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Abstract 
 
The role of irradiance on the activity of antioxidant enzymes: superoxide dismutase (SOD) and catalase (CAT) was 
examined in the leaves of Pisum sativum L. plants grown under low (LL) or high (HL) irradiance (PPFD 50 or  
600 μmol m-2 s-1) and exposed after detachment to 5 mM Pb (NO3)2  for 24 h. The activities of both enzymes increased 
in response to LL compared with HL and no effect of Pb ions was observed. Photosystem (PS) 1 and PS 2 activities 
were also investigated in chloroplasts isolated from these leaves. LL lowered PS 1 electron transport rate and changes in 
photochemical activity of PS 1 induced by Pb2+ were visible only in the chloroplasts isolated from leaves of LL grown 
plants. PS 2 activity was influenced similarly by Pb ions at both PPFD. This study demonstrates that leaves of HL 
grown plants were less sensitive to lead toxicity than those from LL grown plants. Changes in electron transport rates 
were the main factors responsible for the generation of reactive oxygen species in the chloroplasts and as a 
consequence, in induction of antioxidant enzymes.  
Additional key words: antioxidative enzymes, chloroplasts, lead, Pisum sativum, photosystem 1 and 2 activities. 
 
 
Introduction 
 
It is well established that photosynthetic apparatus 
responds to different irradiance quantity during growth by 
developing different forms (Anderson 1986). These 
photoadaptation events are accompanied by specific 
changes in composition, organization and function of the 
chloroplasts (Anderson et al. 1988). High irradiance (HL) 
grown plants possess fewer thylakoids per chloroplasts 
with a higher proportion of PS 1 pigment proteins and 
have higher level of electron carriers than chloroplasts of 
low irradiance (LL) grown plants (Lichtenthaler  
et al. 1982). 
 Plants acclimated HL use various mechanisms to 
protect the photosynthetic apparatus against the 
deleterious effects of excess light absorption. Oxygen 
free radicals (ROS) are produced in chloroplasts during 
irradiation (Grace and Logan 1996) and HL grown plants 
develop various antioxidants involved in their deacti-
vation (Demmig-Adams and Adams 1992). Protection 

against ROS is provided by an integrate system of 
enzymatic (superoxide dismutase, catalase and peroxi-
dase) and non-enzymatic (ascorbate, reduced glutathione, 
α-tocopherol and carotenoids) antioxidants located in the 
chloroplasts (Asada 1994, Alscher et al. 1997). There-
fore, it is suggested that increased activities of these 
enzymes may be considered as circumstantial evidence 
for enhanced production of oxygen radicals (Fridovich 
1986).  When HL- or LL-exposed leaves experience other 
environmental stresses a pronounced and sustained 
increase in energy dissipation may be induced, which 
could largely account for the change in photochemical 
efficiency. It is unknown whether the growth irradiance 
can modify the response of plants to heavy metals by 
acting on the level/activity of antioxidant enzymes. It also 
remains to be determined whether a rate of electron 
transport in chloroplasts of HL or LL grown plants is 
involved in the changes in the antioxidant system.  
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 It is well documented that lead has an inhibitory effect 
on the donor site of PS 2 (Becerill et al. 1988, Rashid and 
Popovic 1990, Rashid et al. 1994) and the degree of 
coupling in the electron transport chain decreases in 
response to the heavy metal treatment (Lucerno et al. 
1976, Romanowska 2002). Mitochondria are known to be 
much more resistant to heavy metals than chloroplasts as 
they remain undisturbed even at high metal concentration 
(Ernst 1998, Romanowska et al. 2002). Moreover, the 
increase in dark respiration in response to mild metal 
stress is reported to occur in animal and plant 
mitochondria (Lamoreaux and Chaney 1978, Lee et al. 

1976, Parys et al. 1998, Romanowska et al. 2002). 
Higher ATP synthesis in mitochondria may have 
protective effect against ROS by altering the synthesis of 
proteins involved in detoxifying active oxygen species. 
Because factors such as growth conditions may change 
the ways of heavy metals action we decided to study the 
impact of both, light and Pb ions on the activity of main 
antioxidant enzymes in respect to electron transport 
activity. 
 This study demonstrates that not only Pb toxicity 
increases with decreasing irradiance during growth but also 
activity of SOD and CAT is higher in LL grown plants. 

 
 
Materials and methods 
 
Plant material and growth conditions: Seeds of pea 
(Pisum sativum L. cv. Iłowiecki) were placed on moist 
filter paper in Petri dishes and kept at room temperature 
in darkness. Five days after germination the seedlings 
were transferred to the Knopp nutrient solution and kept 
in a growth chamber under a 14-h photoperiod and a 
day/night temperature of 25/20 ºC. Photosynthetic photon 
flux densities (PPFD) were 50 (LL) and 600 (HL) µmol 
m-2 s-1 supplied by halogen lamps (LH-111, Polam, 
Poland). The leaves of 3-week-old plants were used for 
experiments. Excised leaves of pea plants grown under 
HL or LL were detached immediately after the dark 
period and placed with their cut ends into a glass beaker 
containing either water (control) or 5 mM Pb (NO3)2. 
After 24 h of continuous exposure to weak irradiance 
(about 30 µmol m-2 s-1) at room temperature and 80 % 
relative humidity the Pb concentration in pea leaves from 
HL and LL grown plants was similar [about 100 μg(Pb) 
mg-1(Chl)] (Romanowska et al. 1998). These leaves were 
used for all measurements. 
 
Determination of the PS 1 and PS 2 activities: 
Chloroplasts were isolated from the leaves according to 
the procedure of Romanowska and Albertsson (1994). 
Chlorophyll concentration was determined as described 
by Arnon (1949). Photosynthetic electron transport of 
isolated chloroplasts was measured using Clark oxygen 
electrode (TriOximatic EO200, WTW, Weilham, 
Germany). After 3 min adaptation of isolated chloroplasts 
in darkness, PS 2 and PS 1 activities were measured at 
25 °C in 560 μmol m-2 s-1. The reaction mixture of the 
total volume 2 cm3 contained: 50 mM HEPES-KOH  
(pH 7.7), 100 mM sorbitol, 2 mM EDTA, 1mM KCl, 
5 mM MgCl2. PS 2 activity was measured as oxygen 
evolution with water as electron donor and 0.5 mM PBQ 
as an electron acceptor in the presence of 10 μM DBMIB 
as a PS 1 inhibitor. PS 1 activity was measured as oxygen 
uptake in a reaction using 0.1mM DCPIP reduced with  
 

5 mM ascorbate as an electron donor and 0.1 mM MV as 
electron acceptor; 10 μM DCMU and 5 mM NaN3 were 
used as PS 2 and catalase inhibitors, respectively. For 
electron transport measurements chloroplast suspension 
containing 30 μg chlorophyll was added to the reaction 
mixture. 
 
SOD and CAT activities: Soluble proteins were 
extracted at 4 °C by grinding 1 g of pea leaves in 2.5 cm3 
of extraction buffer (0.1 M sodium phosphate buffer, 
pH 7.8) containing 3 mM EDTA, 3 mM MgSO4, 1 mM 
DTT. The homogenate was centrifuged at 12 000 g for 
10 min in 4 °C and supernatant was stored in separate 
aliquots at -80 °C to be used for CAT or SOD analyses. 
Protein was measured by the method of Bradford (1976). 
 Electrophoresis was carried out at 4 °C under native 
conditions in 10 or 6 % polyacrylamide mini-gels for 
SOD, (EC 1.15.1.1) and CAT (EC 1.11.1.6), respectively. 
The gels were than stained for SOD as described by 
Beauchamp and Fridovich (1971) and modified by 
Azevedo et al. (1998). The treatment of the gels in H2O2 
and/or KCN allowed the classification of the SOD into 
isoenzymes. CAT activity was also assayed in the 
nondenaturating gels incubated for 10 min in darkness in 
the assay mixture like for SOD with 3 mM H2O2 and 
exposed to light for 10 min at room temperature (until 
colourless bands were visible). The concentration of 
proteins loaded onto the gel was 80 μg for SOD and 
60 μg for CAT. Quantification of SOD and CAT bands 
was done by densitometric scanning of the gels. Quantity 
One software (Bio-Rad, USA) was used for semi-
quantitative analysis of protein bands on stained gels.  
 Total SOD activity was assayed in the supernatant 
spectrophotometrically according to the method of 
Giannopolitis and Ries (1977). One unit SOD activity 
was defined as the amount of enzyme required for 50 % 
inhibition of the rate of nitroblue tetrazolium (NBT) 
reduction measured at 560 nm. 
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Results 
 
Photosystem 1 and 2 activities: PS 1 activity in 
chloroplasts isolated from HL grown plants was about  
20 % higher than in LL grown plants (Table 1). 
Furthermore, Pb ions had no effect on electron transport 
through PS 1 in the chloroplasts from HL grown plants, 
however in LL grown plants Pb2+ exposure resulted in a 
34 % reduction of PS 1 activity. As results indicated,  
PS 2 activity of the chloroplasts from the leaves of plants 
grown under LL was about 40 % lower compared with 
HL treatment. Pb ions decreased PS 2 activity 
progressively during the Pb treatment and after 24 h it 

was inhibited in HL and LL up to 57 and 29 %, 
respectively. PS 2 activity after 6 h of a Pb treatment in 
chloroplasts from HL grown plants was the same as in 
control chloroplasts, but in LL Pb caused 25 % inhibition. 
24 h after detachment PS 2 activity of the control 
chloroplasts from the leaves of plants grown under HL 
and LL was similar and Pb treatment caused about 30 % 
inhibition in both types of chloroplasts. It is the evidence 
that the heavy metal interfered with the functioning of  
PS 2 in LL grown plants to a much greater extent than 
that in HL grown plants. 

 
Table 1. PS 1 (Asc/DCPIP → MV, DCMU) and PS 2 (H2O → PBQ) activities [mol(O2) kg-1(Chl) h-1] of chloroplasts isolated from 
the leaves of plants grown under HL or LL, control (C) or treated with Pb(NO3)2 (Pb) for 6 - 24 h. Values are the means of  
4 - 5 separate experiments ± SE (3 replicates each).  
 

Time [h] PS 1    PS 2    
 HL  LL  HL  LL  
 C Pb C Pb C Pb C Pb 

  6 110 ± 1 109 ± 1 87 ± 6 87 ± 6 78 ± 3 78 ± 4 60 ±   5 45 ±   8 
14 107 ± 3 101 ± 5 88 ± 1 85 ± 5 74 ± 5 62 ± 5 45 ±   8 40 ± 11 
24 103 ± 3   99 ± 5 81 ± 9 58 ± 3 71 ± 4 34 ± 5 50 ± 10 32 ±   8 

 
Antioxidant enzymes: We examined the activity of 
antioxidant enzymes CAT and SOD in detached pea 
leaves treated with Pb ions in response to growth 
irradiance. When protein extracts from the leaves of HL 
and LL grown plants were separated by native 
electrophoresis, three clear SOD isozymes of varying 
amounts were observed for the control and Pb treated 
leaves (Fig. 1). Enzyme activity was estimated as a 
function of time of a Pb2+ treatment and we observed that 
lead had small effect on the activity of SOD isoenzymes. 
In general, activities of all SOD isoenzymes in the leaves 
from HL grown plants were lower (about 2-fold) than in 
the leaves of LL grown plants and none of the SOD 
isoenzymes showed major alteration in activity after Pb 
treatment. In addition, we found that control and Pb 
treated leaves of LL and HL grown plants contained 
cytosolic and chloroplast Cu/Zn SOD (designated as 
SOD 2 and SOD 1, respectively) at varying relative 
activities and they were higher than that of the 
mitochondrial form Mn SOD (SOD 3). The SOD 3 
activity was much lower than SOD 2 and SOD 1 from LL 
grown plants and SOD 1 from HL grown plants for both, 
control and Pb treated leaves. LL increases the activity of 
both SOD 2 and SOD 1 as compared to HL. A respective 
densitometer scan revealed an increase in SOD 2 activity 
in control and Pb treated leaves twice and three times, 
respectively. SOD 1 activity was stimulated in LL 
similarly for control and Pb treated leaves, more than 
twice. Additionally Pb ions decreased slightly SOD 3 
activity in the leaves of HL and LL grown plants, by 
about 15 and 5 %, respectively. The SOD 1 activity in the 
chloroplasts of HL grown plants was about 2-fold higher 

than SOD 2 in cytosol. In LL, SOD 1 activity was 
stimulated by about 40 % as compared to SOD 2.  
 

 
Fig. 1. SOD activity of pea leaves from plants grown at HL and 
LL for 6, 12 (A), 17 and 24 h (B), either control (C) or treated
with 5 mM Pb(NO3)2 (Pb). Samples (70 μg of protein per well) 
were subjected to native-PAGE (10 % polyacrylamide gels) and 
SOD isoenzymes were localized in the gels as described in 
Materials and methods. SOD 3 was classified as mitochondrial 
Mn SOD, whereas the SOD 2 (cytosolic) and SOD 1
(chloroplast) were classified as Cu/Zn SOD, respectively.  
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 Total SOD activity (Fig. 2) was higher in LL than in 
HL grown plants. Pb ions increased SODs activity as 
compared to control plants, higher in LL grown plants. 
The slight increase in the SOD activity was time-
dependent only in Pb-treated LL grown plants. 
 

 
Fig. 2. Total SOD activity in the pea leaves of LL or HL grown 
plants and treated for 24 h with Pb(NO3)2 (Pb) or water (C).
Means ± SE, n = 7. 
 
 The plant extracts used for SOD activity staining were 
also used for detection of CAT activity following PAGE 
(Fig. 3). Enzyme activity was estimated as a function of 
time of the Pb2+ treatment (2 - 24 h) after exposure of 
leaves detached from the HL or LL grown plants to 5 mM 
Pb (NO3)2. Only one widespread band of CAT activity  
 

was present following staining of leaf extracts. CAT 
activity in the leaves of HL and LL grown plants 
exhibited a similar pattern up to 12 h of Pb treatment and 
after that was an increase in activity up to 24 h in LL, as 
compared to HL. CAT activity showed a significant 
increase (by about 50 %) in the leaves of LL grown plants 
following 24 h treatment with Pb ions.  
 

 
Fig. 3. Effect of Pb(NO3)2 on the catalase activity (CAT) of 
leaves from plants grown under HL or LL  for 6, 12 (A), 17 and 
24 h (B), either control (C) and treated with Pb ions. Proteins 
(60 μg of protein per well) were separated by native-PAGE 
(6 % polyacrylamide gels) and stained for catalase activity as 
described in Materials and methods. 
 
 

Discussion 
 
The effect of Pb ions on plants grown under HL or LL on 
SOD and CAT activities were investigated. The question 
is raised whether the affection of photochemical activity 
of photosystems by Pb ions can change oxidative stress 
and plant response to it according to irradiance during 
growth. Our results demonstrate that pea plants grown in 
the HL and LL differ significantly with respect to the 
tolerance to Pb ions suggesting a role of growth 
irradiance in the induction of the antioxidative system. 
 PS 1 and PS 2 activities were higher in HL than in LL 
grown plants (Table 1). These results are in agreement 
with other studies where electron transport rates also 
increased when the irradiance during growth was higher 
(Leong and Andersson 1984). Pb ions inhibited PS 2 
activity in the chloroplasts isolated from the leaves of HL 
and LL grown plants with time of treatment, and after 
24 h, the activity was the same in both types of 
chloroplasts. The effect of Pb2+ on PS activity is in 
agreement with the observations reported by Miles et al. 
(1972) and De Filippis et al. (1981). Interaction of 
irradiance and Pb ions in relation to oxidative stress has 
not been widely studied.  
 The main result of the present study is the stimulation 
of Cu/Zn SOD activity under LL. This result is somewhat 
unexpected. It is commonly accepted that exposure of 
plants to HL induces an increase in cellular antioxidant 

systems due to higher rates of O2 photoreduction (Grace 
and Logan 1996, Perl-Treves and Galun 1991). Short-
term exposure (1 h) of pea plants grown in moderate 
irradiance (200 μmol m-2 s-1) to extremely high irradiance 
(4 000 μmol m-2 s-1) caused an increase in ROS levels and 
accumulation of mRNAs encoding antioxidant enzymes 
(Hernández at al. 2006) differently in two pea cultivars. 
This result also confirms the earliest reports on the 
changes of antioxidant enzymes in response to HL stress.  
 To determine whether Pb-treatment was effective in 
creating conditions of oxidative stress with a limited CO2 
exchange, the activities of SOD and CAT were estimated. 
Three SOD isoenzymes bands were observed following 
the staining of native PAGE gels (Fig. 1). Studies with 
KCN and H2O2 indicate that the SOD 3 is Mn SOD, 
while SOD 2 and SOD 1 are classified as Cu/Zn SODs. 
Accumulation of SODs in the leaves was strongly 
regulated by irradiance during growth and under LL 
Cu/Zn SOD isoenzymes were more active than under HL. 
 Since Pb affected mostly chloroplasts (Romanowska 
et al. 2002, 2005) we expected that in the leaves from LL 
grown plants, the SOD 1 associated with these organelles 
may respond to Pb treatment. Surprisingly, we found that 
the chloroplast isoform was significantly increased in 
response to LL, but after Pb treatment no significant 
changes were noticed.  
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 We observed previously (Romanowska et al. 2005, 
2006) that Pb ions stimulated respiration rate in pea 
leaves only in HL grown plants, which was accompanied 
by the increase in ATP production in mitochondria. It 
now seems that Pb ions in LL conditions are not 
responsible for induction of the antioxidant defence 
system in mitochondria (Fig. 1), as we observed no 
stimulation of the Mn SOD activity. Different effects of 
Pb2+ or other heavy metals on SODs activity in plants 
were found, although the majority results demonstrated a 
decrease (Sandalio et al. 2001) or no change (Kampfenkel 
et al. 1995).  
 In present study, we show that LL during growth 
induced chloroplast and cytosolic SODs suggesting that 
electron flow to alternative acceptors such as O2 may be 
occurring. Because the inhibition of photosynthesis by Pb 
ions was higher in LL than in HL (Romanowska et al. 
2006), the dark reaction can slow down electron transport 
to NADPH+ and as consequence, the electrons are 
absorbed by oxygen and production of ROS increases. It 
is known that the stomata opening is increased with 
irradiance. At LL opening of stomata is limited and there 
is a high probability that ROS will be generated (Aphalo 
and Jarvis 1993, Eckstein et al. 1996). Hence, irradiance 
during growth is responsible for changes in the 
antioxidant enzymes activities by affecting the rate of 
photosynthesis and related processes. 
 Because Pb ions and HL increased respiration rate 
(Romanowska et al. 2006) and did not cause changes in 
Mn SOD, as also observed by Kampfenkel et al. (1995) 
with iron ions, a simple correlation between the SOD 
content in mitochondria and stimulated respiration by 
metal stress does not seem to occur. In contrast to our 
observations, Bowler et al. (1989) showed that induction 
of Mn SOD was always accompanied by an increase in 
cytochrome oxidase activity, which suggests a specific 
protective role of Mn SOD when mitochondrial 
respiration is increased. These discrepancies are possibly 
partly due to differences in experimental design, 
especially that irradiances during growth of investigated 
plants were different. As the CO2 uptake was higher in Pb 
treated leaves from HL compared to LL grown plants 
(Romanowska et al. 2006) and the photochemical 
efficiency of PS 2 (Table 1) was similar (after 24 h), we 
suggest that under LL conditions, chloroplast and 
cytosolic SOD isoenzymes have similar activity, thus 
oxygen evolved might also be reduced in the cytosolic 
compartment. Perl-Treves and Galun (1991) found that in 
the tomato seedlings very low irradiance was sufficient 
for induction of elevated SOD transcription and in mature 
plants exposed to strong irradiance this effect was not 
observed. This suggests that light could regulate not only 
SOD genes but also have influence on the enzyme 
proteins.  
 Previous studies have shown that heavy metals 
decrease CAT activity (Rucińska et al. 1999) although 
some reports demonstrate that this activity increases 
(Kampfenkel et al. 1995, Pereira et al. 2002) or is not 
altered significantly (Weckx and Clijsters 1997) by metal 

treatment. In the present study, growth in HL was not 
associated with an increase in the total CAT activity 
(Fig. 3). Earlier, Grace and Logan (1996) showed catalase 
inactivation in the leaves exposed to high irradiance. This 
may indicate, that in HL grown plants, enzymatic 
removal of H2O2 by the ascorbate peroxidase is the 
dominant pathway in the leaves. It is clearly seen in  
Fig. 3 that CAT activity was not influenced by irradiance 
during growth. Pb ions induced increase in the activity of 
CAT only in the LL grown plants after 12-h treatment. 
Increased activity of SOD isoforms in LL grown plants 
may enhance the CAT activity which is involved in 
hydrogen peroxide scavenging. Parallel increase in SOD 
and CAT activities in the leaves of LL grown plants, 
means that LL grown plants may accumulate less O2- and 
H2O2 since there was the higher activity of both 
antioxidant enzymes. We observed lower level of H2O2 in 
LL as compared to HL grown plants (data not presented). 
If so, high level of antioxidant enzymes in LL can 
provide better protection of plants from the additional 
stress factor such as Pb ions.  
 These results suggest that irradiance during growth, 
not Pb ions, is a main factor for the induction of a  
LL-dependent accumulation of antioxidant enzymes in 
the leaves. Foyer and Harbinson (1994) have shown that 
under high irradiance coupled with limited capacity for 
electron transport a reversible down-regulation of PS 2 
activity occurs. This is accompanied by an increase in O2

- 
production and in the activity of enzymes that remove 
free radicals. Low irradiance and Pb ions act on electron 
transport through lowering the PS 2 activity accompanied 
by the stimulation of chloroplasts Cu/Zn SOD. Higher 
inhibition of PS 2 activity by Pb ions in the chloroplasts 
from the leaves of LL grown plants compared to HL is 
probably also parallel to the oxidative stress. However, 
further analysis of the antioxidative system is required. 
Our results may suggest that, although Pb may generate 
an oxidative stress, there is not a sufficient increase in 
superoxide to induce a change in SOD activity (Fig. 2). It 
seems possible that the oxidative stress induced by Pb 
ions is a secondary response different from the long time 
light-induced response. A direct evidence indicating for a 
strong connection between metal stress and oxidative 
stress is required such as induction of the SOD genes by 
Al treatments (Richards et al. 1998). It is likely that high 
irradiance induced fast activation or accumulation of 
quencher molecules is species and/or growth conditions-
dependent. Previous studies have demonstrated (Sen 
Gupta et al. 1993) that in transgenic tobacco plants over-
expressed chloroplast Cu/Zn SOD increase resistance to 
high irradiance and that in tomato chloroplasts Cu/Zn 
SOD is regulated in response to irradiance (Kardish et al. 
1994). Therefore, our data indicated that irradiance 
during growth might largely modify the effect of Pb ions 
on SOD and CAT activities.  
 Additional experiments are required to elucidate 
whether long-term effects of high irradiance during 
growth can optimise the adaptation of plants to heavy 
metals. 
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