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Abstract: Tropospheric ozone is a harmful air pollutant and greenhouse gas that adversely affects
living organisms. The effect of long-term ozone stress on the activity of SOD, APX, and GuPX,
as well as lipid peroxidation and membrane injury in bean and petunia growing at a city site
and in a forest, characterised by different ozone concentrations, was examined. The experiments
were conducted in three growing seasons with different tropospheric ozone concentrations and
meteorological conditions. Plants” exposition to increased ozone concentration resulted in enhanced
activity of antioxidant enzymes, level of lipid peroxidation, and membrane injury. In all years, higher
ozone levels and solar radiation were observed at the forest site. The pattern of the changes in enzyme
activity was dependent on ozone concentrations as well as on environmental conditions and varied
from year to year. In the second year with the highest ozone concentration, the activity of GuPX and
SOD increased the most. However, despite higher ozone concentration in the forest, a larger increase
in APX and SOD activity in both species and GuPX activity in bean was recorded at the city site. The
present results revealed that plant response to ozone might vary in different locations not only due
to differences in ozone concentration but also because of the impact of other environmental factors,
such as solar radiation and temperature.
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1. Introduction

Ozone is a naturally occurring component in the atmosphere. It is present in the
stratosphere (10-40 km above the Earth) and the troposphere (0-10 km above the Earth).
The stratospheric ozone layer is essential for protecting life on Earth from the harmful effect
of UV-B radiation. However, tropospheric ozone is a toxic air pollutant and greenhouse gas
that adversely affects living organisms, including plants [1,2]. This pollutant is not directly
emitted from various sources but is formed in the presence of sunlight and high temperature
from such precursors as nitrogen oxides, carbon monoxides, volatile organic compounds,
and methane. The primary sources of o0zone precursors are anthropogenic activities (fossil
fuel combustion, industrial and traffic pollution) leading to the release of these harmful
compounds [3,4]. Using motor vehicle catalysts led to decreased ozone precursor emissions,
but unfortunately, this has not led to a significant reduction of tropospheric ozone levels.
In the early 21st century, the level of tropospheric ozone increased by 23% compared with
that in 1960, and a 31% increase is projected by 2060 [2]. The abundance of tropospheric
ozone in the 21st century is affected by its enhanced flux from the stratosphere, climate
changes leading to the increase of temperature and solar radiation, and anthropogenic
emission of NOx and methane [2]. A substantially high trend of ozone concentration
increase is observed in the northern hemisphere [5]. In the areas of temperate climate, an
increased concentration of tropospheric ozone is present from the end of April and persists
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during the summer when temperature and sunlight are higher. What is more, ozone
formed in the cities and its precursors originating from various anthropogenic sources are
easily transported over long distances, and elevated tropospheric ozone concentrations are
expected in non-urban areas, including forests [5,6]. The ozone concentration during the
growing season often exceeds the critical level for plant life in natural and crop ecosystems,
adversely affecting vegetation [1,7]. Plants may suffer from acute stress when the ozone
level is high for several consecutive days or chronic stress when there is a low dose of
ozone over extended periods (during the growing season) [6,8]. Acute ozone stress usually
results in visible leaf injury (leaf stipple, chlorotic or necrotic lesions), which can alter the
economic value of ornamental plants and leafy vegetables [9].

Long-term exposure to ozone is associated with earlier leaf senescence and the reduc-
tion of photosynthesis, growth, and yield [10,11]. Ozone toxicity is caused by its high redox
potential and capacity to generate reactive oxygen species (ROS), leading to changes in
the structure and function of plasma membranes. Furthermore, because of its phytotoxic
properties, ozone directly affects the outer surfaces of the leaves, causing damage to the
leaf blades [1,12]. Ozone diffuses into the plant via open stomata. It dissolves in apoplastic
fluid and can accumulate to phytotoxic concentrations inside living cells, rapidly reacts
with many molecules, and affects the generation of harmful ROS [1,3]. Stomatal closure is
considered to be the first line of defence against ozone (O3) stress, but once it enters the
leaf through the stomata, ROS detoxification in the apoplast and plant cells is thought to
be the second line of defence [3]. Many antioxidant molecules and enzymes are present in
diverse cellular compartments, which likely play a role in the detoxification of ROS [3,8,13].
The enzymatic antioxidants include, among others, ascorbate peroxidase (APX), guaiacol
peroxidase (GuPX), and superoxide dismutase (SOD), scavenging hydrogen peroxide and
superoxide ion. Increased activity of these enzymes protects cells against the increased
production of ROS and oxidative damage caused by ozone [13]. Lipids and proteins in
plant cells are the major targets of oxidative damage [13,14]. Oxidative decomposition of
polyunsaturated lipids in the plasma membrane, known as lipid peroxidation, is often
considered a sign of stress-induced damage [15].

Literature data have shown that elevated tropospheric ozone causes yield reduction
in various vegetable plants such as tomato, bean, soya, cabbage, grapes, rape, spinach,
and parsley grass [3,12,16]. Ornamental plants affected by tropospheric ozone include,
among others, petunia, poinsettia, tuber nasturtium, Buddleia davidii, and geranium [17,18].
Several researchers have studied the phytotoxic effect of ozone stress on crops and model
plants. However, most studies were conducted in glasshouses, growth rooms, or open-
top chambers and examined the short-term ozone effect [3]. In recent years, the free-air
controlled enrichment (FACE) system was developed to investigate plant responses to
ozone, which provides more reliable results, but its installation and running costs are
relatively high [5]. To date, few studies have been conducted under natural environmental
conditions and examining the effects of elevated ozone on plant responses. Moreover,
information about the effects of tropospheric ozone on crops is also crucial for future
practical aspects of cultivation.

Thus, the present study aimed to fill this gap and was performed to evaluate the
accumulative tropospheric ozone effect on the activity of antioxidant enzymes and oxidative
injury in leaves of bean and petunia growing at city and forest sites. The experiments
were conducted during three vegetation seasons with various meteorological conditions
and ozone concentrations. The obtained results provide information about the 28-day
tropospheric ozone effect in representatives of the horticultural crop (bean) and ornamental
(petunia) plants in ambient air conditions. What is more, the estimation of antioxidant
enzymes was performed several times and simultaneously. Such experiments allowed us
to track the impact of ozone on the antioxidant activity in the leaves of examined plants in
changing environmental conditions.



Sustainability 2022, 14, 13760

30f15

2. Materials and Methods
2.1. Plant Cultivation and Exposure to Ozone

Bean (Phaseolus vulgaris L. ‘Nerina’) and petunia (Petunia x hybrid, ‘White cascade’)
were used in this study. The seeds of bean and petunia were purchased from certificated
companies professionally growing seeds, Fratelli Ingegnoli il Vivaio (Italy, Milano) and
Legutko W. (Poland, Jutrosin), respectively. The selection of certain cultivars was related
to their potential to reveal ozone-sensitivity features [19,20]. Three independent experi-
ments were conducted during three vegetation seasons differing in ozone concentrations,
solar radiation, and temperature. The seeds of bean and petunia were sown into a 15 cm?
pot filled with a standard mixture of peat and sand enriched with the addition of slowly
released fertiliser. In each pot, one plant was grown. Plants were grown in a control
condition of 21-23 °C and PAR at level 800-1000 umoles m 2 s~! of photon flux density
during natural daylight hours in a greenhouse located at Poznan University of Life Sci-
ences (N 52°25'50”, E 1655'01”). Twenty pots of six-week-old petunia and four-week-old
bean plants were transported at the end of June to two exposure sites characterised by

varied ozone concentrations and meteorological conditions and left there for four weeks
(Tables 1 and 2).

Table 1. Ozone concentrations, solar radiation, and temperature measured in forest and city during
exposure periods in three years of research (data obtained by automatic air monitoring system of
National Environmental Monitoring; presented data are calculated based on mean hour values).
Different capital letters show statistically significant differences between sites, and different small
letters present differences between years at city and forest.

City Forest
(N 52°25'13", E16°52/40") (N 52°30'00” E 17°46'26")
Located in Poznan City (Central-Western Poland)  Located about 80 km from Poznan City

Exposure with a Population of about 550,000 Inhabitants, in a Forestry Area. The Nearest Village
Parameter D
ay Surrounded by Buildings, Near the Road. Is about 5 km from the Site.
1st Year 2nd Year 3rd Year 1st Year 2nd Year 3rd Year
2009 2010 2011 2009 2010 2011
7 53.9 59.6 55.7 64.1 76.3 63.5
14 47.2 58.0 47.2 50.5 74.2 65.1
Mean 933 21 49.6 78.1 57.9 67.4 110.1 68.5
(ngm™) 28 444 65.4 49.5 57.7 84.6 58.0
Means 48.78 b/B 65.28 #B 52.58 ab/B 59.93 bA 86.3 ¥A 63.77 bA
7 239.2 305.0 185.5 3474 440.9 255.5
Solar 14 196.5 271.5 228.9 251.5 369.1 317.7
radiation 21 201.8 2723 216.5 316.7 3344 343.2
W mfz) 28 208.5 178.9 148.2 326.6 215.5 239.1
Means 211.50 @B 256.93 &#B 194.78 &B 310.55 A 339.98 A 288.88 ¥A
7 20.4 20.0 24.7 19.2 18.8 14.5
14 15.9 20.3 20.1 14.3 19.3 17.0
Tempoerature 21 19.5 23.8 17.7 18.8 23.7 17.5
Q) 28 17.3 19.9 14.7 16.6 19.8 15.2
Means 18.28 #A 21.00 #A 19.30 #A 17.23 abA 20.40 ¥A 16.05 b/B

Pots with plants were placed on special aluminium racks covered by shadow fabric to
protect plants against excessive solar radiation (Figure 1). Continuous water supply was
provided by glass-fibre wicks placed in pots and water trays located below the Styrofoam
covering pots. Plants were exposed to ozone for four weeks. A similar set of plants
was used as a control combination under ozone-free conditions (remained at a stable
level of 25-40 ppb, which is treated as a background for the northern hemisphere), but
meteorological conditions were maintained similar to the ambient ones (the temperature
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was at a constant level of 23-25 °C and PAR at 800-1000 umoles m—2 s~ ! of photon flux
density). Healthy plants without visible mechanical injuries were taken to examine the
membrane injury index (MI), lipid peroxidation, and the activity of antioxidant enzymes.

Table 2. One-way ANOVA results for effect of site (city, forest) and year on level of ozone concentra-
tion, radiation, and temperature. Numbers are F-values with level of significance given as superscript.
** o <0.01, *** o« < 0.05, "*—not significant).

Source of Variation Year Ozone Radiation Temperature
1 6.918 *** 18.880 ** 0.4736 "
Site 2 98.036 *** 402.193 *** 2.980 ¢
3 49.432 *** 31.401 *** 136.020 ***
Source of Variation Site Ozone Radiation Temperature
Y. City 7.174 *** 2.691 18 0.889 s
ear Forest 7.024 %% 0.606 ™ 4.998 ***

Figure 1. Exposure sites structure of pots with plants placed on Styrofoam and water trays within a
special aluminium construction.

2.2. Sample Collection

Three plants of each species were randomly chosen from both ozone exposure and
control sites and were transported to the laboratory after 7, 14, 21, and 28 days of exposure.
Fully matured leaves were collected and used for the estimation. The values of MI, lipid
peroxidation, and the activity of ascorbate peroxidase (APX) and guaiacol peroxidase
(GuPX) were immediately determined after sampling. The plant material for the estimation
of superoxide dismutase (SOD) activity was frozen in liquid nitrogen and stored at —20 °C
until analysis. The analyses were carried out using three independent biological replicates.
Each replicate was a sample of plant material derived from a different plant.

2.3. Cell Membrane Injury Index

Five discs (1.5 cm diameter) were cut from leaves and washed three times in 10 cm? of
deionised water to remove electrolytes adhering to the surface. Then the discs were put in
a 50 cm? flask, submerged in 10 cm? of deionised water, and kept at 10 °C for 24 h. After
that time, the electrical conductivity of effusates was measured using a microcomputer
conductometer CC-317 (ELMETRON, Zabrze, Poland). Next, tissues were killed by auto-
claving for 15 min, and electrical conductivity was measured once again. In each case, the
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measurement of electrical conductivity was performed after the temperature stabilised at
25 °C. Cell membrane injury (CMI) was evaluated according to the formula [21]

1—(T1/T2)

CMI=1-T=c/c)

x 100%

where C1 and C2 represent the conductivity values of samples from control plants before
and after autoclaving, respectively; T1 and T2 represent the conductivity values for samples
from ozone-treated plants before and after autoclaving, respectively.

2.4. Enzyme Extraction and Assay

Leaf samples (500 mg) were homogenised in a chilled mortar with 4 cm® of 0.1 M
potassium phosphate buffer (pH 7.0) and 20 mg of Polyclar AT. Homogenates were cen-
trifuged at 16,000 x g for 30 min at 4 °C. The obtained supernatants were used to determine
the activity of APX [22], GuPX [23], and lipid peroxidation.

The activity of APX was determined in a reaction mixture containing 2.3 cm® of 0.1 M
potassium phosphate buffer (pH 7.0), 0.2 cm® of 5 mM L-ascorbate, 0.3 cm? of 1 mM H,0;,
and 0.2 cm® of enzyme extract. The hydrogen-peroxide-dependent oxidation of ASC was
followed by a decrease in absorbance at 290 nm (absorption coefficient 2.8 mM~!.cm™1).
APX activity was expressed in nkat-mg~! protein.

The activity of GuPX was estimated in a reaction mixture containing 0.5 cm3 of enzyme
extract, 0.5 cm? of 3.4 mM guaiacol, and 0.5 cm? of 0.9 mM H,0,. The oxidation of guaiacol to
tetraguaiacol in the presence of HyO, was measured as an increase in absorbance recorded at
470 nm. The enzyme activity was calculated using the absorption coefficient for tetraguaiacol
(absorption coefficient 2.66 mM~!-cm™1), and it was expressed in nkat-mg~! protein.

SOD activity was estimated by the method of [24]. Leaf samples (500 mg) were ho-
mogenised in a chilled mortar with 4 cm? of buffer (50 mM sodium phosphate buffer pH 7.0
containing 1% polyvinylpolypyrrolidone, 1 mM EDTA-Na, and 0.5M NaCl). Homogenates
were centrifuged at 16,000 g for 25 min at 4 °C, and supernatants were used for the assay of
enzyme activity. The incubation mixture contained 2.35 cm3 of 50 mM sodium phosphate
buffer (pH 7.8) with the addition of 0.1 mM EDTA-Na, 0.4 cm® of 97 mM methionine, 0.1 cm3
of 2 mM NBT (nitro blue tetrazolium), and 0.05 cm® of enzyme extract. Finally, 0.1 cm® of
120 uM riboflavin was added, and the samples were placed under fluorescent lamps for
10 min. At the same time, a blank without the enzyme extract was prepared. Absorbance was
measured at 560 nm, and the unit of activity was taken as the quantity of enzyme reducing
absorbance to 50% of the blank and it was expressed in U-mg~! protein. The concentra-
tion of protein in the supernatant was estimated according to [25]. All spectrophotometric
measurements were made using a Jasco V- 530 UV-VIS spectrophotometer (Japan).

2.5. Lipid Peroxidation

The level of lipid peroxidation was estimated by quantifying the malondialdehyde
(MDA) content using thiobarbituric acid assay (TBA test) according to [26]. For the as-
sessment of the MDA content, 2 cm? of 20% trichloroacetic acid containing 0.5% TBA was
added to 0.5 cm® of the supernatant. The mixture was heated at 95 °C for 30 min then
was cooled in an ice bath and centrifuged at 10,000 x g for 10 min. The absorbance of the
supernatant was measured at 532 nm and 600 nm (Jasco V-530 UV-VIS, Tokyo, Japan). The
value of nonspecific absorption at 600 nm was subtracted from the reading at 532 nm. The
MDA content was calculated using the MDA’s absorption coefficient (155 mM~!.cm™1),
and it was expressed in pmol-g~! fresh matter.

2.6. Statistical Analysis

Statistical analysis of the data (separately for each year) was performed using STATIS-
TICA 13.3 package (StatSoft, Inc., Tulsa, OK, USA). One-way analysis of variance (ANOVA)
was used to determine whether year and site of exposure had a significant effect on ra-
diation temperature and ozone concentration. Two-way ANOVA was used to determine
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whether time and sites of exposure had a significant effect on plant responses. The post hoc
Tukey’s test was employed to identify significant differences between individual means
of measured parameters. The significance level was set at o« < 0.05. The differences were
considered statistically significant when p values were less than or equal to «. For the
determination of structure and rules in relations between variates (analysed parameters
and site characteristics parameters), principal component analysis (PCA) was used. The
orthogonal transformation of variates to a new set of noncorrelated variates (components)
was obtained in this analysis.

3. Results

The results of the two-way ANOVA revealed significant effects of site and days
of exposure to ozone and their interaction on the activity of antioxidant enzymes, lipid
peroxidation, and membrane injury in almost all analysed combinations (Table 3). However,
the pattern of changes was different at tested exposure sites and years of research. Some
differences in responses were also observed between bean and petunia (Figures 2-6).

Table 3. Two-way ANOVA results for effect of site (city, forest, control) and days of exposure on
activity of APX, GuPX, SOD, level of lipid peroxidation (MDA), and membrane injury (MI) in bean
and petunia in three experimental years. Numbers are F-values with level of significance given as
superscript. * o« < 0.001; ** o« < 0.01, ** ¢ < 0.05, ">—not significant).

Source of Year  APX GuPX SOD MDA MI
Variation Bean
1 147.3 #** 230wt 37.0 19.5 *+ 19.1 #+
Site 2 4.9 #+ 118.8 ** 6.9* 237w 7.2%
3 67.6 7.3 % 57.5 % 33.6 %4 45*
1 154.0 *** 91,6 *** 412 109.7 *** 2437 *r*
Days of exposure 2 131.9 *** 451.7 30.8 8.9 *rt 215*
3 25 4 36.2 *** 140.2 *** 19.6 *+* 18.4 #++
Site  daves of 1 140.3 *** 70.0 *** 30.6 *** 10.2 #+* 43+
o osu}ll’e 2 10.5 * 40.9 200w 5.0 wee 3.7 %
P 3 e 5.1 *er 54.7 5.4 29+
Sourceof L APX GuPX SOD MDA MI
Variation Petunia
1 238.8 *** 68.0 *** 62.6 *** 31.7* 49.048 ***
Site 2 5.1+ 65.0 *** 8.9 *rt 36.5 *** 13.002 *
3 300w 10.0 * 15.3 * 63.5 *** 7.468 *
1 27,5 et 68.0 *** 62.6 *** 16.0 *+* 43.755
Days of exposure 2 195.6 *** 393.9 **+ 36.4 *** 402.7 #++ 11.941 *
3 128.7 *** 8.0 ** 20.8 *r 4508 6.421 *
Site x dave of 1 63.6 *** 213 *r* 126.8 *** 11.3* 54.889 ***
o osu}ll‘e 2 24,1 34.0 12.8 *+* 15.5 *+ 12.751 *
p 3 3.9+ 126% 7.4 11.4*% 7.208 *
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Figure 2. Effect of long-term exposure to ozone at different sites and years on activity of APX in
leaves of bean (A-C) and petunia (D-F). Data are shown as mean = standard error. Different letters
indicate significant differences between means (p < 0.05) within years for petunia and bean.
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Figure 3. Effect of long-term exposure to ozone at different sites and years on activity of GuPX in
leaves of bean (A-C) and petunia (D-F). Data are shown as mean =+ standard error. Different letters
indicate significant differences between means (p < 0.05) within years for petunia and bean.
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Figure 4. Effect of long-term exposure to ozone at different sites and years on activity of GuPX in
leaves of bean (A—C) and petunia (D-F). Data are shown as mean =+ standard error. Different letters
indicate significant differences between means (p < 0.05) within years for petunia and bean.
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Figure 5. Effect of long-term exposure to ozone at different sites and years on level of lipid peroxida-
tion (MDA) in leaves of bean (A-C) and petunia (D-F). Data are shown as mean =+ standard error.
Different letters indicate significant differences between means (p < 0.05) within years for petunia
and bean.
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Figure 6. Effect of long-term exposure to ozone at different sites and years on cell membrane injury
(CMI) in leaves of bean (A—C) and petunia (D-F). Data are shown as mean =+ standard error. Different
letters indicate significant differences between means (p < 0.05) within years for petunia and bean.

3.1. Antioxidant Enzymes

In each year of the study, the activity of APX before exposure to the city and forest
sites was similar in bean and petunia (Figure 2A-F). However, slightly higher activity in
both species was recorded in the first two years. The activity of this enzyme in the leaves of
the plants grown under the control conditions was different on the subsequent sampling
days, but no clear upward or downward trend was observed. A clear and gradual increase
in the activity of APX during the exposure period was found in the bean at both exposure
sites in all years, but the lowest level was observed in the last year (Figure 2A—C). In the
first year, the increase in the activity of this enzyme was earlier in the forest than in the city
(Figure 2A). However, in the last two years, the pattern of changes in APX activity was
similar in both sites (Figure 2B,C). In all the years of the study, petunia showed a significant
increase in APX activity after 7 or 14 days of exposure, followed by a decrease in the activity
at most subsequent dates (Figure 2D-F). The increase in APX activity in the first year was
greater in the forest; in the second year, it was earlier and greater in the city; and in the
third year, it was similar in both sites.

The activity of GuPX in both species before exposure was similar in the first two
years of the study (Figure 3A,B,D,E). However, in the last year, it was slightly higher in
petunia (Figure 3C,F). Under control conditions, the activity of this enzyme in the leaves
of both species remained at a similar level and slightly changed at some sampling dates.
A gradual increase in GuPX activity during exposure in the city and forest in all years
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of the study was observed in bean (Figure 3A-C). In the first two years, the activity of
GuPX after 28 days of exposure increased more in the city (Figure 3A,B). In the last year, it
was higher in the forest (Figure 2C). In petunia, the increase in GuPX activity in all years,
especially at forest site, was greater than that in bean. In the first two years, the activity
of this enzyme increased similarly at both sites, but much more in the second year of the
study (Figure 3D,E). However, in the last year, an earlier and greater increase in the activity
of this enzyme was found in the forest (Figure 3F).

In the first year of the study, the activity of SOD before exposure was greater in
petunia than in bean (Figure 4A,D). In the following years, it was similar in both species
(Figure 4B,C,E F). In the first year of the study, the activity of this enzyme in bean similarly
changed under control conditions and in the city, i.e., it increased after 21 days of exposure
and then it decreased. On the other hand, in the forest, a decrease in the activity of this
enzyme was observed after 21 days of exposure and no changes on the last date (Figure 4A).
However, the activity of SOD in petunia showed a gradual but slight increase in the first
year of the study at all sites (Figure 4D). In the following two years, the activity of this
enzyme before exposure was similar in both species and remained at a comparable level at
subsequent time points in the control combination (Figure 4B,C,EF). A gradual increase in
SOD was found in both species growing at both exposure sites. In bean, the activity of SOD
increased much more after 21 days in the city than in the forest, but it reached the same
level in both sites after 28 days of exposure (Figure 4B,C). In petunia, a greater increase in
SOD activity was observed in the city than in the forest until the end of the experiment
(Figure 4E,F). In both species, a greater increase in SOD activity in the second and third
years of research at most time points was found in the city than in the forest site.

3.2. Lipid Peroxidation

In all the years of the study, the level of lipid peroxidation (MDA) before the exposure
in the city and forest was higher in bean than in petunia (Figure 4A-F). In the first year,
the level of MDA in bean did not change during 28 days of the experiment, both at forest
and city sites. It was almost the same at all exposure sites during 21 days of the experiment
and decreased in control plants after 28 days (Figure 5A). On the other hand, in petunia,
a significant increase in MDA at all sites was found after 14 days of exposure and slight
fluctuations in subsequent dates (Figure 5D). In the following year, the level of MDA
was maintained at an increased level in bean, starting from 7 days of exposure, in all
experimental combinations. At most time points, the level of lipid peroxidation was higher
in the city and forest than in the control (Figure 5B). In the second year of the study, petunia
showed a gradual and similar increase in the level of MDA in all combinations (Figure 5E).
In the last year, the level of lipid peroxidation significantly increased just after 7 days of
exposure in all experimental combinations (Figure 5C,F). A considerably higher and similar
increase in MDA was found in the city and forest than in the control. At subsequent dates,
the level of MDA did not change in the control combination and slightly increased at both
exposure sites, reaching the same level after 28 days.

3.3. Cell Membrane Injury

A gradual increase in the level of cell membrane damage was observed in bean and
petunia during 28 days of plant exposure at both sites (Figure 6A-F). After 28 days of
exposure, the level of damage was greater in the first two years of the study than in the
last year. In the first year, greater membrane damages and similar in both species were
found in the city (Figure 6A,D). In the following year, in bean, greater membrane damage
was found in the city than in the forest, and it was greater than in petunia (Figure 6B,E). In
the last year, similar membrane damage was found at both sites (Figure 6C). Membrane
damage in petunia in the last two years after 28 days of exposure was higher in the forest
than in the city (Figure 6E,F).
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3.4. Principal Component Analysis

The graphical presentation of data by principal component analysis for physiological
parameters, mean ozone concentration, and meteorological parameters in both sites for
three years explained approximately 60% of the data variability. The results in the first year
revealed a negative relation between ozone and all analysed parameters (Figure 7A,D).
However, in the case of petunia, a positive relationship between temperature and SOD was
noted, whereas for bean, a positive relation of cell membrane injury (CMI) to temperature
was also observed. In the second year, a positive relation of ozone to temperature as well
as to MDA was recorded in both analysed plant species.
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Figure 7. Principal component analysis of bean (A—C) and petunia (D-F). Abbreviations: rad—solar
radiation; tem—temperature; ozone—mean ozone concentration.
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The enzymes revealed a slightly positive or no relation to ozone (Figure 7B,E). In the
last year, variation in relations between parameters was observed. In the case of bean, a
positive relation of ozone to SOD and MDA was especially notable, whereas for petunia, a
positive relation of ozone to GuPX was recorded (Figure 7C,F).

4. Discussion

Plant responses to ozone are modified by multiple environmental factors, such as solar
radiation, temperature, and air humidity, which affect its formation from their precursors
and influx into the leaves through stomata [7,27-29]. Antioxidant enzymes play an impor-
tant role in the plant response to elevated ozone, and their activity is affected by the changes
in ambient ozone concentration as well as by meteorological conditions [1,3]. There is a
small amount of data in the literature regarding the effect of varied ozone concentrations in
ambient air on antioxidant enzyme activity obtained from experiments conducted under
natural conditions during the vegetation season. The results of experiments carried out
under controlled air conditions with only one stress factor affecting the plants (ozone
concentration) may lead to misleading conclusions because they do not reflect the real
plants’ response to this air pollutant under a natural environment characterised by variable
weather conditions. Plant responses to long-term elevated ozone concentration under
natural environmental conditions with variable levels of meteorological factors are differ-
ent than the responses under controlled conditions [30]. The differences in the responses
are mainly due to changes in temperature and solar radiation, which are found to affect
ozone formation and modulate stomata opening and ozone fluxes into the leaves leading
to changes at the cellular level including enzyme activity [18,31,32].

Our study revealed that 28-day exposure to elevated tropospheric ozone concentra-
tion under natural conditions triggered changes in antioxidant enzyme activities both in
bean and petunia. The pattern of observed changes was dependent on exposure sites,
the year of study, and species. In year 2, higher solar radiation and tropospheric ozone
concentration were observed, and the activity of GuPX and SOD increased the most in
both species and exposition sites. On the other hand, greater increases in SOD and APX
in both species and GuPX in bean have been recorded in the city than in the forest with
higher ozone concentrations. This might be an effect of higher air temperature at the city
on the first dates of exposure in this second year of research. The results of the analysis of
time-dependent variations in the activity of studied enzymes revealed differences between
examined species in the course of changes in APX activity. The activity of APX increased in
bean during the following days of exposure, but differently in particular years, whereas in
petunia, APX activity rapidly increased at the beginning and then decreased at the end of
the exposure. However, in year 2, a larger increase at the beginning of the experiment was
noted at the forest site, where the highest ozone concentration and solar radiation were
recorded. In all years, the activity of GuPX systematically increased during the growing
season in both species in the forest and city. However, in years 1 and 2, this increase was
larger in bean at the city characterised by lower ozone concentration and solar radiation.
In these years, similar increase in the activity of GuPX was shown at both sites in petunia.
It may indicate that the bean is more sensitive to ozone. Otherwise, in year 3, a larger
increase in GuPX was shown in both species at the forest site with higher ozone concen-
trations and solar radiation than those in the city site. However, in bean, the increase
was lower than in petunia. This also shows the species-dependent effect of ozone on the
activity of examined enzymes. A temperature-dependent effect of ozone on the activity
of SOD was observed in both species in year 3 with a higher ozone concentration in the
forest, but a larger SOD increase was shown in the city where the higher air temperature
was noted. The effect of temperature on the responses of Brassica juncea to ozone was
reported by [33]. Higher temperature affects the increase in the level of ROS, decrease in
the chlorophyll content, and leaf physiological activity due to the increase in the stomatal
density, which allows ozone flux into the leaf. Our studies pointed to the role of tempera-
ture in relation to ozone and the plant response. Year 2 was characterised by higher solar
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radiation and temperature as well as higher tropospheric ozone concentrations than the
other two years. It seems that some parameter combinations, such as ozone, temperature,
and solar radiation, determined the plant response. Environmental factors such as solar
radiation or temperature cause ozone formation and also modify ozone flux and the plant
response [34].

Our study revealed that ambient ozone concentration was higher at the forest than
at the city site despite the fact that the air temperature, especially in year 3, was lower in
the forest. Higher ozone concentrations in the forest site may be caused by the transport
of ozone precursors from the pollution sources occurring in the city site. Solar radiation,
which was higher in the forest area than in the city, was effective in 0zone formation from
precursors coming from the city and results in its greater concentration [35,36]. Moreover,
volatile organic compounds (VOCs) emitted from trees in the forest could also be ozone
precursors involved in ozone formation at this site [37,38]. The obtained results provide
evidence that environmental factors modify the plants’ response to elevated ozone con-
centration under natural conditions. It seems that meteorological conditions, especially
temperature, could have a greater effect on the activity of antioxidant enzymes under
conditions of the lower level of ambient ozone concentrations.

Antioxidant enzymes prevent the occurrence of oxidative damage, which is shown by
the level of MDA [39]. One of the effects of lipid peroxidation is cell membrane damage
manifested by the loss of selective permeability [1,14]. However, our results revealed an
increased level of MDA as well as the membrane injury index during exposure to elevated
ozone concentrations. The level of MDA also increased in control plants, which might
be caused by leaf senescence, but in most cases, this increase was smaller than in plants
exposed to the site with increased ozone concentration. Therefore, the obtained results
show that the increased activity of antioxidant enzymes did not reduce oxidative damage
(MDA) or prevent membrane damage. What is more, the significant negative correlation
between the activity of APX and the level of MDA in the second year of research in petunia,
which resulted from a decrease in the activity of this enzyme at the last exposure date, along
with the increase in the level of MDA, indicates the important role of APX in the mitigation
of oxidative stress and prevention of lipid peroxidation. This was also apparent from the
PCA results, where a strong positive relation between ozone concentration and MDA was
recorded, whereas there was a negative relation to APX. In this study, we also found a
systematic increase in CMI in the leaves of both species under exposure to ozone. We
recorded the lowest level of membrane injury in year 3 when the level of lipid peroxidation
was the lowest. PCA analyses confirmed a positive tendency in the relation between
antioxidant enzymes and CMI for all years in both species, except bean in the second year,
when no relation was noted.

5. Conclusions

Overall, the main finding of the presented research is to show that several weeks of
plant exposure to the increased ozone concentration under natural conditions increase
the activity of the antioxidant enzyme. Moreover, it has also been found that the plants’
final response depends on meteorological conditions. Higher ozone concentration along
with higher solar radiation affected a higher increase in antioxidant enzyme activity. On
the other hand, the obtained results also indicate the modifying effect of temperature on
plants’ response to ozone stress. Hence, it is crucial to relate the observed biochemical
and physiological changes to ozone concentration and general environmental conditions,
especially solar radiation and air temperature.



Sustainability 2022, 14, 13760 14 of 15

Author Contributions: H.B.: data analysis, writing, review and editing, writing—original draft
preparation, and writing—review and editing; K.B.: conceptualisation and project administration,
experiment designing, paper writing, and writing—review and editing; M.Z.: determination of
enzyme activity and membrane injury index. All authors have read and agreed to the published
version of the manuscript.

Funding: Publication was co-financed within the framework of the Polish Ministry of Science
and Higher Education’s program: “Regional Initiative Excellence” in the years 2019-2022 (No.
005/RID/2018/19). This research received external funding from the Ministry of Science and Higher
Education project No: N N305 042636.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Cho, K.; Tiwari, S.; Agrawal, S.B.; Torres, N.L.; Agrawal, M.; Sarkar, A.; Shibato, J.; Agrawal, G.K,; Kubo, A.; Rakwal, R.
Tropospheric Ozone and Plants: Absorption, Responses, and Consequences. Rev. Environ. Contam Toxicol. 2011, 212, 61-111.
[CrossRef]

Revell, L.E.; Tmmon, F; Stenke, A.; Sukhodolov, T.; Coulon, A.; Rozanov, E.; Garny, H.; Grewe, V.; Peter, T. Divers of trop-
ospheric ozone budget throughout the 21st century under the medium-high climate scenario RCP 6.0. Atmos. Chem. Phys. 2015,
15, 5887-5902. [CrossRef]

Li, Y.; Muthuramalingam, M.; Mahalingam, R. Plant responses to tropospheric ozone. In Genetic Manipulation in Plants for
Mitigation of Climate Change; Jaiwal, PK., Singh, R.P.,, Dhankher, O.P, Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 1-14.
[CrossRef]

De Marco, A.; Vitale, M.; Kilic, U.; Serengil, Y.; Paoletti, E. New functions for estimating AOT40 from ozone passive sampling.
Atmos. Environ. 2014, 95, 82-88. [CrossRef]

Juran, S.; Grace, J.; Urban, O. Temporal Changes in Ozone Concentrations and Their Impact on Vegetation. Atmosphere 2021,
12, 82. [CrossRef]

Mills, G.; Pleijel, H.; Malley, C.S.; Sinha, B.; Cooper, O.R.; Schultz, M.G.; Neufeld, H.S.; Simpson, D.; Sharps, K.; Feng, Z.; et al.
Tropospheric Ozone Assessment Report: Present-day tropospheric ozone distribution and trends relevant to vegetation. Elem. Sci.
Anthr. 2018, 6, 47. [CrossRef]

Grulke, N.E.; Heath, R.L. Ozone effects on plants in natural ecosystems. Plant Biol. 2019, 22, 12-37. [CrossRef]

Iriti, M.; Faoro, F. Oxidative Stress, the Paradigm of Ozone Toxicity in Plants and Animals. Water Air Soil Pollut. 2007, 187, 285-301.
[CrossRef]

Fumagalli, I.; Gimeno, B.S.; Velissariou, D.; De Temmerman, L.; Mills, G. Evidence of ozone-induced adverse effects on crops in
the Mediterranean region. Atmos. Environ. 2001, 35, 2583-2587. [CrossRef]

Wittig, V.E.; Ainsworth, E.A ; Long, S. To what extent do current and projected increases in surface ozone affect photosynthesis
and stomatal conductance of trees? A meta-analytic review of the last 3 decades of experiments. Plant Cell Environ. 2007,
30, 1150-1162. [CrossRef]

Ainsworth, E.A. Understanding and improving global crop response to ozone pollution. Plant J. 2017, 90, 886-897. [CrossRef]
Bhatia, A.; Tomer, R.; Kumar, V; Singh, S.D.; Pathak, S. Impact of tropospheric ozone on crop growth and productivity—A review.
J. Sci. Ind. Res. 2012, 71, 97-112.

Dusart, N.; Gandin, A.; Vaultier, M.-N,; Joffe, R.; Cabané, M.; Dizengremel, P; Jolivet, Y. Importance of Detoxification Processes in
Ozone Risk Assessment: Need to Integrate the Cellular Compartmentation of Antioxidants? Front. For. Glob. Chang. 2019, 2, 45.
[CrossRef]

Xie, X.; He, Z.; Chen, N.; Tang, Z.; Wang, Q.; Cai, Y. The Roles of Environmental Factors in Regulation of Oxidative Stress in Plant.
BioMed Res. Int. 2019, 2019, 9732325. [CrossRef]

Repetto, M.; Semprine, J.; Boveris, A. Lipid Peroxidation: Chemical Mechanism, Biological Implications and Analytical Determi-
nation. In Lipid Peroxidation; Catala, A., Ed.; IntechOpen: London, UK, 2012; pp. 1-28. [CrossRef]

Mills, G.; Buse, A.; Gimeno, B.; Bermejo, V.; Holland, M.; Emberson, L.; Pleijel, H. A synthesis of AOT40-based response functions
and critical levels of ozone for agricultural and horticultural crops. Atmos. Environ. 2007, 41, 2630-2643. [CrossRef]

Lewis, E.; Brennan, E. Ozone and sulfur dioxide mixtures cause a PAN-Type injury to petunia. Phytophatology 1978, 68, 1011-1014.
[CrossRef]

Kostka-Rick, R.; Bender, ]J.; Bergmann, E.; Weigel, H.]. Symptoms of ozone-induced foliar injury on horticultural crops. In
Bioindication and Air Quality in European Cities; Klumpp, A., Fomin, A., Klumpp, G., Ansel, W,, Eds.; Verlag Glinter Heimbach:
Stuttgart, Germany, 2002; pp. 191-196.


http://doi.org/10.1007/978-1-4419-8453-1_3
http://doi.org/10.5194/acp-15-5887-2015
http://doi.org/10.1007/978-81-322-2662-8
http://doi.org/10.1016/j.atmosenv.2014.06.021
http://doi.org/10.3390/atmos12010082
http://doi.org/10.1525/elementa.302
http://doi.org/10.1111/plb.12971
http://doi.org/10.1007/s11270-007-9517-7
http://doi.org/10.1016/S1352-2310(00)00468-4
http://doi.org/10.1111/j.1365-3040.2007.01717.x
http://doi.org/10.1111/tpj.13298
http://doi.org/10.3389/ffgc.2019.00045
http://doi.org/10.1155/2019/9732325
http://doi.org/10.5772/45943
http://doi.org/10.1016/j.atmosenv.2006.11.016
http://doi.org/10.1094/Phyto-68-1011

Sustainability 2022, 14, 13760 15 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kanoun, M.; Junqua, M.; Goulas, P,; Biolley, ].-P. Effect of a chronic and moderate ozone pollution on the phenolic pattern of
bean leaves (Phaseolus vulgaris L. cv Nerina): Relations with visible injury and biomass production. Biochem. Syst. Ecol. 2001,
9, 443-457. [CrossRef]

Elkiey, T.; Ormrod, D. Petunia cultivar sensitivity to ozone and sulphur dioxide. Sci. Hortic. 1979, 11, 269-280. [CrossRef]
Premachandra, G.S.; Saneoka, G.S.; Ogata, H. Cell membrane stability, as indicator of drought tolerance, as affected by applied
nitrogen and soybean. |. Agric. Sci. 1990, 115, 63—-66. [CrossRef]

Nakano, Y.; Asada, K. Purification of Ascorbate Peroxidase in Spinach Chloroplasts; Its Inactivation in Ascorbate-Depleted
Medium and Reactivation by Monodehydroascorbate Radical. Plant Cell Physiol. 1987, 28, 131-140. [CrossRef]
Hammerschmidt, R.; Nuckles, E.M.; Ku¢, J. Association of enhanced peroxidase activity with induced systemic resistance of
cucumber to Colletotrichum lagenarium. Physiol. Plant Pathol. 1982, 20, 73-82. [CrossRef]

Beauchamp, C.; Fridovich, J. Superoxide dismutase: Improved assays and assay applicable to acrylamide gels. Anal. Biochem.
1971, 44, 276-287. [CrossRef]

Bradford, M. A rapid and sensitive method for the quantification of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Fu, J.; Huang, B. Involvement of antioxidants and lipid peroxidation in the adaptation of two cool-season grasses to localized
drought stress. Environ. Exp. Bot. 2001, 45, 105-114. [CrossRef]

Karlsson, G.P; Karlsson, P; Soja, G.; Vandermeiren, K.; Pleijel, H. Test of the short-term critical levels for acute ozone injury
on plants—Improvements by ozone uptake modelling and the use of an effect threshold. Atmos. Environ. 2004, 38, 2237-2245.
[CrossRef]

Baier, M.; Kandlbinder, A.; Golldack, D.; Dietz, K.-J. Oxidative stress and ozone: Perception, signalling and response. Plant Cell
Environ. 2005, 28, 1012-1020. [CrossRef]

Filella, I.; Pefiuelas, J.; Ribas, A. Using plant biomonitors and flux modelling to develop O3 dose-response relationship in
Catalonia. Environ. Pollut. 2005, 134, 145-151. [CrossRef] [PubMed]

Chen, C.P; Frank, T.D.; Long, S. Is a short, sharp shock equivalent to long-term punishment? Contrasting the spatial pattern of
acute and chronic ozone damage to soybean leaves via chlorophyll fluorescence imaging. Plant Cell Environ. 2009, 32, 327-335.
[CrossRef] [PubMed]

Ferreira, M.; Domingos, M. Seasonal characterization of antioxidant responses in plants of Ipomoea nil cv. Scarlet O'Hara. Braz. ].
Biol. 2012, 72, 831-837. [CrossRef] [PubMed]

Montes, C.M.; Demler, H.J.; Li, S.; Martin, D.G.; Ainsworth, E.A. Approaches to investigate crop responses to ozone pollution:
From O3 -FACE to satellite-enabled modeling. Plant J. 2021, 109, 432—446. [CrossRef]

Lee, ] K.; Woo, S.Y.; Kwak, M.J; Park, S.H.; Kim, H.D.; Lim, Y.J.; Park, ].H.; Lee, K.A. Effects of Elevated Temperature and Ozone
in Brassica juncea L.: Growth, Physiology, and ROS Accumulation. Forests 2020, 11, 68. [CrossRef]

Silva, D.T.; Meireles, S.T.; Mores, R.M. Relationship between ozone, meteorological conditions, gas exchange and leaf injury in
Nicotiana tabacum Bel W3 in a sub-tropical region. Atmos. Environ. 2012, 60, 211-216. [CrossRef]

Holloway, T.; Fiore, A.; Galanter Hastings, M. Intercontinental transport of air pollution: Will emerging science lead to a new
hemispheric treaty? Environ. Sci. Technol. 2003, 37, 4535-4542. [CrossRef]

Otero, N.; Sillmann, J.; Schnell, J.L.; Rust, H.; Butler, T. Synoptic and meteorological drivers of extreme ozone concentrations over
Europe. Environ. Res. Lett. 2016, 11, 024005. [CrossRef]

Simon, V.; Luchetta, L.; Torres, L. Estimating the emission of volatile organic compounds (VOC) from the French forest ecosystem.
Atmos. Environ. 2001, 35, 115-126. [CrossRef]

Wedow, ].M.; Ainsworth, E.A.; Li, S. Plant biochemistry influences tropospheric ozone formation, destruction, deposition, and
response. Trends Biochem. Sci. 2021, 46, 992-1002. [CrossRef] [PubMed]

Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909-930. [CrossRef]


http://doi.org/10.1016/S0305-1978(00)00080-6
http://doi.org/10.1016/0304-4238(79)90010-4
http://doi.org/10.1017/S0021859600073925
http://doi.org/10.1093/oxfordjournals.pcp.a077268
http://doi.org/10.1016/0048-4059(82)90025-X
http://doi.org/10.1016/0003-2697(71)90370-8
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/S0098-8472(00)00084-8
http://doi.org/10.1016/j.atmosenv.2003.10.060
http://doi.org/10.1111/j.1365-3040.2005.01326.x
http://doi.org/10.1016/j.envpol.2004.07.007
http://www.ncbi.nlm.nih.gov/pubmed/15572232
http://doi.org/10.1111/j.1365-3040.2008.01923.x
http://www.ncbi.nlm.nih.gov/pubmed/19054345
http://doi.org/10.1590/S1519-69842012000500008
http://www.ncbi.nlm.nih.gov/pubmed/23295511
http://doi.org/10.1111/tpj.15501
http://doi.org/10.3390/f11010068
http://doi.org/10.1016/j.atmosenv.2012.06.084
http://doi.org/10.1021/es034031g
http://doi.org/10.1088/1748-9326/11/2/024005
http://doi.org/10.1016/S1352-2310(00)00565-3
http://doi.org/10.1016/j.tibs.2021.06.007
http://www.ncbi.nlm.nih.gov/pubmed/34303585
http://doi.org/10.1016/j.plaphy.2010.08.016

	Introduction 
	Materials and Methods 
	Plant Cultivation and Exposure to Ozone 
	Sample Collection 
	Cell Membrane Injury Index 
	Enzyme Extraction and Assay 
	Lipid Peroxidation 
	Statistical Analysis 

	Results 
	Antioxidant Enzymes 
	Lipid Peroxidation 
	Cell Membrane Injury 
	Principal Component Analysis 

	Discussion 
	Conclusions 
	References

