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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of its predecessor, ADVANCES 
IN CHEMISTRY SERIES, except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

Twenty-five to thirty years ago widespread oxidant air pollution 
damage to ornamental and crop plants became apparent to both scien
tists and the public. This occurred first in the Los Angeles area, and it 
was predominantly associated with the large increase in industrial activity 
in the Los Angeles basin during the 1940's and 1950's. Research workers 
in and near Los Angeles, particularly at the California Institute of Tech
nology at Pasadena and the University of California Agricultural Experi
ment Station at Riverside, conducted investigations to determine the 
cause and effect relationship between observed plant damage and en
vironmental contaminants. Significant efforts were made to understand 
the complex atmospheric chemical and photochemical reactions leading 
to formulation of air pollutants identified in the atmosphere of the Los 
Angeles Basin. In later development of oxidant air pollution knowledge, 
automobile exhaust emissions and other fuel combustion processes were 
implicated as major factors in producing this class of air pollutants both 
in and near large metropolitan areas. In time, it became apparent that 
other areas in this country and throughout the world were experiencing 
similar oxidant air pollution episodes. 

Some of the pioneers in these early efforts to identify oxidants and 
understand the mechanisms of how they damage plants were A. J. Haagen-
Smit and F. W. Went and their colleagues at the California Institute of 
Technology, and John T. Middleton, Ellis F. Darley, and J. B. Kendrick, 
Jr. and their colleagues at the University of California Agricultural Ex
periment Station at Riverside. Substantial progress was made throughout 
the beginning years of air pollution research by these southern California 
researchers. Other research teams throughout the United States were 
also established to investigate plant responses to air pollution. Several 
of the major laboratories conducting early work in this research area were 
the USDA Laboratory at Beltsville, Md.; the Connecticut Agriculture 
Experiment Station at Windsor, Conn.; the National Center for Air Pollu
tion Control, U. S. Department of Health, Education, and Welfare at 
Cincinnati, Oh.; and the University of Utah, Utah State University, Penn
sylvania State University, and Rutgers University. During the 1950s 
and 1960s, significant advancement was made in determining chemical, 
meteorological, and biological knowledge regarding atmospheric oxidant 
damage to biological systems. 

ix 
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Within the past few years, the rate of our understanding of how air 
pollution oxidants intereet with biological systems has accelerated dra
matically. This is the result partially of a reasonable level of federal 
grants and contract funds and partially of cooperative support by local 
and state agencies of research into specific pollution problems. Research 
supported by these agencies not only has helped establish an air pollution 
control policy, it has also helped develop a better scientific understanding 
of the biological effects of air pollution on man and plants. 

It was appropriate, therefore, that the Division of Agricultural and 
Food Chemistry hold a symposium on the topic of air pollution and 
equally appropriate that this meeting be held in Los Angeles. The papers 
in this volume describe not only some of the most recent ideas concerning 
this topic, but they also describe tests of these ideas by researchers who 
are second and third generation scientists in this field. In a sense, the 
questions asked by these more recent scientists do not differ significantly 
from those posed by the pioneers in air pollution studies; however, this 
does not imply that no progress has been made. As is the case with any 
area of scientific inquiry, questions often remain the same while answers 
change and become increasingly more complex. In this particular case, 
the complexity of the answers is attributable not only to the accumulation 
of new knowledge, but also to how critically important that new knowl
edge is in its potential and actual effects on man and his environment. 
Future symposia on this subject will disclose still other answers to as yet 
unresolved questions. In time, however, we should understand much 
more completely the cause and effect relationship between oxidant air 
pollution and the mechanism of plant damage. 

The major photochemically-produced atmospheric pollutant is ozone 
and, accordingly, most of the papers in this volume are concerned with 
this oxidant and its effects on plant processes, plant constituents such as 
cellular membranes, or on biochemical reactions common to the biological 
systems of plants and animals. I believe these authors have significant 
new answers to old questions, and I applaud them for their contributions. 

I would like to thank Michael Elderman for his invaluable editorial 
assistance in the preparation of these manuscripts. 

M A C K DUGGER 
Riverside, Calif. 
September 20, 1974 
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1 

Air Pollutant Effects Influenced by 
Plant-Environmental Interaction 

O. C. TAYLOR 

Statewide Air Pollution Research Center, University of California, 
Riverside, Calif. 92502 

S u s c e p t i b i l i t y of vegetation to air pollutant injury is r e 
portedly influenced by many climatic factors, edaphic factors, 
genetic variability, and by structural and biochemical variations 
i n the plant. Observed differences i n s u s c e p t i b i l i t y have 
prompted numerous attempts to prepare lists of plant species 
according to s u s c e p t i b i l i t y or tolerance to s p e c i f i c air pollu
tants. It has become apparent that such lists are frequently 
inaccurate because the differential i n s u s c e p t i b i l i t y within a 
single variety or c u l t i v a r may be as great as that between 
species. 

Accuracy of tolerance lists is further complicated by the 
fact that data are often available from only one locality or 
from a single experimental laboratory where one set of environ
mental factors interact with the pollutant reaction. Differences 
in plant age, variety, rate of growth, light exposure, climatic 
conditions, n u t r i t i o n and other factors can induce s i g n i f i c a n t 
variation i n response to a particular pollutant. 

The complex interaction between climatic factors, toxicant 
concentration, exposure duration, soil conditions and physio
logical characteristics determines the s u s c e p t i b i l i t y of plant 
tissue and, to a large extent, influences the characteristics 
of the injury symptom syndrome produced. Distinct and relative
ly uniform symptoms may be produced repeatedly on susceptible 
members of the plant community if they are exposed under 
controlled-standardized conditions. But the extent of injury and 
a concomitant a l t e r a t i o n in injury appearance usually occurs when 
there i s a deviation i n toxicant dosage, plant species or envi
ronmental condition. 

Meteorological Factors 

Light. Photoperiod has a marked effect on s u s c e p t i b i l i t y of 
plants to photochemical a i r pollutants. The effect of photo-
period i s p a r t i c u l a r l y s t r i k i n g when peroxyacetyl n i t r a t e (PAN) 
i s the p r i n c i p a l toxicant, but there i s also a s i g n i f i c a n t effect 
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2 ABR POLLUTION EFFECTS ON PLANT GROWTH 

when ozone and n i t r o g e n d i o x i d e are used as p h y t o t o x i c a n t s . 
J u h r e n e t a l , (1) r e p o r t e d g r e a t e r s u s c e p t i b i l i t y o f a n n u a l b l u e -
g r a s s t o o x i d a n t w i t h an 8-hr p h o t o p e r i o d t h a n w i t h a 16-hr 
p h o t o p e r i o d , where p l a n t s were grown under moderate l i g h t i n t e n 
s i t y . Heck and Dunning (2) and MacDowall (j3) a l s o found t h a t 
p l a n t s growing under a s h o r t day (8 h r . ) were more s u s c e p t i b l e 
t h a n p l a n t s growing under a 1 2 o r 16-hr/day regime. G e n e r a l l y , 
p l a n t s growing c o n t i n u o u s l y under s h o r t - d a y c o n d i t i o n s a r e most 
s u s c e p t i b l e t o o x i d a n t s , but MacDowall (3) showed t h a t suscep
t i b i l i t y o f p l a n t s growing under long-day c o n d i t i o n s c o u l d be i n 
c r e a s e d by a 3-day t r e a t m e n t w i t h 8 h r o f l i g h t p r i o r t o f u m i 
g a t i o n . 

T a y l o r et_ a l . (4) suggested t h a t i n t e r a c t i o n s between l i g h t 
and o x i d a n t s from t h e p o l l u t e d atmosphere w i t h i n p l a n t t i s s u e s 
might e x p l a i n not o n l y some o f th e v a r i a b i l i t i e s i n symptoma
t o l o g y observed i n c o n t r o l l e d experiments but a l s o t h e unex
p l a i n e d v a r i a b i l i t y observed i n some p o l l u t e d a r e a s . Why d i d 
exposure t o PAN on one day f a i l t o produce i n j u r y symptoms, and 
an exposure o f t h e same c o n c e n t r a t i o n and d u r a t i o n on another day 
produce severe i n j u r y ? F u r t h e r i n v e s t i g a t i o n r e v e a l e d t h a t 
s u s c e p t i b i l i t y o f p i n t o bean and p e t u n i a p l a n t s t o PAN was s i g 
n i f i c a n t l y a f f e c t e d by t h e presence o f l i g h t i m m e d i a t e l y b e f o r e , 
d u r i n g and a f t e r exposure t o t h e t o x i c a n t 5_). 

The l i g h t - d a r k i n t e r a c t i o n s which r e g u l a t e d s u s c e p t i b i l i t y 
o f bean p l a n t s t o PAN i n j u r y were d e s c r i b e d i n d e t a i l by T a y l o r 
( 6 ) . A p p r o x i m a t e l y 2.75 h r o f s u n l i g h t f o l l o w i n g a 1 2-hr n i g h t 
was r e q u i r e d f o r f u l l s u s c e p t i b i l i t y t o d e v e l o p ; a 15 min dark 
p e r i o d b e f o r e a 30-min f u m i g a t i o n was s u f f i c i e n t t o g i v e complete 
p r o t e c t i o n . A f u l l hour o f s u n l i g h t f o l l o w i n g t h e 15-min dark 
t r e a t m e n t was r e q u i r e d t o r e g a i n complete s u s c e p t i b i l i t y . I t i s 
i m p o r t a n t t o r e c o g n i z e t h e e f f e c t o f s h o r t , dark exposures t o 
a v o i d e r r o r s i n i n t e r p r e t i n g response d u r i n g f u m i g a t i o n s t u d i e s . 
A b r i e f s t a y i n darkness o r v e r y low l i g h t i n t e n s i t y may be 
s u f f i c i e n t t o p r o v i d e a s i g n i f i c a n t amount o f t o l e r a n c e t o PAN. 

T a y l o r (6_) a l s o r e p o r t e d t h a t c o n t i n u e d exposure t o s u n l i g h t 
f o r about 3 h r , f o l l o w i n g a 30-min f u m i g a t i o n , was r e q u i r e d f o r 
complete development o f PAN symptoms. P l a n t s p l a c e d i n a dark 
chamber i m m e d i a t e l y a f t e r a 30-min PAN t r e a t m e n t were no t i n 
j u r e d . The d e l a y e d e f f e c t o f PAN was a l s o observed i n t h e 
R i v e r s i d e l a b o r a t o r y when an attempt was made t o measure changes 
i n CO2 a b s o r p t i o n d u r i n g and f o l l o w i n g PAN t r e a t m e n t . A b s o r p t i o n 
r a t e , measured i n a dynamic f l o w system w i t h a n o n d i s p e r s i v e i n 
f r a r e d a n a l y z e r , d i d not change d u r i n g a one-hr f u m i g a t i o n p e r i o d 
o r d u r i n g 2.75 h r i m m e d i a t e l y f o l l o w i n g f u m i g a t i o n . A f t e r about 
2.75 h r , water-soaked a r e a s became f a i n t l y v i s i b l e , and CO2 
a b s o r p t i o n d e c l i n e d a b r u p t l y t o a p p r o x i m a t e l y 50% o f the former 
l e v e l . F u l l development o f t h e lower s u r f a c e b r o n z i n g and 
c o l l a p s e d " b i f a c i a l " l e s i o n s o c c u r r e d d u r i n g t h e s u c c e e d i n g 36 h r . 

A i r p o l l u t a n t s a r e t r a n s p o r t e d w i t h wind movement; conse
q u e n t l y , e l e v a t e d c o n c e n t r a t i o n s may be moved from one a r e a t o 
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1. TAYLOR Plant-Environment Interaction 3 

an o t h e r . Peak c o n c e n t r a t i o n s o f ozone and PAN i n t h e e a s t e r n 
p a r t o f the South Coast A i r B a s i n o f C a l i f o r n i a u s u a l l y o c c u r i n 
the a f t e r n o o n and e v e n i n g . I f t h e p o l l u t e d a i r mass reach e s 
v e g e t a t i o n l a t e i n the e v e n i n g , PAN i n j u r y w i l l p r o b a b l y not 
develop even though t h e t h r e s h o l d c o n c e n t r a t i o n i s exceeded 
through t h e n i g h t (6)· Severe i n j u r y can be expected i f t h e 
p o l l u t a n t s r e a c h t h e a r e a s l i g h t l y e a r l i e r i n t h e day. 

Ph o t o p e r i o d a l s o a f f e c t s t h e response o f p l a n t s t o ozone 
(7^ 8 ) . T i n g and Dugger (8) r e p o r t e d t h a t a f t e r a 24-hr dark 
t r e a t m e n t , l e a v e s o f c o t t o n p l a n t s were no l o n g e r s e n s i t i v e t o 
ozone. He p o i n t e d out t h a t r a d i a n t energy d u r i n g development 
c o r r e l a t e d w i t h s u s c e p t i b i l i t y o f c o t t o n t o ozone. Davis (7) 
found t h a t s e e d l i n g s o f V i r g i n i a p i n e were p r o t e c t e d from i n j u r y 
when t h e y were kept i n l i g h t f o r 24 h r o r l o n g e r p r i o r t o ex
posure t o damaging doses o f ozone. They a l s o found t h a t p i n e 
s e e d l i n g s kept i n darkness f o r up t o 96 h r p r i o r t o ozone ex
posure were s u s c e p t i b l e t o i n j u r y . These c o n f l i c t i n g e x p e r i 
ences w i t h t h e p r o t e c t i v e e f f e c t o f p r e - f u m i g a t i o n dark t r e a t 
ments suggest t h a t f u r t h e r s t u d i e s may be b e n e f i c i a l . Dugger 
e t a l . (5_) found t h a t s u s c e p t i b i l i t y o f young bean p l a n t s t o 
ozone was i n c r e a s e d by dark p e r i o d s o f up t o 24 h r , but t h e 
t o l e r a n c e i n c r e a s e d d r a m a t i c a l l y w i t h l o n g e r dark p e r i o d s . 

Heck (9_, 10) and h i s co-workers noted t h a t Juhren et_ a l . 
(12) r e p o r t e d Poa annua p l a n t s were most s u s c e p t i b l e t o Los 
Angeles t y p e smog when t h e y were grown i n a s h o r t ( 8 - h r ) photo
p e r i o d and t h a t Dugger et^ a l . (5_) r e p o r t e d t h a t bean p l a n t s 
grown under 9 0 0 - f t - c l i g h t i n t e n s i t y were more s u s c e p t i b l e t h a n 
p l a n t s grown under 2 2 0 0 - f t - c . C o nsequently, t h e y i n v e s t i g a t e d 
c ombinations o f p h o t o p e r i o d l e n g t h and l i g h t i n t e n s i t y and found 
g r e a t e s t s u s c e p t i b i l i t y o f bean and tobacco p l a n t s t o ozone 
o c c u r r e d when t h e y were grown under low l i g h t i n t e n s i t y w i t h 
s h o r t p h o t o p e r i o d . O b s e r v a t i o n s have a l s o been made t h a t ex
t e n s i v e a r e a s o f w h i t e o r l i g h t t a n n e c r o t i c l e s i o n s o f c o l l a p s e d 
t i s s u e a r e common when p l a n t s a r e exposed t o ozone under low 
l i g h t i n t e n s i t y . T h i s b l e a c h i n g e f f e c t i s l e s s pronounced and 
the n e c r o t i c l e s i o n s appear dark brown o r reddish-brown when 
p l a n t s a r e exposed under f u l l s u n l i g h t . An optimum l e v e l o f 
sugar ( s u c r o s e and r e d u c i n g sugar) i n l e a f t i s s u e was r e q u i r e d t o 
induce maximum s u s c e p t i b i l i t y ( 1 1 , 12, 1 3 ) . Lee (13) suggested 
t h a t the sugar c o n t e n t r e g u l a t e d s t o m a t a l opening and thus had 
a marked e f f e c t on the amount o f i n j u r y . Dugger 1s group ( 1 1 , 12) 
p o s t u l a t e d t h a t t he sugar r e l a t i o n t o t o l e r a n c e was more d i r e c t . 

Temperature. H i l l ert a l . (14) i n i t i a t e d s t u d i e s o f e f f e c t s 
o f s u l f u r d i o x i d e and m i x t u r e s o f s u l f u r d i o x i d e and n i t r o g e n 
d i o x i d e on d e s e r t v e g e t a t i o n by t r a n s p l a n t i n g n a t i v e s p e c i e s t o 
the greenhouse, but th e y l a t e r c o ncluded t h a t s e n s i t i v i t y v a r i e d 
g r e a t l y w i t h d i f f e r e n c e s i n s o i l m o i s t u r e , r e l a t i v e h u m i d i t y and 
temperature. C o n s e q u e n t l y , f u m i g a t i o n s were c a r r i e d out i n t h e 
f i e l d w i t h p l a n t s growing under n a t u r a l c o n d i t i o n s . D a v i s (7_) 
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4 AIR POLLUTION EFFECTS ON PLANT GROWTH 

observed an i n v e r s e r e l a t i o n s h i p between exposure temperature 
and degree o f i n j u r y on V i r g i n i a p i n e . C o n v e r s e l y , Cameron and 
T a y l o r (15) observed t h a t e l e v a t e d c o n c e n t r a t i o n s o f ozone i n 
the f i e l d produced l i t t l e o r no v i s i b l e symptoms i n sweet c o r n 
i f ambient a i r temperatures d u r i n g and a f t e r exposures were below 
about 90°F. Severe i n j u r y o c c u r r e d on s u s c e p t i b l e v a r i e t i e s 
o f sweet c o r n when temperature exceeded 90°F. Davis (7) ob
s e r v e d a d i r e c t c o r r e l a t i o n between the amount o f ozone i n j u r y 
produced and t h e temperature a t which p i n e s e e d l i n g s were main
t a i n e d b e f o r e and a f t e r exposures. 

R e l a t i v e H u m i d i t y . Heggestad e t a l . (16) suggested t h a t the 
h i g h r e l a t i v e h u m i d i t y a l o n g t h e e a s t c o a s t o f the U. S. i n 
c r e a s e d s u s c e p t i b i l i t y o f p l a n t s t o ozone i n j u r y . The tobacco 
growing spaces and f u m i g a t i o n chambers used i n h i s i n v e s t i g a t i o n s 
were designed t o m a i n t a i n s a t u r a t e d atmosphere d u r i n g a l l s t a g e s 
o f growing and f u m i g a t i o n o f p l a n t s . The g r e a t e r amount o f ozone 
r e q u i r e d t o produce ozone i n j u r y i n west c o a s t f u m i g a t i o n s was 
a t t r i b u t e d t o t h e low r e l a t i v e h u m i d i t y i n t h a t a r e a . E f f o r t s 
t o prove t h i s concept by u s i n g f o g n o z z l e s i n t h e p l a n t growing 
areas and t h e use o f f o g n o z z l e s t o add water t o t h e a i r i n t a k e 
o f f u m i g a t i o n chambers used a t R i v e r s i d e , C a l i f o r n i a d i d n o t 
c o n c l u s i v e l y c o n f i r m the t h e o r y . I n c r e a s e d t o l e r a n c e o f p l a n t s 
t o ozone has been observed when f u m i g a t i o n s were conducted i n a i r 
d r i e r than t h a t i n the growing a r e a . When p l a n t s were t r a n s 
f e r r e d from the greenhouse t o f u m i g a t i o n chambers through t h e 
d r y ambient a i r a t R i v e r s i d e , s t o m a t a l c l o s u r e due t o the imme
d i a t e water s t r e s s was c o n s i d e r e d t o be the r e a s o n f o r t h e p r o 
nounced i n c r e a s e o f t o l e r a n c e under such c o n d i t i o n s . Davis (7) 
found t h a t p i n e s e e d l i n g s developed more severe ozone i n j u r y 
when exposed i n h i g h h u m i d i t y than when exposed i n low humid
i t i e s . I n t h e i r s t u d i e s , h u m i d i t y b e f o r e and a f t e r exposure 
t o 25 pphm ozone f o r 4 h r had no e f f e c t upon the amount o f i n j u r y 
produced. MacDowell (17) r e p o r t e d t h a t tobacco was more suscep
t i b l e t o ozone when dew was on the l e a v e s than when th e y were 
d r y . 

There i s no c o n c l u s i v e e x p e r i m e n t a l evidence t h a t r e l a t i v e 
h u m i d i t y s i g n i f i c a n t l y a f f e c t s s u s c e p t i b i l i t y o f p l a n t s t o PAN 
as l o n g as c o n d i t i o n s a r e such t h a t the stomata remain open. 
There have been s u g g e s t i o n s , however, t h a t h i g h r e l a t i v e h u m i d i t y 
may cause r a p i d breakdown o f PAN (18) but t h e r e i s no e x p e r i 
mental evidence t o support such a statement. In t h e South Coast 
A i r B a s i n o f C a l i f o r n i a , PAN i n j u r y t o v e g e t a t i o n o c c u r s most 
f r e q u e n t l y when r e l a t i v e h u m i d i t y i s 50% o r above and e l e v a t e d 
c o n c e n t r a t i o n s o f 10 t o 30 ppb o f t e n p e r s i s t a l l n i g h t , w i t h 
r e l a t i v e h u m i d i t y above 60%. 

Edaphic F a c t o r s . S o i l t e x t u r e , s o i l m o i s t u r e and m i n e r a l 
n u t r i e n t s s t r o n g l y i n f l u e n c e p l a n t growth and, c o n s e q u e n t l y , have 
an e f f e c t on s u s c e p t i b i l i t y t o a i r p o l l u t a n t s . Adequate s o i l 
m o i s t u r e t o m a i n t a i n l e a f t u r g i d i t y i s e s s e n t i a l t o m a i n t a i n f u l l 
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1. TAYLOR Fiant-Environment Interaction 5 

s u s c e p t i b i l i t y o f p l a n t s . F i e l d o b s e r v a t i o n s i n s o u t h e r n 
C a l i f o r n i a , where i r r i g a t i o n i s e s s e n t i a l f o r c r o p p r o d u c t i o n , 
have r e v e a l e d t h a t c r o p s grown under s o i l m o i s t u r e d e f i c i t 
d eveloped l i t t l e o r no ozone o r PAN ty p e symptoms d u r i n g a severe 
smog a t t a c k , w h i l e a d j a c e n t r e c e n t l y - i r r i g a t e d c r o p s were 
s e v e r e l y i n j u r e d . W i t h h o l d i n g i r r i g a t i o n has been suggested as a 
te c h n i q u e f o r p r e v e n t i n g o x i d a n t a i r p o l l u t a n t damage ( 1 9 ) . 
One might be f o r t u n a t e i f a smog a t t a c k o f a s i n g l e day's d u r a 
t i o n s h o u l d c o i n c i d e w i t h a p e r i o d when th e f i e l d i s d r y , but t h e 
damage caused by w i t h h o l d i n g water i n a n t i c i p a t i o n o f a smog 
a t t a c k c o u l d be as i n j u r i o u s t o the crop as t h e a i r p o l l u t a n t . 

Seidman e t a l . (20) found t h a t water c o u l d be w i t h h e l d from 
p e t u n i a , tobacco and p i n t o bean t o the p o i n t j u s t s h o r t o f w i l t 
i n g t o c l o s e stomata and pr e v e n t i n j u r y from i r r a d i a t e d a u t o 
m o b i l e exhaust. MacDowall (3) r e p o r t e d t h a t t o b acco grown f o r 
s e v e r a l days w i t h d e f i c i e n t s o i l m o i s t u r e , but j u s t s h o r t o f 
w i l t i n g , were l e s s s u s c e p t i b l e t o ozone th a n normal p l a n t s even 
though t h e y were w e l l watered j u s t p r i o r t o exposure. S i m i l a r l y , 
i n c r e a s e d t o l e r a n c e o f beans and tobacco t o ozone and PAN has 
been no t e d when t e s t p l a n t s were i n a d v e r t a n t l y a l l o w e d t o w i l t 
b r i e f l y d u r i n g t h e day p r e c e d i n g f u m i g a t i o n , even though t h e y 
were w e l l watered s e v e r a l hours b e f o r e t r e a t m e n t and appeared 
t o be normal. 

E x c e s s i v e s o i l water f o r an extended p e r i o d may reduce 
s u s c e p t i b i l i t y o f p l a n t s t o ozone i n j u r y . S t o l z y et_ a l . (21) 
showed t h a t oxygen d e f i c i e n c y i n t h e r o o t zone i n c r e a s e d ozone 
t o l e r a n c e o f tomato p l a n t s . The low p a r t i a l p r e s s u r e o f oxygen 
i n t h e r o o t zone a l s o reduced water uptake and p l a n t v i g o r . 
Seidman ert a l . (20) found t h a t p l a n t v i g o r and s u s c e p t i b i l i t y t o 
ozone were l e s s w i t h p l a n t s grown i n c l a y s o i l s r a t h e r t h a n i n 
v e r m i c u l i t e ; s i m i l a r l y , v i g o r and s u s c e p t i b i l i t y o f p l a n t s grown 
i n c l a y loam was suppressed compared t o p l a n t s grown i n a p e a t -
p e r l i t e mix. 

N u t r i t i o n . M i d d l e t o n (19) r e p o r t e d t h a t s p i n a c h and l e t t u c e 
were more s u s c e p t i b l e t o ozonated hexene when t h e y r e c e i v e d an 
adequate s u p p l y o f n i t r o g e n f e r t i l i z e r . Others have a l s o r e 
p o r t e d i n c r e a s e d s u s c e p t i b i l i t y t o o x i d a n t s when n i t r o g e n f e r t i l 
i z e r was a p p l i e d ( 2 2 , 2 3 ) . There have been some r e p o r t s t h a t 
i n d i c a t e d a i r p o l l u t a n t i n j u r y was g r e a t e s t i n t e s t s w i t h t h e 
l e a s t amount o f n i t r o g e n added (3j 10, 2M). T h i s suggests t h a t 
i n j u r y was enhanced by th e a d d i t i o n o f n i t r o g e n when t h e r e was 
a d e f i c i e n c y but a l u x u r y amount d i d not i n c r e a s e i n j u r y and p e r 
haps even suppressed growth t o the p o i n t o f i n d u c i n g g r e a t e r 
t o l e r a n c e . 

O e r t l i (25) r e p o r t e d i n c r e a s e d t o l e r a n c e o f s u n f l o w e r p l a n t s 
t o o x i d a n t a i r p o l l u t a n t s (smog) w i t h i n c r e a s i n g s a l i n i t y and 
s o i l m o i s t u r e s t r e s s . However, Heck e t a l . (9^, 10) suggested 
t h a t O e r t l i was d e a l i n g w i t h a n u t r i e n t as w e l l as osm o t i c 
e f f e c t . 
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6 AIR POLLUTION EFFECTS ON PLANT GROWTH 

M i x t u r e s o f T o x i c a n t s . P o l l u t e d atmospheres are complex 
m i x t u r e s o f many t o x i c and i n e r t m a t e r i a l s which may i n t e r a c t t o 
i n c r e a s e o r d i m i n i s h p l a n t i n j u r y . Menser and Heggestad (26) 
r e p o r t e d t h e f i r s t e v i d e n c e o f s y n e r g i s t i c response when an 
o z o n e - s u s c e p t i b l e t o b acco s t r a i n was exposed t o a m i x t u r e o f ozone 
and s u l f u r d i o x i d e . Other r e s e a r c h e r s have s u b s e q u e n t l y c o n f i r m e d 
t h i s r e s p o n s e , but attempts t o i d e n t i f y s y n e r g i s t i c o r antago
n i s t i c r esponses w i t h o t h e r p o l l u t a n t s have been u n s u c c e s s f u l , 
a l t h o u g h s y n e r g i s t i c e f f e c t s o f NO2 and SO2 a r e suggested. 
F u r t h e r s t u d y o f t h e p o s s i b l e i n t e r a c t i o n o f p o l l u t a n t s would be 
d e s i r a b l e t o h e l p e x p l a i n v a r i a t i o n s i n p l a n t response i n 
d i f f e r e n t l o c a t i o n s . 

D i s c u s s i o n and Summary. G e n e t i c v a r i a b i l i t y i s a major 
determinant o f p l a n t t o l e r a n c e t o a i r p o l l u t a n t s . D i f f e r e n c e s 
i n s u s c e p t i b i l i t y between s p e c i e s o r genera a r e w e l l known, but 
s i g n i f i c a n t v a r i a t i o n between i n d i v i d u a l s w i t h i n a v a r i e t y o r 
c u l t i v a r has been l e s s o b v i o u s . T o l e r a n c e and c h a r a c t e r i s t i c s o f 
symptoms a r e a l s o dependent upon t h e way exposure t o t h e p o l l u 
t a n t s o c c u r . Exposure t o h i g h c o n c e n t r a t i o n s o f a t o x i c p o l l u t a n t 
u s u a l l y produces symptoms q u i t e d i f f e r e n t from t h o s e produced by 
l o n g exposure t o low c o n c e n t r a t i o n s . Heck and Dunning (:2, 10) 
r e p o r t e d t h a t p l a n t s u s c e p t i b i l i t y was g r e a t e r when exposed t o 
a g i v e n dose o f ozone i n one h r t h a n when the same dose was 
a p p l i e d i n m u l t i p l e exposures. 

A number o f e x t e r n a l and i n t e r n a l f a c t o r s a r e i n f l u e n t i a l i n 
d e t e r m i n i n g t h e s u s c e p t i b i l i t y o f a s p e c i f i c p l a n t t o an a i r b o r n e 
t o x i c a n t . Some g e n e r a l i z a t i o n s can be s t a t e d r e l a t i v e t o f a c t o r s 
t h a t a f f e c t s u s c e p t i b i l i t y t o o x i d a n t a i r p o l l u t a n t s : 

a. R a p i d - v i g o r o u s growth u s u a l l y i n c r e a s e d s u s c e p t i b i l i t y . 
b. P l a n t s grown i n i n t e n s e l i g h t a r e more s u s c e p t i b l e t o 

PAN. 
c. Low l i g h t i n t e n s i t y enhanced s u s c e p t i b i l i t y t o ozone. 
d. A l o n g dark p e r i o d (24 h r ) p r i o r t o exposure i n c r e a s e d 

ozone s u s c e p t i b i l i t y . 
e. L i g h t b e f o r e and a f t e r exposure t o PAN i s r e q u i r e d f o r 

i n j u r y development. 
f . A l o n g p h o t o p e r i o d (24 h r ) b e f o r e exposure i n h i b i t e d 

ozone i n j u r y . 
g. High temperature d u r i n g exposure i n t h e f i e l d i n c r e a s e d 

ozone s u s c e p t i b i l i t y . 
h. H i g h r e l a t i v e h u m i d i t y i n c r e a s e d s u s c e p t i b i l i t y t o ozone 

and PAN. 
i . S o i l m o i s t u r e d e f i c i e n c y reduced s u s c e p t i b i l i t y t o ozone, 

PAN and S O 2 . 

j· S a l i n i t y reduced s u s c e p t i b i l i t y t o ozone· 
k. High n u t r i e n t s ( n i t r o g e n ) g e n e r a l l y i n c r e a s e d suscep

t i b i l i t y . 
1. S o i l oxygen d e f i c i e n c y reduced s u s c e p t i b i l i t y . 
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1. TAYLOR Phnt-Enxrironment Interaction 7 
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2 

Effect of Ozone on Plant Cell Membrane Permeability 

IRWIN P. TING, JOHN PERCHOROWICZ, and LANCE EVANS 

Department of Biology, University of California, Riverside, Calif. 92502 

General Effects 

Ozone, a strong oxidant component of photochemical smog i s 
readily formed under conditions of high radiation and hydrocarbon 
waste. Oxides of nitrogen, mainly nitrogen dioxide arisin g from 
high temperature combustion processes, react with molecular 
oxygen i n the atmosphere i n the presence of u l t r a v i o l e t sunlight 
to produce nitrogen oxide and ozone. When excess hydrocarbons are 
present the nitrogen oxide product (NO) will be converted to 
nitrogen dioxide, resulting i n high ozone levels (1). 

The toxic effects of ozone i n plant systems have been studied for 
some time, yet the actual mechanisms of injury are not fully 
understood. In addition to visible necrosis which appears largely 
on upper l e a f surfaces, many other physiological and biochemical 
effects have been recorded (2). One of the first e a s i l y measur
able effects is a stimulation of respiration. Frequently, how
ever, respiration may not increase without concomitant v i s i b l e 
injury. Furthermore, photosynthesis in green leaves as measured 
by CO2 assimilation, may decrease. It is well known that ozone 
exposure i s accompanied by a dramatic increase in free pool amino 
acids (3). Ordin and his co-workers (4) have c l e a r l y shown the 
effect of ozone on cell wall biosynthesis. In addition, ozone 
is known to oxidize certain lipid components of the cell (5), 
to affect ribosomal RNA (6) and to a l t e r the fine structure of 
chloroplasts (7). 

In addition to these ef f e c t s , there i s much evidence to 
suggest that ozone s i g n i f i c a n t l y alters the permeability proper
ties of cell membranes. In fact, Rich (8) proposed that a primary 
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2. TING ET AL. Cell Membrane Permeability θ 

e f f e c t o f ozone was th e d e s t r u c t i o n o f membrane s e m i - p e r m e a b i l i t y . 
As e a r l y as 1955, Wedding and E r i c k s o n (9) observed an a l t e r e d 
phosphate and water p e r m e a b i l i t y i n p l a n t c e l l s exposed t o ozon-
a t e d hexene. Dugger and Palmer ( 1 0 ) , s t u d y i n g rough lemon l e a v e s 
exposed t o ozone, found a d e f i n i t e a l t e r a t i o n i n p e r m e a b i l i t y t o 
g l u c o s e ; a f t e r a c u t e exposure t o ozone, t h e r e was a st e a d y i n 
c r e a s e d uptake o f g l u c o s e by t r e a t e d l e a v e s compared t o t h a t i n 
c o n t r o l s . The exposed l e a v e s absorbed a p p r o x i m a t e l y t w i c e as 
much g l u c o s e as u n t r e a t e d l e a v e s a f t e r s i x days. The i n c r e a s e d 
uptake a t t r i b u t a b l e t o ozone exposure was due s o l e l y t o an 
i n c r e a s e i n glucose-U- l l*C p e r m e a b i l i t y and was not t h e r e s u l t o f 
i n t e r n a l i n c r e a s e d g l u c o s e u t i l i z a t i o n s i n c e t h e r e was no 
d i f f e r e n c e i n ^*C02 r e l e a s e from c o n t r o l s and exposed t i s s u e s . 

I n a d d i t i o n t o s t u d i e s w i t h whole c e l l s and t i s s u e s , i t 
has a l s o been shown t h a t t h e p e r m e a b i l i t y o f i s o l a t e d o r g a n e l l e s 
can be a l t e r e d by ozone exposure. For example, Lee (11) showed 
t h a t ozone a l t e r e d t h e p e r m e a b i l i t y o f tobacco m i t o c h o n d r i a , and 
Coulson and Heath (12) r e p o r t e d membrane p e r m e a b i l i t y changes o f 
i s o l a t e d c h l o r o p l a s t s a f t e r ozone exposure. 

C e l l P e r m e a b i l i t y 

Age E f f e c t s . We have found i t u s e f u l t o d i s t i n g u i s h between 
the terms " s u s c e p t i b l e " and " s e n s i t i v e " and t h u s , have d e f i n e d 
t h e age o f maximum i n j u r y p o t e n t i a l as th e s u s c e p t i b l e age. 
V a r i a t i o n s i n the degree o f i n j u r y d u r i n g t h e s u s c e p t i b l e stage 
are r e f e r r e d t o i n terms o f s e n s i t i v i t y . S u s c e p t i b l e l e a v e s 
w i l l v a r y i n s e n s i t i v i t y p r i m a r i l y as a f u n c t i o n o f e n v i r o n m e n t a l 
d i f f e r e n c e s . The a g e - s u s c e p t i b i l i t y phenomenon t o o x i d a n t i n j u r y 
i s shown i n F i g u r e 1. Young expanding l e a v e s pass through a stage 
a t which t h e y are m a x i m a l l y s u s c e p t i b l e t o o x i d a n t i n j u r y . 
N e i t h e r young nor o l d l e a v e s a r e p a r t i c u l a r l y a f f e c t e d by ozone, 
though o n l y young l e a v e s a r e s u s c e p t i b l e t o p e r o x y a c e t y l n i t r a t e 
(PAN) i n j u r y ( 2 ) . S e n s i t i v i t y o f a s u s c e p t i b l e l e a f can be 
markedly a l t e r e d by s h i f t s i n e n v i r o n m e n t a l c o n d i t i o n s such as 
l i g h t , water and n u t r i t i o n . 

D e s p i t e the l a c k o f v i s i b l e n e c r o s i s o f young and o l d l e a v e s , 
i t i s p o s s i b l e t o demonstrate a l t e r a t i o n s i n c e l l p e r m e a b i l i t y by 
f o l l o w i n g m e t a b o l i t e uptake a f t e r ozone exposure. I f A c a l a SJ-1 
c o t t o n l e a v e s are exposed t o ozone and a l l o w e d t o t a k e up suc r o s e 
24 h r l a t e r , t h e r e i s n e a r l y a d o u b l i n g o f th e r a t e o f suc r o s e 
uptake by l e a v e s which a r e m a x i m a l l y s u s c e p t i b l e t o ozone. 
However, b o t h young and o l d l e a v e s which show no v i s i b l e i n j u r y 
do show about a 50% i n c r e a s e i n s u c r o s e uptake ( T a b l e I ) . These 
d a t a suggest t h a t b o t h young and o l d t i s s u e a r e i n j u r e d t o some 
e x t e n t by ozone. 
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10 AIR POLLUTION EFFECTS ON PLANT GROWTH 

Table I . Uptake o f s u c r o s e - U - 1 4 C by c o t t o n ( A c a l a SJ-1) 
l e a f d i s c s 

Age o f c o t y l e d o n R a t i o 0 / c o n t r o l * V i s i b l e i n j u r y * * 
(days) ο 

7 1.49 No 
14 2.13 Yes 
21 1.48 No 

* R a t i o o f s u c r o s e uptake by ozone exposed d i s c s t o uptake by 
c o n t r o l d i s c s . 

* * V i s i b l e i n j u r y a s s e s s e d by o b s e r v a t i o n o f n e c r o s i s on l e a f 
s u r f a c e . P l a n t s were exposed t o 0.5 ppm 0 3 f o r 1 h r , 24 h r s 
p r i o r t o t h e experiment. 

Amino A c i d Uptake. I f s u s c e p t i b l e l e a v e s a r e exposed t o 
ozone and t h e n i n c u b a t e d i n l e u c i n e - U - ^ C , t r e a t e d l e a v e s absorb 
t h i s amino a c i d a t a f a s t e r r a t e than c o n t r o l s ( F i g . 2 ) . I f , 
a f t e r 4 h r o f c o n t i n u o u s uptake the ^ C - l e u c i n e i s f o l l o w e d w i t h 
n o n l a b e l l e d l e u c i n e , a s i g n i f i c a n t d i f f e r e n t i a l u t i l i z a t i o n o f 
t h e i n c o r p o r a t e d l e u c i n e i s not observed ( F i g . 2 ) . T h i s suggests 
t h a t t h e g r e a t e r uptake i s not a consequence o f more r a p i d 
u t i l i z a t i o n and t h a t i t i s p r o b a b l y a t t r i b u t a b l e t o i n c r e a s e d 
p e r m e a b i l i t y . 

D e s p i t e a s i g n i f i c a n t l y g r e a t e r uptake o f - ^ C - l e u c i n e by 
ozonated t i s s u e , g r e a t e r i n c o r p o r a t i o n o f l e u c i n e i n t o p r o t e i n 
does not appear t o o c c u r . When i n c o r p o r a t i o n i n t o p r o t e i n i s 
e x p r e s s e d as a percentage o f l ^ C a c t u a l l y t a k e n up, t h e r e i s no 
d i f f e r e n c e between the u n t r e a t e d and o z o n e - t r e a t e d t i s s u e 
( T a b l e I I ) . These d a t a f u r t h e r support the n o t i o n t h a t enhanced 
uptake i s s o l e l y a f u n c t i o n o f i n c r e a s e d t r a n s p o r t and not o f 
i n c r e a s e d i n t e r n a l u t i l i z a t i o n . 

S i n c e t h e k i n e t i c s o f l e u c i n e uptake appear t o be exponen
t i a l , a s t r a i g h t l i n e i s o b t a i n e d when the l o g o f uptake i s 
p l o t t e d a g a i n s t t h e l o g o f time ( F i g . 3 ) . The c o n s t a n t s l o p e and 
t h e l o w e r y - i n t e r c e p t i n d i c a t e a h i g h e r uptake i n o z o n e - t r e a t e d 
t i s s u e compared w i t h u n t r e a t e d t i s s u e . 

Carbohydrate Uptake. Immediately a f t e r ozone exposure, 
t r e a t e d bean l e a v e s are observed t o t a k e up l e s s g l u c o s e - U - ^ C 
th a n u n t r e a t e d l e a v e s . A f t e r a few h o u r s , however, the ozone-
t r e a t e d l e a v e s b e g i n t o a s s i m i l a t e s i g n i f i c a n t l y more g l u c o s e . 
S i m i l a r l y , i f t h e n o n m e t a b o l i z a b l e c a r b o h y d r a t e 2-deoxyglucose i s 
s u p p l i e d t o o z o n e - t r e a t e d l e a v e s , enhanced uptake o c c u r s ( F i g . 4 ) . 
Immediately f o l l o w i n g ozone exposure 25% l e s s 2-deoxyglucose i s 
t a k e n up by o z o n e - t r e a t e d t i s s u e , b u t a f t e r 4 h r n e a r l y 50% more 
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2. TING ET AL. Cell Membrane Permeability 11 

20 

Ο 
ω ζ 
< 10 
Ο
Χ 

< 
Lu 

J L _1 I L 

100 

80 

H60 S 
OC 3 

H 20 

10 12 14 16 18 20 22 

A G E (days) 

Figure 1. Growth curve for primary leaf of cotton 
(Acala SJ-1) expressed as cm2 expansion as a function 
of age from seed in days. Abo graphed is the visible 
injury 24 hr after exposure to 0.7 ppm ozone for one 

hr expressed as % of leaf surface affected. 

ο 

« - P U L S E - * N - -TIME (hours)-

Figure 2. Effect of ozone on uptake and incorpora
tion of 14C-leucine into protein by cotton cotyledon 
leaf discs. Ρ fonts were exposed to 0.4 ppm Os for 1 hr, 
24 hr prior to experiments. Discs were floated on 
buffer and incubated in 14C-leucine for up to 4 hr and 
were then transferred to excess cold leucine to "chase*' 
the incorporated uC-leucine for a subsequent 24 hr 
period. The data show that ozone-treated 'tissue incor
porated more leucine into protein but do not indicate 

real differential effects on protein hydrolysis. 
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AIR POLLUTION EFFECTS ON PLANT GROWTH 

0 4 8 12 16 

TIME AFTER EXPOSURE (hours) 

Figure 3. Logarithmic plot of uC-leucine uptake by 
cotton leaf discs. Data are from Fig. 2. 
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American Journal of Botany 

Figure 4. Time course of uptake rate of 2-deoxyglu
cose by bean leaf discs following exposure of intact 
plants to 0.4 ppm ozone. Two standard deviations 
about the mean are shown. Data of Perchorowicz and 

Ting (17). 
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2. TING ET AL. Cell Membrane Permeability 13 

uptake has o c c u r r e d and a f t e r 20 h r t h i s r e a c h e s a l e v e l n e a r l y 
300%. 

Table I I . Uptake and i n c o r p o r a t i o n i n t o p r o t e i n o f C - l e u e i n e 
by 0 q t r e a t e d c o t t o n p l a n t s 

Uptake Turnover 

Treatment p m o l e s a b cpm % C p m o l e s 3 b 
cpm % C 

C o n t r o l 5.2 12.9 19 3.6 7.3 24 
Ozone 5.9 14.7 18 5.7 10.7 24 

pmoles C-leucine/cm2 i n TCA p r e c i p i t a t e , 
kcpm χ ΙΟ"^ -^"C-leucine t a k e n up by l e a f d i s c s . 
c % 1 1 + C - l e u c i n e i n c o r p o r a t e d i n t o p r o t e i n as a f u n c t i o n o f 
t h a t t a k e n up. 

P l a n t s exposed t o 0.7 ppm 0g f o r 1 h r , 48 h r s b e f o r e experiment. 
Uptake = 4 h r i n c u b a t i o n 
Turnover = chase experiment 18 h r a f t e r uptake p e r i o d . 

As noted w i t h t h e amino a c i d uptake d a t a , a l o g a r i t h m i c p l o t 
o f deoxyglucose uptake y i e l d s a s t r a i g h t l i n e ( F i g . 5 ) . There 
i s l e s s uptake immediately a f t e r exposure o f t r e a t e d t i s s u e , but 
a f t e r 24 h r a 2- t o 3 - f o l d g r e a t e r uptake i s n o t e d . Subsequent 
experiments c o n f i r m e d t h a t 2-deoxyglucose i s not m e t a b o l i z e d ; 
t h e r e f o r e , i n c r e a s e d uptake can be a t t r i b u t e d t o i n c r e a s e d perme
a b i l i t y and t r a n s p o r t r a t h e r than t o g r e a t e r i n t e r n a l u t i l i z a t i o n . 

The uptake f u n c t i o n appears t o be o f th e form 
U = P t m 

where Ρ i s a f u n c t i o n o f p e r m e a b i l i t y and m i s a f u n c t i o n o f the 
uptake mechanism. I t i s p o s s i b l e , t h e r e f o r e , t o e v a l u a t e t h e 
e f f e c t s o f ozone by a l o g t r a n s f o r m a t i o n , 

l o g u = mlog t + l o g Ρ 
and e v a l u a t e m and Ρ from a l i n e a r g r a p h i c a l p l o t . I n a l l cases 
m remains unchanged, but Ρ i s i n c r e a s e d by ozone ( F i g . 3 and 5 ) . 

As shown i n Table I I I , t h e r e i s no s i g n i f i c a n t d i f f e r e n c e i n 
gl u c o s e uptake by c o t t o n l e a f d i s c s i m m e d i a t e l y a f t e r exposure, 
but a f t e r 24 h r th e uptake has n e a r l y doubled. The percentage 
d i s t r i b u t i o n o f r a d i o a c t i v i t y i n v a r i o u s e x t r a c t i o n f r a c t i o n s i s 
a p p r o x i m a t e l y the same i n c o n t r o l and o z o n e - t r e a t e d t i s s u e s . C 0 2 

e v o l u t i o n from t h e added g l u c o s e i s v i r t u a l l y i d e n t i c a l i n 
c o n t r o l and t r e a t e d t i s s u e s . I s o t o p e i n c o r p o r a t i o n i n t o t h e water 
s o l u b l e f r a c t i o n , which would i n c l u d e amino a c i d s , o r g a n i c a c i d s , 
and s o l u b l e c a r b o h y d r a t s , i s a l s o q u i t e s i m i l a r . Some d i s t r i b u 
t i o n a l d i f f e r e n c e s i n t h e i n s o l u b l e f r a c t i o n are n oted between 
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AIR POLLUTION EFFECTS ON PLANT GROWTH 

0.5 0.7 1.0 1.5 2.0 

INCUBATION TIME (hours) 

American Journal of Botany 

Figure 5. Logarithmic plot of 2-deoxyglucose uptake 
by bean leaf discs immediately following (day 0) and 
24 hr (day 1) after exposure to 0.4 ppm ozone for 1 hr. 

Data from Perchorowicz and Ting (17). 
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16 AIR POLLUTION EFFECTS ON PLANT GROWTH 

t h e exposed and c o n t r o l t i s s u e s 24 h r a f t e r ozone exposure, but 
i t i s d i f f i c u l t t o a s s e s s t h e s i g n i f i c a n c e o f these r e s u l t s . 

N u c l e o t i d e Uptake. When u r a c i l l a b e l l e d w i t h t r i t i u m was 
s u p p l i e d t o 15-day-old o z o n e - t r e a t e d c o t t o n l e a v e s , a 2 - f o l d i n 
c r e a s e i n u r a c i l i n c o r p o r a t i o n i n t o t h e RNA f r a c t i o n was observed 
(Ta b l e I V ) . I n t h i s one p a r t i c u l a r c a s e , t h e r e appeared t o be a 
g r e a t e r percentage o f u r a c i l i n c o r p o r a t i o n i n t o RNA i n t r e a t e d 
t i s s u e than i n c o n t r o l t i s s u e . 

3 
Table IV. I n c o r p o r a t i o n o f U r a c i l - H i n t o t he RNA f r a c t i o n o f 

15-day-old Og t r e a t e d c o t t o n c o t y l e d o n l e a v e s 

C o n t r o l Ozone 
207,700* 420,000 

3.1** 5.5 

*cpm i n c o r p o r a t e d i n t o RNA f r a c t i o n o f 40 0.2 cm^ l e a f d i s c s . 
**% o f U r a c i l i n c o r p o r a t e d as a f r a c t i o n o f t h a t t a k e n up by 

the d i s c s . 

P l a n t s were t r e a t e d w i t h O3 f o r 1 h r (0.7 ppm) and s u p p l i e d w i t h 
U r a c i l f o r 4 h r , 24 h r a f t e r exposure. RNA was c o l l e c t e d on 
M i l l i p o r e f i l t e r s and counted d i r e c t l y . 

Water T r a n s p o r t . Water t r a n s p o r t can c o n v e n i e n t l y be 
summarized by the f o l l o w i n g e x p r e s s i o n , 

J v = L p ( ΔΡ - oRTAC s ) 
where J v i s the volume f l o w o f water a c r o s s t h e membrane, Lp i s 
th e h y d r a u l i c c o n d u c t i v i t y c o e f f i c i e n t and a d i r e c t measure o f 
membrane p e r m e a b i l i t y t o wa t e r , ΔΡ i s t h e p r e s s u r e d i f f e r e n t i a l 
a c r o s s the membrane, σ i s t h e r e f l e c t i o n c o e f f i c i e n t w i t h l i m i t s 
o f 0 and 1 (where 1 i n d i c a t e s complete i m p e r m e a b i l i t y w i t h 
r e s p e c t t o s o l u t e s ) , R and Τ are the gas c o e f f i c i e n t and a b s o l u t e 
temperature r e s p e c t i v e l y , and àCs i s t h e s o l u t e c o n c e n t r a t i o n 
d i f f e r e n c e a c r o s s the membrane . Hence, e v a l u a t i o n o f Lp w i l l 
g i v e an i n d i c a t i o n o f water p e r m e a b i l i t y and e v a l u a t i o n o f σ w i l l 
e s t i m a t e s o l u t e p e r m e a b i l i t y . 

The c o e f f i c i e n t o f h y d r a u l i c p e r m e a b i l i t y (Lp) o f ozone-
t r e a t e d bean l e a f t i s s u e tends t o decrease when measured by water 
l o s s o r uptake ( F i g . 6 ) . Here, o z o n e - t r e a t e d t i s s u e was e q u i l i 
b r a t e d w i t h 0.2 M m a n n i t o l ( a p p r o x i m a t e l y i s o t o n i c ) immediately 
a f t e r exposure. The t i s s u e was then e i t h e r a l l o w e d t o ta k e up 
t r i t i a t e d water o r , a f t e r a p e r i o d o f t r i t i a t e d water u p t a k e , 
a l l o w e d t o l o s e t r i t i a t e d water i n t o a m a n n i t o l s o l u t i o n . I n 
both the i n f l u x and e f f l u x e x p e r i m e n t s , o z o n e - t r e a t e d t i s s u e 
t r a n s p o r t e d t r i t i a t e d water a t a lower r a t e than c o n t r o l t i s s u e . 
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2. TING ET AL. Cell Membrane Permeability 17 

TIME (min) 

American Journal of Botany 

Figure 6. Time course of tritiated water up
take or release from bean leaf discs previously 
exposed to 0.5 ppm ozone for 1 hr immediately 
prior to experiment. Upper: Discs were pre-
incubated in 0.2 M mannitol for 2 hr then trans
ferred to tritiated water. Lower: Discs were 
preincubated in tritiated water then transferred 
to 0.2 M mannitol. Data of Evans and Ting (13). 
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18 ADR POLLUTION EFFECTS ON PLANT GROWTH 

S i m i l a r experiments i n which t i s s u e was a l l o w e d t o h y d r a t e o r 
dehydrate i n h y p o t o n i c o r h y p e r t o n i c s o l u t i o n s a l s o showed a 
lowe r r a t e o f water t r a n s p o r t f o r o z o n e - t r e a t e d t i s s u e ( 1 3 ) . 
Hence, the c o e f f i c i e n t o f h y d r a u l i c p e r m e a b i l i t y (Lp) appears t o 
be decreased by ozone exposure. 

The r e f l e c t i o n c o e f f i c i e n t ( σ ) was e s t i m a t e d by a l l o w i n g 
l e a f t i s s u e t o e q u i l i b r a t e f i r s t i n d i s t i l l e d w a t e r , then i n a 
0.4 M m a n n i t o l s o l u t i o n f o r two h r and f i n a l l y i n a d i s t i l l e d 
w ater s o l u t i o n o v e r n i g h t . The d i f f e r e n c e i n weight between t h e 
i n i t i a l d i s t i l l e d water e q u i l i b r a t i o n and f i n a l d i s t i l l e d water 
e q u i l i b r a t i o n was assumed t o be an e s t i m a t e o f i n t e r n a l s o l u t e 
l e a k a g e and, t h e r e f o r e , a d i r e c t e s t i m a t e o f σ . The d a t a i n 
Table V shows t h a t l o s s o f s o l u t e by t h e t i s s u e i s s i g n i f i c a n t 
a f t e r ozone f u m i g a t i o n and v e r i f i e s t h e p r e d i c t e d decrease i n 
th e r e f l e c t i o n c o e f f i c i e n t . 

T a b le V. E f f e c t o f ozone on r e f l e c t i o n c o e f f i c i e n t (σ) 
o f bean l e a v e s * 

Treatment Δ w 

C o n t r o l 102.40 ± 1.72 106.26 ± 0.84 
0.5 ppm 0 87.70 ± 0.87 90.50 ± 1.36 
(1 h r ) à 

*Data o f Evans and T i n g (1973). 
Aw = f r e s h wt change b e f o r e and a f t e r 0.4 M m a n n i t o l t r e a t m e n t . 

Data f o r two t r i a l s a r e g i v e n . 

I t i s r a t h e r d i f f i c u l t t o r a t i o n a l i z e a decreased membrane 
p e r m e a b i l i t y t o water ( Lp) because o f o x i d a n t exposure. We 
s u s p e c t , t h e r e f o r e , t h a t t h e apparent decreased water p e r m e a b i l 
i t y r e s u l t s i n f a c t from a decreased r e f l e c t i o n c o e f f i c i e n t l e a d 
i n g t o s o l u t e l o s s and hence an apparent lower water t r a n s p o r t 
r a t e . I n any c a s e , t h e s e d a t a c l e a r l y demonstrate t h e o c c u r r e n c e 
o f o x i d a n t - i n d u c e d a l t e r a t i o n s i n membrane p r o p e r t i e s . 

S a l t T r a n s p o r t . The e f f e c t s o f ozone on membrane p e r m e a b i l 
i t y can a l s o be a s s e s s e d by e s t i m a t i n g s a l t l eakage from t r e a t e d 
t i s s u e . I n one s t u d y , s u s c e p t i b l e bean p l a n t s were a l l o w e d t o 
t a k e up 8 6 R b C l f o r 24 h r p r i o r t o ozone exposure. A f t e r ex
p o s u r e , l e a f d i s c s were p l a c e d i n a d e s o r p t i o n s o l u t i o n c o n t a i n 
i n g 0.5 M CaSO^ and 2 mM KC1 and t h e r a t e o f 8 6 R b leakage i n t o 
t h e d e s o r p t i o n s o l u t i o n was determined. The i n i t i a l l o s s was 
i n d i s t i n g u i s h a b l e between t r e a t e d and u n t r e a t e d p l a n t s and we 
assume t h a t i t r e p r e s e n t e d exchange from f r e e space. Then, f o r 
an extended p e r i o d , t r e a t e d t i s s u e e x h i b i t e d a l i n e a r l o s s o f 
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2. TING ET AL. Cell Membrane Permeability 19 

8 6 R b i n t o the d e s o r p t i o n s o l u t i o n , i n d i c a t i n g p e r m e a b i l i t y a l t e r 
a t i o n s i n o z o n e - t r e a t e d samples ( F i g . 7 ) . 

The uptake o f potassium by l e a f t i s s u e i s know t o be a 
f u n c t i o n o f the energy s o u r c e s a v a i l a b l e f o r t r a n s p o r t (14) and 
s i g n i f i c a n t l y more uptake o c c u r s i n the l i g h t t han i n the d a r k . 
Ozone treatment decreases Κ uptake under b o t h l i g h t and dark 
c o n d i t i o n s . The ozone e f f e c t i s g r e a t e r i n the l i g h t t han i n the 
dark ( F i g . 8 ) . Ozone may t h e r e f o r e a l t e r the c a p a c i t y o f l e a v e s 
t o t a k e up and accumulate potassium. Though these d a t a once more 
suggest the o c c u r r e n c e o f a l t e r a t i o n s i n membrane p r o p e r t i e s , t h e 
r e s u l t s might a l s o stem from a r e d u c t i o n o f the energy sources 
f o r t r a n s p o r t . 

C o n c l u s i o n s and Summary 

The s p e c i f i c cause o f membrane a l t e r a t i o n by ozone i s 
d i f f i c u l t t o a s s e s s , though i t i s undoubtedly r e l a t e d t o the 
o x i d i z i n g p r o p e r t i e s o f ozone. I t i s f a i r l y w e l l e s t a b l i s h e d 
t h a t ozone i r r e v e r s i b l y o x i d i z e d s u l f h y d r y l groups ( 2 ) . The 
o x i d a n t p r o b a b l y a l s o p l a y s a r o l e i n l i p i d p e r o x i d a t i o n ( 1 6 ) . 
R e g a r d l e s s o f th e s p e c i f i c mechanism, a v a r i e t y o f d a t a , i n c l u d 
i n g our own, suggests t h a t t h e i n i t i a l o x i d a n t e f f e c t s do indee d 
i n v o l v e m o d i f i c a t i o n s o f membrane p r o p e r t i e s . These a l t e r a t i o n s 
can be measured i n p l a n t t i s s u e i n which v i s i b l e symptoms such 
as n e c r o s i s have n o t appeared. Furthermore, the e f f e c t s a r e 
measureable immediately upon ozone exposure. We conclude t h a t 
c e l l u l a r membranes a r e t h e i n i t i a l t a r g e t s f o r ozone i n j u r y and 
t h a t many o f the subsequent symptoms r e s u l t i n g from ozone ex
pos u r e , i n c l u d i n g e f f e c t s on r e s p i r a t i o n and p h o t o s y n t h e s i s , 
a l t e r a t i o n s i n m e t a b o l i t e c o n c e n t r a t i o n s (such as th e i n c r e a s e i n 
f r e e p o o l amino a c i d s ) , and the f o r m a t i o n o f c r y s t a l l i n e i n c l u 
s i o n s w i t h i n c h l o r o p l a s t s , a r e secondary e f f e c t s r e s u l t i n g from 
e a r l y changes i n membrane p r o p e r t i e s . Many o f these secondary 
e f f e c t s may r e s u l t from d e s s i c a t i o n f o l l o w i n g membrane perme
a b i l i t y changes ( 1 4 ) . 

Acknowledgement. The i n i t i a l p o r t i o n o f t h i s r e s e a r c h was 
supported by A g r i c u l t u r a l Research S e r v i c e , U.S.D.A., c o n t r a c t 
No. 12-14-100-9493(34) a d m i n i s t e r e d by Crops Research D i v i s i o n , 
B e l t s v i l l e , Maryland. A p p r e c i a t i o n goes t o Dr. S. K. M u k e r j i 
and Kay J o l l e y f o r t h e i r p a r t i c i p a t i o n . The f i n a l s t a ges o f the 
work i n which John P e r c h o r o w i c z and Lance Evans p a r t i c i p a t e d was 
supported by F e d e r a l Funds from t h e E n v i r o n m e n t a l P r o t e c t i o n 
Agency under g r a n t number 801311. 

Mention o f a trademark name o r a p r o p r i e t a r y p r oduct does 
not c o n s t i t u t e a guarantee o r warr a n t y o f the product by the 
USDA, and does n o t i m p l y i t s a p p r o v a l t o the e x c l u s i o n o f o t h e r 
p r o d u c t s t h a t may be s u i t a b l e . The au t h o r s g r a t e f u l l y acknowl
edge the American J o u r n a l o f Botany and Atmospheric Environment 
f o r p e r m i s s i o n t o r e p o r t p r e v i o u s l y p u b l i s h e d m a t e r i a l . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
4 

| d
oi

: 1
0.

10
21

/b
k-

19
74

-0
00

3.
ch

00
2



AIR POLLUTION EFFECTS ON PLANT GROWTH 
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Figure 7. Intact plants were watered with a 86RbCl 
solution 24 hr prior to exposure to 0.5 ppm ozone for 
1 hr. Discs were then floated on a 0.5 mM CtfSO$ 
plus 2.0 mM KCl solution and 86Rb leakage was 
measured. Closed circles are control plants. Data 

of Evans and Ting ( 13 ). 

Untreated 
Ozone Treated 

25 50 

mM K + 

75 100 

American Journal of Botany 

Figure 8. Plot of 86Rb-K uptake by bean leaf discs as 
a function of Κ concentration. Light and dark treat
ments for control and ozone treated plants are shown. 

Data of Evans and Ting ( 15 ). 
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Reaction of Ozone with Lysozyme 

F. LEH and J. B. M U D D 

Department of Biochemistry and Statewide Air Pollution Research Center, 
University of California, Riverside, Calif. 92502 

Abstract 

Hens egg lysozyme is inactivated by ozone in 1.5-2.5 molar 
ratios. The pH optimum for t h e native and o z o n i z e d lysozyme is 
t h e same. Ozonized lysozyme behaves differently from native 
lysozyme on ion exchange columns and in polyacrylamide gel 
electrophoresis but t h e p r o d u c t behaves as a single polypeptide 
chain in b o t h analyses. Amino acid a n a l y s e s showed that a t 
95-100% inactivation t h e modified residues a r e tryptophan, 
tyrosine and m e t h i o n i n e . Changing t h e pH o f t h e reaction m i x t u r e 
from 4.6 t o 10.2 decreases t h e amount of t r y p t o p h a n reacting 
(1.8 to 1.3 moles/mole l y s o z y m e ) , increases t h e amount o f 
tyrosine reacting (0.13-0.73 moles/mole l y s o z y m e ) , and does not 
change the amount of me t h i o n i n e reacting (0.8 moles/mole 
l y s o z y m e ) . Analysis of t h e fragments o b t a i n e d by cyanogen 
bromide cleavage shows that m ethionine 105 is c o n v e r t e d  t o  m e t h i 
o n i n e sulfoxide. R e v e r s i o n of this residue to m e t h i o n i n e does 
not restore activity. D i g e s t i o n of t h e o z o n i z e d lysozyme with 
trypsin and isolation o f t h e tryptophan-containing fragments 
showed that t h e modified tyrosine is residue 23 and t h e modified 
t r y p t o p h a n residues a r e 108 and 111. Circular dichroism spectra 
of o z o n i z e d lysozyme c o n f i r m e d t h e modification of the amino 
acids and also showed considerable destruction of t h r e e dimen
sional structure. Experiments with carboxymethyl chitin indica
ted that the binding site of t h e ozonized lysozyme is unaffected. 

I n t r o d u c t i o n 

Ozone i s an i m p o r t a n t p o l l u t a n t o f urban atmospheres, and 
i s g e n e rated by p h o t o c h e m i c a l r e a c t i o n s on p r i m a r y p o l l u t a n t s 
e m i t t e d from automobile exhaust ( 1 ) . Ambient ozone c o n c e n t r a 
t i o n s cause acute damage t o v e g e t a t i o n . The b i o c h e m i c a l b a s i s 
f o r t h i s damage i s unknown a l t h o u g h s e v e r a l p o s s i b i l i t i e s have 
been suggested. T h i s paper p r e s e n t s r e s u l t s a p p l i c a b l e t o t h e 
s t u d y o f p l a n t damage even though t h e s u b j e c t o f study i s hens 

22 
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3. LEH AND MUDD Ozone with Lysozyme 23 

egg lysozyme. 
Exposure o f ani m a l s t o ozone l o w e r s t h e i r r e s i s t a n c e t o 

b a c t e r i a l i n f e c t i o n o f th e l u n g s ( 2 ) . Ozone exposure a l s o causes 
changes i n the p r o p e r t i e s o f m a t e r i a l t h a t can be l a v a g e d from 
the l u n g s : t h e r e i s i n a c t i v a t i o n o f the enzymes a c i d phos
p h a t a s e , ^ - g l u c u r o n i d a s e and lysozyme, and t h e r e i s a tendency 
f o r t h e s e enzymes t o have been r e l e a s e d from the a l v e o l a r 
macrophage c e l l s ( 3_). I n v i v o i n a c t i v a t i o n o f l u n g lysozyme has 
been s t u d i e d (4)» and i t has a l s o been r e p o r t e d t h a t the c o n t e n t 
o f lysozyme i n human t e a r s i s lowered d u r i n g exposure t o ambient 
a i r p o l l u t i o n (5_). These o b s e r v a t i o n s have s t i m u l a t e d our 
i n t e r e s t i n a st u d y o f the mechanism o f lysozyme i n a c t i v a t i o n by 
ozone s i n c e i t may be i n v o l v e d i n e l i c i t i n g t h e t o x i c r e s p o n s e . 

A p r e v i o u s s t u d y o f the r e a c t i o n o f ozone w i t h lysozyme 
d i s s o l v e d i n anhydrous f o r m i c a c i d gave r i s e t o the c o n c l u s i o n 
t h a t t h e o n l y amino a c i d r e s i d u e s a f f e c t e d i n the e a r l y s t a g e s 
o f t h e r e a c t i o n were the t r y p t o p h a n r e s i d u e s 108 and 111 (6)· 
Con v e r s i o n o f t h e s e r e s i d u e s t o Ν1-formyl-kynurenine d i d not 
cause l o s s i n enzyme a c t i v i t y . Imoto et_ al* (7) have p o i n t e d 
out t h a t t h i s r e s u l t i s anomalous s i n c e m o d i f i c a t i o n s o f 
tr y p t o p h a n 108 ( e . g . w i t h i o d i n e ) n o r m a l l y causes i n a c t i v a t i o n . 
We hoped t h a t our s t u d y would r e s o l v e t h i s anomaly. 

M a t e r i a l s and Methods 

O z o n o l y s i s . Ozone was generated from oxygen by s i l e n t 
e l e c t r i c d i s c h a r g e , and bubbled through t h e r e a c t i o n m i x t u r e s 
from a c a p i l l a r y t i p . The ozone c o n c e n t r a t i o n was monitored 
s p e c t r o p h o t o m e t r i c a l l y a t 350 nm by the KI method as p r e v i o u s l y 
d e s c r i b e d (8)* 

M a t e r i a l . 3 X c r y s t a l l i z e d , d i a l y z e d and l y o p h i l i z e d Grade 
1 Hen Egg White Lysozyme was o b t a i n e d from Sigma Chemical 
Company, and used w i t h o u t f u r t h e r p u r i f i c a t i o n . P u r i t y o f the 
p r o t e i n was v e r i f i e d by b o t h g e l e l e c t r o p h o r e s i s on ac r y l a m i d e 
and chromatography on a column packed w i t h a n i o n exchange r e s i n 
( C l " f o r m ) Sephadex DEAE. The sample showed a s i n g l e peak i n 
thes e a n a l y s e s . 

Chromatographic A n a l y s i s . The samples o f n a t i v e and ozon
i z e d lysozyme (lysozyme t r e a t e d w i t h ozone j u s t t o the p o i n t o f 
complete i n a c t i v a t i o n ) were a n a l y z e d by column chromatography. 
The column (0.8 X 56 cm.) c o n t a i n i n g DEAE-Sephadex A-50 
(C l " f o r m ) r e s i n , was e q u i l i b r a t e d w i t h 0.1 M T r i s C l b u f f e r , 
pH 8.3, and lo a d e d w i t h about 2-4 mg o f p r o t e i n . A l i q u o t s 
e l u t e d w i t h 0.1 M T r i s - C l pH 8.3 were c o l l e c t e d and absorbance 
a t 278 nm was measured. The n a t i v e lysozyme e l u t e d e a r l i e r t h a n 
the o z o n i z e d p r o d u c t s . T h i s d i f f e r e n c e may be a s s o i c a t e d w i t h 
b o t h a g g r e g a t i o n o f p r o t e i n and i o n i c b e h a v i o r o f the r e s i d u e s . 
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24 AIR POLLUTION EFFECTS ON PLANT GROWTH 

G e l E l e c t r o p h o r e s i s . T h i s method was used i n the d e t e r m i n a 
t i o n o f t h e p u r i t y o f n a t i v e lysozyme and i d e n t i f i c a t i o n o f ozon
i z e d p r o d u c t s . D i f f e r e n t g e l c o n c e n t r a t i o n s (7,8,9,10%) and 
b u f f e r s o l u t i o n s (0.25M b o r a t e , pH 8.7; 0.025M phosphate, pH 7.1) 
were t r i e d and t h e b e s t r e s u l t s were o b t a i n e d w i t h 7% g e l i n pH 
8.7 b u f f e r . 

Enzymic A c t i v i t y . Lysozyme a c t i v i t y was determined by 
f o l l o w i n g t h e r a t e o f l y s i s o f d r i e d M i c r o c o c c u s l y s o d e i k t i c u s 
c e l l s a c c o r d i n g t o the method o f Shugar (9)· Assays were r u n 
a t room temperature i n 0.1M phosphate b u f f e r pH 7.0, w i t h an 
enzyme c o n c e n t r a t i o n o f about 0.05 mg/ml. A s o l u t i o n o f n a t i v e 
lysozyme a t t h e same p r o t e i n c o n c e n t r a t i o n was always assayed 
as s t a n d a r d , a l o n g w i t h o z o n i z e d lysozymes. 

Cyanogen Bromide D i g e s t i o n . I n o r d e r t o c l e a v e the d i s u l 
f i d e bonds, the o z o n i z e d lysozyme (0.6 pmole) was t r e a t e d w i t h 
d i t h i o t h r e i t o l (10) (8 mg. 110%) i n 9 M u r e a f o r 20 h r . The 
u r e a was t h e n removed by p a s s i n g t h e s o l u t i o n through a column 
c o n t a i n i n g Sephadex G-25. A l i q u o t s were c o l l e c t e d , checked f o r 
absorbance a t 278 nm, l y o p h i l i z e d and then a l l o w e d t o r e a c t w i t h 
cyanogen bromide (11) (50 molar excess r e l a t i v e t o m ethionine) 
i n 70% f o r m i c a c i d T l ml.) f o r 24 h r . The m i x t u r e was l y o p h 
i l i z e d and d i s s o l v e d i n 0.2N HAc. Three components s e p a r a t e d by 
passage through a Sephadex G-25 ( 3 X 100 cm.) column were 
c o l l e c t e d f o r amino a c i d a n a l y s i s . 

T r y p t i c D i g e s t i o n . The o z o n i z e d lysozyme s o l u t i o n a f t e r 
t r e a t m e n t w i t h d i t h i o t h r e i t o l i n 9 M u r e a a t pH 8.0 as d e s c r i b e d 
above, was carboxymethylated w i t h sodium i o d o a c e t a t e (0.02 M) a t 
pH 4.6 and 25°C. f o r 24 h r , and p u r i f i e d by passage through a 
Sephadex G-25 column. H y d r o l y s i s o f lysozyme by t r y p s i n ( 1 % ) , 
and s e p a r a t i o n o f the p r o d u c t s were performed under the c o n d i 
t i o n s as p r e v i o u s l y d e s c r i b e d by J o l i e s e t a l . ( 1 2 ) . 

C h a r a c t e r i z a t i o n o f Enzyme-Substrate Complex by use o f 
C M - C h i t i n (Carboxymethyl C h i t i n J T C M - c h i t i n was prepared by 
c a r b o x y m e t h y l a t i o n o f c h i t i n a c c o r d i n g t o the method o f Imoto, 
Hayashi and Funatsu ( 1 3 ) . The o z o n i z e d lysozyme (1.3 mg) 
s o l u t i o n s a t d i f f e r e n t pHs were n e u t r a l i z e d w i t h NaOH o r HC1 t o 
pH 8.0 and the poured i n t o t h e column (1.5 X 4 cm.) c o n t a i n i n g 
w h i t e c o t t o n - l i k e C m - c h i t i n (-65 mg.), which was e q u i l i b r a t e d 
w i t h 0.1 M T r i s - C l b u f f e r pH 8.0. A l i q u o t s were e l u t e d f i r s t 
w i t h 0.1 M T r i s - C l pH 8.0 and then w i t h 0.2 M HAc. The 
absorbance o f the f r a c t i o n s was measured s p e c t r o p h o t o m e t r i c a l l y 
a t 280 nm. 

Reduction o f Ozonized Lysozyme. The r e d u c t i o n o f methionine 
s u l f o x i d e r e s i d u e s o f the p h o t o - o x i d i z e d lysozyme was a c h i e v e d by 
a l l o w i n g the enzyme t o r e a c t w i t h 2-mercaptoethanol i n aqueous 
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3. LEH AND MUDD Ozone with Lysozyme 25 

s o l u t i o n (14)· The same procedure was a p p l i e d t o reduce t h e 
methion i n e s u l f o x i d e r e s i d u e o f o z o n i z e d lysozyme. 

10 mg o f o z o n i z e d lysozyme i n 10 ml o f 0.1 M phosphate 
b u f f e r a t pH 7.0 was a l l o w e d t o r e a c t w i t h 200 ml o f 5% aqueous 
2-mereaptoethanol a t room temperature under n i t r o g e n atmosphere 
f o r 24 h r . A f t e r e x t e n s i v e d i a l y s i s a g a i n s t s e v e r a l changes o f 
c o l d , d i s t i l l e d w a t e r , t h e pH o f the t h i o l - f r e e s o l u t i o n was ad
j u s t e d t o 8.3 by t h e a d d i t i o n o f 0.1 M T r i s - C l b u f f e r s o l u t i o n . 
The s o l u t i o n was kept a t 38°C f o r 12 h r i n th e presence o f a 
t r a c e o f 2-mercaptoethanol (0.2 mg) and th e n c o n c e n t r a t e d , c h r o -
matographed on Sephadex G-25 column (1.5 X 100 cm.) and e l u t e d 
w i t h 0.2 Ν a c e t i c a c i d . The f r a c t i o n which had a b s o r p t i o n a t 
278 nm was c o l l e c t e d and l y o p h i l i z e d . The r e c o v e r e d product was 
d i s s o l v e d i n 0.1M phosphate b u f f e r f o r t h e l y t i c a c t i v i t y t e s t . 

C i r c u l a r D i c h r o i s m Measurements. C i r c u l a r d i c h r o i s m mea
surements were c a r r i e d out by u s i n g a Cary model 6002 s p e c t r o -
p o l a r i m e t e r c a l i b r a t e d w i t h d-10 camphor s u l f o n i c a c i d . A l l 
measurements were r u n a t room temperature i n t h e same 1 cm, 
q u a r t z c e l l o v e r t h e n e a r - u l t r a v i o l e t r e g i o n (250-330 nm). 
P r o t e i n c o n c e n t r a t i o n s were a p p r o x i m a t e l y 0.4%. C i r c u l a r 
d i c h r o i s m d a t a were p r e s e n t e d as mean r e s i d u e e l l i p t i c i t y [Θ], 
i n degrees X cm 2 X decimole"" 1. The same mean r e s i d u e weight 
112.4 was employed f o r n a t i v e lysozyme and i t s o z o n i z e d p r o d u c t s , 
s i n c e the d e v i a t i o n caused by th e o z o n o l y s i s o f few amino a c i d 
r e s i d u e s o f lysozyme i s f a r l e s s t h a n t h e e x p e r i m e n t a l e r r o r . 

Amino A c i d A n a l y s e s . Samples o f n a t i v e and o z o n i z e d l y s o 
zyme s were h y d r o l y z e d i n e v a c u a t e d , s e a l e d tubes w i t h 6N hydr o 
c h l o r i c a c i d a t 110 C f o r 24 h r . A f t e r b e i n g c o o l e d t o room 
t e m p e r a t u r e , t h e s o l u t i o n was a d j u s t e d t o pH 2 w i t h NaOH s o l u t i o n 
and brought t o mark i n a v o l u m e t r i c f l a s k w i t h sodium c i t r a t e 
b u f f e r pH 2.3. A p o r t i o n c o n t a i n i n g a s u i t a b l e amount o f t h e 
amino a c i d s was a p p l i e d t o a Beckman 120B amino a c i d a n a l y z e r . 

M e t h i o n i n e , m e t h i o n i n e s u l f o x i d e and t r y p t o p h a n were d e t e r 
mined a f t e r a l k a l i n e h y d r o l y s i s , s i n c e t h e y a r e known t o degrade 
d u r i n g a c i d h y d r o l y s i s . For t h i s p rupose, 3N NaOH was used. 
The h y d r o l y s e s were performed i n s e a l e d evacuated s i l i c o t u b e s 
a t 100°C f o r 17 h r . Then the s o l u t i o n s were c o o l e d , a c i d i f i e d t o 
about pH 2 w i t h cone. HC1 and a n a l y z e d f o r the amino a c i d com
p o s i t i o n . 

M o d i f i c a t i o n o f Tryptophan R e s i d u e s . Tryptophan r e s i d u e 
a l s o c o u l d be determined q u a n t i t a t i v e l y by a m o d i f i c a t i o n w i t h a 
s u l f e n y l a t i n g agent such as 2 - n i t r o p h e n y l s u l f e n y l c h l o r i d e i n 
30% a c e t i c a c i d ( 1 5 ) . S i n c e b o t h o x i d i z e d and s u l f e n y l a t e d 
t r y p t o p h a n gave c h a r a c t e r i s t i c a b s o r p t i o n a t 365 nm, the e x t e n t 
o f t r y p t o p h a n m o d i f i c a t i o n was c a l c u l a t e d from t h e mean d i f f e r 
ence between t h e s u l f e n y l a t e d p r o t e i n and the k y n u r e n i n e . The 
a b s o r p t i o n c o n t r i b u t e d by kynurenine was c o m p a r a t i v e l y weak. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
4 

| d
oi

: 1
0.

10
21

/b
k-

19
74

-0
00

3.
ch

00
3



26 AIR POLLUTION EFFECTS ON PLANT GROWTH 

S p e c t r o p h o t o m e t r y Measurements. The measurements o f u l t r a 
v i o l e t s p e c t r a were c a r r i e d o ut w i t h a Cary 15 spectrophotometer. 
The c o n t e n t s o f t r y p t o p h a n and t y r o s i n e were c a l c u l a t e d d i r e c t l y 
from two absorbances a t 288 and 280 nm by s o l v i n g two s i m u l 
taneous e q u a t i o n s as r e p o r t e d by Edelhoch (16)· 

R e s u l t s 

Loss o f the A c t i v i t y and t h e Change i n P r i m a r y S t r u c t u r e . 
Ozone causes t h e l o s s o f enzymic a c t i v i t y i n lysozyme as shown 
i n F i g u r e 1. The enzyme i s i n a c t i v a t e d l i n e a r l y u n t i l t h e 
a c t i v i t y i s reduced t o 5%. P r o l o n g i n g exposure o f lysozyme t o 
ozone causes f u r t h e r decrease i n enzymic a c t i v i t y . C o n t r o l ex
p e r i m e n t s , u s i n g gas streams w i t h o u t ozone, were c a r r i e d o ut i n 
t h e same c o n d i t i o n s and over t h e same p e r i o d s . F i g u r e 2 shows 
t h a t t h e a c t i v i t y o f b o t h c o n t r o l and o z o n i z e d lysozyme v a r i e s 
w i t h pH change. A l t h o u g h t h e o z o n i z e d p r o d u c t shows more ex
t e n s i v e dependence on pH t h a n the n a t i v e one, t h e optimum i s 
t h e same. 

I n o r d e r t o a n a l y s e the p r o p e r t i e s o f t h e i n a c t i v a t e d l y s o 
zyme, t h e enzyme was s u b j e c t e d t o f u r t h e r a n a l y s i s by e l e c t r o 
p h o r e s i s and chromatography. Both a n a l y s e s o f the samples a t 
v a r i o u s pHs, i n a c t i v a t e d t o t h e e x t e n t over 95%, i n d i c a t e d t h a t 
t h e p r o d u c t i s composed o f one peak. The o z o n i z e d lysozyme moved 
sl o w e r than t h e n a t i v e lysozyme on DEAE-Sephadex and the p r o d u c t s 
a t d i f f e r e n t pHs were r e a d i l y d i s t i n g u i s h e d from each o t h e r 
( F i g . 3 ) . However, a d i f f u s e band was observed f o r o z o n i z e d 
lysozyme as d i s t i n c t from a sharp band f o r n a t i v e lysozyme i n 
p o l y a c r y l a m i d e g e l ( 1 7 ) . The presence o f o n l y one band suggests 
t h a t t h e o z o n o l y s i s does not cause t h e cleavage o f p e p t i d e bonds 
and t h e r e m a i n i n g a c t i v i t y i s not due t o t h e presence o f a s m a l l 
amount o f u n m o d i f i e d lysozyme. 

P r e v i o u s s t u d y o f t h e r e a c t i o n o f ozone w i t h lysozyme i n 
anhydrous f o r m i c a c i d has demonstrated t h a t i n v e s t i g a t i o n o f t h e 
v a r i a t i o n s i n t h e u l t r a v i o l e t s p e c t r a o f lysozyme p r o v i d e d use
f u l i n f o r m a t i o n about t h e a l t e r a t i o n s o f p r i m a r y s t r u c t u r e 
brought about by ozone ( 6 ) . The u l t r a v i o l e t spectrum o f lysozyme 
r e s u l t s p r i n c i p a l l y from f o u r chromophoric amino a c i d r e s i d u e s : 
t r y p t o p h a n , t y r o s i n e , c y s t i n e , and p h e n y l a l a n i n e w i t h t h e major 
c o n t r i b u t i o n s from t r y p t o p h a n ( E 2 Q 3 = 4815; E 2 8 O = 5690) and 
t y r o s i n e ( E ^ 8 8 = 385; Ε 2 8 ο = 1280; r e s i d u e s . The c o n v e r s i o n o f 
t r y p t o p h a n i n t o Ν1-formyl-kynurenine by ozone can be f o l l o w e d by 
o b s e r v i n g a decrease o f t h e maximum absorbancy a t 280 nm w h i l e 
two peaks a r i s e a t 260 and 320 nm, c o r r e s p o n d i n g t o t h e two 
maxima o f Ν 1-formyl-kynurenine. The more r a p i d d isappearance o f 
absorbance a t 280 nm as t h e pH was changed from 4.6 t o 10.2 and 
t h e l e s s e r f o r m a t i o n o f Ν 1-f ormyl-kynurenine i n t h e more b a s i c 
s o l v e n t , suggested t h a t t h e o x i d a t i o n o f t y r o s i n e r e s i d u e s o c c u r s 
and i s pH-dependent. Amino a c i d a n a l y s e s r e v e a l t h a t c y s t i n e 
and p h e n y l a l a n i n e d i d not r e a c t w i t h ozone under t h e s e r e a c t i o n 
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3. LEH AND MUDD Ozone with Lysozyme 27 

Figure 1. Inactivation of lysozyme by ozone. 
Volumes of 4.8 ml of O.J M buffer containing 
2.814 mg of lysozyme were exposed to a gas 
stream of ozone in oxygen (1.8 nmole/min 
ozone). Aliquots were removed for enzyme 
assay as described in Materials and Methods. 

Figure 2. pH dependence of native 
and ozonized lysozyme activity. Vol
umes of 1.0 ml of 0.1 M buffer contain
ing 1.91 mg lysozyme were exposed to 
a gas stream of 03/02 at a flow rate of 
20 ml/min for 8 min. Ozone delivery 
was 1.5 nmoles/min. Samples were 
assayed at the different pHs as de
scribed in Materials and Methods. 

5.0 6.0 7.0 8.0 9.0 10.0 
pH 

Figure 3. Chromatography of native 
and ozonized lysozyme on DEAE 
Sephadex. Samples of lysozyme at the 
three different pHs were inactivated 
95-100% by ozone. The samples were 
applied to a column of DEAE-Sephadex 
A-50 (0.8 X 56 cm) and eluted with 
0.01M Tris-HCl pH 8.3 and a gradient 
of 0.01M NaCl. Fractions of 2 ml were 
collected. The results of four columns 

are plotted. 

τ ι 1 1 
NATIVE LYSOZYME 0—0 

.· OZONIZED pH 4.6 · — · -
I « pH 7.0 Ο — o H » pH 10.2 Δ — -Δ 

EFFLUENT VOLUME (ml) 
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28 AIR POLLUTION EFFECTS ON PLANT GROWTH 

c o n d i t i o n s ; t h i s f a c t and t h e o b s e r v a t i o n o f u.v. s p e c t r a t h a t 
kynurenine makes o n l y a s m a l l c o n t r i b u t i o n ( E 2 8 O = 2 1 0 ) t o t n e 

t o t a l absorbance a t 280 nm make i t r e a s o n a b l e t o c a l c u l a t e the 
e x t e n t o f t r y p t o p h a n and t y r o s i n e m o d i f i c a t i o n from absorbance 
measurements a t 288 and 280 nm by t h e method o f Edelhoch ( 1 6 ) . 
F u r t h e r c o n f i r m a t i o n can be o b t a i n e d by a d e t e r m i n a t i o n o f 
t r y p t o p h a n from t h e a b s o r p t i o n band a t 365 nm developed by 
s u l f e n y l a t i o n w i t h 2 - n i t r o p h e n y l s u l f e n y l c h l o r i d e ( 1 5 ) . B o t h 
t h e s e methods g i v e r e s u l t s i n good agreement w i t h those o b t a i n e d 
from amino a c i d a n a l y s e s ( T a b l e I ) . 

At pH 10.2, t h e u l t r a v i o l e t spectrum o f lysozyme ( F i g . 4) 
shows a sharp change o f 280 and 288 nm bands a f t e r treatment w i t h 
e q uimolar amounts o f ozone. At t h i s p o i n t , t h e lysozyme r e t a i n e d 
40% o f i t s a c t i v i t y . T h i s b e h a v i o r c o n t r a s t e d w i t h the l i n e a r 
changes o f 280 and 288 nm absorbance a t pH 4.6 and 7.0. 

L o c a t i o n o f the M o d i f i e d Residues. I n o r d e r t o determine 
the l o c a t i o n and number o f amino a c i d r e s i d u e s r e a c t e d w i t h 
ozone, the o z o n i z e d samples were a l l o w e d t o undergo cyanogen 
bromide cleavage and t r y p s i n d i g e s t i o n s . 

B o n a v i d a , M i l l e r and S e r c a r z (11) have demonstrated t h a t t h e 
r e a c t i o n o f n a t i v e lysozyme w i t h CNBr i s solvent-dependent. No 
r e a c t i o n o c c u r s i n e i t h e r 2N HC1 o r 10% f o r m i c a c i d , but t h e 
methionine can be q u a n t i t a t i v e l y c o n v e r t e d i n t o homoserine 
l a c t o n e w i t h concomitant cleavage o f the m e t h i o n y l p e p t i d e i n 
70% f o r m i c a c i d . Cleavage o f the m e t h i o n y l p e p t i d e bonds o f HEL 
s h o u l d r e s u l t i n the f o r m a t i o n o f two new f r e e amino groups a t 
r e s i d u e 13 ( l y s i n e ) and r e s i d u e 106 ( a s p a r a g i n e ) ; the r e a c t i o n o f 
CNBr w i t h o z o n i z e d HEL would be expected t o g i v e p a r t i a l c leavage 
o f t h e m e t h i o n y l p e p t i d e bond, because t h e o x i d i z e d product o f 
methionine methionine s u l f o x i d e w i l l not r e a c t w i t h cyanogen 
bromide (18) (Scheme 1 ) . For s e p a r a t i o n o f C N B r - t r e a t e d HEL 
p e p t i d e s , t h e o z o n i z e d HEL was p r e t r e a t e d w i t h d i t h i o t h r e i t o l 
(DTT) i n t h e presence o f 9M u r e a t o c l e a v e t h e d i s u l f i d e bonds. 
A f t e r removal o f CNBr and f o r m i c a c i d under reduced p r e s s u r e , the 
p r o d u c t was d i s s o l v e d i n 0.2N HAc and chromâtographed on a 
Sephadex G-25 column. Three peaks were o b t a i n e d as shown i n 
F i g u r e 5. Amino a c i d a n a l y s e s ( T a b l e I I ) i n d i c a t e d t h a t t h e 
f i r s t o f t h e s e peaks i s t h e sum o f t h e core p o l y p e p t i d e LJJ_ 
( r e s i d u e s 13-105), p l u s Ljy ( r e s i d u e s 13-129); t h e second i s the 
c a r b o x y l t e r m i n a l p e p t i d e LJJLI ( r e s i d u e s 106-129); and t h e t h i r d 
i s the a m i n o - t e r m i n a l dodecapeptide Lj_ ( r e s i d u e s 1-12). LJJ_ S 
L l l l L 1 V absorb a t 280 nm, whereas LJL has no t r y p t o p h a n o r 
t y r o s i n e r e s i d u e s and shows no a b s o r p t i o n a t 280 nm, but can be 
d e t e c t e d w i t h n i n h y d r i n a f t e r a l k a l i n e h y d r o l y s e s . T h i s r e s u l t 
r e v e a l s t h a t ozone causes t h e o x i d a t i o n o f t h e methionine r e s i d u e 
105 o f lysozyme. 

I n o r d e r t o determine the p o s i t i o n s o f t h e m o d i f i e d t r y p t o 
phan r e s i d u e s , t h e o z o n i z e d lysozyme a t pH 7.0 was r e d u c e d , c a r -
boxymethylated and d i g e s t e d w i t h t r y p s i n . The t r y p t o p h a n -
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30 AIR POLLUTION EFFECTS ON PLANT GROWTH 

J I I I I I 
100 200 300 400 500 600 

0,, nmoles 

Figure 4. Changes in UV absorbance of 
ozonized lysozyme. Volumes of 3.0 ml of O.I M 
buffer containing 0.59-1.11 mg lysozyme (ini
tial amounts of protein were different) were 
exposed to 03/02 at 20 ml/min. Ozone de
livery was 1.6 nmoles/min. Absorbance spec
tra were recorded at intervah and changes at 

280 and 288 nm were plotted. 

Figure 5. Separation of ozonized lyso
zyme CNBr fragments. The ozonized 
lysozyme was treated with CNBr as 
described in the Materiah and Meth
ods. The peptide mixture was applied 
to a column of Sephadex G-25 (3 χ 100 
cm) and eluted with 0.2N HAc at a 
flow rate of 0.5 ml/min. Fractions were 
assayed by measuring UV absorbance 
on ninhydrin color after alkaline hy

drolysis. 
30 50 70 
EFFLUENT VOLUME (ml) 

I I I I f 

*278 0.4 

3 ïêmmKuuxaxxxxxy/ 
20 40 60 80 10 20 30 

EFFLUENT VOLUME (ml) 

Figure 6. Binding of ozonized lysozyme to 
CM-chitin. Samples of lysozyme (1.3 mg) 
ozonized at different pHs to > 9 5 % inacti
vation were applied to a column of CM-
chitin (1.5 χ 4 cm). The elution sequence 
was firstly Tris-Cl and secondly 0.2N HAc. 
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3. LEH AND MUDD Ozone with Lysozyme 31 

Table I I . Amino a c i d c o m p o s i t i o n o f o z o n i z e d and cyanogen 
bromide t r e a t e d Hen Egg-White Lysozyme 
L 1 ( 1 0 0 % ) L l l l (23%) L 1 1 ( 2 3 % ) + L 1 V ( 7 7 % ) 

Amino a c i d t h e o r y found t h e o r y found t h e o r y found 

L y s i n e 1 . 0 1.13 0.23 0.26 4.77 4.72 

H i s t i d i n e 1 0.99 

A r g i n i n e 1.0 0.88 0.92 1.17 9.08 9.04 

A s p a r t i c a c i d 0.69 0.58 20.31 19.85 

Threonine 0.23 0.24 6.77 6.93 

S e r i n e 10.00 9.86 

Gl u t a m i c a c i d 1.0 0.84 0.23 0.29 3.77 3.82 

P r o l i n e 2.00 1.93 

G l y c i n e 1.0 0.91 0.46 0.43 10.54 10.71 

A l a n i n e 3.0 2.95 0.69 0.74 8.31 8.24 

H a l f - c y s t i n e 1.0 0.91 0.46 0.58 6.54 6.40 

V a l i n e 1.0 0.93 0.46 0.54 4.54 4.52 

M e t h i o n i n e * 

I s o l e u c i n e 0.23 0.29 5.77 5.73 

Le u c i n e 1.0 0.96 0.23 0.41 6.77 6.80 

T y r o s i n e * 3.00 2.55 

P h e n y l a l a n i n e 1.0 0.86 2.00 2.21 

Tryptophan* 0.69 0.31 5.31 4.06 

^ o z o n i z e d r e s i d u e s . 
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32 AIR POLLUTION EFFECTS ON PLANT GROWTH 

c o n t a i n i n g p e p t i d e s were s e p a r a t e d by t h e method d e s c r i b e d by 
J o l i e s e t al» ( 1 2 ) . The amino a c i d a n a l y s e s d a t a a r e l i s t e d i n 
Table I I I . The l o s s o f t r y p t o p h a n w i t h t h e appearance o f N'-
f o r m y l - k y n u r e n i n e i n p e p t i d e T 1 6 ( r e s i d u e s 98-112), and the 
complete r e s i s t a n c e o f t r y p t o p h a n i n p e p t i d e s T 1 0 ( r e s i d u e s 117-
1 2 5 ) , T l l f ( r e s i d u e s 22-23), and T 1 7 ( r e s i d u e s 62-68), i n d i c a t e d 
t h a t o f t h e s i x t r y p t o p h a n r e s i d u e s o n l y 108 and 111 are o x i 
d i z e d . The change o f the content o f t y r o s i n e r e s i d u e i n p e p t i d e 
T m shows t h a t o n l y t h e t y r o s i n e a t p o s i t i o n 23 i s m o d i f i e d . 

R e d u c t i o n o f Ozonized Lysozyme. Methionine s u l f o x i d e can 
r e v e r t t o methionine w i t h t h e g e n e r a t i o n o f t h e l y t i c a c t i v i t y 
f o r p h o t o - o x i d i z e d lysozyme ( 1 4 ) . We t e s t e d whether the o z o n i z e d 
lysozyme c o u l d be r e a c t i v a t e d by c h e m i c a l r e d u c t i o n . The ozon
i z e d lysozyme was t r e a t e d w i t h 2-mercaptoethanol, d i a l y s e d , 
p u r i f i e d by passage through a column o f Sephadex G-25 and l y o p h -
i l i z e d . The product showed no i n c r e a s e i n i t s l y t i c a c t i v i t y . 
T h i s i s not s u r p r i s i n g because r e s i d u e s o t h e r t h a n methionine are 
o x i d i z e d , but i t may be concluded t h a t t h e o x i d a t i o n o f m e t h i 
onine a l o n e cannot account f o r enzyme i n a c t i v a t i o n . 

E s t i m a t i o n o f the B i n d i n g S i t e . Tryptophan-108 shows a 
s p e c i f i c r e a c t i o n w i t h i o d i n e , d i s t i n g u i s h i n g i t from o t h e r tryp
tophan r e s i d u e s o f lysozyme. When t r y - 1 0 8 i s s e l e c t i v e l y o x i 
d i z e d by i o d i n e , lysozyme c o m p l e t e l y l o s e s i t s a c t i v i t y . Never
t h e l e s s , t h e lysozyme s t i l l shows t h e a b i l i t y t o form an enzyme-
s u b s t r a t e complex w i t h C M - c h i t i n . T h i s o b s e r v a t i o n c o n t r i b u t e s 
t o t h e c o n c l u s i o n t h a t t r y - C 2 i s an e s s e n t i a l b i n d i n g s i t e f o r 
a complex f o r m a t i o n ( 1 3 ) . A l l o z o n i z e d lysozymes formed s t r o n g 
complexes w i t h C M - c h i t i n and c o u l d o n l y be e l u t e d by 0.2N HA C 

( F i g . 6 ) . T h i s f u r t h e r c o n f i r m s t h a t two t r y p t o p h a n r e s i d u e s 
(108 and 111) a r e i n d i s p e n s i b l e f o r t h e h y d r o l y t i c a c t i o n o f 
lysozyme, and t h a t i n a c t i v a t i o n by ozone cannot be a t t r i b u t e d t o 
i n h i b i t i o n o f s u b s t r a t e b i n d i n g c a p a b i l i t y . 

C onformation. The near u l t r a v i o l e t CD ( c i r c u l a r d i c h r o i s m ) 
s p e c t r a o f n a t i v e lysozyme a t pH 4.6, 7.0 and 10.2 ( F i g . 7A) a r e 
c h a r a c t e r i z e d by t h r e e p o s i t i v e peaks a t 294, 288 and 282 nm and 
a l a r g e n e g a t i v e band a t 268-266 nm. These c i r c u l a r d i c h r o i s m 
p a t t e r n s are much l i k e t hose r e p o r t e d by o t h e r s (19,20,21). 
I n c r e a s i n g pH b r i n g s about i n c r e a s i n g l y p o s i t i v e e l l i p t i c i t y 
v a l u e s a t 255 nm and a t 295 nm, as w e l l as a l t e r n a t i o n i n t h e 
p o s i t i o n s o f t h e l a r g e n e g a t i v e band a t 268 nm. The change i n 
e l l i p t i c i t y a t 255 nm p a r a l l e l s t h e i o n i z a t i o n o f the t y r o s i n e 
r e s i d u e s i n which two o f t h e t h r e e t y r o s i n e r e s i d u e s are r e v e r s -
i b l y i o n i z e d . T h i s i n t e r p r e t a t i o n has been reached by t h e 
t y r o s i n e t i t r a t i o n (20,22). 

F i g u r e 7B r e p r e s e n t s t h e n e a r - u l t r a v i o l e t CD s p e c t r a o f 
o z o n i z e d lysozyme i n t h r e e d i f f e r e n t b u f f e r s o l u t i o n s . Comparing 
the CD s p e c t r a o f n a t i v e and o z o n i z e d lysozymes, one observes 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
4 

| d
oi

: 1
0.

10
21

/b
k-

19
74

-0
00

3.
ch

00
3



Ta
bl

e 
II

I.
 
Tr

yp
si

n 
di

ge
st

io
n 

fr
ac

ti
on

s 
of

 o
zo

ni
ze

d 
He

n 
Eg

g 
Wh

it
e 

Ly
so

zy
me

 
Nn

. 
of

 t
ry

pt
ic

 
pe

pt
id

es
 
ac

co
rd

in
g 

to
 J

ol
ie

s 
et

 a
l
. 

(1
2)

, 
m 

m 
Φ 

Am
in

o 
ac

id
 

χ
14

 
*1

6 
L17

 
th

eo
ry

 
fo

un
d 

th
eo

ry
 
fo

un
d 

th
eo

ry
 
fo

un
d 

th
eo

ry
 

fo
un

d 

Gl
yc

in
e 

1 
1.

04
 

2 
2.

06
 

2 
2.

03
 

1 
1.

03
 

Al
an

in
e 

1 
1.

12
 

2 
2.

15
 

2 
2.

04
 

Se
ri

ne
 

1 
0.

94
 

1 
1.

01
 

Ha
lf

-c
ys

ti
ne

 
1 

0.
89

 
1 

0.
95

 

Th
re

on
in

e 
1 

0.
95

 

Va
li

ne
 

1 
0.

93
 

1 
1.

16
 

2 
2.

20
 

Le
uc

in
e 

1 
1.

11
 

Is
ol

eu
ci

ne
 

1 
1.

02
 

1 
1.

15
 

Ty
ro

si
ne

* 
1 

0.
55

 

Tr
yp

to
ph

an
* 

1 
0.

97
 

1 
1.

14
 

2 
0.

37
 

2 
1.

93
 

As
pa

rt
ic

 
ac

id
 

1 
1.

24
 

1 
1.

16
 

3 
3.

08
 

2 
2.

01
 

Gl
ut

am
ic

 
ac

id
 

1 
0.

98
 

Ly
si

ne
 

1 
0..

96
 

Ar
si

ni
ne

 
1 

1.
16

 
1 

0.
93

 
1 

0.
88

 
«o

zo
ni

ze
d 

re
si

du
es

. 

> ζ β c! 8 ο 8 3 Ι •s 8 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
4 

| d
oi

: 1
0.

10
21

/b
k-

19
74

-0
00

3.
ch

00
3



AIR POLLUTION EFFECTS ON PLANT GROWTH 

250 270 290 310 250 270 290 310 330 
λ ( nm) 

Figure 7. CD spectra of native (A) and ozonized 
(B) lysozyme. Reproducibility of θ for each spec
trum was within 5% indicated by vertical bar. 
Other details are given in Materials and Methods. 

Scheme 1. Ozone treatment and 
CNBr fragmentation of lysozyme. 
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3. LEH AND MUDD Ozone with Lysozyme 35 

s e v e r a l i n t e r e s t i n g f e a t u r e s . I n g e n e r a l , the c i r c u l a r d i c h r o i s m 
s p e c t r a l o s e t h e i r f i n e s t r u c t u r e ; t h e p o s i t i v e band a t 295 nm 
and t h e n e g a t i v e band a t 268 nm d i s a p p e a r . At the lower pH, a 
new broad peak c e n t e r e d a t 300 nm i s observed w h i l e the i n t e n 
s i t i e s o f the bands o f n a t i v e lysozyme a t 282 nm and 288 nm a r e 
g r a d u a l l y reduced depending on the pH o f the s o l u t i o n . A p r o 
nounced e f f e c t i s observed f o r lysozyme o z o n i z e d a t pH 10.2 
a r i s i n g from d r a m a t i c s t r u c t u r a l change. As i t i s known t h a t t h e 
n e a r - u l t r a v i o l e t CD o f lysozyme i s e n t i r e l y dependent on the 
n a t i v e t e r t i a r y s t r u c t u r e o f the p r o t e i n , t h e spectrum can be 
co m p l e t e l y a b o l i s h e d due t o u n f o l d i n g the m o l e c u l e . T h i s r e s u l t 
c l o s e l y resembles t h e e f f e c t o f g u a n i d i n e h y d r o c h l o r i d e i n dena
t u r i n g lysozyme ( 2 3 ) . 

D i s c u s s i o n 

D i s t i n c t changes i n s e v e r a l p r o p e r t i e s o f lysozyme o c c u r 
a f t e r r e a c t i o n w i t h ozone. The l y t i c a c t i v i t y o f the o z o n i z e d 
lysozyme shows t h e same t r e n d a t v a r i o u s pHs as the n a t i v e enzyme 
( F i g . 2 ) ; t h i s may suggest t h a t t h e pK v a l u e s o f the i o n i z a b l e 
groups i n v o l v e d i n c a t a l y s i s have not been a l t e r e d by o z o n p l y s i s . 
The amino a c i d c o m p o s i t i o n o f o z o n i z e d lysozyme d i f f e r s from t h a t 
o f t h e n a t i v e enzyme i n t h r e e r e s i d u e s — m e t h i o n i n e , t r y p t o p h a n 
and t y r o s i n e . None o f the o t h e r amino a c i d s i s a f f e c t e d by ozone. 
The e x t e n s i v e l o s s o f enzymic a c t i v i t y must be a s c r i b e d t o the 
o x i d a t i v e m o d i f i c a t i o n o f the s e t h r e e amino a c i d r e s i d u e s i n the 
lysozyme. 

I n an e a r l i e r e xperiment, J o r i e t a l . (14) r e p o r t e d t h a t 
m e t h i o n y l r e s i d u e s a r e im p o r t a n t i n m a i n t a i n i n g t h e t e r t i a r y 
s t r u c t u r e o f lysozyme. The i n t r o d u c t i o n o f a p o l a r c e n t e r i n t o 
the a l i p h a t i c s i d e c h a i n o f m e t h i o n i n e , as a consequence o f the 
c o n v e r s i o n o f t h e t h i o e t h e r f u n c t i o n t o the s u l f o x i d e , may b r i n g 
about a s t r u c t u r a l change o f the lysozyme molecule w h i c h , i n 
t u r n , reduces t h e c a t a l y t i c e f f i c i e n c y . When o z o n i z e d lysozyme 
was t r e a t e d w i t h 2-mercaptoethanol i n an aqueous s o l u t i o n a c c o r d 
i n g t o the procedure o f J o r i et_ a l . ( 1 4 ) , the enzyme d i d not show 
any i n c r e a s e i n i t s a c t i v i t y . T h i s may be e x p l a i n e d i n two ways. 
I n one, such r e a c t i o n s a r e c o m p l i c a t e d by many s i d e r e a c t i o n s , 
e.g. s u l f h y d r y l - d i s u l f i d e i n t e r c h a n g e , a g g r e g a t i o n and p r e c i p i t a 
t i o n o f the m o d i f i e d enzyme (24-26). I n the o t h e r , t h e f a i l u r e 
t o r e c o v e r t h e a c t i v i t y o f the enzyme may by a s s o c i a t e d w i t h t h e 
e x t e n s i v e o x i d a t i o n o f o t h e r r e s i d u e s . 

Tryptophan 108 i s r e c o g n i z e d t o be an a c t i v e s i t e i n promot
i n g t h e h y d r o l y s i s o f 3 ( 1 , 4 ) - g l y c o s i d i c l i n k a g e s between amino 
sugar r e s i d u e s i n p o l y s a c c h a r i d e components o f the b a c t e r i a l c e l l 
w a l l s . T h i s r e s i d u e i s shown t o occupy the c l e f t as w e l l as 
tr y p t o p h a n 62 and 63, and i s i n a hydrophobic r e g i o n . Tryptophan 
r e s i d u e s 62 and 108 are i n d i s p e n s a b l e f o r the a c t i o n o f lysozyme, 
and t r y p t o p h a n 62 i s known t o be the o n l y b i n d i n g s i t e f o r t h e 
complex f o r m a t i o n ( 1 3 ) . O x i d a t i o n o f tryptophan-108 i s expected 
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36 AIR POLLUTION EFFECTS ON PLANT GROWTH 

t o cause the lysozyme t o c o m p l e t e l y l o s e i t s c a t a l y t i c a c t i v i t y , 
but t o r e t a i n c o m p l e t e l y i t s a b i l i t y t o form an enzyme-substrate 
complex w i t h C M - c h i t i n . T h i s p r e d i c t i o n i s i n agreement w i t h 
our o b s e r v a t i o n w i t h ozone and o t h e r s i n the r e a c t i o n o f t h e 
lysozyme w i t h i o d i n e (27,28). The h i g h s u s c e p t i b i l i t y o f t r y p t o 
phan 108 t o e l e c t r o p h i l e s l i k e ozone and i o d i n e may support t h e 
c o n c l u s i o n t h a t t h e same mechanism o p e r a t e s i n b o t h c a s e s . The 
i n d o l e Ν o f t r y - 1 0 8 i s hydrogen-bonded t o a main c h a i n carboxy 
and t h e 2 - p o s i t i o n i s i n c o n t a c t w i t h t h e carboxy o f g l u t a m i c 35 
( 2 7 ) . Both i n t e r a c t i o n s would i n c r e a s e the e l e c t r o n d e n s i t y o f 
t h e r i n g and so a c t i v a t e i t w i t h r e s p e c t t o a t t a c k by t h e e l e c t r o -
p h i l e . 

C i r c u l a r d i c h r o i s m was used t o e l u c i d a t e t h e c o n f o r m a t i o n a l 
change o f lysozyme upon o z o n o l y s i s . I n n a t i v e lysozyme, the 
s h o r t e r wavelength n e g a t i v e band i s a s s i g n e d t o a d i s u l f i d e 
t r a n s i t i o n and the l o n g e r wavelength p o s i t i v e bands are c o n t r i b u 
t e d t o by t y r o s i n e and t r y p t o p h a n ( 2 9 ) . By s y s t e m a t i c examina
t i o n o f the e f f e c t o f pH and c h e m i c a l m o d i f i c a t i o n , i t i s p o s s i b l e 
t o c o r r e l a t e t h e changes o f the observed e l l i p t i c i t y from d i f f e r 
ent chromophores w i t h t h e r e a c t i o n o f ozone. The r e s u l t s i n 
F i g u r e 7A i n d i c a t e t h a t l i t t l e a l t e r n a t i o n i n s t r u c t u r e o c c u r s 
by v a r y i n g pH between 4.6 and 10.2. The o x i d a t i o n o f t r y p t o p h a n 
108 and 111, however, a b o l i s h e s t h e p o s i t i v e e l l i p t i c i t y a t 294 nm 
( 2 1 ) , due t o t h e i n t e r r u p t i o n o f t h e c o u p l i n g o f the t r a n s i t i o n 
i n r e s i d u e s 108 and 111 w i t h i d e n t i c a l t r a n s i t i o n s i n o t h e r 
t r y p t o p h a n r e s i d u e s such as 28, 62, and 63 ( 3 0 ) . Other evidence 
s u p p o r t s t h i s c o n c l u s i o n from the c i r c u l a r d i c h r o i s m s t u d i e s on 
t h e o x i d a t i o n o f t r y p t o p h a n 108 by i o d i n e (21) and on t h e b i n d i n g 
o f o l i g o m e r s o f N-acetyl-D-glucosamine t o t r y - 1 0 8 ( 2 1 ) . Com
p a r i s o n o f t h e d i f f e r e n t s p e c t r a a t t h r e e pHs shows t h a t a c c e s s i 
b l e t y r o s i n e r e s i d u e s c o n t r i b u t e a p o s i t i v e band near 282 nm (20) 
and a n e g a t i v e band a t 255 nm. I o n i z a t i o n o f t h e s e t y r o s i n e 
r e s i d u e s l e a d s t o a d i m i n u t i o n o f b o t h p o s i t i v e and n e g a t i v e 
e l l i p t i c i t y . The change p a r a l l e l s t h e change o f pH. At h i g h pH, 
t h e i o n i z e d t y r o s i n e r e s i d u e i s p r e f e r e n t i a l l y a t t a c k e d by t h e 
ozone. T h i s independent study f u r t h e r i n d i c a t e s t h a t t h e pH 
e f f e c t s on t h e r e a c t i o n s o f ozone w i t h p r o t e i n are s i m i l a r t o 
those w i t h f r e e amino a c i d s ( 8 ) . P a r a l l e l i n g t h e appearance o f 
t h e a b s o r p t i o n a t 320 nm i n u.v. s p e c t r a , t h e new broader band a t 
299-304 nm i n t h e CD spectrum i s t e n t a t i v e l y a s s i g n e d t o t h e 
c o n t r i b u t i o n from N-formyl-kynurenine. 

S t r a i g h t - c h a i n o r l a r g e - r i n g d i s u l f i d e s c h a r a c t e r i s t i c a l l y 
generate a CD band between 249 and 260 nm (29,31). The o p t i c a l 
a c t i v i t y a r i s e s from i n h e r e n t dissymmetry, from asymmetric p e r 
t u r b a t i o n o r from b o t h ( 3 2 ) . I f t h e e x t e r n a l l y p e r t u r b i n g group 
i s u n a l t e r e d r e l a t i v e t o a f i x e d c o o r d i n a t e system, the r o t a t i o n 
around the d i s u l f i d e bond (change i n screw c o n f i g u r a t i o n ) would 
change the s i g n o f the o p t i c a l l y a c t i v e band. Barnes, Warren and 
Gordon (19) r e c e n t l y demonstrated t h a t t h e 258 nm band i n lysozyme 
a r i s e s p r i m a r i l y from the i n t r a m o l e c u l a r d i s u l f i d e bands and 
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3. LEH AND MUDD Ozone with Lysozyme 37 

a l t e r s w i t h t h e c o n f o r m a t i o n a l changes. Based on the amino a c i d 
a n a l y s i s showing t h a t t h e d i s u l f i d e bonds a r e not r e a c t e d w i t h 
ozone, t h e i n t e n s i t y o f th e CD band near 255-265 nm c o u l d be 
u t i l i z e d f o r t h e d i a g n o s i s o f s t r u c t u r a l change. T h i s band i s 
c o m p l e t e l y a b o l i s h e d i n t h e s p e c t r a o f o z o n i z e d lysozyme 
( F i g . 7B) i n d i c a t i n g the change o f s t r u c t u r e accompanying t h e 
m o d i f i c a t i o n o f amino a c i d r e s i d u e s by ozone. H o l l a d a y and 
Sophianopoulos ( 2 j 0 concluded t h a t t h e bands a t 288 and 294 nm 
are due " n e a r l y c o m p l e t e l y t o the t e r t i a r y and q u a t e r n a r y 
s t r u c t u r e " o f lysozyme and t h e y are c o m p l e t e l y a b o l i s h e d d u r i n g 
d e n a t u r i n g . S i n c e t h e s e bands a r i s e from the chromophores 
t y r o s i n e and t r y p t o p h a n which r e a c t w i t h ozone, t h e i n f o r m a t i o n 
from t h e CD s p e c t r a c o n c e r n i n g t h r e e d i m e n s i o n a l s t r u c t u r e i s 
l e s s dependable. 
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4 

Ozone Induced Alterations in the Metabolite Pools 
and Enzyme Activities of Plants 

D A V I D T. T I N G E Y 

Environmental Protection Agency, 200 S.W. 35th Street, Corvallis, Ore. 97330 

Abstract 

Acute or chronic ozone exposure may reduce plant growth and 
cause greater reductions in root growth than in top growth. 
These growth reductions a r e associated with m e t a b o l i c altera
tions. 

When soybean l e a v e s and pine n e e d l e s were exposed to ozone, 
there was an initial decrease in the levels of soluble sugars 
followed by a subsequent increase. Ozone exposure also caused a 
decrease in the activity of the glycolytic pathway and the de
cre a s e in the activity was reflected in a lowered rate of nitrate 
reduction. Amino acids and protein also accumulated in soybean 
leaves following exposure. Ozone increased t h e activities o f 
enzymes involved in phenol metabolism (phenylalanine ammonia 
lyase and polyphenoloxidase). There was also an increase in the 
levels of total p h e n o l s . Leachates from f e s c u e leaves exposed 
to ozone inhibited nodulation. 

Ozone-induced reductions in root growth resulted from 
altered foliage metabolism rather than from direct action upon 
the roots themselves. More specifically t he decrease in root 
growth p r o b a b l y resulted from a reduction in either translocation 
and/or the quality of the photos y n t h a t e translocated to the 
roots. S o l u b l e c a r b o h y d r a t e s and starch were at lower levels in 
roots of ponderosa p i n e exposed to low levels of ozone at the 
end of the growing season, while t he levels of amino acids and 
Kjeldahl nitrogen were higher. N o d u l a t i o n of legumes exposed t o 
ozone was reduced s u g g e s t i n g a reduction in the amount of nitro
gen fixed p e r plant. Root exudates from plants exposed to ozone 
also inhibited root growth and nodulation in other plants. 

I n t r o d u c t i o n 

P l a n t growth and development i s a c o o r d i n a t e d s e t o f i n t e r 
r e l a t e d e v e n t s . The growth o f v a r i o u s p l a n t p a r t s can i n f l u e n c e 
t h e growth o f o t h e r p a r t s through m e t a b o l i c a c t i v i t i e s ( 1 ) . 

40 
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4. TiNGEY Enzyme Activities of Plants 41 

Leaves s u p p l y t h e b u l k o f t h e p h o t o s y n t h a t e t h a t s u p p o r t s p l a n t 
growth w h i l e r o o t s absorb n e c e s s a r y water and m i n e r a l n u t r i e n t s . 
Leaves and r o o t s a l s o s y n t h e s i z e hormones t h a t i n f l u e n c e p l a n t 
growth and development. I t i s apparent t h a t reduced growth o f 
e i t h e r r o o t o r shoot would be r e f l e c t e d i n the growth and metabo
l i t e p o o l s o f o t h e r p l a n t p a r t s . An a i r p o l l u t a n t , such as 
ozone, would be expected t o reduce p l a n t growth (a) i f i t im
p a i r e d a r a t e l i m i t i n g s t e p i n growth; (b) i f i t made some p l a n t 
system r a t e - l i m i t i n g ; ( c ) i f i t reduced t h e a v a i l a b i l i t y o f a 
needed m e t a b o l i t e o r hormone a t the growth s i t e ; o r (d) i f i t 
caused t h e f o r m a t i o n o f a p h y t o t o x i c compound. 

The o b j e c t o f t h i s paper i s t o show t h a t b o t h a c u t e and 
c h r o n i c ozone exposures can e x e r t s i m i l a r e f f e c t s on p l a n t s by: 
(a) r e d u c i n g f o l i a g e and r o o t growth; (b) d i r e c t l y a l t e r i n g 
m e t a b o l i t e p o o l s and enzyme a c t i v i t i e s i n f o l i a g e ; ( c ) i n d i r e c t l y 
a l t e r i n g m e t a b o l i t e p o o l s i n r o o t s . The paper a l s o s uggests t h a t 
t h e s e a l t e r a t i o n s i n m e t a b o l i t e p o o l s i n l e a v e s and r o o t s c o u l d 
be a s s o c i a t e d w i t h observed r e d u c t i o n s i n p l a n t growth. 

E f f e c t s on P l a n t Growth 

P l a n t growth may be reduced by s i n g l e , m u l t i p l e o r c h r o n i c 
ozone exposures. Radishes r e c e i v i n g a s i n g l e ozone exposure a t 
d i f f e r e n t s t a g e s o f p l a n t development e x h i b i t e d growth r e d u c t i o n s 
r a n g i n g from 2 t o 15% f o r f o l i a g e and 15 t o 37% f o r r o o t growth 
(2) ( T a b l e I ) . When r a d i s h e s r e c e i v e d m u l t i p l e ozone e x p o s u r e s , 
growth r e d u c t i o n s ranged from 10 t o 27% f o r f o l i a g e and from 43 
t o 75% f o r r o o t growth ( T a b l e I ) . 

Table I . R e d u c t i o n i n R a d i s h Growth from S i n g l e o r M u l t i p l e 
Ozone E x p o s u r e s 1 

Time o f exposure 2/ 
P e r c e n t r e d u c t i o n -

. 2/ 
P e r c e n t r e d u c t i o n -

(days from s e e d i n g ) f o l i a g e d r y wt r o o t d r y wt 

21 2 15 
7 15 23 
14 10 37 
7 + 21 16 43 
14 + 21 10 54 
7 + 14 24 63 
7 + 1 4 + 2 1 27 75 

P l a n t s were grown and exposed t o 785 \xg/m ozone f o r 1.5 h r i n 
a c o n t r o l l e d environment f a c i l i t y and h a r v e s t e d a t 28 days from 
s e e d i n g . Means a r e based on 24 o b s e r v a t i o n s . 

Data from "Proceedings T h i r d I n t e r n a t i o n a l C l e a n A i r Congress" 
( 2 ) and u n p u b l i s h e d d a t a from Tingey and Dunning. 
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42 AIR POLLUTION EFFECTS ON PLANT GROWTH 

Growth r e d u c t i o n s from t h e m u l t i p l e exposures were a d d i t i v e t o 
the e f f e c t s o f t h e s i n g l e exposures. For a l l exposures t h e r e 
d u c t i o n i n r o o t growth was s u b s t a n t i a l l y l a r g e r t han t h a t i n 
f o l i a g e growth. C h r o n i c ozone exposures reduced t h e growth o f 
s e v e r a l p l a n t s ( T a b l e I I ) . Growth r e d u c t i o n s ranged from 5 t o 
70% f o r t op growth and 16 t o 73% f o r r o o t growth. Root growth 
was reduced more than t op growth i n a l l t r e a t m e n t s except t h e 
tobacco r e c e i v i n g t he 200 yg/m 3 ozone treatment where the r e d u c 
t i o n s were s i m i l a r i n magnitude. 

Changes i n P l a n t M e t a b o l i t e s 

I n g e n e r a l , t h e e f f e c t s o f an acu t e ozone exposure on p l a n t 
metabolism w i l l be i l l u s t r a t e d u s i n g d a t a from soybean, c v . Dare. 
The soybeans were exposed t o ozone f o r two h r when t h e f i r s t 
t r i f o l i a t e l e a f was 50 t o 60% expanded and a n a l y z e d f o r v a r i o u s 
m e t a b o l i t e s and enzyme a c t i v i t i e s a t 0, 24, 48 and 72 h r f o l l o w 
i n g t e r m i n a t i o n o f exposure. To i l l u s t r a t e t he e f f e c t s o f 
c h r o n i c ozone e x p o s u r e s , d a t a from Ponderosa p i n e s e e d l i n g s w i l l 
be used. Ponderosa p i n e were grown from seed under f i e l d c o n d i 
t i o n s and exposed t o 200 yg/m 3 o f ozone 6 h r per day throughout 
th e growing season. H a r v e s t s were made a t monthly i n t e r v a l s 
a f t e r t he i n i t i a t i o n o f exposure. 

Changes i n M e t a b o l i t e P o o l s i n F o l i a g e 
3 

In soybeans a s i n g l e a c ute ozone dose ( 0 , 490 o r 980 yg/m 
ozone f o r 2 h r ) s i g n i f i c a n t l y decreased the l e v e l o f r e d u c i n g 
sugars i m m e d i a t e l y f o l l o w i n g exposure, and t h e c o n c e n t r a t i o n s 
remained below t h e c o n t r o l l e v e l f o r 24 h r ( F i g . 1 ) . L e v e l s o f 
r e d u c i n g sugars were n o t d i f f e r e n t among t r e a t m e n t s a t 48 h r ; 
however, a f t e r 72 h r t h e r e d u c i n g sugar l e v e l i n p l a n t s r e c e i v 
i n g 980 yg/m 3 was h i g h e r than t h e c o n t r o l l e v e l (j3). The ozone 
treatme n t had no e f f e c t on s t a r c h c o n t e n t . 

S o l u b l e c a r b o h y d r a t e l e v e l s o f s e e d l i n g Ponderosa p i n e were 
a l t e r e d by a c h r o n i c ozone exposure (Tingey and W i l h o u r , un
p u b l i s h e d ) . The l e v e l o f s o l u b l e c a r b o h y d r a t e s was 10% below the 
c o n t r o l l e v e l one month a f t e r i n i t i a t i o n o f the exposure 
( F i g . 2 ) . At t h e second and subsequent h a r v e s t s , t h e r e were 
h i g h e r l e v e l s o f s o l u b l e c a r b o h y d r a t e s i n t h e t o p s o f exposed 
p l a n t s t h a n i n t h e c o n t r o l s . S t a r c h l e v e l s i n exposed f o l i a g e 
were e l e v a t e d above t h e c o n t r o l a f t e r two months o f exposure and 
s t a y e d t h e r e f o r t h e remainder o f t h e season. 

The ozone-induced d e p r e s s i o n i n s o l u b l e sugar l e v e l s ob
se r v e d i n soybean and p i n e c o u l d have r e s u l t e d from a d e p r e s s i o n 
i n t h e p h o t o s y n t h e t i c r a t e . H i l l and L i t t l e f i e l d (M_) r e p o r t e d 
t h a t 785 t o 1175 yg/m 3 ozone f o r 1/2 t o 1 1/2 h r reduced photo
s y n t h e s i s about 50% i n s e v e r a l p l a n t s p e c i e s . Ozone has a l s o 
been shown t o decrease t h e p h o t o s y n t h e s i s o f Ponderosa p i n e ( 5 ) . 
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HOURS AFTER TERMINATION OF EXPOSURE 
Physiologie Planta rum 

Figure 1. Effects of a single ozone exposure on the levels reducing sugars in 
soybean leaves (3). Each mean is based on four observations. 

90 

40 I 1 1 1 » 
1 2 3 4 5 

MONTHS AFTER INITIATION OF EXPOSURE 

Figure 2. Effect of chronic ozone exposure on the soluble carbohydrate 
leveh of seedling Ponderosa pine tops. Each mean is based on nine 

observations. 
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44 AIR POLLUTION EFFECTS ON PLANT GROWTH 

Table II· E f f e c t s o f C h r o n i c Ozone Exposures on P l a n t Growth 

1 . Ozone P e r c e n t r e d u c t i o n P e r c e n t r e d u c t i o n 
P l a n t — cone, (pg/m ) t o p d r y wt r o o t d r y wt 

R a d i s h 
Cherry B e l l e 0 

100 
0 

10 
0 

50 

A l f a l f a 
V e r n a l 0 

100 
200 

0 
13 
36 

0 
22 
57 

Soybean 
Dare 0 

200 
0 

28 

Soybean 
Hood 0 

200 
0 

16 

Tobacco 
B e l W3 0 

100 
200 

0 
10 
70 

0 
41 
73 

Data f o r r a d i s h i s from J . Amer. Soc. H o r t . S c i . ( 2 3 ) ; d a t a f o r 
t h e o t h e r p l a n t s i s u n p u b l i s h e d d a t a o f Tingey and R e i n e r t . 
Radishes were exposed f o r 5 weeks, a l f a l f a was exposed f o r 3 
months and soybean and tobacco were exposed 4 and 5 weeks. A l l 
p l a n t s were grown and exposed under greenhouse c o n d i t i o n s . 

The ozone-induced i n c r e a s e i n the l e v e l s o f s o l u b l e c a r b o 
h y d r a t e s i n soybean and Ponderosa p i n e f o l i a g e has a l s o been 
r e p o r t e d by o t h e r workers (£, 6, 7 ) . The i n c r e a s e i n s o l u b l e 
c a r b o h y d r a t e s i n the f o l i a g e c o u l d have r e s u l t e d from (a) r e 
duced sugar u t i l i z a t i o n ; (b) reduced sugar t r a n s l o c a t i o n , and/or 
( c ) the f a c t t h a t the sugar was r e n d e r e d u n a v i l a b l e f o r metabo
l i s m i n p r o d u c t s such as g l y c o s i d e s . I n any c a s e , the r e t e n t i o n 
o f c a r b o h y d r a t e s i n f o l i a g e c o u l d cause a r e d u c t i o n i n photo
s y n t h e s i s by feedback i n h i b i t i o n and would reduce the amount o f 
p h o t o s y n t h a t e a v a i l a b l e f o r t r a n s l o c a t i o n t o o t h e r p l a n t organs. 
The decrease i n a v a i l a b l e p hotosynthate f o r t r a n s l o c a t i o n c o u l d 
r e s u l t i n reduced growth o f the o t h e r p l a n t organs. 

Sugars can be m e t a b o l i z e d by e i t h e r g l y c o l y s i s o r by the 
pentose phosphate pathway. The a c t i v i t i e s i n these pathways can 
be determined by measuring t h e enzyme a c t i v i t i e s o f s e l e c t e d 
dehydrogenases i n each p a t h . I n soybean, ozone can a l t e r t h e 
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4. TINGEY Enzyme Activities of Pfonts 45 

a c t i v i t i e s o f s e l e c t e d enzymes i n the g l y c o l y t i c and pentose 
phosphate pathways ( 8 ) . A s i n g l e ozone exposure (980 yg/m 3 ozone 
f o r 2 h r ) depressed t h e a c t i v i t y o f g l y c e r a l d e h y d e 3-phosphate 
dehydrogenase (GPD) 20% and t h e a c t i v i t y o f the enzyme remained 
s i g n i f i c a n t l y below the c o n t r o l l e v e l f o r a t l e a s t 72 h r 
( F i g . 3A). C o n v e r s e l y , t h e a c t i v i t y o f g l u c o s e 6-phosphate dehy
drogenase (G6PD) was u n a f f e c t e d i m m e d i a t e ly f o l l o w i n g t h e ozone 
exposure; b u t w i t h i n 24 h r , t h e a c t i v i t y o f G6PD was s i g n i f i c a n t 
l y above t h e c o n t r o l l e v e l and i t remained t h e r e f o r a t l e a s t 
72 h r ( F i g . 3B). Another enzyme i n t h e pentose phosphate p a t h 
way, 6-phosphogluconate dehydrogenase, showed s i m i l a r t r e n d s t o 
G6PD ( T i n g e y , u n p u b l i s h e d ) . 

The ozone treat m e n t a p p a r e n t l y i n i t i a t e d changes i n t h e 
pathways o f car b o h y d r a t e metabolism, w i t h g l y c o l y s i s b e i n g r e 
duced w h i l e t he a c t i v i t y o f t h e pentose phosphate pathway was 
i n c r e a s e d . Rat l u n g t i s s u e exposed t o ozone a l s o e x h i b i t e d t he 
ozone-induced d e p r e s s i o n o f GPD and enhancement o f G6PD a c t i v i t y 
(9j 1 0 ) . The a c t i v a t i o n o f t h e pentose phosphate pathway i s a 
c h a r a c t e r i s t i c f e a t u r e o f d i s e a s e d p l a n t s ( 1 1 , 1 2 ) . 

I n p l a n t l e a v e s , n i t r a t e r e d u c t i o n r e q u i r e s NADH produced 
by g l y c o l y t i c a c t i v i t y ( 1 3 ) . The ozone-induced d e p r e s s i o n o f 
g l y c o l y t i c metabolism i n soybean l e a v e s was a l s o r e f l e c t e d i n a 
depressed r a t e o f n i t r a t e r e d u c t i o n (3_). A s i n g l e ozone ex
posure depressed t h e i n v i v o n i t r a t e r e d u c t a s e (NR) a c t i v i t y 
about 60% ( T a b l e I I I ) . To determine i f ozone a f f e c t e d t h e NR 
p r o t e i n d i r e c t l y , t h e i n v i t r o NR a c t i v i t y was determined i n 
l e a f e x t r a c t s from p l a n t s exposed t o 0 and 980 yg/m 3 ozone. 
The ozone treat m e n t had no s i g n i f i c a n t e f f e c t on th e i n v i t r o 
NR a c t i v i t y , i n d i c a t i n g t h a t i t d i d not i n a c t i v a t e t he NR p r o t e i n 
( T a b l e I I I ) . L e a f e x t r a c t s t h a t would c o u p l e t h e o x i d a t i o n o f 
f r u c t o s e - 1 , 6-diphosphate t o n i t r a t e r e d u c t i o n were prepared from 
l e a v e s exposed t o e i t h e r 0 o r 980 yg/m 3 ozone (*3). Ozone de
pr e s s e d t h e i n v i t r o c o u p l e d NR a c t i v i t y 58% ( T a b l e I I I ) , i n d i c a 
t i n g t h a t t h e observed ozone d e p r e s s i o n o f n i t r a t e r e d u c t i o n i n 
the i n v i v o l e a f d i s k a ssay r e s u l t e d from a d e p r e s s i o n i n t h e 
r a t e o f NADH f o r m a t i o n by GPD. 

In soybean l e a v e s exposed t o a s i n g l e acute ozone dose 
( 0 , 490 o r 980 yg/m 3 ozone f o r 2 h r ) t h e amino a c i d l e v e l was 
depressed i m m e d i a t e l y f o l l o w i n g exposure ( F i g . 4A) (3_). T h i s 
d e p r e s s i o n o f amino a c i d s was s i m i l a r t o t h a t observed i n l e v e l s 
o f r e d u c i n g sugars i m m e d i a t e l y f o l l o w i n g exposure and p r o b a b l y 
r e s u l t e d from a d e p r e s s i o n i n p h o t o s y n t h e s i s . W i t h i n 24 h r a f t e r 
e x p o sure, t h e amino a c i d l e v e l i n p l a n t s exposed t o 490 yg/m 3 

had r e t u r n e d t o t h e c o n t r o l l e v e l . However, i n p l a n t s exposed 
t o 980 yg/m 3, t h e amino a c i d l e v e l i n c r e a s e d above t h a t o f th e 
c o n t r o l . Concurrent w i t h t h e r i s e i n f r e e amino a c i d s was an 
i n c r e a s e i n p r o t e i n l e v e l i n exposed f o l i a g e ( F i g . 4B). The 
i n c r e a s e i n amino a c i d s f o l l o w i n g an ozone exposure has been r e 
p o r t e d by o t h e r workers ( 6 , 14, 1 5 ) ; however, i n th e s e c a s e s , t h e 
r i s e i n f r e e amino a c i d l e v e l was a s s o c i a t e d w i t h a d e c l i n e i n 
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Figure 3. Ozone alteration of dehydrogenases active in sugar oxidation in soybean 
leaves. Each mean is based on eight observations. 
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Figure 4. Effect of ozone on foliar levels of amino acids and protein 
in soybean leaves (3). Each mean is based on four observations. 
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48 AIR POLLUTION EFFECTS ON PLANT GROWTH 

f o l i a r p r o t e i n . 

Table I I I . E f f e c t s o f Ozone on N i t r a t e R e d u c t i o n 
i n Soybean Leaves-*-

NR a c t i v i t y Ozone cone. 
(N0~ ymol/g f r e s h wt/hr) (yg/m 3) 

0 980 

I n v i v o NR 
Le a f D i s c 18.0 7.3 

I n V i t r o 
NADH dependent NR 9.0 8.5 

I n V i t r o c o upled assay 3.3 1.4 
NADH dependent NR 

P l a n t s were exposed t o ozone f o r 2 h r and the 1 s t t r i f o l i a t e 
l e a v e s were assayed f o r enzyme a c t i v i t y i mmediately f o l l o w i n g 
exposure. Each mean i s based on 9 o b s e r v a t i o n s . 
Source : P h y s i o l . Plantarurn ( 3 ) . 

P r e l i m i n a r y s t u d i e s w i t h f i e l d - g r o w n a l f a l f a exposed t o c h r o n i c 
ozone l e v e l s (200 yg/m 3 throughout the growing season) i n d i c a t e d 
t h a t t h e l e v e l s o f amino a c i d s and p r o t e i n were i n c r e a s e d 19 and 
28% r e s p e c t i v e l y ( N e e l y and T i n g e y , u n p u b l i s h e d ) . 

The a c t i v i t i e s o f enzymes a s s o c i a t e d w i t h phenol metabolism 
i n soybean l e a v e s can be a l t e r e d by a s i n g l e ozone exposure 
(0 o r 980 yg/m 3 o f ozone f o r 2 h r ) ( T i n g e y , u n p u b l i s h e d ) . Imme
d i a t e l y f o l l o w i n g exposure, p h e n y l a l a n i n e ammonia l y a s e (PAL) 
a c t i v i t y was suppressed by ozone ( F i g . 5 ) . W i t h i n 24 h r , the 
PAL l e v e l i n exposed l e a v e s was s i g n i f i c a n t l y above t h a t o f the 
c o n t r o l . The a c t i v i t y o f p o l y p h e n o l o x i d a s e (ΡΡ0) i s suppressed 
immediately f o l l o w i n g ozone exposure ( F i g . 5 ) . A f t e r 24 h r , PPO 
a c t i v i t y i n exposed l e a v e s was g r e a t e r than t h a t i n the c o n t r o l 
and remained a t a h i g h e r l e v e l f o r the d u r a t i o n o f the ex
periment. PAL i s a key exzyme i n phenol b i o s y n t h e s i s and i t s 
a c t i v i t y i s u s u a l l y a s s o c i a t e d w i t h an i n c r e a s e i n phenol l e v e l s . 
The i n c r e a s e d enzyme a c t i v i t i e s suggested t h a t ozone-exposed 
l e a v e s s h o u l d c o n t a i n e l e v a t e d l e v e l s o f p h e n o l i c compounds and 
pheno l o x i d a t i o n p r o d u c t s . 

Ponderosa p i n e s e e d l i n g s exposed t o a c h r o n i c ozone dose 
(200 yg/m 3, 6 hr/day throughout the growing season) a l s o ex
h i b i t e d changes i n phenol metabolism (Tingey and W i l h o u r , un
p u b l i s h e d ) . Between the f i r s t and second months o f exposure, 
t o t a l p h enol c o n c e n t r a t i o n began t o i n c r e a s e i n f o l i a g e o f ex
posed Ponderosa p i n e s e e d l i n g s ( F i g . 6 ) . Throughout the remain-
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Figure 5. Ozone alteration of PAL and PPO activity in soybean leaves (8). 
Each mean is based on eight observations. 
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50 ABR POLLUTION EFFECTS ON PLANT GROWTH 

der o f the growing season, p h e n o l l e v e l s i n exposed p l a n t s ex
ceeded l e v e l s i n the c o n t r o l s . T h i s i n c r e a s e i n p h e n o l concen
t r a t i o n s was a s s o c i a t e d w i t h an i n c r e a s e i n t h e l e v e l o f s o l u b l e 
c a r b o h y d r a t e s ( F i g . 2) i n exposed p l a n t s . The c o n c u r r e n t i n 
c r e a s e i n s o l u b l e c a r b o h y d r a t e and phenols suggested t h a t ozone 
may have s t i m u l a t e d g l y c o s i d e f o r m a t i o n i n Ponderosa p i n e 
f o l i a g e . 

Ozone treatme n t i s known t o i n c r e a s e g l y c o s i d e and t o t a l 
p h e n o l l e v e l s i n p l a n t s ( 1 6 , 17, 18, 19) The i n c r e a s e i n enzymes 
o f p h e n o l metabolism and i n g l y c o s i d e s suggests t h a t some o f 
the pigments observed i n o z o n e - i n j u r e d t i s s u e a r e p h e n o l i c 
p r o d u c t s . H o w e l l and Kremer (18) have i s o l a t e d a r e d d i s h brown 
pigment complex from ozone t r e a t e d bean l e a v e s t h a t c o n t a i n e d 
c a f f e i c a c i d , amino a c i d s , sugars and some m e t a l s . The ozone-
induced s y n t h e s i s o f g l y c o s i d i c pigments would a l s o reduce the 
amount o f p h o t o s y n t h a t e a v a i l a b l e f o r t r a n s l o c a t i o n and growth. 

The e f f e c t s o f ozone are not l i m i t e d t o a l t e r i n g m e t a b o l i c 
p o o l s i n p l a n t f o l i a g e ; t h e y can a l s o induce t h e f o r m a t i o n o f 
t o x i c compounds. Leachate was c o l l e c t e d from f e s c u e l e a v e s 2 
weeks f o l l o w i n g a 2 h r exposure t o 590 yg/m 3 ozone and used t o 
i r r i g a t e c l o v e r p l a n t s ( 2 0 ) . Top and r o o t d r y weights o f l a d i n o 
c l o v e r were u n a f f e c t e d by l e a c h a t e from o z o n e - t r e a t e d f e s c u e 
l e a v e s . However, the l e a c h a t e from t h e ozone-exposed f e s c u e 
l e a v e s reduced the nodule number o f l a d i n o c l o v e r (Table I V ) . 

Table IV. E f f e c t o f Fescue L e a f Leachates on t h e Growth 
o f Ladino C l o v e r 

Top d r y Root d r y Nodule 
Treatment wt (g) wt (g) number 

Fescue l e a c h a t e 1.08 0.27 169 

Ozone t r e a t e d 
f e s c u e l e a c h a t e 1.02 0.24 78 
The c l o v e r p l a n t s were 1 month o l d when the a p p l i c a t i o n s o f 
f e s c u e l e a f l e a c h a t e s were i n i t i a t e d . The l e a c h a t e s were a p p l i e d 
t o t h e s o i l d a i l y f o r 1 month when the cover was h a r v e s t e d . 
Each mean i s based on 10 o b s e r v a t i o n s . Data from Kochhar ( 2 0 ) . 

The l e a c h a t e from ozone-exposed l e a v e s c o u l d a f f e c t p l a n t - p l a n t 
i n t e r a c t i o n s and i n f l u e n c e t h e p o p u l a t i o n o f s o i l m icroorganisms. 
These m e t a b o l i c a l t e r a t i o n i n p l a n t f o l i a g e c o u l d a l s o m odify 
l i t t e r t u r n o v e r r a t e s . 
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4. T I N G E Y Enzyme Activities of Plants 

Changes i n M e t a b o l i t e P o o l s i n Roots 

51 

The observed ozone-induced growth r e d u c t i o n s o f r o o t s c o u l d 
r e s u l t from (a) a d i r e c t t o x i c e f f e c t o f ozone on the r o o t , (b) 
an ozone m o d i f i c a t i o n o f t h e f o l i a g e metabolism which a l t e r s t h e 
q u a n t i t y and/or q u a l i t y o f m e t a b o l i t e s t r a n s l o c a t e d t o t h e r o o t s , 
o r ( c ) an a l t e r a t i o n i n s o i l c h e m i s t r y . 

S e v e r a l f a c t o r s suggested t h a t t h e observed r e d u c t i o n s i n 
r o o t growth were the r e s u l t o f ozone a l t e r i n g f o l i a g e metabolism 
r a t h e r than o f i t s d i r e c t e f f e c t on t h e r o o t . Ozone i s v e r y r e 
a c t i v e and would be u n l i k e l y t o p e n e t r a t e i n t o s o i l t h a t i s 
e i t h e r m o i s t o r c o n t a i n s o r g a n i c m a t t e r . An experiment was con
ducted t o determine i f a i r c o n t a i n i n g ozone c o u l d be drawn 
through s o i l columns (Blum and Ti n g e y , u n p u b l i s h e d ) . An a i r 
stream c o n t a i n i n g 980 ug/m3 ozone was drawn through s o i l columns 
and t h e n a n a l y z e d t o determine t h e ozone c o n c e n t r a t i o n i n a i r 
l e a v i n g the columns. D u r i n g the 2 h r exposure p e r i o d , 120 μ g o f 
ozone was a p p l i e d t o s o i l columns w i t h t h e s e c h a r a c t e r i s t i c s : 
a s u r f a c e a r e a o f 78.5 cm2 and 2 o r 4 cm deep; c o n t a i n i n g g r a v e l , 
sand, j i f f y mix o r j i f f y mix: g r a v e l ( 1 : 2 , V/V). However, no 
ozone c o u l d be d e t e c t e d i n t h e a i r stream e x i t i n g t h e columns. 
To determine the depth t h a t ozone c o u l d d i f f u s e i n t o t h e s o i l s , 
r educed 2, 6 - d i c h l o r o p h e n o l - i n d o p h e n o l was impregnated onto sand. 
The sand was p l a c e d i n an atmosphere c o n t a i n i n g 980 yg/m 3 ozone 
f o r 2 h r and the depth o f ozone p e n e t r a t i o n was measured as the 
depth t h a t t h e reduced dye on the sand was o x i d i z e d . By t h i s 
measure, ozone p e n e t r a t e d l e s s t h a n 20 mm i n t o sand (Blum and 
Ti n g e y , u n p u b l i s h e d ) . 

The a b i l i t y o f ozone t o i n d i r e c t l y a l t e r r o o t growth can be 
shown by t h e use o f r o o t exudates. Root exudates from f e s c u e 
p l a n t s exposed t o a s i n g l e ozone dose (590 ug/m 3 f o r 2 h r ) i n 
h i b i t e d t h e top and r o o t growth o f l a d i n o c l o v e r and a l s o reduced 
nodule numbers (Ta b l e V) ( 2 0 ) . 

Table V. E f f e c t s o f Root Exudates from Fescue P l a n t s Exposed 
t o Ozone on the Growth o f Ladino C l o v e r 

Top d r y Root d r y Nodule 
Treatment wt (g) wt (g) number 

Fescue r o o t 1.40 0.40 149 
exudate 
Ozone t r e a t e d 
f e s c u e r o o t exudate 1.19 0.31 101 
The f e s c u e p l a n t s were 1 month o l d when exposed t o 0 o r 
590 pg/m 3 ozone f o r 2 h r . The 1-month-old c l o v e r p l a n t s were ex
posed t o t h e fe s c u e r o o t exudates f o r 1 month and th e n h a r v e s t e d . 
Means a re based on 10 o b s e r v a t i o n s . Data from Kochhar ( 2 0 ) . 
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A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 
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Figure 6. The influence of chronic ozone exposure on the levels of 
total phenoh in the foliage of seedling Ponderosa pine. Each mean 

is based on nine observations. 

801 •
 1 1 

Figure 7. The effect of chronic ozone exposure on the hvels of 
carbohydrates in the roots of Ponderosa pine seedlings. Each mean 

is based on nine observations. 
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4. T I N G E Y Enzyme Activities of Pfonts 53 

Ozone e i t h e r i n d u c e d t h e f e s c u e p l a n t s t o form a p h y t o t o x i n o r 
caused some m e t a b o l i t e n e c e s s a r y f o r growth o r n o d u l a t i o n t o be 
removed from t h e r o o t exudate stream. I n e i t h e r c a s e , t h e ozone 
exposure o f the f o l i a g e i n f l u e n c e d t h e m e t a b o l i t e p o o l s i n t h e 
r o o t . Root exudates from ozone-exposed p l a n t s c o u l d a l s o i n 
f l u e n c e t h e t y p e o r number o f s o i l microorganisms i n t h e r h i z o -
sphere and a l t e r p l a n t - p l a n t i n t e r a c t i o n s . 

The l e v e l s o f s t o r e d c a r b o h y d r a t e s i n Ponderosa p i n e r o o t s 
were reduced by c h r o n i c ozone exposure (200 pg/m 3, 6 hr/day 
throughout t h e growing season) ( T i n g e y and W i l h o u r , u n p u b l i s h e d ) . 
The l e v e l o f s o l u b l e c a r b o h y d r a t e s i n r o o t s o f Ponderosa p i n e 
s e e d l i n g s exposed t o ozone tended t o be l e s s t h a n t h o s e i n t h e 
c o n t r o l l e v e l throughout most o f the season ( F i g . 7A). S t a r c h 
l e v e l s i n t h e r o o t s o f exposed and c o n t r o l p l a n t s were s i m i l a r 
u n t i l f a l l when s t a r c h s t o r a g e began. At t h a t t i m e , t h e exposed 
p l a n t s accumulated s t a r c h a t a s i g n i f i c a n t l y s l o w e r r a t e than 
th e c o n t r o l s ( F i g . 7B). T h i s r e d u c t i o n i n food r e s e r v e s c o u l d 
h i n d e r t h e i n i t i a t i o n o f growth the f o l l o w i n g s p r i n g . 

Wardlaw (21) has i n d i c a t e d t h a t t h e growth o f e s t a b l i s h e d 
s hoots appears t o have p r i o r i t y o v er t h e growth o f buds and 
r o o t s when t h e a s s i m i l a t e i s d e f i c i e n t . Roots and buds appear t o 
be t h e poor r e l a t i o n s among t h e p l a n t o r g a n s , r e c e i v i n g o n l y t h e 
pho t o s y n t h a t e i n excess o f t h e re q u i r e m e n t s o f o t h e r p a r t s . The 
ozone-induced d e p r e s s i o n o f p h o t o s y n t h e s i s c o u p l e d w i t h a r e t e n 
t i o n o f c a r b o h y d r a t e s i n t h e f o l i a g e and a r e d u c t i o n i n t r a n s 
l o c a t i o n o f ph o t o s y n t h a t e t o t h e r o o t s c o u l d e x p l a i n t h e r e d u c 
t i o n i n b o t h s t o r a g e m e t a b o l i t e s and r o o t growth. 

L e v e l s o f m e t a b o l i t e s o t h e r than c a r b o h y d r a t e s were a l s o 
a l t e r e d i n r o o t s o f Ponderosa p i n e s e e d l i n g s as a r e s u l t o f 
c h r o n i c ozone exposure ( T i n g e y and W i l h o u r , u n p u b l i s h e d ) . A f t e r 
t h r e e months o f exposure, which c o i n c i d e d w i t h t h e appearance o f 
v i s u a l i n j u r y , amino a c i d l e v e l s i n r o o t s o f exposed s e e d l i n g s 
were e l e v a t e d above those o f the c o n t r o l s ( F i g . 8A). The amino 
a c i d l e v e l s remained above t h a t o f t h e c o n t r o l f o r t h e remainder 
o f the season. A l s o the l e v e l s o f K j e l d a h l n i t r o g e n were h i g h e r 
i n r o o t s o f exposed than o f c o n t r o l p l a n t s throughout t h e season 
( F i g . 8B). 

A l t e r a t i o n s i n r o o t metabolism as a r e s u l t o f ozone t r e a t 
ment a r e a l s o r e f l e c t e d i n t h e n o d u l a t i o n o f soybeans ( 2 1 ) . When 
soybeans were exposed t o a s i n g l e acute ozone dose (1470 pg/m 3 

ozone f o r 1 h r ) and h a r v e s t e d a t weekly i n t e r v a l s f o l l o w i n g ex
po s u r e , nodule number i n c r e a s e d more s l o w l y i n exposed p l a n t s 
(2 nodules/wk) t h a n i n c o n t r o l p l a n t s (8 nodules/wk) ( F i g . 9 ) . 
A s i m i l a r t r e n d was seen i n t h e nodule weight p e r p l a n t and 
leghemoglobin c o n t e n t p e r nodule was not a f f e c t e d . T h i s i n d i c a 
t e d t h a t t h e e f f e c t o f the ozone t r e a t m e n t was t o reduce nodule 
number; t h e r e d u c t i o n o f nodule number caused a c o n c u r r e n t 
r e d u c t i o n i n t o t a l nodule weight and leghemoglobin p e r p l a n t . 
The decrease i n le g h e m o g l o b i n , an i n d i c a t o r o f n i t r o g e n f i x a t i o n 
c a p a c i t y (22) suggested t h e n i t r o g e n f i x a t i o n would a l s o be 
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A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

Figure 8. Ozone alteration of amino acid and Rjeldahl nitrogen levels in 
the roots of Ponderosa pine seedlings exposed to chronic ozone doses. Each 

mean is based on nine observations. 
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4. T I N G E Y Enzyme Activities of Plants 55 

< 5 0 h 

2 3 4 
WEEKS AFTER EXPOSURE 

Figure 9. Effect of a single ozone dose on the nodu
lation parameters of soybean. Each mean is based on 

10 observations. 
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56 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

reduced by t h e ozone t r e a t m e n t . Soybeans exposed t o 490 yg/m 3 

ozone f o r 3 hr/day, 3 days/week a l s o e x h i b i t e d a r e d u c t i o n i n 
nodule number and weight s i m i l a r t o t h a t r e s u l t i n g from an acute 
exposure (Weber, u n p u b l i s h e d ) . 
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5 

The Role of Potassium and Lipids in Ozone Injury to 
Plant Membranes 

ROBERT L. HEATH, PHROSENE CHIMIKLIS, and PAULA FREDERICK 

Departments of Biology and of Biochemistry, University of California, 
Riverside, Calif. 92502 

Low ozone concentrations damage green plants by mechanisms 
which remain o b s c u r e . The effects of ozone on cell constituents 
a r e multiple and diverse, ranging from changes in ribosomal 
formation (1) and soluble protein levels (2, 3), t o altered 
sulfhydryl c o n t e n t (4). I n many studies t h e changes observed 
a r e not immediate, but t a k e hours and sometimes even days t o 
d e v e l o p . However, t h e changes which a r e i m m e d i a t e l y n o t e d can 
usually be related to water loss from t h e leaf. I n fact, a 
commonly no t e d g r o s s visible symptom is a necrosis or a 
dessication-induced collapse o f t h e palisade layers (5). I n many 
cases, a c u t e injury results in closure o f t h e stomata which pre
vents ozone penetration and further water loss (6). 

Several major features o f ozone injury in pinto bean 
(Phaseo l u s vulgaris) have been noted by Dugger, Ting and their 
co-workers (5) and many of these findings apply in other plant 
systems as well. I n sum, their research has shown that t h e 
e x t e n t o f ozone s e n s i t i v i t y i s dependent upon ( a ) l e a f age, 
(b) p h o t o p e r i o d , ( c ) p l a n t water p o t e n t i a l and (d) r e l a t i v e 
c o n t e n t o f s o l u b l e sugars and amino a c i d s ( o r g a n i c a c i d s have 
not been examined). Furthermore, p e r m e a b i l i t y changes a r e 
commonly no t e d i n o z o n e - t r e a t e d t i s s u e s . Evans and T i n g (7_) have 
shown t h a t ozone exposure o f p l a n t s r e s u l t s i n a d e c l i n e i n 
R b 8 6 uptake and t h a t a l o s s o f R b 8 6 o c c u r s i n p r e l o a d e d l e a f 
d i s c s c u t from t h e p l a n t s soon a f t e r exposure. P e r c h o r o w i c z and 
T i n g (8) have a l s o shown changes i n g l u c o s e p e r m e a b i l i t y i n 
ozone-exposed bean l e a v e s . 

I t i s our h y p o t h e s i s t h a t t h e d i v e r s e responses o f green 
p l a n t s t o ozone i n j u r y which have been measured p r e v i o u s l y a r e 
due t o i o n i c imbalances induced by ozone. More s p e c i f i c a l l y , 
ozone appears t o induce g r o s s l e a k a g e o f K + out o f p l a n t c e l l s 
by some r e a c t i o n i n t h e membrane, and a b o l i s h e s uptake o f t h i s 
i o n by i n h i b i t i o n o f a "K + pump" l o c a t e d on t h e plasmalemma. 
Ozone i n t e r a c t i o n s w i t h t h e membrane are b e l i e v e d t o i n v o l v e 
b o t h c r i t i c a l s u l f h y d r a l groups and f a t t y a c i d r e s i d u e s and t h e y 
may cause changes i n t h e membrane's f l u i d i t y . 

58 
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5. H E A T H E T A L . Injury to Fiant Membranes 59 

Ozone i s a v e r y r e a c t i v e gas and i s h i g h l y s o l u b l e i n water 
( 9 ) ; c o n s e q u e n t l y , i t seems u n l i k e l y t h a t ozone c o u l d a v o i d r e 
a c t i n g w i t h t h e plasmalemma as i t passes i n t o t h e c e l l , Coulson 
and Heath (10) have demonstrated such r e a c t i v i t y u s i n g i s o l a t e d 
c h l o r o p l a s t s ( T a b l e I ) . Ozone bubbled i n t o an aqueous s o l u t i o n 
c o n t a i n i n g i s o l a t e d grana s t a c k s i n h i b i t s e l e c t r o n t r a n s p o r t , 
as measured by t h e r e d u c t i o n o f f e r r i c y a n i d e . S i m i l a r doses o f 
ozone a l s o i n h i b i t b i c a r b o n a t e - s t i m u l a t e d oxygen e v o l u t i o n i n 
i n t a c t c h l o r o p l a s t s . I f , a f t e r ozone t r e a t m e n t , t h e i n t a c t 
p l a s t i d s a r e o s m o t i c a l l y r u p t u r e d and t h e grana a r e r e l e a s e d , 
the e l e c t r o n f l o w i n these grana i s u n a f f e c t e d ( T a b l e I , C ) . These 
o b s e r v a t i o n s i n d i c a t e t h a t ozone must e i t h e r a l t e r t h e o u t e r 
membrane o f th e i n t a c t p l a s t i d o r i n t e r a c t w i t h t h e C O 2 - f i x i n g 
enzymes i n the stroma. An a l t e r a t i o n i n p e r m e a b i l i t y o f t h e 
c h l o r o p l a s t 1 s membranes has been demonstrated by Nobel and Wang 
( 1 1 ) , who n o t e d t h a t the r e f l e c t i o n c o e f f i c i e n t o f s e v e r a l o r 
g a n i c m o l e c u l e s was markedly lowered i n p l a s t i d s exposed t o 
ozone· 

The i n a b i l i t y o f t h e plasmalemma o f o z o n e - t r e a t e d c e l l s t o 
r e t a i n K + was f i r s t n o t ed by C h i m i k l i s and Heath ( 1 2 ) . A 
c a t i o n - s p e c i f i c e l e c t r o d e c o u p l e d t o an a n t i l o g c o n v e r t e r was 
used t o change t h e " N e r s t - e q u a t i o n " response o f t h e e l e c t r o d e 
o u t p u t i n t o a l i n e a r r e c o r d i n g . A t y p i c a l response i s shown 
i n F i g u r e 1. Experiments a r e performed a t 38 C i n lOmM 
T r i s - C l , 1 mM C a C l 2 , a t pH 8 o r 9 u s i n g C h l o r e l l a s o r o k i n i a n a 
( s t r a i n 07-11-05, a t h e r m o p h i l i c s t r a i n ) . A f t e r 10 t o 20 min 
o f s u s p e n s i o n , t h e r a t e o f K+ l o s s becomes c o n s t a n t . The 
apparent "slow l e a k " o f K+ out o f t h e c e l l was shown t o i n d i c a t e 
an exchange o f K+ i n s i d e t h e c e l l w i t h T r i s o u t s i d e ( 1 3 ) , 
p o s s i b l y s i m i l a r t o the exchange mechanism d e s c r i b e d by B a r b e r 
and coworkers ( 1 4 ) . As shown h e r e , oxygen bubbled i n t o the 
system has no apparent e f f e c t upon t h i s l e a k . The l o s s 
c o n t i n u e s f o r more tha n t h r e e h r , f i n a l l y c e a s i n g upon r e a c h i n g 
a s t e a d y - s t a t e l e v e l o f e x t e r n a l and i n t e r n a l K+. Ozone 
bubbled i n t o t h i s system causes a r a p i d i n c r e a s e i n t h e r a t e o f 
K+ l o s s ; t h e s t e a d y - s t a t e r a t e i s v a r i a b l e and dependent on the 
i n f l u x and e f f l u x o f K + ( d e s c r i b e d l a t e r ) . I t i s i m p o r t a n t t o 
note t h a t t h e ozone-induced l e a k o c c u r s i m m e d i a t e l y ( w i t h i n t e n s 
o f s e c o n d s ) . 

F i g u r e 2 d e p i c t s the temperature dependence o f t h e 
" c o n t r o l " K + l e a k a g e and ozone-induced K+ l e a k a g e as an 
A r r h e n i u s p l o t . The s l o p e o f b o t h l i n e s i s about 15 k c a l / m o l e , 
i n d i c a t i n g t h e same membrane-mediated e f f l u x mechanism. Ozone 
does no t change t h e energy o f a c t i v a t i o n , but m e rely s t i m u l a t e s 
t h e e f f l u x by a f a c t o r o f n e a r l y 8 a t a l l t e m p e r a t u r e s . T h i s 
s u g g e s t s t h a t ozone does not induce a random d i s r u p t i o n o r a 
d i s i n t e g r a t i o n o f t h e membrane. 

At 38°C t h e h i g h l e a k a g e r a t e ceases r a p i d l y , but not 
i m m e d i a t e l y , upon c e s s a t i o n o f ozone b u b b l i n g ( t a k i n g 5-7 min 
t o r e t u r n t o the c o n t r o l l e v e l ) . At pH 8 o r 9, t h e ozone 
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60 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

Table I . I n h i b i t i o n o f e l e c t r o n f l o w i n i s o l a t e d c h l o r o p l a s t s 
by ozone 

A. I s o l a t e d Grana S t a c k s ( F e r r i c y a n i d e Reduction) 

P r e p a r a t i o n Age (min) 0^ dose (nmoles) % I n h i b i t i o n 

20-60 80 20 ± 4 
tf 220 30 ± 2 
" 490 40 ± 2 

B. I n t a c t P l a s t i d s ( B i c a r b o n a t e - S t i m u l a t e d 0^ E v o l u t i o n ) 

P r e p a r a t i o n Age (min) 0^ dose (nmoles) % I n h i b i t i o n 

20-50 400 36 ± 8 
60-100 11 47 

110-145 » 31 ± 12 

C. O s m o t i c a l l y Ruptured I n t a c t P l a s t i d s ( F e r r i c y a n i d e Reduction) 

P r e p a r a t i o n Age (min) 0 dose (nmoles) % I n h i b i t i o n 

80 3 ± 3 
11 ' 9 ± 3 
" 3 ± 2 

(± r e p r e s e n t s e i t h e r S.D. f o r A and C o r v a r i a t i o n f o r B.) 

20-60 
tt 

tt 

These d a t a a r e from Coulson and Heath ( 1 0 ) . The 0^ doses were 
d e l i v e r e d f o r s h o r t t i m e s (5 min i n P a r t A, and 1 min i n P a r t s 
Β ε C) t o p r e v e n t breakage o f the p l a s t i d s . I n P a r t C, the 
i n t a c t p l a s t i d s were t r e a t e d as i n Β and then o s m o t i c a l l y 
checked by r e s u s p e n s i o n i n a s o l u t i o n c o n t a i n i n g no osmoticium, 
b e f o r e a s s a y i n g as i n P a r t A. F e r r i c y a n i d e r e d u c t i o n was 
measured s p e c t r o p h o t o m e t r i c a l l y . 
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5. H E A T H E T A L . Injury to Pfont Membranes 61 

150 180 210 

Minutes 

Figure 1. Kinetics of K+ efflux from Chlorella under Os 

stress. External K* measured with cation-specific elec
trode (Beckman Instruments, Fullerton, model #39137) 
with 107 cells/ml suspended in a 10 mM Tris-Cl, ImM 
CaCl2, pH 9 solution (10 ml, total volume). Control efflux 
(φ—·) is linear after 20 min (denoted as 0 time here). 
The addition of Og ( — ) for 30 min and continuous Os 

(Ο—Ο)> 26 μmoles/liter air flow (25 cc/min) are shown. 
The electrode output is amplified by an electrometer 

coupled to an antilog converter ( 12,13). 

Figure 2. Arrhenius plot of K* efflux 
from Chlorella under Os stress. Rate 
of K+ efflux was measured by dividing 
the time rate of change of external K+ 

(measured as in Figure 1) by the num
ber of cells leaking K+. Both rates 
(control φ—·; + 0 , Ο — Ο ) are the 
steady-state rates of efflux. The ener
gies of activation are 14 zt 4 and 15 
± 3 kcal/mole for the control and 

+ O s , respectively. 

Temperature (*C) 

38 26 20 15 

3.2 3.3 3.4 3.5 

103/T 
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62 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

Temperature (*C) 

38 30 26 

ο 

ο 
Ε w Ο 
Ζ 

0 10 20 30 

Minutes ( After +0 3 ) 

3.3 
ΙΟ 3 /Τ 

Figure 3. Return of the K+ efflux to the control rate after Os stress. A. Rate after 
exposure. The cells are exposed to Os as in Figure 1 for 5 min at different tempera
tures. The efflux rates vary as shown in Figure 2. But when these Os-induced K+ 

efflux rates are normalized to I, it is char that the time required to return to the 
control rate also varies with the temperature. B. Arrhenius plot of the half-time for 
return. The Tl/2 represents the time required for the efflux rate to return half-way 

to the control rate (0.56 normalized rate). 
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5. H E A T H E T A L . Injury to Pfont Membranes 63 

Figure 4. The transport of 86Rb by 
Chlorella under Os stress A. Control 
efflux from pre-loaded cells. A culture 
of 38°C-grown C . sorokiniana was 
preloaded with 86Rb for 24 hrs. CeUs 
were concentrated by centrifugation, 
washed, and resuspended as described 
in Figure 1, and assayed for 86Rb hss 
by millipore filtration. The cells were 
dried, bleached, and counted by liquid 
scintiUation as described by Fredrick 
and Heath (24). B. Influx into cells. 
A culture of exponentially growing C . 
sorokiniana was centrifugea, washed, 
resuspended in the Tris-Cl solution 
(see Figure 1) plus 100 μΜ KCl, and 
placed in a 38°C water bath. At time 
intervals after 8eRb addition, samples 
of cells were assayed as described 

in A. 
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r e m a i n i n g i n s o l u t i o n i s r a p i d l y broken down (9) and, t h u s , i s 
not i n v o l v e d i n t h e r e c o v e r y o f lower leakage r a t e s . At l o w e r 
t e m p e r a t u r e s , not o n l y i s t h e r a t e o f the ozone-induced leakage 
l o w e r , but the r e t u r n t o c o n t r o l l e v e l i s a l s o s l o w e r . T h i s i s 
shown i n F i g u r e 3A where the ozone-induced leakage r a t e i s 
n o r m a l i z e d ( t o u n i t y ) f o r a l l temperatures. The c o n t r o l r a t e 
i s about 0.12 a t a l l temperatures and t h e i n c r e a s i n g time r e 
q u i r e d f o r r e t u r n t o t h e c o n t r o l r a t e a t l ower temperatures can 
be e a s i l y seen. F i g u r e 3B shows the temperature dependence o f 
t h e h a l f - t i m e o f t h e K + l e a k c e s s a t i o n p r o c e s s , a g a i n as an 
A r r h e n i u s p l o t . The s l o p e o f the l i n e i n d i c a t e s an energy o f 
a c t i v a t i o n o f about 16 ± 2 k c a l / m o l e , w i t h a p o s s i b l e d i s 
c o n t i n u i t y a t 15°C ( a l s o observed i n F i g . 3A where the r a t e o f 
o z o n e - s t i m u l a t e d K + l e a k does not r e t u r n t o the c o n t r o l l e v e l ) . 
T h i s energy o f a c t i v a t i o n i s h i g h enough t o i n d i c a t e t h e 
o p e r a t i o n o f an a c t i v e r e p a i r mechanism and not j u s t a p h y s i c a l 
p r o c e s s . 

These K + measurements have monitored net K + f l u x a c r o s s 
t h e membrane. The above d a t a can be more e a s i l y i n t e r p r e t e d i f 
R b 8 6 i s used as a u n i d i r e c t i o n a l t r a c e r o f K + movement i n 
C h l o r e l l a . F i g u r e 4A shows a f f l e a k - o u t f f o r e f f l u x experiment 
w i t h C h l o r e l l a p r e v i o u s l y l o a d e d w i t h R b 8 6 o v e r n i g h t ( f o r 6+ 
g e n e r a t i o n s ) . These c e l l s a re washed and suspended i n a 
s o l u t i o n o f T r i s - C l a t 38°C, as above. The c o n t r o l , bubbled 
w i t h oxygen, shows l i t t l e l o s s o f K + ( n e a r l y l i n e a r w i t h a 
20 dpm l o s s / m i n ) . With the a d d i t i o n o f ozone t o t h e s o l u t i o n , 
a r a p i d l o s s o f i n t r a - c e l l u l a r Rb 8^ o c c u r s ( e x p o n e n t i a l l o s s , 
i n i t i a l r a t e = 1000 dpm l o s s / m i n ) , o r the u n i d i r e c t i o n a l e f f l u x 
i s i n c r e a s e d by ozone by a f a c t o r o f n e a r l y 50. The e x t e r n a l 
Rb 8^ c o n c e n t r a t i o n reaches s t e a d y - s t a t e a t about 20-25 min 
when the c o n c e n t r a t i o n o f e x t e r n a l K + i s n e a r l y e q u a l t o t h a t 
o f i n t e r n a l K +, as measured by t h e R b 8 6 s p e c i f i c a c t i v i t y . 

When ozone i s t u r n e d - o f f a t some p o i n t d u r i n g t h i s r a p i d 
l o s s p e r i o d , t h e h i g h r a t e o f R b 8 6 leakage ceases w i t h i n 
2-3 min and r e t u r n s t o the c o n t r o l leakage r a t e . Thus, t h i s 
p e r m e a b i l i t y change, measured by e f f l u x , appears t o be 
r e v e r s i b l e , as i s net K + leakage measured w i t h the c a t i o n e l e c 
t r o d e . 

The i n f l u x o f K + i s thought t o be c o n t r o l l e d by a "pump" 
( 1 5 ) . F i g u r e 4B shows the i n f l u x o f R b 8 6 (as a K + t r a c e r ) 
w i t h normally-grown c e l l s . The R b 8 6 i s p l a c e d i n the s t a n d a r d 
e x t e r n a l medium w i t h 100 uM KC1. A f t e r a s m a l l , r a p i d uptake 
o f R b 8 6 i n t o t h e c e l l — t h o u g h t t o be due t o Rb 8° b i n d i n g t o 
the c e l l w a l l o r l o d g i n g w i t h i n the apparent f r e e space 
(15 , 16) — t h e r a t e o f i n c r e a s e i n i n t r a c e l l u l a r R b 8 6 ( o r K + ) 
i s l i n e a r ( 1 0 5 DPM/30 min) f o r c e l l s bubbled w i t h oxygen. 
However, ozone b u b b l i n g i n h i b i t s t h e Rb 8^ uptake n e a r l y com
p l e t e l y ( 5 % o f the c o n t r o l r a t e = 5 χ 1 0 3 DPM/30 mi n ) . The 
e f f e c t o f ozone on the i n f l u x , u n l i k e t h e e f f e c t on l e a k a g e , i s 
i r r e v e r s i b l e o ver a t l e a s t 30 min. T u r n i n g - o f f t h e ozone a f t e r 
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5. H E A T H E T A L . Injury to Plant Membranes 65 

5 min o f b u b b l i n g does not r e s u l t i n r e s t o r a t i o n o f the i n f l u x 
r a t e t o the c o n t r o l l e v e l . Thus, w h i l e the i n f l u x i s i r r e 
v e r s i b l y i n h i b i t e d ( n e a r l y c o m p l e t e l y ) by ozone, t h e e f f l u x i s 
r e v e r s i b l y i n c r e a s e d ( g r e a t l y ) by i t . The i n f l u x o f R b 8 6 i s 
a l s o i n h i b i t e d by s u l f h y d r y l r e a g e n t s such as H g + + and p-
ch l o r o m e r c u r i b e n z o a t e ( d a t a not shown). The e f f l u x o f Rb 8^ has 
not been i n v e s t i g a t e d c o m p l e t e l y , b u t t h e K + l o s s a t 38°C 
measured by t h e c a t i o n - s p e c i f i c e l e c t r o d e i s not a l t e r e d much 
e i t h e r by a n t i b i o t i c s such as v a l i n o m y c i n o r n i g e r i c i n , o r by 
m e t a b o l i c i n h i b i t o r s such as N 2> CO o r DNP. 

These e f f e c t s o f ozone on the p e r m e a b i l i t y o f t h i s a l g a l 
system may be summed up as f o l l o w s : d u r i n g exposure, K + l e a k s 
out o f the c e l l and cannot be pumped back i n ; even when exposure 
i s d i s c o n t i n u e d and the K + l e a k has ceased, t h e c e l l i s s t i l l 
u nable t o r e s t o r e t h e l o s t K+; i f a c r i t i c a l l e v e l o f c e l l u l a r 
K+ has been l o s t a t t h i s p o i n t , t u r g o r p r e s s u r e and water con
t e n t become d e p r e s s e d , t h e m e t a b o l i c c o n t r o l p r o v i d e d by i o n i c 
b a l a n c e i s l o s t and g e n e r a l m e t a b o l i c a l t e r a t i o n s s h o u l d be 
observed ( 1 7 ) . 

S t u d i e s on the growth o f C h l o r e l l a f o l l o w i n g ozone t r e a t 
ment l e n d g e n e r a l support t o the sequence o f events o u t l i n e d 
above. C e l l s t r e a t e d w i t h ozone f o r 10 min under t h e above 
c o n d i t i o n s l o s e 1 0 ~ 1 5 moles o f K + / c e l l ( o u t o f 5.3 χ 10"* 1 5 moles/ 
c e l l ) , do not resume growth f o r a t l e a s t 10 h r and become 
bl e a c h e d when p l a c e d i n normal growth medium. U n t r e a t e d c e l l s 
resume o p t i m a l growth p a t t e r n s w i t h i n 2-3 h r . 

By way o f comparison w i t h h i g h e r p l a n t systems, i t s h o u l d 
be n o t e d t h a t t h e amount o f K + i n t h e l e a f (measured i n 
Phaseolus v u l g a r i s ) r e a c h e s a maximum (on a f r e s h weight b a s i s ) 
a t a p p r o x i m a t e l y the same time as t h e l e a f 1 s maximal s e n s i t i v i t y 
t o ozone ( 2 ^ 5 ; F i g . 5 ) . T h i s p e r i o d o c c u r s when t h e l e a f 
e x pansion r a t e i s g r e a t e s t . D u r i n g t h e developmental p e r i o d 
when h i g h t u r g o r p r e s s u r e s a r e thought t o be r e q u i r e d f o r 
expansion o f w a l l e d c e l l s ( 1 8 ) , h i g h i n t r a c e l l u l a r K + l e v e l s 
would be exp e c t e d . Dugger e t a l . (19) have shown t h a t l e a f 
s o l u b l e sugar l e v e l s a r e m i n i m a l a t the p e r i o d o f g r e a t e s t ozone 
s e n s i t i v i t y . I t appea r s , t h e r e f o r e , t h a t t u r g o r p r e s s u r e w i t h i n 
the l e f t c e l l may a l t e r n a t e l y d e r i v e from e i t h e r h i g h K + o r h i g h 
s o l u b l e sugar (•+ o r g a n i c a c i d s ? ) l e v e l s . F urthermore, our p r e 
l i m i n a r y d a t a s u p p o r t s p r e v i o u s d a t a (20) which shows a d i u r n a l 
f l u c t u a t i o n o f l e a f K + ( w i t h a maximum a t about 4-5 h r f o l l o w 
i n g t h e s t a r t o f the day p e r i o d , which a l s o c o r r e s p o n d s t o t h e 
d i u r n a l p e r i o d o f maximum ozone s e n s i t i v i t y (2_))· 

I t i s our h y p o t h e s i s t h a t t h e presence o f l a r g e amounts o f 
K + i n t h e c e l l i s a major d e t e r m i n i n g f a c t o r i n ozone i n j u r y 
a t t h e c e l l u l a r l e v e l . The a l t e r a t i o n o f K + p e r m e a b i l i t y 
( c o u p l e d w i t h an i n h i b i t i o n o f the mechanism f o r r e g a i n i n g t h e 
l o s t K + ) causes a l a r g e l o s s o f K + (down an e l e c t r o - c h e m i c a l 
p o t e n t i a l g r a d i e n t ) f o l l o w e d by a r a p i d l o s s o f os m o t i c water. 
I t i s u l t i m a t e l y t h i s l o s s o f osm o t i c water which l e a d s t o 
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d e h y d r a t i o n and i o n i c imbalances w i t h i n the c e l l . We f e e l i t 
i s t h e s e events which t r i g g e r t h e subsequent m e t a b o l i c changes 
which have been observed o v e r t h e l a s t decade ( 5 ) . 

A f u l l u n d e r s t a n d i n g o f t h e i n j u r y p r o c e s s s h o u l d a l s o i n 
c l u d e knowledge o f the i n i t i a l p o i n t s o f ozone a t t a c k . Two 
b i o c h e m i c a l s — u n s a t u r a t e d f a t t y a c i d s and s u l f h y d r y l s — a r e 
g e n e r a l l y r e g a r d e d as p r i m a r y s i t e s o f ozone i n j u r y ( 4 , 2 1 ) . 
To b e t t e r s t u d y t h e p o s s i b l e r e a c t i o n s o f t h e s e compounds, a 
d i f f e r e n t i a l ozone-uptake i n s t r u m e n t was c o n s t r u c t e d ( F i g . 6 ) . 
In t h i s system, t h e u l t r a v i o l e t absorbance o f ozone p r o v i d e s a 
method f o r q u a n t i f y i n g ozone uptake by aqueous s o l u t i o n s . Pure 
d r y O2 gas passes t h r o u g h a f l o w meter i n t o an ozone g e n e r a t o r 
c o n s i s t i n g o f u l t r a v i o l e t lamps i n an aluminum c y l i n d e r (10)· 
The m i x t u r e o f ozone and oxygen passes t h r o u g h a v a l v e A which 
d i r e c t s t h e f l o w t h r o u g h an a c t i v a t e d c h a r c o a l f i l t e r ( Scrub I ) 
t o remove ozone f o r c o n t r o l samples. The f l o w t h e n passes 
t h r o u g h a 10 cm p a t h l e n g t h q u a r t z c e l l i n t h e sample compart
ment o f a Cary Spectrophotometer (Model 15) and t h e n t h r o u g h 
v a l v e Β which d i r e c t s i t i n t o t h e r e a c t i o n v e s s e l . Unreacted 
gas passes out o f t h i s v e s s e l and t h r o u g h v a l v e C which can 
d i r e c t the gas t h r o u g h a second a c t i v a t e d c h a r c o a l f i l t e r 
( S crub 2) t o remove ozone. The f l o w f i n a l l y passes t h r o u g h a 
second q u a r t z c e l l i n t h e r e f e r e n c e compartment o f the s p e c t r o 
photometer and out t h r o u g h a v e n t . 

The t y p i c a l t r a c e o b t a i n e d w i t h t h i s i n s t r u m e n t ( F i g . 7) 
can be used t o e x p l a i n t h e o p e r a t i o n o f t h e system. The absorb
ance r e c o r d e d by t h e spectrophotometer w i t h b o t h Scrubs t u r n e d 
i n i s shown as a f u n c t i o n o f time ( t h e r i g h t - h a n d o r d i n a t e i s 
c o n v e r t e d t o ppm ozone by u s i n g an e x t i n c t i o n c o e f f i c i e n t ( 2 2 ) ) . 
Scrub 1 p r o v i d e s a base l i n e f o r t h e absorbance (no ozone). At 
2 min, Scrub 1 i s removed and t h e a b s o r p t i o n r i s e s t o a l e v e l 
c a l c u l a t e d t o be 250-260 ppm o f ozone. A 30 second l a g o c c u r s 
due t o t h e volume o f t h e system. The r e a c t i o n v e s s e l i s added 
t o t h e f l o w r o u t e a t M- min, and a t 8 min Scrub 2 i s removed. 
The absorbance v a l u e now r e c o r d e d i s t h e amount o f ozone absorbed 
by t h e system between the sample and r e f e r e n c e c u v e t t e s . Most 
o f t h i s i s due t o breakdown o f ozone i n t h e a l k a l i n e s o l u t i o n 
c o n t a i n e d i n t h e r e a c t i o n v e s s e l . I f t h i s s o l u t i o n i s r e p l a c e d 
by 1 Ν NaOH, absorbance a t t h i s p o i n t i s much h i g h e r ; when t h e 
s o l u t i o n i s 0.1 N HC1, absorbance i s v e r y low. T h i s corresponds 
w i t h t h e known r a t e o f ozone breakdown as a f u n c t i o n o f pH (j3). 
I f l i n o l e n i c a c i d (Sigma c h e m i c a l , 99% p u r e , C18:3 ( 9 c , 12c, 
1 5 c ) ) i n acetone i s added t o t h e r e a c t i o n medium (+ i n t h e 
f i g u r e ) , the absorbance r i s e s r a p i d l y t o a r e l a t i v e l y h i g h v a l u e 
o f 210 ppm, i n d i c a t i n g t h a t most o f t h e ozone i s removed by t h e 
l i n o l e n i c a c i d s o l u t i o n . A f t e r 2 t o 3 min, t h i s h i g h absorbance 
d e c l i n e s s l o w l y t o a l o w e r v a l u e . A low s t e a d y - s t a t e absorbance 
i s r e a c h e d i n about 12-15 min. I n o r d e r t o c o n v e r t t h i s r e c o r d 
i n g t o a r a t e o f ozone breakdown, the d i f f e r e n c e i n absorbance 
between w i t h (+) and w i t h o u t (-) added l i n o l e n i c a c i d i s 
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5. H E A T H E T A L . Injury to Plant Membranes 

Figure 5. Age-dependent concentra
tions of K + within the primary leaves 
of Phaseolus vulgaris L. var. red pinto. 
The concentration of K+ (O—O) ob
served in primary leaves of Phaseolus 
vulgaris at successive ages from seed. 
Leaves were measured for area 
(·—·), washed with 10 mM CaClg, 
digested with HNO$, and K* was 
measured (after neutralization of the 
solution) with a cation electrode. 
Growth conditions were as previously 

described (7, 8). 

14 18 
LEAF AGE FROM SEED 

Figure 6. Schematic of apparatus measuring Os uptake. 
Ozone was generated by the flow of the carrier gasses 
over UV lamps, as in (10). The scrubs (I and 2) are 
bypass tubes filled with activated charcoal used to de
compose Os. Valves A, B, and C provide different paths 
for the gas flow. The bubble tube contained 50 ml of 

solution and has been previously described (24). 
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m u l t i p l i e d by t h e f l o w r a t e o f a i r t o o b t a i n ml O^/min decom
posed. 

The c o n c e n t r a t i o n o f ozone t a k e n up by t h e media c o n t a i n i n g 
l i n o l e n i c a c i d i s p l o t t e d a g a i n s t time a f t e r a d d i t i o n i n 
F i g u r e 8. The r a t e o f ozone breakdown i s c o n s t a n t (ozone uptake 
l i n e a r w i t h t i m e ) f o r the f i r s t two min u n t i l about 0.12 ml ozone 
are absorbed and then t h e r a t e decreases s h a r p l y , r e a c h i n g a 
s t e a d y - s t a t e r a t e o f ozone uptake between 10-12 min. T h i s f i r s t 
break i n the curve corresponds t o an ozone uptake o f 0.12 ml 
+ (24 m o l e s / l i t e r ) = 0.005 m i l l i m o l e s ( o r ΙΟ""4 M). T h i s i s 
e q u i v a l e n t t o 1 mole o f l i n o l e n i c a c i d added p e r mole ozone 
absorbed. T h i o b a r b i t u r i c a c i d r e a c t a n t p r o d u c t i o n i s a l s o 
p l o t t e d on the same a x i s . T h i s compound (TBA r e a c t a n t ) p r o b a b l y 
a r i s e s by f o r m a t i o n o f a t h r e e - c a r b o n fragment (malondialdehyde) 
from t h e ozone-induced o x i d a t i o n o f l i n o l e n i c a c i d ( 2 3 ) . The 
r a t e o f TBA r e a c t a n t f o r m a t i o n i s a l s o l i n e a r f o r t h e f i r s t 2 
min a t which p o i n t the curve undergoes a l e s s pronounced break. 
Malondialdehyde f o r m a t i o n ceases i m m e d i a tely when the ozone i s 
shut o f f (Scrub 1 o n ) . An oxygen c o n t r o l sample produced no 
malondialdehyde. 

The amount o f TBA r e a c t a n t can be c o n v e r t e d i n t o moles o f 
malondialdehyde by the e x t i n c t i o n c o e f f i c i e n t o f 155 mM" cm""** 
ozone ( 2 2 ) , and t h e y i e l d o f t h i s r e a c t i o n , o r r a t i o o f 
malondialdehyde/ozone taken-up, i s shown i n F i g u r e 9. N o t i c e 
t h a t the y i e l d f o r o z o n e - t r e a t e d l i n o l e n i c a c i d v a r i e s w i t h 
time o f r e a c t i o n from about 3% t o over 30%. These r e s u l t s 
d i f f e r from those f o r l i p i d p e r o x i d a t i o n r e a c t i o n s which a l s o 
g i v e r i s e t o malondialdehyde but have y i e l d s o f 2-5% ( 2 3 ) . 

Malondialdehyde f o r m a t i o n can be used t o h e l p c h a r a c t e r i z e 
the p r i m a r y s i t e o f ozone a t t a c k i n the C h l o r e l l a system. 
F r e d e r i c k and Heath (24) have demonstrated t h a t C h l o r e l l a sub
j e c t e d t o ozone l o s e t h e i r v i a b i l i t y e x p o n e n t i a l l y w i t h exposure 
t i m e . C e l l d e ath i s determined by t h e a b i l i t y o f the c e l l s t o 
form c o l o n i e s on agar p l a t e s supplemented w i t h g l u c o s e . I n 
F i g u r e 10, the v i a b l e c e l l s a r e shown as a f u n c t i o n o f time o f 
ozone exposure. A f t e r about 5 min c e l l s b e g i n t o d i e , and a f t e r 
20 min o f exposure l e s s t han 2% o f the o r i g i n a l c e l l s a r e v i a b l e . 
Ozone uptake (measured as d e s c r i b e d above) i s a l s o shown i n t h i s 
f i g u r e . Much l e s s than 0.1 ^ n o l e s o f ozone (<5 χ 1 0 * " m o l e s / 
c e l l ) can be observed t o be absorbed when the c e l l s a r e a l i v e , 
but w i t h the l o s s o f v i a b i l i t y , ozone uptake b e g i n s . The same 
f i g u r e shows the p r o d u c t i o n o f malondialdehyde, which a l s o 
b e g i n s as the c e l l s b e g i n t o l o s e v i a b i l i t y . The k i n e t i c s f o r 
b o t h ozone uptake and malondialdehyde p r o d u c t i o n seem t o be 
e x p o n e n t i a l and a r e n e a r l y t h e i n v e r s e o f the v i a b i l i t y d e c l i n e . 

The k i n e t i c s o f these p r o c e s s e s are t a b u l a t e d i n Table I I , 
f o r exposure t i m e s o f 10, 15 and 20 min. The r a t i o o f 
malondialdehyde t o ozone uptake i s h i g h a t f i r s t (9%) and then 
d e c l i n e s . The k i n e t i c s o f these r a t i o s a r e d i f f e r e n t than those 
f o r ozone r e a c t i o n s w i t h f r e e f a t t y a c i d s , but t h e r a t i o i s o f 
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5. H E A T H E T A L . Injury to Pfont Membranes 

Figure 7. Trace of an Os uptake measurement. The 
uptake of Os by the instrument (see Figure 6) and by a 
solution in the bubble tube is measured by the UV spec
tral absorption difference. The ppm of (Os) concentration 
was calculated based on an extinction coefficient of 138 
atm'1 (22). Scrub out refers to a valve change resulting 
in the removal of the indicated scrub from the system. 
Linolenic acid (100 μΜ, final concentration in 0.5 ml 
acetone) is added where indicated 0.5 ml(+). The total 
solution in the bubble tube is 50 mM Tris-Cl pH 8.2 (50 
ml). An injection of acetone alone provided the control 

trace (—). 

Figure 8. The kinetics of Os uptake 
and Thiobarbituric acid reactant pro
duced by ozonolysis of linolenic acid. 
From the Os uptake described in 
Figure 7, the amount of Os is calcu
lated by integrating the area under 
the -\-l-linolenic curve (in ppm/min) 
and multiplying by the air flow rate 
(ml/min). The Thiobarbituric acid 
(TBA) reactant assayed according to 
Heath à- Packer (23), is given as 
absorbance difference (A 532-A 580). 

Ί Γ 

TIME (min) 
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0.001 , i . i . 
0 2 4 6 θ 10 

T IME (min) 

Figure 9. Stoichiometry between mal
ondialdehyde formation and Os up
take. The data from Figure 8 was 
used to construct this curve, by con
verting ml of Os taken up into moles 
by the perfect gas volume at 25°C 
(24 I/mole) and by converting the 
TBA reactant value into malondialde
hyde formed by using an extinction 
coefficient of 155 m M " 1 cm"1 (23). 
Different symbols refer to separate 

experiments. 

0 10 2 0 

TIME OF EXPOSURE (min) 

Figure 10. Production of malondialdehyde, the 
change in Chlorella viability and uptake of 03 by a 
suspension of Chlorella cells. A sample from a culture 
of 38°C grown C . sorokiniana var. pacificensis (3 X JO 7 

cells/ml autotrophic medium) was treated with 180 
ppm ozone. Thiobarbituric acid reactants were assayed 
by the method of Heath ù- Packer (23), viable cells 
by phting on glucose-supplemented agar medium, and 
ozone uptake on a Gary spectrophotometer as de

scribed in Figures 6—8. 
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5. H E A T H E T A L . Injury to fiant Membranes 71 

the same o r d e r o f magnitude. The ozone absorbed per n o n - v i a b l e 
c e l l i s low a t f i r s t and then r i s e s . At the l o w e s t i t c o r r e 
sponds t o about 3 χ 1 0 8 m o l e c u l e s ozone broken down per k i l l e d -
c e l l , n e a r l y t h a t observed f o r E. c o l i by Mc N a i r - S c o t t and 
Lesher ( 2 5 ) . 

Table I I . K i n e t i c a n a l y s i s 

O3 Exposure 
time (min) 

Malondialdehyde ( mole ) 
ozone uptake ( mole ) 

Ozone uptake per 
n o n - v i a b l e c e l l 
(moles Oq/dead c e l l ) 

10 9.1% 5 Χ 1 0 " 1 6 

15 7.1% 13 
20 5.1% 42 

These r a t i o s a r e from c a l c u l a t i o n s o f the d a t a i n F i g . 10. 

The ozone-induced f o r m a t i o n o f malondialdehyde s h o u l d a l s o 
be o b s e r v a b l e as a l o s s o f u n s a t u r a t e d f a t t y a c i d s from C h l o r e l l a 
(24) ( T a b l e I I I ) . Table I I I shows the average percentage o f 
t o t a l f a t t y a c i d c o n c e n t r a t i o n s f o r t h e f i v e major f a t t y a c i d s 
found i n t h i s a l g a . Column f o u r shows t h e changes i n the f a t t y 
a c i d a f t e r c e l l s a r e exposed t o ozone f o r 50 min ( e x p r e s s e d as 
a r a t i o o f f a t t y a c i d i n ozone-exposed c e l l s t o f a t t y a c i d i n 
the o x y g e n a t e d - c o n t r o l c e l l s ) . The l a s t column g i v e s the c o n f i 
dence l e v e l as determined by v a r i a n c e a n a l y s i s . I t i s h i g h l y 
p r o b a b l e t h a t t h e amount o f C16:0 i n c r e a s e s ( i n percentage 
c o n c e n t r a t i o n ) w i t h ozone exposure, w h i l e C16:3 d e c r e a s e s . I f 
we assume t h a t C16:0 a c t u a l l y remains c o n s t a n t , but t h a t t h e 
o t h e r f a t t y a c i d s f a l l i n c o n c e n t r a t i o n , the decrease i n C16:3 
and 18:3 l e v e l s i s seen t o be c o n s i d e r a b l e . I t can be c a l c u l a t e d 
t hen t h a t t h e t o t a l apparent l o s s o f u n s a t u r a t e d f a t t y a c i d s 
(even the n o n - s i g n i f i c a n t l o s s ) i s o n l y about 3% o f the t o t a l 
f a t t y a c i d w i t h i n t h e c e l l (0.075 out o f 2.5 χ 1 0 " 1 5 moles f a t t y 
a c i d / c e l l ) . From the t o t a l l o s s o f t r i u n s a t u r a t e d f a t t y a c i d s 
i t can be c a l c u l a t e d t h a t about 20% o f th e t r i u n s a t u r a t e s a r e 
c o n v e r t e d i n t o malondialdehyde. Though th e s e d a t a do not d e f i n e 
the p r i m a r y s i t e o f ozone i n j u r y as f a t t y a c i d s , t h e y do serve t o 
i n d i c a t e the l e t h a l p o s s i b i l i t i e s o f o x i d a t i o n o f a r e l a t i v e l y 
s m a l l percentage o f these m o l e c u l e s . 

The second c l a s s o f b i o c h e m i c a l s which i s s i g n i f i c a n t l y o x i 
d i z e d by ozone i s s u l f h y d r y l s . The d i - s u l f h y d r y l compound, 
d i t h i o t h r e i t o l (DTT), r e a d i l y l o s e s 2 Η t o form a c y c l i c d i s u l f i d e 
( 2 6 ) . T h i s compound i s used t o study how ozone r e a c t s w i t h a 
s u l f h y d r y l system and whether these r e a c t i o n s a r e s t o i c h i o m e t r i c 
( F i g . 1 1 ) . 
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0.2 I « ι ι Ι 
Ο 5 10 15 20 

TIME (min) 

0.02 
40 60 80 100 200 400 600 

DITHIOTHREITOL (μΜ) 

Figure 11. The uptake of 03 by a sulfhydryl reagent. 
A. Semilogarithmic kinetic plot of 03 uptake by Dithio
threitol (DTT). The ozone uptake was calculated as 
described in Figure 8. Numbers at the side of the graph 
refer to final concentrations of added DTT. Different 
symbols represent different experiments. B. Log-log 
plot of rate constant and total 03 taken up with DTT 
concentrations. The rate constant (K) of 03 uptake and 

total (0.Ί) were calculated from Part A. 
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5. H E A T H E T A L . Injury to Phnt Membranes 73 

Table I I I . F a t t y a c i d changes ind u c e d by ozone 
Average 

F a t t y % c o n c e n t r a t i o n 0 / 0 Confidence 
a c i d +0 Λ +0 o l e v e l 

C16:0 25.4 28.6 1.14 ± 0.05 >97.5% 
C16:3 11.2 10.3 0.92 + 0.04 "93% 
C 1 8 : l 32.8 32.4 1.02 + 0.04 <75% 
C18:2 5.4 4.8 0.90 ± 0.09 <75% 
C18:3 25.7 24.1 0.93 ± 0.05 ~85% 
C h l o r e l l a s o r o k i n i a n a v a r . p a c i f i c e n s i s were t r e a t e d w i t h 
180 ppm O3 f o r 50 min i n a u t o t r o p h i c media. L i p i d s were ex
t r a c t e d by u s i n g Chloroform/methanol and pre p a r e d f o r g a s - l i q u i d 
chromatography (GLC) as d e s c r i b e d by F r e d e r i c k and Heath ( 2 4 ) . 
The average % c o n c e n t r a t i o n o f f a t t y a c i d s were c a l c u l a t e d from 
3 GLC runs i n 5 s e p a r a t e samples. The Ο3/Ο2 column r e f e r s t o 
r a t i o s o f average % c o n c e n t r a t i o n and ± r e p r e s e n t s s t a n d a r d 
d e v i a t i o n . Confidence L e v e l was c a l c u l a t e d by l e a s t squares 
a n a l y s i s . 

The d a t a p r e s e n t e d i n F i g u r e 11A d e p i c t ozone uptake w i t h 
i n c r e a s i n g DTT c o n c e n t r a t i o n s i n a s e m i l o g a r i t h m i c p l o t , s i n c e 
i t was observed t h a t t h e O3 uptake curve appeared t o be exponen
t i a l w i t h t i m e . T h i s p l o t shows (a) t h a t ozone uptake i s 
l o g a r i t h m i c and (b) t h a t t h e i n t e r c e p t ( a t z e r o t i m e ) and th e 
r a t e c o n s t a n t f o r t h e r e a c t i o n ( s l o p e o f l i n e s ) v a r y w i t h t h e 
amount o f DTT added. F i g u r e 11B shows t h e v a r i a t i o n o f t h e 
i n t e r c e p t (maximum O3 uptake) and r a t e c o n s t a n t (K) as a f u n c t i o n 
o f DTT c o n c e n t r a t i o n (as a l o g - l o g p l o t ) . I n t h i s c a s e , t h e 
maximum O3 uptake i s p r o p o r t i o n a l t o t w i c e t h e amount o f added 
DTT ( s l o p e o f l i n e on l o g - l o g p l o t i s l i n e a r ) , and the r a t e 
c o n s t a n t (K) v a r i e s w i t h t h e i n v e r s e square r o o t o f DTT concen
t r a t i o n ( s l o p e o f l i n e i s - 1/2). The c o n v e r s i o n o f DTT t o th e 
c y c l i c d i s u l f i d e s h o u l d n o t g i v e these k i n e t i c s , which ( F i g . 11) 
can o n l y be generated i f t h e f o l l o w i n g r e a c t i o n o c c u r s : 

? ? 
HS-R-SH + 2 0 o H0-S-R-S-0H 

0 0 

Thus, i t seems t h a t s i n c e b o t h s u l f h y d r y l s must be c o n v e r t e d t o 
th e s u l f o n a t e forms by ozone, Mudd fs p r e v i o u s d a t a (27) a r e 
c o n f i r m e d . 

The speed o f r e a c t i o n o f O3 w i t h l i n o l e n i c a c i d and DTT 
measured by t h i s c h e m i c a l system i n d i c a t e s t h a t u n s a t u r a t e d f a t t y 
a c i d and s u l f h y d r y l s r e a c t n e a r l y e q u a l l y i f p r e s e n t i n t h e 
same c o n c e n t r a t i o n (100 μΜ) i n an aqueous medium. The q u e s t i o n s 
t h e n a r e : (a) a r e s u l f h y d r y l s and u n s a t u r a t e d f a t t y a c i d s e q u a l l y 
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a c c e s s i b l e t o ozone; and (b) what c o n c e n t r a t i o n o f each a r e 
p r e s e n t i n c e l l s ? 

I n c o n c l u s i o n , i t i s our view t h a t K + p l a y s a dominant r o l e 
i n m a i n t a i n i n g a f a v o r a b l e p l a n t c e l l water s t a t u s and t h a t t h e 
d e l e t e r i o u s e f f e c t s o f ozone o c c u r p r i m a r i l y due t o d i s r u p t i o n o f 
t h i s normal i o n i c b a l a n c e . We c u r r e n t l y v i s u a l i z e the f o l l o w i n g 
scheme o f ozone damage: (a) ozone a t t a c k o f an SH group o r f a t t y 
a c i d r e s i d u e ; (b) p e r m e a b i l i t y changes o f t h e membrane l e a d i n g t o 
l o s s o f b o t h K + and o s m o t i c water; ( c ) i n h i b i t i o n o r l o s s o f K + 

"pump" a c t i v i t y f o r r e a c q u i s i t i o n o f l o s t K +; (d) l o s s o f a 
c r i t i c a l l e v e l o f i o n ; and (e) g r o s s d i s r u p t i o n o f c e l l u l a r meta
b o l i s m . 
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6 

Mechanisms of Ozone Injury to Plants 

S A U L R I C H and H A R L E Y T O M L I N S O N 

Connecticut Agricultural Experiment Station, New Haven, Conn. 06504 

Ozone and related oxidants are e s t i m a t e d to be responsible 
for about 95% o f the annual $130 million crop loss caused by air 
pollutants in the U n i t e d States. Reports have indicated t h a t 
ozone can seriously damage impo r t a n t crops such as spinach, 
beans, petunias, citrus, t o b a c c o , soybeans, and alfalfa, and 
forest trees such as Eastern w h i t e p i n e and Ponderosa p i n e . 

Susceptible cultivars of most of these plants develop severe 
leaf injury when exposed t o 2 to 5 pphm of ozone for 1 to 4 hr. 
This level of ozone is very common in urban areas and so are 
symptoms of ozone injury. However, such symptoms have also been 
reported from plants growing in such rural states as Maine and 
South Dakota. Even when no obvious injury can be seen, plants 
exposed t o low levels of ozone may not grow as well or yield as 
much as plants growing in air free of ozone. On some plants, 
e.g., spinach, t h e symptoms of ozone injury a re quite distinc
tive; c o n s e q u e n t l y , plants like t h e s e are b e i n g used in some 
places to detect and m o n i t o r air pollution. 

I n C o n n e c t i c u t , ozone i n j u r y was f i r s t seen on tobacco 20 
y e a r s ago. T h i s shade-grown crop used f o r c i g a r wrappers has an 
annual cash v a l u e o f about $22 m i l l i o n . I n some y e a r s , ozone 
damage caused a l o s s o f up t o $5 m i l l i o n . P l a n t b r e e d e r s soon 
produced c u l t i v a r s b o t h h i g h l y r e s i s t a n t t o ozone and y e t w i t h 
t h e n e c e s s a r y commercial q u a l i t i e s . With t h e a d o p t i o n o f these 
c u l t i v a r s , a n n u a l l o s s e s t o t h e C o n n e c t i c u t tobacco crop from 
ozone dropped t o o n l y a few thousand d o l l a r s , even though the 
l e v e l o f p o l l u t i o n d i d not r e c e d e . 

T h i s r e p o r t i n c l u d e s a p o s s i b l e a n a t o m i c a l b a s i s f o r t h e 
f l e c k i n g symptom and a summary o f our s e a r c h f o r t h e mechanisms 
by which ozone i n j u r e s p l a n t s . 

A n a t o m i c a l B a s i s o f F l e c k i n g 

F l e c k i n g on the upper s u r f a c e o f l e a v e s i s a common symptom 
o f ozone i n j u r y on d i c o t y l e d o n o u s p l a n t s . A s i n g l e f l e c k i s a 
s m a l l l i n e o f dead t i s s u e t h a t appears w h i t e , y e l l o w , o r brown 

76 
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6. R I C H A N D T O M L I N S O N Mechanisms of Ozone Injury 77 

a g a i n s t t h e green l i v i n g t i s s u e t h a t surrounds i t . 
When the f l e c k i s examined c l o s e l y , t h e l e s i o n can be 

a s s o c i a t e d w i t h c o n t i g u o u s stomata i n t h e upper s u r f a c e . O f t e n , 
t h e f i r s t v i s i b l e symptom o f ozone t o x i c i t y i s t h e death o f the 
p a l i s a d e parenchyma c e l l s t h a t l i n e t h e c a v i t i e s d i r e c t l y be
neat h t h e upper stomata. I n the case o f beans (Phaseo l u s 
v u l g a r i s L.) o r tobacco ( N i c o t i a n a tabacum L.) and perhaps o t h e r 
p l a n t s , t h e upper stomata l i e i n p a t t e r n s o f a r c s o r c i r c l e s , 
w h i l e the lower stomata are s c a t t e r e d randomly and r e g u l a r l y 
a c r o s s the e p i d e r m i s . 

A d j a c e n t upper stomata appear t o be connected by a i r pas
sages through t h e p a l i s a d e parenchyma. These passages can be 
seen e a s i l y when a detached l e a f i s f i l l e d w i t h water under 
p r e s s u r e by i n j e c t i n g i t t h r o u g h the p e t i o l e w i t h a hypodermic 
s y r i n g e . The water i s f o r c e d a l o n g t h e p a t h o f l e a s t r e s i s t a n c e 
and f i l l s t h e a i r spaces c o n n e c t i n g t h e s u b s t o m a t a l chambers o f 
the upper stomata. 

A p p a r e n t l y t h e p a l i s a d e c e l l s l i n i n g t h e s u b s t o m a t a l cav
i t i e s a r e t h e c e l l s most s e n s i t i v e t o ozone i n t h e s e l e a v e s . As 
the c e l l s are k i l l e d by ozone a l o n g t h e a i r passages c o n n e c t i n g 
t h e s u b s t o m a t a l chambers, the e l o n g a t e d f l e c k i s formed. The 
random p a t t e r n o f stomata i n the lower s u r f a c e , the d i f f e r e n t 
geometry o f th e a i r passages through the spongy parenchyma, and 
perhaps t h e g r e a t e r r e s i s t a n c e o f spongy parenchyma c e l l s t o 
ozone make i t u n l i k e l y t h a t f l e c k i n g would appear on the lower 
s u r f a c e o f these l e a v e s . 

L e v e l s o f ozone t h a t do more than f l e c k t h e upper s u r f a c e s 
can cause i r r e g u l a r s p o t s and b l o t c h e s o f dead t i s s u e on th e 
l o w e r s u r f a c e . S u f f i c i e n t ozone t o k i l l a reas i n the l o w e r s u r 
f a c e are u s u a l l y enough t o cause the e n t i r e a r e a o f the l e a f t o 
c o l l a p s e , l e a d i n g t o th e f o r m a t i o n o f " b i f a c i a l " l e s i o n s . 

B i o c h e m i c a l S t u d i e s 

To determine how p l a n t s are i n j u r e d , we s t u d i e d changes i n 
c e r t a i n c e l l u l a r c o n s t i t u e n t s i n p l a n t s exposed t o ozone. The 
c e l l s o f the s e p l a n t s l e a k t h e i r c o n t e n t s and so i t i s p r o b a b l e 
t h a t t h e i n i t i a l damage i s t o c e l l u l a r membranes. The normal 
f u n c t i o n i n g o f the s e membranes depends on l i p i d c o n s t i t u e n t s 
p r o b a b l y s t a b i l i z e d by s u l f h y d r y l groups i n a s s o c i a t e d p r o t e i n s . 

S u l f h y d r y l Groups. S u l f h y d r y l l i n k a g e s are c o n s i d e r e d t o 
be i m p o r t a n t t o the s t r u c t u r a l i n t e g r i t y o f membrane p r o t e i n s . 

I n our f i r s t experiments (1) we s u b j e c t e d bean, s p i n a c h 
( S p i n a c i a o l e r a c e a L.) and tobacco l e a v e s t o ozone a t 1 ppm f o r 
30 t o 60 min. At t h i s h i g h c o n c e n t r a t i o n o f ozone, the s u l f h y d r y l 
c o n t e n t o f the l e a v e s was d i m i n i s h e d 15 t o 25% (Ta b l e I ) . There 
was l i t t l e d i f f e r e n c e between t h e s u l f h y d r y l c o n t e n t o f ozone-
r e s i s t a n t and o z o n e - s u s c e p t i b l e tobacco e i t h e r b e f o r e o r a f t e r 
o z o n a t i o n . 
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78 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

Table I . The e f f e c t o f ozone on t h e c o n c e n t r a t i o n o f 
s u l f h y d r y l (SH) groups i n l e a v e s 

Tobacco 
Time o f a n a l y s i s i n 
r e l a t i o n t o treatments-

Bean Spi n a c h 
Ozone- Ozone-
r e s i s t a n t s u s c e p t i b l e 

Immediately b e f o r e 
Immediately a f t e r 
30 Min a f t e r 
60 Min a f t e r 

ymoles SH/g f r e s h t i s s u e 
1.20 1.65 0.67 0.74 
1.10 1.50 0.60 0.67 
0.90 1.35 
0.90 0.56 0.63 

"^Plants were t r e a t e d w i t h 1 ppm ozone f o r v a r i o u s t i m e s : beans, 
30 min; s p i n a c h , 45 min; t o b a c c o , 60 min. 

I n a n o t h e r experiment ( 1 ) we t r e a t e d o z o n e - r e s i s t a n t and 
o z o n e - s u s c e p t i b l e v a r i e t i e s o f tobacco w i t h t o x i c doses o f 
o c - i o d o a c e t i c a c i d , and c c-iodoacetamide, b o t h s u l f h y d r y l - b i n d i n g 
r e a g e n t s . The symptoms produced by b o t h compounds were s i m i l a r 
t o t h o s e produced by ozone. The s e v e r i t y o f t h e i n j u r y a l s o 
p a r a l l e l e d ozone r e s i s t a n c e ( T a b l e I I ) . The degree o f i n j u r y 
caused by t h e s e two compounds a l s o p a r a l l e l e d t h e ozone s u s c e p t i 
b i l i t y o f l e a v e s o f d i f f e r e n t ages on t h e same p l a n t . The upper
most, youngest, l e a v e s appear t o be most r e s i s t a n t t o b o t h t h e 
s u l f h y d r y l - b i n d i n g r e a g e n t s and t o ozone. 

T a b l e I I . Damage from s u l f h y d r y l - b i n d i n g r e a g e n t s t o t h e 
detached l e a v e s o f two tobacco v a r i e t i e s 

% L e a f s u r f a c e showing v i s i b l e damage 
O z o n e - r e s i s t a n t O z o n e - s u s c e p t i b l e 

L e a f p o s i t i o n l v a r i e t y v a r i e t y 

a-iodoacetamide 
(10-2M) f o r 4 h r 

1 10 
2 20 
3 40 
4 40 

o c - i o d o a c e t i c a c i d 
(10-3M) f o r 24 h r 

75 

4 50 85 

P o s i t i o n 1 i s t h a t o f t h e youngest f u l l y expanded l e a f . 
P o s i t i o n 3 and 4 are c o n s e c u t i v e l y l o w e r down t h e stem. 
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6. R I C H A N D T O M L I N S O N Mechanisms of Ozone Injury 79 

I n l a t e r experiments ( 2 ) , beans were s u b j e c t e d t o a m i l d e r , 
l o n g e r exposure t o ozone (25 pphm f o r 3 h r ) . T h i s t r e a t m e n t d i d 
not d i m i n i s h t h e s u l f h y d r y l c o n t e n t a p p r e c i a b l y , even though t h e 
ozonated l e a v e s showed i n j u r y 18 h r l a t e r . However, we were a b l e 
t o d e t e c t newly produced d i s u l f i d e s ( T a b l e I I I ) . We concluded 
t h a t o z o n a t i o n changes p r o t e i n s s u f f i c i e n t l y t o expose and 
o x i d i z e a d d i t i o n a l s u l f h y d r y l groups. 

Table I I I . The s u l f h y d r y l c o n t e n t (ymoles/g f r e s h wt) 
of o p p o s i t e bean l e a v e s , A and B, b e f o r e and a f t e r 
exposure t o ozone (25 pphm f o r 3 h r ) 

C o n t r o l 1 O z o n a t e d 1 Ozonated, the n d a r k 1 

L e a f A Le a f Β Lea f A Le a f Β Le a f A a L e a f B a 

1.45 1.45 1.35 1.50 1.20 1.35 
1.45 1.50 1.35 1.60 1.35 1.50 
1.50 1.55 1.50 1.60 1.40 1.50 
1.60 1.55 1.70 1.90 1.45 1.60 
1.70 1.70 1.75 1.95 1.50 1.70 
1.75 1.75 1.75 1.95 1.50 1.80 
1.75 1.80 1.80 1.95 1.60 1.90 

1.85 2.00 1.65 1.85 
Md= 0.014* Md= 0.175 X Md=1.875 Y 

L e a f A ground i n p o l y v i n y l p y r r o l i d o n e medium w i t h o u t sodium 
s u l f i t e . L e a f Β ground i n same medium w i t h sodium s u l f i t e . 
C o n t r o l l e a v e s not exposed t o ozone o r s u b j e c t e d t o dark. Dark 
p e r i o d i s 18 h r f o l l o w i n g exposure t o ozone, 
χ 

Not s i g n i f i c a n t . 
y S i g n i f i c a n t beyond 1% l e v e l . 

L i p i d Metabolism. Next we e x p l o r e d changes i n l i p i d metab
o l i s m i n l e a v e s exposed t o ozone. S t e r o l s and s t e r o l d e r i v a t i v e s 
were p a r t i c u l a r l y i n t e r e s t i n g t o us because t h e y have been 
a s s o c i a t e d w i t h membrane-containing f r a c t i o n s o f l e a v e s (3_). 
Changes produced i n t h e s e compounds may be e a r l y events i n t he 
t o x i c i t y o f ozone t o p l a n t c e l l s . 

We f i r s t s t u d i e d t h e changes i n f r e e s t e r o l s o f l e a v e s and 
c h l o r o p l a s t s o f beans and s p i n a c h exposed t o ozone (4_). We found 
( T a b l e IV) t h a t ozonated bean l e a v e s and c h l o r o p l a s t s had 25% and 
12% l e s s f r e e s t e r o l s r e s p e c t i v e l y than bean l e a v e s and c h l o r o -
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80 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

p l a s t s t h a t had not been ozonated. Ozonated s p i n a c h l e a v e s and 
c h l o r o p l a s t s had 44% and 37% l e s s f r e e s t e r o l s r e s p e c t i v e l y than 
t h e i r non-ozonated c o u n t e r p a r t s . 

Table IV. Changes i n f r e e s t e r o l c o n t e n t o f whole t i s s u e and 
c h l o r o p l a s t s o f bean and s p i n a c h l e a v e s exposed t o 

ozone (50 pphm f o r 1 h r ) 

P l a n t p a r t 

Free s t e r o l c o n t e n t 
(ymoles/3 mg c h l o r o p h y l l ) 

C o n t r o l Ozonated 

Bean 
Whole l e a v e s 
C h l o r o p l a s t s 

Spinach 
Whole l e a v e s 
C h l o r o p l a s t s 

0.83 
0.33 

1.16 
0.43 

0.62 
0.26 

0.65 
0.27 

Each v a l u e r e p r e s e n t s the mean o f t h r e e experiments. Each 
experiment c o n s i s t e d o f d u p l i c a t e r e a d i n g s on l e a f e x t r a c t s o f 
two p l a n t s . 
X Loss o f f r e e s t e r o l s i g n i f i c a n t beyond 1% l e v e l . 

I n another experiment (Table V ) , the f r e e s t e r o l c o n t e n t o f 
ozonated c h l o r o p l a s t s from beans was found t o be 32% l e s s and the 
c o n t e n t o f s t e r o l d e r i v a t i v e s 37% more than t h a t o f non-ozonated 
c h l o r o p l a s t s . What happens t o th e f r e e s t e r o l s ( F S ) , s t e r o l 
g l y c o s i d e s (SG) and a c e t y l a t e d s t e r o l g l y c o s i d e s (ASG) can be 
seen i n Table V I . In these experiments (5_) w i t h whole l e a v e s o f 
beans, FS i n the ozonated l e a v e s was 21% l e s s , SG 32% more, and 
ASG 41% more than i n non-ozonated l e a v e s . 

One o f the i n t e r e s t i n g e f f e c t s o f ozone i s t h e 56% i n c r e a s e 
i n the l i n o l e n i c a c i d c o n t e n t o f ASG from ozonated bean l e a v e s 
(5_). T h i s l e d us t o e x p l o r e the source o f the a d d i t i o n a l l i n o 
l e n i c a c i d . Ongun and Mudd (6) had r e p o r t e d t h a t SG and ASG 
n o r m a l l y formed a t t h e expense o f f r e e s t e r o l s i n non-ozonated 
p l a n t s . What happens i n ozonated p l a n t s ? 

U s i n g bean l e a f d i s c s f e d l - i ^ C - a c e t a t e , we showed t h a t the 
r a d i o a c t i v e l y l a b e l e d d i g l y c e r i d e content o f ozonated d i s c s 
became c o n s i s t e n t l y l e s s , and t h a t t h i s r e d u c t i o n was accompanied 
by an i n c r e a s e i n t h e r a d i o a c t i v i t y o f ASG ( u n p u b l i s h e d ) . 

We proposed t h a t t h i s was caused by an i n c r e a s e i n the r a t e 
o f l i p i d h y d r o l y s e s i n ozonated d i s c s . To support t h i s p r o p o s a l , 
we showed t h a t f l u o r e s c e i n d i l a u r a t e was h y d r o l y z e d 3 t o 4 t i m e s 
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6. R I C H A N D T O M L I N S O N Mechanisms of Ozone Injury 81 

f a s t e r i n ozonated d i s c s t h a n i n non-ozonated d i s c s ( u n p u b l i s h e d ) . 

T a ble V. Changes i n f r e e s t e r o l and s t e r o l d e r i v a t i v e o f 
c h l o r o p l a s t s i n bean l e a v e s exposed t o ozone 

(50 pphm f o r 1 h r ) 

S t e r o l μ m o l e s / 3 m S c h l o r o p h y l l 1 

Component C o n t r o l Ozonated 

Free s t e r o l 0.38 0.39 0.35 0.24 0.25 0.26 X 

S t e r o l 
d e r i v a t i v e s 0.10 0.11 0.09 0.14 0.15 0.17 y 

1 Each v a l u e i s t h e mean o f d u p l i c a t e r e a d i n g s made from 3 g 
o f l e a v e s . 

S i g n i f i c a n t l y d i f f e r e n t beyond 1% l e v e l . 
y S i g n i f i c a n t l y d i f f e r e n t beyond 5% l e v e l . 

T able V I . E f f e c t o f o z o n a t i o n (25 pphm f o r 2.5 - 3.0 h r ) on 
f r e e s t e r o l s ( F S ) , s t e r o l g l y c o s i d e s ( S G ) , and 
a c e t y l a t e d s t e r o l g l y c o s i d e s (ASG) i n bean l e a f t i s s u e 

S t e r o l Cone. (pmoles/10 D i s c s ) 
B e f o r e 0 A f t e r 0 D i f f . 

ο ο 
FS 0.93 0.73 -0.20 
SG 0.25 0.33 +0.08 
ASG 0.16 0.27 +0.11 

At t h i s p o i n t , i t i s worth c o n s i d e r i n g t h e importance o f 
l i p i d p e r o x i d a t i o n as a t o x i c mechanism i n c e l l s exposed t o 
ozone. S c o t t and Lesher (7) proposed t h a t ozone i n j u r e s c e l l 
membranes by o x i d i z i n g u n s a t u r a t e d l i p i d s . G o l d s t e i n and Balchum 
(8) r e p o r t e d t h a t ozone r e a c t s w i t h u n s a t u r a t e d l i p i d s t o produce 
o r g a n i c p e r o x i d e s w h i c h , t h e y suggested, p o i s o n c e l l s . They 
used a t h i o b a r b i t u r i c a c i d - m a l o n y l d i a l d e h y d e (MDA) method t o 
measure l i p i d p e r o x i d a t i o n . U s i n g t h i s method, we c o u l d f i n d no 
i n c r e a s e i n MDA u n t i l a f t e r v i s i b l e i n j u r y appeared on bean 
l e a v e s (£). We concluded t h a t l i p i d p e r o x i d a t i o n may r e s u l t from 
ozone i n j u r y t o bean l e a v e s r a t h e r than b e i n g t h e cause o f i n 
j u r y . 

The o b j e c t i o n has been r a i s e d t h a t a l t h o u g h t h e MDA t e s t does 
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82 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

d e t e c t l i p i d p e r o x i d a t i o n , i t can a l s o be produced by the perox
i d a t i o n o f f a t t y a c i d s . However, t h e i n c r e a s e i n MDA o n l y a f t e r 
v i s i b l e i n j u r y on ozonated l e a v e s a l l o w s us t o conclude (a) 
t h a t l i p i d p e r o x i d a t i o n o c c u r s a f t e r t h e i n i t i a l t o x i c e v e n t , o r 
(b) t h a t l i p i d p e r o x i d a t i o n does not o c c u r a t a l l . I n e i t h e r 
c a s e , l i p i d p e r o x i d a t i o n can be m i n i m i z e d as a cause o f ozone 
i n j u r y t o t h e p l a n t s t h a t we s t u d i e d . 

F i n a l l y , we conclude t h a t t o x i c r e a c t i o n s i n p l a n t c e l l s 
i n j u r e d by ozone p r o b a b l y t a k e p l a c e i n the f o l l o w i n g sequence: 
s u l f h y d r y l o x i d a t i o n , l i p i d h y d r o l y s i s , c e l l u l a r l e a k i n g , l i p i d 
p e r o x i d a t i o n , and th e n c e l l u l a r c o l l a p s e . 
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7 

Further Observation on the Effects of Ozone on the 
Ultrastructure of Leaf Tissue 

WILLIAM W. THOMSON, JERRY NAGAHASHI, and KATHRYN PLATT 

Biology Department, University of California, Riverside, Calif. 92502 

Introduction 

In previous studies of ozone effects on the ultrastructure 
of leaf tissue, it was reported t h a t t h e earliest changes ob
ser v e d involved t h e chloroplasts (1, 2) and an apparent swelling 
of the mitochondria (2). Thomson et al. (1) noted that t h e first 
changes in the chloroplast involved an increased granulation and 
electron density of the stroma with t h e subsequent appearance 
of crystalline a r r a y s of fibrils in the stroma. I n more recent 
studies with t o b a c c o , Swanson et al. (2) did not observe the 
crystalline structures; however, t h e y did observe early changes 
in the chloroplasts. These changes consisted of an increase in 
the density of the stroma, a decrease in chloroplast volume and 
a change in the configuration of the chloroplasts in that t h e y 
were irregular in outline. A l t h ough these alterations o c c u r r e d 
before any ultrastructural breakdown or disruption of cellular 
membranes was observed (1, 2), it has been suggested that t h e y 
probably result from an ozone-induced m o l e c u l a r alteration, and 
resultant change in permeability o f membranes (2, 3). 

The p r e s e n t report elaborates t he ozone-induced changes i n 
the fine structure of bean leaf m e s o p h y l l cells with particular 
reference to both t h e crystalline bodies in the chloroplasts and 
early changes in membrane ultrastructure. 

M a t e r i a l s and Methods 

Fourteen day o l d bean p l a n t s (Phaseolus v u l g a r i s L., l o t 
D415, Burpee Seed Company, R i v e r s i d e , C a l i f o r n i a ) were used i n 
thes e experiments. P l a n t s were exposed t o 0.4 ppm O3 f o r one 
h r i n a f u m i g a t i o n chamber w i t h the procedures and c o n d i t i o n s 
o u t l i n e d p r e v i o u s l y ( 1 , 2 ) . Samples o f the l e a v e s were t a k e n 
a t t he end o f th e f u m i g a t i o n p e r i o d , and a t one, two and f o u r h r 
i n t e r v a l s a f t e r t h e f u m i g a t i o n p e r i o d . C o n t r o l samples f o r 
comparison were t a k e n from u n t r e a t e d l e a v e s . The samples were 
prep a r e d f o r s t u d y w i t h t h e e l e c t r o n microscope by f i x a t i o n a t 
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84 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

room temperature i n 2.5% g l u t a r a l d e h y d e i n 0.1M phosphate b u f f e r 
(pH 7.0) f o r one h r f o l l o w e d by one h r p o s t - f i x a t i o n i n 1% 
phosphaxe b u f f e r e d osmium t e t r o x i d e . The samples were dehydrated 
i n an acetone s e r i e s and embedded i n an epoxy r e s i n (_). T h i n 
s e c t i o n s were c u t on a P o r t e r - B l u m MT-2 u l t r a m i c r o t o m e , p i c k e d up 
on uncoated copper g r i d s and s t a i n e d f i r s t w i t h u r a n y l a c e t a t e 
and then w i t h l e a d c i t r a t e ( 5 ) . The s e c t i o n s were viewed w i t h a 
P h i l i p s EM 300 e l e c t r o n microscope. 

O b s e r v a t i o n s 

As i n p r e v i o u s s t u d i e s , m e s o p h y l l c e l l s e x h i b i t e d a range o f 
a l t e r a t i o n s from s l i g h t t o severe i n a l l samples taken a f t e r 
f u m i g a t i o n w i t h ozone. However, the number o f c e l l s a f f e c t e d and 
the e x t e n t o f a l t e r a t i o n s observed were much l e s s i n samples 
t a k e n from l e a v e s a t t h e end o f t h e f u m i g a t i o n p e r i o d than i n 
t h e samples t a k e n s u b s e q u e n t l y . The number o f c e l l s e x h i b i t i n g 
changes, the e x t e n t o f the a l t e r a t i o n s and t h e number o f c e l l s 
w i t h severe damage and d i s r u p t i o n i n c r e a s e d w i t h time from the 
end o f the f u m i g a t i o n p e r i o d . We have observed c h a r a c t e r i s t i c 
u l t r a s t r u c t u r a l f e a t u r e s which can be a s s o c i a t e d w i t h m i l d , 
moderate and s e v e r e l y damaged c e l l s , and have i n t e r p r e t e d these 
as i n d i c a t o r s r e p r e s e n t i n g a p r o g r e s s i v e p a t t e r n o f changes and 
damage induced by ozone. 

As r e p o r t e d by Swanson, e t a l . (2) f o r t o b a c c o , t h e f i r s t 
apparent i n c i p i e n t changes induced by ozone c o n s i s t e d o f an 
a l t e r a t i o n o f the c o n f i g u r a t i o n o f c h l o r o p l a s t s ( F i g . 1 ) . The 
c h l o r o p l a s t s were f r e q u e n t l y i r r e g u l a r i n o u t l i n e w i t h n o t i c e 
a b l e i n d e n t a t i o n , p a r t i c u l a r l y i n the s u r f a c e a d j a c e n t t o t h e 
plasmalemma ( F i g . 1, a r r o w s ) . 

I n many o f th e c h l o r o p l a s t s e x h i b i t i n g i n c i p i e n t changes, 
c l u s t e r s o f o r d e r e d a r r a y s o f f i b r i l s and c r y s t a l l i n e b o d i e s 
were observed i n the stroma ( F i g . 2, 3 F ) . These f i b r i l s and 
c r y s t a l l o i d s were f r e q u e n t l y a s s o c i a t e d w i t h the c h l o r o p l a s t 
envelope and were o f t e n observed i n c o n j u n c t i o n w i t h r e g i o n s 
where s m a l l but n o t i c e a b l e a l t e r a t i o n s o f t h e u l t r a s t r u c t u r e o f 
t h e envelope were apparent. These a l t e r a t i o n s c o n s i s t e d 
p r i m a r i l y o f an i n c r e a s e i n the s t a i n i n g d e n s i t y o f the envelope 
membranes ( F i g . 2, arrows) and a f r e q u e n t a c c u m u l a t i o n o f 
e l e c t r o n - d e n s e m a t e r i a l between the two membranes o f the enve
l o p e ( F i g . 3, a r r o w s ) . L a r g e r d e p o s i t s o f e l e c t r o n - d e n s e mate
r i a l a l s o o c c u r r e d i n a s s o c i a t i o n w i t h the membranes i n these 
a r e a s . Another unusual o b s e r v a t i o n was t h e f r e q u e n t presence o f 
what appears t o be a complex o f s e v e r a l membranes i n c l u d i n g the 
c h l o r o p l a s t envelope membranes a s s o c i a t e d w i t h the i n d e n t a t i o n 
o f t h e c h l o r o p l a s t s u r f a c e ( F i g . 1, arrows) and t h e c r y s t a l l o i d s 
i n t h e stroma ( F i g . 3 F ) . 

Moderately damaged c e l l s were c h a r a c t e r i z e d by the presence 
o f s e v e r a l , o f t e n e x c e e d i n g l y l a r g e , c r y s t a l l o i d s i n the c h l o r o 
p l a s t stroma ( F i g . 4, 5 ) . The c r y s t a l l i n e b o d i e s o c c u r r e d 
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7. T H O M S O N E T A L . Ultrastructure of Leaf Tissue 85 

Figure 1. An irregular-shaped chloroplast which is characteristic of incipient, ozone-
induced changes (x30,000). 
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86 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

Figure 2. A portion of a chloroplast exhibiting mild, ozone-induced alterations. Note 
the occurrence of stroma fibrils, i, in close association with regions of the envelope which 

have an increased density (see arrows) (x76,000). 

Figure 3. Portion of two chloroplasts exhibiting mild, ozone-induced alterations, ixoxe 
the close association of fibrils, f, with the envelope in regions where alterations such as 
an accumulation of electron dense material or indentations and membrane proliferations 

are apparent (x63,700). 
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7. T H O M S O N E T A L . Ultrosttucture of Leaf Tissue 87 

Figure 4. A portion of a cell exhibiting moderate ozone-induced changes. The crystal-
hids are generally distributed in the peripheral regions of the stroma and associated with 
the envelope. Note the accumulation of electron-dense material with the surface of the 

chloroplast, a, and the mitochondria, arrows (x27,700). 

Figure 5. A portion of a chloroplast with several crystalloids. Note a presence of crys
talloids in association with the envelope as well as around and between the grana (x51,0O0). 
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88 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

p r e d o m i n a n t l y i n t h e p e r i p h e r a l s t r o m a l r e g i o n s a d j a c e n t t o and 
a s s o c i a t e d w i t h t h e c h l o r o p l a s t envelope ( F i g . 4C); however, 
c r y s t a l l o i d s and e x t e n s i o n s o f c r y s t a l l o i d s around the grana i n t o 
t h e more i n t e r n a l r e g i o n s o f t h e stroma were a l s o observed 
( F i g . 5, 6, 7 ) . The c r y s t a l l o i d s were found t o have two p a t t e r n s 
o f o r g a n i z a t i o n : g e n e r a l l y t h e y appeared t o be composed o f 
l i n e a r , e l e c t r o n - d e n s e u n i t s , a p p r o x i m a t e l y 8.5nm wide s e p a r a t e d 
by an e l e c t r o n - t r a n s p a r e n t band ( F i g . 6 ) ; q u i t e f r e q u e n t l y , 
however, t h e y had a " c r o s s h a t c h e d " appearance ( F i g . 7 ) . As 
p o i n t e d out by deGreef and V e r b e l e n ( 6 ) , the two images p r o b a b l y 
r e s u l t from s e c t i o n i n g i n d i f f e r e n t p l a n e s . D e f e c t s , p r o b a b l y 
due t o m i s s i n g elements, were commonly observed i n b o t h images 
o f the c r y s t a l l o i d s ( F i g . 5, 6, 7, 8 ) . 

As i n the c e l l s e x h i b i t i n g m i l d o r i n c i p i e n t damage, the 
c r y s t a l l o i d b o d i e s i n the moderately damaged c e l l s were commonly 
a s s o c i a t e d w i t h r e g i o n s o f the c h l o r o p l a s t envelope which were 
o b v i o u s l y a l t e r e d . However, the changes and apparent damage t o 
the envelope i n t h e s e r e g i o n s were more severe and e x t e n s i v e 
t h a n i n t h e m i l d l y damaged c e l l s . The changes i n the envelope 
i n t h e s e r e g i o n s c o n s i s t e d o f an i n c r e a s e d s t a i n i n g d e n s i t y 
( F i g . 6, a r r o w s ) , an i n c r e a s e d a c c u m u l a t i o n o f dense m a t e r i a l 
between the two membranes, and an i n c r e a s e i n s i z e and amount o f 
e l e c t r o n - d e n s e m a t e r i a l a s s o c i a t e d w i t h these r e g i o n s , ( F i g . 4, 
7, 8A). The envelope was o f t e n observed as a s i n g l e e n t i t y 
( F i g . 7, 8S) and on o c c a s i o n s was not p r e s e n t a t a l l ( F i g . 7, 
a r r o w ) . I n t h e s e moderately damaged c e l l s , e l e c t r o n - d e n s e 
a c c u m u l a t i o n s a l s o were o f t e n observed i n a s s o c i a t i o n w i t h the 
bounding envelope o f t h e m i t o c h o n d r i a ( F i g . 4, a r r o w s ) . Other 
membranes i n these c e l l s such as t h e t o n o p l a s t , microbody mem
bra n e , and plasmalemma d i d not appear damaged, a l t h o u g h m i l d - t o -
severe p l a s m o l y s i s was not uncommon. 

In s e v e r e l y damaged c e l l s t h e c e l l c o n t e n t s were c o l l a p s e d 
i n t o an aggregated mass ( F i g . 9 ) . Few c e l l u l a r membranes were 
e v i d e n t except f o r the i n t e r n a l membrane system o f the c h l o r o 
p l a s t s ( F i g . 9G). The c r y s t a l l i n e a r r a y s were d i s t r i b u t e d 
throughout the aggregated mass ( F i g . 9C) and a c c u m u l a t i o n s o f 
e l e c t r o n - d e n s e m a t e r i a l o c c u r r e d g e n e r a l l y i n a s s o c i a t i o n w i t h 
t h e p e r i p h e r y o f the aggregated mass ( F i g . 9, a r r o w s ) . 

D i s c u s s i o n 

The most ob v i o u s ozone-induced change i n the m i l d - and 
moderately-damaged mesophy11 c e l l s was the development o f s m a l l 
t o l a r g e c r y s t a l l o i d s i n the stroma o f the c h l o r o p l a s t s . 
S i m i l a r c r y s t a l l o i d s have been d e s c r i b e d i n p r e v i o u s s t u d i e s on 
o x i d a n t - i n d u c e d damage t o bean l e a v e s ( 7 ) . They have a l s o been 
d e s c r i b e d i n c h l o r o p l a s t s o f bean and o t h e r p l a n t l e a v e s under 
v a r i o u s c o n d i t i o n s o f water s t r e s s (£, _8, % 10, 1 1 , 1 2 ) , as 
w e l l as i n c h l o r o p l a s t s o f l e a v e s t r e a t e d w i t h o t h e r p h y t o t o x i c 
a i r p o l l u t a n t s ( 1 3 ) . I t has a l s o been suggested t h a t i n the 
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7. T H O M S O N E T A L . Ultrastructure of Leaf Tissue 89 

Figures 6, 7, and 8. Crystalloids in chloropfosts of moderately damaged cells. Note the 
close association of the crystalloids with regions of the envelope where noticeable altera

tions have occurred. Magnification 64,000; 97,000; 102,000 respectively. 
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90 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

Figure 9. A portion of a cell exhibiting semre damage, upper right, adjacent to a cell 
with no apparent damage, lower left (x25,600). 
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7. T H O M S O N E T A L . Ultrastructure of Leaf Tissue 91 

ozone t r e a t e d m a t e r i a l the change i n c o n f i g u r a t i o n , r e d u c t i o n i n 
volume, and f o r m a t i o n o f the c r y s t a l l o i d s i n c h l o r o p l a s t s i s 
r e l a t e d t o the l o s s o f water from t h e c h l o r o p l a s t s r e s u l t i n g i n 
d e h y d r a t i o n o f the stroma (2_, 10, 1 2 ) . The most p r o b a b l e r e a s o n 
f o r water l o s s from c h l o r o p l a s t s would seem t o be an ozone-
induced i n c r e a s e i n p e r m e a b i l i t y o f the c h l o r o p l a s t envelope ( 2 ) . 
Recent e x p e r i m e n t a l support f o r t h i s p o s s i b i l i t y has been 
p r e s e n t e d by Nobel and Wang (14) who found t h a t ozone i n c r e a s e d 
t h e p e r m e a b i l i t y o f i s o l a t e d c h l o r o p l a s t s . 

The concomitant appearance o f l o c a l i z e d a l t e r a t i o n s i n the 
c h l o r o p l a s t envelope w i t h t h e c r y s t a l l o i d s i n t h e stroma as w e l l 
as t h e c o i n c i d e n c e i n the oc c u r r e n c e o f these c r y s t a l l o i d s 
a d j a c e n t t o the a l t e r e d membrane r e g i o n s suggests t h a t a d i r e c t 
r e l a t i o n s h i p e x i s t s . One e x p l a n a t i o n t h a t can be o f f e r e d i s 
t h a t the changes i n t h e en v e l o p e , i . e., i n c r e a s e d s t a i n i n g 
d e n s i t y o f the membranes, a c c u m u l a t i o n o f e l e c t r o n - d e n s e m a t e r i a l 
between the two membranes, and the a c c u m u l a t i o n o f e l e c t r o n -
dense m a t e r i a l s a s s o c i a t e d w i t h t h e membranes r e p r e s e n t degrada-
t i v e a l t e r a t i o n s o f t h e membranes and are p r o b a b l y l o c a l i z e d 
s i t e s o f ozone-induced damage t o the envelope. The pr o b a b l e 
a l t e r e d p e r m e a b i l i t y o f th e s e r e g i o n s would r e s u l t i n t h e de
h y d r a t i o n o f the a d j a c e n t stroma and the e a r l y f o r m a t i o n o f 
c r y s t a l l o i d s a d j a c e n t t o th e s e damaged r e g i o n s o f t h e membranes. 

The i n c r e a s e i n t h e e x t e n t and i n t e n s i t y o f the envelope 
a l t e r a t i o n s i n t h e moderately-damaged c e l l s tends t o support t h e 
c o n c l u s i o n t h a t these changes a re d e g r a d a t i v e and a r e s i t e s o f 
ozone-induced damage. The s i m i l a r i t y o f the e l e c t r o n - d e n s e 
a c c u m u l a t i o n i n a s s o c i a t i o n w i t h m i t o c h o n d r i a l membranes t o those 
a s s o c i a t e d w i t h t h e c h l o r o p l a s t envelope a l s o suggests t h a t such 
a c c u m u l a t i o n s a r e c h a r a c t e r i s t i c o f d e g r a d a t i v e changes i n mem
branes. I n p r e v i o u s s t u d i e s o f ozone-induced damage t o me s o p h y l l 
c e l l s , s i m i l a r a c c u m u l a t i o n s were observed i n moderate- t o 
severely-damaged c e l l s ( 1 ) ; t he acc u m u l a t i o n s i n s e v e r e l y damaged 
c e l l s p r o b a b l y r e p r e s e n t aggregates o f membrane m a t e r i a l r e l e a s e d 
d u r i n g t h e breakdown o f the membranes. 

One o f the major s u g g e s t i o n s about t h e p r i m a r y s i t e o f ozone 
r e a c t i o n w i t h c e l l s (15) i s t h a t i t damages c e l l membranes. The 
r e s u l t s o f t h i s s t udy support t h i s c o n t e n t i o n : i n t h e moderate-
t o severely-damaged c e l l s , except f o r t h e i n t e r n a l membrane 
system o f c h l o r o p l a s t s , membrane d e g r a d a t i o n and l o s s o f c e l l 
compartmentation i s e v i d e n t . I n m i l d - and i n c i p i e n t l y - d a m a g e d 
c e l l s , however, membrane a l t e r a t i o n s a r e a p p a r e n t l y c o n f i n e d t o 
l o c a l i z e d r e g i o n s o f the c h l o r o p l a s t envelope. These o b s e r v a 
t i o n s suggest t h a t t h e e a r l y e f f e c t s o f ozone on membranes a re 
l i m i t e d t o th e s e r e g i o n s . 

There a re s e v e r a l l i n e s o f r e s e a r c h which i n d i c a t e t h a t 
ozone can r e a c t w i t h p r o t e i n s , amino a c i d s and o l e f i n i c groups 
o f membrane l i p i d s ( 1 6 , 1 7 ) . Regarding u n s a t u r a t e d f a t t y a c i d s , 
Swanson e t a l . (2) concluded t h a t t h e s e o l e f i n i c groups were 
u n l i k e l y t o be t h e p r i m a r y s i t e o f ozone a c t i o n s i n c e t h e r e l a t i v e 
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amounts o f f a t t y a c i d s e x t r a c t e d from o z o n e - t r e a t e d and u n t r e a t e d 
l e a f t i s s u e were almost e q u i v a l e n t . However, t h e y p o i n t e d out 
t h a t t h e i r procedures would p r o b a b l y not d e t e c t s m a l l changes i n 
membrane l i p i d s such as might o c c u r i n the l o c a l i z e d membranes o f 
t h e envelope observed i n the p r e s e n t s t u d i e s . 

There i s another reason t o suspect t h a t t h e p r i m a r y r e a c t i o n 
o f ozone i n t h e s e l o c a l i z e d r e g i o n s o f the envelope i s not w i t h 
t h e u n s a t u r a t e d f a t t y a c i d s , but r a t h e r w i t h o t h e r m o i e t i e s o r 
parameters o f the membranes. The i n c r e a s e d s t a i n i n g d e n s i t y o f 
t h e membranes and the e l e c t r o n - d e n s e a c c umulations i n t h ese 
r e g i o n s p r o b a b l y r e p r e s e n t components r e l e a s e d from the membrane 
w h i c h , upon r e l e a s e , are a v a i l a b l e f o r r e a c t i o n w i t h osmium. 
The most l i k e l y i d e n t i t y o f these components are the membrane 
l i p i d s . We s u g g e s t , t h e r e f o r e , t h a t t h e p r i m a r y r e a c t i o n o f 
ozone w i t h t h e envelope membranes i n v o l v e s the d i s o r g a n i z a t i o n o f 
the membranes v i a c o n s t i t u e n t s o t h e r than the l i p i d s . A s i m i l a r 
p o s s i b i l i t y has been developed by Mudd e t a l . (17) who found 
t h a t ozone does not r e a c t r e a d i l y w i t h l e c i t h i n when i n a b i l a y e r 
c o n f i g u r a t i o n . I n a d d i t i o n , Swanson e t a l . (2) r e p o r t e d t h a t 
t h e e l e c t r o n m i c r o s c o p i c image o f most c e l l u l a r membranes i s not 
a f f e c t e d by p r i o r treatment w i t h ozone. The r a t i o n a l e i n t h e i r 
d i s c u s s i o n s i s t h a t t h e a r c h i t e c t u r e o f the membrane r e s t r i c t s 
t h e a b i l i t y o f ozone t o r e a c t w i t h t h e o l e f i n i c groups. 
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Phenols, Ozone, and Their Involvement in 
Pigmentation and Physiology of Plant Injury 

R O B E R T K. H O W E L L 

Air Pollution Laboratory, Agricultural Environmental Quality Institute, 
Northeastern Region, Agricultural Research Service, U.S. Department 
of Agriculture, Beltsville, Md. 20705 
Abstract 

In plant cells, p henols and derivatives a r e located in chlo-
roplasts and in vacuoles; enzymes that oxidize p henols a r e also 
located in chloroplasts and in cytoplasm but are maintained in 
se p a r a t e compartments by membranes. Ozone impairs t h e integrity 
of cell membranes and thus p e r m i t s oxidative enzymes to oxidize 
p henols to their respective quinones. o-Quinones have an E'o o f +1.9V and will p o l y m e r i z e with amino acids, amines and sulfhydryl 
groups of proteins to form low molecular weight reddish-brown 
pigments in leaves of ozone-treated plants. T h i s involvement of 
phenols appears to be the cause of the visible necrotic lesions 
on injured leaves. C h e m i c a l l y , the pigments or polymers resemble 
those formed in tobacco leaves during t h e curing p r o c e s s e s . 
Hydrolzates of the polymers contain several amino acids, m e t a l s 
and a p h e n o l . The polymers a r e lignin- or tannin-like and as 
such detract from t h e esthetic and probably nutritional v a l u e of 
foliage from i m p o r t a n t f o o d and feed crops. C o n c e n t r a t i o n s o f 
caffeoyl derivatives, caffeic and chlorogenic acids a r e in
creased in ozone-damaged tissues. Both o - d i p h e n o l s increase O2 

consumption and reduce CO2 fixation. T h e r e f o r e , plant growth and 
quality could be reduced by ozone's (a) impairing membrane 
integrity which would promote cell d e g r a d a t i o n through reduction 
in synthesis o f products of primary metabolism and by (b) in
creasing products of secondary metabolism. 

I n t r o d u c t i o n 

One f a c t o r c o n t r i b u t i n g t o crop l o s s e s caused by ozone i s the 
development o f abnormal pigments which a r e viewed as d i s c o l o r e d 
a r e a s on f o l i a g e o f o z o n e - s e n s i t i v e c u l t i v a r s . Such d i s c o l o r a t i o n 
i s e s t h e t i c a l l y u n a c c e p t a b l e on l e a f y f o o d crops and p r o b a b l y 
causes a r e d u c t i o n i n t h e n u t r i t i o n a l v a l u e o f a l l f o l i a r com
ponents used f o r f o o d and f e e d . B i o c h e m i c a l and p h y s i o l o g i c a l 
r e a c t i o n s r e s p o n s i b l e f o r ozone-induced d i s c o l o r a t i o n s have not 

94 
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8. H O W E L L Pigmentation and Physiology 95 

been e x p l o r e d t o th e same e x t e n t as ozone-induced p h y s i o l o g i c a l 
r e a c t i o n s a s s o c i a t e d w i t h p r i m a r y p l a n t metabolism. T h e r e f o r e , 
any d i s c u s s i o n o f th e p h y s i o l o g y o f abnormal p i g m e n t a t i o n r e s u l t 
i n g from ozone a s s a u l t s has t o c o n s i d e r t h e l i m i t e d i n f o r m a t i o n 
a v a i l a b l e and r e l a t e t h e f i n d i n g s from o t h e r i n v e s t i g a t i o n s 
i n v o l v i n g p l a n t s t r e s s e s t o f i n d i n g s from ozone-induced changes 
i n p l a n t metabolism. 

Phenols and enzymes o f th e phenolase complex, o - d i p h e n o l : 
O2 o x i d o r e d u c t a s e (E.C. 1.10.3.1.) and p e r o x i d a s e (E.C. 1.11.1.7.) 
c o n t r i b u t e t o secondary pigment f o r m a t i o n d u r i n g c u r i n g p r o c e s s e s 
(1) and d u r i n g s t r e s s e s t o p l a n t s caused by ozone ( 2 ^ 3 ) , d i s e a s e s , 
c h e m i c a l s , p h y s i c a l wounding and adverse t e m p e r a t u r e s , m o i s t u r e 
and n u t r i e n t l e v e l s ( 4 , 5 ) . The r e s u l t i n g pigments c o n t r i b u t e t o 
abnormal f o l i a r and foo d c o l o r a t i o n (6) and f l a v o r s ( 6 , 7) o f 
p l a n t s and p l a n t p r o d u c t s . 

Ozone s t i m u l a t e s t h e s y n t h e s i s o f anth o c y a n i n s ( 2 ) , c a f f e o y l 
d e r i v a t i v e s ( 8 ) , and t o t a l phenols (9_) i n p l a n t f o l i a g e . I t 
induce s n e c r o t i c l e s i o n s and l o c a l i z e d d i s c o l o r e d a r e a s o f y e l l o w , 
r e d o r brown on f o l i a g e o f p l a n t s o f many s p e c i e s . The s i z e and 
number o f l e s i o n s and the i n t e n s i t y o f c o l o r are r e l a t e d t o p l a n t 
c u l t i v a r , m a t u r i t y o f f o l i a g e , c u l t u r a l c o n d i t i o n s , c o n c e n t r a t i o n 
o f ozone and d u r a t i o n o f time a f t e r exposure. 

Why p h e n o l i c c o n s t i t u e n t s i n c r e a s e i n o z o n e - i n j u r e d t i s s u e s 
o r what t h e y c o n t r i b u t e t o p l a n t i n j u r y i s not c l e a r . To support 
t h e concept t h a t t h e r e i s a r e l a t i o n s h i p between p l a n t p h e n o l i c 
c o n c e n t r a t i o n s and ozone i n j u r y , f o u r approaches a r e p r e s e n t e d : 
(a) a r r a y o f p l a n t s p e c i e s t h a t produce pigment i n response t o 
ozone t r e a t m e n t ; (b) t i m i n g o f pigment development a f t e r ozone 
t r e a t m e n t ; ( c ) p l a n t r e s i s t a n c e t o ozone and absence o f pigmen
t a t i o n ; and (d) c o r r e l a t i o n between t o t a l phenols i n f o l i a g e and 
r e l a t i v e s e n s i t i v i t y o f peanut c u l t i v a r s t o ozone. 

S p e c i e s That Produce Pigments i n Response t o Ozone. Ozone 
causes pigment changes i n many p l a n t s p e c i e s . C h l o r o p h y l l deg
r a d a t i o n o c c u r s and c h l o r o s i s r e s u l t s . I n one p l a n t , Rumex 
c r i s p u s L., c h l o r o p h y l l c o n c e n t r a t i o n s d i d not decrease but 
anth o c y a n i n s y n t h e s i s was i n c r e a s e d a f t e r exposure t o ozone (2)· 
In o t h e r p l a n t s , reddish-brown pigments a r e formed, but t h e r e i s 
a decrease i n c h l o r o p h y l l c o n t e n t simultaneous w i t h t h e i r forma
t i o n (_). The reddish-brown pigments can be e a s i l y v i s u a l i z e d 
and l o c a t e d i n i n j u r e d l e a v e s a f t e r t h e r e m a i n i n g c h l o r o p h y l l and 
o t h e r e t h a n o l - s o l u b l e pigments a r e washed from l e a v e s . C e r t a i n 
c u l t i v a r s o f the f o l l o w i n g p l a n t s t y p i c a l l y e x h i b i t p o l y m e r i z e d 
pigments a f t e r ozone t r e a t m e n t s : green beans, s u n f l o w e r , p o t a t o , 
w h i t e and r e d c l o v e r , s p i n a c h , s a f f l o w e r , c u r l y dock, sweet 
c l o v e r , sweet and g r a i n sorghum, l i m a beans, chrysanthemum, s y c a 
more, dogwood, pe a n u t s , a l f a l f a , c o t t o n , r a d i s h , buckwheat and 
soybeans. C e r t a i n c u l t i v a r s o f green bean and a l f a l f a a r e r e 
s i s t a n t t o ozone and f a i l t o produce the p o l y m e r i z e d pigment 
f o l l o w i n g exposures t o ozone c o n c e n t r a t i o n s t h a t i n j u r e s e n s i t i v e 
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c u l t i v a r s . 

Time o f Pigment Formation A f t e r Ozone Treatments. I n gen
e r a l , pigmented l e s i o n s i n green l e a v e s o f t e s t p l a n t s a r e not 
v i s i b l e f o r a p p r o x i m a t e l y 20 h r o r more a f t e r ozone t r e a t m e n t s o f 
10 pphm o r l e s s f o r 2-8 h r , depending upon c u l t i v a r s used. I f , 
however, a l c o h o l - s o l u b l e pigments are removed from s i m i l a r ozone-
t r e a t e d l e a v e s , the o x i d i z e d pigments a r e e a s i l y v i s i b l e w i t h i n 
2 h r a f t e r f u m i g a t i o n s . Pigment f o r m a t i o n i s e v i d e n t i n Kent 
soybean l e a v e s ( F i g . 1 ) , w i t h i n 2 h r a f t e r ozone t r e a t m e n t , 10 
pphm f o r 6 h r , and spreads t o n e a r l y t h e e n t i r e l e a f by 4 h r 
a f t e r t r e a t m e n t . L i t t l e more pigment was d e t e c t a b l e d u r i n g the 
n e x t 20 h r . 

R e s i s t a n c e t o Ozone and F a i l u r e t o Produce Abnormal Pigments. 
Tempo green beans and a l f a l f a c l o n e s 11-1-1L are v e r y s e n s i t i v e 
t o ozone; Greenpod 4-07 and a l f a l f a c l o n e 2-1-2H ar e r e s i s t a n t t o 
ozone. I f t h e s e n s i t i v e and r e s i s t a n t c l o n e s o f the two s p e c i e s 
a r e c u l t u r e d i n ambient c o n c e n t r a t i o n s o f ozone, the l e a v e s o f 
r e s i s t a n t p l a n t s do not have any v i s i b l e l e s i o n s but those o f the 
s u s c e p t i b l e p l a n t s have e x t e n s i v e i n j u r y . A f t e r removing t h e 
a l c o h o l - s o l u b l e pigments from a l l l e a v e s , the l e a v e s from suscep
t i b l e p l a n t s a r e s i g n i f i c a n t l y more pigmented th a n those from 
r e s i s t a n t p l a n t s , whose l e a v e s are e s s e n t i a l l y v o i d o f polymer
i z e d pigments. 

C o r r e l a t i o n Between T o t a l Phenols Expressed as P e r c e n t 
C a f f e i c A c i d E q u i v a l e n t s and Ozone I n j u r y . Twelve c u l t i v a r s o f 
peanuts r a n g i n g from low t o h i g h ozone s e n s i t i v i t y were examined. 
F o l i a g e o f each o f the c u l t i v a r s was e v a l u a t e d f o r c o n t e n t o f 
t o t a l phenols b e f o r e and a f t e r ozone t r e a t m e n t . Because o f the 
r e l a t i v e l y h i g h c o n c e n t r a t i o n s o f c a f f e i c a c i d i n peanut f o l i a g e , 
v a l u e s are expressed as p e r c e n t c a f f e i c e q u i v a l e n t s i n t h e t o t a l 
p henol assay. E x p e r i m e n t a l r e s u l t s used i n e s t a b l i s h i n g t h e 
c o r r e l a t i o n between c a f f e i c a c i d and ozone i n j u r y a r e shown i n 
Table I . 

D i s c u s s i o n 

I t i s a common phenomenon f o r p h e n o l i c m o i e t i e s t o accumulate 
i n p l a n t t i s s u e s a f t e r exposures t o s t r e s s e s . C o n c e n t r a t i o n s o f 
phenols a r e i n c r e a s e d i n o z o n e - t r e a t e d p l a n t t i s s u e s ( 3 , 
Reddish-brown polymterized pigments a l s o develop i n a d i v e r s i t y o f 
p l a n t s i n j u r e d by ozone. T h i s response appears t o be a g e n e r a l 
r e a c t i o n and not a s p e c i f i c r e s u l t o f ozone i n j u r y (_0. S i m i l a r 
pigments have been i d e n t i f i e d i n p l a n t t i s s u e s d u r i n g senescence 
and by c u r i n g p r o c e s s e s ( 1 ) . 

The p r o d u c t s o f o x i d a t i o n are e a s i l y v i s u a l i z e d s h o r t l y a f t e r 
ozone t r e a t m e n t s but no c l a i m s h o u l d be made t h a t p h e n o l i c s o r 
t h e o x i d a t i v e enzymes, p o l y p h e n o l o x i d a s e , phenolase o r p e r o x i d a s e 
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8. H O W E L L Pigmentation and Physiology 97 

are t h e p r i m a r y s i t e s o f ozone i n j u r y . 
The involvement o f phenols and enzymes o f the phenolase com

p l e x appears t o be secondary t o the i n d u c t i o n o f n e c r o s i s . The 
i n d u c t i o n must i n v o l v e a m o d i f i c a t i o n o f membrane s t r u c t u r e which 
l e a d s t o a l t e r e d membrane p e r m e a b i l i t y and l o s s o f c e l l compart-
m e n t a l i z a t i o n . I f t h i s o c c u r s , r e g u l a t i o n o f c e l l u l a r metabolism 
i s l o s t , enzymes a r e a c t i v a t e d , and t h e s e and t h e i r s u b s t r a t e s 
t h a t a r e n o r m a l l y s e p a r a t e d by membranes would r e a c t t o g e t h e r . 
The r e s u l t i n g o x i d a t i v e a c t i v i t i e s would t h e n l e a d t o t h e 
f o r m a t i o n o f pigments o r l e s i o n s . 

T a ble I . Index o f ozone i n j u r y t o f o l i a g e o f 12 peanut c u l t i v a r s 
and t o t a l p l a n t p h e n o l e x p r e s s e s as % c a f f e i c a c i d 
e q u i v a l e n t s i n assay 

T o t a l p l a n t p h e n o l e x p r e s s e s as % 
c a f f e i c a c i d e q u i v a l e n t s i n assay 

Peanut I n j u r y B e f o r e A f t e r 
c u l t i v a r s c o r e ozone t r e a t m e n t ozone t r e a t m e n t 

PI268661 96 0.042 0.108 
W i l c o 66 0.038 0.073 
F l o r s p a n 69 0.034 0.065 
NC4X 60 0.033 0.055 
SER 56-15 70 0.039 0.080 
Spancross 67 0.040 0.093 
NC 4 65 0.035 0.066 
Tennessee Red 69 0.031 0.070 
F l o r u n n e r 56 0.038 0.053 
T i f s p a n 70 0.044 0.098 
V i r g i n i a 61R 70 0.030 0.065 
F l o r i g i a n t 61 0.028 0.068 

Mean 0.036 
r = 98.6 

A f t e r l o s s o f membrane i n t e g r i t y i n a few s u s c e p t i b l e c e l l s , 
c h a i n r e a c t i o n s i n v o l v i n g b o t h i n t r a - and e x t r a c e l l u l a r compo
nen t s c o u l d commence. The p o s s i b i l i t y o f t h i s t y p e o f o v e r a l l 
response i s made more p l a u s i b l e when we c o n s i d e r t h e work 
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d e s c r i b i n g l e a f age and ozone s e n s i t i v i t y ( 1 0 , 1 1 ) . I n b o t h Poa 
annua L. and N i c o t i a n a g l u t i n o s a L., l e a v e s show s e v e r a l 
g r a d a t i o n s i n c e l l m a t u r a t i o n . Only s p e c i f i c a r e a s on the- l e a v e s 
o f b o t h s p e c i e s were s e n s i t i v e t o ozone. The a u t h o r s concluded 
t h a t ozone s e n s i t i v i t y i s a f u n c t i o n o f c e l l u l a r development and 
m a t u r i t y . The same c o n c l u s i o n was r e p o r t e d by T i n g and Dugger 
( 1 2 ) . T h i s i n f o r m a t i o n i n d i c a t e s t h a t an i n t a c t l e a f o r p l a n t 
i s a dynamic system complete w i t h c e l l s o r l e a v e s o f d i f f e r e n t 
m a t u r i t i e s and, t h e r e f o r e , o f d i f f e r e n t a b i l i t i e s t o r e s i s t ozone 
uptake and subsequent b i o c h e m i c a l changes. G e n e r a l l y , p h e n o l 
metabolism i s c o n s i d e r e d a secondary p h y s i o l o g i c a l p r o c e s s com
pared t o p h o t o s y n t h e s i s . T h e r e f o r e , t h e r e l a t i v e t i m i n g o f an 
ozone e f f e c t i v e c o n t a c t on t h e two p r o c e s s e s i n a dynamic system 
(such as a l e a f ) may be o n l y a m a t t e r o f seconds and makes a 
d i s c u s s i o n o f what t h e p r i m a r y o r secondary s i t e o f ozone a t t a c k 
i n an i n t a c t system p o i n t l e s s . A l e a f i s composed o f many c e l l s , 
each a t t a c h e d t o an a d j a c e n t one. During l e a f e x p a n s i o n , some 
c e l l s a r e mature, o t h e r s a r e e n l a r g i n g w h i l e o t h e r s are s t i l l 
d i v i d i n g ; t h e r e f o r e , i n a g i v e n l e a f , t h e r e s h o u l d be some c e l l s 
a t a p h y s i o l o g i c a l age t h a t would f a v o r anabolism and photo
s y n t h e s i s , and some t h a t would f a v o r c a t a b o l i s m , o r p h e n o l polym
e r i z a t i o n . 

I n any d i s c u s s i o n where an attempt i s made t o i d e n t i f y t h e 
p r i m a r y o r secondary s i t e s o f ozone r e a c t i o n , one has t o c o n s i d e r 
t h e l e a f as h a v i n g many c e l l s , each o f which under normal c o n d i 
t i o n s would p r o v i d e p r o t e c t i o n f o r s u b c e l l u l a r o r g a n e l l e s . As 
c e l l s age, p r o d u c t s o f p r i m a r y metabolism, such as p r o t e i n s , 
c a r b o h y d r a t e s and l i p i d s a r e q u a n t i t a t i v e l y reduced (13) and t h e 
s t a b i l i t y o f membranes d i m i n i s h e d , t h u s a l l o w i n g t h e b i o c h e m i c a l 
r e a c t i o n s and p r o d u c t s o f secondary metabolism t o dominate. I n 
a t i s s u e w i t h c e l l s o f d i f f e r e n t ages, ozone c o u l d be a f f e c t i n g 
many m e t a b o l i c r e a c t i o n s i n v o l v i n g t h e s e components: (a) g l u c o s e 
( 1 4 ) , (b) p r o t e i n (15), ( c ) l i p i d ( 1 6 ) , and (d) phenols (8) a t 
t h e same t i m e . So t h e f i r s t s i t e o f ozone d e g r a d a t i o n i s most 
p r o b a b l y i n membranes. 

Ozone changes p l a n t c e l l membrane (1 7 , 18) and c h l o r o p l a s t 
membrane p e r m e a b i l i t y ( 1 9 ) . Loss o f membrane i n t e g r i t y i s a l s o 
caused by p l a n t pathogens (2Ό), drought ( 2 1 ) , h e r b i c i d e s (22) and 
f r o s t ( 2 1 ) . 

Phenols a r e p r e s e n t i n c h l o r o p l a s t s (23_, 24) and i n v a c u o l e s 
(25) o f p l a n t c e l l s . The enzyme p o l y p h e n o l o x i d a s e and o t h e r 
enzymes o f t h e phenolase complex a r e bound t o t h e c h l o r o p l a s t 
l a m e l l a e o r stroma (2£, 27) and i n t h e c y t o p l a s m (26)· A l t h o u g h 
t h e enzyme and s u b s t r a t e a r e i n c l o s e p r o x i m i t y , t h e y f a i l t o 
r e a c t u n t i l a p h y s i c a l d i s r u p t i o n o r n a t u r a l a g i n g p r o c e s s a l t e r s 
membrane p e r m e a b i l i t y and p e r m i t s them t o r e a c t . o-Phenols a r e 
r a p i d l y o x i d i z e d t o o-quinones i n t h e presence o f oxygen. Ozone 
c o u l d c o n t r i b u t e t o quinone f o r m a t i o n i n two ways: by (a) 
d e s t r o y i n g membrane i n t e g r i t y t o p e r m i t s u b s t r a t e and enzyme t o 
r e a c t , and (b) p r o v i d i n g m o l e c u l a r oxygen f o r phenol o x i d a t i o n . 
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Ozone does a f f e c t p h o t o s y n t h e s i s as measured by CO2 f i x a t i o n 
( 2 8 , 2 9 ) . S i n c e l o s s o f membrane i n t e g r i t y and o x i d i z e d pigment 
f o r m a t i o n o c c u r w i t h i n 2 h r a f t e r ozone t r e a t m e n t , t h e r e i s 
r e a s o n t o suspect t h a t e i t h e r endogenous o-phenols o r t h e i r o x i 
d i z e d p r o d u c t s , formed a f t e r membrane d i s r u p t i o n , may e x p l a i n the 
r e l a t i o n s h i p o f ozone, phenols and reduced CO2 f i x a t i o n , and O2 
e v o l u t i o n . C h l o r o p l a s t s o f p l a n t s p e c i e s d i f f e r i n t h e i r endog
enous q u a n t i t i e s o f o-phenols ( 2 3 ) and p o l y p h e n o l o x i d a s e enzymes 
( 2 6 ) . B a l d r y ert a l . ( 2 3 ) have compared t h e p h o t o s y n t h e t i c 
a b i l i t i e s o f c h l o r o p l a s t s i s o l a t e d from sugar cane and s p i n a c h by 
measuring CO2 f i x a t i o n and O2 e v o l u t i o n . CO2 f i x a t i o n and O2 
e v o l u t i o n were b o t h s i g n i f i c a n t l y more suppressed by c h l o r o p l a s t s 
from sugar cane t h a n by those from s p i n a c h . I f s p i n a c h c h l o r o 
p l a s t s were suspended i n e x t r a c t s from sugar cane c h l o r o p l a s t s 
which c o n t a i n e d m a i n l y o - d i p h e n o l s , C 0 2-dependent O2 e v o l u t i o n 
was reduced by 100% o f the c o n t r o l and p h o t o f i x a t i o n o f CO2 was 
reduced t o o n l y 3% o f t h a t observed f o r n o n t r e a t e d s p i n a c h c h l o r o 
p l a s t s . The predominant o - d i p h e n o l s were i d e n t i f i e d as c h l o r o -
g e n i c and c a f f e i c a c i d s . Both o - d i p h e n o l s a t c o n c e n t r a t i o n s o f 
2 χ ΙΟ"* 3 M suppressed CO2 f i x a t i o n and O2 e v o l u t i o n ; however, o f 
the two, c a f f e i c a c i d was th e more e f f e c t i v e . An exogenous 
e l e c t r o n a c c e p t o r added t o the c h l o r o p l a s t p r e p a r a t i o n negated 
the e f f e c t o f th e o - d i p h e n o l and O2 e v o l u t i o n o c c u r r e d . P o l y 
p h enol o x i d a s e i s bound t o c h l o r o p l a s t l a m e l l a e , and T o l b e r t ( 2 6 ) 
showed t h a t the a b i l i t y o f c h l o r o p l a s t p r e p a r a t i o n s t o o x i d i z e 
d i h y d r o p h e n y l a l a n i n e d i f f e r s depending upon p l a n t s p e c i e s , i n t e n 
s i t y and q u a l i t y o f l i g h t , and a g i n g o f c h l o r o p l a s t s . C h l o r o 
p l a s t s from sugar b e e t , Swiss c h a r d , and s p i n a c h had low Km v a l u e s 
i n i t i a l l y ; but t h e v a l u e s i n c r e a s e d t o a maximum o f 
2-6 mmole · mg*"1 c h l o r o p h y l l · hr"" 1 a f t e r a g i n g f o r 1-5 days. 
C h l o r o p l a s t s i s o l a t e d from a l f a l f a , wheat, o a t s , peas and sugar 
cane l e a v e s had maximum Km v a l u e s o f 11 - 120 ymples · mg""1 

c h l o r o p h y l l · hr"* 1 and d i d not r e q u i r e a g i n g f o r maximum o x i d a t i o n 
r a t e s . Thus, p l a n t enzyme p r o p e r t i e s d i f f e r and such d i f f e r e n c e s 
have t o be known b e f o r e ozone and i t s e f f e c t on b i o c h e m i c a l 
systems can be ad e q u a t e l y i n t e r p r e t e d . S u p p r e s s i o n o f photo
s y n t h e s i s c o u l d be due t o o- d i p h e n o l s and o-quinones: (a) a c t i n g 
as e l e c t r o n donors o r a c c e p t o r s which uncouple the normal p a t h 
way o f p h o t o s y n t h e t i c e l e c t r o n f l o w o r (b) changing the redox 
(EQ) p o t e n t i a l s o f i n t e r m e d i a t e s o f the e l e c t r o n t r a n s p o r t c h a i n . 
P a r t i a l p h o t o r e d u c t i o n o f the o-diquinones a l s o produces h i g h l y 
r e a c t i v e and i n h i b i t o r y semi-quinones ( 2 3 ) . 

Mason ( 3 0 ) and P i e r p o i n t ( 3 1 ) have d e s c r i b e d t h e involvement 
o f o - d i p h e n o l s i n p l a n t s and how th e y c o n t r i b u t e t o abnormal 
p l a n t p i g m e n t a t i o n . o-Diphenols are o x i d i z e d t o o-quinones by 
enzymes o f the phenolase complex ( o - d i p h e n o l : O2 o x i d o r e d u c t a s e , 
E.C. 1.10.3.1) and by p e r o x i d a s e (E.C. 1.11.1.7). o-Quinones 
r e a c t w i t h amino a c i d s , p r o t e i n s , amines and t h i o l groups o f 
p r o t e i n s t o p o l y m e r i z e and from reddish-brown pigments. Concen
t r a t i o n s o f c a f f e i c a c i d are doubled i n b o t h bean ( 8 ) and peanut 
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Figure 1-1. Kent soybean 
leaves: a. No ozone but 
cleared in 95Ψο ethanol. 
b-g. Treated with ozone 10 
pphm 6 hr, removed from 
phnts 0,1, 2, 4, 6, or 24 hrs 
after treatment and cleared, 
h. Ozone injury 24 hrs after 
treatment but not cleared. 

Figure 1-2. Tifspan pea
nut leaves: a. No ozone and 
cleared, b. Treated with 

ozone and cleared. 

Figure 1-3. King's Ran
som chrysanthemum leaves: 
a. Three on the left— 
treated with ozone and 
cleared, b. Two on the 
right—no ozone and 

cleared. 

Figure 1-4. Alfalfa leaves 
exposed to ambient concen
trations of ozone: a. From a 
resistant clone and shows 
no injury or pigment accu
mulation, b. From a sus
ceptible plant and shows 
both leaf injury and pig

ment accumulation. 
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8. H O W E L L Pigmentation and Physiology 

Figures 1-5 and 1-6. Green 
bean leaves exposed to 
ambient concentrations of 
ozone: a. Resistant and 
shows no pigment, b. Sen
sitive and shows that pig

ment is accumulated. 

Figure 1-7. Greenpod 407 
leaf with bean rust pustules. 

Figure 1-8. Spinach leaves: 
a. Treated with ozone and 
cleared to expose pigment. 
b. No ozone but cleared. 
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l e a v e s a f t e r ozone exposures. Ozone exposures a l s o i n c r e a s e d 
p e r o x i d a s e a c t i v i t y i n bean l e a v e s ( 3 2 , 3 3 ) . I n c r e a s e d concen
t r a t i o n s o f t o t a l phenols o c c u r i n tobacco l e a v e s as a r e s u l t o f 
o x i d a n t exposures ( 9 ) . The reddish-brown polymers which form i n 
o z o n e - i n j u r e d l e a v e s are presumably p r o d u c t s t h a t form from r e 
a c t i o n s o f ozone ( E Q +2.07V) w i t h p h e n o l i c m o i e t i e s which a r e 
o x i d i z e d t o o-quinones ( E Q +1.90V) and which t h e n p o l y m e r i z e w i t h 
amino a c i d s , p r o t e i n s , amines o r s u l f h y d r y l compounds. 

P l a n t s u s c e p t i b i l i t y t o ozone as determined by v i s i b l e i n 
j u r y may be v e r y c l o s e l y r e l a t e d t o q u a n t i t i e s o f o - d i p h e n o l s 
a s s o c i a t e d w i t h t h e c h l o r o p l a s t s and s p e c i f i c r e q u i r e m e n t s f o r 
a c t i v a t i o n o f p o l y p h e n o l o x i d a s e enzymes. There i s a s i g n i f i c a n t 
c o r r e l a t i o n between ozone i n j u r y and c o n c e n t r a t i o n s o f t o t a l 
p h enols e x p r e s s e d as p e r c e n t c a f f e i c a c i d e q u i v a l e n t s i n peanut 
c u l t i v a r s . T h i s concept i s not i n t e n d e d t o u n d e r e s t i m a t e the 
importance o f membranes t h a t s e p a r a t e phenols and enzymes. P e r 
haps f u t u r e r e s e a r c h w i l l demonstrate t h a t membranes o f r e s i s t a n t 
a l f a l f a , green bean and o t h e r s p e c i e s d i f f e r b o t h q u a l i t a t i v e l y 
and q u a n t i t a t i v e l y from t h o s e o f s u s c e p t i b l e p l a n t s o f t h ese 
s p e c i e s . 

Phenols a r e r e s p o n s i b l e f o r p l a n t r e s i s t a n c e t o c e r t a i n 
pathogens (5_, 20, 3 4 ) . Because o f i n c r e a s e d i n t e r e s t i n b i o 
l o g i c a l p e s t c o n t r o l , s e l e c t i o n o f p l a n t s w i t h h i g h c o n c e n t r a 
t i o n s o f phenols may p r o v i d e p r o t e c t i o n from p l a n t p e s t s , but on 
the b a s i s o f our knowledge o f t h e d i s t r i b u t i o n o f o x i d a n t p o l l u 
t a n t s and t h e i r e f f e c t s on p l a n t metabolism such a h y p o t h e s i s 
would be u n d e s i r a b l e . Ozone i s widespread and does c o n t r i b u t e t o 
t h e o x i d a t i o n o f p henols i n f o l i a g e o f many p l a n t s p e c i e s . 
R e s u l t i n g polymers are l i g n i n - o r t a n n i n - l i k e , and d e t r a c t from 
b o t h the e s t h e t i c and p r o b a b l y t h e n u t r i t i o n a l v a l u e s o f f o l i a g e 
from such c r o p s as a l f a l f a , c l o v e r and s p i n a c h . P r o d u c t s o f 
o x i d a t i o n i n Tempo bean l e a v e s p r o v i d e d p r o t e c t i o n a g a i n a g a i n s t 
a n a t u r a l bean r u s t (Uromyces p h a s e o l i ( P e r s . ) Wint.) i n f e c t i o n . 
No f u n g a l c o l o n i e s were d e t e c t e d on i n j u r e d Tempo bean l e a v e s . 
The c u l t i v a r Green Pod 407 t h a t d i d not produce the polymer 
( F i g . 1) was w e l l i n o c u l a t e d . The bean r u s t pathogen i s an 
o b l i g a t e p a r a s i t e ; t h e r e f o r e , i t i s d i f f i c u l t t o determine i f an 
e s s e n t i a l growth f a c t o r was i m m o b i l i z e d and not a v a i l a b l e t o t h e 
r u s t organism o r whether the pathogen was i n h i b i t e d by phenols 
o r o-quinones. 

P h e n o l i c compounds n a t u r a l l y o c c u r r i n g i n p l a n t s have i n 
duced many p h y s i o l o g i c a l responses t h a t d u p l i c a t e those r e p o r t e d 
f o r ozone and/or p e r o x y a c e t y l n i t r a t e (PAN). C h l o r o g e n i c a c i d i s 
a c o m p e t i t i v e i n h i b i t o r o f IAA-oxidase (35) and p l a n t growth i s 
a d v e r s e l y a f f e c t e d by i n c r e a s e d c o n c e n t r a t i o n s o f a u x i n s ( 3 6 ) . 
C o n c e n t r a t i o n s o f c h l o r o g e n i c a c i d a r e i n c r e a s e d i n tobacco 
t i s s u e exposed t o ozone ( 9 ) . Phenols i n h i b i t ATP s y n t h e s i s ( 3 7 ) , 
o x i d a t i v e p h o s p h o r y l a t i o n (37) and SH~enzyme a c t i v i t y ( 2 7 ) ; t h e y 
i n c r e a s e r e s p i r a t i o n ( 3 8 ) , reduce CO2 f i x a t i o n ( 2 2 ) , modify b o t h 
membrane p e r m e a b i l i t y T i b ) and o x i d a t i o n r a t e o f reduced NADH 
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( 3 9 ) , and form adducts t h a t i n c r e a s e o x i d a t i o n r a t e s o f amino 
a c i d s ( 4 1 ) . Dugger and T i n g r e l a t e i n t h e i r r e c e n t r e v i e w (42) 
t h a t ozone and/or PAN e l i c i t t h e same p h y s i o l o g i c a l responses i n 
suppressed growth r e s u l t i n g from ozone t r e a t m e n t s c o u l d r e s u l t 
from i n t e r a c t i o n s o f ozone, membrane components and p h e n o l s , and 
s p e c i f i c enzymes o f th e phenolase complex. 

C o n c l u s i o n s 

P h e n o l s , n a t u r a l l y found i n p l a n t s modify p i g m e n t a t i o n , 
q u a l i t y and growth o f those p l a n t s . N a t u r a l l y o c c u r r i n g p l a n t 
p h e n o l s , such as d e r i v a t i v e s o f c a f f e i c o r c h l o r o g e n i c a c i d , 
e l i c i t many p h y s i o l o g i c a l responses i n p l a n t a ssay systems. When 
s i m i l a r assay systems are t r e a t e d w i t h ozone, responses s i m i l a r 
t o t h o s e s t i m u l a t e d by phenols are observed. T h e r e f o r e , ozone 
i s s u s p e cted o f i n t e r a c t i n g w i t h c e l l u l a r membranes which p e r m i t 
p h e n o l o x i d a s e and phenols t o r e a c t . As a r e s u l t o f such r e 
a c t i o n s , ozone maximizes t h e e f f e c t s on p i g m e n t a t i o n , and perhaps 
on q u a l i t y and growth o f p l a n t p a r t s . Crops developed f o r c e r 
t a i n a r eas o f the c o u n t r y , e s p e c i a l l y t h o s e s u b j e c t t o h i g h 
o x i d a n t c o n c e n t r a t i o n s , s h o u l d be s e l e c t e d on the b a s i s o f e i t h e r 
low p h e n o l c o n t e n t o r phenolase a c t i v i t y . 
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The Impact of Ozone on the Bioenergetics of Plant 
Systems 

E V A J. PELL 

Department of Plant Pathology, Pennsylvania State University, 
University Park, Penn. 16802 

Abstract 

Ozone has been shown to initiate many physiological and bio
chemical changes in sensitive plant species. Decreases in photo
synthesis and increases and decreases in respiration have 
occurred in response to ozonation. The bioenergetic s t a t u s of 
mitochondria and chloroplasts is disturbed by ozone. Decreases 
in oxidative- and photo- phosphorylation have been reported as 
have increases in adenosine triphosphate and total a d e n y l a t e 
c o n t e n t of plant tissue. The variable physiological r e sponses 
appear to be related to the stage of symptom development at the 
time of analysis and to the mode of ozone exposure, viz. in vivo 
and in vitro. 

I n r e c e n t y e a r s t h e r e has been i n c r e a s e d i n t e r e s t i n 
e l u c i d a t i n g t h e b i o c h e m i c a l and p h y s i o l o g i c a l responses o f p l a n t s 
t o a i r p o l l u t a n t s . Ozone has r e c e i v e d p a r t i c u l a r s c r u t i n y 
because o f i t s importance i n ph o t o c h e m i c a l smog. The e f f e c t s o f 
ozone on the spectrum o f p h y s i o l o g i c a l and b i o c h e m i c a l systems 
has been a n a l y z e d i n p l a n t systems b o t h i n v i v o and i n v i t r o t o 
t r y t o determine t h e mode o f a c t i o n o f th e gas a t both t h e 
c e l l u l a r and s u b c e l l u l a r l e v e l ( 1 ) . The d a t a o b t a i n e d from t h i s 
r e s e a r c h has a l l o w e d t h e c h a r a c t e r i z a t i o n o f ozone damage a t 
v a r i o u s s t a g e s o f symptom development and a t v a r i o u s c e l l u l a r 
l e v e l s . We now know t h a t ozone has t h e p o t e n t i a l t o damage mem
brane systems, a l t e r enzyme f u n c t i o n and modify c o r r e s p o n d i n g 
m e t a b o l i c pathways ( 1 ) . However, because o f ozone's r a p i d r e 
a c t i o n r a t e , t h e p r i m a r y s i t e o f i t s a c t i o n i s s t i l l open t o 
s p e c u l a t i o n . While t h e p r i m a r y e f f e c t s o f ozone on the c e l l w i l l 
l e a d t o t h e a l t e r e d p l a n t growth u l t i m a t e l y o b s e r v e d , the 
c o n n e c t i o n may n o t be d i r e c t . T h e r e f o r e , i t would be a p p r o p r i a t e 
t o c o n s i d e r t h e response o f a r e g u l a t o r y system t o ozone exposure. 
R e g a r d l e s s o f whether t h e response t o ozone i s p r i m a r y o r 
secondary, t h e e f f e c t s on t h e c e l l and e n t i r e p l a n t system may be 
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permanent. 
The study o f b i o e n e r g e t i c s d e a l s w i t h energy f o r m a t i o n and 

u t i l i z a t i o n i n l i v i n g systems. I n most l i v i n g c e l l s energy i s 
found i n the form o f adenosine t r i p h o s p h a t e (ATP). Many b i o 
c h e m i s t s (2_, 3_) b e l i e v e t h a t t h e c e l l i s r e g u l a t e d , a t l e a s t i n 
p a r t , by the energy charge, i . e . 

, [ATP] + %[ADP] energy charge = t A T P ] t [ a d p ] + [ α μ ρ ] 

Imbalances i n energy charge w i t h i n a c e l l may be due t o reduced 
a v a i l a b i l i t y and/or i n c r e a s e d demand f o r ATP o r i t s p r e c u r s o r s . 
Reduced energy a v a i l a b i l i t y may r e s u l t from impairment o f the 
e n e r g y - g e n e r a t i n g u n i t and/or from d i s l o c a t i o n o f the h i g h energy 
molecule from the s i t e r e q u i r i n g ATP. 

In the p l a n t c e l l t h e r e a r e two s i t e s o f ATP g e n e r a t i o n : 
t h e c h l o r o p l a s t s and t h e m i t o c h o n d r i a . Adenosine t r i p h o s p h a t e i s 
generated d u r i n g t h e p r o c e s s o f oxygen u t i l i z a t i o n , v i z . d u r i n g 
r e s p i r a t i o n and p h o t o s y n t h e s i s which r e s u l t s i n oxygen e v o l u t i o n . 
S i n c e ozone i s an a l l o t r o p e o f oxygen, i t was l o g i c a l t o examine 
the e f f e c t s o f the a i r p o l l u t a n t on th e uptake and e v o l u t i o n o f 
oxygen by th e m i t o c h o n d r i a and c h l o r o p l a s t s , r e s p e c t i v e l y , and 
t o a n a l y z e t h e s e o r g a n e l l e s f o r c o r r e s p o n d i n g e f f e c t s on phospho
r y l a t i o n . I n the f o l l o w i n g pages I s h o u l d l i k e t o d i s c u s s 
r e s e a r c h which has been conducted t o determine t h e e f f e c t o f 
ozone on bo t h ATP c o n c e n t r a t i o n s and t h e p h o s p h o r y l a t i n g 
a b i l i t i e s o f p l a n t s p e c i e s ; t h e n I w i l l c o r r e l a t e t h i s r e s e a r c h 
w i t h s t u d i e s d e f i n i n g t h e p h o t o s y n t h e t i c and r e s p i r a t o r y b e h a v i o r 
o f p l a n t systems. 

R e s p i r a t i o n and p h o t o s y n t h e s i s were among the f i r s t r esponses 
t o ozone examined (4-_9). R e s p i r a t i o n has decreased under some 
ci r c u m s t a n c e s (J5, 7T, but i n g e n e r a l i t has been shown t o i n 
c r e a s e . These i n c r e a s e s have been c o r r e l a t e d w i t h t h e appearance 
o f v i s i b l e symptoms ( 8 ) . S i n c e the g e n e r a t i o n o f ATP i s so 
c l o s e l y a s s o c i a t e d w i t h e l e c t r o n t r a n s p o r t and oxygen upt a k e , t h e 
e f f e c t s o f ozone on o x i d a t i v e p h o s p h o r y l a t i o n were examined. 
I n t a c t t o b a c c o p l a n t s were exposed t o 0.60-0.70 μΐ/ΐ ozone f o r 
1 h r ; m i t o c h o n d r i a i s o l a t e d from v i s i b l y i n j u r e d t i s s u e demon
s t r a t e d an i n h i b i t i o n o f o x i d a t i v e p h o s p h o r y l a t i o n i n c o n j u n c t i o n 
w i t h an i n c r e a s e i n r e s p i r a t i o n ( 6 ) . However, when detached 
tobacco l e a v e s were fumigated w i t h 1.0 μΐ/ΐ ozone f o r 1-5 h r , t h e 
m i t o c h o n d r i a e x t r a c t e d from the t i s s u e p r i o r t o symptom d e v e l o p 
ment e x h i b i t e d reduced oxygen uptake and reduced o x i d a t i v e 
p h o s p h o r y l a t i o n ( 7 ) . I n an experiment o f s i m i l a r d e s i g n when 
ozone was bubbled through a s o l u t i o n o f i s o l a t e d m i t o c h o n d r i a , 
b o t h r e s p i r a t i o n and o x i d a t i v e p h o s p h o r y l a t i o n were reduced ( 7 ) . 
As w i l l be e l a b o r a t e d s u b s e q u e n t l y , i t appears t h a t t h e e f f e c t s 
o f ozone on m i t o c h o n d r i a a r e secondary. 

S t u d i e s i n v e s t i g a t i n g t h e p h o t o s y n t h e t i c f u n c t i o n o f p l a n t s 
have demonstrated an immediate decrease i n p h o t o s y n t h e t i c r a t e s 
f o l l o w e d by a r e t u r n t o normal when symptoms appear ( 8 , 9 ) . 
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T h i s d a t a has been accrued from oxygen e v o l u t i o n and carbon 
d i o x i d e f i x a t i o n measurements conducted on i n t a c t l e a f t i s s u e 
h a r v e s t e d from p l a n t s exposed t o ozone i n v i v o . U n f o r t u n a t e l y , 
i s o l a t i o n o f c h l o r o p l a s t s from t h e l e a f t i s s u e was not conducted 
t o determine p h o t o s y n t h e t i c o r phot©phosphorylation r a t e s . 
T h e r e f o r e , we cannot compare the p h o t o s y n t h e t i c d a t a s e c u r e d from 
l e a f t i s s u e d e t e r m i n a t i o n s and t h e r e s p i r a t i o n d a t a o b t a i n e d 
from s t u d i e s conducted on t h e m i t o c h o n d r i a . Such comparisons 
i n s i t u a r e not p o s s i b l e because a change i n gaseous exchange i n 
l e a f t i s s u e c o u l d be a d i r e c t r e s u l t o f i m p a i r e d o r g a n e l l e 
f u n c t i o n o r an i n d i r e c t e f f e c t o f a l t e r e d gaseous i n g r e s s due t o 
another c e l l u l a r m a l f u n c t i o n . S e v e r a l i n v i t r o s t u d i e s have been 
conducted w i t h i s o l a t e d c h l o r o p l a s t s i n which t h e o r g a n e l l e s were 
exposed t o ozone; p h o t o p h o s p h o r y l a t i o n r a t e s and p h o t o s y n t h e t i c 
parameters were measured. I t was demonstrated t h a t when i s o l a t e d 
s p i n a c h c h l o r o p l a s t s were exposed t o a t o t a l o f 900 nanomoles o r 
l e s s o f ozone, e l e c t r o n t r a n s p o r t and c y c l i c p h o t o p h o s p h o r y l a t i o n 
were reduced ( 1 0 ) . I n another experiment when 40 u l / 1 ozone 
were bubbled through a pea c h l o r o p l a s t s u s p e n s i o n , ATP f o r m a t i o n 
was reduced ( 1 1 ) . 

Adenosine t r i p h o s p h a t e i s u t i l i z e d i n p o r t i o n s o f t h e c e l l 
o t h e r t h a n t h e m i t o c h o n d r i a and c h l o r o p l a s t s ; t h e r e f o r e , t h e 
u t i l i z a t i o n as w e l l as t h e p r o d u c t i o n o f ATP i s o f importance t o 
t o t a l a d e n y l a t e s t a t u s . As a r e s u l t , i t became im p o r t a n t t o 
c o n s i d e r t o t a l ATP content o f p l a n t s . When detached p i n t o bean 
l e a v e s were exposed t o 1.0 μΐ/ΐ ozone f o r 30 min t o t a l ATP 
c o n t e n t o f t h e l e a f decreased (12)· S i n c e ozone a l t e r e d l e a f 
ATP c o n t e n t i t c o u l d a l s o a l t e r t h e l e a f ' s a d e n y l a t e s t a t u s ; we 
wished t o determine i f a c o r r e l a t i o n e x i s t e d between a l t e r a t i o n 
i n a d e n y l a t e s and t h e change p r e v i o u s l y r e p o r t e d i n photosyn
t h e s i s and r e s p i r a t i o n . S i n c e ATP i s r e a d i l y broken down by 
adenosine t r i p h o s p h a t a s e s , a r e l i a b l e method o f e x t r a c t i o n and 
q u a n t i t a t i v e method o f ATP a n a l y s i s was designed f o r t h e s t u d y 
( 8 ) . 

Adenosine t r i p h o s p h a t e was measured by t h e l u c i f e r i n -
l u c i f e r a s e assay and t o t a l a d e n y l a t e s were measured by c o n v e r t i n g 
adenosine diphosphate (ADP) and adenosine monophosphate (AMP) t o 
ATP and measuring s i m i l a r l y . P h o t o s y n t h e s i s and r e s p i r a t i o n were 
measured m a n o m e t r i c a l l y ( 8 ) . I n t a c t p i n t o bean p l a n t s were ex
posed t o 0.30 μΐ/ΐ ozone f o r t h r e e h r and a n a l y z e d immediately 
a f t e r o z o n a t i o n b e f o r e v i s u a l symptoms developed; we observed a 
s i g n i f i c a n t i n c r e a s e i n ATP and t o t a l a d e n y l a t e c o n t e n t , an i n 
c r e a s e i n r e s p i r a t i o n r a t e s and a decrease i n p h o t o s y n t h e s i s 
r a t e s (Table I ) . Due t o t h e seeming d i s p a r i t y between our 
r e s u l t s and t h o s e r e p o r t e d p r e v i o u s l y (16, 7_, 10, 11, 1 2 ) , we r e 
peated our experiments measuring t h e s e parameters a t 0, 6, 21, 
and 72 h r a f t e r o z o n a t i o n t o more t h o r o u g h l y c h a r a c t e r i z e t h e 
responses w i t h r e g a r d t o symptom development. We a g a i n observed 
t h e s i g n i f i c a n t i n c r e a s e i n ATP i n t o t a l a d e n y l a t e content and 
i n r e s p i r a t i o n r a t e , and a decrease i n p h o t o s y n t h e s i s immediately 
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a f t e r o z o n a t i o n ( T a b l e I I ) . 
These changes p e r s i s t e d f o r 6 h r . Twenty-one h r a f t e r ozone 

exposure, t h e ATP l e v e l and p h o t o s y n t h e t i c r a t e had r e t u r n e d t o 
normal. Seventy two h r a f t e r o z o n a t i o n , r e s p i r a t i o n r a t e s were 
s t i l l i n c r e a s e d but p h o t o s y n t h e s i s r a t e s and t o t a l a d e n y l a t e 
l e v e l s had r e t u r n e d t o normal. The ATP c o n t e n t o f t h e ozonated 
bean p l a n t s showed a secondary i n c r e a s e over c o n t r o l p l a n t s a f t e r 
72 h r . 

There a r e s e v e r a l o b s e r v a t i o n s which can be drawn from t h e s e 
s t u d i e s . Ozone a l t e r s r e s p i r a t i o n , p h o t o s y n t h e s i s and phospho
r y l a t i o n r a t e s as w e l l as t h e g e n e r a l a d e n y l a t e s t a t u s o f p l a n t s . 
I n each r e s e a r c h paper d i s c u s s e d above, t h e r e were r e p o r t s o f 
changes i n v a r i o u s b i o e n e r g e t i c systems. The d i r e c t i o n and 
magnitude o f t h e s e changes were not always t h e same. There a r e 
many p o s s i b l e e x p l a n a t i o n s f o r t h e spectrum o f r e s u l t s r e p o r t e d , 
i n c l u d i n g e n v i r o n m e n t a l c o n d i t i o n s b e f o r e , d u r i n g and a f t e r 
o z o n a t i o n and t h e use o f d i f f e r e n t e x p e r i m e n t a l methods t o t e s t 
any o f the c e l l f u n c t i o n s . However, t h e r e a r e two b a s i c d i f f e r 
ences i n e x p e r i m e n t a l d e s i g n which may be r e s p o n s i b l e f o r t h e 
v a r i a b l e r e s u l t s : (a) use o f d i f f e r e n t ozone dosage regimes and 
(b) use o f i n v i v o o r i n v i t r o p l a n t systems. 

The dose o f ozone, i . e . t h e gas c o n c e n t r a t i o n exposure t i m e , 
w i l l determine t h e s e v e r i t y and t h e r a t e o f symptom development. 
The r a t e o f development i s v e r y i m p o r t a n t when p h y s i o l o g i c a l 
and/or b i o c h e m i c a l a n a l y s e s are conducted on p l a n t t i s s u e . I f 
d i f f e r e n t doses are used (as was t h e case above) the r a t e s o f 
symptom development w i l l be d i f f e r e n t . The t i m e s o f t i s s u e 
h a r v e s t f o r f u n c t i o n a l a n a l y s e s w i l l p r o b a b l y not be comparable 
and, t h e r e f o r e , t h e r e s u l t s may v a r y f o r t i s s u e a n a l y z e d a t 
d i f f e r e n t t i m e s d u r i n g ozone symptom development. S i n c e a l l t h e 
ozone c o n c e n t r a t i o n s used i n t h e experiments d i s c u s s e d above l e a d 
t o c e l l d e a t h , i t i s l i k e l y t h a t t h e f u n c t i o n a l changes r e p o r t e d 
do o c c u r . I t i s t h e sequence i n which t h e s e changes o c c u r t h a t 
i s s i g n i f i c a n t , and t h i s i s dependent upon when measurements were 
made w i t h r e g a r d t o symptom development. When p l a n t t i s s u e was 
exposed t o h i g h ozone c o n c e n t r a t i o n s , r a p i d i n d u c t i o n o f c e l l u l a r 
and o r g a n e l l a r d e s t r u c t i o n c o u l d have o c c u r r e d . Any a n a l y s i s 
conducted subsequent t o the o z o n a t i o n would p r o b a b l y r e f l e c t an 
advanced stage o f c e l l damage. As a r e s u l t , any e a r l y event i n 
damage development would be o v e r l o o k e d . For example, an i n c r e a s e 
i n a d e n y l a t e c o n c e n t r a t i o n c o u l d o c c u r e a r l y i n the development 
o f symptoms f o l l o w e d by a r u p t u r i n g o f t h e i n t e g r i t y o f t h e 
c o u p l e d membrane system. T h i s u n c o u p l i n g c o u l d l e a d t o i n c r e a s e d 
r e s p i r a t i o n and decreased o x i d a t i v e p h o s p h o r y l a t i o n . D u r i n g 
r a p i d symptom development an e a r l y p h y s i o l o g i c a l change c o u l d 
pass b e f o r e t h e r e was an o p p o r t u n i t y f o r a n a l y s i s . 

Both i n v i v o and i n v i t r o systems have been u t i l i z e d t o t r y 
t o e l u c i d a t e the e f f e c t s o f ozone on v e g e t a t i o n , but one must be 
c a u t i o u s about assuming t h a t t h e y a r e e q u a l . I l l v i t r o s t u d i e s 
r e v e a l t h e p o t e n t i a l o f ozone t o i n j u r e o r g a n e l l e s , enzyme systems 
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e t c . , but t h e d a t a cannot be e x t r a p o l a t e d t o t h e e f f e c t s o f ozone 
on t h e s e systems i n v i v o because the environment o f a s u b c e l l u l a r 
s t r u c t u r e and/or system i n v i v o i s q u i t e d i f f e r e n t from t h a t i n 
an a r t i f i c a l , i n v i t r o , medium. T h i s environment may be c r u c i a l 
t o t h e system's response t o t h e gas. For example, o r g a n e l l e s 
are n o r m a l l y found bathed i n cytoplasm and a r e i n f l u e n c e d by 
t h e m e t a b o l i c p o o l s e x i s t i n g t h e r e i n . I f an o r g a n e l l e were 
damaged by ozone and r e q u i r e d p r e c u r s o r s from the m e t a b o l i c p o o l 
f o r r e p a i r , t h i s response would not be measured i n an i n v i t r o 
system; i n f a c t , a more severe o r d i f f e r e n t response than o c c u r s 
i n v i v o may be measured. One such example d e a l s w i t h t h e de
c r e a s e i n o x i d a t i v e - and photo- p h o s p h o r y l a t i o n r a t e s observed 
when m i t o c h o n d r i a and c h l o r o p l a s t s were t r e a t e d and a n a l y z e d i n 
v i t r o . These decreases c o u l d have been due t o impairment o f 
s t r u c t u r e s n e c e s s a r y f o r p h o s p h o r y l a t i o n o r t o leakage o f 
n e c e s s a r y p r e c u r s o r s from the o r g a n e l l e i n t o the b u f f e r e d s o l u 
t i o n . The l a t t e r i s a d i s t i n c t p o s s i b i l i t y s i n c e t h e r e i s 
evidence o f damaged membrane f u n c t i o n ( 1 3 ) . In f a c t , i t has been 
r e p o r t e d t h a t when i s o l a t e d m i t o c h o n d r i a are exposed t o ozone 
t h e r e i s i n c r e a s e d leakage o f n u c l e o t i d e s d i r e c t l y p r o p o r t i o n a l 
t o l e n g t h o f ozone exposure ( 1 4 ) . I f m e t a b o l i t e s and p r e c u r s o r s 
a r e l e a k i n g i n t o t h e c y t o p l a s m , c o n s i d e r a t i o n s h o u l d be g i v e n t o 
the impact which t h e s e m e t a b o l i t e s might have on c e l l u l a r 
f u n c t i o n s . For example, i f a d e n y l a t e s l e a k out o f m i t o c h o n d r i a l 
and c h l o r o p l a s t membranes i n t o the cytoplasm o f i n t a c t c e l l s , a 
demand f o r i n c r e a s e d s y n t h e s i s o f a d e n y l a t e s c o u l d occur w i t h i n 
these o r g a n e l l e s . T h i s s y n t h e s i s would then r e s u l t i n an i n 
c r e a s e i n net a d e n y l a t e content o f the e n t i r e t i s s u e . The en
zymes n e c e s s a r y f o r t h i s s y n t h e s i s are b e l i e v e d t o be c y t o p l a s m i c 
i n o r i g i n ; hence, i f t h e cytoplasm i s not p r e s e n t — a s i s the case 
i n an i n v i t r o e x p e r i m e n t — t h e i n c r e a s e c o u l d not o c c u r . 

From the d i s c u s s i o n above we conclude t h a t our o b s e r v a t i o n s 
a r e not n e c e s s a r i l y i n c o n s i s t e n t w i t h those o f o t h e r r e p o r t s . 
Both t h e time o f a n a l y s i s and e x p e r i m e n t a l d e s i g n may a f f e c t the 
r e s u l t s . An e x p l a n a t i o n f o r the i n c r e a s e i n a d e n y l a t e s under the 
c o n d i t i o n s o f our experiment i s s t i l l needed. S i n c e b o t h ATP 
a l o n e and t o t a l a d e n y l a t e c o n c e n t r a t i o n s have i n c r e a s e d , i t does 
not appear t h a t a s h i f t i n p h o s p h o r y l a t i o n can account f o r t h e 
i n c r e a s e s . The decrease i n p h o t o s y n t h e s i s and i n c r e a s e i n ad
e n y l a t e s o c c u r d u r i n g t h e same time p e r i o d and b o t h f a c t o r s 
r e t u r n t o normal a f t e r 21 h r . From p r e v i o u s r e s e a r c h we know 
t h a t the p h o t o s y n t h e t i c l e v e l s o f ozonated p i n t o bean f o l i a g e 
decrease immediately a f t e r ozone exposure even when symptoms do 
not develop (8_). T h i s does not h o l d t r u e f o r t h e a d e n y l a t e o r 
r e s p i r a t i o n r e s p o n s e s . T h e r e f o r e , i t appears t h a t the ozone-
i n i t i a t e d i n c r e a s e i n a d e n y l a t e s i s not c o r r e l a t e d d i r e c t l y t o 
the p h o t o s y n t h e t i c response. The i n c r e a s e i n r e s p i r a t i o n p e r s i s t s 
when a d e n y l a t e content and p h o t o s y n t h e t i c r a t e s have r e t u r n e d t o 
normal. Impaired m i t o c h o n d r i a l f u n c t i o n appears t o be a secondary 
response more c l o s e l y r e l a t e d t o symptom development. 
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I f p h o t o s y n t h e t i c and r e s p i r a t o r y changes cannot account 
f o r t h e i n c r e a s e s i n a d e n y l a t e c o n c e n t r a t i o n , which system i s 
r e s p o n s i b l e ? I t has been r e p o r t e d t h a t ADP and ATP c o n c e n t r a 
t i o n s o f E h r l i c h a s c i t e s tumor c e l l s i n c r e a s e i n t h e presence 
o f adenine ( 1 5 ) . Whether t h i s would h o l d t r u e f o r p l a n t c e l l s 
i s not known, but i t seems p l a u s i b l e t h a t e q u i l i b r i u m s h i f t s 
would i n i t i a t e s i m i l a r r e s p o n s e s . An i n c r e a s e i n adenine con
c e n t r a t i o n s c o u l d o c c u r i f t h e r e was any breakdown o f n u c l e i c 
a c i d s . There i s one r e p o r t t h a t the number o f ribosomes i n t h e 
c h l o r o p l a s t does decrease i n response t o ozone ( 1 6 ) . An i n 
c r e a s e i n s y n t h e s i s o f p u r i n e s i s a l s o p o s s i b l e but t h e r e i s no 
evidence t o e i t h e r support o r r e f u t e t h i s h y p o t h e s i s . 

I n c r e a s e s i n a d e n y l a t e c o n t e n t as have been d i s c u s s e d here 
a r e not unique responses o f p l a n t s t o ozone. Other s t r e s s e s , 
i n c l u d i n g t h e a i r p o l l u t a n t hydrogen f l u o r i d e and t o b a c c o mosaic 
v i r u s , have been r e p o r t e d t o induce s i m i l a r i n c r e a s e s i n ATP 
and/or a d e n y l a t e s (17_, 1 8 ) . A l t h o u g h ATP i s c o n s i d e r e d an energy 
source and, t h e r e f o r e , a v a l u a b l e b i o c h e m i c a l c e l l c o n s t i t u e n t , 
i t s p r o d u c t i o n a t th e expense o f o t h e r c e l l u l a r components would 
have d e l e t e r i o u s e f f e c t s . Furthermore, i t i s not the t o t a l con
c e n t r a t i o n s o f a d e n y l a t e s p e r s e , but t h e d i s t r i b u t i o n which i s 
i m p o r t a n t . Some r e s e a r c h e r s have suggested t h a t t h e movement o f 
a d e n y l a t e s from t h e p r o d u c t i o n s i t e t o s y n t h e s i s s i t e s c o n t r o l s 
c e l l u l a r metabolism ( 1 9 , 2 0 ) . I f t h e d i s t r i b u t i o n s h i f t s , 
m etabolism w i l l be a l t e r e d . A t k i n s o n (2) has s t a t e d t h a t t h e 
energy charge may be r e s p o n s i b l e f o r c o n t r o l l i n g o f gene f u n c t i o n . 
S i n c e t h e r e a r e a t l e a s t t h r e e s i t e s o f f u n c t i o n a l gene a c t i v i t y 
( n u c l e i c a c i d s ) v i z . c h l o r o p l a s t , m i t o c h o n d r i a and n u c l e u s , t h e 
energy charge would be c r u c i a l i n a l l t h e s e a r e a s . I t would be 
imp o r t a n t t o determine whether t h e i n c r e a s e i n t o t a l a d e n y l a t e s 
r e f l e c t s any change i n energy charge i n any o r a l l s i t e s o f 
gene f u n c t i o n . T h i s would be accompli s h e d by measuring a b s o l u t e 
c o n c e n t r a t i o n s as w e l l as r a t i o s . 

The impact o f a l t e r e d energy charge i s open t o s p e c u l a t i o n 
s i n c e we do not f u l l y u n d e rstand t h e r o l e o f energy charge i n 
the h e a l t h y c e l l . Many r e s e a r c h e r s have suggested t h a t ozone 
in d u c e s premature senescence ( 2 1 , 2 2 ) . Normal senescence i s a 
f u n c t i o n o f p l a n t growth r e l a t e d d i r e c t l y t o gene f u n c t i o n . 
Perhaps ozone-induced senescence c o u l d be a t t r i b u t e d t o the 
e f f e c t s o f a l t e r e d a d e n y l a t e s t a t u s on gene f u n c t i o n . 
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10 
Acute Inhibition of Apparent Photosynthesis by 
Phytotoxic Air Pollutants 
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Abstract 

Sublethal plant exposures to a number of phytotoxic air 
pollutants can cause the reversible s u p p r e s s i o n of one of life's 
most basic processes-- photosynthesis. The possibility o f plant 
growth s u p p r e s s i o n by atmospheric pollution is a concern o f 
many p e o p l e . We need to know if subnecrotic pollutant exposures 
that may oc c u r in ambient air can repress p h o t o s y n t h e s i s rates 
sufficiently to cause significant retardation of plant growth. 
Some insight into t h e capability for s h o r t - t e r m exposures to HF, 
C12, 03, S02, N02 and N0-- applied singly and as dual pollutant 
mixtures-- t o suppress apparent p h o t o s y n t h e s i s rates o f several 
i m p o r t a n t crop species is p r e s e n t e d h e r e . 

I n t r o d u c t i o n 

Many a g r i c u l t u r i s t s e x p r e s s t h e c o n v i c t i o n t h a t crop growth 
and p r o d u c t i v i t y can be suppressed by p h y t o t o x i c a i r p o l l u t a n t s 
p r e s e n t i n t h e atmosphere i n dosages t h a t may be t o o low t o cause 
obvious symptoms o f f o l i a r i n j u r y . The mechanisms o f growth 
s u p p r e s s i o n a r e not w e l l u n d e r s t o o d ; however, adverse e f f e c t s on 
a number o f p l a n t f u n c t i o n a l and s t r u c t u r a l p r o c e s s e s c o u l d l e a d 
t o growth r e d u c t i o n . An i m p o r t a n t i n v i v o p r o c e s s t h a t can be 
i n h i b i t e d by p l a n t exposure t o c e r t a i n a i r - p o l l u t i n g p h y t o -
t o x i c a n t s i s t h e p l a n t ' s net p h o t o s y n t h e s i s r a t e ( I 7 J O . S e v e r a l 
s e n s i t i v e and r a p i d methods f o r d e t e c t i n g e f f e c t s on photo
s y n t h e s i s a r e a v a i l a b l e . Three o f t h e s e i n v o l v e (a) d e t e r m i n i n g 
the r a t e s t h a t t h e p h y s i o l o g i c a l gases CO2 o r O2 are exchanged 
w i t h t h e p l a n t s , (b) measuring l e a f ATP and ( c ) i n v e s t i g a t i n g 
changes i n the f l u o r e s c e n c e o f p h o t o s y n t h e s i z i n g t i s s u e s . Carbon 
D i o x i d e exchange measurements have been u t i l i z e d as a s c r e e n i n g 
t e c h n i q u e t o determine which i m p o r t a n t a i r p o l l u t a n t s can i n h i b i t 
p h o t o s y n t h e t i c r a t e s i n p l a n t s exposed t o low p o l l u t a n t concen
t r a t i o n s and exposure dosages ( 1 - c O . 

P h y t o t o x i c atmospheric p o l l u t a n t s have been r a t e d by p l a n t 
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116 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

s c i e n t i s t s as t o t h e i r r e l a t i v e importance i n a f f e c t i n g p l a n t 
l i f e i n the U n i t e d S t a t e s ( 1 0 , 1 1 ) . Those r e c o g n i z e d as b e i n g o f 
g r e a t e s t s i g n i f i c a n c e a r e : ozone and o t h e r o x i d a n t s o f t h e 
p h o t o c h e m i c a l o x i d a n t complex ( i . e . p e r o x y a c e t y l n i t r a t e s and 
n i t r o g e n o x i d e s ) , s u l f u r d i o x i d e , a g r i c u l t u r a l c h e m i c a l s , 
f l u o r i d e s and e t h y l e n e . Other atmospheric p o l l u t a n t s o f l e s s e r 
s i g n i f i c a n c e i n c l u d e c h l o r i n e and hydrogen c h l o r i d e , a c i d 
a e r o s o l s , and heavy m e t a l s and r a d i o a c t i v e s u b s t a n c e s . Problems 
caused by a i r p o l l u t i o n v a r y i n b o t h s e v e r i t y and n a t u r e i n 
d i f f e r e n t p a r t s o f the c o u n t r y . Many f a c t o r s c o n t r i b u t e t o t h i s 
s i t u a t i o n . These i n c l u d e t h e p a r t i c u l a r p o l l u t a n t sources 
p r e s e n t ; t h e a c c u m u l a t i o n , i n t e r a c t i o n and f a t e o f t h e p o l l u t a n t s 
i n the environment; t h e k i n d s , d i s t r i b u t i o n and use o f t h e p l a n t s ; 
and t h e r e l a t i v e s e n s i t i v i t i e s o f v e g e t a t i o n growing i n t h e i r 
r e s p e c t i v e h a b i t a t s . 

Ozone ( O 3 ) , t h e most u b i q u i t o u s a i r p o l l u t a n t i n the U.S., 
i s r a t e d as t h e s i n g l e most important p h y t o t o x i c p o l l u t a n t a f f e c t 
i n g v e g e t a t i o n ( 1 0 - 1 2 ) . The h i g h e s t c o n c e n t r a t i o n s o f O3 (and 
p h o t o c h e m i c a l o x i d a n t s ) i n the c o u n t r y are found i n Southern 
C a l i f o r n i a . Ozone does o c c u r i n e l e v a t e d c o n c e n t r a t i o n s o v e r 
e x t e n s i v e areas o f the h e a v i l y u r b a n i z e d E a s t e r n U n i t e d S t a t e s , 
however, and g r e a t e r t o t a l l o s s e s due t o v e g e t a t i o n i n j u r y may 
be s u s t a i n e d t h e r e . I t s h o u l d be noted t h a t p l a n t s growing i n 
humid areas c h a r a c t e r i s t i c o f the E a s t e r n U.S. t e n d t o have i n 
c r e a s e d s e n s i t i v i t i e s t o p h y t o t o x i c a i r p o l l u t a n t s i n comparison 
t o t hose grown i n d r i e r h a b i t a t s . 

S u l f u r d i o x i d e ( S O 2 ) i s r e g a r d e d as t h e most im p o r t a n t p h y t o 
t o x i c a i r p o l l u t a n t e m i t t e d from i n d u s t r i a l ( p o i n t ) s o u r c e s . 
S u l f u r d i o x i d e i s commonly formed d u r i n g t h e combustion o f s u l f u r -
c o n t a i n i n g f u e l s ( e s p e c i a l l y c o a l and petroleum) and from s m e l t 
i n g o p e r a t i o n s u s i n g s u l f i d e o r e s . N i t r o g e n o x i d e s a l s o a r i s e as 
a r e s u l t o f t h e s e h i g h temperature p r o c e s s e s and can be e m i t t e d 
s i m u l t a n e o u s l y . Some s t u d i e s i n d i c a t e t h a t the p h y t o t o x i c i t y o f 
a i r c o n t a i n i n g S 0 2 and N 0 2 i s enhanced when bot h p o l l u t a n t s a r e 
p r e s e n t t o g e t h e r and concern has a r i s e n r e c e n t l y about the 
q u a l i t y o f a i r p o s s e s s i n g e l e v a t e d c o n c e n t r a t i o n s o f these p o l l u 
t a n t s (9_, 1 3 ) . L i k e w i s e , ambient a i r c o n t a i n i n g O3 i n t o which 
SO2 i s e m i t t e d has become suspect s i n c e S 0 2 and O3 have been 
r e p o r t e d t o i n t e r a c t s y n e r g i s t i c a l l y t o i n j u r e p l a n t s ( 1 2 ) . 

I n f o r m a t i o n p r e s e n t l y a v a i l a b l e w i l l a l l o w o n l y a f i r s t 
a p p r o x i m a t i o n t o be made i n t o the s i g n i f i c a n c e o f a i r p o l l u t i o n 
on p l a n t growth. To c o m p l i c a t e an e v a l u a t i o n , v e r y l i t t l e i s 
known about t h e impact o f v a r i o u s p o l l u t a n t combinations t h a t 
might i n t e r a c t t o determine the p h y t o t o x i c i t y o f the m i x t u r e s . 
C u r r e n t knowledge about t h e i n h i b i t o r y e f f e c t s o f major a i r 
p o l l u t a n t s on apparent p h o t o s y n t h e t i c r a t e s i n p l a n t s i s d e s c r i b e d 
below. The d i s c u s s i o n i n c l u d e s observed p l a n t responses t o 
s i m p l e d u a l combinations o f the p o l l u t a n t s . 
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10. B E N N E T T A N D H I L L Inhibition of Photosynthesis 117 

S i n g l e P o l l u t a n t Exposures 

At l e a s t s i x major p h y t o t o x i c a i r p o l l u t a n t s have been shown 
t o r e v e r s i b l y i n h i b i t apparent p h o t o s y n t h e t i c r a t e s i n p l a n t s 
( 1 ^ 3 ) . S t u d i e s i n d i c a t e t h a t t h e s e p h y t o t o x i c a n t s r a nked i n t h e 
f o l l o w i n g o r d e r a c c o r d i n g t o t h e r e l a t i v e amount o f i n h i b i t i o n 
e f f e c t e d a f t e r s e v e r a l hours o f exposure t o e q u a l p o l l u t a n t 
c o n c e n t r a t i o n s : HF> C l 2~03> S 0 2 > N 0 2 > N 0 . A summary o f t h e e x p e r i 
m e ntal r e s u l t s which compares measured d e p r e s s i o n s i n CO2 uptake 
r a t e s o f b a r l e y and oat canopi e s a f t e r 2-hr p o l l u t a n t exposures 
i n e n v i r o n m e n t a l chambers appears i n F i g u r e 1. T y p i c a l i n h i b i 
t i o n and r e c o v e r y r a t e c u r v e s f o r exposures t h a t reduced CO2 
a b s o r p t i o n r a t e s by 2 0 p e r c e n t a t t h e end o f the 2-hr f u m i g a t i o n s 
a r e a l s o shown. S i m i l a r d a t a have been o b t a i n e d f o r a l f a l f a , 
a n o t her i m p o r t a n t crop s p e c i e s which was c u l t u r e d and exposed 
under i d e n t i c a l c o n d i t i o n s ( 2 , 3 ) . I n c o n t r a s t , e q u i v a l e n t 
experiments on a p l a n t s p e c i e s ( M u h l e n b e r g i a a s p e r i f o l i a ) t h a t 
i s v e r y r e s i s t a n t t o SO2 showed t h i s g r a s s t o r e q u i r e about f i v e 
t i m e s g r e a t e r SO2 exposure dosages i n o r d e r t o induce comparable 
r a t e r e d u c t i o n s ( 3 ) . Responses o f many p l a n t s s u b j e c t e d t o 
s i m i l a r e n v i r o n m e n t a l t r e a t m e n t c o n d i t i o n s would p r o b a b l y f a l l 
between t h i s 1 : 5 s e n s i t i v i t y range. P l a n t s grown and exposed 
under more adverse ( i . e . x e r i c , e t c . ) c u l t u r a l c i r c u m s t a n c e s 
t e n d t o respond l e s s markedly t o g i v e n p o l l u t a n t dosages t h a n 
p l a n t s s u b j e c t e d t o environments which f o s t e r r a p i d growth. Such 
p l a n t s may appear t o be r e l a t i v e l y t o l e r a n t t o p o l l u t i o n . P l a n t 
age and stage o f development a l s o g r e a t l y i n f l u e n c e p l a n t t i s s u e 
s e n s i t i v i t y t o p o l l u t a n t - i n d u c e d i n j u r y . The p l a n t canopies 
r e f e r r e d t o above were composed o f a c t i v e l y growing 3 - 5 week-old 
p l a n t s o r 3 - 5 weeks o f regrow t h a f t e r c u t t i n g 1 - 3 t i m e s i n the 
case o f a l f a l f a . 

S i n c e many f a c t o r s t h a t r e g u l a t e t h e gas and energy b a l a n c e 
o f p l a n t s i n f l u e n c e p l a n t p h o t o s y n t h e s i s and o t h e r r esponses t o 
a i r p o l l u t a n t s , e x p e r i m e n t a l c o n d i t i o n s were e v a l u a t e d t o p r o v i d e 
m i c r o e n v i r o n m e n t a l parameters t h a t c o u l d p e r m i t r e a s o n a b l e p l a n t 
p h o t o s y n t h e s i s and p o l l u t a n t a b s o r p t i o n r a t e s which might o c c u r 
i n t h e f i e l d ( 1 , 1 4 ) . The e n v i r o n m e n t a l chamber systems developed 
a l l o w e d canopy CO2 and O3 uptake r a t e s t h a t averaged more t h a n 
85 p e r c e n t o f the r a t e s determined f o r p l a n t s exposed t o f u l l 
s u n l i g h t . S u l f u r d i o x i d e uptake r a t e s by a l f a l f a i n t h e chambers 
were s l i g h t l y h i g h e r (by about 2 0 p e r c e n t ) than 3 5 § 0 2 uptake by 
an e q u i v a l e n t a l f a l f a canopy exposed under ambient c o n d i t i o n s i n 
the f i e l d . T a ble I g i v e s chamber c o n d i t i o n s . The m i c r o c l i m a t e 
s u r r o u n d i n g each s t a n d a r d i z e d e x p e r i m e n t a l p l a n t canopy was 
thought o f as a s i x - d i m e n s i o n a l space i n which t h e most i m p o r t a n t 
i n t e r a c t i n g m i c r o e n v i r o n m e n t a l v a r i a b l e s — r a d i a t i o n , w ind, a i r 
t e m p e r a t u r e , r e l a t i v e h u m i d i t y , and CO2 and p o l l u t a n t c o n c e n t r a 
t i o n s — w e r e c o n t r o l l e d a t s e l e c t e d v a l u e s . Changes i n canopy 
C 0 2 uptake r a t e s from p r e - e s t a b l i s h e d s t e a d y - s t a t e l e v e l s were 
determined as time-dependent f u n c t i o n s . 
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10. B E N N E T T A N D H I L L Inhibition of Photosynthesis 119 

Table I . E n v i r o n m e n t a l chamber c o n d i t i o n s 

V a r i a b l e Chamber V a l u e s * 

1. L i g h t i n t e n s i t y 40 - 50 K l u x 
Source : 
a. Lamps ( f l u o r e s c e n t , 

t u n g s t e n and q u a r t z 
i o d i d e lamps) t o t a l power:7665 w a t t s 

2. Wind v e l o c i t y 1.2 - 1.6 m/sec. 
3. A i r temperature 24 ± 2°C 
4. R e l a t i v e h u m i d i t y 45 ± 5% 
5. CO2 c o n c e n t r a t i o n 300-320 pphm 
6. P o l l u t a n t c o n c e n t r a t i o n v a r i e d w i t h experiment 

V a l u e s g i v e n d e s c r i b e c o n d i t i o n s i n t h e chamber a i r space 
above the canopies except f o r l i g h t i n t e n s i t y (40-50 K l u x ) which 
i s f o r t h e average canopy h e i g h t ( t o p ) l e v e l . 

G i ven t h e s e r e s t r i c t i o n s , o a t , b a r l e y and a l f a l f a c a n o p i e s 
r e q u i r e d t r e a t m e n t s w i t h more than 1 pphm HF, about 5 pphm O3 
o r C l 2 , 2 0 pphm S 0 2 , and 40-60 pphm NO2 o r NO b e f o r e apparent 
p h o t o s y n t h e s i s r a t e s were measurably depressed by th e end o f 2 h r 
o f exposure. Above t h e s e apparent t h r e s h o l d v a l u e s t h e 2-hr 
d e p r e s s i o n s i n d u c e d were l i n e a r l y r e l a t e d t o p o l l u t a n t c o n c e n t r a 
t i o n s a p p l i e d up t o thos e t h a t caused v i s i b l e f o l i a r i n j u r y t o 
the t i s s u e s . F o l i a r n e c r o s i s o c c u r r e d t o some p l a n t t i s s u e s 
w i t h i n t h e canopies exposed t o a p p r o x i m a t e l y 15 pphm HF, 
2 0 pphm O3 o r C l 2 , 80 pphm S 0 2 and more tha n about 500 pphm N 0 2 . 
N i t r i c o x i d e d i d not v i s i b l y i n j u r e p l a n t s i n any experiment 
conducted. Some t i s s u e d e s t r u c t i o n o c c u r r e d i n p l a n t s g i v e n 
HF, C I 2 , O3 and SO2 which reduced o v e r a l l canopy C 0 ^ uptake r a t e s 
by 25-50 p e r c e n t . ( A l t h o u g h , apparent p h o t o s y n t h e s i s r a t e s may 
have been more s e v e r e l y depressed i n the i n d i v i d u a l l e a v e s t h a t 
were v i s i b l y i n j u r e d . ) E s s e n t i a l l y complete i n h i b i t i o n o f canopy 
CO2 uptake r a t e s c o u l d be t e m p o r a r i l y produced by n i t r o g e n o x i d e , 
however, w i t h o u t p r o d u c i n g o b s e r v a b l e t i s s u e d e s t r u c t i o n (2)· 

Apparent p h o t o s y n t h e t i c r a t e s i n p l a n t s s u b j e c t e d t o S 0 2 o r 
NO exposures w i t h c o n s t a n t p o l l u t a n t c o n c e n t r a t i o n s , as i l l u s t r a 
t e d i n F i g u r e 1, c h a r a c t e r i s t i c a l l y dropped r a p i d l y upon 
i n i t i a t i o n o f tre a t m e n t t o new depressed e q u i l i b r i u m l e v e l s which 
c o u l d be m a i n t a i n e d f o r s e v e r a l hours. Hydrogen f l u o r i d e , 
c o n v e r s e l y , caused C 0 2 uptake r a t e s t o d e c l i n e more g r a d u a l l y 
d u r i n g f u m i g a t i o n . C h l o r i n e , O3 and N 0 2 exposures induced i n h i b i 
t i o n r a t e responses which were i n t e r m e d i a t e between t h e s e 
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extremes. 
A f t e r f u m i g a t i o n , p l a n t s p r e v i o u s l y exposed t o NO o r SO2 r e 

covered much more q u i c k l y t h a n p l a n t s g i v e n HF exposures. P l a n t s 
t r e a t e d w i t h C l 2 , O3 o r NO2 r e c o v e r e d a t i n t e r m e d i a t e r a t e s . 
Hydrogen f l u o r i d e - s u p p r e s s e d p l a n t s e x h i b i t e d a s h o r t l a g p e r i o d 
a f t e r exposure which was f o l l o w e d by a r e l a t i v e l y slow r e c o v e r y 
r a t e . The g r a d u a l r e d u c t i o n i n CO2 a b s o r p t i o n r a t e s and slow 
r e c o v e r y by HF t r e a t e d p l a n t s may i n d i c a t e f l u o r i d e a c c u m u l a t i o n 
i n t h e l e a f t i s s u e w i t h i n c r e a s i n g l e n g t h o f exposure f o l l o w e d 
by r e l a t i v e l y slow removal o r l e a f d e t o x i f i c a t i o n and r e p a i r 
a f t e r t e r m i n a t i o n o f t r e a t m e n t . T h i s gas i s h i g h l y s o l u b l e i n 
water and F" b i n d s w i t h many c e l l u l a r c o n s t i t u e n t s . By c o n t r a s t , 
NO i s o n l y s l i g h t l y s o l u b l e i n aqueous media and t h e c e l l u l a r 
r e a c t i o n p r o d u c t s are thought t o be t r a n s i e n t ( 2 ) · [ I t has been 
suggested t h a t i r o n - c o n t a i n i n g redox agents which f u n c t i o n i n 
p h o t o s y n t h e s i s e n e r g y - t r a n s f e r p r o c e s s e s ( e . g . , f e r r e d o x i n ) might 
be l o o s e l y complexed by NO ( i n t e r f e r i n g w i t h e l e c t r o n t r a n s p o r t ) , 
w i t h the iron-NO complexes dependent upon NO c o n c e n t r a t i o n s i n 
the c e l l u l a r s o l u t i o n s . ] N i t r i c o x i d e tends t o obey Henry's 
Law — t h a t the c o n c e n t r a t i o n o f gas d i s s o l v e d i n an aqueous 
medium may be expected t o be p r o p o r t i o n a l t o t h e p a r t i a l p r e s s u r e 
o f the e x t e r n a l gas i f t h e s o l u t i o n i s i d e a l o r n e a r l y s o — and 
NO i n t h e c e l l u l a r medium may be r e a d i l y i n f l u e n c e d by changes 
i n i t s atmospheric p a r t i a l p r e s s u r e . C e l l u l a r f l u o r i d e would be 
c o m p a r a t i v e l y uncoupled from i t s HF p a r t i a l p r e s s u r e . The p l a n t 
responses observed i l l u s t r a t e p r e d i c t a b l e consequences o f 
p o l l u t a n t s o l u b i l i t y and r e a c t i o n p r o p e r t i e s on c e l l u l a r absorbed 
dosage and e f f e c t s . 

The r eady m o d u l a t i o n o f CO2 uptake r a t e s by SO2 changes i n 
the atmosphere suggest t h a t p h y t o t o x i c c e l l u l a r s u l f i t e concen
t r a t i o n s may be c l o s e l y c o u p l e d t o t h e gaseous p a r t i a l p r e s s u r e 
o f S O 2 . The moderately slow i n h i b i t i o n and r e c o v e r y r a t e s i n 
duced by NO2 may be due i n p a r t t o i t s tendency (a) t o decompose 
i n s o l u t i o n f o r m i n g n o n v o l a t i l e n i t r i t e (and n i t r a t e ) which might 
accumulate i n c e l l s d u r i n g exposure w i t h c o n c e n t r a t i o n s h i g h 
enough t o depress CO2 uptake r a t e s , and (b) t o be d e p l e t e d r e l a 
t i v e l y s l o w l y through m e t a b o l i c o r t r a n s l o c a t i o n p r o c e s s e s a f t e r 
f u m i g a t i o n . Excess n i t r i t e may i n h i b i t CO2 f i x a t i o n by i n t e r 
f e r i n g w i t h f e r r e d o x i n mediated r e d u c t i v e p r o c e s s e s (2_). 

Though c h e m i c a l l y d i f f e r e n t , d i s s o l v e d s u l f u r and n i t r o g e n 
o x i d e s show s i m i l a r p r o p e r t i e s i n b i o l o g i c a l systems. Both can 
s e r v e as e l e c t r o n a c c e p t o r s i n m e t a b o l i c r e a c t i o n s and i n v o l v e a 
maximum o f 8 - e l e c t r o n changes each. The reduced forms can be 
i n c o r p o r a t e d i n t o o r g a n i c compounds o r be r e o x i d i z e d i n t h e c e l l s 
w i t h p a r t o f t h e energy b e i n g conserved i n phosphate bond 
f o r m a t i o n . There i s a l s o evidence t h a t s u l f i t e and n i t r i t e may 
be reduced by t h e same o r c l o s e l y a s s o c i a t e d enzyme systems i n 
some organisms s t u d i e d (15-19). 

P l a n t responses t o C I 2 and O3 exposures were s i m i l a r w i t h 
r e g a r d t o t h e i n h i b i t i o n and r e c o v e r y r a t e c u r v e s produced and 
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10. B E N N E T T A N D H I L L Inhibition of Photosynthesis 121 

the o v e r a l l p h y t o t o x i c i t i e s r e s u l t i n g from e q u a l exposure dos
ages. A l t h o u g h O3 i s a more p o w e r f u l o x i d a n t t h a n C I 2 , c h l o r i n e 
i s more s o l u b l e i n aqueous media and may be absorbed f a s t e r by 
l e a v e s (14)· These p o t e n t o x i d a n t s can r e a c t w i t h c e l l u l a r 
membranes and compounds, l e a d i n g t o a l t e r a t i o n s i n t h e f u n c t i o n a l 
and s t r u c t u r a l i n t e g r i t y o f the c e l l s . These two p o l l u t a n t s a l s o 
cause l e a f stomata t o c l o s e under c e r t a i n c o n d i t i o n s and can 
a f f e c t CO2 exchange r a t e s by impeding the d i f f u s i o n o f CO2 from 
s u r r o u n d i n g a i r i n t o t h e l e a v e s ( 1 - 3 ) . T r a n s p i r a t i o n r a t e 
measurements i n d i c a t e d t h a t O3 and C I 2 i n c r e a s e d l e a f r e s i s t a n c e s 
t o gas t r a n s f e r i n t h e s e experiments i n p r o p o r t i o n t o the amount 
o f s u p p r e s s i o n i n d u c e d . The r e v e r s i b l e i n h i b i t i o n observed may 
have r e s u l t e d l a r g e l y from t h e i n c r e a s e d r e s i s t a n c e t o gas 
d i f f u s i o n . 

T h i s was not found t o be th e case f o r t h e n i t r o g e n o x i d e s . 
T r a n s p i r a t i o n r a t e s were not depressed s i g n i f i c a n t l y by exposures 
t o NO o r NO2 t h a t caused marked d e p r e s s i o n s i n t h e CO2 uptake 
r a t e s . The n i t r o g e n o x i d e s appeared t o i n h i b i t CO2 uptake r a t e s 
by a f f e c t i n g the b i o c h e m i c a l f i x a t i o n o f 0 0 2 · 

A l t h o u g h stomata i n p l a n t s t r e a t e d w i t h HF and SO2 showed 
some tendency t o c l o s e as a r e s u l t o f exposures which depressed 
apparent p h o t o s y n t h e t i c r a t e s , t h e s e p h y t o t o x i c a n t s i n h i b i t e d 
CO2 uptake r a t e s more by a f f e c t i n g b i o c h e m i c a l p r o c e s s e s w i t h i n 
t h e l e a v e s than by impeding gas t r a n s f e r by i n d u c i n g s t o m a t a l 
c l o s u r e . 

Another i m p o r t a n t p h y t o t o x i c a t mospheric p o l l u t a n t t h a t has 
been s t u d i e d w i t h r e s p e c t t o i t s i n h i b i t o r y e f f e c t s on p l a n t 
p h o t o s y n t h e s i s i s p e r o x y a c e t y l n i t r a t e (PAN). T h i s p h y t o t o x i c a n t 
a p p l i e d f o r 30 min a t 1 ppm depressed t h e i n c o r p o r a t i o n o f 1^002 
i n t o i n t a c t p i n t o bean l e a v e s , b u t o n l y a f t e r v i s i b l e t i s s u e 
i n j u r y s t a r t e d t o develop ( 2 0 ) . From companion s t u d i e s on 
i s o l a t e d c h l o r o p l a s t s , i t was concluded t h a t PAN-induced i n h i b i 
t i o n was p r o b a b l y a s s o c i a t e d w i t h t h e c a r b o x y l a t i n g r e a c t i o n o r 
the c h l o r o p l a s t l i g h t - e n e r g y c o n v e r s i o n system l e a d i n g t o a s s i m 
i l a t i v e power. The i n h i b i t i o n appeared t o r e s u l t i n a q u a n t i t a 
t i v e r e d u c t i o n (but not a q u a l i t a t i v e change) i n the e a r l y 
p r o d u c t s o f p h o t o s y n t h e s i s . 

The p o s s i b l e e f f e c t s o f carbon monoxide on a l f a l f a c a n o p i e s 
have a l s o been t e s t e d but CO d i d not measurably depress CO2 
uptake r a t e s when p r e s e n t i n c o n c e n t r a t i o n s r a n g i n g up t o 80 ppm 
i n the fumigant ( 3 ) . 

Exposures t o P o l l u t a n t Combinations 

S i t u a t i o n s where more t h a n one p h y t o t o x i c a n t i s p r e s e n t i n 
the atmosphere commonly o c c u r and th e p o s s i b i l i t y o f s y n e r g i s t i c 
( g r e a t e r t h a n a d d i t i v e ) o r a n t a g o n i s t i c ( l e s s t h a n a d d i t i v e ) 
i n t e r a c t i o n s r e s u l t i n g from the p o l l u t a n t combinations s h o u l d be 
r e c o g n i z e d . The p o t e n t i a t i o n o f i n j u r y symptoms by p l a n t 
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122 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

exposures t o m i x t u r e s o f SO2+O3 and SO2+NO2 has been r e f e r r e d t o 
p r e v i o u s l y . One r e c e n t study ( 9 ) showed evidence t h a t SO2+NO2 
m i x t u r e s can depress t h e apparent p h o t o s y n t h e t i c r a t e s o f a l f a l f a 
more than would be expected from summing the observed d e p r e s s i o n s 
e x p e r i m e n t a l l y i n d u c e d by t r e a t m e n t s w i t h each p o l l u t a n t a l o n e . 
R e s u l t s o f another study ( 2 ) i n d i c a t e d NO+NO2 c o m b i n a t i o n s were 
a d d i t i v e i n t h e i r combined s u p p r e s s i o n o f CO2 uptake r a t e s by 
o a t s and a l f a l f a . I n h i b i t o r y e f f e c t s induced by simp l e d u a l 
combinations o f s e v e r a l i m p o r t a n t p h y t o t o x i c p o l l u t a n t s which 
can suppress CO2 uptake by p l a n t s a r e summarized i n t h i s s e c t i o n 
( T a b l e I I ) . 

Table I I i n c l u d e s s u p p o r t i n g d a t a f o r g r e a t e r - t h a n - a d d i t i v e 
i n h i b i t i o n o f a l f a l f a apparent p h o t o s y n t h e t i c r a t e s induced by 
SO2+NO2 m i x t u r e s . The enhanced e f f e c t s were most marked a t t h e 
lowe r c o n c e n t r a t i o n s a p p l i e d , becoming l e s s pronounced as p o l l u 
t a n t l e v e l s were r a i s e d . At 50 pphm o f each gas no synergism was 
e v i d e n t . At t h i s SO2 exposure c o n c e n t r a t i o n , s u l f u r d i o x i d e 
appeared t o r e g u l a t e t h e observed p l a n t r e s p o n s e s . S i g n i f i c a n t 
amounts o f i n h i b i t i o n r e s u l t e d from t h e low e s t b i p o l l u t a n t 
c o n c e n t r a t i o n s used (15 pphm o f each g a s ) ; t h e s e c o n c e n t r a t i o n s 
were w e l l below t h o s e r e q u i r e d f o r t h e i n d i v i d u a l p o l l u t a n t s t o 
measurably suppress apparent p h o t o s y n t h e s i s r a t e s . A t th e s e ex
posure l e v e l s where no t i s s u e n e c r o s i s o c c u r r e d , t h e p l a n t s 
r e c o v e r e d c o m p l e t e l y w i t h i n 2 h r a f t e r f u m i g a t i o n . The manner by 
which t h i s i n h i b i t i n g i n t e r a c t i o n o c c u r r e d i s not w e l l u n d e r s t o o d . 
T h i s p o l l u t a n t c o m b i n a t i o n i s a l s o known t o a c t i n a s y n e r g i s t i c 
f a s h i o n t o cause v i s i b l e i n j u r y t o p l a n t s , and f u r t h e r s t udy o f 
t h i s m i x t u r e may be war r a n t e d . 

A l l o t h e r p o l l u t a n t combinations t e s t e d w i t h t h e p o s s i b l e 
e x c e p t i o n o f SO2 + HF caused p l a n t responses which were a d d i t i v e 
i n s u p p r e s s i n g apparent p h o t o s y n t h e s i s r a t e s . No evidence o f 
antagonism was observed f o r any o f t h e d u a l p o l l u t a n t m i x t u r e s 
examined. Table I I , i n a d d i t i o n t o summarizing t h e i n h i b i t o r y 
e f f e c t s caused by SO2+NO2 m i x t u r e s , p r e s e n t s r e s u l t s o f a l f a l f a 
exposures t o 0 3 , S O 2 , HF, N 0 2 and t o t h e f o l l o w i n g c o m b i n a t i o n s : 
S O 2 + O 3 , S 0 2+HF, NO2+HF and O3+NO2. P o l l u t a n t c o n c e n t r a t i o n s 
used i n these i n v e s t i g a t i o n s were near t h e l o w e s t c o n c e n t r a t i o n s 
which measurably suppressed p l a n t CO2 uptake r a t e s but t h e y 
r e p r e s e n t moderate t o h i g h c o n c e n t r a t i o n s w i t h r e g a r d t o t h o s e 
t h a t a r e g e n e r a l l y found i n p o l l u t e d ambient a i r . 

I n r e a l atmospheres a wide a r r a y o f p o l l u t a n t combinations 
may o c c u r . P l a n t responses d e s c r i b e d here r e p r e s e n t o n l y e x p e r i 
m e ntal combinations o f major p o l l u t a n t s shown t o i n h i b i t CO2 
a b s o r p t i o n r a t e s . E f f e c t s o f o t h e r i m p o r t a n t p h y t o t o x i c atmo
s p h e r i c p o l l u t a n t s such as e t h y l e n e s h o u l d a l s o be examined a l o n g 
w i t h more complex m i x t u r e s . I n f o r m a t i o n r e g a r d i n g the responses 
o f a wi d e r range o f p l a n t s s u b j e c t e d t o v a r i e d e n v i r o n m e n t a l 
c o n d i t i o n s would f u r t h e r a i d i n c l a r i f y i n g t h e problem. 
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10. B E N N E T T A N D H I L L Inhibition of Photosynthesis 123 

Table I I . I n h i b i t i o n o f apparent p h o t o s y n t h e t i c r a t e s o f a l f a l f a 
by 1-hr t r e a t m e n t s w i t h O 3 , S O 2 , HF, N0 2, and d u a l 

combinations o f t h e p o l l u t a n t s 

Cone. L 0 

P o l l u t a n t ( s 3) (pphm) η ΔΡ(% C o n t r o l ) 1 ΣΔΡ(ί \ C o n t r o l ) 

10 5 4 ± 3 _ -
Ο 20 5 10 ± 4 — 

so 15 5 0 — 

ζ 25 15 2 ± 1 — 

30 5 6 ± 3 
50 10 21 ± 3 — 

NO 25 13 0 — 

Ζ 40 5 2 ± 2 
50 5 3 ± 3 — 

HF 3 5 3 ± 2 — 

SO +N0 (15 + 15) 5 7 ± 0 
Ζ ζ (25 + 25) 13 9 ± 2** 2 ± 1 

(50 + 40) 7 20 ± 4 23 ± 3 
so +0 (30 + 10) 5 11 ± 3 10 ± 4 

ζ ο (30 + 20) 5 19 ± 4 16 ± 5 
S0 2+HF (25 + 3) 5 9 ± 3* 5 ± 2 
N0 2+HF (50 + 3) 5 7 ± 3 6 ± 4 
N 0 2 + 0 3 (50 + 10) 3 9 ± 4 7 ± 4 

1 
Mean d e p r e s s i o n i n C 0 2 uptake r a t e s induced a f t e r 1-hr 

exp o s u r e s , and 95% c o n f i d e n c e i n t e r v a l . ( S u p e r s c r i p t s and 
* denote those s i g n i f i c a n t means a t t h e P.01 and P.05 l e v e l s , 
r e s p e c t i v e l y , when compared w i t h t h e summed d e p r e s s i o n s determined 
f o r t h e s e p a r a t e l y a p p l i e d p o l l u t a n t s a t c o r r e s p o n d i n g concen
t r a t i o n s . ) 
^ Summed duo means (AP^+APj) and 95% c o n f i d e n c e i n t e r v a l s computed 
from p o o l e d v a r i a n c e s (21,22). 
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P o t e n t i a l Impact o f A i r P o l l u t i o n on P h o t o s y n t h e s i s 

A l t h o u g h i n f o r m a t i o n c o n c e r n i n g t h e i n h i b i t i o n o f photo
s y n t h e s i s by a i r p o l l u t i o n i s l i m i t e d , we may g a i n p e r s p e c t i v e 
i n t o t h e p o t e n t i a l problem through a p p r a i s i n g a v a i l a b l e d a t a on 
t h e e x t e n t t h a t C 0 2 uptake by o a t s , b a r l e y , and a l f a l f a c anopies 
can be suppressed by s h o r t - t e r m ( a few hours) exposure t o the 
major a i r p o l l u t a n t s and s i m p l e combinations i n v e s t i g a t e d . 

Of the p h y t o t o x i c a i r p o l l u t a n t s and m i x t u r e s t e s t e d , O3 o r 
combinations o f SO2+NO2 are most l i k e l y t o o c c u r i n ambient 
atmospheres i n s u f f i c i e n t l y h i g h c o n c e n t r a t i o n s t o a c u t e l y 
depress apparent p h o t o s y n t h e s i s . Ambient HF c o n c e n t r a t i o n s o f 
the magnitudes which i n h i b i t e d C 0 2 uptake r a t e s i n an a c u t e , 
r e v e r s i b l e manner would be r a r e . S t u d i e s i n t o l o n g e r - t e r m ex
posures ( s e v e r a l days o r weeks) t o HF c o n c e n t r a t i o n s i n t h e low 
ppb range have suggested t h a t reduced p h o t o s y n t h e s i s under t h e s e 
c o n d i t i o n s c o r r e l a t e d w i t h t h e amount o f n e c r o s i s t h a t developed 
( £ , 6 ) . 

I n c o n c e n t r a t i o n s a p p r o x i m a t i n g p r e s e n t a i r q u a l i t y s t a n 
dards ( T a b l e I I I ) , O3 o r SO2 i n combination w i t h N 0 2 c o u l d 
measurably suppress C 0 2 uptake r a t e s o f s e n s i t i v e p l a n t s i f ex
posed under f a v o r a b l e growing c o n d i t i o n s . I n t h e c o n t r o l l e d 
e n v i r o n m e n t a l chamber s t u d i e s , 1-hr exposures t o 1 0 pphm O3 
(which i s s l i g h t l y above the p r i m a r y and secondary standards — 
i . e . , 8 pphm f o r 1 h r ) f o r example, depressed a l f a l f a CO2 
a b s o r p t i o n r a t e s by a p p r o x i m a t e l y f o u r p e r c e n t . Exposures t o 
15 pphm h r SO2 i n combination w i t h an e q u a l amount o f NO2 reduced 
uptake r a t e s by 7 p e r c e n t . A l f a l f a , b a r l e y o r oat canopies ex
posed t o t h e s e p o l l u t a n t s s i n g l y r e q u i r e d h i g h e r c o n c e n t r a t i o n s 
( i . e . , 1 - t o 2-hr t r e a t m e n t s w i t h more than 2 0 pphm SO2 o r 40 
pphm N 0 2 ) t o measurably reduce canopy uptake r a t e s . 

Table I I I . Summary o f N a t i o n a l Ambient A i r Q u a l i t y Standards 
f o r the U n i t e d S t a t e s 

Standards (pphm) 
P o l l u t a n t P r i m a r y Secondary 

S u l f u r o x i d e s ( S 0 X ) Y e a r l y mean 3 
Maximum 24-hour average 14 
Maximum 3-hour average 50 

Oxidants ( 0 X ) Maximum 1-hour average 8 8 

N i t r o g e n o x i d e s ( N 0 2 ) Y e a r l y mean 5 5 
Hydrocarbons Maximum 3-hour average 24 24 
Carbon monoxide (CO) Maximum 8-hour average 9(ppm) 9(ppm) 

Maximum 1-hour average 35(ppm) 35(ppm) 
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10. B E N N E T T A N D H I L L Inhibition of Photosynthesis 125 

Reports i n t h e l i t e r a t u r e (12,13) i n d i c a t e t h a t c e r t a i n 
h i g h l y s e n s i t i v e p l a n t s may be i n j u r e d by s e v e r a l hours exposure 
each day over s e v e r a l weeks 1 time t o low SO2+O3 c o n c e n t r a t i o n s 
( c a . 5 pphm o f each p o l l u t a n t — a c o n c e n t r a t i o n o f O3 which i s 
c l o s e t o n a t u r a l background l e v e l s ) o r by s h o r t - t e r m exposures t o 
c o n c e n t r a t i o n s o f SO2+NO2 (5-25 pphm o f each p o l l u t a n t ) t h a t have 
been shown t o r e v e r s i b l y i n h i b i t apparent p h o t o s y n t h e t i c r a t e s 
o f a l f a l f a . I t might be presumed t h a t t h e p h y t o t o x i c gas 
m i x t u r e s which caused p l a n t i n j u r y c o u l d have markedly depressed 
p l a n t CO2 uptake d u r i n g t h e exposures. S u l f u r d i o x i d e + n i t r o g e n 
d i o x i d e exposure dosages t h a t were h i g h e r t h a n t h e s e ( i . e . , 3-hr 
exposures t o more tha n 25-50 pphm SO2+NO2) were r e q u i r e d t o cause 
i n j u r y t o r a d i s h , a l f a l f a , and s e v e r a l o t h e r p l a n t s t e s t e d i n 
another s t u d y (23) conducted under e x p e r i m e n t a l c o n d i t i o n s 
s i m i l a r t o th o s e g i v e n i n Tab l e I . The amount o f a l f a l f a CO2 up
ta k e i n h i b i t i o n caused by SO2+NO2 exposures t o t h e 5-25 pphm 
c o n c e n t r a t i o n range i n the i n v e s t i g a t i o n s p r e s e n t e d here was 
r e l a t i v e l y s m a l l (<10%). The experiments on a l f a l f a c a nopies 
u s i n g SO2+O3 m i x t u r e s i n the 10-20 pphm O3 and 30 pphm SO2 con
c e n t r a t i o n range i n d i c a t e d t h a t apparent p h o t o s y n t h e t i c r a t e s 
c o u l d be depressed as much as 20-25% by 1-hr f u m i g a t i o n s a t t h e 
h i g h e r l e v e l s and t h a t t h e e f f e c t s were a d d i t i v e ( T a b l e I I ) . 

E f f e c t s o f c h r o n i c o r r e p e a t e d exposures t o s u b n e e r o t i c 
l e v e l s o f p h y t o t o x i c p o l l u t a n t s and t h e i r p o l l u t a n t m i x t u r e s 
need t o be c o n s i d e r e d . R e c u r r i n g s u b l e t h a l exposures o f s h o r t 
d u r a t i o n might modify p l a n t responses t o su c c e e d i n g e p i s o d e s , b u t 
e x p e r i m e n t a l d a t a p r e s e n t l y a v a i l a b l e suggest t h a t some p l a n t s 
can r e c o v e r r e p e a t e d l y from trea t m e n t w i t h s u l f u r and n i t r o g e n 
o x i d e s p r o v i d e d s u f f i c i e n t time i s a l l o w e d between f u m i g a t i o n s 
f o r f u l l r e c u p e r a t i o n ( 3 , 1 9 ) . I t i s p o s s i b l e t h a t p r o l o n g e d 
p o l l u t a n t exposures c o u l d c h r o n i c a l l y depress p l a n t photosyn
t h e s i s . Some c e l l u l a r d e s t r u c t i o n g e n e r a l l y r e s u l t s t o f o l i a r 
t i s s u e s b e f o r e canopy CO2 a b s o r p t i o n r a t e s a r e g r e a t l y reduced by 
°3* s ° 2 * HF, C l 2 , and p r o b a b l y t h e i r m i x t u r e s , however, and 
v i s i b l e i n j u r y symptoms might be expected t o oc c u r i f photosyn
t h e s i s were r e p r e s s e d s u f f i c i e n t l y t o markedly reduce p l a n t 
growth. 

P l a n t s l i v e i n a w o r l d comprised o f numerous l i m i t i n g and 
p o t e n t i a l l y d e s t r u c t i v e f o r c e s . A d e v e l o p i n g b i o s y s t e m i s sub
j e c t e d t o t h e i n t e g r a t e d i n f l u e n c e o f a l l p o s i t i v e and n e g a t i v e 
f o r c e s t h a t i n t e r a c t s i m u l t a n e o u s l y upon t h e system. I n the 
complex n a t u r a l environment, a p r a c t i c a l e v a l u a t i o n o f the impact 
o f any one f a c t o r s h o u l d n o t be made w i t h o u t due r e s p e c t g i v e n 
t o t h e r e l a t i v e i n f l u e n c e s o f o t h e r c o n t r o l l i n g and l i m i t i n g 
f a c t o r s which can v a r y p l a n t responses and p e r t u r b t h e system. 
I t i s i n t h i s c o n t e x t t h a t t h e r o l e p l a y e d by a i r p o l l u t i o n i n 
a f f e c t i n g our p l a n t r e s o u r c e s s h o u l d be e v a l u a t e d i n the f u t u r e . 
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An Early Site of Physiological Damage to Soybean 
and Cucumber Seedlings following Ozonation 

H U G H F R I C K and J O E H . C H E R R Y 

Department of Horticulture, Purdue University, West Lafayette, Ind. 47907 

Abstract 

The cucumber cotyledon and first leaf, and the soybean first 
leaf and trifoliate leaf are sensitive to ozone concentrations 
(24 and 50 pphm, respectively, for a 4-hr exposure) within the 
range expected under adverse atmospheric conditions throughout 
their rapid phases of organ growth. Chlorophyll c o ntent and 
fresh weight a r e reduced in these tissues 24 hr after o z o n a t i o n 
in a non-linear fashion dependent upon both dose and the stage 
of organ development. Developmentally repeating organs appear t o 
r e p e a t the response to ozone. 

S h o r t - t e r m ozone exposures (45 ± 5 pphm, 15 min) of seed
lings were followed after 24 hr by non-linear reductions in 
chlorophyll/g fresh weight and stimulations in fresh weight/organ. 
The utilization of 14C-protein hydrolysate by tissue discs is 
not only p r e d o m i n a n t l y energy-dependent, but also strictly de
pendent w i t h respect to inhibition or stimulation upon the time 
after ozonation. Uptake of labelled amino acids into the 
soluble pools of tissue discs is sensitive to as little as 15 min 
of in vivo exposure (45 ± 5 pphm), and incorporation into in
soluble protein is sensitive during 15 to 30 min, after which no 
further reduction is observed for up to 90 min of exposure. The 
reduction of amino acid influx into the soluble p o o l s is not 
acc o u n t a b l e to a reduction in amino acid tRNA charging, and is 
p r o b a b l y not due to a reduction in amino acid incorporation. 
These early events of ozone damage a re discussed with respect to 
elapsed time between onset of ozonation and assay. 

E a r l y Events i n Ozone-Induced P l a n t I n j u r y 

The economic s i g n i f i c a n c e o f a i r p o l l u t a n t damage t o a wide 
range o f p l a n t s o f a g r i c u l t u r a l i n t e r e s t has been i n c r e a s i n g l y 
e s t a b l i s h e d i n r e c e n t y e a r s ( 1 - 6 ) . The n e c e s s i t y t o develop 
o p e r a t i o n a l methods o f r e d u c i n g such damage becomes o v e r t i n view 
o f t h e c o n t i n u a l growth o f urban sources o f p r i m a r y and secondary 

128 
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11. FRicK A N D C H E R R Y Physiofogical Damage to Seedlings 129 

a t m o s p h e r i c p o l l u t a n t s ( 7 ^ 9 ) . F e a s i b l e programs o f p r o t e c t i o n 
w i l l depend upon c l e a r i n f o r m a t i o n about t h e ways d e v e l o p i n g 
p l a n t systems i n t e r a c t w i t h t h e s e p o l l u t a n t s (10-12) and, 
i d e a l l y , knowledge o f the p r i m a r y s i t e o r p r o c e s s p r o t e c t a b l e . 

The e f f e c t s o f the secondary a i r p o l l u t a n t , ozone, on 
growing p l a n t systems have been e x t e n s i v e l y documented phenomeno-
l o g i c a l l y . There a r e a t l e a s t t h r e e proposed mechanisms by which 
ozone c o u l d cause i n j u r y , each o f which must o p e r a t e w i t h i n a 
framework o f tem p o r a l s e n s i t i v i t y determined by th e s t a t e o f 
d i f f e r e n t i a t i o n o f th e p l a n t ( 1 1 ) . 

The s t r o n g o x i d i z i n g p o t e n t i a l o f f r e e ozone i s s u f f i c i e n t 
t o c h e m i c a l l y a l t e r p r o t e i n amino a c i d s b o t h i n v i t r o (13) and 
i n v i v o ( 1 4 , 1 5 ) ; t h e a r o m a t i c amino a c i d s a r e p a r t i c u l a r l y 
s e n s i t i v e i n v i t r o ( 1 3 ) . C o r r e l a t i o n s between ozone s e n s i t i v i t y 
and l o w e r ed ( o r p e r t u r b e d ) f r e e amino a c i d (14, 1 5 ) , s u l f u r ( 1 6 ) , 
n i t r o g e n (17-19) and ca r b o h y d r a t e ( 1 4 , 20, 21) c o n t e n t s have been 
obser v e d . I t has a l s o been r e p o r t e d t h a t ozone can i n d i r e c t l y 
o x i d i z e p r o t e i n a c e o u s s u l f h y d r y l groups and i n h i b i t c h l o r o p l a s t 
g l y c o l i p i d b i o s y n t h e s i s , presumably by f i r s t o x i d i z i n g c h l o r o 
p l a s t f a t t y a c i d s (22-26). These o b s e r v a t i o n s have been g e n e r a l 
i z e d i n t o t he p r o p o s a l t h a t t h e a b i l i t y o f ozone t o induce 
measurable i n j u r y i s a f u n c t i o n o f i t s a b i l i t y t o b i o l o g i c a l l y 
t i t r a t e r e d u c i n g substances ( 2 7 , 28) beyond some t h r e s h o l d v a l u e 
where damage becomes i r r e v e r s i b l e " X 2 9 ) . 

The time sequence o f ozone e f f e c t s on p r o c e s s e s o c c u r r i n g 
w i t h i n t h e o r g a n e l l e s , and the l o s s o f s t r u c t u r a l i n t e g r i t y o f 
the o r g a n e l l e s t h e m s e l v e s , have suggested a second p o s s i b l e 
mechanism. B o t h p h o t o s y n t h e t i c and r e s p i r a t i o n r a t e s , as w e l l 
as ATP c o n t e n t , a r e m o d i f i e d i n response t o ozone exposure ( 2 8 , 
30-34), though not c o n s i s t e n t l y t o the same e x t e n t , t i m i n g o r 
d i r e c t i o n . A v a r i e t y o f enzymatic a c t i v i t i e s appears t o be 
u l t i m a t e l y s e n s i t i v e t o o x i d a n t damage ( 1 5 , 35-37). The i n d u c t i o n 
by ozone o f v i s i b l e pigment b l e a c h i n g and t i s s u e n e c r o s i s has 
been c o r r e l a t e d w i t h p r o g r e s s i v e d e s t r u c t i o n o f o r g a n e l l a r i n t e g 
r i t y (2^, 38, 3 9 ) . The t i m e - c o u r s e s o f th e s e r e s p o n s e s , however, 
i m p l y some e a r l i e r e v e n t ( s ) o f ozone a c t i o n (38, 40, 4 1 ) . 

Even though subsequent development o f v i s i b l e i n j u r y may be 
as much a p r o p e r t y o f b a s i c p l a n t metabolism ( 4 4 ) , i t i s n e c e s s a r y 
t h a t stomata be open d u r i n g exposure t o t h e gas ( 4 2 , 43) i n o r d e r 
f o r l e a v e s o t h e r w i s e p o t e n t i a l l y o z o n e - s e n s i t i v e t o m a n i f e s t 
i n j u r y symptoms. Thus, a f t e r t h e p r i m a r y t i s s u e b a r r i e r t o gas
eous exchange i s t r a v e r s e d , t h e second b a r r i e r i s t h e plasma 
membrane. Recent work has shown t h a t o z o n a t i o n can d i s r u p t i o n 
and water f l u x a t the plasma membrane ( 4 5 , 4 6 ) . While membrane 
f u n c t i o n a l d i s t u r b a n c e need no t be i n d i s c r i m i n a t e ( 2 5 , 4 6 ) , t h e 
c i t e d work s u p p o r t s t h e s u g g e s t i o n t h a t c e l l u l a r membranes r e 
p r e s e n t a p r i n c i p a l l o c u s o f ozone a c t i o n (10, 39, 47, 4 8 ) . 

We have been u t i l i z i n g soybean and cucumber s e e d l i n g s i n 
attempts t o a c q u i r e p h y s i o l o g i c a l e v i d e n c e o f r a p i d o r e a r l y 
damage symptoms in d u c e d by ozone c o n c e n t r a t i o n s i n a range t o be 
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expected under adverse atmospheric c o n d i t i o n s . The p r e s e n t work 
d e a l s w i t h c h a r a c t e r i z a t i o n o f t e m p o r a l changes i n s e n s i t i v i t y 
o f s e e d l i n g s on t h e bases o f f r e s h weight and c h l o r o p h y l l con
t e n t , and w i t h t h e r a p i d e f f e c t s f o l l o w i n g o z o n a t i o n upon t h e 
u t i l i z a t i o n o f r a d i o l a b e l l e d amino a c i d s . 

M a t e r i a l s and Methods 

Growth o f S e e d l i n g s . Cucumber (Cucumis s a t i v u s L., c v . 
W i s c o n s i n SMR-18) and soybean ( G l y c i n e max L. Merr., c v . Wayne) 
were grown i n v e r m i c u l i t e and watered d a i l y i n a c o n t r o l l e d 
environment chamber (26 ± 2°C day, 21 ± 2°C n i g h t ) on a 12 h r 
p h o t o p e r i o d ( e i g h t 30-W c o o l - w h i t e f l u o r e s c e n t tubes p l u s f o u r 
25-W i n c a n d e s c e n t b u l b s ; 2 0 0 + f o o t - c a n d l e s ) . The b a l a n c e d 
n u t r i e n t s o l u t i o n o f F r i c k and Mohr ( 4 9 ) , m o d i f i e d t o i n c l u d e 
1 g/1 Ca(N03)2 f but w i t h o u t s u c r o s e , s u c c i n i c a c i d and k i n e t i n , 
was a p p l i e d on a l t e r n a t e days. 

C h l o r o p h y l l was measured a f t e r Arnon (50) i n 80% ( v / v ) 
acetone e x t r a c t s b u f f e r e d w i t h 5 mM TRIS-HC1 a t pH 7.0. 

Oz o n a t i o n . S e e d l i n g s o f a p p r o p r i a t e age were p l a c e d i n 
My l a r - c o v e r e d f u m i g a t i o n chambers f i t t e d w i t h c h a r c o a l 
" s c r u b b e r s " f o r c o n t i n u o u s f i l t r a t i o n o f ambient i n f l u x and 
e f f l u x gas. Ozone was generated by p a s s i n g oxygen o v e r e l e c 
t r i c a l l y - d i s c h a r g i n g neon tubes h a v i n g i n c o m p l e t e c i r c u i t r y . I t s 
c o n c e n t r a t i o n was r e g u l a t e d through gaseous f l o w and t h e v o l t a g e 
a p p l i e d , and mo n i t o r e d w i t h a Mast 724-2 ozone meter equipped 
w i t h a n c i l l a r y p r i n t - o u t . T o t a l oxygen i n f l u x t o t h e ozone 
g e n e r a t o r approximated 200 ml/min, o r l e s s t h a n 0.1% o f t h e 
chamber volume p e r min. P l a n t s were exposed t o ozone b e g i n n i n g a t 
3-4 h r i n t o t h e l i g h t c y c l e . For s h o r t - t e r m exposure, t h e r e 
q u i r e d chamber c o n c e n t r a t i o n was o b t a i n e d b e f o r e p l a n t s were 
i n t r o d u c e d , n e c e s s i t a t i n g a 1-2 min drop o f about 5 pphm ozone.* 

Amino A c i d U t i l i z a t i o n ; Free-Space Washing; Uptake L i n e a r i t y . 
The u t i l i z a t i o n o f 1 4 c - r e c o n s t i t u t e d a l g a l p r o t e i n h y d r o l y s a t e 
(Schwartz/Mann) by t r e a t e d cucumber and soybean s e e d l i n g t i s s u e 
was measured u s i n g 10 mm d i s c s t a k e n i m m e d i a t e l y f o l l o w i n g 
o z o n a t i o n . The d i s c s were c u t i n t o wedges which were immersed i n 
5 mM TRIS-HC1 (pH 6.9) b u f f e r c o n t a i n i n g 1.6 ye/ml o f t h e 
^ C - l a b e l l e d p r o t e i n h y d r o l y s a t e i n t h e l i g h t a t 26 ± 1°C. They 
were washed i n r u n n i n g t a p water f o r 5-10 min and homogenized 
(Ten-Broeck) i n c o l d 80% (v / v ) acetone p l u s 5% (w/v) t r i c h l o r o 
a c e t i c a c i d (TCA/acetone). 

The e f f i c i e n c y o f t a p water washing was mon i t o r e d u s i n g t h e 
i o n f l u x compartmental a n a l y s i s (51) i n which t h e e f f l u x r a t e o f 
s t a t i o n a r y s t a t e i n o r g a n i c i o n s from p l a n t c e l l s may be a n a l y z e d 
i n t o l o s s from apparent f r e e - s p a c e ( s u r f a c e f i l m , c e l l w a l l s , 
i n t e r c e l l u l a r s p a c e ) , from c y t o p l a s m , and from tonoplast· 
*1 pphm = 0.01 ppm * 0.01 μΐ/liter. 
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11. FRiCK A N D C H E R R Y Physiological Damage to Seedlings 131 

D i s c s o f c o n t r o l and ozonated soybean s e e d l i n g s were washed a f t e r 
4 h r o f l a b e l l i n g a t 26°C i n e i t h e r t a p water o r 50 mg/100 ml 
c a s e i n h y d r o l y s a t e , and samples o f t h e wash media t a k e n a t s h o r t 
i n t e r v a l s f o r 90 min. The l o g i o o f t h e counts r e m a i n i n g a t each 
t i m e - p o i n t d u r i n g l i n e a r e f f l u x showed t h a t t he e f f l u x r a t e o f 
apparent f r e e space l a b e l d i d not d i f f e r between water and c a s e i n 
washing, nor d i d i t d i f f e r between c o n t r o l and ozonated 
(50 ± 5 pphm, 90 min) d i s c s . Thus, l o n g e r t h a n 5 min washing was 
s u f f i c i e n t t o remove f r e e space l a b e l , l e a v i n g s o l u b l e p o o l l a b e l 
and i n c o r p o r a t e d l a b e l . 

S i m i l a r r e s u l t s were o b t a i n e d u s i n g 12-day-old cucumber l e a f 
d i s c s washed i n t a p wate r ; r e p l i c a t e samples o f the d i s c s them
s e l v e s were t a k e n a t s h o r t i n t e r v a l s f o r 60 min. No change i n 
i n c o r p o r a t e d l a b e l w i t h time o f washing was ob s e r v e d , and no 
d i f f e r e n c e s between r a t e s o f l a b e l l o s s from s o l u b l e p o o l s o f 
c o n t r o l and ozonated (47 ± 2 pphm, 30 min) p l a n t s were observed 
even though the o z o n a t i o n treatment reduced l a b e l i n f l u x i n t o 
t h e s o l u b l e p o o l by between 35 and 40%. 

A f t e r c e n t r i f u g a t i o n o f t h e TCA/acetone e x t r a c t , non-
quenching a l i q u o t s o f the sup e r n a t a n t were counted by l i q u i d 
s c i n t i l l a t i o n , and t h e p e l l e t d i g e s t e d o v e r n i g h t i n 2N NaOH. 
Counts p r e s e n t i n t h e TCA/acetone supernatant were t a k e n t o r e 
p r e s e n t t h e uptake o f l a b e l i n t o t he s o l u b l e amino a c i d p o o l , 
w h i l e s o l u b i l i z e d counts p r e s e n t i n the NaOH d i g e s t were t a k e n t o 
r e p r e s e n t i n c o r p o r a t i o n i n t o T C A - i n s o l u b l e p r o t e i n . 

Under t h e s e c o n d i t i o n s , t h e t i m e - c o u r s e o f l a b e l e n t r y i n t o 
b o t h t h e TCA-soluble p o o l and the T C A - i n s o l u b l e p r o t e i n was 
l i n e a r f o r each organ f o r a t l e a s t 40 and 50 min, r e s p e c t i v e l y . 
I t was a l s o l i n e a r o v e r t h e s e same time p e r i o d s , a l t h o u g h a t a 
reduced r a t e , f o r d i s c s t a k e n from 6-day-old cucumber c o t y l e d o n s 
t r e a t e d f o r 2 h r w i t h 50 ± 4 pphm ozone. 

R e s u l t s and D i s c u s s i o n 

V i s i b l e Damage F o l l o w i n g Ozonation o f Cucumber and Soybean 
S e e d l i n g s ; F r e s h Weight and C h l o r o p h y l l Content Changes. To 
e s t a b l i s h f o r cucumber ( c o t y l e d o n p a i r and f i r s t l e a f ) and soy
bean ( l e a f p a i r and f i r s t t r i f o l i a t e l e a f ) s e e d l i n g s whether 
or n o t o z o n e - s e n s i t i v e s t a g e s o f growth e x i s t e d , p l a n t s o f v a r i o u s 
ages and i n c r e a s i n g organ m a t u r i t y were exposed t o a f i x e d dose 
and d o s e - r a t e o f ozone (24 ± 2 pphm f o r 4 h r f o r cucumber, and 
50 ± 5 pphm f o r 4 h r f o r soybean) a t hour 3-4 o f the l i g h t p e r i o d . 
F i g u r e s 1, 2, 4 and 5 r e f e r t o th e s e experiments u s i n g b o t h f r e s h 
weight and c h l o r o p h y l l c o n t e n t per u n i t f r e s h weight as the 
c r i t e r i a o f p l a n t i n j u r y . 

Cucumber C o t y l e d o n and F i r s t L e a f . The cucumber c o t y l e d o n 
p a i r ( F i g . 1) was s e n s i t i v e by b o t h c r i t e r i a t o exposure t o 
moderate doses o f ozone d u r i n g t h e f i r s t t h r e e weeks o f s e e d l i n g 
growth, i n c l u d i n g t h e r a p i d stage o f organ f r e s h weight i n c r e a s e 
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132 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

through 11 days and t h e stage o f c o n s t a n t f r e s h weight p a s t 11 
days. No d i f f e r e n t i a l l y s e n s i t i v e p e r i o d c o u l d be d i s t i n g u i s h e d . 
The c o t y l e d o n s r a p i d l y ( l e s s t han 15 min) developed areas o f 
v i s i b l e "water l o g g i n g 1 1 on b o t h s u r f a c e s which became n e c r o t i c 
d u r i n g t h e 24 h r o f i n c u b a t i o n f o l l o w i n g t r e a t m e n t . The c o t y l e 
dons r e g a i n e d t u r g o r i n undamaged areas u s u a l l y w i t h i n 24 h r . 

The e f f e c t s o f o z o n a t i o n on the f i r s t cucumber l e a f a r e 
shown i n F i g u r e 2. A g a i n , t h e organ was g e n e r a l l y s e n s i t i v e by 
b o t h c r i t e r i a ( f r e s h weight and c h l o r o p h y l l c o n t e n t ) throughout 
the r a p i d growth phase (9-15 d a y s ) , and i t i s shown t h a t the 
f r e s h weight o f t h e second and t h i r d l e a v e s was a l s o reduced when 
p l a n t s were t r e a t e d d u r i n g t h e i r r a p i d growth s t a g e s . S e e d l i n g 
ages were s u b s e q u e n t l y chosen t o o p t i m i z e t h e ozone response f o r 
each organ (see b e l o w ) . In t h e s e c a s e s , l e a v e s not y e t 
i n t h e i r r a p i d growth stage were a l s o r e t a r d e d i n growth. Thus, 
i t must be s t r e s s e d t h a t the k i n d o f p l a n t i n j u r y d a t a o b t a i n e d 
here f o r t h e f i r s t member o f a r e p e a t e d s e r i e s o f p l a n t organs 
i s r e i t e r a t e d as each new organ d e v e l o p s , and t h a t growth i s a t 
a l l t imes r e t a r d e d . S i n c e the cucumber l e a v e s a r e l e s s s u c c u l e n t 
than t h e c o t y l e d o n s , t h e y d i d not show t h e r a p i d development o f 
t i s s u e "water l o g g i n g " d u r i n g o z o n a t i o n , and tended t o develop 
dense areas o f p i n p o i n t b l e a c h i n g over the l e a f s u r f a c e , as 
d i s t i n c t from t h e n e c r o s i s and t i s s u e c o l l a p s e o f the c o t y l e d o n . 

Dose-Response Curves a t V a r i a b l e Dose-Rate, F i x e d Time. The 
l o s s o f f r e s h weight d u r i n g t h e development o f n e c r o s i s i n 
cucumber c o t y l e d o n s ( F i g . 1) i s a p p a r e n t l y accompanied by a 
p r o p o r t i o n a t e l y l e s s e r l o s s o f c h l o r o p h y l l , and t h i s was p r o b a b l y 
why t h e r e d u c t i o n i n s p e c i f i c - w e i g h t c h l o r o p h y l l c o ntent was not 
more extreme f o l l o w i n g o z o n a t i o n a t moderate doses. The t r e a t 
ment l e v e l o f 24 ± 2 pphm ozone f o r 4 h r was a r r i v e d a t on t h e 
b a s i s o f dose-response curves such as those shown i n F i g u r e 3. 
Cucumber s e e d l i n g s were t r e a t e d a t 9 days from sowing f o r 4 h r 
a t the g i v e n r a t e , and assayed as b e f o r e a f t e r 24 h r i n c u b a t i o n . 
The exposure t o 45 ± 5 pphm ozone r e s u l t e d i n such massive and 
i r r e v e r s i b l e c o l l a p s e o f c o t y l e d o n a r y t i s s u e t h a t the subsequent 
c h l o r o p h y l l / g f r e s h weight f i g u r e was u n r e a l i s t i c a l l y h i g h , 
a p p a r e n t l y through t h e d i s p r o p o r t i o n a t e l o s s o f f r e s h w e i g ht. I t 
can a l s o be seen from F i g u r e 3 t h a t a n o n l i n e a r dose-response 
curve was o b t a i n e d f o r b o t h f i r s t l e a f and c o t y l e d o n p a i r s . 

At a f i x e d d o s e - r a t e (45 ± 5 pphm), the time o f exposure was 
v a r i e d from z e r o t o 90 min, and t r e a t e d p l a n t s i n c u b a t e d a 
f u r t h e r 24 h r b e f o r e c h l o r o p h y l l assay. T h i s t e s t a l s o r e v e a l e d 
n o n - l i n e a r responses ( T a b l e I ) f o r each organ on t h e bases o f 
c h l o r o p h y l l and f r e s h weight c o n t e n t s u s i n g s e e d l i n g s o f s e n s i t i v e 
ages. 

Soybean F i r s t L e a f and F i r s t T r i f o l i a t e L e a f . The responses 
o f t h e soybean f i r s t l e a f p a i r and f i r s t t r i f o l i a t e l e a f t o 
50 ± 5 pphm ozone are shown i n F i g u r e s 4 and 5. I n the case o f 
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11. FRiCK A N D C H E R R Y Physiological Damage to Seedlings 133 

1600V 
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days from sowing 

Figure 1. Chforophyll content and fresh 
weight of the cucumber cotyledon pair. Ο 
= untreated pfonts, X == 4 hrs at 24 ± 2 
pphm ozone and held 24 hrs before assay. 
Vertical bars indicate standard direction of 

the mean. 

18001 

days from sowing 

Figure 2. Chlorophyll content and fresh 
weight of the cucumber first leaf. Legend as 
in Figure 1. Fresh weight data for subsequent 

leaves also shown (- · -). 
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Table I . 

A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

Response o f s e e d l i n g s t o f i x e d d o s e - r a t e s o f ozone* 

Time 
(min) yg C h l / g fw mg f r e s h weight 

9d Cucumber 

12d Cucumber 

l O d Soybean 

14d Soybean 

Cot y l e d o n C o t y l e d o n L e a f 
0 1,484 ± 35 318 ± 17 232 ± 22 

15 1,354 ± 53 365 ± 13 293 ± 22 
30 1,304 ± 37 308 ± 15 221 ± 18 
90 1,253 ± 13 209 ± 14 176 ± 13 

L e a f L e a f L e a f 2 
0 1,464 ± 122 694 ± 40 77 ± 12 

15 1,379 ± 34 776 ± 51 116 ± 16 
30 1,250 ± 42 695 ± 48 73 ± 16 
90 1,102 ± 72 545 ± 42 57 ± 11 

Le a f L e a f T r i f o l i a t e 
0 2,132 ± 76 341 ± 13 153 ± 10 

15 2,060 ± 52 310 ± 12 132 ± 8 
30 1,951 ± 70 318 ± 12 138 ± 10 
90 1,895 ± 49 268 ± 16 114 ± 8 

T r i f o l i a t e T r i f o l i a t e T r i f o l i a t e 2 
0 1,958 ± 59 365 ± 38 192 ± 43 

15 2,159 ± 84 377 ± 34 216 ± 37 
30 2,080 ± 73 373 ± 23 190 ± 29 
90 1,890 ± 68 280 ± 22 114 ± 14 

S e e d l i n g s o f t h e g i v e n ages were t r e a t e d a t 45 ± 5 pphm f o r 
th e l e n g t h s o f time g i v e n and i n c u b a t e d a f u r t h e r 24 h r b e f o r e 
f r e s h weight and c h l o r o p h y l l a s s a y s . 
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11. FRicK A N D C H E R R Y Physiological Damage to Seedlings 135 

Figure 3. Ozonation dose-response for 
9-day cucumber seedlings. Legend as in 

Figure 1. 
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Figure 4. Chlorophyll content and fresh 
weight of the soybean first-leaf pair. Leg
end as in Figure 1. Phnts treated for 4 
hrs at 50 ± 5 pphm were assayed 24 and 

48 hrs later. 

0 — g j ;'o 12 k 16 Id] 20 
days from sowing 
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136 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

t h e f i r s t l e a f p a i r ( F i g . 4 ) , f r e s h weight was not reduced by 
o z o n a t i o n a t 6 o r 18 days from sowing; but f r e s h weight s p e c i f i c 
c h l o r o p h y l l c o n t e n t was reduced by t h e t r e a t m e n t u n t i l the l e a f 
approached m a t u r i t y as judged by c o n s t a n t f r e s h weight (about 16 
d a y s ) . F o l l o w i n g o z o n a t i o n a t each o f the f o u r p o i n t s on the 
growth c u r v e , p u r p l e specks which v a r i e d i n d e n s i t y w i t h l e a f 
age appeared u n i f o r m l y over the l e a f . These v i s i b l e specks r e 
p r e s e n t e d a n t h o c y a n i n ( o p t i c a l d e n s i t y maximum a t 527 nm i n 
a c i d i c - m e t h a n o l e x t r a c t s ) , but not i t s o v e r p r o d u c t i o n s i n c e t h e y 
o n l y became v i s i b l e when the masking e f f e c t o f c h l o r o p h y l l was 
removed. In a d d i t i o n t o these v i s i b l e i n j u r y sumptoms, l a r g e r 
a r eas o f b l e a c h e d t i s s u e appeared on t h e l e a f p a i r f o l l o w i n g a l l 
t r e a t m e n t s except t h a t g i v e n a t 18 days. A c t i v e growth was r e 
q u i r e d f o r v i s i b l e e x p r e s s i o n o f b l e a c h i n g . No g e n e r a l i z e d 
n e c r o s i s was o b s e r v e d , but n e i t h e r b l e a c h i n g nor a n t h o c y a n i n -
s p e c k l i n g were r e p a i r e d d u r i n g i n c u b a t i o n f o r a f u r t h e r 5 days. 

As w i t h t h e l e a f p a i r , the f r e s h weight o f the soybean 
t r i f o l i a t e l e a f ( F i g . 5) was not reduced i n e i t h e r v e r y young 
(10 days) o r f u l l s i z e l e a v e s (18 d a y s ) ; but i t was reduced when 
14-day s e e d l i n g s were t r e a t e d . The f r e s h weight s p e c i f i c 
c h l o r o p h y l l c o n t e n t was reduced f o l l o w i n g each t r e a t m e n t . T h i s 
damage was n o t o v e r t l y v i s i b l e f o l l o w i n g o z o n a t i o n a t 10 days, 
when the young t r i f o l i a t e l e a f i s n o r m a l l y p a l e green, but i t 
was seen 24 h r a f t e r the 14-day t r e a t m e n t as s p e c k l e and then 
became g e n e r a l i z e d b l e a c h i n g w i t h an a d d i t i o n a l 24 h r o f i n c u b a 
t i o n . The r e d u c t i o n i n c h l o r o p h y l l c o n t e n t a f t e r t reatment o f 
18-day s e e d l i n g s was never v i s i b l y m a n i f e s t as b l e a c h i n g except 
f o r t h e presence o f a n t h o c y a n i n s p e c k l e . The second t r i f o l i a t e 
l e a f , however, developed damage symptoms i d e n t i c a l t o those seen 
i n the t r e a t e d 14-day f i r s t t r i f o l i a t e l e a f , i n c l u d i n g antho
c y a n i n s p e c k l e . Each new t r i f o l i a t e l e a f would be expected t o be 
s i m i l a r l y r e s p o n s i v e . 

R a d i o l a b e l l e d Amino A c i d U t i l i z a t i o n Immediately F o l l o w i n g 
O z o n a t i o n . In o r d e r t o d i s t i n g u i s h e a r l y o r p r i m a r y events o f 
ozone damage from any l a t e r d i s p l a y we t u r n e d t o r a d i o l a b e l l i n g 
t e c h n i q u e s , measuring t h e uptake o f l ^ C - a l g a l p r o t e i n h y d r o l y s a t e 
i n t o the s o l u b l e p o o l and i t s i n c o r p o r a t i o n i n t o p r o t e i n i n 
t i s s u e d i s c s . D i s c s were t a k e n from p l a n t s i mmediately f o l l o w i n g 
i n v i v o o z o n a t i o n , and were merely suspended i n the l a b e l l i n g 
s o l u t i o n t o p e r m i t as normal as p o s s i b l e r a t e s o f amino a c i d up
t a k e . A l l experiments were performed under c o n d i t i o n s which 
p e r m i t t e d l i n e a r uptake o f r a d i o l a b e l , and p r e c a u t i o n s were t a k e n 
t o e l i m i n a t e apparent f r e e space l a b e l from c o n s i d e r a t i o n (see 
M a t e r i a l s and Methods). 

Damage Induced by Short-Term Ozone Exposure. Cucumber and 
soybean s e e d l i n g s o f ages determined e a r l i e r t o be o v e r t l y 
s e n s i t i v e t o f i x e d dose and d o s e - r a t e s o f ozone (Table I ) were 
exposed t o 45 ± 5 pphm ozone f o r p e r i o d s up t o 90 min. Some 
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11. FRiCK A N D C H E R R Y Physiological Damage to Seedlings 137 

t r e a t e d p l a n t s were h e l d f o r 24 h r a f t e r o z o n a t i o n , and th e u s u a l 
f r e s h weight and c h l o r o p h y l l assays made. These d a t a have been 
g i v e n i n Table I t o show t h a t damage symptoms depended i n a non
l i n e a r way upon l e n g t h o f time o f exposure t o ozone a t a f i x e d 
d o s e - r a t e , and were d i s t i n g u i s h a b l e a f t e r 15 min exposure. 

Temperature-Dependence o f Amino A c i d Uptake i n Soybean. The 
uptake o f amino a c i d s by p l a n t s i n t o t h e s o l u b l e p o o l can be an 
e n e r g y - r e q u i r i n g p r o c e s s ( 5 2 - 5 4 ) , as i s t h e support o f p r o t e i n 
s y n t h e s i s . We wished t o show the temperature-dependence o f 
i n f l u x o f amino a c i d s i n t o soybean t r i f o l i a t e l e a f d i s c s t a k e n 
from c o n t r o l and ozonated s e e d l i n g s i n o r d e r t o c o n f i r m t h i s f o r 
the p r e s e n t system. Table I I shows t h a t amino a c i d i n f l u x d u r i n g 
30 min was reduced by th e lowered temperature by about 70%, and 
p r o t e i n s y n t h e s i s by about 85%, when l a b e l l i n g o f c o n t r o l d i s c s 
proceeded a t i c e b a t h t e m p e r a t u r e s . Q u a l i t a t i v e l y s i m i l a r r e 
d u c t i o n s o c c u r r e d i n d i s c s t a k e n from ozonated (50 ± 5 pphm, 
90 min) l e a v e s and then l a b e l l e d f o r 30 min. The ozone t r e a t m e n t 
i t s e l f r educed t h e s o l u b l e p o o l s i z e measured a t 26°C by approx
i m a t e l y 30%, and reduced i n c o r p o r a t i o n by 40% i n d i s c s from t h e 
soybean t r i f o l i a t e l e a f . When measured a t i c e b a t h t e m p e r a t u r e s , 
however, l a b e l uptake was not reduced by o z o n a t i o n , as would 
be expected i f t h e low temperature o b s e r v a t i o n s depended upon 
the a n a t o m i c a l t e m p e r a t u r e - s e n s i t i v i t y o f the soybean l e a f . 
Thus, we assumed t h a t t h e system o f amino a c i d uptake i n t o t h e 
soybean p o o l s w i t h which we were work i n g was p r e d o m i n a n t l y 
energy-dependent. 

I n h i b i t i o n o f Uptake i n t o t h e S o l u b l e P o o l a f t e r Short-Term 
Ozone Exposure; N o n - L i n e a r i t y o f th e Response. F i g u r e 6 r e 
p r e s e n t s t h e uptake o f 1 H C - l a b e l l e d amino a c i d s i n t o t h e s o l u b l e 
p o o l (see M a t e r i a l s and Methods) d u r i n g 30 min i n c u b a t i o n t i me 
i n d i s c s t a k e n i m m e d i a t e l y a f t e r t h e g i v e n l e n g t h o f ozone ex
pos u r e , u s i n g s e e d l i n g s from t h e same c u l t u r e s as thos e r e p r e 
s e n t e d i n Table I . Thus, f o r t h e 15 min d a t a i n F i g u r e 6, a 
t o t a l o f 55 min e l a p s e d between the onset o f o z o n a t i o n and homog-
e n i z a t i o n o f th e water-washed d i s c s . F i g u r e 7 shows t h a t 15 min 
o f o z o n a t i o n a t 45 ± 5 pphm p e r t u r b e d t h e amino a c i d i n c o r p o 
r a t i n g system, but t h a t no f u r t h e r r e d u c t i o n i n r a t e was d e t e c t e d 
as t h e l e n g t h o f ozone exposure was i n c r e a s e d t o 90 min. The 
r a t e o f uptake o f l a b e l i n t o t h e s o l u b l e p o o l ( F i g . 6 ) , however, 
was a f f e c t e d i n a n o n - l i n e a r , dose-dependent way f o r each organ 
t e s t e d . Only t h e cucumber c o t y l e d o n showed i n c r e a s e d p e r m e a b i l i t y 
f o l l o w i n g o z o n a t i o n , which c o r r e l a t e s i n t h i s t i s s u e w i t h t h e 
v i s i b l e a n a t o m i c a l changes t h a t o c c u r r e d d u r i n g o z o n a t i o n . 

Immediate v e r s u s 24 h r E f f e c t s upon Amino A c i d U t i l i z a t i o n 
F o l l o w i n g Short-Term Ozone Exposure. To work w i t h a p p r e c i a b l e 
d i f f e r e n c e s between c o n t r o l and ozonated d i s c s , t h e r e s p e c t i v e 
s e e d l i n g s were ozonated f o r 90 min a t 45 ± 5 pphm ozone, and 
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0 15 30 60 fmins] 90 
time of ozone exposure (1*5±5 pphm) 
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%d soybean trifoliate 

12d cue. leaf 

lOd soy. leaf •M 

9d cucumber cotyledon1 

0 15 30 60 [mins] 90 
time of ozone exposure (i*5±5pphm) 

Figure 7. Use of UC-protein hydrolysate imme
diately following ozonation: incorporation. 
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11. FRiCK A N D C H E R R Y Physiological Damage to Seedlings 141 

amino a c i d l a b e l u t i l i z a t i o n was measured i n t h e e x c i s e d d i s c s 
t a k e n b o t h i m m e d i a t e l y a f t e r t r e a t m e n t and 24 h r l a t e r 
( T a b l e I I I ) . The immediate i n c r e a s e i n uptake i n t o t h e s o l u b l e 
p o o l o f th e cucumber c o t y l e d o n was not o b v i o u s , and t h e r e was a 
g r e a t e r immediate r e l a t i v e r e d u c t i o n i n amino a c i d i n c o r p o r a t i o n 
due t o t h e ozone t r e a t m e n t . A f t e r 24 h r i n c u b a t i o n o f t r e a t e d 
p l a n t s — and when i n j u r y symptoms were v i s i b l e — uptake and 
i n c o r p o r a t i o n o f l a b e l l e d amino a c i d s were g r e a t l y i n c r e a s e d 
r e l a t i v e t o b o t h t h e u n t r e a t e d c o n t r o l s and the t i m e - z e r o t r e a t e d 
d i s c s . Thus, an i n i t i a l d e p r e s s i o n i n b o t h uptake ( 1 t o 24%) 
and i n c o r p o r a t i o n (23 t o 48%) was observed p r i o r t o t h e appear
ance o f v i s i b l e i n j u r y symptoms, f o l l o w e d by an a b s o l u t e and 
r e l a t i v e - t o - c o n t r o l s i n c r e a s e i n b o t h uptake (7 t o 32%) and 
i n c o r p o r a t i o n (8 t o 78%) when damage symptoms were v i s i b l e 24 h r 
l a t e r . The t r e a t e d t i s s u e was, t h e r e f o r e , v i a b l e w i t h r e s p e c t 
t o l i +C-amino a c i d u t i l i z a t i o n d u r i n g t h e e x p e r i m e n t , and t h e 
observed i n c r e a s e s i n l a b e l uptake a r e ta k e n t o r e p r e s e n t r e p a i r 
p r o c e s s e s o f damaged t i s s u e . 

C h a r g i n g o f Amino A c y l - t R N A f s D i d n o t I n f l u e n c e t h e Ozone-
Induced R e d u c t i o n i n S o l u b l e P o o l S i z e s . The p o s s i b i l i t y t h a t 
t h e observed r e d u c t i o n i n amino a c i d p o o l s i z e s might have been 
due t o a r e d u c t i o n i n c h a r g i n g o f th e amino a c i d s t o t h e i r 
r e s p e c t i v e tRNA 1s was e x c l u d e d i n t h e f o l l o w i n g way u s i n g t h e 
12-day cucumber l e a f . D i s c s from p l a n t s t r e a t e d w i t h 47 ± 2 pphm 
ozone f o r 30 min were l a b e l l e d w i t h l ^ C - p r o t e i n h y d r o l y s a t e f o r 
30 min, and homogenized a f t e r c o l d t a p water washing f o r 10 min 
i n t e r v a l s up t o 60 min. The p e l l e t was washed w i t h TCA/acetone 
and d i g e s t e d w i t h 0.1 M TRIS-HC1 a t pH 9 f o r 10 min a t room 
te m p e r a t u r e , c h i l l e d , made 10% (w/v) TCA and c e n t r i f u g e d . Counts 
i n t h e s u p e r n a t a n t were t a k e n as t h e amount o f l a b e l p r e s e n t i n 
charges tRNA. Ozone-treated p l a n t s d i d n o t d i f f e r from c o n t r o l s 
i n t h e i n c o r p o r a t i o n o f l a b e l i n t o charged tRNA even w h i l e up
ta k e i n t o t h e s o l u b l e p o o l was lowered by about 40%. T o t a l counts 
p r e s e n t i n t h e amino acyl-tRNA f r a c t i o n were on t h e o r d e r o f 1% 
o f counts i n t h e s o l u b l e p o o l , and 4% o f th e counts i n c o r p o r a t e d 
i n t o p r o t e i n ; t h i s was n o t changed i n v i v o d u r i n g water-washing 
o f t h e l a b e l l e d d i s c s f o r up t o 60 min b e f o r e homogenization. 

P o o l - L o a d i n g Experiments and P o s s i b i l i t y t h a t R e d u c t i o n i n 
I n c o r p o r a t i o n Réduces I n f l u x i n t o S o l u b l e P o o l . I n o r d e r t o 
e m p i r i c a l l y e l i m i n a t e t h e p o s s i b i l i t y t h a t t h e observed r e d u c t i o n 
i n uptake o f l a b e l l e d amino a c i d s i n t o t h e s o l u b l e p o o l was an 
i n d i r e c t r e s u l t o f an i n h i b i t i o n o f i n c o r p o r a t i o n , i t was 
ne c e s s a r y t o e x p e r i m e n t a l l y s e p a r a t e t h e i n f l u x and i n c o r p o r a t i o n 
systems i n v i v o . The o p e r a t i o n a l compromise r e q u i r e d t o 
ac c o m p l i s h t h i s has been g i v e n by Sacher ( 5 5 ) , and i n v o l v e s i n 
the p r e s e n t case measuring t h e r a t e s o f l a b e l i n c o r p o r a t i o n i n 
c o n t r o l and t r e a t e d t i s s u e s which have had t h e i r s o l u b l e p o o l s 
f u l l y l o a d e d w i t h u n l a b e l l e d amino a c i d . Thus, t h e l a b e l - s p e c i f i c 
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a c t i v i t y i s made low i n each s o l u b l e p o o l , and t h e r a t e s o f l a b e l 
i n c o r p o r a t i o n w i l l t hen m i n i m a l l y depend upon t h e l a b e l - s p e c i f i c 
a c t i v i t y o f the p o o l s o f each. T h i s i s because i t i s expected 
t h a t t h e p o o l s p e c i f i c a c t i v i t i e s would be a p p r o x i m a t e l y e q u a l , 
and i n c o r p o r a t i o n r a t e s would m a x i m a l l y depend upon the i n c o r p o 
r a t i o n p r o c e s s i t s e l f . I f t h e i n c o r p o r a t i o n r a t e s do not d i f f e r 
under t h e s e c o n d i t i o n s , t h e n t h e o r i g i n a l o b s e r v a t i o n t h a t t h e 
ozone t r e a t m e n t has a l t e r e d s o l u b l e p o o l s i z e d may be argued 
e x c l u s i v e l y . 

T h i s k i n d o f experiment was performed i n an attempt t o show 
t h a t r e d u c t i o n i n l a b e l l e d amino a c i d uptake i n t o t he s o l u b l e 
p o o l , observed a f t e r as l i t t l e as 15 min o f o z o n a t i o n ( F i g . 6 ) , 
c o u l d be an e a r l y o r p r i m a r y event i n ozone damage t o t h e soybean 
t r i f o l i a t e l e a f . I t was n e c e s s a r y i n t h i s case f o r t h e p o o l s t o 
be l o a d e d w i t h u n l a b e l l e d c a s e i n h y d r o l y s a t e a f t e r t r e a t m e n t o f 
the p l a n t , i n o r d e r t o m a i n t a i n i n v i v o ozone t r e a t m e n t and be
cause i t has been r e p o r t e d t h a t h i g h endogenous amino a c i d l e v e l s 
can c o n f e r a degree o f r e s i s t a n c e t o ozone damage (14, 1 5 ) . 
P l a n t s were ozonated a t 50 ± 5 pphm f o r 90 min; f r e s h l y c u t d i s c s 
were shaken f o r 60 min i n 50 mg/100 ml c a s e i n h y d r o l y s a t e o r i n 
d i s t i l l e d w a ter; 1 1 + C - p r o t e i n h y d r o l y s a t e was added and the d i s c s 
were i n c u b a t e d f o r 60 min i n t h e l i g h t ; d i s c s were t h e n washed i n 
r u n n i n g c o l d t a p water f o r 10 min and homogenized i n TCA/acetone. 
Thus, a t o t a l o f 3 3/4 h r e l a p s e d a f t e r t h e onset o f o z o n a t i o n 
and b e f o r e h o m o g e n i z a t i o n , as opposed t o 55 min i n the case o f 
15 min o z o n a t i o n f o l l o w e d by 30 min l a b e l l i n g t i m e p l u s 10 min 
washing t i m e ( F i g . 6 ) . 

Table IV shows t y p i c a l r e s u l t s o f t h e p o o l o v e r l o a d i n g 
experiments i n t h e soybean t r i f o l i a t e l e a f . V i s i b l e damage t o 
ozonated p l a n t s a f t e r 24 h r i n c u b a t i o n was, as u s u a l , t a k e n as 
ne c e s s a r y f o r an experiment t o be v a l i d . C l e a r l y , i n c o r p o r a t i o n 
o f l a b e l i n t o p r o t e i n was reduced where c a s e i n h y d r o l y s a t e had 
been used i n c o n t r o l and t r e a t e d d i s c s t o o v e r l o a d t h e s o l u b l e 
p o o l s . J u s t as c l e a r l y , t o t a l counts p r e s e n t i n the s o l u b l e 
p o o l o f t r e a t e d t i s s u e were reduced by o z o n a t i o n whatever t h e 
a f t e r - t r e a t m e n t . The r e d u c t i o n o f l a b e l i n the s o l u b l e p o o l i n 
c o n t r o l and ozonated d i s c s due t o c a s e i n t r e a t m e n t was approx
i m a t e l y 30% i n each c a s e ; t h e r e d u c t i o n o f l a b e l i n c o r p o r a t i o n 
due t o ozone was about 36% i n t h e case o f water trea t m e n t and 
about 14% i n t h e case o f c a s e i n t r e a t m e n t . 

We conclude t h a t by 3 3/4 h r a f t e r t he onset o f o z o n a t i o n 
the i n h i b i t i o n o f p r o t e i n s y n t h e s i s has become a f a c t o r i n the 
o v e r a l l p h y s i o l o g i c a l d i s t u r b a n c e i n th e soybean t r i f o l i a t e l e a f . 
However, t h i s was n o t n e c e s s a r i l y t h e case f o r t h e e a r l i e r 
(55-100 min) events d e s c r i b e d i n F i g u r e 6. That d a t a showed t h a t 
p r o t e i n s y n t h e s i s was depressed by as l i t t l e as 15 min o f ozone 
exposure, but n o t depressed f u r t h e r as ozone exposure was 
lengt h e n e d t o 90 min. What we have been unable t o show by th e 
o v e r l o a d i n g experiment i s t h e e x c l u s i v i t y , i m m e d i a t e l y f o l l o w i n g 
o z o n a t i o n f o r b r i e f p e r i o d s , o f the i n h i b i t i o n o f amino a c i d 
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144 A I R P O L L U T I O N E F F E C T S O N P L A N T G R O W T H 

i n f l u x . T h i s i s t r u e d e s p i t e t h e f a c t t h a t 3 3/4 h r a f t e r t h e 
onset o f o z o n a t i o n i t was s t i l l p o s s i b l e t o observe t h e reduced 
i n f l u x o f l a b e l i n t o t h e s o l u b l e p o o l s when d i s c s were p r e - l o a d e d 
w i t h c a s e i n h y d r o l y s a t e (about 30% r e d u c t i o n , Table I V ) . We have 
been unable t h u s f a r t o d e s i g n the o v e r l o a d i n g experiment i n a 
way which would g r e a t l y s h o r t e n the e l a p s e d time between ozon
a t i o n and assay. 

Table IV. D i s t i n c t i o n between amino a c i d i n f l u x and 
i n c o r p o r a t i o n 

U t i l i z a t i o n o f 1 ^ C - p r o t e i n h y d r o l y s a t e (cpm)* 
T o t a l cpm, ^C-amino a c i d s 

Treatment S o l u b l e p o o l I n c o r p o r a t e d 

C o n t r o l + water 342,441 ± 42,321 92,830 ± 4,950 
Ozonated + water 256,391 ± 3,940 59,320 ± 2,378 

C o n t r o l + c a s e i n 241,164 ± 13,040 41,290 ± 889 
Ozonated + c a s e i n 182,468 ± 11,076 35,455 ± 1,562 
^ E x p e r i m e n t a l d e t a i l s g i v e n i n t e x t and M a t e r i a l s and Methods? 

C o n c l u s i o n s 

a. The p r e s e n t work c o n f i r m s t h a t a c t i v e growth o f t h e 
organs o f cucumber and soybean s e e d l i n g s i s r e q u i r e d t o d e t e c t 
ozone-induced i n h i b i t i o n o f c h l o r o p h y l l a c c u m u l a t i o n . D u r i n g 
a c t i v e growth o f t h e r e s p e c t i v e organs t h e r e were no p e r i o d s o f 
d i f f e r e n t i a l o z o n e - s e n s i t i v i t y ( F i g . 1,2,4,5). S h o r t exposures 
t o ozone (15 min) were f o l l o w e d a f t e r 24 h r by an i n c r e a s e i n 
f r e s h weight per organ i n a l l cases but the 10-day soybean f i r s t 
l e a f (Table I ) . The response t o ozone was always n o n - l i n e a r by 
whatever damage parameter used. Organs which r e p e a t d u r i n g 
development (cucumber l e a f and soybean t r i f o l i a t e l e a f ) r e p e a t 
the p a t t e r n o f t h e i r o r i g i n a l s e n s i t i v i t y t o moderate l e v e l s 
o f ozone exposure. 

b. The temperature-dependent (Table I I ) uptake o f amino 
a c i d s i n t o the s o l u b l e p o o l s ( F i g . 6) o f organ d i s c s i s s e n s i t i v e 
t o s h o r t exposures t o ozone, as i s t h e i n c o r p o r a t i o n o f amino 
a c i d s i n t o p r o t e i n ( F i g . 7 ) . I n c o r p o r a t i o n appears t o be reduced 
by a f i x e d increment d u r i n g t h e f i r s t 30 min o f ozone t r e a t m e n t , 
and then no f u r t h e r ( F i g . 7 ) , w h i l e uptake i n t o the s o l u b l e p o o l 
i s reduced (except i n cucumber c o t y l e d o n s ) i n a n o n - l i n e a r way 
throughout 90 min exposure p e r i o d s ( F i g . 6 ) . 

The v i a b i l i t y o f ozonated s e e d l i n g s was a t t e s t e d t o by t h e 
f a c t t h a t a f t e r v i s i b l e i n j u r y symptoms had developed i n t r e a t e d 
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p l a n t s , t h e uptake and i n c o r p o r a t i o n o f amino a c i d s i n t o d i s c s 
were g r e a t l y i n c r e a s e d i n r e l a t i o n t o b o t h u n t r e a t e d c o n t r o l s and 
the t i m e - z e r o t r e a t m e n t d i s c s ( T a b l e I I I ) . 

c. The observed r a p i d r e d u c t i o n i n amino a c i d p o o l s i z e s 
i n a l l but the cucumber c o t y l e d o n was not due t o a r e d u c t i o n i n 
the t i s s u e ' s c a p a c i t y t o charge the r e s p e c t i v e tRNA 1s as measured 
i n t h e 12-day cucumber l e a f d i s c . An a l t e r n a t i v e p o s s i b i l i t y , 
t h a t t he r e d u c t i o n i n amino a c i d i n c o r p o r a t i o n i n t o p r o t e i n was 
i n d i r e c t l y r e s p o n s i b l e f o r r a p i d l y lowered p o o l s i z e s , c o u l d not 
be e x p r e s s l y e x c l u d e d when 3 3/4 h r had e l a p s e d between t h e 
onset o f o z o n a t i o n and assa y . The e x c l u s i v i t y o f o z o n e - i n h i b 
i t i o n o f amino a c i d uptake i n t o s o l u b l e p o o l s cannot, t h e r e f o r e , 
be argued 3 3/4 h r a f t e r t h e onset o f o z o n a t i o n . As F i g u r e 7 
shows, however, t h e r e does n o t appear t o be any f u r t h e r r e d u c t i o n 
a f t e r 30 min o f ozone t r e a t m e n t i n p r o t e i n s y n t h e s i s (70 min 
e l a p s e d t i m e ) and we conclude t h a t i t i s t h i s t i m e d i f f e r e n t i a l 
(70 v s . 220 min e l a p s e d t i m e ) which has p e r m i t t e d p r o t e i n 
s y n t h e s i s t o become measurably i n h i b i t e d . 

d. The d a t a p r e s e n t e d here p r o v i d e d i r e c t e v i d e n c e f o r t h e 
ozone-induced r a p i d i n h i b i t i o n o f the p o t e n t i a l f o r amino a c i d 
uptake i n t o t h e s o l u b l e p o o l o f cucumber and soybean s e e d l i n g s . 
T h i s evidence i m p l i e s t h a t an e a r l y o r p r i m a r y e f f e c t o f ozone 
damage t o these s e e d l i n g s i s t h e i n t e r r u p t i o n o f t r a n s p o r t 
p r o c e s s e s a t the l e v e l o f the plasma membrane, and su p p o r t s t h e 
i n t e r p r e t a t i o n s o f Evans and T i n g (45) w i t h P h a s e o l u s , and 
Nobel and Wang (46) w i t h Pisum t o t h i s e f f e c t u s i n g q u i t e 
d i f f e r e n t a ssay t e c h n i q u e s . The i n t e r e s t i n g q u e s t i o n , o f c o u r s e , 
d e a l s w i t h t h e way(s) i n which ozone might r e a c t w i t h t h e plasma 
membrane r a p i d l y ( F i g . 6 ) , c o o p e r a t i v e l y ( F i g . 3 and 6, Ta b l e I ) 
and s e l e c t i v e l y ( F i g . 6, cucumber c o t y l e d o n v s . cucumber f i r s t 
l e a f ) t o a f f e c t i t f u n c t i o n a l l y ( c f . 6,22,25). 
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