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Lead, similar to other heavy metals and abiotic factors, causes many unfavorable
changes at the subcellular and molecular levels in plant cells. An increased level of
superoxide anion in Pisum sativum root cells treated with 1 mM Pb(NOg3), evidenced
oxidative stress conditions. We found increased activities of enzymatic components of
the antioxidative system (catalase and superoxide dismutase) in the cytosol, mito-
chondrial and peroxisomal fractions isolated from root cells of Pisum sativum grown
in modified Hoagland medium in the presence of lead ions (0.5 or 1 mM). Two
isoenzyme forms of superoxide dismutase (Cu,Zn-SOD and Mn-SOD) found in differ-
ent subcellular compartments of pea roots were more active in Pb-treated plants than
in control. Increased amount of alternative oxidase accompanied by an increased ac-
tivity of this enzyme was found in mitochondria isolated from lead-treated roots.
These results show that plants storing excessive amounts of lead in roots defend them-
selves against the harmful oxidative stress caused by this heavy metal.

Plants respond to heavy metal ion stress in  sources of environmental pollution. Previous
different ways including exclusion, chelation, studies have shown that lead inhibits meta-
compartmentalization, and expression of  bolic processes such as nitrogen assimilation,
stress protein genes. Lead is one of the main = photosynthesis, respiration, water uptake,
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and transcription [1-4]. Lead causes two
types of unfavorable processes in biological
systems. Firstly, lead inactivates several en-
zymes by binding with their SH-groups [5].
Secondly, lead ions, similarly as those of other
heavy metals, can intensify the processes of
reactive oxygen species (ROS) production
leading to oxidative stress [6-8]. These pro-
cesses, which destructively affect cell struc-
ture and metabolism, are mutually connected
and stimulate each other, which may result in
a decreased efficiency of oxidation-reduction
enzymes or the electron transport system
leading to fast production of ROS in the cell
[9]. Lead can exert a negative effect on mito-
chondria by decreasing the number of mito-
chondrial cristae, which in turn can lower the
capacity of oxidative phosphorylation [10]. Le-
gumes treated with lead show lowered activity
of nitrogenase in their nodules [11]. By bind-
ing to nucleic acids, lead causes aggregation
and condensation of chromatin, as well as sta-
bilization of the DNA double helix inhibiting
the processes of replication and transcription
[3, 12].

An increase in the intracellular (cytosol) con-
centration of heavy metal ions causes the in-
duction of the synthesis of low-molecular
mass peptides with high content of SH
groups, called phytochelatins [5, 13, 14]. The
main function of these proteins, called
III-class metallothioneins, is to maintain the
homeostasis of metals in the plant, i.e. to
maintain the concentrations of metals that
are necessary for plants (e.g. Cu, Zn) at the
most desirable levels and to keep the concen-
tration of other unnecessary metals (e.g. Cd,
Pb) below the toxic level [5].

Lead, like other heavy metals and other
abiotic factors (e.g. electromagnetic radia-
tion, salinity, drought, and xenobiotics), can
cause oxidative stress in plant with an accom-
panying increased ROS production. In ex-
treme cases, when ROS level exceeds the ca-
pacity of cell defense mechanisms, structural
and functional damage takes place, leading to
cell death [15]. The main sites of ROS forma-

tion in plant cells are chloroplasts, peroxi-
somes and mitochondria. One of the most
dangerous results of oxidative stress in mito-
chondria is nonspecific permeability of the in-
ner mitochondrial membrane which results
from the formation of channels and pero-
xidation of membrane phospholipids [16]. As
aresult, the synthesis of ATP is decreased and
the outflow of ions, nucleotides, glutathione
and some proteins from mitochondria is in-
creased which directly threatens vital pro-
cesses in the plant cell [17].

The antioxidative system of the cell includes
enzymatic components such as superoxide
dismutase (SOD), catalase (CAT), glutathione
peroxidase, ascorbic acid peroxidase, and
glutathione reductase, as well as nonenzy-
matic molecules such as ascorbic acid,
cysteine, glutathione, a-tocopherol, hydro-
quinone, carotenoids, and polyamines.
Superoxide anion radicals produced in differ-
ent compartments of plant cells are rapidly
converted into H9O9 in a reaction catalyzed by
SOD [18, 19]. It is well known that transition
heavy metals (e.g. Cu, Fe) catalyze the forma-
tion of ‘OH radicals from O, in the non-enzy-
matic Fenton reaction. The molecular mecha-
nisms of Cd and Pb toxicity are poorly under-
stood. The protective function of CAT is lim-
ited due to its localization mainly in pero-
xisomes [20]. Antioxidative enzymes occur in
cells in many isoforms, often exhibiting differ-
ent properties [18]. In eukaryotic organisms
SOD occurs in three isoforms: mitochondrial
Mn-SOD, cytosolic Cu,Zn-SOD and extra-
cellular EC-SOD (Cu,Zn-SOD) [21]. Genes en-
coding different SOD isoforms respond in a
varied way to metabolic and environmental
signals [22]. Regulation of the level of antio-
xidative enzymes gives plants an additional
protective ability against oxidative stress [20].

Cyanide-resistant alternative oxidase (AOX)
present in plant mitochondria also plays a role
in limiting mitochondrial ROS production,
thus constituting an additional mechanism of
the antioxidative stress defense [23-27].
Ubiquinone is one of the production sites of
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free radicals in the mitochondrial respiratory
chain. Electron transport through the alterna-
tive pathway (AOX) allows then the cell to
maintain respiratory processes and prevents
an increase in ubiquinone reduction. Under
stress conditions, the activity of the cyto-
chrome pathway decreases and as a conse-
quence ubiquinone reduction increases, inten-
sifying ROS production. Increased activity of
AOX could help in maintaining the reduction
of respiratory chain components at an appro-
priate level and diminish the generation of
H509. It would be possible then to maintain
the production of ROS in balance with the lev-
els of low molecular mass antioxidants and
antioxidative enzymes removing free radicals.

Information on the relationship between
heavy metal effects and oxidative stress in
plants is rather scarce. The aim of our study
was to examine at the subcellular level
whether Pb2" ions can lead to increased ROS
production and can change the activity of free
radical quenching enzymes (SOD, CAT) and
AOX in Pisum sativum root cells.

MATERIAL AND METHODS

Plant material. Three-day old seedlings of
pea (Pisum sativum L., cv. Sol.) were grown
hydroponically on modified Hoagland me-
dium. In Pb-treated plants, the medium was
supplemented with lead ions (0.5 or 1 mM
Pb(NOg)s). Roots were collected after 0, 2, 8,
24, 48, 72 and 96 h of exposition to Pb2" ions
and washed in 10 mM CaCly to remove lead
accumulated on their surface. Roots for
superoxide anion radical detection were
frozen in liquid nitrogen and stored at - 70°C.

Isolation of subcellular fractions. The
plant material was homogenized in the isola-
tion buffer containing 5% BSA, 1 mM EDTA,
1% PVP, 0.35 M sucrose, and 0.05 M
KH2P04/K2HPO4 buffer (pH 72) The ho-
mogenate was centrifuged for 10 min at 3000
X g. Then, the supernatant was centrifuged
for 20 min at 12500 X g. The obtained

supernatant was the cytosol fraction. The pel-
let was gently resuspended in a medium con-
taining 0.3 M mannitol, 0.2% BSA, 1 mM
EDTA, and 20 mM Mops (pH 7.2) and then pu-
rified in a continuous gradient formed by 24%
(v/v) Percoll in 0.25 M sucrose, 0.2% BSA and
20 mM Mops (pH 7.2). The gradient was cen-
trifuged at 40000 X g for 30 min in fixed an-
gle rotor. Afterwards, the mitochondrial and
peroxisomal fractions were carefully collected
and washed from Percoll in a 20-fold volume
of a buffer (0.35 M succrose, 20 mM Mops, pH
7.2). After 30 min centrifugation at 8000 X g,
purified mitochondria and peroxisomes were
resuspended in the same buffer. Protein was
determined according to the Bradford method
[28], using the Bio-Rad protein assay.

Electron microscopy. Freshly isolated mi-
tochondria samples were fixed as pellet (sedi-
mented at 13000 X g) overnight in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4) and then washed three times for 3 h each
in 2% osmium tetroxide dissolved in the same
medium (at 0°C). After washing in water, the
pellet was dehydrated with increasing concen-
trations of ethanol and acetone and embedded
in a mixture of epones. Thin sections were cut
with a ultramicrotome and stained with ura-
nyl acetate.

Determination of superoxide anion radi-
cal (Og’L ) production rate. As it was de-
scribed in earlier reports [29], whole roots
were placed in a test tube and poured over
with a solution containing 0.05 M potassium
phosphate buffer (pH 7.8), 0.05% nitroblue
tetrazolium (NBT), and 10 mM NaNj. After 5
min incubation in the dark, 2 ml of the solu-
tion was taken up from the tubes and heated
at 85°C for 15 min. Then, the samples were
cooled and absorbance was measured at 580
nm.

Determination of antioxidative enzyme
activities. Pea roots were homogenized in a
buffer containing 0.05 M potassium phos-
phate buffer (pH 7.0), 1% (v/v) Triton X-100
and 7 mM S-mercaptoethanol. The homoge-
nate was centrifuged twice for 25 min at
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12000 X g. The activity of SOD was assayed
by measuring its ability to inhibit the photo-
chemical reduction of NBT, adopting the
method of Beauchamp and Fridovich [30].
The reaction mixture contained 13 uM
riboflavine, 13 mM methionine, 63 M NBT
and 0.05 M potassium phosphate buffer (pH
7.8). After the addition of root homogenate,
switching on a UV lamp for 6 min started the
reaction. Absorbance at 560 nm was then
measured. The activity of CAT was deter-
mined by directly measuring the decomposi-
tion of HyO9 at 240 nm for 3 min as described
by Aebi [31], in 0.05 M phosphate buffer (pH
7.0) containing 5 mM Hy0O9 and enzyme ex-
tract. The activities of both enzymes were also
measured in subcellular fractions (in mito-
chondria and the cytosol — SOD activity, and
in peroxisomes and the cytosol — CAT activ-
ity) obtained from pea roots treated with 0.5
mM Pb(NO3)s.

Non-denaturating electrophoresis and
SOD detection. Non-denaturating electro-
phoresis in polyacrylamide gel was conducted
according to the modified Davis procedure
[32]. Samples contained 5 ul of 50% sucrose
with 0.1% bromophenol blue and 50 ml of iso-
lated cell fractions. The stacking gel contained
3% acrylamide, 10% bisacrylamide, 40 mM
Tris/HgPOy4 (pH 6.9), 0.015% ammonium per-
sulphate, 0.0005% riboflavin phosphate, and
0.1% TEMED. The resolving gel contained
10% acrylamide, 1.25% bisacrylamide, 6 mM
Tris/HCl1 (pH 8.48), 0.008% ammonium per-
sulphate, 0.0003% riboflavin phosphate, and
0.2% TEMED. Electrophoresis was conducted
in two different buffers (cathode buffer: 63
mM Tris/HCI, pH 7.47, and anode buffer: 40
mM Tris/glycine, pH 8.89) at 20-30 mA. In
order to detect SOD, the gel was washed in
2.45 mM NBT for 20 min, and then incubated
for 15 min in a solution containing 28 mM
EDTA, 0.028 mM riboflavin phosphate, and
36 mM phosphate buffer (pH 7.8). The gel was
exposed to a UV lamp for 7 min and then
washed in bidistilled water.

SDS/PAGE and immunoblotting. Mito-
chondria corresponding to up to 100 ug pro-
tein were solubilized in sample buffer (1%
(w/v) SDS, 60 mM Tris/HCI, pH 6.8, 10% glyc-
erol, 0,004% bromophenol blue, 1 mM dithio-
threitol, and 8% [-mercaptoethanol) and
boiled for 4 min. Electrophoresis was carried
out in a manner similar to that of Laemmli
[33] using 5% polyacrylamide stacking gel and
12.5% polyacrylamide resolving gel, followed
by Western blotting. Bio-Rad prestained low
molecular mass markers were used. Anti-
bodies against alternative oxidase proteins of
Sauromatum guttatum (generously supplied
by Dr. T.E. Elthon) were used at a dilution of
1:1000. Alternative oxidase bands were visu-
alized using the Amersham ECL system.

Measurement of mitochondrial respira-
tion. Mitochondrial oxygen uptake was mea-
sured with a Clark oxygen electrode at 25°C in
1.5 ml of reaction medium (0.3 M mannitol,
0.2% BSA, 10 mM KCl, 5 mM MgCl,, 0.05 M
potassium phosphate buffer, pH 7.5) with 1-2
mg of mitochondrial protein. State 3 respira-
tion (with 1 mM ADP) and cyanide-resistant
respiration were measured with 10 mM suc-
cinate as substrate.

RESULTS

Figure 1 presents electron microscopy pho-
tographs of mitochondrial fractions isolated
and purified on a Percoll gradient from pea
roots grown for 72 h in the absence or pres-
ence of 0.5 mM Pb2". Photographs show that
both the control and lead-treated mitochon-
drial fractions are homogenous as most of the
mitochondria have intact matrix and mem-
branes, indicating that the isolation proce-
dure did not damage the structure of mito-
chondria. In the case of the mitochondria iso-
lated from lead-treated roots, dense granules
are present inside these organelles. As shown
in Fig. 1, there is a clear reduction of the num-
ber of mitochondrial cristae in the mitochon-



Vol. 48

Pea root cell response to lead stress 691

Figure 1. Electron micrographs of pea root mito-
chondria (A) control and (B) from 0.5 mM
Pb(NOg3)s-treated plants.

dria isolated from plants treated with lead
compared to control mitochondria.

Figure 2 shows the effect of Pb%* on super-
oxide anion (O2 ) production in pea roots in
relation to the cultivation time. At any time of
cultivation, lead-stressed roots produced a
greater amount of superoxide anion com-
pared with control roots indicating oxidative
stress conditions. In lead-treated roots, the
amount of superoxide anion generated was
significantly increased (almost twice) just af-
ter 2 h of exposition to 1 mM Pb(NO3)9 and
then it was maintained at a steady level for
48 h. Superoxide anion production started to
decrease after 48 h of lead treatment.

Changes of the activity of two enzymes of the
antioxidative system, SOD and CAT, were si-
multaneously determined in extracts obtained
from roots treated with 1 mM Pb2" (Figs. 3
and 4). With time of cultivation, a progressive
increase in SOD activity (till a 3-fold increase
at 24 h of growing with lead) was observed

30

25

20 ~

[Omol x min~" per mg protein]
>

Rate of superoxide anion production

0 2 8 24 48 72 96lh]
O-Pb E+Pb

Figure 2. Effect of lead on superoxide anion pro-
duction in pea roots in relation to cultivation
time.

-Pb, control roots; +Pb, 1 mM Pb(NOg)q-treated roots.
Mean values of four independent experiments (+ S.D.)
are presented.

and then the high activity of the enzyme was
maintained. After 96 h, the activity of SOD de-
creased slightly (by about 17%). At the same
time, the activity of CAT progressively in-
creased, exhibiting the highest value (6 times
higher than control) after 72 h of Pb%* treat-
ment. After next 24 h, the activity fell by 33%.
When comparing the activity of SOD in
subcellular fractions, there was a 15% in-
crease in SOD activity in the mitochondrial
fraction and a 23% increase in the cytosol frac-
tion in pea roots treated with 0.5 mM Pb2" for

70
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50

40 1

30 1

20

SOD activity [U/mg protein]

0 2 8 24 48 72 96
[h]
O-Pb W +Pb

Figure 3. Changes of SOD activity in 1 mM
Pb(NOg),-treated pea roots in relation to cultiva-
tion time.

Mean values of three independent experiments (+ S.D.)
are presented.
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Figure 4. Changes of CAT activity in 1 mM
Pb(NOg3)s-treated pea roots in relation to cultiva-
tion time.

Mean values of three independent experiments (+ S.D.)
are presented.

72 h compared with control roots (Fig. 5).
Moreover, it is demonstrated that CAT activ-
ity in the cytosol fraction increased by 26% as
compared with the cytosol of the control
plants, whereas the peroxisomal fraction re-
sponded to lead with a 24% increase in CAT
activity (Fig. 6).

When proteins from the subcellular frac-
tions were separated by native electrophore-
sis and monitored for SOD activity, two isoen-
zymatic forms localized in different sub-
cellular compartments of Pisum sativum roots
were found (Fig. 7). Namely, the cytosol frac-
tion contained two SOD isoforms, of which
Cu,Zn-SOD (the form typical for cytosol) was
the stronger one, whereas the weaker form
visible in the gel, Mn-SOD, was probably de-
rived from mitochondria or peroxisomes dam-
aged during preparation. The main band cor-
responding to Cu,Zn-SOD is clearly intensi-
fied in the cytosol fraction of lead-treated
roots indicating an increased activity of this
enzyme. The presence of two isoenzymatic
forms of SOD represented by bands of weak
intensity was observed in the peroxisomal
fraction. The Cu,Zn-SOD isoform is more in-
tensive in the peroxisomal fraction from
roots treated with lead compared with con-
trol. In the pea root mitochondrial fraction,
the Mn-SOD form, characteristic of mitochon-

35
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Figure 5. SOD activity in the cytosol and mito-
chondrial fractions from control and 0.5 mM
Pb(NO3)s-treated 72-h-old pea roots.

Mean values of three independent experiments (+ S.D.)
are presented.

dria, was detected. When compared with the
control, mitochondria from lead-treated roots
exhibit a much higher activity of the Mn-SOD.
Mitochondria isolated from roots of control
and lead-treated pea plants revealed coupling
of electron transport with oxidative phos-
phorylation. The respiratory control ratio was
14+0.12(S.D.,n=3)and 1.2+ 0.09(S.D.,n =
3) for mitochondria isolated from control and
lead-treated plants, respectively. Measure-
ments of the uninhibited state 3 respiration
(mainly representing the cytochrome path-
way-mediated respiration) and the cya-
nide-resistant AOX-mediated respiration al-

°
w

——

o
)
——

CAT activity [ Omol x min ™ per mg protein]
o
o

o

Control + 0.5 mM Pb

H Cytosol []Peroxisomes

Figure 6. CAT activity in the cytosol and pero-
xisomal fractions from control and 0.5 mM
Pb(NOg)s-treated 72-h-old pea roots.

Mean values of four independent experiments (+ S.D.)
are presented.
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Figure 7. Isoenzyme patern of SOD in the mitochondrial (M), peroxisomal (P), and cytosol (C) fractions of
control and 0.5 mM Pb(NOjg),-treated 72-h-old pea roots.

Subcellular fraction samples (100 ng) were electrophoresed on non-denaturating polyacrylamide gel and the
isoenzymes (Mn-SOD and Cu,Zn-SOD) were visualized as described under Materials and Methods.

low an estimation of the influence of 0.5 mM
Pb2" ions (during 72 h of cultivation) on both
mitochondrial respiratory pathways in Pisum
sativum roots. As shown in Table 1, lead-treat-
ment had no effect on the total uninhibited mi-
tochondrial respiration, whereas it caused a
3-fold increase in CN-resistant respiration.
Immunodetection of the AOX protein showed
that the amount of 36 kDa AOX protein in-
creased markedly in the mitochondria of pea
roots grown in the presence of 0.5 mM Pb2*
for 72 h compared with control untreated
roots (Fig. 8).

DISCUSSION

The destructive effects of lead are visible at
the molecular and cellular levels as well as at
the level of the whole plant [34-37]. Roots are
especially endangered by the toxic lead effect,
because they first have contact with the metal
and they are organs where 70-95% of the lead
is accumulated [38]. As shown previously
[38], pea (Pisum sativum) is a plant with a me-
dium constitutive tolerance to Pb%* when ana-
lyzed by means of the tolerance index [39].
Electron microscopy photographs (Fig. 1)
show that mitochondria from lead-treated
plants reveal the presence of dense granules
and a reduction of the number of mitochon-
drial cristae in comparison with control mito-
chondria. Similar dense granules were local-

Table 1. Uninhibited respiration and CN-resis-
tant respiration in mitochondria isolated from
72-h-old pea roots treated with 0 or 0.5 mM
Pb(NOg)s,.

Values of respiratory rates with 10 mM succinate as
substrate in state 3 respiration (+ 1 mM ADP) and in
the presence of 1 mM KCN are in nmol Oy - min~! per
mg protein. Data are mean values +S.D. of determina-
tions from three separate mitochondria prepatations.

Pb(NO3), concentration (mM)

Conditions 0 0.5
State 3 131 + 11 138 + 7
+ KCN 26 + 8 73+5

ized in mitochondria of Lemna minor roots,
which after a thorough X-ray analysis turned
out to be granules of lead salts [40], and in
maize roots [10] treated with Pb%*. On the
other hand, the reduction of the number of

-Pb +Pb

P

36 kDa —

Figure 8. Immunoblot of AOX protein in mito-
chondria isolated from control (-Pb) and 0.5 mM
Pb(NOg),-treated (+Pb) 72-h-old pea root.

An immunoblot from 12.5% SDS/PAGE gel probed for
the AOX protein is shown. Mitochondrial protein
150 ug was loaded in both lanes.
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cristae in the mitochondria of plants exposed
to lead can lead to a decrease in the phos-
phorylation capacity, as it was found in mito-
chondria of yellow lupin roots [41].

As shown in Fig. 2, the exposition of pea
roots to lead resulted in an increased
superoxide anion production. This increase
probably intensified the activity of the anti-
oxidative system (Figs. 3 and 4), which leads
to a subsequent decrease in the production of
02[-l following a 48-h PbZ* exposition. The in-
creased generation of ROS in other plants ex-
posed to heavy metals has been observed, e.g.
in Cd-stressed potato tubers [9, 42], in roots of
lupin seedlings treated with Cu2+, cd%* or
Pb2* [43] and in Brassica juncea treated with
7n>" ions [6]. Pisum sativum roots contain an
endogenic pool of thiol compounds such as
cysteine, glutathione and homoglutathione
which are able to chelate lead and, simulta-
neously, they are low-molecular antioxidants
of plant cells [44]. As shown previously [38],
an increase in O, level during the first two
hours of lead treatment of pea roots was ac-
companied by a decrease in cysteine (by 92%)
and an increase in glutathione (by 88%) con-
centration. However, after longer lead exposi-
tion the level of both antioxidants was de-
creased. Thus, in pea roots, the disturbed oxi-
dation-reduction balance caused by a high
level of ROS generation and the decreased
level of low-molecular antioxidants (thus the
balance shifted to the oxidation reactions) in-
dicate the oxidative stress conditions.

Unfavorable changes caused by ROS can be
prevented by the defense mechanism of
plants, i.e. the antioxidative system, which is
composed not only of the low-molecular com-
ponents but also of enzymatic components
such as SOD, CAT, peroxidase and AOX.

Our results demonstrate that prolonged
stress induced by lead ions results in the acti-
vation of both antioxidative enzymes, SOD
and CAT, in extracts from Pisum sativum root
tissues (Figs. 3 and 4). A greater activity of the
enzymatic components of the antioxidative
system indicating stress conditions was also

found in subcellular compartments (Figs.
5-7). An increased activity of CAT was ob-
served in the cytosol and peroxisomes,
whereas an increased activity of SOD was ob-
served in the cytosol (Cu,Zn-SOD) and mito-
chondria (Mn-SOD). The correlation between
the SOD activity level and the heavy metal
stress effect depends on the plant species and
the type of the metal. An increase in SOD ac-
tivity was observed in extracts of lupin roots
treated with lead and copper ions [45] and in
extracts from leaves of Helianthus annus L.
seedlings after 12-h treatment with Cu®" ions
[46]. In experiments on a prolonged effect of
heavy metals on SOD activity in such plants
as yellow lupin, soybean and pea many au-
thors observed an increase in the activity of
this enzyme after 48 h of Zn2+, Mn2+, Cu2+,
A1?* and Pb?" treatment [45, 47, 48]. Other
authors, on the other hand, observed a de-
crease in the activity of this enzyme during
first 10 h of stress in tissues of potato tubers
treated with Cd2+, which was followed by an
activity increase afterwards [9]. Cd%" ions
were shown to decrease SOD and CAT activi-
ties in seedlings of Phaseolus vulgaris [49],
whereas in other plants they stimulated mito-
chondrial Mn-SOD activity and chloroplast
Fe-SOD activity [7]. The observed changes in
SOD activity are the combined result of en-
zyme inactivation caused by metal ions and
SOD synthesis [9]. Therefore, it seems that
both the degree of enzyme inactivation and
the induced level of its synthesis are impor-
tant factors of plant tolerance. In the case of
CAT, another important enzymatic compo-
nent of the antioxidative system, changes in
activity depend on plant species and heavy
metal type. A decrease in CAT activity was
observed, e.g. in seedlings of Phaseolus
vulgaris treated with Cd*" ions for a period of
3-6 days [49] and in oat seedlings treated for
24 h with Cu?" ions [50], while an increase
was observed in wheat seedlings treated with
AI%* jons [51].

Nowadays, it is thought that the mitochon-
drial antioxidative system includes also the al-
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ternative cyanide-resistant oxidase (AOX)
that can participate in the lowering of ROS
generation [23-27]. As shown in Table 1, the
increased CN-resistant AOX-mediated respi-
ration was found in mitochondria isolated
from lead-treated roots. An increased AOX ac-
tivity caused by heavy metals has been previ-
ously observed in some plant species. For ex-
ample, in mitochondria from potato tubers,
non-phosphorylating AOX-mediated respira-
tion was increased under cadmium stress
while the membrane potential and the pro-
tonmotive force were decreased indicating a
slow-down of the cytochrome pathway activity
[62]. The significantly increased activity of
AOX in the presence of cyanide in mitochon-
dria from lead-treated pea roots suggests that
this non-phosphorylating pathway could have
increased participation in state 3 respiration
(Table 1). The increased amount of AOX in mi-
tochondria isolated from roots of pea plants
exposed to lead (Fig. 8) indicates that lead-
stressed pea root cells clearly up-regulated the
level of the AOX protein in mitochondria,
which could be correlated with the consider-
able increase in the CN-resistant respiratory
activity. Thus, in Pisum sativum roots under
oxidative stress conditions caused by expo-
sure to lead, the increased activity of AOX ac-
companied by significantly larger amounts of
the protein could more efficiently limit harm-
ful ROS production. The increased amount of
the AOX protein has been observed under
stress conditions (i.e. cold exposure, inhibi-
tion of the cytochrome pathway, salt stress) in
other plants [24, 25]. In mitochondria isolated
from petunia cells treated with H9O9, a
greater amount of the AOX protein was ob-
served [53]. This suggests that induction of
AOX synthesis and enzyme activation occur
under oxidative stress conditions. On the
other hand, it was also shown that inhibition
of AOX stimulates H9O9 production in plant
mitochondria [26]. The hypothesis that AOX
in plant mitochondria functions as a mecha-
nism that decreases the formation of ROS pro-
duced during respiratory electron transport

was confirmed by Maxwell et al. [27]. So far,
the direct transfer pathway of the signal lead-
ing to the induction of AOX gene expression
in plant mitochondria has not been identified.
It is thought that it may be salicylic acid whose
amount increases in thermogenic plants right
before the AOX activity reaches its maximum
[564]. About 2% of the oxygen used up by mito-
chondria undergoes a monoelectron change
leading to H9O9 production, especially be-
tween complex I and II of the mitochondrial
respiratory chain [15, 54]. We have demon-
strate here that Pb2" ions penetrate mitochon-
dria of Pisum sativum root cells, which could
lead to oxidative stress connected with inten-
sified superoxide (thereby HoO9) production.
Therefore, under these conditions mitochon-
dria could use the antioxidative system includ-
ing mitochondrial Mn-SOD as well as AOX.
Our results confirm that the activities of these
mitochondrial enzymes are induced under ox-
idative stress caused by lead.

In conclusion, our results indicate that expo-
sition of Pisum sativum roots to lead results in
an increased production of superoxide anion
and thereby to oxidative stress conditions.
They clearly demonstrate that in Pisum
sativum roots lead, like other heavy metals,
induces specific responses from the plant an-
tioxidant defense system including the in-
creased activity of SOD and CAT in respec-
tive subcellular compartments and the in-
creased activity of mitochondrial AOX. Since
plants are more often used nowadays for
phytoremediation of soil and water contami-
nated with heavy metals it is of utmost im-
portance to understand the effect of lead on
plants, their tolerance level and defense
mechanisms.
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