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Summary. The effect o f  100 and  200 t.tg.m -3 (50 
and 100 ppb) ozone and ambient  air on 4-year-old 
grafts o f  a Scots pine clone was tested in closed- 
top  fumigat ion chambers.  Ozone  decreased the 
myo-inosi to l  and inccreased the pinitol levels in 
the 1-year-old needles, whereas the effect in the 
current-year  needles was less distinct. In neither 
case did ambient  air lead to any detectable effects 
on these parameters  c o m p a r e d  with controls.  
However ,  there was a p r o n o u n c e d  chamber  effect 
in the levels of  myo- inosi to l  and pinitol c o m p a r e d  
with trees s tanding in the open  field, where inosi- 
tol was higher and pinitol lower. There is some 
evidence,  based on visible symptoms  as well as 
b iochemical  changes,  that  season is an impor tan t  
modif ier  of  the effect o f  ozone on Scots pine. 

Key words: Inositol  - Pinitol - Ozone  - Pinus 
s y l v e s t r i s -  Season 

Introduction 

In elucidating the p h e n o m e n o n  of  forest decline 
in Europe,  much  research is devoted  to tree physi-  
ology. Biochemical  and  physiological  research 
will eventually lead to a better unders tand ing  of  
the possible damaging  effect o f  ambient  pol lu tant  
concent ra t ions  (Osswald and  Elstner 1986). 
A m o n g  the air pol lutants  in Switzerland, ozone  is 
the most  abundan t  in rural areas and reaches 
mean  month ly  levels o f  8 0 - 1 0 0  ~tg-m -3 (Bucher et 
al. 1986). It is therefore o f  special interest to inves- 
tigate the effects o f  ozone  on sensitive forest spe- 
cies such as Scots pine (Davis and  W o o d  1972). 

A knowledge  of  early, reproducib le  alterations 
in plant  metabol ism is a prerequisite for further 
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detailed biochemical  research, where the molecu-  
lar basis of  cause-effect relat ionships is investi- 
gated. Consequent ly ,  the aim o f  this study was to 
examine the t ime-course o f  early changes in meta- 
bolic pools,  which might  indicate the first signs o f  
ozone  damage.  It has been shown that ozone  af- 
fects sugar levels in sensitive plants (Dugger  et al. 
1965; Miller et al. 1969; Tingey et al. 1976). Con-  
sequently,  sugar metabol ism was chosen for  our  
studies. While the first experiments  were in pro- 
gress, however,  we found  that concent ra t ions  o f  
cyclitols are much more  affected by ozone  than 
those o f  sugars (see Discussion). Data  are pre- 
sented which show the effect o f  ozone  on inositol 
and  pinitol levels in Scots pine needles dur ing 
summer  and autumn.  

Materials and methods 

The effects of two different ozone concentrations and ambient 
air on 4-year-old grafts of a Scots pine clone (Birmensdorf 
21-90) were tested in shaded, closed-top fumigation chambers 
(Keller 1976). Three of the four chamber rows used were sup- 
plied with charcoal-filtered air, the fourth receiving ambient 
air. One of the three rows served as a control, while the other 
two received 100 and 200 ttg. m -3 ozone continuously�9 Cham- 
ber conditions tended to be warmer and drier than those in the 
open field. Shading of the fumigation chambers on sunny 
days, which limited light intensities to 600 gmol photons 
�9 m-2. s- ~, led to nearly the same peak temperatures in and out- 
side the chambers, while the chambers were not shaded on over- 
cast days, when light intensity was reduced. Cooling down in the 
late afternoon and during the night, however, was much 
slower than in the open field (green house effect). This resulted 
in an elevated mean temperature of 4-6~ and a reduced 
mean air humidity of 12%-25% compared with outside. 

Ozone was produced by electric discharge of pure oxygen 
by an ozone generator (Fischer Mod. 502). 

There was one plant in every chamber and there were five 
chambers per row (treatment). In addition, five plants were ex- 
posed to ambient air outside the shaded fumigation chambers 
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in full sunlight. The first experiment started in mid-May, the 
second at the end of August 1987. Each fumigation experiment 
lasted 3 months.  

For biochemical analysis, only healthy-looking green 
needles without symptoms of  yellowing were sampled in order 
to find the first signs of damage to the metabolism. This was 
not possible for the 1-year-old needles subjected to the 
200 lxg. m-3 ozone treatment in week 13 of the summer experi- 
ment and week 7 of the autumn experiment. 

For the determination of  cyclitols, 100 mg fresh needles of 
each of the trees was incubated with 1 ml 80% ethanol in a 
water bath (80 ~ C) for 30 min. The liquid was decanted and the 
needles were rinsed with 1 ml H20. After homogenization with 
a Braun "Mikrodismembrator" ,  the homogenate was twice ex- 
tracted with 2 ml H20 and centrifuged. Then the solutions 
were combined and adjusted with H20 to give a final volume 
of 7 ml; 700 l.tl acetone and 150 mg activated charcoal were 
added (Jeremias 1958). After centrifugation, the residue was 
washed with 2 ml 50% ethanol containing 10% acetone. The 
combined supernatants  were lyophilized and redissolved in 
3 ml H20. The resulting solution was filtered through acidic 
and basic ion-exchange resin (Serdolite blue and red, Serva) 
and the cyclitols were analysed by high-performance liquid 
chromatography (Bio-Rad HPX-87P column, 300x7.5 mm, 
60 ~ C, eluant H20 ). 

Results 

In the summer experiment, the first visible symp- 
toms appeared during week 6 in the 1-year-old 
pine needles subjected to the 200 tlg.m -3 ozone 
treatment. These symptoms (reddish-brown spots, 
yellow zones, or an overall yellowing of the need- 
les) became more pronounced during the experi- 
ment and resulted in a heavy needle loss by the 
end of the fumigation period. In the current-year 
needles the yellowing appeared only in some 
needle tips of one plant, and these needles sur- 
vived the ozone exposure. There were no visible 
symptoms in needles of  either age subjected to the 
100 ixg-m -3 ozone treatment or in those exposed 
to ambient air or control conditions. 

In the autumn experiment, the symptoms ap- 
peared at the same time in both the 1-year-old and 
current-year needles subjected to the 200 I.tg-m -3 
ozone treatment during week 6. The progress of 
the yellowing in the older needles, however, was 
more severe and resulted in a heavy needle loss 
after week 8. The current-year needles subjected 
to the 100 Ixg.m -3 ozone treatment developed no 
symptoms, whereas the 1-year-old needles showed 
brown spots from week 10 onwards. Some brown 
needles were found in the control treatment too. 
Thus, part of the needle loss might be due to the 
fungus Naemacyclus minor, which can be found in 
this area of the research station. However, less 
than 10% of brown needles in the fumigated trees 
had developed fruit bodies of this fungus after 
incubation. 
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Fig. 1. Ef fect  o f  two ozone concent ra t ions,  amb ien t  a i r  and 
outs ide (open field) t rea tment  on  the inos i to l  content  o f  Pinus 
sylvestris needles. Stat ist ical s ign i f icance o f  the results ( t- test 
f o r  separate var iances) :  a P < O . 0 5 ;  b P<O.O1 ;  c P<O.OO1. 
�9 �9 2 0 0 p . g . m - 3  0 3 ;  A /x 1 0 0 p . g . m - 3  0 3 ;  
�9 �9 f i l t e r e d  a i r ;  [ ]  [ ]  a m b i e n t  a i r ;  0 0 
o u t s i d e  

In the summer experiment, ozone decreased 
the inositol content of the 1-year-old needles in 
both the 100 and 200 Ixg.m -3 ozone treatments 
(Fig. 1). In the current-year needles a significant 
effect of the 200 Ixg.m -3 ozone treatment was 
noted at the end of the experiment. Ambient air 
did not alter the inositol levels in the current-year 
or 1-year-old needles, whereas the outside treat- 
ment increased them compared with the control 
treatment. 

In the autumn experiment, 200 ixg-m -3 ozone 
strongly reduced the inositol levels in the current- 
year and 1-year-old needles. Ozone at a concen- 
tration of 100 p.g.m -3 had only a slight effect on 
the inositol pool in the current-year needles, but 
again a most significant one in the 1-year-Qld 
needles. Inositol was not affected by ambient air 
or the outside treatment. 

Ozone at a concentration of 200 p.g.m -3 in- 
creased the pinitol levels in the current-year and 
1-year-old needles during the summer experi- 
ment, whereas the outside treatment reduced them 
in both needle ages. The other treatments showed 
no effect compared with the control (Fig. 2). 
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Fig. 2. Effect o f  two ozone concentrations, ambient air and 
outside (open field) t reatment on the p in i to l  content o f  P. syl- 
vestris needles. Statistical significance of the results (t-test for 
separate variances): a P < 0 . 0 5 ;  b P < 0 . 0 1 ;  c P <  =0.001. 
�9 �9 2001xg-m -3 03; A A 1001xg.m -3 03; 
�9 �9 filtered air; [] [] ambient  air; 0 0 
outside 

Table 1. Monthly means (lxg - m -3) of ambient  air pollutants 
and air temperature (~ at the experimental site 1987 

Month  0 3 SO2 NOz NO Temperature 

May 52.6 5.4 16.0 5.5 9.3 
June 45.9 4.8 14.2 6.8 14.1 
July 51.4 2.9 - 4.3 18.3 
August 46.7 3.0 16.7 7.4 17.2 
September 34.7 3.6 19.4 10.4 16.9 
October 13.5 5.5 24.7 20.3 10.0 

During the autumn experiment there was a 
significant ozone effect in both the 100 and 
200 gg- m -3 treatments on the pinitol level of  the 
current-year needles. In the 1-year-old needles 
only the 200 gg. m -3 ozone treatment had a slight, 
but significant effect. 

As already mentioned, ambient air in the 
closed-top fumigation chambers did not in either 
case lead to a difference in the measured metabo- 
lite pools compared with those of the controls in 
filtered air. The ozone concentrations in the am- 
bient air were smaller than in the ozone treat- 
ments, but the pollution type was more complex 

(Bleuler and Landolt 1988; Table 1). Therefore, 
the presence of several pollutants does not neces- 
sarily imply additive or even synergistic effects on 
the metabolism of the exposed plants. 

These experiments were repeated in 1988 with 
the same results (not shown). 

Discuss ion  

The influence of season on the sensitivity of the 
fumigated trees is remarkable. The effect of  
ozone, as expressed by visible symptoms or de- 
creasing inositol pools, is much stronger during 
autumn than during summer. It cannot be de- 
cided, however, whether this altered sensitivity is 
a result of an altered physiological state of the 
plants or changed environmental conditions, or 
both. 

The effect of season is also reflected in the 
pool sizes of inositol and pinitol. In young shoots, 
just after bud break, there are increasing inositol 
and pinitol contents. Later in the season, the con- 
tent of inositol in the current-year and 1-year-old 
needles decreases, whereas the pinitol content is 
still on the increase. 

Inositol seems to be a very sensitive indicator 
of the effect of  ozone on Scots pine under con- 
trolled environmental conditions. Its concentra- 
tion decreases earlier than or simultaneously with 
the appearance of the first visible symptoms. At 
the same time, ozone induced no significant ef- 
fects on other metabolites of the sugar pathways, 
such as sucrose, glucose or fructose (results not 
shown). This fact supports the conclusion that the 
reduced inositol pool is not the result of cell death 
but a sign of changed metabolism within still liv- 
ing cells. 

There is also a significant difference in the in- 
ositol content between plants exposed in the fumi- 
gation chambers (filtered or ambient air) and 
those standing in the open field outside the cham- 
bers. Changes in the inositol pool are therefore 
not a specific indicator of ozone damage but a 
sensitive indicator of changed environmental con- 
ditions. Because the fumigation chambers were 
shaded during sunny days, this might be an effect 
of reduced sunlight, or of  the still elevated tem- 
perature or reduced humidity within the cham- 
bers. Supposing that the decrease in the inositol 
pool and the increase in the pinitol pool were a 
response to a stress, it may be concluded that the 
chamber conditions were less favourable than 
those in the open field. 

Present knowledge does not allow more than a 
tentative hypothesis for a scheme of ozone influ- 
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ence where inositol is involved. This compound is 
derived from glucose-6-P by the action of  inositol- 
1-P-synthase and a subsequent phosphatase 
(Loewus and Loewus 1983). Its widespread occur- 
rence in plants may indicate its importance in 
plant metabolism, where it plays a key role (for a 
review, see Loewus and Dickinson 1982). It is in- 
volved in the synthesis of cell wall components 
and membrane lipids, as well as in other pro- 
cesses such as IAA transport or phosphate storage 
in seeds. Furthermore, inositol-l,4,5-triphosphate 
releases Ca 2+ from microsomes and is conse- 
quently mooted as a second messenger (Drobak 
and Ferguson 1985; Reddy and Poovaiah 1987; 
Rincon and Boss 1987; Kurosaki et al. 1987). 

Pinitol is known to be involved in the stress re- 
actions of  plants, where it might act as an osmotic 
pressure-regulating substance in the cells under 
water (Ford 1982) or salt stress (Gorham et al. 
1981). In another study by Nguyen and Lamant 
(1988) with seedlings of  two maritime pine popu- 
lations subjected to drought stress, pinitol accu- 
mulation in aerial parts was related to the degree 
of  drought adaption. 

As shown in this paper, ozone alters the pini- 
tol levels in the same direction. There is no evi- 
dence from our data, however, as to whether this 
effect is also the result of  changed osmotic prop- 
erties of  the fumigated plant cells. Because the 
effects of ozone on inositol levels are more pro- 
nounced,  this compound seems more closely re- 
lated to the damaging process than pinitol. 

As shown by Schilling et al. (1971), pinitol is 
derived from inositol in conifers via sequoyitol. 
This compound was also investigated in the 
course o the fumigation experiments and showed 
a similar, but less distinct behaviour pattern than 
inositol. Its concentrations were of  the same order 
as those of  inositol, or even slightly less (results 
not shown). 

To summarize, these experiments show clearly 
that ozone levels of  100 txg-m -3 or above can in- 
duce distinct effects on the biochemical level or 
even produce visible symptoms in Scots pine. It 
has to be kept in mind, however, that these effects 
may also have been partly enforced by the experi- 
mental conditions, especially the shading of  the 
chambers during sunny days or the slightly ele- 
vated temperature or reduced humidity within 
them. Nevertheless, it may be concluded that 
there is only a small margin between the current 

ozone concentrations in the field and those which 
actually cause damage in sensitive plants such as 
Scots pine. 
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