
Tropospheric ozone causes visible injuries in selected plants. Some plant species have been recognized

as resistant and sensitive to ozone. Differences in the response to ozone of two kinds of plants are inter-

esting because of practical implications. Resistant cultivars (without visible symptoms) will be more

valuable for agriculture, forestry and horticulture. It is, however, necessary to find out the reason of the

occurrence of the visible symptoms. The presented studies focused on selected morphological and

anatomical differences between well-known ozone-sensitive (Bel W3) and -resistant (Bel B) cultivars of

tobacco plants. Daily growth of the sensitive cultivar was higher than that of the resistant one. This ten-

dency was also valid for the leaf growth which might have been the response of the sensitive cultivar to

decreased photosynthetic leaf area (necrosis) caused by ozone. Morphological investigations revealed

thinner upper epidermal cells in the sensitive cultivar. Moreover, a decrease of spongy mesophyll cell

layers was observed. The obtained results suggest that it is the anatomical structure that may be partly

responsible for ozone resistance – wider epidermal cells, more spongy mesophyll cell layers.
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INTRODUCTION

Tropospheric ozone is one of the most phytotoxic air pollutants and could cause vis-

ible and internal injuries of plants [16]. It causes crop yield losses and affects woody

plants of North American and European forests [28]. Visible injuries of plants are

particularly unfavorable for plants, whose economic importance is connected with

leafage appearance [19].

Bioindicator plants are a useful tool for assessing levels of air pollution and its

impact on living organisms. The best known bioindicator for tropospheric ozone is

tobacco (Nicotiana tabacum L.). The impact of the tropospheric ozone on the sensi-

tive cultivar (Bel W3) of tobacco plants is revealed as visible leaf injuries – necrotic

spots – while the resistant cultivar (Bel B) exhibits no visible symptoms [20].

Initially, visible symptoms become apparent as necroses on the upper side of the leaf,
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and afterwards they spread to both leaf sides. High ozone concentrations cause crum-

bling of the dead tissue.

In spite of a wide range of biomonitoring programs with tobacco plants, there is

still little information about the internal (anatomical) response of plants. Moreover,

most investigations were carried out under controlled air conditions [8, 29]. The stud-

ies presented here focused on selected morphological and anatomical differences

between well-known ozone-sensitive (Bel W3) and ozone-resistant (Bel B) cultivars

of tobacco plants.

MATERIALS AND METHODS

Investigations were carried out in the City of Poznañ and the surrounding areas in

Western Poland, in 2004. The main research design was based on the EuroBionet

project methodology [18]. Two tobacco cultivars: tropospheric ozone-sensitive (Bel

W3) and ozone-resistant (Bel B), were chosen for the bioindication research. The

tobacco plants were cultivated in greenhouse conditions for 8 weeks and, after this

period, they were exposed for 2 weeks to ambient air conditions. There were 13

exposure sites located in urban, suburban and rural areas. At each research site, 5 sen-

sitive plants and one resistant plant were exposed. Plants were protected from unfa-

vorable meteorological conditions by shading fabric. Continuous water supply was

provided by glass fiber wicks from a basin located below pots with plants. Ten expo-

sure series were conducted from May, 17th till October, 3rd.

After exposure, the plants were transported to the laboratory where visible leaf

injuries were assessed. The degree of leaf injury was evaluated as the ratio of dam-

aged area (necrosis) to the whole leaf area (on a scale of 0–1) in the sensitive tobac-

co Bel W3 [18]. The degree of leaf injury in sensitive plants was assessed on the 4
th

,

5
th

and 6
th

leaf, counted from the bottom of the plant. Plants of both cultivars exhib-

ited no visual ozone symptoms before exposure to ambient air conditions.

The length and width of the selected leaves (4
th

, 5
th

and 6
th

), and plant height were

measured before and after the exposure. Samples of leaf tissue were taken for further

microscopic measurements. For this purpose, leaves of the resistant cultivar (without

visible injury) and the sensitive cultivar with small, medium and large injured areas

were also chosen. The chosen leaves were cut into equal parts, and pieces from the

middle of the leaf (without veins) were selected for further microscopic preparation.

The leaf tissues were stained using the paraffin method with safranin and fast green

[12]. The plant tissue observations were made using an Olympus BH-2 microscope. 

Statistical analyses of the morphological results were performed by means of

Statistica 8.1 software.
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RESULTS AND DISCUSSION

Visible injuries

The visible injuries occurred only on the sensitive cultivar, indicating that tropos-

pheric ozone concentrations were at a medium level and injuries were caused by

ozone. Mean values of visible leaf injuries were found to range from 0.01 to 0.37.

The visible symptoms were relatively slight in comparison with those of a similar

experiment conducted in the same area during two previous years [3].

The correlation between visible ozone injuries of the sensitive cultivar and ozone

concentration was analyzed. Ozone was presented as an AOT 40 value – accumulat-

ed value over the threshold of 40 ppb. This kind of ozone data presentation is com-

mon for plants, because of the accumulation of ozone effects in plants. The AOT 40

for a two-week period of exposure fluctuated from 0 to 991.2 [μg/m
3
· h], indicating

that ozone concentrations were rather low. The analysis of correlations of leaf injury

and AOT 40 revealed a statistically significant positive correlation coefficient

(Fig. 1). This was the basis of the assumption that the degree of the visible leaf injury

of the sensitive cultivar was representative of the level of tropospheric ozone. So far,

this factor has been used in correlation with morphological parameters. The same

assumption was made successfully in other bioindication studies [4, 5].

Fig. 1. Correlation between degree of leaf injury and ozone concentration. Dashed line represents 95%

confidence interval. AOT 40 – accumulated value over the threshold of 40 ppb ozone concentration
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Morphological parameters

Values of daily plant growth ranged from 0.2 to 3.9 cm/day for the sensitive cultivar

and from 0.2 to 3.4 cm/day – for the resistant one. Generally speaking, the resistant

cultivar exhibited a lower daily growth than the sensitive one. Moreover, the corre-

lation analysis between the height parameter of the sensitive cultivar and the degree

of visible leaf injury of Bel W3 revealed a positive and statistically significant cor-

relation coefficient (Fig. 2). A similar tendency was observed in the case of the resis-

tant cultivar correlated to sensitive injury of leaves, but this time no statistical sig-

nificance was observed (Fig. 3). Comparable results were obtained during investiga-

tions conducted by Ashmore and Ainsworth [1] who used Festuca rubra L. and

determined a positive correlation between plant growth and ozone concentration.

The analysis of leaf length and width growth tendency showed lack of differences

between the sensitive and resistant cultivars in the fourth leaf growth. The highest 14-

day growth of leaves was observed in the case of the sixth leaf of both cultivars. It

may be connected with the development of the last leaf during exposition, while the

fourth leaf was fully developed before exposition. Moreover, the fifth and sixth leaf

of the sensitive cultivar revealed higher growth than the resistant one (Figs 4, 5). 

Analyses of correlation between the leaf growth of both cultivars and sensitive

leaf injury were performed. Negative (r = –0.3288 and r = –0.3526) and statistically

significant correlations at level α = 0.05 were found for the leaf width and length,

respectively, of the sensitive cultivar. Similar results were observed for the relation-

Fig. 2. Correlation between degree of leaf injury and daily growth of sensitive cultivar. Dashed line

represents 95% confidence interval
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Fig. 4. Width growth of leaves both sensitive and resistant cultivars. Horizontal bars represent 95%

confidence intervals

Resistant cultivar (Bel B)

Sensitive cultivar (Bel W3)

Fig. 3. Correlation between degree of sensitive leaf injury and daily growth of resistant cultivar. Dashed

line represents 95% confidence interval
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ship between the sensitive cultivar leaf injury and the resistant cultivar leaf growth.

The correlation coefficient was at the level r = –0.2870 for the leaf width growth and

r = –0.2815 for the leaf length growth. Both parameters were statistically significant

at the level α = 0.05.

Anatomical structure

Our studies of the anatomical leaf profile have revealed differences in the structure

of the palisade and spongy mesophyll and thickness of epidermis cells.

Thicker epidermal cells (upper and lower) occurred in leaves of the resistant cul-

tivar in comparison with the non-injured tissue of the sensitive cultivar. More layers

of the spongy mesophyll cells were observed in the resistant cultivar exposed to sim-

ilar ozone concentration than in the sensitive one (Fig. 6). Investigations of bean

leaves after exposure to ozone revealed thinner leaves than those without the ozone

effect [22]. Likewise, investigations on five birch clones with different ozone con-

centrations revealed a decrease of the total leaf thickness in a relatively ozone-sensi-

tive clone [25].

The necrotic injuries occurred on the leaf adaxial and abaxial parts of the sensitive

cultivar during the initial state of injury, first causing cell death on the upper side of

Fig. 5. Length growth of leaves of both sensitive and resistant cultivars. Horizontal bars represent 95%

confidence intervals

Resistant cultivar (Bel B)

Sensitive cultivar (Bel W3)
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Fig. 6. Transverse section of tobacco sensitive (A) and resistant (B) tobacco leaf without visible ozone

symptoms (zoom ×100)

1 – upper epidermis, 2 – palisade mesophyll, 3 – spongy mesophyll, 4 – lower epidermis
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the leaf, then the underside and, finally, injuries started to appear in the interior of

the leaf. In addition, the investigations revealed narrower cells in the sensitive tobac-

co cultivar located at places below those exhibiting greater destruction by ozone

(Fig. 7).

The elongation of epidermal cells, smaller amount of spongy mesophyll layers,

and thinner cells of spongy mesophyll were also observed in ozone-affected bean

leaves [22]. Our investigations revealed also sensitivity of palisade mesophyll cells.

Destroyed and collapsed mesophyll palisade cells were noticed in sensitive cultivars

Fig. 7. Transverse section of Bel W3 cultivar leaves with apparent visible injuries (zoom ×200)
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after exposition to ozone (Fig. 7). Reig-Armin
~

ana et al. [27] observed collapsed pal-

isade mesophyll cells as a result of ozone impact on a mastic plant. Similar conclu-

sions in red spruce needles affected by ozone and low pH clouds were noticed by

Moss et al. [23]. Evans and Ting [10] even suggested that the spongy mesophyll

offers less resistance to gas exchange in comparison to the palisade mesophyll layer,

which impairs leaf gas exchange to a greater degree owing to greater cell site densi-

ty and less intercellular space. Similar results were obtained by Evans et al. [9]. Some

authors even related ozone sensitivity of plants to thickness of palisade mesophyll

cells. They observed thinner palisade than spongy mesophyll layer in ozone-sensitive

plant leaves in comparison to resistant ones [11, 14, 24, 26]. Oksanen et al. [24] even

directly implied that some morphological characteristics may have a role in confer-

ring sensitivity to ozone for aspen clones. Guderian [16] also suggested that meso-

phyll cells are the preferential ozone target. Vaz Pedroso and Alves [30] implied that

the sensitivity of the Bel W3 tobacco cultivar is connected with higher amounts of

intercellular spaces, substomatal chambers and slightly prominent stomata on both

leaf surfaces.

Other investigations of leaf structure of grapevine plants carried out in open top

chambers with different ozone concentrations revealed a thicker mesophyll layer. In

addition, it was connected with callose deposits on the inner side of the cell walls of

mesophyll cells [21]. Gravano et al. [15] suggested that the cell wall acts as a

mechanical barrier against the spread of ozone into the protoplast. 

Studies have also been conducted indicating changes in the upper and bottom

sides of the leaf. Most authors concentrated on the stomatal impact of ozone on

plants [2, 6, 7, 17]. Other authors pointed out that non-stomatal ozone impact on

plants is assessed as 60% [13]. Our investigations revealed that bifacial leaf necrosis

occurred simultaneously. Visible injuries are not necessarily connected with the

entrance of ozone via stomata, but probably with the influence of ozone on the entire

leaf surface.

CONCLUSIONS

Daily plant growth of the sensitive cultivar is higher than that of the resistant one.

Moreover, a higher leaf growth of the sensitive cultivar was also observed. 

The resistant tobacco cultivar exhibited thicker epidermal cells and more spongy

mesophyll layers. Ozone affects palisade mesophyll cells, but its impact was also

seen on the spongy mesophyll layer of a sensitive tobacco cultivar.

All tissues of the leaf seem to be attacked simultaneously by ozone, which caused

bifacial necrosis of the Bel W3 cultivar. 
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