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Salicylic acid content and benzoic acid 2-hydroxylase (BA2H) activity were investigated in tobacco Bel
W3 and Bel-B leaves after exposure to tropospheric ozone in the conditions of ambient air. Plants were 
exposed in accordance with a standard methodology for ozone biomonitoring, in a three-year experiment. 
Free salicylic acid (SA), conjugated with glucose (SAG), and as a product of the BA2H activity was 
quantified with HPLC. In order to evaluate ozone injuries ofleaves, an open source image analysis soft
ware was employed. Plants exposure to ambient ozone resulted in enhanced BA2H activity and intensi
fied salicylic acid biosynthesis in leaves of Bel-W3 cultivar showing visible ozone injuries. The BA2H 
activity significantly correlated with SAG for ozone-exposed Bel-W3 plants. Both injuries and salicylic 
acid biosynthesis rate depended on the growth phase of leaves and nearly linear correlation between SA 
content and injuries was found for particular leaves ofBel-W3. 
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INTRODUCTION 

Tropospheric (ground level) ozone has been posing a serious threat to plants since 
first observations of ozone-caused injuries of crops in the I950s in the United States 
[31, 52]. Ozone concentration in the troposphere has increased fourfold since the 
beginning of the industrial era and its peak values in the most industrialised coun
tries attain 100 to 400 ppb [21]. lts proliferation and continually growing concentra
tions make ozone one of the constituents of the ambient air causing considerable 
devastation among wild-growing plants, reducing annual tree increments and nega
tively influencing species biodiversity [53]. In addition, ozone reduces the yield of 
sensitive crops and decreases their commercial value [1, 2, 30]. Mean ozone concen
trations in Europe and North America during summer months continue to grow (by 
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0.2-1 % annually) and are sufficient to cause damage to ozone sensitive plants [11, 
13,19,45,51]. 

Acute exposures of plants to ozone at concentrations ranging from 120 to 500 ppb 
extending over several hours lead to damages of the cell membrane and cell death as 
the result of the extreme disturbance in ion fluxes. Sub-acute and chronic exposures 
(maximum daily concentration from 40 to 120 ppb for several days during the vegeta
tive season) lead to controlled plant response, recently reviewed by Castagna and 
Ranieri [4], including both aging and programmed cell death (PCD) similar to that of 
aplant hypersensitive response (HR) to pathogens [36, 37, 48]. Investigations with 
ozone-sensitive plants aim at determining intracellular stress indicators whose level, 
alongside values of visible injuries, might inform about the plant's physiological 
response to ozone [6, 16,49]. 

Oxidative stress is accompanied by an increased biosynthesis of salicylic acid 
(o-hydroxybenzoic acid) as confirmed in many plant species in case of pathogen 
attack [10, 32, 55] as well as in plants treated with ozone in controlled conditions [24, 
33, 35]. Salicylic acid (SA) influences many physiological and metabolie processes 
regulating seed germination, growth of the root system and leaves, and chlorophyll 
biosynthesis, as well as flowering and thermogenesis [34, 41, 42]. Moreover, sali
cylic acid plays regulatory roles in plant resistance to pathogens and, probably, to 
other factors causing oxidative stress (ozone, xenobiotics, heavy metals, etc.) [15, 
42]. SA alters hydrogen peroxide metabolism in infected plants by intensifying SOD 
activity and inactivating CAT and APx, thus leading to the accumulation ofhydrogen 
peroxide which oxidises cell constituents, reduces the efficiency of photosynthesis 
and destroys cell membranes leading to the cell death [7, 40]. 

The aim of the present investigations was to evaluate the impact of ambient ozone 
on the biosynthesis of salicylic acid in leaves of two tobacco cultivars showing 
diverse sensitivity to ozone (Bel-W3 - sensitive, and Bel-B - resistant), and to pro
vide information about the usefulness of this compound as a biomarker of ozone 
stress in conditions of ozone biomonitoring. Our studies on salicylic acid biosynthesis 
will provide novel information about plant physiological response to ozone und er 
complex ambient conditions to support in vitra studies and fully controlled experi
ments. In our experiment tobacco plants were exposed to ambient air of the city of 
Poznan and surrounding rural areas. Poznan is located in west-central Poland, on the 
Warta river with predominant western winds. Nowadays, Poznan is Poland's fifth 
largest city and fourth largest industrial centre with a population of over half a million 
inhabitants, and the area of 261 km2. In Poland, ozone biomonitoring using tobacco 
plants have been conducted so far in Krakow and its surroundings as well as in the 
Carpathian Mountains, and the results of these studies confirmed the ozone negative 
impact on flora in that country [3, 14,29]. 
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MATERIALS AND METHODS 

Tobacco plants growth and exposure to ambient ozone 

Tobacco (Nicotiana tabacum L.) plants of Bel-W3 and Bel-B cultivars were culti
vated and exposed to the tropospheric ozone in conditions of ambient air in accord
ance with the standard methodology VDl 2000 [50] applied in the biomonitoring 
program of air contamination with ozone carried out in European countries [23]. 

Seeds of both cultivars were sown into the substrate which consisted of a mixture 
of Stender E910 soil and washed quartz sand (8: 1, w/w), and contained slowly 
released fertilizers meeting the plant's nutrient requirement throughout the cultivation 
in a greenhouse and exposure in the field. Five plants of Bel-W3 and one plant of 
Bel-B cultivar were placed at each exposure site. Each exposure set was placed on a 
steel rack 90 cm above the ground level. A synthetic fibre net of 50% shading coef
ficient covering the top part of the rack protected plants against excessive insolation. 
A continuous water supply was guaranteed by glass fibre wicks placed in a tray with 
water directly und er the container. 

Two-week exposures of tobacco plants were carried out from the end of May until 
the beginning of September during the vegetative seasons of 2004-2006. In the first 
two years of experiment, plants were exposed at one site in a suburban area about 10 
km from Poznan (Tarnowo Podgorne), whereas during the last year ofinvestigations 

Fig. 1. Localization of exposure sites in the city ofPoznan and surrounding rural areas 
(1 - Tarnowo Podgome, 2 - Botanical Garden, 3 - Kaponiera Round, 4 - Polanka, 5 - Zaniemysl) 
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the number of sites was increased to five, three of which were within the boundaries 
of the city of Poznan, while the remaining two sites were in rural areas (Fig. 1). 
Control plants remained in the greenhouse during the entire exposure period. 
Exposure sites were selected according to the EuroBionet project suggestions, as weIl 
as on the basis of previous investigations conducted in this area [20] to achieve a wide 
range of ozone-caused injury. Exposure site located in Botanical Garden of Adam 
Mickiewicz University (No. 2) was equipped with an automatie monitoring of air 
contamination and meteorological parameters, provided by The Voivodship 
Inspectorate for Environmental Proteetion (WIOS) in Poznan. 

Computer analysis of visible ozone injuries 

Leaves of the Bel-W3 plants showing ozone-induced necrotic lesions (starting from 
the fifth leaf counted from the plant base) were cut, and after instantaneous scanning 
with an optic scanner were frozen in liquid nitrogen and stored at -45 °C till later 
analyses. Because of the absence of ozone injuries, leaves of the Bel-B cultivar as 
weIl as leaves of control plants ofboth cultivars were frozen in liquid nitrogen with
out prior scanning. Only leaves free from any mechanical damage were coIlected. 

In order to ensure objective evaluation of the leaf inj uries (as apercent of the total 
leaf surface) caused by tropospheric ozone, we employed an open source image 
manipulation and analysis software. The total leaf surface was determined by use of 
the GIMP software, whereas the surface of ozone-induced necrotic lesions was 
assessed with software for graphics structural analysis -IMAGEJ. These programmes 
were used instead of visual assessment applied in biomonitoring programs based on 
a 5-point scale ofthe Leaf Injury Index (Lll) [18,23]. The graphie image analysis we 
used made it possible to count up lesions with the surface exceeding 0.22 mm2. 

Analysis of salicylic acid content 

Salicylic acid in free form (SA), as weIl as that conjugated as a glucoside (SAG), 
were determined according to the methodology recommended by Yalpani et al. [55]. 
Tobacco leaves were ground in liquid nitrogen to a fine powder from which approxi
mately 0.50 g was taken for analysis. Salicylic acid was extracted twice with metha
nol. After centrifugation, the supernatant was divided into two equal parts and the 
solvent was evaporated to dryness under a stream of nitrogen. A 5% solution of 
trichloroacetic acid was added to one part and then SA was extracted three times into 
ethyl acetate:cyclopentane:isopropanol (100: 99: 1, v/v/v). In order to determine the 
total (free and glucoside bound) salicylic acid (TSA), 40 units of ß-glucosidase 
(SIGMA) in acetate buffer (0.1 M, pH 5.2) were added to the second part of the dry 
extract and incubated for 90 minutes at 37 °C. The reaction was terminated by the 
addition of 5% trichloroacetic acid and then salicylic acid was extracted as described 
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above. After solvent evaporation, the dry residue was dissolved in a mobile phase 
(0.2 M acetate buffer, pH 5.0; 0.5 mM EDTA) and analysed by the HPLC method 
coupled with fluorometric detection with a WATERS Company chromatograph 
(Milford, Ma, USA) composed of2699 Separation Module Alliance and 2475 Multi-li, 
Fluorescence Detector. Chromatographic separation was on a Spherisorb ODS2 
WATERS Company column (3 !lm, 4.6 x 10mrn). Detection parameters were as fol
lows: 295 nm for excitation and 405 nm for emission. The content ofthe salicylic acid 
released from its glucoside was calculated as the difference between assays without 
and with glucoside enzymatic degradation (SAG = TSA-SA). The recovery of the 
standard added to samples amounted to 89% for SA determination and 86% for 
TSA assays. 

Analysis of benzoic acid 2-hydroxylase activity 

The BA2H activity was determined in accordance with the method described by Leon 
et al. [26]. The activity of the enzyme was described as the number of nanomoles of 
salicylic acid obtained as areaction product during one ho ur for the enzyme extracted 
from 1 gram fresh weight oftissue [nmol SA (g FW h)-l]. Salicylic acid was deter
mined by the HPLC method as described above. 

Approximately 0.30 g of the homogenized tissue was taken for the analysis. The 
enzyme was extracted with HEPES buffer (SIGMA) (20 mM, pH 7.0) containing 
12.5 mM 2-mercaptomethanol, 10 mM sorbitol, 1 % PVP and 1 mM PMSF. The reac
tion mixture of 500 !ll total volume consisted of 10 !lmol of HEPES buffer (pH 7.0), 
1 !lmol of benzoic acid, 1 !lmol of NAD(P)H (SIGMA), 100 !ll of the extraction 
buffer and 100 !ll ofthe extract. The mixture was incubated at 30°C for 30 minutes. 
The re action was terminated by the addition of 15% trichloroacetic acid and salicylic 
acid was extracted three times with an organic mixture (see: the analysis of SA con
tent). After solvent evaporation, the dry residue was transferred into the mobile phase 
and analysed with the HPLC method as described above. 

Statistical analysis 

The statistical analysis ofthe data was performed with the assistance ofthe Statistica 
software, Open Office Calc and Microsoft Excel. Single- and two-factor analysis of 
variance was carried out employing the F-test. The Unequal N HSD test (modified 
Tukey's test) was performed in the case oftwo-factor AN OVA and the Student's t-test 
for MANOVA analysis ofvariance. The significance ofthe relation between variables 
was described with the assistance of Pearson's correlation coefficient. The analysis of 
variance for the linear regression was performed with the F -test. 
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RESULTS 

One-site exposure/multi-leaj analysis 

The exposure of tobacco plants to ambient ozone resulted in elevated concentrations 
of salicylic acid both in free and bound forms compared with control plants of both 
cultivars. This increase was only slight in plants of the resistant cultivar, but quite 
conspicuous in the case of the ozone-sensitive one. Simultaneously, SA amounted to 
a lower percentage of TSA in Bel-W3 plants following their exposure to tropospher
ic ozone. The BA2H activity determined in tobacco leaves ofthe Bel-W3 cultivar was 
higher in plants exposed to ozone than in control plants ofthis cultivar (Table 1). The 
two-factor analysis ofvariance for groups ofunequal N did not allow rejection ofthe 
zero hypothesis, both for the main effects (cultivar, exposure) and for the interaction 
of two factors with the probability of making an error of the first type at the level of 
0.05 for the majority of the examined traits. However, it was demonstrated that the 
effect of the exposure differentiated significantly not only SA and TSA content, but 
also the activity of BA2H (Table 1). 

Ozone-caused injuries were observed only for Bel-W3 plants exposed to ambient 
air conditions. Most frequently, they assumed the form of double-sided necroses with 
colours ranging from straw to dark brown, and less frequently of oily spots, each time 
situated between vascular bundles. Usually, ozone injuries covered uniformly the 
surface of middle leaves, i.e. 6th and 7th leaf counted from the plant base. In older 
leaves they could be found primarily at the leaf base, while in younger leaves at the 
peak. The mean value of injuries was slightly over 4%, while the maximum injury 
was only 27%, indicating that in years 2004/2005 the degree of air contamination 
with ozone at the exposure site was low. The highest values of inj uries were found for 
the 6th leaf, and classified as the 5th degree in the lI-score Horsfall's and Cowling's 
injury scale (26-50%), whereas in the case ofthe consecutive leaves, i.e. 7th, 8th and 
9th, the value of injuries decreased along with their chronological order (Table 2). 
From among 45 leaves analysed, 36 exhibited ozone injuries between the 1st and the 
2nd degree ofthe same scale (1-6%). The mean number ofnecrotic lesions assumed 
the highest value for the 7th leaf and declined in the following order: leaves 8 > 6 > 
5 > 9 (Table 2). The number of necrotic lesions increased with consecutive degrees 
of damage on the li-point scale, reaching the highest value for the 3rd degree 
(7-12%) above which the number oflesions was observed to drop as a result ofthe 
increase in their diameter. Consequently, they tended to merge and form necrotic 
areas of large surface. 

Leaf chronological order was found to differentiate significantly the contents of 
SA, SAG and TSA in the exposed plants ofthe Bel-W3 cultivar, whereas in the case 
ofthe Bel-B cultivar, the age of leaves failed to exert a significant influence on sali
cylic acid content. In the Bel-W3 cultivar, the highest SA content was in the 7th 
leaves, lower and comparable in leaves numbered as 6 and 8, and lowest in leaves 5 
and 9. On the other hand, the content of SAG and TSA declined successively for 
leaves 6,8 and 5 falling to its lowest value in the case of leaf9. Mean BA2H activity 
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Table 3 
Correlation analysis of salicylic acid (SA - free salicylic acid, SAG - salicylic acid released from 

glucoside, ISA - total salicylic acid) content, the activity ofbenzoic acid 2-hydroxylase (BA2H) and 
visible ozone injury oftobacco Bel-W3 leaves at a <:: 0.05 

One-site exposure/multi-Ieaf analysis 
N av(X) av(y) [ [2 P (2004/2005) 

(1 ) X 
BA2H 

[runol SA (g FW h)-l] 
activity 

y SA 40 3.64 55.51 0.6434 0.4139 0.0000 

SAG [ng g-l FW] 40 3.64 873.52 0.8280 0.6856 0.0000 

ISA 40 3.64 929.03 0.8266 0.6832 0.0000 

(2) X Tnjury [%] 

y BA2H 
[runol SA (g FW h)-l] 40 4.09 3.64 0.3879 0.1505 0.3954 

activity 

SA 50 3.96 73.72 0.5018 0.2518 0.3356 

SAG [ng g-l FW] 50 3.96 917.58 0.4000 0.1600 0.3764 

ISA 50 3.96 991.29 0.4176 0.1744 0.3785 

(3) X 
Number 

oflesions 
-

y BA2H 
[nmol SA (g FW h)-l] 40 283.14 3.64 0.6799 0.4623 0.0000 

activity 

SA 50 277.58 73.72 0.4906 0.2407 0.0004 

SAG [ng g-l FW] 50 277.58 991.29 0.8844 0.7821 0.0000 

ISA 50 277.58 917.58 0.8851 0.7834 0.0000 

Multi-site exposure/one-leaf analysis 
(2006) 

(4) X Tnjury [%] 

y SA 30 17.96 399.24 0.9568 0.9154 0.0000 

SAG [ng g-l FW] 30 17.96 2687.45 0.9130 0.8335 0.0000 

ISA 30 17.96 3085.72 0.9258 0.8573 0.0000 

(5) X 
Number 

oflesions 
-

y SA 30 230.33 399.24 -0.1747 0.0305 0.3559 

SAG [ng g-l FW] 30 230.33 2687.45 0.0029 0.0000 0.9879 

ISA 30 230.33 3085.72 -0.0248 0.0006 0.8965 

N - number ofleaves analyzed; av - mean value; r - Pearson 's linear correlation coefficient; r2 - deter
mination coefficient; p - empirical level of significance. 
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assumed the highest value for leaves designated as 7, while in the remaining cases the 
activity ofthis enzyme showed lower and similar values. The content of salicylic acid 
and BA2H activity falling to 1 percent of the observed injuries assumed similar 
values for leaves 5-8, and were distinctly higher for the youngest leaves, i.e. 9 
(Table 2). 

Correlation analysis revealed the existence of a strong direct proportional depend
ence between BA2H activity and SAG and TSA content and a slightly weaker one 
with SA. Ozone-induced injuries remained in the closest association with the SA 
content and BA2H activity, however these correlations were not significant. At the 
same time, a strong correlation was observed between the number of necrotic lesions 
and SAG and TSA content and a slightly weaker, but still significant with BA2H 
activity and SA content (Table 3). 

Multi-sire exposure/one-leaj analysis 

In the third year of the experiment, plants of the Bel-W3 and Bel-B cultivars were 
exposed to tropospheric ozone und er natural conditions in five sites and in 6 series 
during the vegetative season. The analyses of the salicylic acid content and ozone
induced leaf injuries were carried out for leaves designated as 7 counted from the 
plant base. 

A very strong positive linear correlation was observed between the content of 
salicylic acid, both SA and SAG, and ozone-induced injuries of leaves. The analysis 
of the relation between the salicylic acid content and the number of lesions in the 
multi-site approach failed to show any correlations between these traits over the 
entire range of injuries (Table 3). 

Ozone-caused injuries occurred only on the Bel-W3 cultivar with values ranging 
from 0 to 100%, and with the mean slightly over 18%. The highest visible leaf injury 
was recorded for plants exposed from June 26th to July 9th at three out offive expo
sure sites, excluding the city centre (Kaponiera Round), and the most remote rural 
area (Zaniemysl). Simultaneously, salicy lic acid content in leaves of Bel-W3 cultivar 
shared the same pattern as ozone-caused inj uries considering sites and terms of expo
sure (Table 4). 

DISCUSSION 

The obtained results revealed that the exposure of Bel-W3 tobacco plants to the ambi
ent ozone resulted in intensified salicylic acid biosynthesis in leaves showing charac
teristic ozone injuries. This observation was previously reported by other authors for 
Arabidopsis genotype Cvi-O - hyperaccumulating salicylic acid upon ozone exposure 
and developing severe HR-like lesions [39]. Other studies involving hybrid poplar 
clones with diverse sensitivity to ozone confirmed the involvement of salicylic acid 
in influencing cell death [24]. In our experiment, salicylic acid content in leaves of 
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tobacco Bel-W3 showing 100% injuries amounted to ~20 ~g g-l FW. This was mark
edly higher than the values obtained by other researchers in leaves of a wild tobacco 
following 6-hour treatment with ozone at the concentration of 200 ppb in fumigation 
chambers [33]. 

During the first phase of investigations (one-site exposure/multi-Ieaf analysis), the 
exposure ofthe Bel-W3 plants to ambient air caused a fourfold increase in the content 
of free salicylic acid and a nearly twentyfold increase in the total salicylic acid in 
leaves with visible ozone-caused injuries (compared with uninjured control plants). 
In the ozone-tolerant Bel-B cultivar the exposure led only to a slight increase in the 
salicylic acid content, thus confirming earlier experiments conducted in controlled 
conditions [35]. High concentrations of salicylic acid glucoside showing no direct 
biological activity confirmed the existence of a mechanism for the storage of a 
locally and systemically active acidic form, probably for the purpose of further expo
sure and cross-tolerance [46], and/or effective detoxification of salicylic acid, whose 
local concentration may exceed the phytotoxicity threshold [17, 25]. 

The exposure ofthe Bel-W3 tobacco plants caused a decline in the ratio between 
the free and bound salicylic acid (the percentage of free salicylic acid in the total 
content), from about 30% before the exposure to about 12% after it, which can indi
cate a regulatory function of salicylic acid in the biosynthesis of its glucoside, prob
ably following the activation of a glucosyltransferase catalysing its conjugation with 
glucose [17]. 

As evident from earlier investigations on the biosynthesis of salicylic acid, ben
zoic acid, alongside coumaric acid, is recognized as aprecursor of this compound in 
tobacco leaves inoculated with TMV [43], whereas the hydroxylation re action ofthe 
benzoie acid on the ortho position is catalysed by benzoie acid 2-hydroxylase [26]. 
Our results indicate that, also in the case ofthe ozone stress, an increase in the BA2H 
activity occurs and remains in astriet correlation with the total content of salicylic 
acid. Hence, it can be stated that in conditions of ozone stress, benzoie acid is a pre
cursor of salicy lic acid. The observed values of BA2H activity in leaves of the Bel
W3 cultivar were about ten percent ofthe highest levels recorded during the infection 
with TMV [26], but they differed significantly from the activity of this enzyme in 
Bel-W3 plants not exposed to ozone. A slightly weaker correlation of the BA2H 
activity with the content of free salicylic acid indicates probably a rapid transforma
tion ofthis compound into the glucoside followed by free SA release. 

Tt can be also assumed that the enhanced biosynthesis of salicylic acid in leaves of 
the Bel-W3 plants confirms its involvement in peD via the impact on the hydrogen 
peroxide metabolism in response to ozone. According to Durner et al. [8], salicylic 
acid influences the cellular redox state and potentiates ROS generation followed by a 
cell death and formation of ozone-caused lesion. In contrary, plants compromised for 
salicylic acid accumulation or having reduced the ability to perceive SA (NahG plants 
and hybrid poplar NE-388 clone, respectively) exhibit only week induction of anti
oxidant system and the lack of ozone-induced peD [24, 44]. Our results supplement 
earlier studies on different ROS generation (primarily H20 2) in leaves ofboth tobac
co cultivars exposed to ozone in fumigation chambers [38, 47, 54]. These studies 
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corroborated the biphasic generation of ROS, although in the case of the Bel-B culti
var only the first phase in the course of exposure was observed as a result of ozone 
reactions in the apoplast. In case of the Bel-W3 cultivar, also the second phase 
occurred after the exposure, resulted from the induction of defense pathways and a 
controlled intracellular response to ozone, including biosynthesis of salicylic acid. 

During the entire course of investigations ozone-induced injuries were observed 
only on leaves of the Bel-W3 cultivar which indicates that in Poznan and its sur
roundings the threat to plants posed by tropospheric ozone was moderate [27, 28]. 
The mean value of injury during the first two years of studies (2004/2005) only 
slightly exceeded 4%. Simultaneously, average ozone concentration in Poland was 
low and comparable to other central and northern European countries. Only during 
the third year of experiments (2006) did the collected plant material exhibit full-scale 
injuries ranging from 0 to 100% with the average nearly 18%. According to the EEA 
Technical Report [9] the ozone concentrations during summer months in 2006 were 
much higher at whole Europe area (including northern countries). Average ozone 
concentration measured at the exposure site located in Botanical Garden reached 
almost 65 Ilg m-3 (AOT 40 = 5101 Ilg m-3 h) (Table 5). The highest average ozone 
concentration in air was noticed for the exposure series from the 26th of July till the 
9th of September together with the highest air temperature, solar radiation, and the 
lowest concentration of NOx (Table 5). Low values of the last one are strongly con
nected with its consumption during ozone creation process. 

In 2006, the lowest injuries of tobacco Bel-W3 leaves were observed in the city 
centre (Kaponiera Round), and the highest in the suburban and rural areas (Botanical 
Garden and Tarnowo Podgorne, respectively). This phenomenon was observed in 
many European cities as the effect of transport of ozone precursors far away from 
their emission sources and creation of ozone in favorable meteorological conditions 
at remote areas [14, 22, 23]. Moreover, high leafinjury oftobacco plants in the sub
urban area and low in the city centre may be connected with ozone reaction with 
nitrogen oxides, which show higher levels in city centers due to more intense car traf
fic [5]. 

The value of injuries depended significantly on the leaf age. The oldest as well as 
the centrally located leaves suffered the most severe injuries and the developed 
necroses covered the leafblade surfaces uniformly. The youngest leaves, on the other 
hand, suffered the least damage and slight necroses were observed only on their 
peaks. According to authors of earlier publications dealing with the impact of a single 
exposure of the tobacco Bel-W3 plants to ozone in controlled conditions, the first 
injuries appeared, primarily, on central leaves. Rare damage to younger and older 
leaves appeared gradually, at the leaf peak or base respectively [12, 47, 49]. The 
above researchers maintained that such distributions of necroses could be attributed 
to the degree of development of stomata and the intensity of the gas exchange. 
Simultaneously, the highest content of both free and bound salicylic acid and the 
highest BA2H activity were observed for leafnumber 6, 7 and 8 ofthe Bel-W3 plants, 
while in the case ofthe Bel-B cultivar, which failed to exhibit ozone-induced injuries, 
the content of salicylic acid in consecutive leaves remained quite constant, indicating 
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a constant concentration of this compound in conditions of homeostasis. The impact 
of leaf age on the intensity of its response to ozone was confirmed by presenting the 
content of salicylic acid and BA2H activity falling to one percent of the observed 
injuries. The youngest leaves, having been exposed for the shortest time (i.e. leaf 9), 
responded most strongly to the presence of ozone due to enhanced salicylic acid bio
synthesis during the early phases of lesion development. This corroborated the 
involvement of this compound in the phases of initiation and propagation of ozone
induced necroses proposed by other authors. According to Pasqualini et al. [35] and 
Rao et al. [40], salicylic acid plays a central role in induction ofthe oxidative burst 
as well as in intercellular signal transduction, informing adjacent cells about stress 
factor, thus propagating the ozone-caused lesions. 

In the case of investigations carried out in ambient conditions and a two-week 
exposure, it was necessary to select a representative leaf in order to obtain an objec
tive assessment of the ozone impact on plants. On the basis of investigations con
ducted during the first two years of experiment, we selected leaf number 7 counted 
from the plant base, because in the majority of cases, following the two-week plant 
exposure, this leaf was fully developed and did not exhibit symptoms of aging. In 
addition, at high injury values, lower situated leaves, i.e. 5th and 6th, were frequently 
dry, and this made it impossible to carry out a comparative analysis on exposure 
series with less intense ozone symptoms. Simultaneously, at low injuries of leaves 5 
and 6, ozone-induced necrosis was most frequently observed only as far as leaf 7. 

In the last year of investigations we carried out a biomonitoring experiment in 
which the levels of salicylic acid and ozone-induced injuries were assessed for leaf 7 
ofthe Bel-W3 cultivar and assumed as the most representative. The performed statis
tical analysis allowed us to confirm almost linear correlation between the content of 
free and bound salicylic acid and the observed injuries. Moreover, it is worth to iden
tify if salicylic acid biosynthesis precedes displaying of injuries ofthe Bel-W3 leaves 
in order to employ this cultivar as a short-time exposure bioindicator of troposheric 
ozone, and to assess the ozone impact on yet uninjured leaves. 

CONCLUSIONS 

Exposure of Bel-W3 tobacco plants to ambient ozone leads to the biosynthesis of 
salicylic acid, which accompanies the development of characteristic injuries on leaf
blades. At the same time, exposure of the Bel-B cultivar fails to cause either the 
appearance of ozone-induced necroses or a significant increase in the content of sali
cylic acid, pointing to the involvement ofthis compound in the development of inju
ries. Salicylic acid occurs in tobacco leaves both in the free as well as glucoside 
forms, but in the case of ozone-sensitive cultivar exposure to tropospheric ozone 
causes changes in the quantitative ratio of these two forms in favour of the salicylic 
acid glucoside. The development of ozone-induced injuries is accompanied by an 
increased activity of benzoic acid 2-hydroxylase strongly correlated with salicylic 
acid glucoside content, confirming the involvement ofthis enzyme in the biosynthesis 
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of salicylic acid in conditions of ozone stress and, probably, offering evidence for a 
rapid transformation ofthe acid form into a conjugate with glucose followed by the 
release of an active form. Both the development of ozone-caused injuries and sali
cylic acid biosynthesis depend on the developmental phase of tobacco plant leaves. 
Therefore, the selection of the leaf for bioindication studies should take into consid
eration the growth rate of plants in elimatic conditions characteristic for the given 
region. In view of the elose correlation of the free salicylic acid content with the 
injuries ofthe 7th leaf ofthe Bel-W3 cultivar, this compound can be used as a biomar
ker of the ozone stress and ozone-induced cell death in conditions of ambient air. 

ACKNOWLEDGEMENTS 

The authors wish to acknowledge the support ofproject grants No.: N305 045836 and N305 042636 from 
the Polish Ministry of Science and Higher Education to publish this work. We would like to thank Stewart 
Brown for his helpful comments on English usage in this paper. 

REFERENCES 

I. Adams, R. M., Glyer, J. D., McCarl, B. A. (1998) The NCLAN economic assessment: approach find
ings and implications. In: Heck, W W, Taylor, O. c., Tingey, D. T. (ed.) Assessment of crop loss from 
air pollution: Proceedings of an International Conference. Elsevier Applied Science, New York, pp. 
473-504. 

2. Bergmann, E., Bender, J., Weigel, H. J. (1999) Ozone threshold doses and exposure-response relation
ships for the development of ozone injury symptoms in wild plant species. New Physiol. 144, 423-
435. 

3. Bytnerowicz, A., Godzik, B., GrodziJiska, K., Fr~czek, S., MusselIman, R., Manning, W, Badea, 0., 
Popescu, F., Fleischer, P. (2004) Ambient ozone in forests ofthe Central and Eastem Europe moun
tains. Environ. Pollut. 130. 5-16. 

4. Castagna, A., Ranieri, A. (2008) Detoxification and repair process of ozone injury: From 0 3 uptake 
to gene expression adjustrnent. Environ. Pollut. 157. 1461-1469. 

5. Chameides, W. L., Lodge, J. P. (1992) Tropospheric ozone formation and fate. Tn: Lefohn, A. S. (ed.) 
Surface level ozone exposures and their effects on vegetation. Lewis Publishers, Chelsea, Michigan, 
pp. 157-188. 

6. Chappelka, A. H., Chevone, B.I. (1992) Tree response to ozone.In: Lefohn, A. S. (ed.) Surface level 
ozone exposures and their effects on vegetation. Lewis Publisher, Chelsea, pp. 271-309. 

7. Durner, J., Klessig, D. (1996) Salicylic acid is a modulator of tobacco and mammalian catalases. 
1. Biol. Chem. 271, 28492-2850 I. 

8. Durner, J., Shah, 1., Klessig, D. (1997) Salicylic acid and disease resistance in plants. Trends Plant 
Sei. 2, 266-274. 

9. EEA Technical Report (2007) Air pollution by ozone in Europe in summer 2006. Overview of 
exceedances ofEC ozone threshold values for April-September 2006. 

10. Enyedi, A. J., Yalpani, N., Silverman, P., Raskin, I. (1992) Localization, conjugation and function of 
salicylic acid in tobacco during the hypersensitive reaction to tobacco mosaic virus. Proc. Natl. Acad. 
Sei. USA 89, 2480-2484. 

11. Fuhrer, J., Skarby, L., Ashmore, M. R. (1997) Critical levels for ozone effects on vegetation in 
Europe. Environ. Pollut. 97, 91-106. 

12. Glater, R. B., Solberg, R. A., Scott, F. M. (1962) A developmental study ofthe leaves of Nicotiana 
glutinosa as related to their smog-sensitivity. Am. 1. Bot. 49, 954-970. 

Acta Biologica Hungarica 63, 2012 



248 KINGA DRZEWIECKA et al. 

13. Godzik, B., Sienkiewicz, J. (1990) Air pollution and forest health in Central Europe: Poland, 
Czechoslovakia and Gennan Democratic Republic. In: Grodzinski, W., Cowling, E. B., Breymeyer, 
A. 1. (ed.) Ecological risk - Perspectivesfrom Poland and the United States. National Academy Press, 
Washington, DC, pp. 155-170. 

14. Godzik, B. (2000) The measurements oftropospheric ozone concentration in Southern Poland using 
the passive sampIers and plant bioindicators. Arch. Environ. Prot. 26, 7-19. 

15. Gross, D., Parthier, B. (1994) Novel natural substances acting in plant growth regulation. J. Plant 
Growth Regul. 13,93-114. 

16. Guidi, L., Cagno, R., Soldatini, G. (2000) Screening of bean cultures for their response to ozone as 
evaluated by visible symptoms and leaf chlorophyll fluorescence. Environ. Polha. 107, 349-355. 

17. Hennig, J., Malamy, J., Grynkiewicz, G., Indulski, J., Klessig, D. (1993) Interconversion ofthe sali
cylic acid signal and its glucoside in tobacco. Plant J. 4, 593-600. 

18. Horsfall, J., Cowling, E. (1978) Pathometry: The measurement of plant disease. In: How disease 
develops in populations. Plant Disease. Academic Press, New York, pp. 119-136. 

19. Intergovernmental Panel on Climate Change (IPCC) (2007) Climate change 2007: The Physical 
Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the Inter
governmental Panel on Climate Change. Cambridge University Press, Cambridge. 

20. Kayzer, D., Borowiak, K., Budka, A., Zbierska, 1 (2009) Study of interaction in bioindication 
research on tobacco plant injuries caused by ground level ozone. Environmetrics 20, 666-675. 

21. Kley, D., Kleinman, M., Sandennann, H., Krupa, S. (1999) Photochemical oxidants: state ofthe sci
ence. Environ. Poilut. 100, 19-42. 

22. Klumpp, A., Klumpp, G., AnseI, W. (2004) Urban air quality in Europe - results ofthree years stan
dardized biomonitoring studies. In: Klumpp et al. (ed.) Urban air poilution, bioindication and envi
ronmental awareness. Cuvillier Verlag, Göttingen, pp. 25-58. 

23. Klumpp, A., AnseI, W, Klumpp, G., Calatayud, v., Garrec, J. P., He, S., Pefiuelas, J., Ribas, A.., 
Ro-Poulsen, H., Rasmussen, S., Sanz, M. J., Vergne, P. (2006) Ozone pollution and azone biomonitor
ing in European cities. Part 1: Ozone concentrations and cumulative exposure indices at urban and 
suburb an sites. Atmos. Environ. 40, 7963-7974. 

24. Koch, J. R., Creelman, R., Eshita, S. M., Seskar, M., Mullet, J. E., Davis, K. R. (2000) Ozone sensitiv
ity in hybrid poplar correlates with insensitivity ofboth salicylic acid andjasmonic acid. The role of 
programmed cell death in lesion formation. Plant Physiol. 123,487-496. 

25. Lee, H. 1., Leon, J., Raskin, I. (1995) Biosynthesis and metabolism of salicylic acid. Proc. Natl. Acad. 
Sei. USA 92,4076-4079. 

26. Leon, 1, Shulaev, v., Yalpani, N., Lawton, M., Raskin, I. (1995) Benzoic acid 2-hydroxylase, a solu
ble oxygenase from tobacco, catalyzes salicylic acid biosynthesis. Proc. Natl. Acad. Sei. USA 92, 
10413-10417. 

27. Manning, W J., Feder, W A. (1980) Biomonitoring air poilutants with plants. Applied Science Pub, 
London. 

28. Manning, W J., Krupa, S. V. (1992) Experimental methodology for studying the effects of ozone on 
crops and trees. In: Lefohn, A. (ed.) Surface level ozone exposures and their effects on vegetation. 
Lewis Publishers, Chelsea, pp. 93-156. 

29. Manning, W. J., Godzik, B., MusselIman, R. (2002) Potential bioindicator plant species for ambient 
ozone in forest mountain areas of Central Europe. Environ. Pollut. 119, 283-290. 

30. Meyer, U., Kölner, B., Willenbrink, J., Krause, G. (2000) Effects of different ozone exposure regimes 
on photosynthesis, assimilates and thousand grain weight in spring wheat. Agricul. Ecosyst. Environ. 
78,49-55. 

31. Middleton, J. T., Kendrick, J. B., Schwalm, H. W (1950) Injury to herbaceous plants by smog or air 
pollution. Plant Dis. Reptr. 34, 245-252. 

32. O'Donnell, P. J., Jones, 1 B., Antoine, F. R., Cialdi, J., Klee, H. J. (2001) Ethylene-dependent sali
cylic acid regulates an expended cell death response to a plant pathogen. Plant J. 25, 315-323. 

Acta Biologica Hungarica 63, 2012 



Salicylic acid biosynthesis in tobacco as a response to ambient ozone 249 

33. Ogawa, D., Nakajiama, N., Sano, T., Tamaoki, M.,Aono, M., Kubo,A., Kanna, M., loki, M., Kamada, 
H., Saji, H. (2005) Salicylic acid accumulation under 0 3 exposure is regulated by ethylene in tobacco 
plants. Plant Cell Physiol. 46, 1062-1072. 

34. Pancheva, T., Popova, L., Uzunova, A. (1996) Etl'ect of salicylic acid on growth and photosynthesis 
in barley plants. J Plant Physiol. 149,57-63. 

35. Pasqualini, S., Torre, G., Ferranti, F., Ederli, L., Piccioni, C., Reale, L., Antonielli, M. (2002) Salicylic acid 
modulates ozone-induced hypersensitive cell death in tobacco plants. Physiol. Plant. 115, 204-212. 

36. Pasqualini, S., Piccioni, c., Reale, L., Ederli, L., Torre, G. D., Ferranti, F. (2003) Ozone-induced cell 
death in tobacco cultivar Bel-W3 plants. The role ofprogrammed cell death in lesion formation. Plant 
Physiol. 133, 1122-1134. 

37. Pell, E., Schlagnhaufer, c., Arteca, R. (1997) Ozone-induced oxidative stress: Mechanisms of action 
and reaction. Physiol. Plant. 100,264-273. 

38. Pellinen, R., Palva, T., Kangasjrvi, 1. (1999) Subcellular localization of ozone-induced hydrogen 
peroxide production in birch (Betula pendula) leaf cells. Plant 1. 20, 349-356. 

39. Rao, M., Davis, K. (1999) Ozone-induced cell death occurs via two distinct mechanisms in 
Arabidopsis: the role of salicylic acid. Plant 1. 17, 603-614. 

40. Rao, M., Lee, H. J., Davis, K. (2002) Ozone-induced ethylene production is dependent on salicylic 
acid, and both salicylic acid and ethylene act in concert to regulate ozone-induced cell death. Plant 1. 
32, 447-456. 

41. Raskin, 1., Ehmann, A., Melander, W., Meeuse, B. (1987) Salicylic acid - a natural inducer of heat 
production in Arum lilies. Science 237, 1545-1556. 

42. Raskin, 1. (1992) Role of salicylic acid in plants. Ann. Rev. Plant Physiol. Plant. Mol. Biol. 43, 439-
462. 

43. Ribnicky, D. M., Shulaev, v., Raskin, 1. (1998) Tntermediates ofsalicylic acid biosynthesis in tobacco. 
Plant Physiol. 118, 565-572. 

44. Samuel, M., Miles, G., Ellis, B. (2000) Ozone treatment rapidly activates MAP kinase signaling in 
plants. Plant J 22, 367-376. 

45. Sandermann, Jr. H. (1996) Ozone and plant health. Annual Rev. Phytopathology 34, 347-366. 
46. Sandermann, Jr. H. (2000) Ozonelbiotic disease interactions: molecular biomarkers as a new experi

mental too!. Enviran. Pollut. 108,327-332. 
47. Schraudner, M., Moder, W., Wiese, c., Camp, W. v., lnze, D., Langebarteis, c., Sandermann, H. 

(1998) Ozone-induced oxidative burst in the ozone biomonitor plant, tobacco Bel-W3. Plant 1. 16, 
235-245. 

48. Sharma, Y., Leon, J., Raskin, 1., Davis, K. (1996) Ozone-induced responses in Arabidopsis thaliana: 
The role of salicy lic acid in the accumulation of defense-related transcripts and induced resistance. 
Prac. Natl. Acad. Sei. USA 93, 5099-5104. 

49. Tingey, D. T., Olszyk, D. M., Herstrom, A. E., Lee, E. H. (1994) Effects of ozone on crops. In: 
McKee, D. J. (ed.) Trapospheric ozone. Human health and agricultural impact. Lewis Publisher, 
Boca Raton, pp. 175-206. 

50. VDI Verein Deutscher Ingenieure (2000) Determination of the phytotoxic effects of ozone and other 
photooxidants. Standardized exposure of tobacco. VDT - Guideline 3957/6. VDT/DTN Handbuch 
Reinhaltung der Luft, Vol. la, Beuth, Berlin. 

51. Vingarzan, R. (2004) A review of surface ozone background levels and trends. Atmos. Enviran. 38, 
3431-3442. 

52. Wanta, R., Heggestad, H. (1959) Occurrence ofhigh ozone concentration in the air near metropolitan 
Washington. Science 130, 103-104. 

53. Westman, W. E. (1979) Oxidant etl'ects on Califomian coastal sage scrub. Science 205, 1001-1003. 
54. Wohlgemuth, H., Mittelstrass, K., Kschieschan, S., Bender, J., Weigel, H., Overmyer, K., Kangasjarv, 

J., Sandermann, H., LangebarteIs, C. (2002) Activation of an oxidative burst is a general feature of 
sensitive plants exposed to the air pollutant ozone. Plant Cell Environ. 25, 717-726. 

55. Yalpani, N., Leon, J., Lawton, M. A., Raskin, 1. (1993) Pathway of salicylic acid biosynthesis in 
healthy and virus-inoculated tobacco. Plant Physiol. 103, 315-321. 

Acta Biologica Hungarica 63, 2012 




