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Abstract

In northeastern China, large area of vegetable land has been simultaneously polluted by cadmium (Cd) and lead (Pb). Joint effects
of Cd and Pb on Chinese cabbage (Brassica pekinensis L.) were investigated using the seed germination and sand culture method.
Four Chinese cabbage cultivars including Kangbingjinchun (KB), Dongyangchunxia (DY), Qinglvwang (QL) and Qiangshi (QS) from
Shenyang in northeastern China were adopted in this study. The results showed that there were positive linear relationships between
the inhibitory rate of biomass, root and shoot elongation and the concentrations of Cd and Pb. In particular, root elongation was more
sensitive to joint stress of Cd and Pb. The activity of superoxide dismutase and the content of malondialdehyde (MDA), soluble protein
(SP) and proline (PRO) changed significantly with increasing exposure concentration of Cd and Pb. The decrement in the activity of
antioxidative enzymes, the content of SP and accumulation of MDA were relatively low in KB and QS. PRO played an important role

in resisting Cd and Pb stress.
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Introduction

With the rapid development of industrial and agricultur-
al production, soil pollution with heavy metals becomes
a severe and growing problem. In China, the area of
cultivated land contaminated by heavy metals, such as
cadmium (Cd), lead (Pb), arsenic (As) and chromium (Cr),
is almost 2x10' m?2, and over 1.2x107 tons of edible
grains are polluted each year (Gu e al., 2002). Compared
with other agricultural corps, vegetables accumulate heavy
metals more easily and abundantly. Investigations on the
content of heavy metals in vegetables have been carried
out in many cities in China. The results showed that
the concentration of some toxic heavy metals in many
agricultural products usually exceeded their corresponding
national sanitary standard, and Cd and/or Pb are most
serious (Li and Zhang, 2008). In particular, large area of
vegetable fields in northeastern China is being polluted
by Cd and Pb because of sewage irrigation, ore mining
and smelting, atmospheric precipitation and application
of phosphorus fertilizers. The Zhangshi Irrigation Area in
Liaoning Province, northeastern China is one of the most
representative Cd and Pb polluted farms (Zhou and Huang,
2001). Chinese cabbage is widely planted in northeastern
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China. With an increase in metal pollution of vegetable
fields, the pollution of Chinese cabbage by heavy metals
is being concerned.

In general, many heavy metals including Cd and Pb are
nonessential elements with biological toxicity. Cd is one of
the most hazardous environmental contaminants (Alloway,
1994). Which can found to induce oxidative stress in cells
(Sandalio et al., 2001), and can either inhibit or stimulate
the activity of several antioxidative enzymes (Corréa et
al., 2006). Similarly, Pb can reduce photosynthetic capac-
ity, respiration and nitrogen metabolisms and affect the
antioxidant status (Paolacci et al., 1997). Moreover, both
Cd and Pb can induce the generation of reactive oxygen
species (ROS), which unbalances cellular redox, inacti-
vate enzymes, and cause a lipid peroxidation (Moldovan
and Moldovan, 2004). The antioxidative enzyme system
including superoxide dismutase (SOD), peroxidase (POD)
and catalase (CAT) can protect a plant from oxidative
stress. SOD catalyzes the disproportionation of two Oy

radicals to H,O, and O, (Salin, 1988), pnd POD and CAT
participate in the decomposition of HpO,. Malondialde-
hyde (MDA) is a product of damage tp membrane lipids
in response to toxic chemicals, which ¢an also be used to
assess oxidative stress (Jin et al., 2002). Proline (PRO)"is
an organic osmolyte which can accumylate in a variety of
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plant species in response to environmental stresses such as
drought, salinity, extreme temperatures, UV radiation and
toxic heavy metals. It can also accelerate ROS scavenging
systems. The accumulation of PRO in a plant is thus con-
sidered to be physiological adaptation under environmental
stresses (Ishitani et al., 1995; Stevens et al., 1997; Zhu et
al., 2002). Many plants at seed germination and seedling
stage are sensitive to environmental factors. Therefore, the
change of plant growth at the germination and seedling
stage under heavy metal stress is often regarded as an
important index to evaluate plant tolerance to heavy metals
(Peralta et al., 2001; Abedin and Meharg, 2002).

In the past, effect of single heavy metal on soil-crop
systems was extensively investigated (Vallee and Ulmer,
1972; Shah et al., 2001; Seregin et al., 2003; Yang et al.,
2006). Although joint effects of some heavy metals on soil-
plant systems have been explored (Liu et al., 2007; Guo
et al., 2007; Sun et al., 2008), the knowledge about joint
effects of Cd and Pb on Chinese cabbage is still scarce.
Thus, it is of scientific significance and practice values to
investigate joint effects of Cd and Pb on the biomass of
vegetable seedlings, the elongation of roots and shoots, the
activity of antioxidative enzymes, and the content of MDA
and PRO in Chinese cabbage.

1 Materials and methods

1.1 Materials

All reagents used in the study were of analytical grade.
The tested forms of Cd and Pb were CdCl,-2.5H,O and
Pb(NO3),, which were bought from the Tianjin Kermel
Chemical Reagent Co., Ltd., China.

There were four cultivars of Chinese cabbage (Bras-
sica pekinensis L.), including Kangbingjinchun (KB),
Dongyangchunxia (DY), Qinglvwang (QL) and Qiangshi
(QS), which are widely planted in Liaoning Province,
northeastern China. They were bought from Shenyang
Agricultural University as vegetable seeds.

1.2 Seed germination and metal exposure

Chinese cabbage seeds were surface-sterilized in 3%
(V/V) H,0, for 15 min and then washed thoroughly with
deionized water. The seeds were put into Petri dishes
containing filter papers, which were moistened with 3 mL
aqueous mixtures of Cd and Pb, and germinated in the
dark at 25°C for 4 d. The seeds were exposed to different
concentrations of Cd (0, 12, 15, and 18 mg/L) and Pb
(0, 15, 20, 25, 30, 35, and 40 mg/L) during germination.
The tested Cd or Pb concentrations ranged from 10% to
60% of the inhibitory rate of root elongation, which was
determined in the pre-experiment. After 4 d exposure, root
length, shoot height and biomass were measured.

1.3 Sand culture

Quartz sands (50% of 0.5-1.0 mm and 50% of 1.0-2.0
mm in diameter) were pretreated with dilute hydrochloric
acid, and then washed thoroughly with deionized water.
After 500 g of quartz sands were put into a plastic pot, they

were watered with 150 mL half-strength Hoagland nutrient
solution. The Hoagland nutrient solution was consisted
of (mg/L): Ca(NO3),-4H,O 945, KNO3 607, NH4H,PO4
115, MgS04-7H,0 493, FeSO4-7H,0 13.9, Na,-EDTA
18.65, H3BO;3 2.86, MnSO4-4H,0 2.13, ZnSO4-7H,0
0.22, CUSO4'5H20 008, and (NH4)6M07024'4H20 0.02.
The pH of the solution was adjusted to 6.0 by dilute HCl1
or NaOH solution. The seeds were surface-sterilized in 3%
(V/V) H,O, as described above, and soaked in deionized
water for 36 h. Then 10 uniform seeds were selected and
transferred to pots. The plants were cultivated in a growth
chamber at 20°C/28°C with 12 h light/12 h dark cycle. One
week later (the seedlings had three leaves), the plants were
watered with full strength Hoagland nutrient solution. Cd
and Pb were added to the pots with full strength Hoagland
nutrient solution after 14 days, and the concentrations
were selected based on the germination experiment. Then
the plants were incubated for another week. The nutrient
solution was renewed every 3 days. After total 3 weeks
cultivation, the plants were used for biochemical analysis.

1.4 Determination of antioxidative enzyme activity and
soluble protein content

About 0.2 g leaf tissues were homogenized in an ice-
cooled mortar with 5 mL of 50 mmol/L. Na-phosphate
buffer (pH 7.8) containing 0.1 mmol/L Na,-EDTA and 1%
(W/V) polyvinyl-polypirrolidone (PVP). The extract was
centrifuged at 10000 r/min for 15 min at 4°C, and the
supernatant was prepared for the determination of soluble
protein (SP) content and enzyme activity.

The SP content in the supernatant was determined using
the dye-binding method by Bradford (1976). The activity
of SOD was assayed by measuring its ability to inhibit the
photochemical reduction of nitroblue tetrazolium (Stewart
and Bewley, 1980). The activity of POD was determined
using guaiacol substrates following the method described
by Wu and von Tiedemann (2002). The activity of CAT
was measured as the decreasing absorbance at 240 nm due
to the hydrolysis of H,O, using the method introduced by
Aebi (1984).

1.5 Estimation of lipid peroxidation and determination
of PRO

Lipid peroxidation was assayed by determining the
content of MDA (Kramer et al., 1991). About 0.5 g leaf
samples were extracted in 80% ethanol (Sharp et al., 1990)
and PRO was determined using the acid ninhydrin method
(Bates et al., 1973).

1.6 Statistical analysis

All measurements were replicated four times in indepen-
dent experiment and the determination of enzyme activity
was performed with three parallel samples in all cases

The statistical analyses were performed|using the software
SPSS (version 11.5). Effects of Cd and Pb on the growth
indexes within each cultivar were assessed using two-way
ANOVA (Zar, 1999), and the two factprs were “Cd con-
centration” and “Pb concentration”. Djfferences between
cultivars were analyzed using one-way ANOVA. The LSR
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multiple comparison test was used to analyze data from the
germination test and sand culture, respectively, at P < 0.05
(Breslow, 1974).

2 Results and discussion

2.1 Joint effects of Cd and Pb on Chinese cabbage at
seed germination stage

The variance analysis showed that there was no signifi-
cant difference in the germination rate of Chinese cabbage
seeds between the various treatments by Cd and Pb and
controls. The change in inhibitory rate of root and shoot
elongation and the biomass of seedlings with increasing
exposed concentrations of Cd and Pb are depicted in Fig.
1. There was the significant (P < 0.01) linear correlation
between the inhibitory rate and the tested concentration of
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Pb when Cd was added at levels of 0, 12, 15 or 18 mg/L.
The corresponding regression equations are listed in Table
1.

The root and shoot elongation of all the cultivars were
inhibited under the stress of Pb, while the biomass of
seedlings increased, compared with the control. When Cd
was added, the inhibitory rate increased markedly. The
analysis of two-way ANOVA showed that the inhibitory
rate of root length, shoot height and biomass of the four
cultivars increased significantly (P < 0.01) with increasing
concentrations of Cd and Pb. The differences of all three
growth indexes (the inhibitory rate between 0, 12, 15 and
18 mg/L Cd added level) were significant (P < 0.05) for
each cultivar. Only when Pb was higher than 20 mg/L, the
differences of the root inhibitory rate between different Pb
added levels were significant (P < 0.05) for KB, QL and

= 12mg/L 4 15mg/L < 18 mg/L

QL Qs E

0 15 20 25 30 35 400

15 20 25 30 35 400

15 20 25 30 35 400 15 20 25 30 35 40

Pb concentration (mg/L)

9 40 - KB DY QL W
22 3 o —— -
) i——‘l"—‘!‘_"'H
R B .
£5 0f T R
o 5 o522 F

o

0 15 20 25 30 35 400 15 20 25 30 35 400 15 20 25 30 35 400

15 20 25 30 35 40

Pb concentration (mg/L)

Inhibitory rate
of biomass (%)
(=)

QL QS

E=msmls e

15 20 25 30 35 400

20 - KB DY
HEEE e a_——s——“"_"_"—w——""’_ﬁ
0

15 20 25 30 35 400

15 20 25 30 35 400 15 20 25 30 35 40

Pb concentration (mg/L)

Fig. 1 Inhibitory effects of different Cd and Pb concentrations on the root elongation, shoot height and biomass of Chinese cabbage seedlings. KB:
Kangbingjinchun, DY: Dongyangchunxia, QL: Qinglvwang, QS: Qiangshi. Each data point represents mean + SE.

Table 1 Relationships between the inhibitory rate of root length (RI), shoot height (SI) and biomass (BI) and the concentration of Pb

Cd added KB DY QL QS
(mg/L) Equation R? Equation R? Equation R? Equation R?

Root 0 RI=091x + 2.15 0912 RI=0.63x +4.31 0913  RI=0.71x+5.01 0.950  RI=1.03x +4.83 0.937
length 12 RI=0.92x +29.14 0963 RI=10lx+1471 0945 RI=0.67x+29.81 0958 RI=0.87x+4278 0920
15 RI=0.95x + 35.11 0942 RI=101x+ 1842  0.941 RI=0.59x +39.56  0.943 RI=0.78x+50.92  0.870

18  RI=0.88x+42.88 0927 RI=099x+24.88 0925 RI=0.52x+4794 0946 RI=0.74x+ 5858  0.936

Shoot 0 SI=0.089x + 5.14 0875  SI=0.11x+2.48 0.927  SI=0.10x + 6.59 0907  SI=(Tax T 4247 U92%
height 12 SI=0.094x +9.15 0903  SI=0.16x + 18.73 0938  SI=0.12x + 14.63 0.900  SI=(.15x +24.18 0.908
15 SI=0.094x+12.89 0908  SI=0.16x+23.93 0914  SI=0.12x + 18.94 0.891 SI=(.14x + 29.14 0.867

18 SI=0.093x+15.60 0918  SI=0.15x+28.79 0.883  SI=0.11x+23.60 0.907  SI=(.15x + 33.33 0.905

Biomass 0 BI =0.12x-12.50 0.871 BI = 0.10x - 16.02 0925 BI=0.13x-17.64 0934  BI={.11x-11.33 0.907
12 BI=0.16x+ 1.36 0.888 BI=0.13x + 1.21 0909 BI=0.15x+0.71 0952  BI=¢.16x + 3.43 0.933

15 BI=0.16x+5.38 0.886  BI=0.13x+3.83 0905  BI=0.14x + 3.85 0906  BI={.16x + 6.76 0:886

18 BI=0.16x+8.73 0.862  BI=0.12x + 6.70 0.896  BI=0.11x+8.08 0936  BI=§.17x + 9.96 0.895
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QS. Changes of shoot height and biomass with Pb levels
were lower compared with those of root length. However,
there was no significant (P > 0.05) interactive effect of Cd
and Pb on root length, shoot height and biomass of each
cultivar.

The biomass of the seedlings increased from 5% to
15% under the stress of Pb (Fig. 1). Similar findings were
reported in previous studies for a broad range of grain
and vegetable species (Yu et al., 2006; Zhu et al., 2007,
Shentu et al., 2008). The possible reason may be that mild
metal stress may cause changes in plant hormones that
regulate plant growth and development. The contents of
indoleacetic acid, gibberellic acid and cytokinin have been
found to increase under different types of heavy metal
stress (Péter et al., 2003; Liu et al., 2005; Atici et al.,
2005). These endogenous phytohormones can stimulate
the growth of plant.

Different cultivars of Chinese cabbage had different
responses to stress of Cd and Pb. There was a significant (P
< 0.01) difference between each growth index of studied
four cultivars. At the highest Cd and Pb exposed level,
the inhibitory rate of root length of KB, DY, QL and QS
reached 79.60%, 62.28%, 69.26% and 89.46%, respective-
ly; and the inhibitory rate of biomass was 15.77%, 10.87%,
13.29% and 17.41%, respectively. Thus, the effect of Cd
and Pb on root length and biomass of DY was minimal,
while there was the most influence for QS. Similarly, the
inhibitory rate of shoot growth for KB was at the lowest
(19.67%), and that for QS was still maximum (39.70%).
According to Table 1, the half-inhibition dose (IDsg) of
Pb could be calculated and listed in Table 2. IDsy of Pb
based on shoot height and biomass changes at the same
level of added Cd was much higher than that based on root
elongation. At the presence of Cd and Pb, IDs, of Pb toxic
to cultivars was in the sequence: DY > QL > KB > QS for
Rip,, of root length, KB > QL > DY > QS for S p,, of shoot
height, and DY > QL > KB > QS for Bip,, of biomass.

Usually, it is difficult to construct a model to describe
joint effects of multiple pollutants because the effects are
complicated and many factors such as biological species,
pollutant forms and methods can affect experimental re-

Table 2 Half-inhibition dose (IDs() of Pb with different Cd

concentrations
Added Cd (mg/L) 0 12 15 18
KB Ripg, (mg/L) 47.64 22.67 15.68 -
Sipg, (g/L) 0.50 0.44 0.39 0.37
By, (g/L) 0.52 0.30 0.28 0.26
DY Rip,, (mg/L) 72.52 34.94 31.26 25.37
S1psy (Z/L) 0.43 0.20 0.16 0.14
Bip,, (g/L) 0.66 0.38 0.36 0.36
QL Ripy, (mg/L) 63.37 30.13 17.69 -
Sg, (/L) 0.43 0.29 0.26 0.24
Bips, (g/L) 0.52 0.33 0.31 0.28
QS Ripy, (mg/L) 43.85 - - -
Sipy, (g/L) 0.32 0.17 0.15 0.11
Bips, (g/L) 0.56 0.29 0.27 0.24

Rips,, S1ps, and Bips, represent IDsg of root length, shoot height and
biomass, respectively.

—: when the concentration of Cd was added, the inhibitory rate of root
elongation was higher than 50% at whatever concentration of Pb.

sults. Thus, the changing trend in slope coefficients of the
equations in Table 1 is complex. The primary judgment
of combined effects of Cd and Pb could be made by the
inhibitory rate of the growth indexes. Table 3 shows the
inhibitory rate of root length for KB at different added lev-
els of Pb and Cd. Based on the hypothesis that Cd and Pb
exerted additive action; each group of the inhibitory rate at
different Cd added levels (12, 15, 18 mg/L) was compared
with the corresponding hypothetical values. The difference
was not significant (P > 0.05) at any concentration of Cd.
Therefore, it can be concluded that Cd and Pb had an
additive action on root elongation for KB. Similarly, the
joint effect of Cd and Pb could be judged by the inhibitory
rate of root elongation, shoot height and biomass for four
studied cultivars (results not shown). Results showed that
all the differences were not significant (P > 0.05). Thus,
Cd and Pb had additive actions on studied Chinese cabbage
cultivars at the tested concentrations of Cd and Pb.

There are three established methods for toxic experi-
ments of higher plants, the experiment concerning root
elongation, seed germination, and seedling growth at the
early development stage (Cheng and Zhou, 2002; Song et
al., 2002). The determination of growth indexes at seed
germination stage is a convenient way to examine the effect
of a pollutant on plants. But usually, seed germination is
less sensitive compared with root elongation and seedling
growth (Peralta et al., 2001; Cheng and Zhou, 2002). In
our work, the change of seed germination rate was not
significant compared with the control when different con-
centrations of Cd and Pb were applied, which conformed
to the above conclusion well. As shown in Fig. 1, the
toxicity of Cd and Pb to root and shoot elongation is in the
sequence of root elongation > shoot elongation > biomass.
Therefore, root is more sensitive to Cd and Pb. This result
is consistent with many previous research works (Wang
and Zhou, 2005; Song et al., 2002). Responses of various
cultivars to the same contaminant were different. Table 2
reveals that when Cd was added, Rip,, and Bip,, of DY are
the highest in the corresponding indexes, whereas Rip,,,
Sy, and Bip,, of QS are the lowest compared with those
of the other cultivars indicating that the tolerance of DY to
joint toxicity of Cd and Pb is the highest and the one of QS
is the lowest at germination stage.

2.2 Joint effects of Cd and Pb on activity of antioxida-
tive enzymes

The activity of SOD, POD and CAT changed signifi-
cantly (P < 0.01) with an increase in the concentrations of
Cd and Pb (Fig. 2). Noticeably, the activity of all enzymes
increased, or increased at first and then decreased when the
concentrations of Cd and Pb were relatively low. However,
when exposed Cd was up to 18 mg/L, the activity of
all enzymes, except POD activity of QS, decreased. The

activity of SOD and CAT for DY and QL even decreased
to nearly half of that for controls. For Pb with or without
the addition of Cd, SOD activity in al] cultivars changed
significantly (P < 0.01), and the effects of Cd and Bb
interaction on SOD activity was als¢ significant (P»<
0.01). However, the responses of POD gnd CAT in-various
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Fig. 2 Joint effects of Cd and Pb on superoxide dismutase (SOD), peroxidase (POD) and catalase activity (CAT). Each data point represents mean =+

SE.
Table 3 Inhibitory rate (mean value) of root elongation for KB under different concentrations of Pb and Cd
0 mg/L Pb 15 mg/L Pb 20 mg/L Pb 25 mg/L Pb 30 mg/L Pb 35 mg/L Pb 40 mg/L Pb
0 mg/L Cd 0 16.85 17.03 27.69 31.70 31.02 39.71
12 mg/L Cd 24.39 40.86 49.88 53.49 53.53 63.65 64.66
15 mg/L Cd 29.14 46.74 55.31 62.23 61.87 68.73 71.88
18 mg/L Cd 33.32 58.49 58.59 63.99 68.65 73.18 79.60

cultivars to single and joint effects of Cd and Pb differed.
POD in KB and QL was sensitive to Cd and the interaction
of Cd and Pb (P < 0.01), but less sensitive to Pb (P > 0.05),
while it was contrary for DY and QL. CAT was sensitive
to Cd and Pb (P < 0.01) only for DY. In all cultivars,
the interactive effects of Cd and Pb on CAT were not
significant (P > 0.05). Therefore, SOD was more sensitive
to exogenous Cd and Pb than other enzymes. Figure 2 also
reveals that the changing degree of SOD activity for KB
and QS was lower than that for DY and QL. Although
SOD activity of KB and QS also decreased at the presence
of high level Cd and Pb, it was still higher than that in
controls. It was noticeable that among four cultivars, the
changing extent of activity for all enzymes for QS was at
the lowest level.

Heavy metals can induce the generation of ROS, such as
superoxide radical (O,""), hydroxyl radical (-OH), hydro-
gen peroxide (H,0;) and alkoxyl radical (RO-) (Bowler et
al., 1992; Babu et al., 2001). ROS can damage membrane
lipids, proteins, pigments, and nucleic acids, and plant
evolves the antioxidant defense system to prevent the
adverse effects of oxidative stress to cells (Jung et al.,

2000). Inadequate activities of antioxidant defense systems
cause oxidative damage in plants exposed to Cd (Metwally
etal., 2003). The antioxidative enzyme system is one of the
protective mechanisms in a plant. The increased activity of
antioxidative enzymes in a plant indicated the formation of
ROS (Pflugmacher, 2004), and the present study indicated
the generation of oxidative stress in Chinese cabbage
since all studied enzymes activity increased at low Cd
and Pb added levels. But SOD activity in four studied
cultivars decreased more or less at high Cd and Pb levels.
This phenomenon was also reported in other publications.
Gallego (1996) found that SOD activity decreased in
sunflower leaves under the stress of 0.5 mmol/L Cd; and
reduction of the SOD activity was also observed in wheat
leave (Panda et al., 2003). Casano (1997) thought oxidative

damage occurred if the production ratqef-the—stperoxtde
radical under environmental stress excpeds SOD activity.
Similarly, the activity of POD and (JAT was inhibited
under severe oxidative stress, which fits|to pervious studies
on heavy metals (Sandalio et al., 200]; Fornazier et al.,
2002; Shim et al., 2003). The decreas¢ in the activity/of
enzymes may reflect serious toxic effeqts from high' levels
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of heavy metals. When the environmental stresses exceed
the tolerant threshold of a plant, the antioxidative enzyme
system is depleted.

2.3 Joint effects of Cd and Pb on the content of MDA,
SP and PRO

The changes of MDA, SP and PRO content under
Cd and Pb stress are shown in Fig. 3. MDA is an end
product of lipid peroxidation, which will accumulate in
a plant under environmental stress (Skorzynska-Polit and
Krupa, 2006). As shown in Fig. 3, the changing trend of
MDA content in the cultivars was similar to that of the
antioxidative enzymes activity. MDA content increased at
first. In KB and QS, MDA content tended to be steady and
fluctuated slightly when the concentration of Pb was over
20 mg/L and Cd was over 15 mg/L. While in DY and QL,
the contents of MDA decreased when Cd concentration
was higher than 15 mg/L. The SP content increased when
Pb level was lower than 20 mg/L and Cd concentration was
lower than 18 mg/L, and then decreased with increasing
Cd and Pb concentrations. The PRO content increased
rapidly under Cd and Pb stress, and decreased only when
Cd concentration was up to 18 mg/L. But this was not
the case of QS. Generally speaking, Cd affected MDA, SP
and PRO content significantly (P < 0.05), while Pb and its
interaction with Cd were less significant. Among the four
cultivars, QS had the lowest content of MDA and highest
content of PRO, while QL had the highest content of MDA
and lowest content of PRO. This implied the existence
of an inner connection between these two physiological
indexes.

Obviously, the increasing extent of MDA content was

different in various cultivars. In KB and QS, the MDA
content was lower than that in DY and QL, which could
be associated with the accumulation of PRO in a plant.
PRO is an osmolyte that can provide protection to the
enzymes; protect macromolecules against denaturation;
confer rigidity to the cell wall; and scavenge hydroxyl
radicals (di Toppi and Gabbrielli, 1999). In current work,
the content of PRO in KB and QS was 2-3 times higher
than that in DY and QL, and the decreasing extent of SP
content and SOD activity in KB and QS was relatively
low (Figs. 2 and 3). Among four cultivars, changes of
enzymes activity in QS were the smallest, which can also
be related with the highest accumulation content of PRO
in QS. Giannakoula (2008) reported that in aluminum-
tolerant maize, PRO content increased significantly while
MDA content changed slightly under aluminum stress.
Schat (1997) found that when different ecotypes of Silene
vulgaris were exposed to Cd, the PRO concentration in
leaves of the metal-tolerant ecotype was 5—6 times higher
than that in the nontolerant ecotype. Therefore, the accu-
mulation of PRO can be probably regarded as one of the
characters of Cd and Pb-tolerant Chinese cabbage. As far
as this is concerned, the tolerance of QS to joint toxicity of
Cd and Pb was quite diverse at various development stages.

SOD is the primary scavenger of O, " radicals generated
from normal physiological activities and from exposure
to oxidative factors. It also probably plays a key role
in defending against toxic ROS accumulation (Bowler
et al., 1992). As mentioned above, MDA is a product
of damage to membrane lipids in response to various
pollutants, and PRO will accumulate in a plant under
environmental stress. In our work, SOD activity increased

Cd: = 0mg/L = 12mg/L - 15mg/L > 18 mg/L
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Fig. 3 Joint effects of Cd and Pb on the contents of MDA, SP and PRO. Each data point represents mean { SE.
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when the concentrations of Cd and Pb were low, and
the contents of MDA and PRO increased in the same
time. That meant the generation of oxidant stress and the
startup of the antioxidant defense system. The promotion
of SOD activity led to the increase of H,O,, consequently
the activities of POD and CAT were induced. Even SOD
activity decreased along with the increasing concentrations
of Cd and Pb, POD activity kept on rising to scavenge
H,0,. But it seems that CAT was less tolerant to Cd and
Pb stress (Fig. 2). At low Cd and Pb levels, the content
of SP increased. This may caused by the protection of
the antioxidative enzymes and PRO, which alleviated the
oxidant stress; or the content of plant hormones which can
simulate growth (such as indoleacetic acid) increased at
certain concentrations of Cd and Pb (Péter ef al., 2003; Liu
et al., 2005; Atici et al., 2005). As the analysis above, KB
and QS showed more tolerance to Cd and Pb than DY and
QL, however, the activity of the antioxidative enzymes and
the content of PRO and SP decreased in all cultivars when
the concentrations of Cd and Pb were high. Thereby, these
physiological processions were all inhibited by high toxic
conditions.

It is interesting that the content of MDA decreased
at high Cd and Pb added levels. Skdrzyniska-Polit and
Krupa (2006) and Qiu (2008) also found that the content
of MDA decreased in Cd-treated Phaseolus coccineus
L. and Arabis paniculata F. Skérzyfiska-Polit and Krupa
(2006) considered that this should be attributed to the
decomposition of lipid peroxides, or the accumulation of
various free fatty acids in stressed plants which change the
way of lipid peroxidation. On the other hand, this may be
caused by the change of membrane structure, protection of
antioxidants (such as glutathione and ascorbate other than
PRO) or other physiological processions. Further research
is still necessary to understand the specific mechanism.

3 Conclusions

There were significant positive linear relationships be-
tween the inhibitory rate of biomass, root and shoot
elongation of four Chinese cabbage cultivars and the tested
concentration of Pb when Cd was added at the level of
0, 12, 15 or 18 mg/L. Root elongation was the most
sensitive growth index reflecting joint stress of Cd and Pb
at the germination stage. DY were considered as the most
tolerant cultivar to Cd and Pb, whereas QS was the most
vulnerable one at germination stage.

The activity of SOD, POD and CAT increased, or in-
creased first and then decreased when the concentrations of
Cd and Pb were relatively low. But when Cd was up to 18
mg/L, nearly all the antioxidative enzymes were inhibited.
The inhibitory extent for KB and QS was relatively low.
SOD was more sensitive to Cd and Pb stress than POD and
CAT.

The contents of MDA, SP and PRO changed significant-
ly with the increase in concentrations of Cd and Pb. The
content of PRO in KB and QS was 2-3 times higher than
that in DY and QL, and the decrease extent of SP content
in KB and QS was low. PRO played an important role in

resisting the joint stress of Cd and Pb. The accumulation of
PRO can be probably regarded as one of the characters of
Cd and Pb-tolerant Chinese cabbage.
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