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Abstract This study hypothesized that the positive or neg-
ative effects of exogenous abscisic acid (ABA) on oxidative
stress caused by lead were dose dependent. The effects of
different levels of ABA (2.5, 5, and 10 mg L") on lead
toxicity in the leaves of Atractylodes macrocephala were
studied by investigating plant growth, soluble sugars, pro-
teins, lipid peroxidation, and antioxidative enzymes. Excess
Pb inhibited root dry weight, root length, and the number of
lateral roots, but increased shoot growth. In addition, lead
stress significantly decreased the levels of chlorophyll pig-
ments, protein, and activities of superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), and
peroxidase (POD). Different levels of ABA significantly
increased SOD, CAT, POD, and APX activities, but de-
creased the level of hydrogen peroxide and malondialde-
hyde in nonstressed plants. Exogenous application of
2.5 mg L' ABA detoxified the stress-generated damages
caused by Pb and also enhanced plant growth, soluble
sugars, proteins, and all four antioxidant enzyme activities
but reduced Pb uptake of lead-stressed plant compared to
lead treatment alone. However, the toxic effects of Pb were
further increased by the applications of 5 and 10 mg L'
ABA. The levels of antioxidants caused by a low concen-
tration of exogenous ABA might be responsible for mini-
mizing the Pb-induced toxicity in A. macrocephala.
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Introduction

Lead is considered to be one of the most important pollu-
tants of the air and is also a very significant pollutant of
agricultural soils. Pb-contaminated soils cause sharp
decreases in crop productivity and thus pose a serious prob-
lem for agriculture. Its increasing levels in soil environment
inhibit seed germination and root growth of maize seedlings
(Eun et al. 2000). In addition, it is known to induce oxida-
tive stress that cause damage to the biomolecules such as
chloroplasts, soluble protein, proline, ascorbate, enzymes,
etc (Verma and Dubey 2003; Qureshi et al. 2007; Zhao et al.
2009; Shu et al. 2012).

Abscisic acid (ABA) is considered a plant stress hor-
mone. It controls plant development and growth, including
embryo development, seed dormancy, inhibition of lateral
root formation, transpiration, synthesis of proteins, and pho-
tosynthesis. It has been documented that ABA can induce
the expression of antioxidant genes and enhance the capac-
ity of antioxidant defense systems, including enzymatic and
nonenzymatic constituents (Jiang and Zhang 2001, 2002).
Meanwhile, since ABA causes oxidative stress in plants, a
high concentration of ABA (1,000 um) induces an exces-
sive generation of active oxygen species (AOS) and leads to
an oxidative damage in plant cells (Jiang and Zhang 2001;
Lietal. 2010). Besides this, ABA is also recognized to have
an important role in plants subjected to various environmen-
tal stresses such as cold, salt, and drought (Gong et al. 1998;
Jiang and Zhang 2002; Li et al. 2004; Zhou et al. 20006).
Pretreatment with abscisic acid has been reported to signif-
icantly increase antioxidant enzymes activities and antiox-
idants in maize seedlings exposed to water stress (Jiang and
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Zhang 2002). Under Cd stress, exogenous application of
ABA reduced transpiration rate and photosynthesis and
enhanced Cd tolerance of rice seedlings (Hsu and Kao
2003). However, less is known about the role of ABA in
the regulation of antioxidant defense and oxidative stress in
heavy metal tolerance of plants, especially in lead stress.

The rhizome of Atractylodes macrocephala Koidz is an
important ingredient of several Chinese herbal prescriptions.
In China, Pb content in the A-horizon of natural soils varies
from 0.68 to 1,143 mg kg ' (Chen 2004). Thus, there is an
urgent need to study the mechanism of Pb tolerance of A.
macrocephala plants. In addition, it is also of great necessity
and significance to increase A. macrocephala productivity
through taking all sorts of effective measures to promote its
lead tolerance. In recent years, a low price (S)-ABA was
biosynthetically produced in China, which allows its potential
application for protection of crops against abiotic stresses.
However, different results have been reported regarding the
effect of applied ABA showing an inhibitory or enhanced
effect of ABA on plant growth (Jiang and Zhang 2001; Li et
al. 2010); therefore, it is important to evaluate whether the Pb
tolerance of A. macrocephala will be enhanced or weakened
under different concentrations of exogenous ABA.

The purpose of the present study was to examine the role
of ABA in the regulation of antioxidant defense and oxida-
tive stress in 4. macrocephala under lead stress. In this
study, the effects of different concentrations of ABA on
plant growth, antioxidant enzyme activities, soluble protein,
soluble sugars, chlorophyll, and lipid peroxidation in A.
macrocephala under lead stress were systematically studied
in detail. We postulated the following hypothesis that the
positive or negative effects of exogenous ABA on oxidative
stress caused by lead were dose dependent. This information
could lead to improved techniques enhancing lead tolerance
and productivity of A. macrocephala.

Materials and methods
Plant material and experimental design

Seeds of 4. macrocephala were surface-sterilized with 0.5 %
sodium hypochlorite and were sown in plastic pots (15 cm
diameter) containing a mixture of peat and perlite (3:1, v/v) for
germination. When the second leaf emerged, seedlings of
uniform size were transferred to hydroponics pots (1 L,
PVC, six plants per pot) in a growth chamber. Each pot
contained 1 L of full-strength Hoagland nutrient solution,
which was aerated 20 min daily and renewed every other
day. The pots were randomly arranged daily during the growth
period. Seedlings grew under the conditions of 18-25 °C,
photosynthetic photon flux density of 350 mmol m > s ! and
photoperiod of 14/10 h (day/night), and 70 % relative
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humidity for 14 days. Then, the seedlings were sprayed uni-
formly with 0, 2.5, 5, and 10 mg L™ of (S-)ABA (90 %
power, Lomon BioTechnology Co, Ltd., Sichuan Province,
China), until the canopy was completely wetted. These con-
centrations of ABA were based on earlier studies, and these
concentrations have been shown to be adequate as modulator
of the response of plant to environmental stress (Jiang and
Zhang 2001; Zhou et al. 2005, 2006). Two days after hormone
treatment, seedlings were supplied with 0 or 300 wmol of lead
in the form of Pb(NO3),, with nutrient solution. The choice of
300 umol Pb represents the concentrations mimicking pollut-
ed soils. The following eight treatments with four replicates
each were established, including control (neither addition of
Pb nor ABA), 300 pumol Pb, 2.5 mg L' ABA, 5 mg L'
ABA, 10 mg L' ABA, 300 umol Pb + 2.5 mg L™ ABA,
300 pmol Pb+ 5 mg L' ABA, and 300 pumol Pb+ 10 mg L™’
ABA. Six days after Pb treatment, plants were sampled with
leaves to assess the parameters discussed below.

Estimation of growth parameters

The number of lateral roots and root length were measured
after harvesting. Shoot and root were collected separately,
washed, and then dried in an oven at 70 °C for 72 h for
biomass assay.

Chlorophyll content

Leaf chlorophyll content was determined according to
Arnon (1949). Briefly, 0.1 g leaves were homogenized
with 5 mL 80 % acetone with some CaCOj;. The homog-
enate was centrifuged at 20,000 x g for 20 min. The
absorbance of the clear supernatant was read spectropho-
tometrically at 663 and 645 nm. The values were placed
in the following formula to calculate chlorophyll content:
[(4645 x 28.2) + (4663 x 8.3)] x [(V/1,000) x W].

Determination of Pb content in seedlings

The concentrations of Pb in shoots and roots of seedlings were
determined according to the method described previously
(Zhao et al. 2009). Seedlings were rinsed with 1 mM citrate
for 30 min to remove surface Pb. The harvested root and shoot
samples were oven-dried at 105 °C for 20 min and then kept at
80 °C for 72 h. These dried materials were ground into
powder. Of the powdered sample, 0.2 g was digested with
10 mL of 10:1 HNOs;-HCIO, solution. The Pb concentration
was determined with a flame atomic absorption spectrometer.

Assay of antioxidative enzymes

Leaf tissue (0.5 g) was ground into a fine powder and
homogenized in 5 mL of 50 mmol phosphate buffer (pH
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7.0) containing 1 % insoluble polyvinylpyrrolidone. The
homogenate was centrifuged at 15,000 x g for 20 min.
The supernatant was stored at 4 °C for analysis of superox-
ide dismutase (SOD), catalase (CAT), peroxidase (POD),
and ascorbate peroxidase (APX) activities.

SOD activity was assayed using the procedure described
by Giannopolitis and Ries (1977). The reaction mixture
(3.0 mL) contained 79.2 mM Tris—HCI buffer (pH 6.8),
containing 0.12 mM EDTA and 10.8 mM tetraethylene
diamine, bovine serum albumin (0.0033 %), 6 mM nitroblue
tetrazolium (NBT), 600 mM riboflavin in 5 mM KOH, and
0.05 mL of enzyme extract. The reaction mixture, which
was not exposed to light, did not develop color and served
as control. One unit SOD activity was defined as the amount
of enzyme required to result in 50 % inhibition of the
reduction of NBT.

POD activity was assayed according to Beffa et al.
(1990). Briefly, the assay mixture contained 2.95 mL
100 mM NaH,PO4—Na,HPO, buffer (pH 6.0), 2 mM hy-
drogen peroxide (H,0O,), 9 mM guaiacol, and 0.05 mL
enzyme extract in a total volume of 3.0 mL. The changes
in absorbance at 460 nm during polymerization of guaiacol
were recorded for calculating POD activity.

CAT activity was determined by the method of Aebi
(1984). The reaction mixture comprised 1.8 mL 50 mM
NaH,PO4—Na,HPO, buffer (pH 7.0), 1.0 mL 10 mM
H,0,, and 0.2 mL of enzyme extract. The activity was
determined by following the consumption of H,0, at
240 nm for 3 min.

APX activity was estimated by the method of Nakano
and Asada (1981). APX activity was determined by record-
ing the decrease in 290 nm as ascorbates were oxidized. The
reaction mixture contained 1.1 mL 50 mM potassium phos-
phate buffer (pH 7.0), 1.5 mL 1 mM AsA, 0.3 mL | mM
H,0,, and 0.2 mL of enzyme extract. The time interval was
10 min. The reaction was started by adding H,O,, and the
contents of protein were measured at the same time.

Estimation of soluble sugar content

Total soluble sugar was extracted following the method of
Chow and Landhiusser (2004). Fresh ground samples
(0.5 g) were extracted by boiling in 80 % neutral aqueous
ethanol for 6 h. The extract was filtered through Whatman
filter paper no. 1. After filtration, the clear solution was
made up to a known volume with ethanol solution. An
aliquot ethanol extract (10 ml) was transferred to a clean,
dry beaker and heated to dryness in a water bath. The
residue was then dissolved in water and quantitatively trans-
ferred to a 25-mL volumetric flask and made up to the mark
with distilled water. One milliliter water extract, 1 mL phe-
nol solution (5 %), and 5 mL sulfuric acid (96 %) were
added. The absorbance was measured at 490 nm using a

Unicam spectrophotometer. Graphic plot of the O.D. values
against various standard solutions of different concentra-
tions of glucose was used as a standard curve.

Determination of soluble protein concentration

Soluble protein concentration was measured following the
method described by Bradford (1976), with standard curve
prepared using bovine serum albumin. The assay is based on
the stable dye—albumin complex, which can be quantified
spectrophotometrically at 590 nm. The protein—dye reagent
consisted of 3 mL of 0.01 % (w/v) Coomassie Brilliant Blue
G-250, 4.7 % (w/v) ethanol, and 8.5 % (w/v) phosphoric
acid.

Concentration of malondialdehyde and H,O, in 4.
macrocephala leaves

The lipid peroxidation products were estimated by the for-
mation of thiobarbaturic acid-reactive substances and quan-
tified in terms of malondialdehyde (MDA). Briefly, fresh
tissues (0.5 g) were homogenized in 3 mL 10 % trichloro-
acetic acid solution. The homogenate was centrifuged at
2,500 x g for 10 min, and the supernatant was assayed for
MDA concentration using an extinction coefficient of
155 mM ' em ™' and expressed as micromole per gram fresh
weight, following the method of Heath and Packer (1968).
H,0, levels were determined by reading the absorbance at
390 nm according to Velikova et al. (2000).

Statistical analysis

All data were subject to analysis of variance and expressed as
means + standard errors of four replicates. Statistical signifi-
cance of the means was compared by Duncan’s new multiple
range test at the 5 % probability level using SPSS software.

Results
Growth parameters and Pb uptake

Shoot dry mass of plant exposed to lead was increased by
40 %, but root dry mass was reduced by 30 %, as compared
to the control. Meanwhile, lead treatment had clearly detri-
mental effects on root length and the number of lateral roots.
Root-to-shoot ratio (R/S) was also reduced by lead treatment
(Table 1).

The effects of ABA application on plant growth were
concentration dependent; 2.5 mg L' ABA applications
significantly reduced root length and R/S, but increased
shoot dry mass and had no significant effects on root dry
mass as compared to control treatment. R/S was decreased
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Table 1 Effect of different concentrations of ABA on shoot and root dry mass, root length, number of lateral roots, and contents of Pb of Atractylodes

macrocephala Kiodz under lead stress

Treatments Shoot dry Root dry Root length ~ Root-to-shoot ~ The number of  Shoot Pb Root Pb
mass (mg) mass (mg) (mm) ratio (R/S) lateral root (mg g ' DM) (mg g ' DM)
0 19.9£1.2b 14.8+1.6 b 7.5£0.8 b 0.74£0.03 ¢ 12+1.73 ¢ Not detected Not detected
Pb 232+1.8a 103+1.0 ¢ 6.5+09 b 0.46+0.08 f 9.7+0.53 d 0.26+0.0.3 ¢ 20.35+£1.22 ¢
25mg L' ABA 24.1£19 a 14.5£1.6 ab 6.0+£0.8 b 0.60+0.01 d 17.7+1.83 b Not detected Not detected
Pb+25mg L' ABA 232+19a 122+1.2b 6.6+0.4 be 0.53+0.02 d 18.3+1.53 ab 0.20+0.00 d 18.11+1.21d
5mg L' ABA 16.8+1.1 ¢ 15.3+£3.9 ab 6.9+£0.9 b 0.94+0.03 b 15.7+1.89 ab Not detected Not detected
Pb+5 mg L' ABA 153+£3.6d 7.7+0.8 d 5.0+04d 0.51+0.01 ¢ 11.3£1.53 ¢ 0.34+0.01 b 23.88+1.41b
10 mg L' ABA 15.4+£29d 18.6+1.8 a 55+0.6 a 1.21£0.02 a 20.3+2.63 a Not detected Not detected
Pb+ 10 mg L' ABA 104£1.6 ¢ 4703 ¢ 4.1+02¢ 0.45+0.02 f 83+1.53d 0.41+0.02 a 31.29+2.38 a

Date are means + SE, n=4. Means followed by different letters within the same column are significantly different at P<0.05 according to Duncan’s

new multiple range test at the 5 % probability level

by 5 mg L 'ABA, but the number of lateral root was
increased; 10 mg L™' ABA application significantly in-
creased root dry mass, R/S, and the number of lateral root
and significantly reduced shoot dry mass (Table 1). Addition
of 2.5 mg L™" ABA to Pb treatment significantly increased
root dry mass, R/S, and the number of lateral roots, but
decreased Pb contents in shoots and roots compared with
Pb treatment alone. However, the addition of 5 mg L™ ABA
to Pb treatment significantly reduced shoot dry mass, root
dry mass, and root length, but increased Pb content in shoots
and roots compared with Pb treatment alone. The inhibition
effects were further enhanced by 10 mg L™' ABA plus Pb
(Table 1).

Total chlorophyll content

Lead stress caused a significant reduction in total chloro-
phyll content in the leaves of 4. macrocephala. Exogenous
application of ABA had no effect on total chlorophyll con-
tent in lead-stressed and nonstressed plants (Fig. 1).

Soluble sugar content

There was no significant effect on soluble sugars in the
leaves of A. macrocephala when exposed to lead stress.
Accumulation of soluble sugars increased with an increase
in exogenous level of ABA, i.e., 10 mg L' ABA applica-
tion caused a greater accumulation of soluble sugars in the
leaves than did 2.5 or 5 mg L' (Fig. 2). Different levels of
ABA application also had a significant effect on the soluble
sugars in the leaves of A. macrocephala under lead condi-
tions; 2.5 mg L' ABA caused a significant increase in the
accumulation of soluble sugars, whereas 5 or 10 mg L™
ABA markedly reduced it. Ten milligram per liter ABA was
more effective in decreasing soluble sugars in the leaves
than 5 mg L' ABA (Fig. 2).
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Soluble protein

Lead stress decreased soluble protein in the leaves of A.
macrocephala compared with control. Application of differ-
ent levels of ABA significantly increased the soluble protein
in nonstressed plants, particularly at higher levels (5 or
10 mg L™" ABA). In contrast, 2.5 mg L' ABA improved
soluble protein of lead-stressed plants, whereas higher levels
(5 or 10 mg L' ABA) did not change it (Fig. 3).

H202 and MDA

Lead stress caused a significant accumulation in H,O, content
of A. macrocephala compared with control. Exogenous appli-
cation of 10 mg L' ABA was 37 and 40 % more effective in
reducing the H,O, content of nonstressed plants than 2.5 and
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0 25 5 10
ABA concentration (mgL™")

Fig. 1 Effects of different concentrations of ABA on total chlorophyll
content of A. macrocephala under Pb stress. Bars represent SD of
means. Different letters indicate values that differ significantly from
the control at P<0.05
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Fig. 2 Effects of different concentrations of ABA on soluble sugar
content of 4. macrocephala under Pb stress. Bars represent SD of
means. Different letters indicate values that differ significantly from
the control at P<0.05

5mg L~ ABA, respectively (Fig. 4); 2.5 mg L' ABA caused
40 % reduction, whereas 5 and 10 mg L' ABA showed 10
and 26 % increase in H,O, content of lead-stressed plants
(Fig. 4). Similarly, excessive amounts of lead in the growth
medium also significantly increased MDA content in the
leaves of A. macrocephala. Application of ABA at different
levels had a significant effect on MDA content. Overall,
higher levels of ABA were more effective in reducing MDA
content in nonstressed plants. Under lead stress, 2.5 mg L™
ABA significantly decreased MDA content by 26 % as com-
pared to lead treatment. However, 10 mg L™' ABA markedly
increased MDA content in the leaves of 4. macrocephala
under lead conditions (Fig. 5).
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Fig. 3 Effects of different concentrations of ABA on soluble protein

content of A. macrocephala under Pb stress. Bars represent SD of
means. Different letters indicate values that differ significantly from

the control at P<0.05
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Fig. 4 Effects of different concentrations of ABA on H,O, of A. macro-
cephala under Pb stress. Bars represent SD of means. Different letters
indicate values that differ significantly from the control at P<0.05

Antioxidant enzyme activities

In this study, lead stress caused the reduction in SOD, POD,
CAT, and APX activities of A. macrocephala (Figs. 6, 7, 8,
and 9), but the exogenous application of all ABA treatments
alone enhanced their activity particularly when ABA was
applied at a high level. In contrast, under lead conditions,
both 2.5 and 5 mg L' ABA were equally effective in
increasing SOD and APX activities in plants, whereas
10 mg L™" ABA did not change SOD activity but increased
APX activity as compared to lead treatment. Exogenous
application of 2.5 mg L' ABA was 23 % more effective
in enhancing the POD activity of lead-stressed plants than
5 mg L' ABA (Fig. 8).Compared to lead treatment,
10 mg L' ABA did not change POD activity of plants
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ABA concentration (mgL™")

Fig. 5 Effects of different concentrations of ABA on MDA of A. macro-
cephala under Pb stress. Bars represent SD of means. Different letters
indicate values that differ significantly from the control at P<0.05
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Fig. 6 Effects of different concentrations of ABA on SOD activity of 4.
macrocephala under Pb stress. Bars represent SD of means. Different
letters indicate values that differ significantly from the control at P<0.05

under lead stress. Similarly, 2.5 mg L™' ABA caused 59 %
increase, whereas 10 mg L™' ABA showed 19 % reduction
in CAT activity of lead-stressed plants as compared to lead
treatment.

Discussion

It has been shown that Pb can inhibit plant growth by
affecting the metabolic and biochemical processes associat-
ed with normal growth and development of the plant (Verma
and Dubey 2003; Strubinskai and Hanaka 2011). In our
study, however, Pb improved shoot dry mass, although it
reduced root growth and R/S (Table 1), indicating that the
toxic effects of Pb on root growth are greater than for shoot
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Fig. 7 Effects of different concentrations of ABA on APX activity of 4.
macrocephala under Pb stress. Bars represent SD of means. Different
letters indicate values that differ significantly from the control at P<0.05
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Fig. 8 Effects of different concentrations of ABA on POD activity of 4.
macrocephala under Pb stress. Bars represent SD of means. Different
letters indicate values that differ significantly from the control at P<0.05

growth. Although a similar study has already been reported
for wheat under Ni stress (Gajewska et al. 2006), the under-
lying physiological reasons for such an improvement remain
unknown. It appears to be possible due to less translocation
of Pb to shoot since accumulation of heavy metals in the
roots and less metal translocation to shoot are quite common
(Zhao et al. 2009).

Under our experimental conditions, exogenous 2.5 mg L™
ABA treatment led to an increase in shoot dry weight and the
number of lateral roots of the nonstressed seedlings. Root dry
weight did not change. In addition, R/S and root length de-
creased significantly after ABA treatment. This result suggests
that the increase in lateral root number mainly contributed to
root growth and that 2.5 mg L' ABA mediated root mainte-
nance and shoot growth accumulation. Five milligram per liter
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Fig. 9 Effects of different concentrations of ABA on CAT activity of 4.
macrocephala under Pb stress. Bars represent SD of means. Different
letters indicate values that differ significantly from the control at P<0.05
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ABA inhibited shoot growth and had no effect on root growth
with an increase of lateral root number in the absence of Pb,
whereas 10 mg L' ABA treatment promoted root and
inhibited shoot growth. Previous studies have shown that
exogenous ABA usually inhibits shoot growth, but maintains
or even promotes root growth when applied to nonstressed
rice (Chen et al. 2006) and Cynanchum komarovii (Yang et al.
2007) seedlings, but a few studies report that exogenous ABA
can increase shoot growth. The stimulatory effects of ABA on
shoot growth might be the result of a combination of improved
cell extensibility and stimulated cell division attributable to
arrest at the G1 phase of the cell cycle since cell development
in the G1 phase is closely linked to shoot growth (Finkelstein
et al. 2002). The inhibited root length may be because ABA
produces more ethylene (Chen et al. 2003). Exogenous ABA
increased the formation of lateral roots. This may be due to the
fact that ABA may transmit a Ca>" signal to cells in the
epidermis and vascular cylinder either directly or indirectly,
to alter cell fates (Chen et al. 2006).

Under lead stress, 2.5 mg L™' ABA significantly in-
creased root dry mass, R/S, and the number of lateral roots
compared with Pb treatments alone, indicating that
2.5 mg L' ABA application partially counteracted the
inhibitory effects of Pb on plant growth (Table 1). The
increase in the number of lateral roots may reduce Pb
uptake, thereby resulting in less oxidative stress
(Strubinskai and Hanaka 2011). However, the toxic effects
of Pb were further increased by the applications of 5 and
10 mg L™' ABA (Table 1). The increased toxic effects were
due to increases in oxidative damage induced by a higher
concentration of ABA with Pb, as exemplified by enhance-
ment of H;O, and MDA concentrations in A. macrocephala
(Figs. 4 and 5). At the same time, 2.5 mg L' ABA resulted
in less Pb contents in the shoot and root of Pb-treated seed-
lings. In contrast, after pretreatment with 5 and 10 mg L'
ABA, the Pb contents were increased in the shoot and root.
The differences in Pb uptake are a consequence of the
morphological differentiation of roots, change in plasma
membrane composition, and modification of its permeabil-
ity (Siedlecka et al. 2001; Strubinskai and Hanaka 2011).
Thus, we provide evidence that a low concentration of ABA
is able to alleviate Pb-induced toxicity in the leaves of A.
macrocephala while high concentrations of ABA improve
Pb-induced toxicity.

Pb is known to induce oxidative damage to higher plants
(Qureshi et al. 2007). In this study, the enhancement of
H,0, and MDA concentrations in A. macrocephala showed
that the oxidative stress and the peroxidation of membrane
lipids were induced by Pb treatment (Figs. 4 and 5).
Accumulation of H,0, in plants under stress conditions
may be a consequence of disturbing the balance between
H,0, and scavenging (Zhang et al. 2009). Activities of the
major antioxidant enzymes (SOD, POD, CAT, and APX) in

the leaves of 4. macrocephala were reduced by Pb stress.
These decreased antioxidative enzymes were probably due
to the harmful effects of overproduction of H,O, or its
poisonous AOS derivates, indicating that these antioxidant
enzyme activities under Pb stress were insufficient to cope
with an increased concentration of H,O,, and the plant
presented a negative endogenous protective effect. This
was demonstrated in previous studies (Zhao et al. 2009;
Strubinskai and Hanaka 2011). The reduction in antioxidant
enzyme activities under stressful conditions has been attrib-
uted to the inactivation of enzyme protein due to AOS
(Verma and Dubey 2003), decrease in enzyme synthesis,
or change in assembly of enzyme subunits (Hertwig et al.
1992; Verma and Dubey 2003).

ABA is a signal molecule and regulates many aspects of
plant development and growth (Chen et al. 2006). In most
cases, the ABA-mediated responses in plants are associated
with generation of H,O, (Jiang and Zhang 2002; Zhao et al.
2009). For example, treatments of rice with exogenous ABA
induced H,O, accumulation (Zhao et al. 2009). Recent
studies have shown that H,O, at moderate levels may act
as a second messenger for stress signaling and lead to
activation of the antioxidative defense system (Jiang and
Zhang 2002; Zhao et al. 2009). According to Gong et al.
(1998) and Jiang and Zhang (2002), exogenous ABA can
result in an enhancement of H,O, and enhance the activities
of antioxidative enzymes such as SOD, CAT, POD, and
APX (Gong et al. 1998; Agarwal et al. 2005; Jiang and
Zhang 2002). These suggest that ABA can cause an oxida-
tive stress in plants. However, our results have shown that
ABA enhanced the activities of antioxidative enzymes
which caused a decrease in oxidative stress (Figs. 6, 7, 8,
and 9). One possible model is that the generation of ABA-
induced H,O, may trigger the response of the whole anti-
oxidative defense systems against oxidative stress. Such an
enhancement in the antioxidant defenses is able to scavenge
this increased H,0,, and the oxidative damage expressed as
lipid peroxidation (MDA) was reduced. The positive effect
of ABA was further manifested by an increase in plant
growth. Similarly, a lower MDA content accompanied by
increasing of SOD activity was found in sunflower and
lupine roots under lead stress (Rucinska and Gwdézdz
2005; Strubinskai and Hanaka 2011).

ABA has been reported to induce tolerance to different
abiotic stresses including drought, heat, and chilling (Li et
al. 2004; Zhou et al. 2005; Gong et al. 2005). However, a
few studies have shown that ABA caused a more detrimen-
tal effect on plant under heavy metal stresses. In the present
study, compared with lead stress, low concentrations of
ABA increased the activities of all the four enzymes under
Pb stress. Thus, it is possible that low concentrations of
exogenous ABA reduce H,O, and MDA content to the
normal level and improve plant growth. A similar role of
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ABA in mediating antioxidant defense system has been
confirmed in the chilling-stressed Stylosanthes guianensis
(Zhou et al. 2006), heat-stressed wheat (Gong et al. 1998),
and drought-stressed maize (Jiang and Zhang 2002).
Therefore, ABA-enhanced antioxidant defense capacity
appears to be a universal mechanism for ABA-enhanced
tolerance to various forms of abiotic stress in plants. In
contrast, high concentration of ABA (10 mg L") had no
changes in SOD and POD activity, but declined the activity
of CAT and increased APX activity under Pb stress. CAT is
thought to contribute more strongly than APX to the elim-
ination of hydrogen peroxide in some green alga (Yoshida et
al. 2003). Moreover, the former activity was more strongly
decreased by ABA plus Pb treatment compared with the
latter. These results suggest that hydrogen peroxide pro-
duced by the dismutation of superoxide radical in 4. macro-
cephala is mainly eliminated by CAT. Therefore, the
combination of a high concentration of ABA and Pb may
lead to a more abundant generation of H,O,, which induced
a more severe oxidative stress. This oxidative stress cannot
be controlled by the antioxidant defense systems since an
enhancement in the capacity of antioxidant defense systems
induced by ABA is limited (Jiang and Zhang 2001). This
result indicates that alleviation of Pb stress in 4. macro-
cephala by exogenous abscisic acid supply is dose
dependent.

Our data indicated that a low concentration of ABA
elevated the levels of soluble sugar and soluble protein
under Pb stress (Figs. 2 and 3). A high level of soluble
sugar is essential to maintain osmotic adjustment under
drought stress (Yang et al. 2007). Since Pb stress induces
secondary water stress and oxidative damages to cellular
structure (Verma and Dubey 2003), the ability of ABA to
synthesize those osmoprotectants may be involved in their
ability to cope with Pb stress. The accumulation of soluble
protein in plant cells is generally related to the synthesis of
antioxidative enzymes and osmotic adjustment (Verma and
Dubey 2003; Yang et al. 2007). Our results suggested that
ABA modulated the accumulation of soluble sugar, soluble
protein, and conferred A. macrocephala tolerance to Pb
stress. Chlorosis is the common symptom of toxicity of
heavy metals, including Pb (Joseph et al. 2002; Gajewska
et al. 2006; Zhao et al. 2009). In the present study, the
additions of ABA to Pb treatment have no effect (Fig. 1).
This result indicated that total chlorophyll content might not
contribute to A. macrocephala tolerance to Pb stress. Similar
to our observation, Li et al. (2010) have reported that exog-
enous ABA did not alter total chlorophyll and chlorophyll a
in green lettuce, but increased chlorophyll b and total carot-
enoid content.

In conclusion, ABA is able to regulate Pb-induced oxidative
stress in the leaves of A. macrocephala. Moreover, the positive
or negative effect of exogenous ABA on lead-treated plants was

@ Springer

dose dependent. Low concentration ABA-mediated reduction
of Pb-induced toxicity to the A. macrocephala leaves is also
associated with the increase of antioxidative defense systems
and increase in accumulation of soluble sugars, soluble protein,
and chl. On the contrary, a higher concentration of ABA further
increased oxidative damage, thereby decreasing the growth of
Pb-stressed A. macrocephala plants.

Acknowledgments Financial support was provided by the Natural
Science Foundation of China (31000293, 30901146) and the Open
Research Fund Program of Key Lab of Eco-Environmental Science
for Yellow River Delta in Universities of Shandong (Binzhou
University).

References

Aebi H (1984) Catalase in vitro. Methods Enzymol 105:121-126

Agarwal S, Sairam RK, Srivastava GC, Meena RC (2005) Changes in
antioxidant enzymes activity and oxidative stress by abscisic acid
and salicylic acid in wheat genotypes. Biol Plant 49:541-550

Arnon DI (1949) Copper enzyme in isolated chloroplast polypheno-
loxidase in Beta vulgaris. Plant Physiol 24:1-15

Beffa R, Martin HV, Pilet PE (1990) In vitro oxidation of indoleacetic
acid by soluble auxin-oxidases and peroxidases from maize root.
Plant Physiol 94:485-491

Bradford MM (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Analytical Biochem 72:248-254

Chen HM (2004) Soil science of environment. Science Press, Beijing,
pp 548-549, in Chinese

Chen G, Shi Q, Lips SH, Sagi M (2003) Comparison of growth of
flacca and wild-type tomato grown under conditions diminishing
their differences in stomatal control. Plant Sci 164:753-757

Chen CW, Yang YW, Lur HS, Tsai YG, Chang MC (2006) A novel
function of abscisic acid in the regulation of rice root growth and
development. Plant Cell Physiol 47:1-13

Chow PS, Landhdusser SM (2004) A method for routine measure-
ments of total sugar and starch content in woody plant tissues.
Tree Physiol 24:1129-1136

Eun S, Youn HS, Lee Y (2000) Lead disturbs microtubule organiza-
tion in the root meristem of Zea mays. Physiol Plant 110:357—
365

Finkelstein RR, Gampala SS, Rock CD (2002) Abscisic acid signaling
in seeds and seedlings. Plant Cell 14(Suppl):S15-S45

Gajewska E, Sklodowska M, Slaba M, Mazur J (2006) Effect of nickel
on antioxidative enzyme activities, proline and chlorophyll con-
tents in wheat shoots. Biol Plantarum 50:653-659

Giannopolitis CN, Ries SK (1977) Superoxide dismutase in higher
plants. Plant Physiol 59:309-314

Gong M, Li YJ, Chen SZ (1998) Abscisic acid-induced thermotoler-
ance in maize seedlings is mediated by calcium and associated
with antioxidant systems. J Plant Physiol 153:488-496

Heath RL, Packer L (1968) Photoperoxidation in isolated chloroplasts.
1. Kinetics and stoichiometry of fatty acid peroxidation. Arch
Biochem Biophys 125:189-198

Hertwig B, Streb P, Feieraband J (1992) Light dependence of catalase
synthesis and degradation in leaves and the influence of interfer-
ing stress conditions. Plant Physiol 100:1547-1553

Hsu YT, Kao CH (2003) Role of abscisic acid in cadmium tolerance
of rice (Oryza sativa L.) seedlings. Plant Cell Environ 26:867—
874



Environ Sci Pollut Res (2013) 20:1441-1449

1449

Jiang MY, Zhang JH (2001) Effect of abscisic acid on active oxygen
species, antioxidative defence system and oxidative damage in
leaves of maize seedlings. Plant Cell Physiol 42:1265-1273

Jiang MY, Zhang JH (2002) Role of abscisic acid in water stress-
induced antioxidant defense in leaves of maize seedlings. Free
Radic Res 36:1001-1015

Joseph L, Uveges CAL, Mal TK (2002) Effects of lead contamination
on the growth of Lythrum salicaria (purple loosestrife). Environ
Pollut 120:319-323

Li CY, Yin CY, Liu SR (2004) Different responses of two contrasting
Populus davidiana populations to exogenous abscisic acid appli-
cation. Environ Exp Bot 51:237-246

Li Z, Zhao X, Sandhu AK, Gu LW (2010) Effects of exogenous abscisic
acid on yield, antioxidant capacities, and phytochemical contents of
greenhouse grown lettuces. J Agric Food Chem 58:6503-6509

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell
Physiol 22:867-880

Qureshi MI, Abdin MZ, Qadir S, Igbal M (2007) Lead-induced oxida-
tive stress and metabolic alterations in Cassia angustifolia Vahl.
Biol Plant 51:121-128

Rucinska R, Gwozdz EA (2005) Influence of lead on membrane
permeability and lipoxygenase activity in lupine roots. Biol
Plantarum 49:617-619

Shu X, Yin LY, Zhang QF, Wang WB (2012) Effect of Pb toxicity on
leaf growth, antioxidant enzyme activities, and photosynthesis in
cuttings and seedlings of Jatropha curcas L. Environ Sci Pollut
Res 19:893-902

Siedlecka A, Tukendorf A, Skérzynska-Polit E, Maksymiec W, Wojcik
M, Baszynski T, Krupa Z (2001) Angiosperms. In: Prasad MNV

(ed) Metals in the environment. Analysis by biodiversity. Marcel
Dekker, New York, pp 171-217

Strubinskai J, Hanaka A (2011) Adventitious root system reduces lead
uptake and oxidative stress in sunflower seedlings. Biol
Plantarum 55:771-774

Velikova V, Yordanov I, Edreva A (2000) Oxidative stress and
some antioxidant systems in acid rain-treated bean plants.
Protective role of exogenous polyamines. Plant Sci 151:59—
66

Verma S, Dubey RS (2003) Lead toxicity induces lipid peroxidation
and alters the activities of antioxidant enzymes in growing rice
plants. Plant Sci 164:645-655

Yang L, Yu CL, Shi F, Wei YQ, Wang CC, Hu HT, Cheng CG (2007)
Effects of abscisic acid on growth and dehydration tolerance of
Cynanchum komarovii seedlings. Plant Growth Regul 51:177—
184

Yoshida K, Igarashi E, Mukai MK, Hirata MK (2003) Induction of
tolerance to oxidative stress in the green alga, Chlamydomonas
reinhardtii, by abscisic acid. Plant Cell Physiol 26:451-457

Zhang FQ, Zhang HX, Wang GP, Xu LL, Shen ZG (2009)
Cadmium induced accumulation of hydrogen peroxide in
the leaf apoplast of Phaseolus aureus and Vicia sativa and
the roles of different antioxidant enzymes. J Hazard Mater
168:76-84

Zhao L, Xiong J, Li LP, Zhu C (2009) Low concentration of exogenous
abscisic acid increases lead tolerance in rice seedlings. Biol
Plantarum 53:728-732

Zhou BY, Guo ZF, Lin L (2006) Effects of abscisic acid application on
photosynthesis and photochemistry of Stylosanthes guianensis
under chilling stress. J Plant Growth Regul 48:195-199

@ Springer



	Effect of exogenous abscisic acid on the level of antioxidants in Atractylodes macrocephala Koidz under lead stress
	Abstract
	Introduction
	Materials and methods
	Plant material and experimental design
	Estimation of growth parameters
	Chlorophyll content
	Determination of Pb content in seedlings
	Assay of antioxidative enzymes
	Estimation of soluble sugar content
	Determination of soluble protein concentration
	Concentration of malondialdehyde and H2O2 in A. macrocephala leaves
	Statistical analysis

	Results
	Growth parameters and Pb uptake
	Total chlorophyll content
	Soluble sugar content
	Soluble protein
	H2O2 and MDA
	Antioxidant enzyme activities

	Discussion
	References


