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Summary: Tropospheric ozone (O3) is one of the most widespread atmospheric pollutants 
in many parts of the world. Elevated ambient O3 concentrations have deleterious effects on 
the physiological status and productivity of a wide range of plant species. Experiments with 
controlled O3 fumigation are often performed in order to distinguish O3-induced injury from 
a wide range of injury symptoms caused by other environmental stress agents. In the present 
study, branches of common beech (Fagus sylvatica L.) were subjected to O3 fumigation for 
three days under controlled conditions. Ozone was provided at a concentration of 600 ppb in 
the course of 6 h during the day. The visible foliar symptoms of injury appeared as small pale 
green dots on the adaxial leaf surface. By the end of the first day, these dots were spread on 
the entire leaf surface. The acute O3-induced symptoms developed rapidly as reddish-brown 
stipple which enlarged covering the entire leaf surface on the third day of O3 exposure. These 
typical visible symptoms could serve as indicators of the presence of phytotoxic levels of O3 in 
natural conditions. Ozone fumigation treatment caused a significant decrease in the amount of 
total chlorophyll as well as metabolic changes in the antioxidant defense system of beech leaves. 
Elevated total antioxidant and free radical scavenging activities indicated enhanced capacity of 
the non-enzymatic plant defense system in response to oxidative stress caused by O3-induced 
generation of reactive oxygen species (ROS). Total flavonoid and anthocyanin contents were 
also increased. The enhanced activities of the antioxidant enzymes superoxide dismutase (SOD) 
and peroxidase (PO) can serve as indicators of oxidative burst caused by O3 fumigation in beech 
leaves.
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INTRODUCTION

Tropospheric ozone (O3) is one of the 
most widespread atmospheric pollutants 
in many parts of the world (Nolle et al., 
2002; Ferretti et al., 2007; Bussotti and 
Ferretti, 2009). It is formed in air polluted 
with volatile organic compounds (VOC) 
and nitrogen oxides (defined as ozone 
precursors) as a result of the sun radiation 
activity (Krupa et al., 2001; Ferretti et 
al., 2007). Ozone plays a substantial role 
in the chemistry of troposphere which is 
due to its high oxidation activity, ability 
to absorb sun radiation in the infrared and 
ultraviolet spectra as well as to exhibit 
properties of greenhouse gases (Jacobson 
et al., 2002).

Ozone levels have been gradually 
increasing worldwide (Colette et al., 
2011; Wilson et al., 2012). Particularly, 
the southern part of Europe is known to 
be affected by high O3 concentrations 
(Nolle et al., 2002; Sanz et al., 2007). 
According to Percy et al. (2003) by 2100, 
approximately 50% or a total of 17 million 
km2 of forest areas in the world will be 
exposed to increased O3 concentrations.

The deleterious effects of tropospheric 
O3 on the physiological function and 
productivity of a wide range of plant 
species, including agricultural crops, 
trees, shrubs, herbaceous perennials, and 
lichens in different parts of Europe are 
well documented (Skelly et al., 1999; 
Sanz and Millan, 2000; Manning et al., 
2002; Gerosa et al., 2007). Leaf damages 
caused by O3 can be defined as visible 
and physiological. Visible O3-induced 
injury on needles and leaves is the only 
detectable indication of the presence of 
phytotoxic levels of O3 and its detection 
is used for monitoring the effects of O3 

(Bergmann et al, 1999). The occurrence 
of visible leaf damages, their color, 
density, and spread on the leaves depends 
on plant species and genotype, the 
position of leaves, their age, exposure, 
meteorological factors, O3 concentration 
and duration of exposure, as well as other 
habitat conditions (Bussotti and Ferretti, 
2009; Schaub et al., 2010). Typical 
visible foliar O3-induced symptoms 
include brown or purple stipple on the 
upper surface between the veins of 
leaves, chlorosis, tip or margin burn, 
necrosis, premature abscission of leaves 
and flowers (Brace et al., 1999; Krupa et 
al., 1998; Kohut, 2005).  Bifacial necrosis 
is the final stage of leaf damage. It is 
the result of cell death in the epidermal 
tissue, palisade and spongy mesophyll 
and can be visible on both sides of the 
leaves. The presence of dots, spots and 
bilateral necrosis as well as the degree of 
their manifestation is a reliable diagnostic 
criterion for assessment of the negative 
impact of ambient O3 (Kohut, 2005; 
Bussotti and Ferretti, 2009; Schaub et al., 
2010).

Visible foliar O3-induced symptoms 
are often similar in appearance to damage 
caused by other biotic and abiotic 
stress agents (e.g., viruses, insects, 
fungi, drought, herbicides) (Treshow 
and Anderson, 1991; Smith, 2012). 
That is why assessment of O3 impact 
on plants should also cover the pre-
existing physiological and biochemical 
changes triggered by O3. The negative 
impact of ambient O3 on forests has been 
studied at morphological, histological, 
ultra-structural and biochemical levels 
(Bussotti and Gerosa, 2002).

Ozone is absorbed by plants through 
the stomata. Species with high stomatal 
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conductivity are susceptible to O3-
induced damage due to increased gas 
exchange rate resulting in the uptake 
of higher amounts of air pollutants 
(Matyssek et al., 2007). In addition to 
stomatal conductivity, another factor 
that determines the sensitivity of plants 
to O3 is their metabolic capacity to 
cope with O3-generated oxidative stress 
(Kangasjärvi et al., 1994; Matyssek et al., 
2004; 2007). Oxidative stress occurs as a 
result of the interaction of O3 with water 
and apoplast solutes, thus leading to the 
formation and accumulation of ROS in 
plant cells, which are more toxic and 
reactive than molecular O2 (Mehlhorn et 
al., 1990; Wohlgemuth et al., 2002). ROS 
react directly with cellular organelles 
and macromolecules, resulting in 
damage of cell membranes, oxidation of 
proteins, lipids, carbohydrates, damage 
of cell structure, ultimately leading to 
the activation of programmed cell death 
(PCD) pathways. On the other hand, 
ROS can induce antioxidant defense 
system as a major mechanism protecting 
plants from oxidative damage to cellular 
components under stress conditions. Due 
to the dual function of ROS, cells possess 
mechanisms to strictly control their level 
(Mittler, 2002; Blokhina et al., 2003; 
Sytar et al., 2013).

Experiments with O3 fumigation 
performed under controlled conditions 
represent an important approach to 
distinguish O3-induced injury from 
other environmental stress conditions. 
Controlling the concentration of O3 
and other environmental factors (light, 
temperature and humidity) allows 
monitoring of visible injury symptoms, 
physiological and biochemical reactions 
in a relatively short period of time, 

especially when the exposure-response 
relationships are assessed as indicators 
of species sensitivity to O3 exposure 
(Manning, 2005). Depending on plant 
material (branches, saplings or adult 
individuals) as well as the purposes of 
the study, different types of chambers 
for controlled O3 fumigation have been 
used (Brace et al., 1999; Wittmann et al., 
2007; Pellegrini et al., 2011). 

Branches of adult forest trees are 
often used as surrogates for examining 
the crown-level response of trees to 
elevated O3 regimes as the defense 
metabolism of branches seems to be 
relatively autonomous from neighboring 
crown sections (Wieser et al., 2012). 
Although the branch-level approach does 
not substitute whole-tree O3 fumigation 
and related flux assessments, O3-exposed 
branches may be used to assess dose-
response reactions as measures of O3 
sensitivity of tree species (Wieser et al., 
2012). 

Common beech (Fagus sylvatica L.) 
is an important broad-leaved species, 
widely spread in Europe. In Bulgaria it is 
found in almost all mountains from 700 
to 1700 m above sea level. Most often it 
forms pure stands and less often mixed 
with common hornbeam (Carpinus 
betulus L.), Norway spruce (Picea abies 
(L.) Karst.) and silver fir (Abies alba 
Mill.) The species has an important 
water-regulating and anti-erosion role 
and is economically valuable since it is 
a source of quality wood that is widely 
used in construction, furniture, pulp and 
paper industries.

In the present study, branches of 
common beech (Fagus sylvatica L.) 
were subjected to O3 fumigation under 
controlled conditions with the aim to 
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Figure 1. Controlled fumigation of beech branches with O3 provided at a concentration of 
600 ppb. А) scheme of the experimental glass chamber for O3 fumigation. Arrows indicate 
the direction of the O3 flow provided by an ozonator; B) control chamber; C) photograph 
of the experimental chambers.

assess the range of damage at levels above 
typical ambient condition. The analysis 
included visible foliar O3-induced 
symptoms and changes in the antioxidant 
capacity including antioxidant enzymes 
and low molecular weight non-enzymatic 
antioxidants. 

MATERIALS AND METHODS

Plant material and conditions for O3 
fumigation treatment

Branches of common beech (Fagus 
sylvatica L.) were taken from sample trees 
in the Level II Forest monitoring station 
of Vitinya situated in the Western Balkan 
mountain range (Bulgaria) at 950 m above 
sea level. The average age of sample trees 
was 140 years. They were selected from 
the forest edge closest to the O3 measuring 
equipment within a maximum radius of 
500 m. The branches were taken from the 
sun exposed part of the tree crown in the 
summer. Each branch had at least 30 well-
developed leaves with healthy appearance 
and lacking any visible injury. Fumigation 

of beech branches was done in glass 
chambers with dimensions 30x20x50 cm 
(LxWxH) having movable lids with two 
small apertures, one for ventilation and 
the other for the O3 flow provided by an 
ozonator (Onnic  ES 215 A, UK), (Fig. 
1).  The beech branches were kept in the 
glass chambers for three days at a photon 
flux density of 120 µmol m -2 s -1 provided 
by luminescent lamps, 16/8 photoperiod, 
22°C and relative humidity 80%. Ozone 
was provided at an average concentration 
of 600 ppb in the course of 6 h during 
the day. In comparison, the average O3 
background concentration measured at 
the Level II Forest monitoring station of 
Vitinya was 80 ppb. The concentration 
of O3 in the chambers was calculated 
on the basis of the passport data for the 
flow rate of the ozonator and the capacity 
of the chambers. Fumigation with high 
concentrations of O3 for short periods 
aimed to stimulate the appearance of 
leaf damages during the day when O3 
concentration is normally high in natural 
conditions. Samples for biochemical 
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analysis were taken on the third day of O3 
exposure. 

Determination of chlorothyll content
Chlorophyll was extracted in N, 

N-dimethyl-formamide (5%, w/v) as 
described by Moran and Porath (1980). 
Chlorophyll content was analyzed 
using a Cary 50 Conc UV-Visible 
spectrophotometer (Varian, Australia Pty 
Ltd, Mulgrave, Victoria) and calculations 
were based on the extinction coefficients 
proposed by Inskeep and Bloom (1985). 
Chl content is expressed as (mg g-1 FW).

Determination of total anthocyanin 
content

Total anthocyanin content was 
determined according to Hodges and 
Nozzolillo (1996). Fresh plant material 
(0.1 g) was extracted by grinding with 
7 ml 1% (w/v) HCl in methanol. The 
homogenate was filtered through red 
filter (medium porosity) into a 10 ml 
tube. After rinsing with ca. 3 ml of the 
solvent, the volume was adjusted to 10 
ml. The extinction (E) of the solution 
was measured at 530 nm and 600 nm 
against the solvent. The value of E600 was 
subtracted from the E530 value (correction 
for pheophytin). The content of 
anthocyanins is expressed as mmoles per 
1 g fresh weight on the basis of the molar 
extinction coefficient for anthocyanins 
eM = 33,000.

Analysis of antioxidant enzymes
Extract preparation

One gram of frozen leaf samples were 
ground and extracted (1:3, w/v) with an 
ice-cold 0.1 M K-phosphate buffer (pH 
7.8) containing EDTA (2 mM), glycerol 
(10%) and PMSF (1mM).  Insoluble 

PVP (Polyclar AT) was added directly 
to the plant sample in the mortar (0.02 
g PVP per 1 ml of extraction medium). 
After centrifugation at 15,000 x g for 
30 min the supernatant was used for the 
assay of peroxidase activity, superoxide 
dismutase activity as well as protein 
content determination.

Activity of superoxide dismutase (SOD; 
E.C. 1.15.1.1) 

SOD activity was measured 
spectrophotometrically at 560 nm based 
on the inhibition of the photochemical 
reduction of nitroblue tetrazolium (NBT) 
as described by Beauchamp and Fridovich 
(1971). The enzyme activity is expressed 
as enzyme units (EU). One unit of SOD 
activity is defined as the quantity of the 
enzyme required to cause 50% inhibition 
of the initial NBT reduction under the 
assay conditions.

Peroxidase activity (PO; E.C.1.11.1.7) 
Peroxidase activity was 

measured spectrophotometrically 
at 25°C by following the H2O2-
dependent oxidation of the substrate 
3,3’-diaminobenzidine tetrahydrochloride 
(DAB) (Herzog and Fahimi, 1973). 
The reaction mixture contained 
3,3‘-diaminobenzidinetetrahydrochloride 
dihydrate (DAB) solution containing 0.1% 
(w/v) gelatine, 150 mM Na-phosphate-
citrate buffer (pH 4.4), and 0.6% H2O2. 
The increase in the absorbance at 465 nm 
was monitored for 3 min. The enzyme 
activity is expressed as enzyme units 
(EU). This is the change in the absorption 
per 1 min and per 1 mg protein.

Protein content was determined 
according to the method of Lowry et al. 
(1951).
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Biochemical analysis of cellular non-
enzymatic antioxidant capacity 
Preparation of extracts 

Leaf material (1 g) was ground in an ice 
bath with 10 ml 80% ethanol (v/v) and the 
homogenate was immediately centrifuged 
at 10,000 x g for 20 min at 4°C. The clear 
supernatant was decanted and used in 
the analysis of total antioxidant activity, 
antiradical activity and total flavonoid 
content. 

Determination of total antioxidant 
activity (FRAP method)

Total antioxidant activity was 
determined using the ferric reducing 
antioxidant power (FRAP) assay 
according to Benzie and Strain (1999). 
This procedure involves the reduction of 
ferric ions (Fe3+) to ferrous ions (Fe2+) in 
a blue colored complex in the presence 
of bioactive compounds (antioxidants). 
Briefly, freshly prepared FRAP reagent 
(1.5 ml) and an aliquot of the extract 
solution (0.05 ml) were mixed, and after 
15 min the absorbance was measured at 
593 nm using FRAP solution as a blank. 
The anioxidant potential of samples 
was calculated from a standard curve 
plotted using known concentrations of 
FeSO4.7H2O. The antioxidant activity is 
expressed as (mmoles FRAP g-1 FW).

Determination of antiradical activity 
The free radical scavenging activity 

was measured according to Brand-
Williams et al. (1995) using 2,2-diphenyl-
1-picrylhydrazyl (DPPH⋅) as the source 
of free radicals. The method is based on 
the reduction of the stable radical DPPH⋅ 

by antioxidants and other radicals in 
the sample. Freshly prepared DPPH⋅ 

reagent (1.99 ml) and extract solution 

(0.01 ml) were mixed, and the decrease 
of the absorbance during the reaction 
was measured at 515 nm. For the blank, 
methanol was used. The free radical 
scavenging activity is expressed as trolox 
equivalents using a standard curve made 
with known concentrations of Trolox.

Analysis of total flavonoids 
The total flavonoid content was 

estimated using the aluminum chloride 
colorimetric assay (Zhishen et al., 
1999). An aliquot of the sample solution 
(0.5 ml) in ethanol (5mg/100ml) was 
mixed with 2ml dH2O and 150 µl of 5% 
sodium nitrate. After 6 min, 150 µl of 
10% aluminum chloride and 2 ml of 1 M 
sodium hydroxide were added and left at 
room temperature for 30 min. Absorbance 
of the mixtures was measured at 510 nm 
and total flavonoid content was calculated 
as rutin equivalents from a calibration 
curve of rutin. Total flavonoid content is 
expressed as (mg rutin g-1 FW).

The results of the biochemical 
analyses represent the mean values ± SE 
(n=4). 

RESULTS AND DISCUSSION

Visible foliar symptoms resulting 
from O3 exposure can be considered as 
indicators of either acute or chronic injury 
(Brace et al., 1999). Acute injury, caused 
by cell death of mesophyll cells, develops 
within a few hours to days following 
exposure and is normally induced 
by relatively high O3 concentrations. 
These symptoms can appear visually 
as stipple (many small red, purple, or 
other pigmented dots), fleck (many small 
yellow spots), bleaching (loss of green 
color), or bifacial necrosis (areas of dead 
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cells on both sides of a leaf). Chronic 
injury develops more slowly (days 
to weeks) and can lead to premature 
senescence resulting in leaf abscission. It 
is normally induced by long-term, low O3 
concentrations (Brace et al., 1999). 

In the present study, the first visible 
foliar symptoms of acute injury caused by 
controlled fumigation of beech branches 
with a high O3 concentration appeared 
after 25 min of exposure as small pale 
green dots on the adaxial leaf surface. By 
the end of the first day, these dots were 
spread on the entire leaf surface (Fig. 
2). The visible O3-induced symptoms 
developed rapidly as reddish-brown 
spots which enlarged with time covering 
the entire leaf surface on the third day 
of O3 exposure. These typical visible 
injury symptoms in beech could serve as 
indicators of the presence of phytotoxic 
levels of O3 in natural conditions.

Visible O3-induced symptoms 
are species-specific, although some 
variability could occur depending on 
plant genotype, leaf age, O3 exposure as 
well as habitat conditions. Calatayud et 
al. (2007) observed the formation of large 
brown to dark brown spots on leaves 
of Acer pseudoplatanus L. and pale 

yellow to yellowish brown spots in Acer 
campestre L. and Acer monspessulanum 
L. in response to controlled O3 fumigation. 
In experiments with adult individuals 
of common beech (Fagus sylvatica L.) 
fumigated with O3 at concentrations 
twice the background, Nunn et al. (2002) 
described the formation of unevenly 
distributed yellowish-brown spots on 
the leaf surface. In a monitoring study 
on deciduous and coniferous tree species 
Parvanova et al. (2008) observed typical 
O3 injury such as redness on the upper 
leaf surface of the broad-leaved species  
Prunus avium L. and Rubus idaeus L. as 
well as the appearance of purple-red dots 
on beech leaves (Fagus sylvativa L.). 

Many authors have observed that 
increased ambient O3 concentrations 
reduce the photosynthetic function in 
different tree species (Calatayud and 
Barreno, 2004; Wittmann et al., 2007; 
Pellegrini et al., 2011). The membranes 
of cell organelles, and especially those 
of chloroplasts, are most vulnerable to 
O3 exposure. The damage of a cell or a 
group of mesophyll cells, accompanied in 
some cases with a collapse of epidermal 
cells reduces total chlorophyll content in 
leaves (Schraudner et al., 1997; Saitanis 

Figure 2. Visible O3-induced injury symptoms in leaves of common beech (Fagus 
sylvatica L.) after O3 fumigation treatment of beech branches conducted for three days 
under controlled conditions.
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Figure 3. Chlorophyll content (A) and anthocyanin content (B) in leaves of common 
beech (Fagus sylvatica L.) after O3 fumigation treatment of beech branches conducted 
for three days under controlled conditions. The results represent the mean values ± SE 
(n=4). 

et al. 2001; Castagna et al, 2001). Our 
results showed a significantly reduced 
amount of total chlorophyll (by 44%) 
due to O3 fumigation treatment compared 
with control (Fig. 3A). Similar results 
showing that O3 significantly decreased 
chlorophyll content in the leaves of 
beech saplings were reported by Lütz et 
al. (2000). The decrease in chlorophyll 
concentration in response to O3  may be 
due to chlorophyll breakdown initiated by 
O3-induced ROS (Castagna et al., 2001). 
According to Calatayud and Barreno 
(2001) reduced chlorophyll content is 
usually observed under conditions of 
oxidative stress. 

Plant’s productivity in environment 
with increased O3 concentration is closely 
related to its ability for scavenging the 
highly toxic free radicals formed. The 
antioxidant defense system represents a 
major mechanism for neutralizing ROS 
through enzymatic and non-enzymatic 
antioxidants (Mittler, 2002; Blokhina et 

al., 2003; Sytar et al. 2013). Metabolic 
changes in antioxidant defense system 
contribute to cellular repair processes, 
which alleviate the initial oxidative 
damage caused by O3-induced generation 
of ROS (Castagna and Ranjeri, 2009). 
Anthocyanins in the vacuole as well 
as tocopherol in the membrane are 
low molecular weight non-enzymatic 
antioxidants, which play an important 
role in plant defense mechanisms against 
oxidative stress (Araceli et al., 2009). 
Anthocyanin and flavonoid contents 
increase with increasing the amount of 
ROS (Yamasaki et al., 1997; Hernandez 
et al., 2009). In the present study, 
anthocyanin content in beech leaves 
was significantly enhanced (by 46%) 
compared with control (Fig. 3B) thus 
indicating increased generation of ROS 
due to O3 exposure. 

Altered antioxidant metabolic 
activity is a crucial component in defense 
mechanisms against oxidative damage. 
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Figure 4. Total antiradical activity (A), 
total antioxidant activity (B) and flavonoid 
content (C) in leaves of common beech 
(Fagus sylvatica L.) after O3 fumigation 
treatment of beech branches conducted 
for three days under controlled conditions. 
The results represent the mean values ± SE 
(n=4). 

Our results showed that both free radical 
scavenging activity and antioxidant 
activity were elevated (by 20% and 
15%, respectively), thus suggesting 
increased capacity of the non-enzymatic 

plant defense system in beech leaves in 
response to oxidative stress caused by 
O3-induced generation of ROS (Fig. 4A, 
B). 

Highly affected by O3 fumigation 
treatment was total flavonoid content, 
which increased by 30% compared with 
control (Fig. 4C). Flavonoids represent 
a large family of secondary metabolites 
that have been found to directly scavenge 
free radical ions (e.g. hydroxyl and 
superoxide anion) due to their ability to 
donate electrons or hydrogen atoms thus 
protecting plant cells from the adverse 
effects of abiotic stresses (Hernandez 
et al., 2009). Flavonoids are one of the 
major components of the non-enzymatic 
antioxidant defense system in plants that 
suppress formation and lower levels of 
newly formed ROS (Agate and Tattini, 
2010). 

Ozone fumigation treatment 
enhanced the activities of the two 
investigated antioxidant enzymes 
SOD and PO in beech leaves by 29% 
and 38%, respectively compared with 
control (Fig. 5A, B). SOD is the most 
effective antioxidant enzyme found in 
all aerobic organisms and all subcellular 
components. There are controversial 
views on the relationship between 
ambient O3 concentration and SOD 
activity. Bowler et al. (1992) observed 
strong enhancement of SOD activity in 
tree species during the summer which was 
associated with enhanced concentration 
of O3 and its precursors. Elevated SOD 
and CAT activities in Populus leaves 
due to O3-induced oxidative stress were 
reported (Sen Gupta et al., 1991). On the 
other hand, Parvanova et al. (2013) did 
not show a significant correlation between 
SOD activity and O3 levels in common 
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Figure 5. Activity of SOD (A) and PO (B) in leaves of common beech (Fagus sylvatica 
L.) after O3 fumigation treatment of beech branches conducted for three days under 
controlled conditions. The results represent the mean values ± SE (n=4). 

ash (Fraxinus excelsior L.) seedlings 
in response to ambient O3 exposure in 
urban and mountain areas. To neutralize 
the harmful effects of H2O2, plants use 
a wide variety of enzymes, including 
PO (Blokhina et al., 2003). Enhanced 
PO activity was observed in a sensitive 
poplar species (Bernardi et al., 2004) 
as well as in a susceptible birch variety 
(Betula pendula Roth) after exposure to 
O3 (Toumainen et al., 1996).

CONCLUSION

Altered antioxidant metabolic 
activity in response to O3 stress reflects 
the ability of plants to modify metabolic 
processes in order to alleviate the 
oxidative damage caused by O3-induced 
generation of ROS. In the present 
study, O3 fumigation treatment of beech 
branches caused typical visible foliar 
injury accompanied with elevated total 
antioxidant and free radical scavenging 

activities, increased accumulation of 
low-molecular antioxidants such as 
anthocyanins and flavonoids as well as 
enhanced activities of the antioxidant 
enzymes SOD and PO. The observed 
metabolic changes indicate activation of 
antioxidant defense mechanisms to limit 
ROS-mediated damage in beech leaves. 
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