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Abstract

Three plant species were assessed in this study - ozone-sensitive and -resistant tobacco,
ozone-sensitive petunia and bean. Plants were exposed to ambient air conditions for
several weeks in two sites differing in tropospheric ozone concentrations in the growing
season of 2009. Every week chlorophyll contents were analysed. Cumulative ozone
effects on the chlorophyll content in relation to other meteorological parameters were
evaluated using principal component analysis, while the relation between certain days of
measurements of the plants were analysed using multivariate analysis of variance. Results
revealed variability between plant species response. However, some similarities were
noted. Positive relations of all chlorophyll forms to cumulative ozone concentration
(AOT 40) were found for all the plant species that were examined. The chlorophyll b/a
ratio revealed an opposite position to ozone concentration only in the ozone-resistant
tobacco cultivar. In all the plant species the highest average chlorophyll content was
noted after the 7" day of the experiment. Afterwards, the plants usually revealed various
responses. Ozone-sensitive tobacco revealed decrease of chlorophyll content, and after
few weeks of decline again an increase was observed. Probably, due to the
accommodation for the stress factor. While during first three weeks relatively high levels
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of chlorophyll contents were noted in ozone-resistant tobacco. Petunia revealed a slow
decrease of chlorophyll content and the lowest values at the end of the experiment. A
comparison between the plant species revealed the highest level of chlorophyll contents
in ozone-resistant tobacco.

Keywords: tropospheric ozone, sensitive, resistant, chlorophyll, principal component
analysis (PCA)

1. INTRODUCTION

Tropospheric ozone is one of the most important air pollutants. Its concentration
has been increased during the last few decades and it an elevation of its
concentrations in the next years is predicted [5]. Mainly because of the
increasing number of cars, which are the main source of ozone precursors (such
as nitrogen oxides, volatile organic compounds, carbon oxides). Tropospheric
ozone is created during the summer season, when higher solar radiation occurs,
and photochemical reactions occur [1]. Plants are the most endangered due to
their permanent occurrence in outside conditions during the growing season.
This is especially valid for crops. The first symptom of an ozone negative effect
on plants is a decrease of photosynthesis efficiency. Imbalances in this phase
lead to a decrease of absorber energy and the creation of reactive oxygen species
in chloroplasts [10, 11]. The photosynthesis process is conducted in chloroplasts
and the occurrence of chlorophyll a and b is necessary for the proper
functioning of CO, assimilation. A decrease in CO, assimilation can cause
carbon allocation and a decrease of plant productivity [8]. Ozone can cause
chlorophyll reduction in exposed leaves, and in turn a decrease of
photosynthesis activity [13]. This was already confirmed in many plant species
[2, 4]. However, some species did not reveal a decrease of chlorophyll due to
ozone exposure [15]. The chlorophyll content depends on the plant species and
cultivar, as well as on the leaf physiological age.

There are many doubts about the effect of ozone on chlorophyll forms. For some
species chlorophyll a was found to be more sensitive, while for the other species
chlorophyll b. The sensitivity of both forms is connected with plant species and
cultivar. Plants exposed to ozone sometimes revealed an increase of the
chlorophyll b/a ratio, which suggested higher chlorophyll reduction [13].

The tropospheric ozone effect on plants cumulates during the growing season.
However, there is a limited number of investigations concerning this aspect of
ozone influence. Usually, investigations were carried out for a short time period
and after fumigation or exposure to ambient conditions. The aim of the
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presented study was to analyze cumulative ozone effect on the chlorophyll
contents in three plant species during the growing season. As well as,
comparison of plant species response. The data obtained were analysed and
graphically presented using principal component analysis (PCA).

2. MATERIALS AND METHODS

2.1. Experimental design

Ozone-sensitive (‘Bel W3) and -resistant (‘Bel B’) tobacco (Nicotiana tabacum
L.), ozone-sensitive bean (Phaseolus vulgaris L., ‘Nerina’) and petunia (Petunia
x hybrida L., ‘White Cascade’) were used in the experiment presented. Plants
were cultivated and exposed in 1.5L pots with similar soil volume and slowly
released fertilizer, which was sufficient for the whole experiment period. Four-
week old bean, six-week old petunia and eight-week old tobacco were
transported to the exposure sites. The sites were chosen on the basis of previous
air pollution monitoring. One site was located in the city of Poznan in the
Botanical Garden, and the second one about 80km North-East of the city, in a
forest area. Both sites were equipped in continuous monitoring of air pollution
and meteorological parameters conducted by the Provincial Environmental
Agency in Poznan. The period of exposure was connected with plants
physiological functions and symptoms of senescence; hence tobacco was
exposed for seven week, bean for six weeks and petunia for five weeks. Every
week three plants of each species/cultivar were analyzed in terms of the
chlorophyll content in fresh and dry matter.

2.2.  Chlorophyll content measurements

The chlorophyll content a+b, a and b in fresh and dry matter was investigated.
The chlorophyll a+b, a and b content in fresh matter was measured using the
dimethyl sulfoxide extraction method [7]. Afterwards, chlorophyll in dry matter
was calculated on the basis of the results of the fresh matter and dry mass
content.

2.3. Statistical analysis

For each plant species a separate PCA analysis was conducted, making it
possible to visualize the impact of variables, and subsequently the chlorophyll
content a+b, a and b in fresh and dry matter, chlorophyll b/a ratio, AOT40,
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NOy, solar radiation, air temperature and mean ozone concentration, in principal
components space. The empirical results of the chlorophyll content in dry matter
for the particular plant species were analyzed using canonical variate analysis
[9]. This method, as in the case of PCA, consists in the transformation of the
original set of variables into a set of new variables, which carry similar
information, but are distributed in a multivariate Euclidean space. In this case,
canonical variate analysis is based on the matrix of the day of experiment
effects of the chlorophyll content in dry matter. The elements of this matrix
include the differences between the mean values of individual chlorophyll
contents for the days of experiment considered and object means over all days
[9]. Due to the specific experimental conditions PCA was performed for these
species. While a comparison between the plant species results was made only
for the first 5 weeks using canonical variate analysis.

3. RESULTS AND DISCUSSION

Results of PCA revealed that the relations between the chlorophyll contents and
the environmental factors in various plant species exposed to tropospheric ozone
were various. However, in all cases mean ozone concentrations were positively
correlated to solar radiation and air temperature (Fig. 1). These relations are
obvious due to ozone creation in favourable meteorological conditions, such as
high solar radiation and temperature [1], because ozone is secondary air
pollutant created during photochemical reactions.

There is no clear relation between chlorophyll contents in tobacco Bel Wa3.
Small relations of mean ozone concentrations and solar radiation to all forms of
chlorophyll were noted in this cultivar. This is also valid for tobacco Bel B and
bean. While, in the case of petunia, very high relation of mean tropospheric
ozone concentrations to chlorophyll content in dry matter was found. Solar
radiation in this plant species was also highly related to the chlorophyll content
in dry mass, while air temperature was positively related to dry and fresh
chlorophyll contents of all forms. Negative relations between nitrogen oxides
and chlorophyll contents were noted in both tobacco cultivars all forms of
chlorophyll and petunia plant for chlorophyll in dry matter contents (Fig 1). The
chlorophyll b/a ratio was positively related to mean ozone concentrations in
ozone-sensitive cultivars of all plant species, excluding ozone-resistant tobacco

(Fig. 1).
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Fig. 1. Principal Components Analysis of chlorophyll contents, air pollution
and meteorological parameters for ‘Bel W3’ and ‘Bel B’ tobacco cultivar,
bean and petunia (a+b, a, b - chlorophyll a+b, a and b; dm - dry mass;
temp - temperature)

A comparison between the chlorophyll contents in the selected plant species in
certain observation days was presented graphically using canonical variate
analysis. For these analyses only the chlorophyll content in dry mass was chosen
due to better relation to ozone concentrations and higher variability. Chlorophyll
a+b highly varied the level of chlorophylls throughout the entire experiment
period in all the plant species, while the lowest effect of chlorophyll b was
observed, excluding petunia (Fig. 2).
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Fig. 2. Position of the day of the experiment (in relation to the chlorophyll content) in the
first two canonical variates and the spacing of the chlorophyll contents in the dual space
for, tobacco Bel W3 and Bel B, bean and petunia (a+b, a, b - chlorophyll a+b, a and
b; dm - dry mass)

Chlorophyll a was found as more sensitive, hence higher losses could be noted
[6]. This was also valid for our results, where chlorophyll a content revealed
higher variability than b. The highest level of all forms of chlorophyll in ozone-
sensitive tobacco leaves were noted on the 7" day of the experiment, while the
lowest after 14™ day. The lowest differences between chlorophyll contents were
observed in the 28" 35" and 42" day of the experiment (Tab. 1, Fig. 2). The
chlorophyll content measurements were previously found as a parameter, which
can indicate the negative ozone effect on plants [13]. It was found that an
increase of visible damage caused by ozone was previously closely related to
decrease of the chlorophyll content. Some plant species revealed a decrease of
chlorophyll together with a tropospheric ozone increase [3, 12]. However, an
increase of the chlorophyll content was noted in ozone-sensitive cultivar as a
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plant response to the decrease in the assimilation leaf area due to necrosis
occurrence [16].

In the case of the chlorophyll content in the ozone-resistant tobacco cultivar the
highest levels were noted again on the 7" day of the experiment, and the lowest
on the 42™ (excluding chlorophyll b). Very low levels of chlorophyll a+b and b
were recorded on the 28" and 49" day (Tab. 1), hence very close position of
chlorophyll contents on these two dates was found (Fig. 2). Overall, in this
tobacco cultivar we could observe relatively high levels of all chlorophyll forms
in the first three weeks, excluding chlorophyll b on the 14™ day (Tab. 2).
Similarly, as for the above plant species the highest level of chlorophylls were
recorded on 7™ day of the experiment in bean leaves. However, the high levels
were also noted after 14 and 42 days of exposure, but a different relation of
chlorophyll a+b to a was noted (Tab. 1), hence a separate position of this day
value was noted (Fig. 2). The lowest levels of the chlorophyll contents were
found after 21 and 35 days of the experiment (Tab. 1), hence a very close
position on the graph could be observed (Fig. 2).

Table 1. Evaluation of the mean value of the chlorophyll content in dry mass for the day
of the experiment in comparison to the mean value of all the experimental days (results
for tobacco Bel W3 and Bel B, bean and petunia plants).

Day of Tobacco Bel W3 Tobacco Bel B
experiment a+b dm adm b dm a+b dm adm bdm
7 7.94** 7.32%* 1.39** 3.12%* 3.80** 0.06
14 -3.32** | -2.87** | -0.62* 1.22 -0.87 1.18**
21 0.03 -0.75 0.55 2.00** 1.47** 0.34
28 -1.93 -1.65 -0.38 -2.34** -1.17* -0.88**
35 -0.86 -0.46 -0.19 1.01 1.73** -0.15
42 -0.79 -1.38 -0.31 -2.90** -4.01** 0.20
49 -1.07 -0.20 -0.44 -2.10** -0.96 -0.76**
Day of Bean Petunia
experiment a+b dm adm b dm a+b dm adm bdm
7 6.98** 6.10** 1.45%* -1.29 -0.29 -0.56
14 2.91%* 2.37** 0.53* 1.72 1.34 0.21
21 -7.46** | -6.09** | -1.69** | 3.35** 1.79** 1.57**
28 -0.93 -0.61 -0.17 -0.89 -0.89 -0.32
35 -6.54** | -5 12** | -1.47** -2.89** -1.95** | -0.90*
42 5.05** 3.35** 1.35%* - - -

**0<0.01; *0<0.05; a+b, a, b - chlorophyll a+b, a and b; dm - dry mass
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Table 2. Evaluation of the mean value of the chlorophyll content in dry mass for the plant
species in comparison to the mean value of all the plant species

Plant species at+b dm adm b dm
Tobacco Bel W3 -0.09 -0.07 -0.09
Tobacco Bel B 2.55%* 1.90** 0.58**
Bean -1.34 -0.46 -0.64**
Petunia -1.12 -1.38* 0.16

**¢<0.01; *a<0.05; a+b, a, b - chlorophyll a+b, a and b; dm - dry mass

In spite of the response of the other plants the highest level of chlorophyll
contents in petunia leaves were noted after the 14™ and 21% day of the
experiment, and the lowest were recorded at the end of the experiment with this
plant species. Very low levels of the chlorophyll a content were observed in
samples collected after the 7™ day in comparison to the other days of the
experiment (Tab. 1, Fig. 2).

A comparison between the chlorophyll contents in certain plant species revealed
highest levels in ozone-resistant tobacco cultivar. Bean and petunia plants
revealed low and similar levels of chlorophyll a+b and a contents. Moreover,
petunia was characterized by higher levels of the chlorophyll b content in
comparison to bean and tobacco Bel W3 (Tab. 2). Hence, this species revealed
different a position on the graph (Fig. 3). The chlorophyll contents in Bel W3
leaves were found as the most average of all the four plant species (Tab. 2).

14

the second coordinate (10.5%)

the first coordinate (87.0%)

Fig. 3. Position of the plant species (in relation to the chlorophyll content) in the first two
canonical varieties and the spacing of the chlorophyll contents in the dual space (a+b, a,
b - chlorophyll a+b, a and b; dm - dry mass)

A high chlorophyll reduction of the photosynthesis process by ozone can occur
with or without visible damage [14]. It was also previously found, that a higher
0zone concentration can cause a higher chlorophyll reduction, and this fact can
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be used for assessing the phytotoxic effect of ozone on plants [13]. However,
considering our results it seems that the chlorophyll content is changing during
plant development and the cumulative ozone effect during the growing season.
The response of every plant species was different. Moreover, probably due to
different meteorological conditions in certain growing seasons, various patterns
of plant responses may be observed.

4. CONCLUSIONS

The response of the plants to tropospheric ozone varied between the tested plant
species. Moreover, changes of the chlorophyll content during the growing
season were noted, due to changes of physiological plant phases, as well as due
to the cumulative ozone effect. However, some similarities were noted. Positive
relations of all chlorophyll forms to the cumulative ozone concentration (AOT
40) were found for all the plant species that were examined. The chlorophyll b/a
ratio revealed the opposite position to the ozone concentration only in ozone-
resistant tobacco cultivar. In all the plant species the highest average chlorophyll
content was noted after the 7" day of the experiment. Afterwards, the plants
usually revealed various responses. Ozone-sensitive tobacco revealed a decrease
of the chlorophyll content, and after a few weeks of decline again an increase
was observed. Probably, due to the accommodation for the stress factor. While
during the first three weeks low levels of chlorophyll contents were noted in
ozone-resistant tobacco, and the lowest levels were observed at the end of the
experiment due to low values for a+b and b chlorophyll. Petunia revealed a
slow decrease of the chlorophyll content and the lowest values at the end of the
experiment. A comparison between the plant species revealed the highest level
of chlorophyll contents in 0zone-resistant tobacco.
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ANALIZA SKEADOWYCH GEOWNYCH ZAWARTOSCI CHLOROFILU
W ROSLINACH TYTONIU, FASOLI | PETUNII EKSPONOWANYCH NA
STANOWISKACH O ROZNYCH STEZENIACH OZONU TROPOSFERYCZNEGO

Streszczenie

W zaprezentowanych badaniach wykorzystano trzy gatunki roslin - tyton szlachetny
(odmiana wrazliwa oraz odporna na ozon), odmiany wrazliwe petunii oraz fasoli. Rosliny
eksponowano na dwoch stanowiskach rozniacych si¢ stezeniem ozonu troposferycznego
w sezonie wegetacyjnym 2009 roku. Co tydzien wykonywano pomiary zawartoSci
chlorofilu wybranych ro$lin. Powiazanie kumulatywnych stezen ozonu wzgledem
zawartosci chlorofilu oraz wybranych parametrow meteorologicznych wykonano za
pomoca analizy sktadowych gtéwnych, natomiast do porownania reakcji roslin w
poszczegolnych dniach ekspozycji wykorzystano wielowymiarowa analiz¢ wariancji.
Badania wykazaly zréznicowanie pomigdzy gatunkami w reakcji na obecno$¢ ozonu
troposferycznego. Zauwazy¢ jednak mozna pewne tendencje. Stwierdzono pozytywna
zalezno$¢ pomiedzy zawarto$cia wszystkich form chlorofilu dla wszystkich badanych
gatunkow 1 kumulatywnym stezeniem ozonu (AOT 40). Wskaznik chlorofilu b/a wykazat
odwrotng tendencj¢ wzgledem AOT 40 jedynie dla odmiany odpornej na ozon tytoniu.
Wszystkie gatunki wykazaly najwyzszy poziom chlorofilu w 7 dniu ekspozycji, a w
nastgpnych dniach odpowiedz roslin byla zréznicowana. Odmiana wrazliwa tytoniu
wykazata zmniejszenie zawartosci chlorofilu, a po kilku tygodniach ponownie wzrost, co
moze sugerowa¢ adaptacje do warunkow stresowych. Odmiana odporna tytoniu
wykazata relatywnie wysokie poziomy chlorofilu w ciagu pierwszych trzy tygodni
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ekspozycji. Petunia wykazata stopniowy spadek zawartoéci chlorofilu w ciagu trwania
eksperymentu. Poréwnanie odpowiedzi wybranych gatunkéw wykazato najwyzsze
poziomy chlorofilu u odmiany odpornej tytoniu.

Stowa kluczowe: ozon troposferyczny, wrazliwos¢, odpornos¢, chlorofil
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