
onto PVDF membrane (Amersham Pharmacia) (Bio-Rad
semi-dry transfer system). The membranes were blocked
using 8% (w/v) non-fat milk/TBS-T buffer (50 mM Tris,
150 mM NaCl, pH 7.5, containing 0.05% Tween-20) for
2 h. After washing in TBS-T buffer, mouse anti-HSP70/
HSC70 monoclonal antibody (SPA-820, Stressgen, Victo-
ria, B.C., Canada) (dilution 1:5,000 in 1% BSA/TBS), were
added and incubated overnight at 4°C. After washing, the
membranes were incubated in secondary antibody (anti-
mouse IgG conjugated with horseradish peroxidase, Sta-
bizyme, USA) (dilution 1:5,000 in 1% BSA/TBS) at room
temperature for 2 h. Bands were visualized by ECL reagent
(Amersham) and exposed to X-ray film. Integrated inten-
sities of bands were quantified by Image J software
(National Institutes of Health, USA) with background
subtraction, and then normalized to the control level. Four
replicates in each treatment were performed in this
experiment.

Statistical analysis

All the statistical analysis was performed using SPSS
version 13.0 for Windows (SPSS, Chicago, IL, USA). The
data were all presented as mean =+ standard deviations of
four replicates. Difference was considered to be significant
at p < 0.05(*) and highly significant at p < 0.01(**) using
one-way ANOVA by Dunnett’s ¢ test. Representative
photographs from each treatment were presented.

Results

Available Pb in soils and Pb content in roots

The results showed that available Pb in soils was increased
in parallel with extraneous Pb, increasing 2.9-440 times

higher than the control in all the treatments. Pb content in
roots was also enhanced with the extraneous Pb, increasing

Table 1 Pb content in roots of V. faba seedlings grown in Pb-treated
soils after germination of 22 days

Extraneous Pb in soil Auvailable Pb in soil Pb content in roots

(mg/kg DW) (mg/kg DW) (ug/g DW)

0 13 +02 8.1+ 0.8
25 51410 139 + 1.8
125 31 £ 5% 435 + 8.1
250 58 4 g 92.8 4+ 11.8
500 132 4 129 231 + 37%*
1000 202 + 21%* 414 + 56%*
2000 573 + 30%* 1018 =+ 189

Data are expressed as the mean =+ standard deviation (n = 4). Sig-
nificant differences from control are indicated as follow: ** p < 0.01

16.2-125 times higher than that of the control in all the
treatments (Table 1). Moreover, the available Pb was well
correlated with the Pb content in the roots (r = 0.998,
p < 0.01).

Effect of Pb on shoot heights of the seedlings

As shown in Fig. 1, the shoot heights declined below the
control at 25 mg/kg, enhanced from 125 to 250 mg/kg, and
then decreased below the control hereafter, displaying a
biphasic dose response curve (a consecutive “J”-shaped
and inverted “U”-shaped curve) with the increasing
extraneous Pb in soils. Significant decline occurred when
the concentrations increased above 1,000 mg/kg.
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Fig. 1 Changes in shoot heights of V. faba seedlings grown in
Pb-treated soils after germination of 25 days. Data are expressed as
the mean =+ standard deviation (n = 4). Significant differences from
control are indicated as follow: ** p < 0.01
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Fig. 2 GSH synthesis was induced in roots of V. faba seedlings
grown in Pb-treated soils after germination of 25 days. Values are
denoted as mean + SD (n = 4). Significant differences from control
are indicated as follows: * p < 0.05, ** p < 0.01
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GSH synthesis was induced by Pb in the roots

GSH content in the roots was decreased at 25 mg/kg,
increased from 125 to 1,000 mg/kg, and then tended to
decline thereafter, displaying a biphasic dose response
curve (Fig. 2). The maximal GSH content was approxi-
mately 1.3 times higher than that of the control at
1,000 mg/kg. Moreover, the GSH content was well corre-
lated with Pb content in the roots at 25-1,000 mg/kg
(r =0.882, p < 0.05).

Antioxidant enzymes and corresponding isoenzymes
were activated by Pb in the roots

The results showed that SOD activities slightly declined at
25 mg/kg, increased with the increasing extraneous Pb
from 25 to 500 mg/kg, and then tended to decrease there-
after, displaying a biphasic curve in all the treatments.
Significant enhancement of SOD activities was observed at
500 and 1,000 mg/kg (Fig. 3a). The results also showed
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Fig. 3 Changes in activities of antioxidant enzymes in roots of V. faba seedlings grown in Pb-treated soils after germination of 25 days. Values
are denoted as mean £ SD (n = 4). Significant differences from control are indicated as follows: * p < 0.05, ** p < 0.01
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that the total activities of CAT enzymes decreased along
with the increasing extraneous Pb, and significant inhibi-
tion was showed when the added Pb increased above
250 mg/kg (p < 0.05, p <0.01) (Fig. 3b). A biphasic
curve was observed along with the increase of extraneous
Pb from 25 to 2,000 mg/kg (Fig. 3c, d) when POD or APX
activities were concerned.

Electrophotograms of SOD, CAT, POD and APX iso-
enzymes were resolved by native PAGE, respectively.
Obvious changes were found in SOD and CAT patterns, of
which, band-1 was completely lost at 2,000 mg/kg
(Fig. 4a, b). In POD patterns, band-3 was hardly visible at
125-250 mg/kg and blurry in the other treatments
(Fig. 4c). APX isoenzymes did not show any changes in
their patterns but integrated intensities of bands compared
with the control (Fig. 4d). In addition, the intensities of
SOD, CAT, POD and APX bands were generally consistent
with their respective enzyme activities.

Production of O3, H>O, and lipid peroxidation were
induced by Pb in the roots

A “J”-shaped curve of O3~ production was detected in the
roots exposed to 0-2,000 mg/kg of Pb-treated soils for
25 days. The O3~ production was well correlated with Pb
contents in the roots at 25-2,000 mg/kg (r = 0.919,

Fig. 4 Changes in the patterns a
of antioxidant isoenzymes in
roots of V. faba seedlings grown
in Pb-treated soils after
germination of 25 days. a—d
represent the patterns of SOD,
CAT, POD and APX
isoenzymes, respectively.

0 represents the corresponding
standard of antioxidant
enzymes; [-7 represent the
control, 25, 125, 250, 500, 1000
and 2000 mg/kg of Pb-treated
soils, respectively

band-2
band-3
band-4

p < 0.01), and significant enhancement was detected at
1,000-2,000 mg/kg (Fig. Sa).

H,0, production was fluctuated as a biphasic curve
along with the increase of extraneous Pb in soils. It
decreased below the control at 25 mg/kg, enhanced slightly
until 250 mg/kg, and then tended to decline thereafter. The
significant reduction occurred when the extraneous Pb was
more than 500 mg/kg (Fig. 5b). By comparison, the trend
of H,O, production was approximately opposite to that of
the O3~ in the roots.

Lipid peroxide levels were quantified and expressed as
total TBARS in terms of pmol/g fresh weight in the roots.
As shown in Fig. 6, TBARS production was slightly
decreased at 25 mg/kg, and then significantly enhanced
thereafter (p < 0.01), showing a “J”-shaped curve. The
maximum of TBARS increased up to nearly 5.5-fold of the
control at 2,000 mg/kg.

Pb induced HSP70 expression in the roots

HSP70 production in the roots was investigated by SDS-
PAGE and western blotting (Fig. 7a). Integrated intensities
of HSP70 bands were measured and transformed into rel-
ative integrated intensities versus the control, denoted as
HSP70 levels. The results showed that HSP70 levels were
slightly decreased at 25 mg/kg, significantly increased at

band-1
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Fig. 5 O3 and H,0, were induced in roots of V. faba seedlings grown in Pb-treated soils after germination of 25 days. Values are denoted as
mean + SD (n = 4). Significant differences from control are indicated as follows: * p < 0.05, ** p < 0.01
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Fig. 6 Lipid peroxidation (denoted as TBARS) was induced in roots
of V. faba seedlings grown in Pb-treated soils after germination of
25 days. Values are denoted as mean = SD (n = 4). Significant
differences from control are indicated as follows: * p < 0.05,
** p <0.01

125-1,000 mg/kg (p < 0.05, p < 0.01), and then fell below
the control at 2,000 mg/kg (Fig. 7b), displaying a biphasic
curve. The maximum of HSP70 reached nearly 3 times as
high as that of the control.

Discussion

Heavy metals in soil can be absorbed by roots and further

transported to shoots. The results showed that Pb absorbed

@ Springer

by V. faba seedlings was mainly accumulated in the roots
(Table 1), and only a small proportion transferred to the
leaves (Wang et al. 2008). This result agrees with the
findings of Liu et al. (2009). Thus, roots are primary suf-
ferers from heavy metal-polluted soils. Much attention was
focused on roots of V. faba seedlings in the present study.

The results showed that soil Pb caused phytotoxicity to
the seedlings, which was evidenced by the significant
decrease of shoot heights at concentrations of 1,000—
2,000 mg/kg (Fig. 1). For the same treatments, Pb contents
in the roots were much higher than in the leaves, resulting
in the levels of O3~ and lipid peroxidation in roots
(Figs. 5a, 6) were higher than those in the leaves (Figs. la,
2a in Wang et al. 2008). Moreover, the levels of O3~ in
roots and leaves were well correlated with the respective
Pb contents in roots (r = 0.919, p < 0.01) and leaves
(r = 0.969, p < 0.01) (Wang et al. 2008). Thus, Pb, as a
non-redox-active metal, was possibly involved in mediat-
ing the production of O3 in the seedlings.

Oxidative stress occurs only if ROS levels exceed the
antioxidative capacity of organisms (Wiegand and
Pflugmacher 2005). To counteract adverse effects of ROS,
plants have developed a series of antioxidative enzymes
and antioxidants, employed in eliminating ROS. Generally,
these enzymes have multiple isoenzymes, which may be
expressed by distinct regulatory mechanisms in response to
various environmental stresses and play the cooperative
role in protecting each organelle and minimizing tissue
injury (Mittler 2002). The results showed that SOD, POD
and APX isoenzymes and corresponding activities in the
roots were activated by concentrations of soil Pb and dis-
played biphasic dose response curves. CAT activities in the
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Fig. 7 HSP70 was induced in roots of V. faba seedlings grown in Pb-
treated soils after germination of 25 days; a represents SDS-PAGE
and Western blotting of HSP70; b represents relative integrated
intensities of HSP70 compared with the control. /-8 represent

roots were decreased drastically with the increase of soil Pb
and that in the leaves showed an inverted U-shaped dose
response curve. It is the hormetic effect, which was
attributed to higher Pb contents in the roots than in the
leaves.

H,0, levels in the roots and leaves were displayed as a
biphasic curve or an inverted “U”-shaped curve in all the
treatments, respectively. H,O, levels in the roots were
much lower than those in the leaves (Fig. 5b) due to lower
SOD activities in the roots. H,O, ought to be overproduced
when SOD activites and O3 production were markedly
enhanced at 1,000 mg/kg (Figs. 3a, 5a). However, the
H,0, levels in the roots were significantly decreased at
500-2,000 mg/kg. Similar trend was also observed in the
leaves at 1,000-2,000 mg/kg (Wang et al. 2008). The
enhanced POD and APX activities might be acted as major
scavengers of excessive H,O, when CAT activities were
drastically reduced (Fig. 3), which might be responsible for
the declined H,0, in the roots exposed to higher concen-
trations of Pb. These results were consistent with the pre-
vious report (Wang et al. 2008).

The mechanism of heavy metal detoxification in plant
species may also involve in chelating metals by phyto-
chelatins (PCs). GSH is not only an effective antioxidant in
GSH-ASC cycle, but also a precursor for biosynthesis of
PCs. The results showed that GSH production was posi-
tively correlated with the available Pb in soil (r = 0.987,
p < 0.01) and Pb contents in roots (r = 0.997, p < 0.01) at
25-1,000 mg/kg. GSH synthesis was induced by Pb in the
roots. Moreover, the enhancement of GSH production and
APX activities indicated that GSH-ASC cycle also partic-
ipated in H,O, elimination in the roots.

Relative integrated intensities of <
HSP70 in roots (versus control)

3.54
ok

3.0
ok

2.54

2.0

0.0 L e |
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extraneous Pb in soil (mg/kg)

=)

standard mass of protein markers, 25, 125, 250, 500, 1000 and
2000 mg/kg of Pb-treated soil, respectively. Values are denoted as
mean = SD (n = 4). Significant differences from the control are
indicated as follows: * p < 0.05, ** p < 0.01

Organisms tend to increase HSPs’ synthesis besides
enhancement of a series of antioxidative enzymes and
antioxidants under environmental stressors. HSP70 family
are highly conserved, whose induction has been observed
in a wide range of organisms. HSP70 accumulates due to
stress, especially in response to increased protein synthesis
and denaturation. Investigation of HSP70 expression will
be useful in determining whether the organism is stressed
by a particular environmental condition and the degrees to
be stressed in the organism. Therefore, HSP70 family have
been conducted as potential biomarkers for environmental
stressors, such as heavy metal toxicity for earthworm
Lumbricus terrestris (Nadeau et al. 2001), isopods and
nematodes (Arts et al. 2004) and transgenic Drosophila
melanogaster (Bhargav et al. 2008), as well as contami-
nants for zebrafish (Hallare et al. 2005) and Mediterranean
mussel (Franzellitti and Fabbri 2005). But there were only
a few studies focused on HSPs expression in plant species
by means of western blotting method (Ireland et al. 2004;
Rau et al. 2007; Wang et al. 2008). In the results, HSP70
was significantly induced at 125-1,000 mg/kg of Pb-trea-
ted groups, suggesting that HSP70 could potentially be a
biomarker of Pb-polluted soils.

It is widely accepted that biomonitoring is necessary for
a reliable environmental risk assessment in addition to
chemical monitoring (Van der Oost et al. 2003). For
instance, increased SOD activity was considered as a sen-
sitive biomarker for oxidative stress, such as Cd (Sun and
Zhou 2008). In the previous study, the change in POD
patterns of the leaves could be indicative of Pb-treated soils
(Wang et al. 2008). In the roots, band-3 became hardly
visible at 125-250 mg/kg, and blurry at the control and
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other treatments (Fig. 4c), which might not be used as a
qualitative indicator of Pb-contaminated soils in the roots.

Since a single biomarker alone may not always provide
a proper assessment of an unknown environmental stressor,
multiple biological markers at different biological levels
are necessary to properly assess the level of ecological
integrity (Franco et al. 2002). Furthermore, choice of a
suite of biomarkers combined with chemical analysis has
been proposed as a more appropriate approach to monitor
effects of pollutants in aquatic ecosystems (Cajaraville
et al. 2000). Thus, a set of physiological and biochemical
parameters were investigated combined with chemical
analysis of available Pb in soil and total Pb in roots.
Comparatively, HSP70 and lipid peroxidation were more
sensitive than other parameters in response to soil Pb stress,
suggesting that these two parameters could be used in early
bioassay of Pb-polluted soils.

Conclusions

057, H,0,, lipid peroxidation and shoot heights changed as
a “J”-shaped or biphasic dose response curve along with
the increase of soil extraneous Pb from 0 to 2,000 mg/kg,
which indicated that higher concentrations of soil Pb
caused oxidative stress in roots of V. faba seedlings. As
defense responses, SOD, CAT, POD and APX enzymes
including respective isoenzymes were activated, while
GSH and HSP70 production were also enhanced for Pb
detoxification in the roots. The increased GSH and APX
activities suggested that GSH-ASC cycle also functioned in
clearance of excessive H,O,. In SOD and CAT isoenzyme
patterns, band-1 was completely lost at 2,000 mg/kg,
which could be only used as a qualitative indicator of
higher doses of Pb-contaminated soils. In addition, the total
intensities in SOD, CAT, POD or APX isoenzymes were
generally isochronous with their respective enzyme activ-
ities. Our results appeared to suggest that HSP70 and
TBARS production could be used as potential biomarkers
for early bioassay of Pb-polluted soils. It takes more than
one study to firmly prove that HSP 70 can be used as a
reliable biomarker of heavy metals in plants.
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