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Response of spinach leaves (Spinacia oleracea L.) to ozone
measured by gas exchange, chlorophyll a fluorescence,
antioxidant systems, and lipid peroxidation
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Abstract

Spinach (Spinacia oleracea L. cv. Clermont) leaves grown in open-top chambers and exposed to three different concen-
trations of ozone were measured for gas exchange, chlorophyll a fluorescence, antioxidant systems, and lipid peroxi-
dation at the end of growing season. High O; concentration reduced F,/F,, indicating that the efficiency in the energy
conversion of photosystem 2 (PS2) was altered. The rate of non-cyclic electron transport rate and the capacity to reduce
the quinone pool were also affected. The development of non-photochemical quenching was not high enough to decrease
the photon excess in the PS2. The limitation of photosynthetic activity was probably correlated with stomata closure and
with an increase in intercellular CO, concentration. Under oxidative stress, superoxide dismutase (SOD) activity was
stimulated in parallel with lipid peroxidation. We did not find any differences in the ascorbate (AsA) pool and ascorbate
peroxidase (APX) or glutathione reductase (GR) activities between air qualities. Small, but similar responses were
observed in spinach leaves exposed to ambient ozone concentration.

Additional key words: antioxidant enzymes; ascorbate; chlorophyll fluorescence; intracellular CO, concentration; malondialdehyde;
photosynthetic rate; quantum efficiency of photosystem 2; quenching; stomatal conductance.

Introduction

Ozone is the main phytotoxic air pollutant in the Medi-
terranean area (Lorenzini et al. 1994, Velissariou et al.
1996, Gimeno et al. 1999, Calatayud et al. 2002a). The
influence of O; on vegetation is dependent on doses, ge-
netic backgrounds, and the development phase of the
plants (Heath 1994). The phytotoxicity of O; is due to its
high oxidative capacity (redox potential +2.07 V) through
the induction of reactive oxygen species (ROS) in expo-
sed plants, such as hydroxyl radical (OH’), hydrogen
peroxide (H,0,), superoxide (O,"), and singlet oxygen
('0,). These chemical species can initiate multiple oxida-
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tion events in plant cells. ROS may react with unsaturated
double bonds of fatty acids (Mudd 1982) or through oxi-
dation of SH-groups and residues producing carbonyl
groups of proteins (Eckardt and Pell 1995). In the chloro-
plast, these reactions could directly or indirectly impair
the light and dark reactions of photosynthesis. Effects of
O; on the changes in photosynthetic capacities can be as-
sessed non-destructively by gas exchange measurements
and chlorophyll (Chl) a fluorescence analysis. These tech-
niques are complementary and have been widely used to
search for the primary site of photosynthetic limitations.
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Abbreviations: APX, ascorbate peroxidase; AsA, ascorbate; C;, intercellular CO, concentration; CFA, charcoal filtered ozone-free air;
Chl, chlorophyll; DM, dry mass; F,, maximum Chl fluorescence yield obtained a with dark-adapted sample; F,,’, maximum Chl
fluorescence yield in irradiated sample; Fy, minimum Chl fluorescence yield in the dark-adapted state; Fy", Chl fluorescence yield
during a brief interruption of actinic irradiation in the presence of far-red radiation; Fs, Chl fluorescence yield during actinic
irradiation; F,, variable Chl fluorescence of the dark-adapted leaf; g, stomatal conductance to water vapour; GR, glutathione re-
ductase; MDA, malondialdehyde; NFA, non-filtered air; NFA+Q;, non-filtered air with additional ozone; NPQ, non-photochemical
quenching calculated from the Stern-Volmer equation; OTC, open top chamber; P,,.,, photosynthetic rate at photon saturation; PFD,
photon flux density; PS2, photosystem 2; PVP, polyvinylpyrrolidone; gp, photochemical quenching; ROS, reactive oxygen species;
SOD, superoxide dismutase; @pg,, quantum efficiency of PS2.
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The need to alleviate the negative effects of ROS on
plants prompted the search for chemical compounds such
as antioxidant enzymes and antioxidant substances that
are effective in counteracting Os-induced phytotoxicity.
Antioxidant enzymes such as SOD, catalase, peroxidases,
enzymes of the ascorbate (AsA)-glutathione cycle, and
contents of AsA, glutathione, or a-tocopherol provide en-
dogenous defence against the accumulation of harmful
concentrations of ROS (Lee et al. 1984, Castillo and
Greppin 1988, Lyons et al. 1999, Calatayud and Barreno
2000, 2001). Upon long-term exposure, plant perturba-
tion by O; can depend on the ability to reduce Oz through
its capacity to detoxify ROS by antioxidant systems.
However, there are many conflicting reports about the

Materials and methods

Plants: The experimental site was established in the
Centro de Capacitacion Agraria (Conselleria de Agricul-
tura, Pesca y Alimentacion, Generalitat Valenciana) at
Carcaixent (see Calatayud et al. 2002b for more details).

Spinach seeds (Spinacia oleracea L.) cv. Clermont
(Rijk Zwaan, De Lier, The Netherlands), were germinated
in vermiculite and maintained in a greenhouse at the
Carcaixent Experimental Station (Valencia, Spain). Envi-
ronmental conditions in the greenhouse during plant
growth were as follows: 15-20°C (day), 10-15°C
(night); relative humidity 50-95 %; photosynthetically
active radiation of day-time maximum values at plant
height in the greenhouse 500-700 umol m™ s”'. Four-
week-old seedlings were transplanted into large pots con-
taining a commercial soil mixture (Terraplant, BASF,
Uchte, Germany) and transferred into OTCs where they
remained for 60 d (from the beginning of February to the
end of March). At the end of this period the spinach
plants were suitable for commercialization. During the
growth period plants were watered daily. Each OTC con-
tained three spinach plants. All measurements (gas ex-
change, Chl a fluorescence, AsA content, antioxidant en-
zymes, and lipid peroxidation) were performed on mature
and external leaves (20-25 cm length by 10—15 cm wide)
in asymptomatic areas on the upper zone of the leaves.

At least twenty leaves of the same physiological
characteristics described for antioxidant systems and lipid
peroxidation measurements were collected from each
treatment. Each leaf was weighed and dried in an oven at
about 70 °C. Dry mass (DM) was computed as mean
values obtained after weighing twenty leaves per treat-
ment. Antioxidant systems’ activities and lipid peroxi-
dation were expressed on a DM basis due to the effect of
O; on decreasing leaf turgor.

OTC treatments: Potted plants were grown in 9 OTCs
located at the Carcaixent Experimental Station. OTCs
were based on the original design employed in the
NCLAN programme (see Heagle et al. 1973). Over the
course of growing season, three OTCs were ventilated
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effects of Oz on antioxidant systems (Bowler et al. 1992,
Lyons et al. 1999, Calatayud and Barreno 2001).

The aim of this work was to characterize the effects of
ozone on the photosynthetic processes of spinach leaves
(through the measurement of gas exchange parameters
and Chl a fluorescence analysis) and on the antioxidative
capacity as one of the main tolerance mechanisms to O;
(through the analysis of the levels of antioxidant sys-
tems). As a probe of oxidative stress by O; we determi-
ned the levels of lipid peroxidation. Spinach cv. Clermont
is a cultivar that is commonly cultivated during winter at
the Spanish Eastern Mediterranean Coast. The plants
grown in OTCs in the field were fumigated with O;,
ambient air, and charcoal filtered air.

continuously (24 h d') by passing air through activated
charcoal and dust filters (CFA, ozone-free air), three
OTCs were ventilated with non-filtered air (NFA), and
three received additional ozone (NFA+QO3) (for details see
Calatayud et al. 2002b).

Gas exchange measurements were performed at the end
of the growing season using an IRGA (LICOR-6400, LI-
COR, Lincoln, NE, USA) (Calatayud et al. 2002b).
Within the leaf chamber, environment did not show
statistical differences between measurements during the
study. Environmental parameters were maintained stable
during the measurements: mean temperature 18.0+1.5 °C;
relative humidity 60.6+5.0 %, and leaf-to-air vapour
pressure deficit (VPD) 1.0+0.1 kPa. Photosynthetic rates
were taken into account only when the coefficient of
variation for each measurement was lower than 1 %.
Determinations were initially performed by increasing
photon flux densities (PFD) to estimate saturating values
for external mature leaves. All determinations were per-
formed at 1000 pmol(photon) m™ s, the minimum
saturating PFD determined in preliminary experiments.
The gas exchange parameters determined at saturation
irradiance were: maximum photosynthetic rate, P
[umol(CO,) m™ s'], stomatal conductance to water
vapour, g, [mol(H,O) m? s], and the intercellular CO,
concentration, C; [umol(CO,) mol™(air)]. Gas exchange
determinations were performed between 10:00 and 11:00
(n > 3 leaves per plant). Measurements were repeated on
the same or similar leaves 30 and 60 d after the beginning
of treatments. Since the highest differences among
treatments were obtained in the last determinations, only
those values have been presented (60 d).

Chl a fluorescence measurements: During the growth
period, measurements of Chl a fluorescence were taken
60 d after the treatment at ambient temperature in the
OTCs, using a portable fluorimeter (PAM-2000, Walz,
Effeltrich, Germany). Measurements performed previ-
ously did not show differences in the studied parameters.



The environmental conditions during fluorescence deter-
minations were similar to those reported for gas exchange
(see above). Leaves were kept in the dark for 30 min
prior to measurements (see Calatayud et al. 2002b). Cal-
culation of quenching due to non-photochemical dissipa-
tion of absorbed light energy (NPQ), was determined
at each saturating pulse, according to the equation
NPQ = (F,— Fi,')/Fn (Bilger and Bjorkman 1991). The
coefficient for photochemical quenching, qp, which repre-
sents the fraction of open PS2 reaction centres was calcu-
lated as (F,," — Fo)/(F,' — F,') (Schreiber et al. 1986). The
quantum efficiency of PS2 photochemistry, ®ps,, closely
associated with the quantum yield of non-cyclic electron
transport, was estimated from (F,," — Fy)/F,," (Genty et al.
1989). The ratio (1 — qp)/NPQ was used as an estimate of
photon excess and, therefore, of the susceptibility of PS2
to high irradiance (Park et al. 1995).

AsA determination: The petiole and veins were removed
from excised mature and external leaves at the end of
growing season. Each sample included three leaves and
determinations were repeated independently, at least three
times per sample. We did not find significant differences
between values obtained for samples of the same treat-
ment. Samples were also used for determinations of the
activity of antioxidant enzymes and of lipid peroxidation.
Subsequently, 1 g was weighed, pulverised in liquid ni-
trogen, and homogenised with 5 cm® of 2 % metaphos-
phoric acid. To pellet all debris, the homogenate was
centrifuged (4 360xg, 4 °C, 10 min) and the supernatant
was filtered (Millipore, Mitex 0.5 pm). AsA was meas-
ured spectrophotometrically as described by Takahama
and Oniki (1992) with a spectrophotometer (8452 A
Hewlett-Packard, Palo Alto, USA). AsA amount was
determined by monitoring the absorbance decrease at 265
nm induced by the oxidation of AsA to dehydroascorbate
by ascorbate oxidase (EC 1.10.3.3, from Cucurbita sp.).

Determination of antioxidant enzymes: Mature and ex-
ternal leaves (2 g) exhibiting no visible injury symptoms
and without the main midrib were homogenised in 10 cm’
of 100 mM potassium phosphate buffer (pH 7.5) contain-
ing 2mM EDTA and 2 % (m/v) soluble polyvinyl-pyr-
rolidone (PVP-10) and 5 mM AsA for measurement of

Results

Air quality: Ozone is the most important pollutant in the
study area. SO, and NO, concentrations were kept low
(less than 2 mm® m™ and 5 mm® m™). The data for O;
concentration and environmental conditions during the
growth period are summarized in Table 1. The twelve
(daylight)-hours’ mean monthly O; concentration inside
the chambers with the highest O; concentration
(NFA+O3;), including days and hours without O additi-
ons, was about 2.5-fold that of ambient concentrations of
O; (NFA). The mean of high-peak in NFA+O; chambers
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APX activity. The slurry was centrifuged at 15 000xg for
20 min. The supernatant was filtered (Millipore, Mitex
0.5 pm) and utilized for enzyme analysis. All operations
were carried out at 3—5 °C until analysis. The enzymatic
assays were performed on leaves removed from plants
after 60 d of growth under OTCs conditions.

APX (EC 1.11.1.11) was determined by monitoring
the decrease in A,q for 4 min in 3 cm’ of reaction mix-
ture containing 100 mM potassium phosphate buffer (pH
7.5), 0.5 mM ascorbate, 0.4 mM H,0,, and the enzyme
aliquot (Nakano and Asada 1981). Corrections were
made for the oxidation of AsA in the absence of H,O.

GR (EC 1.6.4.2) activity was determined by following
the oxidation of NADPH at 340 nm as described by Rao
(1992) and Rao et al. (1996). The reaction mixture con-
tained 100 mM potassium phosphate buffer (pH 7.8),
0.2 mM NADPH, 0.5 mM GSSG, and the leaf extract.
The assays were initiated by the addition of NADPH at
room temperature. Corrections were made for NADPH
oxidation in the absence of the addition of GSSG to the
reaction mixture.

SOD (EC 1.15.1.1) activity was measured as descri-
bed by Beyer and Fridovich (1987). The reaction mixture
contained 50 mM potassium phosphate buffer (pH 7.8),
9.9 mM methionine, 57 pM nitroblue tetrazolium (NBT),
0.9 uM riboflavin, 0.025 % (m/v) Triton X-100, and the
appropriate amount of leaf extract. Assy was recorded
after a 7-min irradiation period. In this assay, 1 unit of
SOD is defined as the amount required to inhibit the
photoreduction of NBT by 50 %.

Lipid peroxidation: The extent of lipid peroxidation was
estimated at the end of the growth period using malondi-
aldehyde (MDA) as an indicator, according to the proto-
col adapted for leaves by Heath and Packer (1968),
employing the modifications suggested by Dhindsa et al.
(1981).

Statistical analysis: Variance analysis (ANOVA) was
performed on experimental data, statistical significance
(p £ 0.05), and judged by the least significant difference
(LSD) method. Statistical analyses were performed using
the statistical package SPSS (SPSS Inc., Chicago, IL,
USA).

every day during daylight hours was approximately
3-fold higher than the high-peak mean in NFA conditi-
ons. The mean O concentration in CFA chambers was
lower than 10 mm® m™>. The environmental conditions
were similar in all treatments during the measurements.

Gas exchange measurements: At the end of the growing
season, P, (Table 2) was considerably depressed in
NFA+O; plants in comparison to control plants (CFA)
(by ca. 61 %). The decrease was minor in NFA plants, by
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Table 1. Summary of ozone concentrations and environmental conditions in open top chambers during the growing season of spinach
plants. CFA, charcoal filtered ozone-free air; NFA, non-filtered air; NFA+QO;, non-filtered air with additional ozone; [O3]iean, mean
05 concentration [mm3 m'3]; [O3]min and [O3]ax, means of the minimum and maximum concentrations during 60 d in cycles of 12 h
[mm3 m'3], respectively; Tpean, mean 24-h air temperature [°C]; Ty, and Ty, minimum and maximum air temperatures [°C], 0 ; and

RH [%], air relative humidity.

Treatment [03]mean [03]min [03]max Tmean Tmin Tmax RH

CFA 10.2 - - 13.00 8.02 17.60 72.22
NFA 30.1 17 40 13.10 822 18.00 7232
NFA+O; 73.0 35 110 13.00 8.10 17.80  72.26

about 25 %. g, was also affected: in NFA+O; spinach
plants it decreased in comparison to CFA plants by about
42 %, whereas in NFA plants it decreased only slightly,

by about 6 %. Changes in P, and g, in NFA+O; plants
were associated with a statistically significant increase in
C;, by about 22 %.

Table 2. Gas exchange and chlorophyll a fluorescence parameters in mature spinach leaves (cv. Clermont) without injury symptoms
measured at the end of the growing period (60 d in the field) in CFA, NFA, and NFA+O; treatments. Gas exchange was measured at
ambient CO, and O, concentrations (345 cm® m™ and 21 %, respectively) and at saturating irradiance (1 000 pmol m? 5. P
photosynthetic activity at irradiance saturation [pmol(CO,) m?s'], gs, stomatal conductance to water vapour [mol(H,O) m? 5], and
C,, intercellular CO, concentration [umol(CO,) mol']. Values are means (n = 10). Variance analysis (ANOVA) followed by the least
significance difference (LSD) test, calculated at 95 % confidence level, was performed. Values followed by the same letter indicate no

significant differences.

Treatment P, gs C; F, Fn F,/F, Dpgy qp NPQ 1 — qp/NPQ
CFA 230a 0458 2464 0.239a 1.470a 0.838a 0.627a 0.901a 0.583a 0.171a
NFA 17.27a 0.432a 279b 0.240a 1.472a 0.836a 0.617a 0.880a 0.590a 0.205b
NFA+O; 895b 0.267b 301c¢ 0.249a 1.300b 0.807b 0.509b 0.702b 0.640b 0.465¢

Table 3. Ascorbate (AsA) content [g kg™ (DM)] and activities of
antioxidant enzymes: APX, ascorbate peroxidase [mmol
kg'(DM) s']; GR, glutathione reductase [mmol kg '(DM) s'];
SOD, superoxide dismutase [U g™ (DM)], and leaf malondialde-
hyde (MDA) content [umol(MDA) kg(DM)] at the end of
growing period in spinach leaves cv. Clermont. Means (n = 8).
For comparison of means, variance analysis (ANOVA)
followed by the least significance difference (LSD) test was
calculated at 95 % confidence level. Values followed by the
same letters indicate no significant differences.

Treatment  AsA APX GR SOD MDA
CFA 3.46a 5.175a 1.055a 6430a 242a
NFA 3.65a 6.286a 1.105a 6200a 246a
NFA+O; 3.20a 5.784a 1.035a 6950b 350b

Chl a fluorescence parameters at dark-adaptation for
the mature spinach leaves subjected to CFA, NFA, and
NFA+O; treatments were changed at the end of the
growing period (60 d) (Table 2). The maximum quantum
yield of PS2 photochemistry, F,/F,,, was affected by O;
exposure (NFA+QOj;), which was mainly due to the
decrease in F,,. The minimum level of fluorescence, F,
was not affected by O; fumigation.
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Also modulated Chl a fluorescence at the end of
actinic irradiation changed (Table 2). The actual quantum
yield (®ps,) and photochemical quenching coefficient (qp)
at steady-state kinetics significantly decreased in leaves
treated with O; (NFA+O;). Non-photochemical quen-
ching (NPQ) was similar in control and NFA leaves,
although a significant increase was observed in NFA+O;
leaves (by about 10 %). The ratio (1 — qp)/NPQ, a value
proportional to the photon excess, was 2.7-fold increased
from CFA to NFA+Os.

AsA pool and activities of antioxidant enzymes
(Table 3): AsA pool was similar in all treatments,
although a slight insignificant decrease was observed in
NFA+Q; leaves. The APX and GR activities were similar
in all treatments. The SOD activity increased in a
statistically significant manner in the presence of high O;
concentration (by about 8 %).

Lipid peroxidation (Table 3) was measured as MDA
content. This parameter increased significantly at the end
of the growing season in leaves of NFA+O; plants,
showing a large increase in relation to CFA plants (by
about 45 %).



Discussion

O; affected the photosynthetic processes in spinach lea-
ves of cv. Clermont, inducing changes in gas exchange
and Chl a fluorescence and increasing lipid peroxidation.
On the other hand, only SOD activity increased in re-
sponse to O;. APX and GR activities and AsA content
were similar in the three applied air qualities.

The analyses of gas exchange parameters showed a
decrease in CO, fixation in the NFA+Qj; treatment, which
was associated with a strong reduction in g; and an incre-
ase in C;. These results seem to indicate that O; not only
induced stomatal closure but also modified the mesophyll
CO, fixation, as indicated by the increase in C; contribu-
ting to the decrease in Pp,x. The changes in gas exchange
parameters were accompanied by variations in Chl a
fluorescence parameters. The efficiency of primary pho-
tochemistry of PS2 can be expressed by the ratio of varia-
ble to maximum fluorescence (F,/F,) of dark-adapted
leaves exposed to saturating radiation pulse. This ratio
was affected in response to excess O; exposure (Farage
1996, Meinander et al. 1996, Calatayud et al. 2002a,b). In
our case, F,/F, decreased in spinach leaves, which can be
a result of an increase in protective non-radiative energy
dissipation, photodamage of PS2 centres, or both (Krause
1988). The minimum fluorescence yield in the dark-adap-
ted state of the leaf (F) remained unchanged in all treat-
ments. This indicated that Oz did not induce modificati-
ons in the antenna pigments, did not decrease the effici-
ency of excitation trapping at the active centres of PS2,
and did not induce photon damage to PS2. The changes
in F,/F,, were due to a decrease in the maximum fluores-
cence yield in the dark-adapted leaves (F), suggesting
that the photochemistry of PS2 and its ability to reduce
the primary acceptor, Q4, was affected by O;. Changes in
F,/F,, can be attributed to an increase in protective non-
radiative energy, as shown by NPQ increase in NFA+O;
plants. Our results are similar to those obtained by
Ciompi et al. (1997), Guidi et al. (1997), and Calatayud
and Barreno (2001).

The fraction of closed PS2 reaction centres can be es-
timated by Chl a fluorescence as qp. This parameter
decreased significantly in plants treated with NFA+O;,
indicating an increase in the reduction state of Q,, thus
leading to an increased fraction of closed PS2 centres
during actinic irradiation (Calatayud et al. 2002a). Closed
PS2 centres have fully reduced Q,, thus the possibility of
electron transport to photosystem 1 and beyond is inhibi-
ted (Seaton and Walker 1990). According to this sugges-
tion, ®pg, closely correlates with the quantum yield of
non-cyclic electron transport (Genty et al. 1989), being
reduced by high O; concentration and therefore indicating
alterations of the electron flow around PS2. Considering
the adverse effects of O; on the electron transport rate,
the inhibition of photosynthesis could be a result, at least
to some extent, of a decreased availability of ATP and
reducing power. However, the possibility of O; damage
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on Calvin cycle enzymes also must be considered (Baker
et al. 1994, Miller et al. 1999, Guidi et al. 2001). A grea-
ter fraction of the reduced Q, favoured the development
of NPQ at the expense of photochemical quenching
(Calatayud and Barreno 2001, Guidi et al. 2001), as
found in our experiment. NPQ increased in both treat-
ments (NFA and NFA+O;) with respect to control plants
(CFA), although differences were only significant upon
high O; fumigation. A combined indicator of irradiance
stress is given by the ratio 1 — gp/NPQ, which tends to in-
crease as PS2 reaction centres close (qp lower or 1 —qp
higher), but decreases when photoprotective NPQ is en-
hanced (Park et al. 1995). In spinach leaves this ratio in-
creased to CFA from NFA+O; with statistically signifi-
cant differences, indicating a greater photoinactivation of
PS2 in plants grown in NFA+O; atmosphere. This fact is
confirmed by the minor values of F,/F,, found in those
leaves.

The ability of O; and/or its products to interact with
lipids may have a destructive effect on cell membranes
(Guidi et al. 1999, Plazek et al. 2000, Calatayud et al.
2002a,b). Lipid peroxidation measured by MDA content
is considered a suitable injury index in plants grown un-
der polluted atmosphere (Ranieri et al. 1993) and thus has
been correlated with the degree of O3 exposure to plants
(Prince et al. 1990, Ranieri et al. 1996, Calatayud et al.
2002a,b). In spinach plants, lipid peroxidation increased
in NFA+O; treatment. ROS have been proposed as lipid
peroxidation initiators (Elstner et al. 1988, Winston
1990). Biological systems have evolved protective sca-
venging or buffering mechanisms for ROS (Tingey and
Taylor 1982, Lyons et al. 1999). SOD activity is a pri-
mary scavenger for O, radicals and plays a central role
in the defence against toxic ROS accumulation (Bowler
et al. 1992). In our experiments, SOD activity increased
in NFA+O; plants, although there were non-significant
differences in the activities of APX and GR between
treatments. The unchanged GR and APX activities in
plants grown under O; could indicate that the constitutive
activities in spinach plants might be sufficient to allow a
normal functioning of the AsA-glutathione cycle. The in-
variability of GR activity is consistent with reports of
Cakmak and Marschner (1992) and Calatayud and
Barreno (2001). AsA content may be an important factor
in the tolerance mechanism. A close relation between
AsA and Oj tolerance has been reported by many resear-
chers (Lyons et al. 1999, Pasqualini et al. 2001,
Calatayud ef al. 2002b). However, the exposure to Oz did
not produce an effect on AsA content. No significant va-
riations in the intracellular AsA content after O; fumi-
gation have been reported in other spinach cultivars
(Luwe et al. 1993), pumpkin (Ranieri et al. 1996), or to-
bacco (Pasqualini et al. 2001). The contents and activities
of antioxidant systems depend on a number of factors in-
cluding the stage of leaf and plant development (Bowler
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et al. 1992, Bender et al. 1994), growth conditions
(Menser 1964), and nutritional status (Polle and
Rennerberg 1994, Matyssek et al. 1997). Therefore, it is
not surprising that extensive surveys of the literature re-
veal a variable pattern in the response of antioxidative
defences to specific pollutants (Polle 1998, Barnes ef al.
1999).

In summary, the photosynthetic CO, fixation in the
chloroplast was inhibited by O absorbed into the leaves.
This inhibition induced an increase in C; and stomatal
closure, resulting in the reduction of g;. The limitation of
photosynthesis appears to be correlated with a reduction
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