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INTRODUCTION

S u lfu r  d io x id e , a  m ajor a i r  p o l lu ta n t ,  and i t s  e f f e c t  on vege

t a t i o n  has been th e  s u b je c t  o f in te n s iv e  study  f o r  many y e a r s .  Major 

rev iew s by Thomas (43,45)* Thomas and H endricks (4 6 ) , D aines (1 3 ) , and 

Brandt and Heck ( 9 ) i n  America, and by G arber (2 1 ,2 2 ) In  Germany p lu s 

minor rev iew s (1 4 ,1 9 ,2 6 ,4 4 ) have ad eq u a te ly  summarized th e se  e a r l i e r  

in v e s t ig a t io n s .  R e ce n tly , p u b lic a tio n s  (7*25*27) c o n ta in in g  c o lo r  

photographs o f  th e  v i s ib le  e f f e c t s  o f SO^ (a s  w e ll a s  o th e r  p o l lu ta n ts )

on v e g e ta tio n  have become a v a i la b le  to  a id  In  th e  d ia g n o s is  o f  p la n t

d is e a s e s  caused by v a rio u s  a i r  p o l lu ta n ts .

The e x te n t  o f v i s ib le  in ju ry  has been re p o r te d  to  be a  fu n c tio n

o f l e a f  age, th e  younger and o ld e r  le a v e s  being  co n sid ered  more r e 

s i s t a n t  t o  SOg (4 0 ,4 9 ) . The fo llo w in g  experim ents were designed  to  

ex p lo re  th e  p o s s ib i l i ty  t h a t  th e  p h o to sy n th e tic  mechanism o f m iddle- 

aged leav es may a ls o  prove to  be more s e n s i t iv e  to  SO^ th an  t h a t  o f 

younger o r  o ld e r  le a v e s . P a r t ic u la r  a t t e n t io n  has been g iven  to  th e  

com parative k in e t ic s  o f in h ib i t io n  and recovery  o f p h o to sy n th es is  In  

S O ^-sen s itiv e  and S O ^ -re s is ta n t p la n ts  exposed to  s h o r t ,  a cu te  t r e a t 

ments o f SO^ in  th e  range o f 1 t o  5 ppm.

i



CHAPTER I

METHODS AND MATERIALS

P re p a ra tlo n  of P la n t  M a te ria l 

Bean se e d s , Phaseolus v u lg a r is  L, cv . P in to , were o b ta in ed  from 

lo c a l  m arke ts , and corn  se e d s , 2ea mays L .,  were o b ta in ed  from th e  

Ohio Seed Company, West J e f f e r s o n , Ohio, The P in to  bean was s e le c te d  

s in c e  e a r l i e r  p u b lish ed  work has shown t h i s  p la n t t o  be m oderately  

s e n s i t iv e  t o  a number o f p o l lu ta n ts  ( 9 ) ,  Corn, on th e  o th e r  hand, 

has been re p o r te d  to  be f a i r l y  r e s i s t a n t  to  SO^ (7 ,9 * 1 8 ). Hence, 

com parative s tu d ie s  could  be conducted,

P in to  beans were soaked f o r  to  5 hours in  a e ra te d  w ater and 

sown in  a  f l a t  c o n ta in in g  a  v e rm ic u l i te -p e r l i te - s a n d  m ixture (ap p ro x i

m ately  2 :1 :2  v /v ) .  The f l a t  was p laced  in  a S h e r e r - G i l le t t  c o n tro lle d  

environm ent c a b in e t , Model CEL 512-37, which was m ain tained  a t  25°C 

d u rin g  th e  14-hour pho toperiod  and 20°C d u rin g  th e  10-hour dark  p e r

io d , Ten 200-w VHO f lu o re s c e n t  powertubes and s ix  60-w in can d escen t 

lamps provided an in te n s i ty  o f about 1400 f t - c  15 cm above th e  c u ltu re  

c o n ta in e rs  as measured by a  Weston I l lu m in a tio n  M eter, Model 756 .

A f te r  10 days th e  most advanced se e d lin g s  were s e le c te d  f o r  uniform 

i t y  and c a re fu l ly  t r a n s fe r r e d  to  1- l i t e r  c o n ta in e rs  c o n ta in in g  a e ra te d

2



3

M eyer's (35 ) s o lu t io n * . The s e e d lin g s  were allow ed to  rem ain in  

th e  growth c a b in e t f o r  p e rio d s  o f up to  l i  d ay s. The n u t r ie n ti

s o lu t io n  was u s u a l ly  not changed d u rin g  t h i s  tim e .

Corn seed s were soaked i n  a e ra te d  w ater f o r  k t o  5 hours and 

th en  p laced  on m oist paper to w e lin g  i n  a  c lo sed  c o n ta in e r  h e ld  a t  

room tem p era tu re . A f te r  k d ay s , th e  s e e d lin g s  were s e t  in  "E tho- 

foam" b locks which were f lo a te d  on o n e -h a lf  s t r e n g th ,  a e ra te d  nu

t r i e n t  s o lu t io n .  The s e e d lin g s  were allow ed to  develop  f o r  3 days 

under la b o ra to ry  c o n d itio n s  b e fo re  being t r a n s f e r r e d  to  i - l i t e r  

c o n ta in e rs  i n  th e  growth c a b in e t .  The n u t r ie n t  s o lu t io n ,  however, 

con ta ined  tw ice  a s  much c h e la te d  i ro n  as was g iven  bean . In  o rd er 

t o  p rev en t o r  reduce  c h lo ro s is  o f th e  le a v e s , a d d it io n a l  c h e la te d  

i ro n  was added to  th e  n u t r ie n t  s o lu t io n  when symptoms began to  a p p ea r. 

F re sh ly  p repared  i ro n  s o lu t io n  ( l e s s  th a n  2 weeks o ld )  was e s s e n t ia l  

f o r  b e s t  r e s u l t s  in  p rev en tin g  c h lo ro s is  in  co rn . There was no 

c h lo ro s is  problem a s so c ia te d  w ith  bean.

The prim ary l e a f  o f bean and th e  t h i r d  l e a f  o f  corn  were used 

in  a l l  SO^ experim en ts. The low er lo b es and , where n e ce ssa ry , th e  

s id e s  of th e  bean l e a f  were trimmed to  accommodate th e  dim ensions o f  

th e  10 cm x l 5  cm x 1*5 cm P le x ig la s  c u v e t te .  The corn  l e a f ,  on 

th e  o th e r  hand, was f i t t e d  in to  a  s p e c ia l ly  designed  P le x ig la s  cuv

e t t e  which en c lo sed  a  16-cm zone in  th e  m id -p o rtio n  o f  th e  l e a f .

Leaf ages were determ ined in  days from p la n t in g . In  a l l  experim ents

1
FeCl„ was re p la c e d  w ith  Sequestrene-N a-Fe to  supp ly  5 p a r t s  p e r 

m ill io n  (ppm) Fe.



th e  ex p erim en ta l l e a f  was p laced  i n  th e  c u v e tte  th e  n ig h t b e fo re  th e  

experim ent was run  to  a llow  f o r  e q u i l ib r a t io n .  The 14-hour pho toper-
i

lo d  was m ain tained  th roughou t th e  e q u i l ib r a t io n  and experim en ta l p e r

io d s .

E xperim ental A pparatus

F igu re  1 sc h e m a tic a lly  r e p re s e n ts  th e  system  used  in  determ in ing  

n e t p h o to sy n th e s is . To avo id  ex cess iv e  p re ssu re  d rops a c ro ss  th e  

i n l e t  and e x i t  p o r ts  o f th e  a p p a ra tu s , so le n o id s  w ith  3/ 16- in c h  

o r f ic e  d iam ete rs  were u se d . With th e  so le n o id s  i n  th e  d e -e n e rg iz ed  

p o s i t io n ,  compressed a i r  o f  known CO  ̂ c o n c e n tra tio n  (v ary in g  between 

380 and 425 ppm v /v  f o r  d i f f e r e n t  ta n k s )  was passed  a t  1 l i t e r  p e r 

minute f i r s t  th rough  th e  in f r a r e d  gas an a ly ze r  (IRGA) th en  through  

th e  l e a f  chamber b e fo re  e x i t in g  to  th e  a tm osphere. Thus, th e  CO  ̂

c o n c e n tra tio n  o f th e  gas stream  was determ ined b e fo re  e n te r in g  th e  

l e a f  chamber. With th e  so le n o id s  i n  th e  en e rg ized  p o s i t io n  th e  gas 

was f i r s t  d i r e c te d  in to  th e  l e a f  chamber and th e n  th rough  th e  IRGA 

b e fo re  e x i t in g  t o  th e  atm osphere. T h e re fo re , i t  was p o ss ib le  to  

determ ine th e  d if fe re n c e  between th e  CO  ̂ c o n c e n tra tio n  o f th e  gas 

stream  e n te r in g  th e  c u v e tte  and th e  CO  ̂ c o n c e n tra tio n  o f th e  gas 

stream  e x i t in g  from th e  c u v e t te , th e  d if fe re n c e  b e ing  th e  amount o f  

COg absorbed by th e  l e a f  b la d e , i . e . ,  n e t  p h o to sy n th e s is .

To p rov ide  th e  d e s ire d  c o n c e n tra tio n  o f SO^ i n  a i r ,  th e  s ta n d 

a rd iz e d  S O ^-air m ixture (53*2 ppm SO,, i n  a i r ,  v /v )  and a i r  from a  

compressed a i r  ta n k  were m etered th rough  c a r e f u l ly  c a l ib r a te d  flow 

m ete rs . The re s p e c t iv e  gas stream s were brought to g e th e r  under



/

F igu re  1—Schem atic o f th e  ap p ara tu s  used in  m easuring n e t 
p h o to sy n th e s is . The mixing ap p a ra tu s  c o n s is te d  o f 2 flow m eters.
The flow m eter on th e  l e f t  could  d e l iv e r  a  maximum o f  1500 ml o f a i r  
p e r  m inute , and th e  flow m eter on th e  r i g h t  could  d e l iv e r  a  maximum 
o f 150 ml p e r m inu te . A condenser, m ain tained  a t  1°C (n o t shown in  
th e  d iagram ), was a tta c h e d  to  th e  e x i t  p o r t  o f th e  l e a f  chamber t o  
t r a p  w ater v ap o r. So leno id  p o r t  a b b re v ia tio n s :  NC, norm ally c lo sed ;
NO, norm ally open; COM, common. S il ic o n e  plug  p repared  by cu ring  
"RTV-11 L iqu id  S il ic o n e  Rubber" purchased from G eneral E le c t r i c  Com
pany.

5
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c o n d itio n s  o f h igh  tu rb u len ce  in  a  s t a in le s s  s t e e l  t e e  f i t t e d  w ith  

a  3 -in c h  22-gauge hypodermic need le  a s  shown in  F ig u re  1 . P assing  

th e  SO ^-air m ixture th rough  th e  sm a ll d iam ete r n eed le  in c re a se d  

flow  s t a b i l i t y  as noted  by th e  dampened o s c i l l a t i o n  o f th e  f l o a t .

The re s p e c t iv e  flow r a t e s  f o r  th e  two gas s tream s re q u ire d  f o r  

a  g iven  c o n c e n tra tio n  o f SO in  a i r  were c a lc u la te d  from th e  equation* 

ppm  ̂ x flow  ra te ^  *= ppm^ x flow  r a te , , .  Thus f o r  a  c o n c e n tra tio n  o f 

5 ppm*

53 .2  ppm x Q ml min" = 5 ppm x 1000 ml min

Q = 5000 ml min *
53.2

Q e  9  ̂ roin ^

Q i s  th e  flow  r a t e  in  ml mln~* o f th e  c a l ib r a te d  S O ^-a ir m ix tu re . I f  

th e  SO ^-air m ix ture  a t  a  flow  r a t e  o f 9^ rol min~* i s  added to  an a i r
A

stream  flow ing  a t  906 ml min , th e  combined a i r  s tream s w i l l  have a  

flow  r a t e  o f 1000 ml min  ̂ and a  SO^ c o n c e n tra tio n  o f  5 PPra v /v .  In  

o rd e r t o  m ain ta in  s te ad y  flow s a  f in e  m etering  vauLve (Nupro SS-M4A) 

was i n s t a l l e d  on th e  a i r  in p u t p o r t f and an e x tra , f in e  m etering  

valve  (Nupro SS-2SA) was i n s t a l l e d  on th e  SO^ in p u t  p o r t  (F igure  l ) .  

A ll  f i l t e r s ,  need le  v a lv e s , s o le n o id s , f i t t i n g s  and  plumbing excep t 

th e  Tygon le a d s  to  th e  IRGA and P le x ig la s  c u v e t te  were composed o f 

s t a in l e s s  s t e e l  and g la s s .

C a lib ra t io n  Techniques 

The flow m eters were c a l ib r a te d  u sin g  th e  a p p a ra tu s  sc h em a tic a lly  

i l l u s t r a t e d  i n  F ig u re  2. At a  s e t  flow m eter re a d in g  a  soap f i lm  was



F ig u re  2—System f o r  c a l ib r a t in g  flow m eters . The w a te r baro  
s t a t  was a d ju s te d  t o  m ain ta in  a  p re s su re  o f 10 cm w ater above th e  
p re v a i lin g  am bient p re s su re .
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In tro d u ced  in to  th e  p ip e t ,  and th e  tim e f o r  th e  f i lm  to  advance
2

10 ml was reco rd ed  by a  stopw atch  . The re a d in g  was th en  con

v e r te d  t o  g iv e  m i l l i l i t e r s  p e r  m inute , A c a l ib r a t io n  curve p ro

v id ed  by th e  m anufactu rer o f th e  flow m eter, Brooks In strum en t 

D iv is io n  o f C in c in n a t i ,  Ohio, and th e  one g en era ted  by th e  above 

techn ique  were in  c lo se  agreem ent in  th e  20 t o  100 ml p e r m inute 

range used  In  th e  experim en ts.

Carbon d io x id e  c o n c e n tra tio n s  were determ ined  u s in g  a  Mine 

S a fe ty  A p p lian ces , Model 200-LIRA, in f r a r e d  gas a n a ly z e r  w ith  a  

flow ing  re fe re n c e  c e l l .  Using g ases  o f  known c o n c e n tra tio n s  ( c e r 

t i f i e d  by th e  m anufactu rer t o  be a c c u ra te  to  w ith in  + 2 p e rc en t o f  

th e  minor component) a  c a l ib r a t io n  curve was g en e ra ted  over th e  range 

o f 0 t o  955 PPm ^ 2 '  From t h i s  curve th e  accuracy  o f  th e  mixing 

a p p ara tu s  was e s ta b l is h e d  by m ixing v a rio u s  volumes o f s ta n d a rd  

gases and comparing th e  t h e o r e t i c a l  v a lu e s , based on th e  d i lu t io n  

eq u a tio n  g iven  above, to  th e  measured CO  ̂ c o n c e n tra tio n  v a lu e s . As 

shown In  Table 1 th e  2 s e t s  o f v a lu e s  ag reed  to  w ith in  0 ,5  p e rc e n t.

The In strum en t was spanned over th e  range o f 284 ppm to  420 

ppm C02 . The re fe re n c e  c e l l  was c o n tin o u s ly  purged a t  100 ml p e r 

m inute w ith  a  COg-Ng m ixture c o n ta in in g  284 ppm CO  ̂ In  n itro g e n .

To o b ta in  a  downscale re a d in g  th e  same gas was passed  th rough  th e  

sample c e l l  a t  1 l i t e r  p e r  m inute and th e  m eter re a d in g  s e t  to  0

^For b e s t  r e s u l t s  th e  f ilm  o r membrane must have s u f f i c i e n t  s t r e n g th  
to  advance th rough  th e  p ip e t  w ithou t ru p tu r in g . "Wonder Soap Bubbles" 
m anufactured by Chemtoy C orpora tion  o f Chicago and purchased  on th e  
lo c a l  m arket proved s a t i s f a c to r y  f o r  t h i s  pu rpose .



TABLE i

ESTIMATION OF DILUTION ACCURACY USING INFRARED ANALYSIS TO MEASURE
CARBON DIOXIDE CONCENTRATIONS

(A) . i
ML MIN 1 

OF 380 PPM

(B) « 
ML MIN L 

OF 955 PPM

(A + B) 
THEORETICAL 

PPM
MEASURED

PPM

386220

980 22220 390

2Z£ 22Z

460

m

11
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w ith the zero ad ju st co n tro l. For an upscale reading a standard 

gas mixture contain ing 420 ppm CÔ  in  a ir ,  purchased from Airco 

In d u str ie s , was passed through the sample c e l l  a t  1 l i t e r  per 

minute and the meter s e t  to  95 w ith the gain  and span co n tro ls . 

Therefore, the span from 0 to  95 on the meter corresponded to  GÔ  

concentrations ranging from 284 ppm to  420 ppm. (The 284 ppm C0  ̂

to  420 ppm COg span was used s in ce  the GÔ  concentration In  t h is  

range was found to  be nonlim iting in  bean. This CÔ  range was 

assumed to  be nonlim iting fo r  corn a l s o . )

In te rm ed ia te  p o in ts  were g en era ted  u s in g  th e  m ixing ap p a ra tu s  

d e sc rib e d  above. Known volumes o f  c a l ib r a te d  gas m ix tu res  o f 955»

420 and 284 ppm CO,, were mixed in  v a ry in g  p ro p o rtio n s  to  g ive  CO,, 

c o n c e n tra tio n s  between th e  low er and upper l im i t s  o f th e  c u rv e . A 

smooth l in e  which b e s t  f i t  th e  experim en ta l p o in ts  was m anually drawn, 

and th e  r e s u l ta n t  graph was used a s  th e  s ta n d a rd  curve i n  computing 

p h o to sy n th e tic  r a t e s  (F ig u re  3)*

Even though the concentration  of CÔ  in  the gas stream e x it in g  

from the cu vette  was monitored continously  throughout the 3 to  4  

hour experim ent, only va lu es taken a t  5 minute In terv a ls  were actu

a l ly  used in  computing photosynthetic r a te s .  To f a c i l i t a t e  the  

handling o f these  data , an Omnitab program (Appendix A) was w ritten  

to  determine the c o e f f ic ie n t s  o f a th ird  degree polynomial which 

b est f i t  the CÔ  standard curve (second and fourth degree polynom ials 

proved le s s  s a t is fa c to r y ) .  The curve generated by t h is  equation  

agreed w e ll w ith the em pirical curve as shown In Figure 3 ( c f . Appen-



F igu re  3—Comparison o f th e  s ta n d a rd  CO curve t o  th e  curve 
g en e ra ted  u s in g  a  t h i r d  degree po lynom ial.
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d ix  B f o r  computer program used  to  g e n e ra te  c u rv e ) . I t  was th en  

p o s s ib le  t o  e n te r  th e  re c o rd e r  re a d in g s  (IRGA m eter re a d in g s )  in to  

th e  polynom ial and determ ine GO  ̂ c o n c e n tra tio n s  m athem atica lly  u s in g  

th e  computer program g iven  in  Appendix C.

L eaf Tem perature D eterm ina tion

L ig h t from two 300-w flo o d  lamps p rov ided  an in t e n s i t y  o f about 

3500 to  *1-000 f t - c  on th e  upper su rfa c e  o f th e  l e a f  c u v e t te .  P re lim 

in a ry  experim en ts had shown t h a t  maximum p h o to sy n th e tic  r a t e s  f o r  

B lack V a len tin e  beans were a t t a in e d  a t  l i g h t  i n t e n s i t i e s  o f about 

2000 f t - c  and above. Assuming th e  l ig h t  s a tu r a t io n  l e v e l  o f P in to  

bean to  be s im i la r  t o  t h a t  o f th e  B lack V a len tin e  v a r i e ty ,  l i g h t  

i n te n s i t y  was co n sid ered  n o n lim itin g  in  th e  experim ents w ith  P in to  

bean. Comparable d a ta  fo r  th e  co rn  p la n ts  used  i n  th e se  experim ents 

were no t de te rm ined .

In  some o f th e  ex p erim en ts , l e a f  and a i r  tem p era tu re s  i n  th e  

c u v e tte  environm ent were m easured. An au tom atic  sw itch in g  appara

tu s  was c o n s tru c te d  capab le  o f o p e ra tin g  6 in d ep en d en tly  p o s it io n e d  

therm ocoup les. A diagram  o f  th e  in s tru m e n t i s  g iven  in  F ig u re  *1-. 

With t h i s  a p p a ra tu s  1 p o te n tio m e tr ic  re c o rd e r  was capab le  o f  re c o rd 

in g  th e  o u tp u t from 6 d i f f e r e n t  therm ocouples. The s c a le  was d e te r 

mined' by immersing th e  therm ocouples i n  an ic e  s lu r r y  to  o b ta in  a  

zero  re a d in g  and th e n  in to  a  w ater b a th  a t  a  known h ig h e r tem pera

tu re  t o  o b ta in  an u p sca le  d e f le c t io n .  The u p sc a le  re a d in g  was ad

ju s te d  on th e  re c o rd e r  to  g iv e  a  s e n s i t i v i t y  o f 1+ c h a r t  d iv is io n s



F ig u re  ^— Schem atic of a p p ara tu s  used  i n  th e  d e te rm in a tio n  o f 
l e a f  and a i r  te m p e ra tu re s . Only 2 m icrosw itches a re  shown f o r  sim
p l i f i c a t i o n ,  R eference ju n c tio n  was purchased  from  C o nso lida ted  Ohmic 
D evices I n c . ,  New York.
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p e r degree  c e n tig ra d e . The therm ocouple re fe re n c e  ju n c t io n s ,  which 

re p la c e d  th e  co n v en tio n a l ic e -w a te r  ju n c t io n s , proved h ig h ly  s a t i s 

f a c to r y .

L eaf tem p era tu re s  ranged  from about 23°G t o  3^°C or abou t 5°C 

to  10°G above room tem p era tu re . A re d u c tio n  o f  abou t 1°C i n  th e  l e a f  

tem p era tu re  could  be e f f e c te d  "by c i r c u la t in g  a i r  from a  sm a ll blower 

over th e  c u v e tte , and t h i s  procedure  was g e n e ra lly  adhered  to  in  th e  

l a t e r  experim en ts.

Sources o f E rro r

A c a l ib r a te d  gas m ix ture  c o n ta in in g  53»2 + 2 p e rc e n t ppm SO^ 

(v /v )  i n  a i r  was o b ta in ed  from S c o tt  R esearch  L a b o ra to r ie s  o f Plum- 

s t e a d v i l l e ,  P ennsy lvan ia . The m ix tu re  was an a ly zed  by th e  West and 

Gaeke method try th e  s u p p l ie r  and sh ipped  i n  a  s t a in l e s s  s t e e l  c y l in 

d e r  (SSB) f i t t e d  w ith  a  s t a in l e s s  s t e e l  r e g u la to r  (S c o tt  Model 12- 

66o). According to  th e  m an u fac tu rer, SO^ can be adsorbed  on to  th e  

w a lls  o f an o rd in a ry  s t e e l  c y l in d e r ,  th e re b y  red u c in g  th e  SO^ con

c e n t r a t io n .  In  th e  c o n ta in e rs  su p p lie d  by th e  m an u fac tu re r, th e  

c o n c e n tra tio n  was g u aran teed  s ta b le  a t  + 2 p e rc e n t  o f  th e  m inor com

ponent f o r  l j  y e a r s .

S ince  th e  in f r a r e d  a b so rp tio n  bands o f  w a te r  and CO  ̂ o v e rla p  

s l i g h t l y ,  th e  in te r f e r e n c e  of w a te r vapor from th e  t r a n s p ir in g  l e a f  

was co n sid ered  a  p o s s ib le  sou rce  o f  e r r o r  in  th e  d e te rm in a tio n  o f 

C02 c o n c e n tra tio n . In  o rd e r  t o  m ain ta in  a  re a so n a b le  c o n s ta n t p a r

t i a l  p re s su re  o f w ater vapor i n  th e  gas stream  e n te r in g  th e  IRGA,
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a  condenser (n o t shown i n  F igure  l )  h e ld  a t  1°C was a tta c h e d  to  th e  

e x i t  p o r t  o f th e  c u v e tte . The c o n c e n tra tio n  of w a te r vapor i n  e q u il 

ib rium  w ith  l iq u id  w ater a t  1°C caused an ap p aren t in c re a s e  in  th e  

COg c o n c e n tra tio n  of about 6 .7  ppm, e q u iv a le n t t o  about 4 .7 5  c h a r t  

u n i t s .  T h e re fo re , th e  t ru e  c o n c e n tra tio n  of GO  ̂ e x i t in g  th e  c u v e tte  

was 6 .7  ppm le s s  th an  th e  observed re a d in g .

The condenser se rv ed  2 o th e r  im p o rtan t r o l e s .  F i r s t ,  condensa

t io n  o f w ater vapor i n  p a r ts  o f th e  system  downstream from th e  con

d en ser was p rev en ted , th u s  m inim izing a  p o te n t ia l  hazard  o f l iq u id  

w ater e n te r in g  th e  a n a ly z e r . Secondly , s in c e  th e  s o lu b i l i t y  o f SO^ 

in  w ater i s  h igh  ( 22.8  g p e r 100 ml o f w ater a t  0°G th e  w ater

trap p ed  out i n  th e  condenser se rv ed  as a  s in k  f o r  th e  g a s . Hence, 

th e  c o n c e n tra tio n  of SÔ  i n  th e  a i r  p a ss in g  th rough  th e  condenser 

was low ered, red u c in g  p o ss ib le  c o rro s iv e  damage to  th e  sample c e l l  

o f th e  TRGA, A l a t e r  check re v e a le d  no damage to  th e  sample c e l l .

In  a d d it io n  to  p e rm ittin g  r a p id  d e te rm in a tio n s  o f th e  d i f f e r 

ence between th e  c o n c e n tra tio n  o f CO  ̂ in  th e  gas e n te r in g  and le a v 

in g  th e  c u v e tte , th e  e le c t r ic a l ly - o p e r a te d  so le n o id  c i r c u i t  a ls o  

p e rm itted  r a p id  checks on in s tru m e n ta l d r i f t  d u rin g  th e  experim en ta l 

p e r io d . However, a  check f o r  d r i f t  was n o t made d u rin g  30^ t r e a t 

ment s in c e  a  continuous rec o rd  o f th e  k in e t ic s  o f CO in h ib i t io n  

was d e s ire d . In  u su a l  p r a c t ic e ,  d r i f t  seldom exceeded 1 p e rc en t 

o f f u l l  s c a le  d e f le c t io n  in  6 hours o f o p e ra tio n .

An a d d it io n a l  f a c to r  in f lu e n c in g  th e  C02 re a d in g s  du ring  th e  

exposure p e rio d  was th e  d if fe re n c e  in  th e  c o n c e n tra tio n s  o f  GO
2
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between th e  ta n k  co n ta in in g  compressed a i r  and th e  tan k  c o n ta in in g  

th e  compressed a i r  p lu s  SO^. The c o n c e n tra tio n  o f  CO,, i n  th e  s ta n d 

a rd  SOg ta n k , as  measured try th e  in f r a r e d  gas a n a ly z e r , was 428 ppm 

( th e  in te r f e r e n c e  of 50 ppm SO,, w ith  th e  d e te rm ia n tio n  o f  CO,, con

c e n tr a t io n  may be d is re g a rd e d  — p e rso n a l communication from Mr, G, 

Z uber, Mine S a fe ty  A p p lian ces). Due to  m ixing o f  two d i f f e r e n t  gas 

stream s c o n ta in in g  unequal c o n ce n tra tio n s  o f CO^, an a d d it io n a l  

c o r re c t io n  f a c to r  was in c lu d ed  in  th e  com putations o f n e t photosyn

th e s i s  d u rin g  SO^ tre a tm e n t. Because each of th e  s e v e ra l  compressed

a i r  tan k s  used  d u rin g  t h i s  in v e s t ig a t io n  co n ta in ed  d i f f e r e n t  00^ 

c o n c e n tra tio n s , a l l  p h o to sy n th e tic  r a t e  d a ta  were norm alized  to  a  CQ  ̂

le v e l  o f 420 ppm v /v ,  assuming a  l in e a r  r e la t io n s h ip  between photo

s y n th e t ic  r a t e  and CO  ̂ c o n c e n tra tio n  in  th e  CO  ̂ range used  in  t h i s  

s tu d y .

Carbon d io x id e  c o n c e n tra tio n s  i n  m i l l iv o l t  e q u iv a le n ts  o r c h a r t  

u n i ts  were read, from th e  c h a r t  re c o rd  a t  5 m inute i n t e r v a l s .  Because 

th e  flow  r a t e  was c o n s ta n t each p o in t  re p re se n te d  th e  average GÔ

c o n c e n tra tio n  o f 1 l i t e r  o f gas which had passed  over th e  l e a f  d u r

in g  a  p e rio d  o f  i  m inute . By c a lc u la t in g  th e  m i l l i l i t e r s  o f CO  ̂ r e 

moved from 1 l i t e r  o f g a s , i t  was p o s s ib le  to  d e riv e  th e  GO  ̂ up take  

r a t e  (n e t  p h o to sy n th e tic  r a t e )  i n  m illig ram s of CO  ̂ p e r hou r. The 

a re a  o f th e  t r e a te d  prim ary l e a f  was determ ined by p lan im etry  a f t e r  

each experim ent and, f o r  com parative pu rposes, CO  ̂ up take  d a ta  were 

exp ressed  in  u n i ts  o f m illig ram s p e r square  d ec im e ter p e r  hou r. The 

r e l a t i v e  n e t p h o to sy n th e tic  r a t e s  were ob ta ined  a f t e r  SO^ was i n t r o 

duced in to  th e  system . Each r a t e  from tim e zero  was d iv id e d  by th e
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r a t e  p r io r  t o  SO^ tre a tm e n t (p re tre a tm e n t r a t e )  and m u ltip lie d  "by 

100 to  g ive th e  r a t e  o f p h o to sy n th es is  as a p e rc e n t o f  th e  p re 

trea tm e n t r a t e .

A computer program was developed to  in c o rp o ra te  th e s e  c o rre c t io n  

f a c to r s  in to  th e  com putation and to  p lo t  th e  r e l a t i v e  n e t photosyn

t h e t i c  r a t e  as a  fu n c tio n  o f tim e (Appendix C ).

Fo tom etsr Experim ents 

A potom eter w ith  a  c a p i l l a r y  arm c a l ib r a te d  i n  0.01 ml d iv is io n s  

was employed to  determ ine th e  e f f e c t  o f SO^ on w ater u p ta k e . W ater 

uptake was assumed to  be a  rea so n ab ly  in s ta n ta n e o u s  measure o f  t r a n s 

p i r a t io n  (*t8) and , i n d i r e c t l y ,  a  r e l a t i v e  measure o f  th e  degree o f  

s to m a ta l opening.

S ix te e n -  o r  17 -d ay -o ld  bean p la n ts  were trimmed to  1 prim ary 

l e a f  which was se a le d  in  th e  c u v e tte  th e  n ig h t b e fo re  th e  experim ent 

was ru n . The ro o ts  were s e t  i n  th e  potom eter w e ll c o n ta in in g  approx

im a te ly  335 ml o f a e ra te d  n u t r ie n t  s o lu t io n .  The w e ll was covered 

w ith  aluminum f o i l  t o  reduce  l iq u id  expansion e f f e c t s  caused ty  h e a t

in g  from th e  l i g h t  so u rc e s . About 20 m inutes p r io r  to  S0^ tre a tm e n t, 

a e ra t io n  was d isc o n tin u e d  and th e  ro o t  system  se a le d  in  th e  w e ll u s in g  

a  s p l i t  ru b b er s to p p e r  and "M o rtite "  cau lk ing  compound. An a i r  bubble 

about an in ch  long  was in tro d u c ed  in to  th e  c a p i l l a r y .  The r a te  o f  

w a ter up take was determ ined  10 to  12 m inutes b e fo re  SO^ tre a tm e n t by 

n o tin g  th e  tim e f o r  th e  bubble to  move between co n secu tiv e  0,01 ml 

d iv is io n s .  U sually  w ith in  10 m inutes s te a d y - s ta te  c o n d itio n s  were 

reach ed . Water up take was reco rd ed  every 1 t o  2 m inutes du ring  SO^
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tre a tm e n t and every 2 to  5 m inutes a f t e r  th e  SO^ tre a tm e n t was term 

in a te d .  I n  c o n tro l  experim en ts, th e  r a t e  of w a te r up take  rem ained 

c o n s ta n t w ith in  + 10 p e rc en t over a  tim e-co u rse  o f  3 h o u rs .



CHAPTER I I

RESULTS AND DISCUSSION

I n h ib i t io n  o f P h o to sy n th esis  by SCL as a  F unc tion  o f
Prim ary Leaf Age

Prim ary leav es  o f 13-» 17- and 21-d ay -o ld  P in to  beans were 

su b je c te d  to  1 , 3 and 5 ppm SO^ f o r  1 h o u r. The n e t p h o to sy n th e tic  

r a t e  was fo llow ed  co n tin u o u sly  bo th  d u rin g  tre a tm e n t and 1 to  2 hours 

a f t e r  th e  exposure p e r io d . As determ ined from p h y s ic a l appearances, 

13- t 17“ and 21-d ay -o ld  le a v e s  re p re se n te d  young, m idd le-aged , and 

o ld  leav es  r e s p e c t iv e ly .  The 21-d ay -o ld  lea v es  u s u a l ly  e x h ib ite d  

v i s ib le  s ig n s  o f senescence , i . e . ,  th e  c o lo r  o f  th e  leav es  was a  

l i g h t e r  g ree n , and f re q u e n tly  th e  b lad es developed y e llo w ish  to  y e l 

low ish -g reen  a re a s .  The re s p e c t iv e  n e t p h o to sy n th e tic  r a t e s  in  mg 
-2  -1COg dm h r  f o r  th e  13-» 17- and 21-d ay -o ld  p la n ts  used in  th e se  

experim ents m easured 19,32 + 2 .0 0 , 18.5*4- + 3 .1 6 , and 11.53 + 3 .52  

(each value  i s  an average o f 3 to  4  p la n ts ;  th e  range g iven  i s  + 1 

s ta n d a rd  d e v ia t io n ) .

F igu re  5 p re se n ts  th e  e f f e c t s  o f 1-hour tre a tm e n ts  w ith  1 , 3 

and 5 PPro SO^ on n e t p h o to sy n th es is  in  13-d ay -o ld  prim ary  lea v es  of 

bean . The v e r t i c a l  b a rs  r e p re s e n t  + 1 s ta n d a rd  d e v ia tio n . A 1 - 

hour trea tm e n t w ith  1 ppm SO^ d ecreased  th e  n e t p h o to sy n th e tic  r a t e ,  

on th e  av e rag e , about 14 p e rc e n t. The r a t e  o f  p h o to sy n th es is  a f t e r

23



Figure 5—E ffe c ts  o f 1-hour exposures to  1 , 3 and 5 PPm SO on
net photosynthesis in  the primary le a f  o f  13-day-old  P into bean. Net
photosynthesis was measured as CO2 uptake,. (100 = 19*32 + 1 .7 0 ,
19*55 + 1 .2 2 , and 19.10  + 3 ,4 6  mg dm“2 h r  in  th e  1 , 3 and 5 ppm 
t r e a te d  p la n ts  r e s p e c t iv e ly .)  Each p o in t i s  an average f o r  3 "to 4 
p la n t s .
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recov ery  from SO^ tre a tm e n t, however, reached  a  value  about 6 p e r

cen t g r e a te r  th an  th e  p re tre a tm e n t r a t e .  A 1-hour exposure to  1 

ppm SO^, th e r e f o re ,  appears to  enhance p h o to sy n th es is  in  13-day-o ld  

lea v es  f o r  a t  l e a s t  a  few hours a f t e r  SO,, tre a tm e n t was te rm in a te d . 

Three ppm SO,, f o r  1 hour caused a  70 p e rc en t re d u c tio n  in  photosyn

t h e s i s .  Two hours a f t e r  th e  exposure p e rio d  p h o to sy n th es is  reco v ered  

to  w ith in  85 p e rc e n t o f th e  p re tre a tm e n t r a t e  and appeared to  be 

reach in g  a  c o n s ta n t l e v e l .  F ive ppm SO^ caused th e  n e t photosyn

t h e t i c  r a t e  to  d ecrease  about 90 p e rc e n t a f t e r  1 h o u r. Recovery was 

slow er th an  in  th e  le a v e s  t r e a te d  w ith  1 and 3 ppm SO,, w ith  th e  r a t e  

of p h o to sy n th es is  rea ch in g  about ^0 p e rc e n t o f th e  p re tre a tm e n t r a t e  

2 hours a f t e r  rem oval o f SO^. Recovery was s t i l l  co n tin u in g  a t  t h i s  

tim e bu t a t  about o n e -h a lf  th e  i n i t i a l  r a t e  o f rec o v ery .

Comparable d a ta  f o r  17-day-o ld  le a v e s  a re  p resen te d  in  F igu re  6 . 

A fte r  1 hour a t  1 ppm SO^ n e t p h o to sy n th es is  was reduced 13 p e rc en t 

bu t recovered  to  th e  p re tre a tm e n t r a t e  w ith in  an hour a f t e r  SO^ t r e a t 

m ent. No evidence o f an  enhancement e f f e c t  was observed in  le a v es  

of t h i s  age . Three ppm SO,, reduced  th e  r a t e  o f  p h o to sy n th es is  by 70 

p e rc en t a f t e r  1 hou r. W ithin 1 to  2 hours a f t e r  te rm in a tin g  exposure 

t o  SOg, th e  p h o to sy n th e tic  r a t e  recovered  to  75 p e rc e n t o f  th e  p re 

trea tm en t r a t e  and, as i n  th e  case  o f th e  17-day-o ld  le a v e s , appeared 

to  be reach in g  a  c o n s ta n t l e v e l .  A 1-hour exposure to  5 PP1" r e 

duced p h o to sy n th es is  90 p e rc e n t. The reco v ered  r a t e  1 hour a f t e r  

rem oval o f SO,, amounted to  only 30 p e rc en t o f th e  p re tre a tm e n t r a t e  

and appeared t o  be n e a r ly  c o n s ta n t a t  t h i s  tim e .
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Figure  6—E ffe c ts  of 1-hour exposures to  1 , 3 and. 5 PPm 30^ on 
n e t  p h o to sy n th es is  i n  th e  prim ary le a f  o f 17-d ay -o ld  P in to  bean. Net 
p h o to sy n th es is  was measured as CO2 u p tak e . (100 = 19*37 i  3*^8* 
l-9*38 + 1 *86 , and 16,60  + mg dm*" h r“ l f o r  th e  1 , 3 and 5 ppm
tr e a te d  p la n ts  r e s p e c t iv e ly .)  Each p o in t i s  an average f o r  3 to  ^  
p la n ts .
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The d a ta  f o r  21-d ay -o ld  le a v e s  axe p resen te d  in  F ig u re  ?• A 

1 -hour tre a tm e n t w ith  1 ppm SCL reduced n e t p h o to sy n th es is  by 15( b
p e rc e n t. Recovery was com plete 1 t o  2 hours a f t e r  te rm in a tin g  ex

posure t o  SOg w ith  no evidence o f an enhancement e f f e c t  a t  t h i s  tim e . 

However, 3 ppm SO,, decreased  p h o to sy n th e s is , on th e  av erag e , ^0 p e r

c e n t , One hour a f t e r  th e  exposure p e rio d  p h o to sy n th es is  recovered  

to  w i th in .90 p e rc e n t of th e  p re tre a tm e n t r a t e .  No le v e lin g  o f f  o f 

th e  r a t e  was f u l ly  e v id e n t w ith in  t h i s  tim e , b u t one may i n f e r  by 

e x tra p o la t io n  o f th e  curve t h a t  th e  f u l ly  recovered  r a t e  would ap

proach o r exceed th e  p re tre a tm e n t r a t e  w ith in  an o th e r h o u r. At 5 PPm 

SO th e  response  was s im ila r  to  t h a t  ob ta in ed  w ith  13- and 17-day- 

old le a v e s , i . e . ,  p h o to sy n th es is  wa.s d ecreased  83 p e rc en t a f t e r  th e  

u su a l 1-hour tre a tm e n t. Two hours a f t e r  te rm in a tin g  exposure to  

SO^ p h o to sy n th es is  had reached  62 p e rc en t o f th e  p re tre a tm e n t r a t e  

and was s t i l l  re c o v e rin g .

In  t h i s  s tu d y , th e  g r e a te s t  v a r i a b i l i t y  in  th e  n e t photosyn

t h e t i c  r a t e  occurred  in  th e  in h ib i to r y  and reco v ery  phases o f  21-  

day -o ld  leav es  t r e a te d  w ith  3 PPro SO^. I t  shou ld  be noted  t h a t  th e  

average ne t p h o to sy n th e tic  r a t e  o f 21-d ay -o ld  leav es  was about one- 

h a l f  th e  r a t e  o f th e  younger le a v e s , in d ic a t in g  a  s ig n i f ic a n t  de

c rease  in  th e  c a p a c ity  o f th e  o ld e r  leav es  to  f i x  carbon . The g r e a t 

e r  v a r i a b i l i t y  may be a t t r ib u te d  to  th e  f a c t  t h a t  n o t a l l  le a v e s  

age a t  th e  same r a t e .  Hence, th e  p h y s io lo g ic a l and b iochem ical, 

p rocesses  may vary  g r e a t ly  among p la n ts  du rin g  sen escen ce . Among 

the  k leav es  used  to  o b ta in  d a ta  f o r  th e  graph o f th e  21-d ay -o ld
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Figure  7—E ffe c ts  o f i-h o u r  exposures to  1 , 3 and 5 ppm SO^ 
n e t p h o to sy n th es is  in  the  prim ary l e a f  o f 21-d ay -o ld  P in to  bean , 
p h o to sy n th es is  was measured as C02 u p tak e . (100 = l^t-,79 + 3>32, 
8,91  + 2 , 911 and I I .76  + 1 .53  m£ am”2 h r~ l i n  th e  1 , 3 and 5 PP^ 
t r e a te d  p la n ts  r e s p e c t iv e ly .)  Each p o in t  i s  an average f o r  3 to  
p la n t s .
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lea v es  t r e a te d  w ith  3 ppm SO^, 1 l e a f  showed an  84 p e rc e n t re d u c tio n  

i n  p h o to sy n th es is  and recovery  to  w ith in  85 p e rc e n t o f th e  p r e t r e a t -
i

ment r a t e  2 hours a f t e r  th e  te rm in a tio n  o f SO^ tre a tm e n t. I n  th e  

rem aining  3 experim ents th e  p h o to sy n th e tic  r a t e  was red u ced , on th e  

av e rag e , 23 p e rc en t a f t e r  a  i-h o u r  exposure t o  3 ppm SO^. The r e 

covered r a t e s  (m easured 2 hours a f t e r  th e  te rm in a tio n  o f SO^ t r e a t 

ment) in  2 o f  th e  experim ents exceeded th e  p re tre a tm e n t r a t e ,  one 

hy a s  much sis 14 p e rc e n t. In  th e se  2 experim ents th e re  appeared to  

be a  d e f in i te  s t im u la tio n  o f CO,, u p tak e . The rem ain ing  experim ent 

showed reco v ery  o f th e  p h o to sy n th e tic  r a t e  to  95 p e rcen t o f th e  

p re tre a tm e n t l e v e l .

Net p h o to sy n th e tic  r a t e s  in  th e  th re e  21-d ay -o ld  lea v es  which

were th e  l e a s t  a f fe c te d  by 3 ppm SO^ were below th e  average v a lu e
-2  -1of 11.53  mg o f CO  ̂ dm h r  which was c a lc u la te d  by averag ing  th e  

p h o to sy n th e tic  r a t e s  o f a l l  21-d ay -o ld  p la n ts .  One could  assume 

t h a t  th e  observed low r a t e s  ( 6.35  t o  9 .16  mg CO  ̂ dm h r  ) were 

due to  p a r t i a l l y  c lo sed  s to m ata , and SO^ may have s tim u la te d  them 

to  open (32 ) ,  a llo w in g  g r e a te r  p h o to sy n th e tic  r a t e s  a f t e r  th e  SO^ 

tre a tm e n t p e rio d . On th e  o th e r  hand, i t  I s  p o s s ib le  t h a t  photo

sy n th e s is  was s tim u la te d  d i r e c t l y  by SO^. T his would have caused 

th e  i n te r n a l  CO,, p a r t i a l  p re ssu re  t o  be low ered in  th e  l e a f ,  th u s  

e l i c i t i n g  an opening response  o f th e  s to m ata . However, no e f f o r t  

was made to  determ ine  th e  d i f fu s io n  r e s i s ta n c e s  i n  21-d ay -o ld  leav es  

i n  o rd e r t o  t e s t  th e  h y p o th es is  t h a t  stom ata  were s tim u la te d  to  

open in  th e  presence o f SO .Cm



F ig u res  8 f 9 a-nd 10 i l l u s t r a t e  th e  com parative resp o n ses o f 

d if fe re n t-a g e d  leav es  to  a  g iven  SO^ co n cen tra tio n *  At 1 ppm
1

(F igu re  8) th e  in h ib i t io n  o f p h o to sy n th es is  was approx im ate ly  e q u a l 

in  a l l  leav es  t e s te d .  The recovered  r a t e  was u s u a l ly  h ig h e s t i n  th e  

13-d ay -o ld  le a v e s , and, on th e  average , exceeded th e  p re tre a tm e n t 

r a t e .  The resp o n ses o f 13- and 17 -day-o ld  lea v es  to  3 PPm 

(F igu re  9 ) were s im ila r  d u rin g  th e  in h ib i to r y  p h ase , b u t th e  younger 

p la n ts  recovered  somewhat more ra p id ly  a f t e r  30^ tre a tm e n t was term 

in a te d , The o ld e r  21 -day -o ld  leav es  exposed to  3 PPm showed 

n o t only le s s  in h ib i t io n  b u t a ls o  a  h ig h e r reco v ery  le v e l  th an  e i th e r  

th e  younger o r m iddle-aged le a v e s . At 5 Ppm f o r  1 hour (F ig 

u re  10) leav es  of a l l  ages responded s im ila r ly  to  SO^ tre a tm e n t. 

Recovery o f p h o to sy n th es is  was ag a in  g r e a te r  in  th e  13-day-o ld  and 

21-d ay -o ld  p la n ts ;  however, i t  should  be noted t h a t  th e  re s p e c t iv e  

r a t e s  of n e t p h o to sy n th es is  in  th e  d i f fe re n t-a g e d  le a v e s  were no r

m alized to  100 to  f a c i l i t a t e  comparison o f th e  k in e t ic s  o f in h ib 

i t i o n  and reco v ery . The a b so lu te  r a t e s  fo r  th e  21-d ay -o ld  leav es  

were a c tu a l ly  about 60 p e rc en t o f th o se  in  th e  13-d ay -o ld  le a v e s . 

P re lim in ary  experim ents (based on 3 p la n ts ,  d a ta  not shown) 

w ith  10 -day-o ld  prim ary bean leav es  t r e a te d  w ith  3 PPm SO^ fo r  1 

hour showed in h ib i t io n  k in e t ic s  s im ila r  to  th e  o ld e r  le a v e s ; how

e v e r, th e  recovered  r a t e  g e n e ra lly  appeared, to  be g r e a te r .  Both 

prim ary lea v es  of th e  10-day-o ld  p la n ts  were en c lo sed  in  th e  c u v e tte  

and th e  flow  r a t e  reduced to  $00 ml min- *- in  o rd e r  to  o b ta in  

m easurable GÔ  uptake re a d in g s .



Figure 8—Comparison o f the r e la t iv e  net photosynthetic  r a te s
of 13"» 17" and. 21-day-o ld  leaves trea ted  with 1 ppm S0_ fo r  1
hour. Standard d ev ia tio n s were om itted fo r  purposes of c la r i t y .
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Figure 9—Comparison o f the r e la t iv e  net photosynthetic  r a te s
o f 1 3 -, 17- and 21-day-o ld  lea v es trea ted  w ith 3 PPra S0_ fo r  1
hour. Standard d ev ia tio n s were om itted fo r  purposes 01 c la r i t y .
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Figure 10—Comparison o f the r e la t iv e  net photosynthetic r a te s
of 1 3 - , 17- and 21-day-old leaves trea ted  with 5 PPM SO2 for  1 hour.
Standard d ev ia tion s uere om itted for  purposes o f  c la r it y .
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In  summary, i t  appears t h a t  th e  r e l a t i v e  degree o f in h ib i t io n

o f p h o to sy n th es is  ty  SO^ i s  s im i la r  i n  le a v e s  o f  a l l  ages t e s te d .

With th e  p o ss ib le  ex cep tio n  o f 21 -day-o ld  le a v e s  t r e a te d  w ith  3 PPm
■

SO^, th e  r e s i s ta n c e  o f th e  p h o to sy n th e tic  p ro cess  to  SO^ in h ib i t io n  

d id  no t appear t o  be c o r r e la te d  w ith  l e a f  age . However, th e  le v e l  

t o  which r e l a t i v e  n e t p h o to sy n th es is  recovered  was g r e a te r  in  th e  

younger and o ld e r  le a v e s . Thus, as f a r  as th e  p h o to sy n th e tic  p ro 

c ess  i s  concerned i t  appears t h a t  r e s i s ta n c e  to  SO^ may l i e  i n  th e  

g r e a te r  a b i l i t y  o f th e  younger and o ld e r  le a v e s  t o  r e p a i r  in ju r y  to  

th e  p h o to sy n th e tic  ap p a ra tu s  d u rin g  p e rio d s  o f n e g lig ib le  o r  ve ry  

low SO^ c o n c e n tra tio n s .

Maximum SO^ le v e ls  i n  19&I- i n  s e v e ra l  la rg e  U n ited  S ta te s  

c i t i e s  r a r e ly  exceeded 1 ppm SO^ f o r  1 hour (^ 2 ) .  C onsequently , th e  

c o n c e n tra tio n s  employed in  th e  p re se n t s tu d y , p a r t i c u la r ly  th e  3 and 

5 ppm le v e ls ,  r e p re s e n t  extrem e s i tu a t io n s  seldom encountered  n a t

u r a l l y .  The c o n c e n tra tio n  le v e ls  chosen r e p re s e n t  a  compromise t o  

perm it m easurable e f f e c t s  w ith  p re se n t tech n iq u es  over s h o r t  p e rio d s  

o f tim e . Very h igh  c o n c e n tra tio n s  (10 ppm or g r e a te r )  were avoided 

a s  being  to o  a ty p ic a l .  A lthough i t  would obv iously  be u s e fu l  to  

ex tend  th e se  s tu d ie s  to  c h ro n ic , low le v e l  exposure e f f e c t s  ( 0*5 

ppm o r l e s s ) ,  th e  p re se n t d a ta  a re  u s e fu l  i n  su g g e s tin g  t h a t  th e  

s u s c e p t ib i l i t y  o f th e  p h o to sy n th e tic  p ro cess  t o  SO^ damage does 

no t vary  s ig n i f ic a n t ly  w ith  l e a f  age b u t t h a t  th e  c a p a c ity  f o r  

reco v ery  d o es .

The d a ta  a re  f u r th e r  s ig n i f ic a n t  in  showing c le a r ly  th a t  n e t 

p h o to sy n th es is  can be se v e re ly  in h ib i te d  i n  le a v es  e x h ib i t in g  no
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v i s ib le  damage. No lea v es  su b je c te d  to  1 ppm SO^ f o r  1 hour showed 

v i s ib le  in ju ry  d u rin g  th e  course  o f th e  3“ 4 -hour experim ent even 

though n e t p h o to sy n th es is  was reduced by a s  much as 15 p e rc e n t d u r

in g  tre a tm e n t, Thomas (4-7) has shown s im ila r  k in e t ic s  ( in h ib i t io n  

and reco v ery ) w ith  a l f a l f a  u s in g  c o n c e n tra tio n s  o f  1 ppm SO^ o r 

l e s s .  However, h i s  exposure tim es were lo n g e r , and sh o rt- te rm  k in 

e t i c  s tu d ie s  in v o lv in g  s p e c i f ic  l e a f  ages were n o t undertaken  a t  

h ig h e r SO^ le v e ls .

S im ila r ly ,  3 ppm SO^ fo r  1 hour caused no n o tic e a b le  in ju ry  

w ith in  th e  tim e-co u rse  o f th e s e  experim en ts, y e t  p h o to sy n th es is  was 

reduced  70 p e rc e n t i n  13" and 17 -day -o ld  le a v e s . More s ig n i f i c a n t ly ,  

th e  reco v ered  r a t e  1 to  2 hours a f t e r  te rm in a tin g  exposure to  SO^ 

heid ve ry  n e a rly  reached  c o n s ta n t v a lu es  c o n s id e ra b ly  below th e  p re 

tre a tm e n t l e v e ls .  There appeared  to  be a  14 p e rc e n t and a  25 p e rc en t 

r e d u c tio n  in  th e  p h o to sy n th e tic  c a p a c ity  f o r  13-  and 17-d ay -o ld  lea v es  

r e s p e c t iv e ly ,  and y e t  no v i s ib le  in ju ry  was e v id e n t s e v e ra l  hours 

a f t e r  tr e a tm e n t•

At 5 Ppm SO,j symptoms ty p ic a l  o f acu te  in ju r y  ( 7 ) were noted 

in  many b u t no t a l l  le a v e s . In  th e  a f f e c te d  le a v e s  some o f  th e  i n t e r -  

v en a l t i s s u e  appeared  c o lla p se d  having a  d u l l ,  g ra y ish -g re e n  c o lo r .  

Most o f  t h i s  in ju ry  d isap p ea red  w ith in  3 to  24 hours a f t e r  te rm in a t

in g  exposure t o  SO^, i . e . , many o f th e  c o lla p se d  a re a s  f u l l y  re g a in e d  

t h e i r  tu rg o r  and normal c o lo r .  Some a re a s  o f th e  l e a f  ( v is u a l ly  e s 

tim a ted  to  be le s s  th an  5 p e rc e n t o f th e  l e a f  a re a )  were perm anently  

damaged. T h is o b se rv a tio n  su p p o rts  th e  con clu sio n  based on k in e t ic  

d a ta  t h a t  leav es  have c o n s id e ra b le  c ap a c ity  f o r  r e p a i r  o f  damage,
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depending, o f c o u rse , on th e  exposure l e v e l .

I t  was concluded from th e se  experim ents t h a t  th e  p h o to sy n th e tic  

c a p a c ity  o f a  l e a f  may "be im paired , a t  l e a s t  te m p o ra r ily , much more 

th a n  v i s ib le  In ju ry  would in d ic a te ,  and, more im p o rta n tly , t h a t  th e re  

could be a  s ig n i f ic a n t  re d u c tio n  (p o ss ib ly  perm anent) in  photosyn

th e s is  w ith  l i t t l e  o r no v i s ib le  In ju ry*  Hence, one may expec t a  

re d u c tio n  in  p la n t  growth and v ig o r  w ithou t v i s ib le  s ig n s  o f in 

ju ry . B leasd a le  ( 8 ) has shown th a t  su p p re ss io n  o f growth in  S23 

ry e g ra ss  w ithou t v i s ib le  in ju r y  can occur in  a  p o llu te d  atm osphere 

(c o n ta in in g  0,01  t o  0,06  ppm SO^ as w ell a s  o th e r  u n id e n t i f ie d  

p o l lu ta n ts ) .  Perhaps a  reduced  le v e l  o f CO  ̂ f ix a t io n  was th e  prim ary 

l im it in g  f a c to r .  F u rth e r  s tu d ie s  in v o lv in g  lo n g er recovery  p e rio d s  

a re  needed.

As In d ic a te d  by th e  s ta n d a rd  d e v ia tio n s ,  le a v e s  t r e a te d  w ith  3 

o r 5 PPm S02 showed g r e a te r  v a r i a b i l i t y  in  th e  recovery  phase th an  

in  th e  I n h ib i to ry  phase . At 1 ppm S02 th e  re v e rse  appeared t r u e .  

Although a p a r t  o f t h i s  v a r i a b i l i t y  perhaps r e f l e c t s  minor d i f f e r 

ences In  th e  p r io r  h is to ry  o f th e  t e s t  le a v e s , th e  g e n e tic  v a r i 

a b i l i t y  w ih tin  th e  p o p u la tio n  i s  undoubtedly  a  very  s ig n i f ic a n t  

f a c to r .  Wide v a r i a b i l i t y  i n  s e n s i t i v i t y  to  SC»2 i s  known to  e x i s t  

in  v a rio u s  s p e c ie s .  In  w hite p in e , f o r  exam ple, c e r ta in  in d iv id 

u a l  t r e e s  a re  v is ib ly  in ju re d  a t  SC>2 dosage le v e ls  a s  low as 0 .05  

ppm f o r  1 hour (12) ;  o th e r  in d iv id u a ls  t o le r a t e  dosages a s  h igh  

a s  0.25 ppm f o r  s e v e ra l  hours (31 )• S creen ing  programs to  s e le c t  

f o r  g e n e tic  r e s is ta n c e  to  SC>2 and o th e r  a tm ospheric  p o l lu ta n ts  

should  be im plem ented.



^3

In  urban  o r i n d u s t r i a l  a re a s ,  v a rio u s  atm ospheric  p o l lu ta n ts  

u su a lly  occur s im u ltan eo u sly  w ith  SO^, and th e se  may a c t  s y n e rg is -  

t i c a l l y  w ith  SO^ (15,29*3^)* For exam ple, D ochinger and S e l is k a r
i

(15) showed t h a t  th e  v i s ib le  in ju r y  to  th e  le a v e s  o f e a s te r n  w hite  

p ine exposed to  0,1  ppm each o f ozone and s u l f u r  d io x id e  was k to  

5 tim es g r e a te r  th an  th e  v i s ib le  in ju ry  caused by e i t h e r  p o l lu ta n t  

alone a t  t h i s  c o n c e n tra tio n . H enser and Heggestad (3*0 showed com

parab le  d a ta  fo r  to b acco , A com parative stu d y  o f th e  k in e t ic s  o f 

I n h ib i t io n  and reco v ery  o f p h o to sy n th es is  i n  resp o n se  to  v a rio u s  

com binations and c o n c e n tra tio n s  o f atm ospheric  p o l lu ta n ts  would be 

of g re a t  i n t e r e s t  and would be r e a d i ly  f e a s ib le  w ith  th e  equipment 

developed f o r  th e  c u r re n t  s tu d ie s .

Comparative S tu d ie s  w ith  Corn and Bean

As s ta te d  e a r l i e r ,  corn  has been re p o r te d  t o  be r e s i s t a n t  to  

SO^, whereas bean has been shown to  be m oderate ly  s e n s i t iv e  to  

T his d i s t in c t io n  was based on th e  e x te n t  o f v i s ib le  in ju r y  when th e  

p la n ts  were exposed to  a  g iven  c o n c e n tra tio n  of SO^, S ince  th e se  

sp e c ie s  d i f f e r  g rea .tly  in  t h e i r  resp o n ses  to  SO^ on a  m orpholog ical 

le v e l ,  i t  was o f i n t e r e s t  to  de term ine  i f  th ey  d i f f e r  s im ila r ly  a t  

th e  p h y s io lo g ic a l l e v e l .  Hence, com parative s tu d ie s  on th e  e f f e c t  o f  

SOg on p h o to sy n th es is  were u n d e rtak en . For purposes o f  t h i s  s tu d y , 

th e  t h i r d  l e a f  of 17-  t o  21-d a y -o ld  corn p la n ts  was u sed , th e  le a v e s  

appearing  to  be in  t h e i r  p h y s io lo g ic a l  prime a t  t h i s  age.

As shown by F igu re  11 th e  e f f e c t s  o f 1 ppm SO^ on bean and on 

corn were v i r t u a l l y  i d e n t i c a l .  In  each sp e c ie s  th e  r a t e  o f photo

s y n th e s is  d ec rea se d , on th e  a v erag e , 13 p e rc e n t bu t reco v ered  '98



I

F ig u re  i i —Comparison o f n e t p h o to sy n th e tic  r a t e s  o f  bean and 
co rn  d u rin g  and a f t e r  a „ l-h o u r  exposure t o  1 ppm SO. ( f o r  bean , 100 = *
19 .37  + 3 .^ 6  mg CO dm h r  * f o r  co rn , 100 * 39 .39  + 2 .57  mg GO dm"^ 
h r” ) .  D ata f o r  beans tak e n  from F ig u re  6 . Each p o in t  i s  an average 
o f 3 t o  4  p la n ts .
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t o  100 p e rc en t o f th e  p re tre a tm e n t r a t e  1 t o  2 hours a f t e r  th e  t r e a t 

ment p e rio d . There was no evidence of v i s ib le  in ju ry  in  e i t h e r  corn 

o r bean s e v e ra l  hours a f t e r  th e  exposure p e r io d . I t  was, th e r e f o re ,  

concluded from th e se  d a ta  t h a t  th e re  could be a  c o n s id e ra b le  red u c 

t io n  in  th e  amount o f carbon f ix e d  when e i t h e r  " r e s i s ta n t"  o r " su s

c e p tib le "  sp e c ie s  a re  grown i n  an atm osphere c o n ta in in g  SO^.

E xperim ents were th en  conducted to  determ ine any d if fe re n c e s  

in  r e l a t i v e  n e t p h o to sy n th es is  between bea.n and corn  when leav es  

were exposed to  h ig h e r SO^ c o n c e n tra tio n s . F igu re  12 shows th e  e f 

f e c t s  of a  1 -hour exposure to  3 PP111 co rtl* even though n e t

p h o to sy n th es is  was reduced to  about JO p e rc en t o f th e  p re tre a tm e n t 

r a t e  w ith in  th e  f i r s t  JO m inutes o f exposu re , no f u r th e r  re d u c tio n  

was observed d u rin g  th e  rem aining  30 m inu tes. In  bean n e t photo

sy n th e s is  was reduced 60 p e rc e n t du ring  th e  f i r s t  30 m inutes o f 

exposure . During th e  rem ain ing  30 m inutes a  more g rad u a l d e c lin e

in  p h o to sy n th es is  (am ounting to  about 10 p e rc e n t)  was no ted . In

both  sp e c ie s  n e t p h o to sy n th es is  recovered  abou t hj  p e rc e n t. How

e v e r , because th e  d e c lin e  of p h o to sy n th es is  in  corn  had. reached  a 

c o n s tan t le v e l  a f t e r  30 m inu tes, th e  o v e ra l l  reco v ery  approached 

95 p e rc en t o f th e  p re tre a tm e n t r a t e .  In  bean recovery  approached

75 p e rc en t o f th e  p re tre a tm e n t r a t e .

On th e  b a s is  o f d a ta  p re sen te d  in  F igu re  12, i t  can be concluded 

t h a t  corn  has some p r o te c t iv e ' mechanism a llow ing  n e a r ly  com plete 

reco v ery  o f p h o to sy n th es is  upon rem oval o f SO^. In  bean a  s im ila r  

mechanism may be p re s e n t ,  b u t i t s  p ro te c tiv e  c a p a c ity  may be ex

ceeded d u rin g  a  1-hour exposure to  3 PPM I t  should  be p o in ted



F igu re  12—Comparison o f n e t p h o to sy n th e tic  r a t e s  o f bean and 
corn  d u rin g  and a f t e r  a  1-h ou r exposure t o  3 PP™ SO ( f o r  bean , 100 =
19.38 + 1 .86  mg CO dm” h r  ; f o r  co rn , 100 = 39*92 + I .38  mg C0_dm 
h r ~ l )• D ata f o r  beans taken  from F igure  6 . Each p o in t i s  an average 
o f 3 "to p la n ts .
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ou t t h a t  n e ith e r  corn  nor bean showed v i s ib le  in ju r y  d u rin g  o r  a f t e r  

SOg tre a tm e n t, a lthough  in  bean some p h y s io lo g ic a l  in ju r y  to  th e  

p h o to sy n th e tic  p ro cess  i s  in d ic a te d  ty  th e  poor reco v ery  i n  th e  photo

s y n th e tic  r a t e  a f t e r  rem oval o f SOg. E xperim ents employing lo n g er 

recovery  tim es a re  re q u ire d  to  determ ine w hether o r  no t photosyn

th e s is  in  bean was perm anently  reduced .

I t  should  be noted  t h a t  many w orkers judge th e  ' 's e n s i t i v i ty "  of 

a  p la n t  t o  SO^ ty  th e  e x te n t  o f v i s ib le  in ju r y  a f t e r  exposure to  a  

g iven  c o n c e n tra tio n  fo r  a  g iven  p e rio d  o f t im e . To ach ieve  v i s ib le  

in ju ry  a  s e r ie s  o f d e g ra d a tiv e  r e a c t io n s  must o c cu r. These re a c t io n s  

a re  c o n tro lle d  by in te r n a l  f a c to r s  o r p ro c e sse s  t h a t  a c t  to  oppose 

th o se  re a c t io n s  lea d in g  to  c e l l  d e s t ru c t io n .  One such opposing pro 

cess could be th e  r a t e  a t  which SO^ i s  d e to x i f ie d  to  th e  l e s s  to x ic  

s u l f a te  form (4 5 ), According to  Thomas (45) th e  s u l f i t e  io n  ( th e  

s o lu tio n  product o f SO^ [ 9]])» because o f i t s  h ig h  red u c in g  p o te n t i a l ,  

i s  30 tim es more to x ic  th an  th e  s u l f a te  io n . The g r e a te r  th e  capa

c i ty  fo r  d e to x i f ic a t io n ,  th e  sm a lle r  th e  p r o b a b i l i ty  t h a t  v i s ib le  

in ju ry  would d evelop . There i s  a ls o  a  l im i t  t o  tlbe le v e l  to  which 

s u l f a t e  may accum ulate i n  c e l l s .  Prolonged exposure  to  low con

c e n tra t io n s  o f SC>2 can e v e n tu a lly  cause d ea th  o f  th e  c e l l s  due to  

th e  accum ulation o f s u l f a te  to  to x ic  le v e ls  ( ? ) •

I t  would be o f  i n t e r e s t  t o  extend th e  p e r io d  o f exposure to  

3 ppm S02 i n  o rd er t o  determ ine th e  le n g th  o f tiime th e  r a t e  of 

p h o to sy n th es is  i n  corn cou ld  rem ain a t  a  red u ced  bu t c o n s ta n t 

le v e l  and s t i l l  show a  s ig n i f ic a n t  reco v ery  o f  p h o to sy n th e s is  

once S02 i s  removed. By t r e a t i n g  beans i n  a  manuaer s im ila r  to



t h a t  f o r  corn  and by comparing th e  reco v ery  k in e t ic s  o f b o th , one 

could  o b ta in  some in d ic a t io n  a t  th e  p h y s io lo g ic a l le v e l  o f  th e
i

r e l a t i v e  r e s i s ta n c e  o f  each sp e c ie s  t o  What t h i s  r e s i s ta n c e

in v o lv es  i s  an open q u e s tio n . As in d ic a te d  above i t  cou ld  inv o lv e  

s u l f i t e  o x id a tio n . R e s is tan c e  m ight a ls o  depend on th e  p resence  

o f an enzyme system  capab le  o f r e p a i r in g  damage caused by SO^. ^  

has been shown t h a t  a f t e r  s e v e ra l  hours of p h o to sy n th es is  le a v es  

w ith  h igh  carbohyd rate  c o n te n t were l e s s  s u s c e p tib le  to  SO^ (45)* 

Knowledge a long  th e se  l in e s  cou ld  le a d  to  th e  s e le c t io n  o f r e s i s t a n t  

s t r a in s  on a b iochem ical b a s i s .

Although 3 PPm SOg i s  a  h igh  c o n c e n tra tio n , i t  cou ld  be employed 

to  enable s e le c t io n  o f  th e  most r e s i s t a n t  s t r a i n s .  One ppm SO,, may 

be to o  low to  be used in  th e  s e le c t io n  of r e s i s t a n t  s t r a in s  on th e  

b a s is  o f sh o r t- te rm  p h y s io lo g ic a l  e f f e c t s .  F igu re  13* based  on a  

s in g le  experim ent each w ith  corn  and bean , t e n ta t iv e ly  su p p o rts  t h i s  

rea so n in g . The le a v e s  were exposed to  1 ppm SO^ f o r  4  hours f o l 

lowed by a  1 to  2 hour recovery  p e r io d . In  bo th  p la n ts  th e  photo

s y n th e tic  r a t e  was reduced  about 20 p e rc en t a f t e r  th e  f i r s t  2 hours 

o f exposu re . However, th e  in h ib i t io n  p h o to sy n th es is  d u rin g  th e  

f i r s t  hour of exposure was more g rad u a l in  bean th an  in  co rn . Photo

s y n th e s is  in  corn  reached  a c o n s ta n t va lue  o f 20 p e rc e n t below th e  

p re tre a tm e n t r a t e  and rem ained e s s e n t ia l l y  a t  t h i s  le v e l  f o r  th e  r e 

m ainder o f th e  exposure p e r io d . In  bean a f t e r  2 hours o f SO^ t r e a t 

m ent, th e  p h o to sy n th e tic  r a t e  In c reased  from 84 p e rc en t o f th e  p re 

trea tm e n t r a t e  to  a c o n s ta n t v a lu e  o f about 86 p e rc e n t o f th e  p re 

trea tm e n t r a t e .  Recovery o f p h o to sy n th es is  was n e a r ly  100 p e rc e n t



I

F igure  13—Comparison of th e  r e l a t i v e  n e t p h o to sy n th e tic  r a t e s  
o f "bean and corn  d u rin g  and a f t e r  a  4-hour exposure to  1 ppm SCL 
( f o r  bean, 100 = 21 . 4-0 mg COg dm"^ h r”* ; f o r  co rn , 100 -  36.4-1 mg 
COg dm"2 h r" 1 ) .  Each p o in t r e p re s e n ts  one p la n t .
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f o r  bean and 95 p e rc e n t f o r  c o rn . No v i s ib le  in ju ry  was observed 

i n  e i t h e r  p la n t .  In  f a c t ,  no v i s ib le  in ju ry  had developed in  bean
i

3 days a f t e r  th e  com pletion  o f  th e  experim en t. No re c o rd  was k ep t 

f o r  co rn . I f  th e re  were some mechanism p rev e n tin g  f u r th e r  degenera

t iv e  changes i n  th e  p h o to sy n th e tic  p ro c e ss , th e n  i t s  c a p a c ity  to  

r e s to r e  th e  p h o to sy n th e tic  p ro cess  to  th e  p re tre a tm e n t le v e l  a f t e r  

S02 was removed must ho t have been exceeded in  e i t h e r  bean o r co rn .

P o tom etric  S tu d ie s

A re d u c tio n  in  p h o to sy n th es is  could  be e f f e c te d  by r a p id  c lo su re  

o f th e  stom ata  in  response  to  S02 , For p re se n t p u rp o ses, s to m a ta l 

response  t o  SO^ was measured in d i r e c t ly  by de te rm in in g  p o to m e tr ic a lly  

th e  tim e-co u rse  o f t r a n s p i r a t i o n .  In  h y d ro p o n ica lly  c u ltu re d  p la n ts ,  

w ater up take  has been found to  be e s s e n t ia l ly  an in s ta n ta n e o u s  measure 

o f w a ter t r a n s p ir e d  (4 8 ). I f  stom ata  c lo se  r a p id ly  i n  resp o n se  to  

SOg, one could  assume t h a t  th e  observed ra p id  d e c rea se  i n  th e  photo

s y n th e tic  r a t e  could  be a t t r ib u te d  to  in c re a se d  r e s i s ta n c e  to  th e  up

ta k e  o f CC>2 . I f  s o ,  th e  e f f e c t  o f SO^ on p h o to sy n th e s is  would be 

secondary , a t  l e a s t  d u rin g  th e  i n i t i a l  s ta g e s  o f  in h ib i t io n .

As shown in  F igu re  14 th e  re v e rse  s i t u a t i o n  appeared  to  be th e  

c a se . A f te r  in tro d u c in g  3 ppm SOg in to  th e  l e a f  c u v e tte  th e  photo

s y n th e tic  r a t e  d ecreased  r a p id ly ,  approaching 75 p e rc e n t o f  i t s  f i n a l  

v a lue  w ith in  th e  f i r s t  15 m inutes o f exposure . D uring t h i s  same 

p e rio d  w ater up take  rem ained r e l a t i v e ly  c o n s ta n t — i n  f a c t ,  s l i g h t l y  

In c re a se d ,

A fte r  about 15 m inutes o f S02 tre a tm e n t th e  r a t e  o f w a te r u p -



I

F igure  —Tim e-course of t r a n s p i r a t io n  (as  a  measure o f th e  
sto m ata l a p e ra tu re )  and n e t p h o to sy n th es is  o f the  prim ary l e a f  o f 
16- to  17-day-o ld  P in to  "bean du ring  a 1 -hour exposure to  3 PPro 
SOo. (100 = l . ? l  + 0 *1^ g dm h r"  f o r  t r a n s p ir a t io n  and 17 .^  + 
2.16  mg dm- ^ h r ”l  f o r  p h o to sy n th e s is .)  Each p o in t  i s  an average of 
3 p la n ts .
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ta k e  began t o  d e c lin e  and reached  a  c o n s ta n t l e v e l  23 p e rc e n t below 

th e  p re tre a tm e n t r a t e  by th e  end o f th e  exposure p e r io d . D uring th e  

same p e rio d  th e  p h o to sy n th e tic  r a t e  a ls o  reached  a  c o n s ta n t le v e l  

60 p e rc en t below th e  p re tre a tm e n t r a t e .  Im m ediately a f t e r  te rm in a 

t io n  o f th e  SO^ tre a tm e n t bo th  th e  w ater up take  r a t e  and photosyn

t h e t i c  r a t e  began to  re c o v e r .

From th e se  experim ents i t  was concluded t h a t  th e  stom ata  d id  

no t respond f a s t  enough to  account f o r  th e  la rg e  d ecrease  in  photo

sy n th e s is  d u rin g  th e  i n i t i a l  15 m inutes o f SO^ tre a tm e n t. I t  ap

p ea rs  more l ik e ly  t h a t  th e  stom ata  c lo sed  in  resp o n se  to  an in c re a s e  

in  th e  p a r t i a l  p re s su re  o f GO  ̂ w ith in  th e  l e a f  caused by a  re d u c tio n  

in  th e  r a t e  o f p h o to sy n th e s is .

I t  i s  reco g n ized  t h a t  porom etry would g ive  a  more s e n s i t iv e  

measure o f th e  s to m a ta l a p e ra tu re . However, th e  measurement o f 

p h o to sy n th e tic  r a t e s  c o n c u rre n tly  w ith  th e  measurement o f s to m a ta l 

a p e ra tu re  by t h i s  method would be more d i f f i c u l t  because o f th e  sm all 

l e a f  a re a  used f o r  sam pling . I n  th e  case o f f o r c e d - a i r  o r  p re s su re  

porom eters, p h o to sy n th e tic  r a t e s  would have to  be c o rre c te d  f o r  th e  

continuous change in  flow  r a t e s  as th e  stom ata  open and c lo s e . A lso , 

one must c o r re c t  f o r  th e  con tinuous change in  la g  tim e from th e  mo

ment th e  gas le a v e s  th e  l e a f  to  th e  tim e i t  e n te r s  th e  a n a ly z e r .

Lag tim es would vary  w ith  changing flow  r a t e s .  N e v e rth e le ss , fo rc e d -  

a i r  porom eters would a id  i n  e s ta b l is h in g  th e  e f f e c t  o f SO^ on s to 

mata w ith in  th e  f i r s t  15 m inutes o f exposure .
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E nvironm ental F a c to rs  and P la n t  S u s c e p t ib i l i ty  

Many environm enta l f a c to r s  have c o n tro l l in g  in f lu e n c e s  on a
i

p la n t* s  s u s c e p t ib i l i t y  t o  a  p a r t i c u la r  p o l lu ta n t  o r  com bination 

o f  p o l lu ta n ts .  Among th e  more s ig n i f ic a n t  f a c to r s  a re  tem p era tu re , 

r e l a t i v e  hum id ity , s o i l  m oistu re  c o n te n t, p h o to p erio d , l i g h t  i n 

t e n s i t y ,  C02 c o n c e n tra tio n , s o i l  f e r t i l i t y  and wind speed (9,10,*K)).

F or exam ple, M ansfie ld  and M ajernik ( 33 ) have shown t h a t  a f t e r  

1 hour a t  1 ppm SO^ and low r e l a t i v e  hum id ity , 32 p e rc e n t a t  i 8°Gf 

th e  s to m a ta l a p e ra tu re  o f V ic ia  fab a  L. was decreased  by about one- 

h a l f .  At 0 .5  ppm S02 however, and a  m oderate r e l a t i v e  hum idity  o f 

p e rc en t a t  18°C, th e  s to m a ta l a p e ra tu re  was co n sid e rab ly  g r e a te r  

th a n  t h a t  o f th e  c o n tr o ls .  The conclu sion  drawn was t h a t  i n  an 

atm osphere o f low r e l a t i v e  hum idity  SC>2 su p p resses  s to m a ta l open

in g ,  w hile  i n  an atm osphere o f h igh  r e l a t i v e  hum idity  SO^ e x p ed ite s  

s to m a ta l opening.

The d a ta  o f M ansfield  and M ajernik  (33) show t h a t  d i f f e re n c e s  

i n  th e  degree o f s to m a ta l opening du rin g  a  12-hou r exposure to  1 ppm 

SOg in  V ic ia  fa b a  L. were no t e v id e n t u n t i l  about 1 hour a f t e r  SO^ 

was in tro d u c e d . From th e  sh o rt- te rm  k in e t ic  s tu d ie s  p resen te d  here  

one could p o s tu la te  t h a t  th e  c lo su re  M ansfield  and M ajernik  observed 

a t  1 ppm S02 was a c tu a l ly  due to  an in c re a s e  in  th e  i n te r n a l  p a r t i a l  

p re s su re  o f CC>2 r e s u l t in g  from an  in h ib i t io n  o f p h o to sy n th e s is . By 

s im i la r  re a so n in g , i t  i s  p o ss ib le  t h a t  s to m a ta l opening a t  0 .5  ppm 

SOg was th e  r e s u l t  o f an in c re a se d  p h o to sy n th e tic  r a t e .  I t  i s  i n 

deed d i f f i c u l t  t o  de term ine  i f  stom ata  respond to  S0_ d i r e c t l y  as
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was p o s tu la te d  t y  th e se  a u th o rs  (3 2 , 33 )*

G eneral C o n s id e ra ti  ons o f SCL E ffe c ts

The p re s e n t s tu d ie s  in d ic a te  t h a t  th e  i n i t i a l  d e c lin e  i n  n e t 

p h o to sy n th es is  cannot he ex p la in ed  in  term s o f s to m a ta l c lo su re  o r 

by in c re a s e s  i n  e i t h e r  th e  r a t e s  o f da rk  r e s p i r a t io n  o r p h o to res

p i r a t io n .  Due to  th e  r a p id i ty  w ith  which p h o to sy n th es is  responds 

t o  SOg, i t  i s  suggested  t h a t  th e  p h o to sy n th e tic  mechanism may he 

d i r e c t l y  a f f e c te d  by th e  g as .

S u lfa te  re d u c tio n  i s  considered  to  invo lve  th e  fo llo w in g  s e -

I t  i s  b e liev e d  t h a t  th e  in te rm e d ia te s  d e s ig n a ted  X may a c tu a l ly  he 

" p ro te in  hound", These in te rm e d ia te s  can se rve  a s  n u t r i t i o n a l  s u l 

f u r  so u rces f o r  h ig h e r p la n ts  and m icroorganism s. For exam ple, 

c e r ta in  m ic ro b ia l m utants la c k in g  th e  s u l f a te - r e d u c ta s e  system  were 

unable t o  grow on s u l f a t e ,  h u t d id  grow on s u l f i t e  o r  th e  more r e 

duced s u l f u r  compounds. S u lfu r  o x id a tio n , on th e  o th e r  hand, i s  no t 

co n sid ered  to  he a  r e v e r s a l  o f th e  s u l f u r  re d u c tio n  pathw ay, h u t 

r a th e r  i s  coupled to  th e  cytochrome system  (5 ) .  S ince th e  above 

s tu d ie s  in d ic a te  t h a t  s u l f i t e  i s  an in te rm e d ia te  i n  s u l f u r  m eta

bo lism , i t  appears t h a t  s u l f i t e  can se rv e  in  a  c a p a c ity  s im i la r  to  

th a t  o f s u l f a t e .

E arly  s tu d ie s  (16 ,30 ) have shown th a t  th e  s y n th e s is  o f s u l f u r -  

c o n ta in in g  p ro te in  in  g reen  leav es  was enhanced when th e  le a v e s  

were i l lu m in a te d . S e v e ra l a u th o rs  (1 6 ,2 0 ,3 0 ) have in d ic a te d  th a t  

l i g h t  enhanced th e  re d u c tio n  o f s u l f a te  i n  le a v e s , and t h a t  s u l f a te

quence o f  e v e n ts : x<«>— x (0)
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re d u c tio n  may be d i r e c t l y  coupled to  p h o to sy n th es is  (3 i30)»  Appar

e n tly  s u l f a te  can be reduced by p h o to sy n th es is  to  th e  t h i o l  m oiety 

(HS- ) w ith  th e  e lim in a tio n  o f m olecu lar oxygen ( 6 ) ,  R ecen tly  Cormis 

( i i )  has shown th a t  tom ato p la n ts  when exposed t o  SO,, i n  th e  l i g h t  

re le a s e d  H ^ ^ S . These s tu d ie s  su g g est t h a t  th e  r a t e  o f  photosyn

t h e t i c  s u l f a te  (o r  s u l f i t e )  re d u c tio n  may be i n  p a r t  re s p o n s ib le  f o r  

d e to x ify in g  a  p o r tio n  o f th e  absorbed SO^  P o ss ib ly  t h i s  re d u c tio n  

c a p a c ity  was g r e a te r  in  co rn  o r i n  th e  young le a v e s  o f P in to  bean, 

th e re b y  g iv in g  th e se  leav es  some degree o f r e s i s ta n c e  to  SO^. A 

h igh  red u c in g  c a p a c ity  could  account f o r  th e  c o n s ta n t r a t e  o f photo

s y n th e s is  observed in  corn  a f t e r  a  30-m inute exposure to  3 ppm S02 

and th e  g r e a te r  recovery  le v e ls  i n  p h o to sy n th es is  i n  th e  young leav es  

o f bean.

F igu re  13 shows th a t  th e  p h o to sy n th e tic  r a t e s  in  bo th  bean and 

corn reached  c o n s ta n t v a lu es  2 hours a f t e r  exposure to  1 ppm SOg.

At t h i s  le v e l  o f S02 , th e  r a t e  o f  p h o to sy n th e tic  s u l f a te  o r s u l f i t e  

re d u c tio n  may have kep t s u l f i t e  o r s u l f a te  le v e ls  below to x ic  th r e s 

hold  l im i t s  du rin g  th e  ij-hour exposure p e rio d , th u s  a llow ing  f o r  

normal p h o to sy n th e tic  r a t e s  to  resume once SO^ was removed. One may 

conclude from th e  d a ta  p re sen te d  in  F igu re  12 t h a t  in  bean th e  r a t e  

o f S02 a b so rp tio n , a t  a  c o n c e n tra tio n  le v e l  o f 3 ppm, exceeded th e  

s u l f a te  and s u l f i t e  r a t e  o f  re d u c tio n  th u s  le a d in g  to  d e g en e ra tiv e  

changes in  th e  p h o to sy n th e tic  a p p a ra tu s . Corn, by s im ila r  rea so n 

in g , was a b le  to  w ith stan d  t h i s  c o n d itio n .

A p o ss ib le  c o n tr ib u tin g  f a c to r  le a d in g  to  S02 r e s i s ta n c e  may be 

c o r re la te d  w ith  th e  type  o f carbon f ix a t io n  p re s e n t  in  th e  p la n t .
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Corn, sorghum, and Johnson g ra s s  a re  re p o r te d  t o  be SO^ r e s i s t a n t  

( 7 ) .  These p a r t i c u la r  p la n ts  have low com pensation p o in ts  (1 7 ) t 

th u s  in d ic a t in g  a  low le v e l  o f p h o to re s p ira tio n  (2 8 ) ,  The f a c t  t h a t  

th e se  sp e c ie s  e x h ib i t  a  reduced le v e l  o f  p h o to re s p ira t io n  in d ic a te s  

t h a t  th e  enzymes invo lved  in  carbon re d u c tio n  have a  very  h igh  a f f i n 

i t y  f o r  CO^, Perhaps th e  a f f i n i t y  o f enzymes ( o r  even th e  number 

o f a c t iv e  enzymes) e s s e n t i a l  f o r  s u l f i t e  and s u l f a t e  re d u c tio n  i s  

a ls o  h igh  in  th e s e  p la n ts .  I t  i s  o f i n t e r e s t  t o  note t h a t  acco rd 

in g  to  B andurski (5 ) th e  e le c t r o n  donor f o r  s u l f a t e  and s u l f i t e  

re d u c tio n  may no t be reduced  p y rid in e  n u c le o tid e  which i s  u t i l i z e d  

d i r e c t ly  i n  CO  ̂ re d u c tio n  b u t a  " p h o to s y n th e t lc a lly  g en era ted  r e -  

d u c ta n t (such as fe r re d o x in )" .  I t  i s  p o ss ib le  t la a t  in  p la n ts  having  

a  low le v e l  o f p h o to re s p ira iio n  th e  enzymes in v o lv e d  in  s u l f i t e  and 

s u l f a te  re d u c tio n  compete more fa v o ra b ly  f o r  red u ced  fe r re d o x in  

th an  th o se  enzymes having a  s im ila r  fu n c tio n  in  p la n ts  w ith  a  h igh  

le v e l  o f phot ore s p i r a t  io n . In  th e  l i g h t  o f Gormf-S* work ( l i ) ,  

experim ents designed  to  determ ine th e  r a t e s  of' S©2 re d u c tio n  in  

illu m in a te d  le a v e s  o f p la n ts  o f va ry ing  s e n s i t i v i t y  would a id  i n  

th e  u n d ers tan d in g  o f th e  mechanism o f S ( ^ - r e s i s t a n c e  i n  p la n ts .

One f a c t  e v id e n t in  a l l  o f  th e  p re s e n t s tu r f ie s  was th e  r a p id i ty  

(w ith in  2 m inutes) w ith  which p h o to sy n th es is  respond ed  to  SO^, 

T h e re fo re , any h y p o th es is  concerning th e  mechanism o f I n h ib i t io n  o f  

p h o to sy n th es is  by SO^ must tak e  in to  account t h e  r a p id  k in e t ic s  o f 

t h i s  re sp o n se .

The fo llo w in g  h y p o th es is  f o r  th e  ra p id  i n h ib i t i o n  o f  photo

s y n th e s is  i n  th e  presence o f SC>2 i s  su g g e s te d . We assume th a t  th e



pH o f th e  cytoplasm  i s  approxim ately  6 .8  to  7 .0 , t y p ic a l  o f many 

p la n t  sp e c ie s  (3 6 ). The d a ta  of Vass and Ingram ( c i t e d  hy G ilb e r t  

[233) show t h a t  i n  an aqueous s o lu t io n  o f  SO^ a t  pH 7*0, 95 p e rc en t
—O

o f th e  io n s  a re  i n  th e  form o f  th e  s u l f i t e  io n  SO^ (a s  opposed to  

th e  b i s u l f i t e  ion  HSO”* ) .  An aqueous s o lu t io n  c o n ta in in g  10 mM 

sodium s u l f i t e  has been shown to  i n h ib i t  pho tophosphory la tion  by 75 

p e rc en t in  whole sp inach  c h lo ro p la s t  e x t r a c ts  ( l ) ,  F u r th e r , th e  con

c e n tra t io n  o f s u l f i t e  re q u ire d  to  cause a  50 p e rc en t in h ib i t io n  o f
l it

C O g-incorporation  in  i llu m in a te d  c h lo ro p la s ts  was low er th a n  th a t  

re q u ire d  to  cause a  50 p e rc e n t in h ib i t io n  o f  pho tophosphory la tion  

( l ) .  As s t a te d  above, th e  s o lu t io n  p roduct o f SO^ i s  th e  s u l f i t e  

io n  which may be ox id ized  to  th e  s u l f a te  Ion  by th e  c e l l .  T here

f o r e ,  du rin g  SO^ tre a tm e n t th e  c e l l  probably  c o n ta in s  bo th  s u l f i t e  

and s u l f a te  Io n s . Asada (1 ,2 )  has shown th a t  th e  same m olar con

c e n tra t io n s  o f e i t h e r  s u l f i t e  o r s u l f a te  can reduce photophosphory

l a t i o n  alm ost e q u a lly . R yrie  and Jagendo rf (37) have dem onstrated  

th a t  a  10 mM potassium  s u l f a te  s o lu t io n  p lu s  40 to  180 seconds o f 

i llu m in a t io n  reduced  pho tophosphory la tion  in  c h lo ro p la s ts  by alm ost 

50 p e rc e n t. I n h ib i t io n  o f pho tophosphory lation  o ccu rred  ra p id ly  w ith  

a  h a lf - t im e  o f about 10 seconds. A ccepting Saunders* c a lc u la t io n s  

(38 ) t h a t  100 jug S02 p e r  cub ic  m eter o f a i r  (approx im ately  0 .04  ppm 

v /v  a t  25°C Cl9 , P* 122]]) y ie ld s  a t  e q u ilib riu m  w ith  w ater a  s o lu 

t io n  c o n ta in in g  35 PPm SO,,, th e n  3 Ppm SO,, i n  a i r  would y ie ld  ap p ro x i

m ately  2600 ppm SO,, i n  an aqueous s o lu t io n .  Assuming t h a t  th e  SO^

I s  converted  p r im a rily  t o  s u l f i t e  and s u l f a te  and th a t  th e se  io n s



a re  un ifo rm ly  d i s t r ib u te d  th roughou t th e  cytoplasm , th en  th e  m olar 

c o n c e n tra tio n  a t  eq u ilib riu m  w i l l  be abou t 40 mM, w e ll above th e  

range  o f s u l f i t e  and s u l f a te  c o n c e n tra tio n  found to  be 50 p e rc e n t 

in h ib i to r y  t o  p h o to p hospho ry la tion .

R yrie  and Jagendo rf (3?) and Asada ( 2 ) in d ic a te d  th a t  s u l f a te  

io n s  in h ib i te d  bo th  c y c l ic  and noncyclic  p h o to p h o sp h o ry la tio n . How

e v e r , th e  e le c tro n  flow  from w ater to  th e  e le c t r o n  a c c e p to r  f e r r i -  

cyanide was no t im pa ired . Thus th ey  concluded s u l f a t e  in h ib i t io n  

r e s u l te d  in  a  p a r t i a l  uncoupling  o f th e  p h o sp h o ry la tio n  r e a c t io n s .  

S p e c i f i c a l ly , s u l f a te  a l t e r e d  pho top h o sp h o ry la tio n  by in te r a c t in g  

w ith  CF  ̂ (c h lo ro p la s t-c o u p lin g  f a c to r  l )  which was re s p o n s ib le  f o r  

c a ta ly z in g  th e  te rm in a l p h o sp h o ry la tio n  r e a c t io n s  (37 )• R yrie  and 

Jagendo rf (3 7 ) suggested  th a t  a  la rg e  p a r t  o f th e  CF^ in  th e  c h lo ro -  

p la s t  was i r r e v e r s ib ly  damaged by s u l f a t e .  These f a c t s  a re  s i g n i f i 

can t in  view of th e  p re s e n t  experim ents in  which a  p o r t io n  o f  th e  

p h o to sy n th e tic  ap p a ra tu s  i n  bean may have been perm anently  damaged 

(recovery  to  th e  p re tre a tm e n t r a t e  was no t com plete 2 hours a f t e r  

SO^ exposure) when exposed to  3 and 5 PPM I n  r e l a t i o n  to  th e

p re se n t s tu d ie s ,  s u l f i t e  o r  s u l f a te  i n h ib i t io n  o f  photophosphory

la t io n  was r a p id  enough to  account f o r  th e  r a p id  d ecrease  in  photo

s y n th e s is .

I f  one o f th e  e f f e c t s  o f s u l f i t e  o r s u l f a t e  io n s  i s  th e  in h ib i 

t io n  of p h o to phospho ry la tion , th e n  p h o to sy n th e s is  should  be sub

s t a n t i a l l y  reduced  in  a l l  p la n ts  r e g a rd le s s  o f  t h e i r  age o r  sen

s i t i v i t y  to  SO^ du ring  th e  a c tu a l  exposure p e r io d  to  SO^, F ig u res 

11 and 12 showed t h a t  f o r  e i t h e r  th e  s e n s i t iv e  "bean or th e  r e s i s -
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i a n t  co rn , p h o to sy n th es is  was g r e a t ly  red u ced .

Some h ig h ly  p re lim in a ry  in v e s t ig a t io n s  u s in g  th e  e le c tro n  m icro

scope have shown t h a t  a f t e r  a  1-hou r tre a tm e n t w ith  3 ppm SO^ th e  

th y la k o id s  appeared  to  e n la rg e  and se p a ra te  le a v in g  "ho les"  in  th e  

g ran a . T his was th e  f i r s t  m orpholog ical change t o  be d e te c te d  i n  

th e  c h lo ro p la s t  a f t e r  SO^ exposure (p e rso n a l communication — Mr. C. 

K rause, U nited  S ta te s  Departm ent o f  A g r ic u l tu re ,  D elaw are, O hio).

T h is f in d in g  s u b s ta n t ia te s  th e  sp e c u la tio n  th a t  th e  p h o to sy n th e tic  

p ro cess  was d i r e c t l y  a f f e c te d  by SO^ and may in v o lv e  th e  in h ib i t io n  

o f an enzym e(s) e s s e n t i a l  f o r  p h o to sy n th e s is . A more d e ta i le d  c y to -  

lo g ic a l  s tu d y  shou ld  be undertaken  to  f u r th e r  d ev e lo p  th e se  o b ser

v a t io n s .

S e v e ra l s tu d ie s  have shown (^ ,3 ? )  t h a t  e i t h e r  phosphate o r 

a rs e n a te  can compete w ith  s u l f a t e ,  th u s  p r o te c t in g  photophosphory

la t i o n  a g a in s t  s u l f a t e  in h ib i t io n .  Perhaps th e  phosphate  le v e ls  o f 

le a v es  o r s o i l  can be c o r r e la te d  w ith  p la n t  r e s i s t a n c e .  S ince low 

s o i l  f e r t i l i t y  may in c re a s e  p la n t  s e n s i t i v i t y  t o  a i r  p o l lu ta n ts  (*J-0 ) ,  

h igh  phosphate le v e ls  may g ive  some added p r o te c t io n  to  p la n ts .  In 

v e s t ig a t io n s  in v o lv in g  s o i l  n u t r i t i o n  and p la n t  s e n s i t i v i t y  a re  needed 

i n  l i g h t  o f th e  co m p e titiv e  n a tu re  o f phosphate w ith  s u l f a t e .

A nother l in e  o f  in v e s t ig a t io n  suggested  by  th e  p re s e n t  s tu d ie s  

would be a  stu d y  o f th e  change in  pH o f th e  c e l l s  d u rin g  exposure . 

S u lfu r  d io x id e  t o x ic i ty  and a  pH e f f e c t  may be d i f f i c u l t  t o  se p a ra te  

s in c e  th e  pH o f an aqueous s o lu t io n  o f SO^ i s  l a r g e ly  determ ined by 

th e  amount o f SC>2 absorbed (3 9 ) . (The pH o f a  c e l l  and i t s  b u f fe r  

c a p a c ity  could  determ ine to  a  la rg e  e x te n t  th e  d i s t r i b u t i o n  of
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to x ic  compounds in  s o lu t io n  [23])*  I t  wouid "be o f  i n t e r e s t  t o  de

term ine  th e  le n g th  o f tim e a  p la n t  c e l l  m ain ta in s  a  g ive  pH du rin g  

SOg exposure b e fo re  i t s  b u f fe r  c a p a c ity  i s  exceeded. I t  i s  p o ss ib le  

t h a t  th e  low ering  o f th e  c e l l  pH i s  r a p id  enough to  be c o r re la te d  

w ith  th e  sh a rp  d ecrease  in  p h o to sy n th es is  t h a t  i s  observed when a 

l e a f  i s  exposed t o  SO^. High SO^ le v e ls  may ra p id ly  cause th e  b u f fe r  

c a p a c ity  t o  be exceeded in  some c e l l s  r e s u l t in g  in  "perm anent" i n 

ju ry  to  membranes, causing  c h lo ro s is  ( 19) o r permanent lo s s  in  th e  

p h o to sy n th e tic  c a p a c ity  in  th e se  a re a s  o f th e  l e a f .  I f  th e  b u f fe r  

c a p a c ity  i n  some c e l l s  were exceeded, t h i s  could account f o r  th e  

"perm anent" re d u c tio n  in  p h o to sy n th es is  observed when le a v e s  were 

exposed to  3 o r 5 PPm I t  seems u n l ik e ly ,  however, t h a t  a t  low

le v e ls  o f SO^ th e  immediate d ecrease  i n  p h o to sy n th es is  would be due 

t o  a  pH change.



CHAPTER I I I

SUMMARY

The e f f e c t s  o f 1-hour exposures to  1 , 3 and 5 ppm on P̂ 10̂ 0- 

s y n th e s is  i n  th e  prim ary l e a f  o f P in to  "bean was s tu d ie d  as a  fu n c tio n  

o f l e a f  age . In  th e  p re se n t s tu d ie s  1 3 - , 17- and 21-d ay -o ld  prim ary 

leav es  ( re p re se n tin g  young, m iddle-aged and o ld  lea v es  r e s p e c t iv e ly )  

a l l  showed s u b s ta n t ia l  and g e n e ra lly  p ro p o r tio n a te ly  eq u a l d e c rea se s  

in  n e t p h o to sy n th es is  a t  any g iven  SO^ c o n c e n tra tio n . Thus, in h ib i 

t io n  o f th e  p h o to sy n th e tic  p rocess appears to  be independent o f l e a f  

age in  P in to  bean , a sp e c ie s  re p o r te d ly  s e n s i t iv e  t o  SO^. A lthough 

th e  tim e-co u rse  o f in h ib i t io n  vias n o tab ly  uniform  between in d iv id u a l  

t e s t  p la n ts ,  g r e a te r  v a r i a b i l i t y  was no ted  d u rin g  th e  recovery  phase. 

I t  i s  suggested  th a t  v a r ia t io n s  in  s u s c e p t ib i l i t y  to  SO^ depend p r in 

c ip a l ly  on d if fe re n c e s  In  g e n e t ic a l ly  determ ined  c a p a c i t ie s  f o r  r e 

s to r a t io n  o f  t i s s u e  o r o rg a n e lle s  a ffe c te d  by SO . S ince i n  17-day- 

old leav es  th e  average r e l a t i v e  r a t e s  o f p h o to sy n th es is  fo llo w in g  

a p eriod  o f SO,, in h ib i t io n  were le s s  th an  th o se  o f 13- and 2 i-d a y -  

o ld  le a v e s , i t  was concluded th a t  th e  c a p a b i l i t i e s  f o r  r e p a i r  o f 

t i s s u e  in ju re d  by SO^ may be g r e a te r  in  younger and o ld e r  le a v es  

th an  in  leav es o f in te rm e d ia te  age.

For com parative purposes s im ila r  in h ib i t io n  tim e-cu rv es were 

determ ined f o r  co rn , a  sp e c ie s  re p o r te d  to  be to le r a n t  to  SO^.
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Exposure o f th e  t h i r d  l e a f  o f 1?- t o  21-d ay -o ld  corn  p la n ts  to  1 

ppm SCtj r e s u l te d  in  i n h ib i t io n  and reco v ery  k in e t i c s  alm ost i d e n t i 

c a l  to  th e  k in e t ic s  o f bean s im ila r ly  t r e a te d  w ith  1 ppm SO^. How

e v e r , 30 m inutes a f t e r  th e  in tro d u c tio n  o f 3 ppm 30^, pho tosyn the

s i s  in  corn had reached  a c o n s ta n t le v e l  50 p e rc e n t below th e  p re 

tre a tm e n t r a t e ,  w hile  p h o to sy n th es is  i n  bean s t i l l  showed a  s te a d y  

d e c lin e  to  abou t 25 p e rc e n t o f th e  p re tre a tm e n t r a t e  try th e  end of 

th e  exposure p e r io d . I t  was concluded th a t  corn  has some means o f 

p ro te c tin g  th e  p h o to sy n th e tic  mechanism du rin g  exposure t o  SO^, 

w hile  in  bean t h i s  mechanism was a p p a re n tly  s t r e s s e d  beyond t h r e s 

hold l im i t s .

In  bo th  bean and corn a  *l-hour exposure to  1 ppm SO^ r e s u l te d  

in  a 15 t o  20 p e rc e n t re d u c tio n  in  p h o to sy n th es is  du ring  th e  f i r s t  

hour which was m ain ta ined  du rin g  th e  subsequent 3 h o u rs . S ince 

p h o to sy n th es is  in  bo th  p la n ts  reco v ered  to  th e  p re tre a tm e n t r a t e  

w ith in  1 hour a f t e r  th e  exposure p e r io d , i t  was in f e r r e d  t h a t  th e  

r e p a i r  c a p a c ity  of th e  mechanism r e s u l t in g  i n  reco v ery  had no t 

been exceeded a t  t h i s  c o n c e n tra tio n  le v e l  in  e i t h e r  s p e c ie s .

Po tom etric  s tu d ie s  in d ic a te d  th a t  w ater up take  (a s  a  measure 

o f t r a n s p i r a t io n  and th e  degree  o f s to m a ta l opening) began to  de

c rease  15 m inutes a f t e r  th e  in tro d u c tio n  o f 3 PP^ a  p e rio d

du rin g  which th e  r a t e  o f p h o to sy n th e s is  f e l l  c lo se  (w ith in  25 p e r 

c e n t)  to  i t s  f i n a l  v a lu e . Hence, i t  appears u n l ik e ly  th a t  th e  

k in e t ic s  o f in h ib i t io n  d u rin g  th e  e a r ly  phase o f SO^ exposure can 

be a sc r ib e d  to  s to m a ta l c lo s u re . More l ik e ly  th e  stom ata  c lo se
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i n  response  to  a  h ig h e r GO  ̂ p a r t i a l  p re ssu re  r e s u l t in g  from a r e 

duced r a t e  o f p h o to sy n th e s is . In c re a se s  in  dark  r e s p i r a t io n  o r 

p h o to re s p ira tio n  d u rin g  exposure to  SO^ were t e n ta t iv e ly  e lim in a te d  

as c a u sa tiv e  f a c to r s  le a d in g  to  th e  re d u c tio n  in  th e  ap p aren t n e t 

p h o to sy n th e tic  r a t e .

I t  was no ted  th a t  many (h u t no t a l l )  a re a s  o f th e  l e a f  v i s ib ly  

damaged by SO^ (c o lla p se d  a re a s  produced by a  1-h o u r exposure to  

5 ppm S02 ) recovered  t h e i r  normal appearance s e v e ra l  hours a f t e r  

tre a tm e n t. Thus a t  bo th  p h y s io lo g ic a l and m acroscopic l e v e ls ,  e v i

dence was ob ta ined  th a t  S02 damage i s  r e v e r s ib le  i f  th e  system  I s  

not s t r e s s e d  beyond th e  th re sh o ld  l im i t .

In  p la n ts  which appear to le r a n t  to  low le v e ls  o f  S02 » i t  i s  

suggested  th a t  SC>2 r e s is ta n c e  may be c o r r e la te d ,  i n  p a r t ,  w ith  th e  

g r e a te r  a b i l i t y  o f th e s e  p la n ts  to  d e to x ify  th e  absorbed S02 to  

th e  le s s  to x ic  s u l f a te  form and to  reduce th e  s u l f a te  and s u l f i t e  io n s  

( s o lu t io n  p roduct o f SOg) to  o rgan ic  su lfh y d ry ls  o r to  hydrogen 

su lf id e ' which i s  subsequen tly  re le a s e d  to  th e  atm osphere.

On th e  b a s is  o f p re s e n t in v e s t ig a t io n s  i t  i s  concluded th a t  

S02 has a  d i r e c t  in h ib i to r y  e f f e c t  on th e  p h o to sy n th e tic  mechanism.

I t  i s  p o s tu la te d  t h a t  t h i s  in h ib i t io n  r e s u l t s  from th e  accum ulation  

o f s u l f i t e  and s u l f a te  io n s  in  c o n ce n tra tio n s  t h a t  s e v e re ly  and 

ra p id ly  r e s t r i c t  pho tophosphory la tion .
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APPENDIX A

OMNITAB (OCT 15 , 1970, STANDARD CURVE POLYNOMIAL FIT , J .  W. S IJ )  

READ THE FOLLOWING DATA INTO COLUMNS 2 ,3
284.0 0 .0
291.0 3 .8
297.6 9 .0
304.5 14.1
317.5 23 .5
337.5 38 .4
351.0 48.1
371.0 65 . I
378.0 69.5
385.0 74.7
399.6 81.3
406.0 86 .0
420.0 95 .0

ADD 1 .0  TO 0 .0  AND STORE IN COL 4
POLYFIT Y IN 2 , NTS IN 4 , X IN 3 , DEG 2 , STORE COSF IN 5 , RES IN 6
POLYFIT Y IN 2 , WTS IN 4 , X IN 3 , DEG 3 , STORE COEF IN 7 , RES IN 8
POLYFIT Y IN 2 , WTS IN 4 , X IN 3 , DEG 4 , STORE COEF IN 9 , RES IN 10
SUBTRACT COL 6 FROM COL 2 AND STORE IN COL 11
SUBTRACT COL 8 FROM COL 2 AND STORE IN COL 12
SUBTRACT COL 10 FROM COL 2 AND STORE IN COL 13
TITLBY COMPUTED C02 CONC. USING 3 POLY FITS
TITLEX ACTUAL C02 CONCENTRATION
PLOT COL 11 ,12 ,13  VS COL 2 ABS FROM 284.0 TO 420.0
TITIEY COMPUTED CONC. AND ACTUAL CONC,
TITIEX METER READING
PLOT COL 11 ,2  VS COL 3 ABS FROM 0 .0  TO 100.0
PLOT COL 12 ,2  VS COL 3 ABS FROM 0 .0  TO 100 .0
PLOT COL 13 ,2  VS COL 3 ABS FROM 0 .0  TO 100.0
TITIEY RESIDUALS DEGREE 2
PLOT COL 6 VS COL 3 ABS FROM 0 .0  TO 100.0
TITLSY RESIDUALS DEGREE 3
PLOT COL 8 VS COL 3 ABS FROM 0 .0  TO 100,0
TITIEY RESIDUALS DEGREE 4
PLOT COL 10 VS COL 3 ABS FROM 0 .0  TO 100.0
FIXED WITH 5 DIGITS AFTER THE DECIMAL PT
HEAD COL 2 /ACT C02 CONC
HEAD COL 3 /SCALE READING

68



HEAD COL 11 /CMP C02 DEG2 
HEAD COL 12 /CMP C02 DEG3 
HEAD COL 13 /CMP C02 DEG4- 
HEAD COL 5 /COEF DEG2 
HEAD COL ? /COEF DEG3 
HEAD COL 9 /COEF DEG4 
HEAD COL 6 /RESIDLS DEG2 
HEAD COL 8 /RESIDLS DEG3 
HEAD COL 1O/RESIDLS DEG  ̂
PRINT COL 3 ,2 ,1 1 ,1 2 ,1 3 ,5 ,7 ,9  
PRINT COL 3 ,2 ,6 ,8 ,1 0  
STOP 
END
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APPENDIX B

DIMENSION X(lOO), Y(lOO)
A=2.8i|-3I^5E 02 
B=4.5608368E 00 
C=-7.283^5ifE-03 
d=6.3205342E-05

C A,B,C,D, ARE THE COEF FROM A THIRD DEGREE POLYNOMIAL FIT 
X (l)= 0 .0  
DO 1 J=1,20

1 X (j+ l)  = X (J) + 5 .0  
DO 2 K = l,2 l

2 Y(K)=A + B*(x(K)) + C*(X(K)**2 ) + D*(X(K)**3 )
w rite( 6 , i o )

10 FORMAT (1HI 'METER READING , ,10X,'C02 CONG (PCTl)' )
WIRTS (6 ,1 1 ) (X (J ) ,Y (J ) ,J= 1 ,2 1 )

11 FORMAT (1H 0,^X ,F10.3,14X ,F10.3)
STOP
END
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APPENDIX G

DIMENSION X (500)fY (500)fC02DIF(500}lAI4GC02(500),AB(80),0(80)f ' 
*H(8 0 ) ,I (1 ^ 2 8 ),RELRTE(5 0 0 ) ,TIME(1 0 0 ) ,T(500)

C H=HEADING OF PLOT, COORDINATE LABEL, AB=ABSCISSA LABEL 
READ (5 ,1 1 ) ( 0 ( j ) ,J= 1 ,2 0 ) , (A B (J),J= 1 ,20)

C N=NIJMBER OF DATA POINTS, SPAN=C0NC. OF UPSPAN GAS USED (IN PPM), 
AREA=AHEA OF LEAF IN CM2, S02=SULFUR DIOXIDE CONG. USED IN THE 
EXPERIMENT IN PPM.
SPEC=NAME AND NUMBER OF EXPERIMENT, DATE-DATE EXPT. WAS RUN, 
TRSAT=AGE OF PLAN! USED ALONG WITH GONG OF S02 AND THE DURATION 
OF THE S02 TREATMENT
101 READ(5 110»EHD =100)W, SPAN, AREA, S 0 2 ,(H ( j) , J=1,15 )

C DATA ARE READ IN AT 5 MIN INTERVALS.
C EACH POINT REPRESENTS AN AVERAGE C02 CONC. OVER A ONE MINUTE IN -
C TERVAL, I .E .  PLUS OR MINUS 30 SECONDS 

RBAD(5,12) (X(k ),K=i ,N )
C A, B, C,DCOEFFIGIENTS OF THE 3RD DEGREE POLYNOMIAL FIT FROM OKNITAB. 
C GHAR̂ THE SYMBOL USED WHEN PLOTTING THE DATA

DATA A,B, C ,D, CIIAR/2 . 8431445E-KJ2,1 . 5603368E+OO, -7 .283445^2-03, 
*6.32053422-05,* . * /

t im e ( i  )=0 ,0
DOl K=1,N
IF(K.EQ.1.0R.K.GT.13) GOTO 30 

C DURING S02 FUMIGATION, THE CONC. OF C02 IN THE S02 TANK MAY NOT 
C EQUAL THAT OF THE SPAN GAS, THEREFORE A CORRECTION MUST BE USED TO 
C TAKE THIS C02 DIFFERENCE INTO ACCOUNT
G 53 .2  EQUALS THE CONC. OF S02 IN PPM IN THE S02 SUPPLY TANK.

RATI0=S02/53.2 
DIFF=1.-RATIO

C 427.75 EQUALS THE C02 CONC. IN THE S02 SUPPLY TANK.
SPiIDIF=(SPAN*DIFF = 427.?5"RATI0) -  SPAN 

C IN THE ’WORKING RANGE OF THE STANDARD CURVE, THERE ARE APPROXI- 
C MATSLY 1 .4 4  PPM C02 INCREASE PER UNIT METER READING (ONE UNIT=
C OWE 100TH OF FULL SCATS).

UNITS-SPNDIF/l .44 
C WATER VAPOR ACCOUNTS FOR AN INCREASE OF 4 .75  CHART UNITS. 

TOTUN=UNITS + 4 .7 5  
GOTO 31

30 to tu ii= 4 .75
C T IS  THE TRUE OR CORRECTED C02 UPTAKE

31 T(K)=X(K)-TOTUN
TIME(K+l )=TIME(K)+5.0
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C EQUATION FROM OMNITAB TO APPROXIMATE STANDARD CURVE OF C02 
C CONC. VS METER READING.

Y(K)=A +B *(T (K )) + C*(T(K)**2) + D*(T(K)**3)
C02DIF(K) =SPAN-Y(K)

C CALCULATION OF MILLIGRAMS OF C02 UPTAKE PER SQUARE DECIMETER 
G PER HOUR.
C t SSUME STANDARD C02 TANK CALIBRATED AT 1 ATMOSPHERE AND 25 DEG 
C C. IET V=NRT/P, WHERE N=P=1. ,  R=0.08205^9 L-ATM DEG-1K MOLE-1.
C V=298XR^2i]452.36 ML. ONE MOLE C02=44010. MG. SO, ML/MG =
C 0.555609 ML PER MG NORMALIZED TO AN AMBIENT C02 CONCENTRATION OF 
C k20. PPM.

AMBC02(K)=(^20.*C02DIF(K)*6.)/(area* .5556o9*span)
C RELATIVE RATE CALCULATED— T RATE/BASE RATE I . E .  PRETREATMENT RATE 

1 RELRTE(K)KAMGC02(K)/AMGC02(l))*100.
WRITE(6,20j (H (J ),J= 1 ,1 5 )
WRITE(6,2l)
WRITE(6,22)(TIME(K),X(K),T(K),Y(K),AMGC02(K),RELRTE(K),K=1,N)

C PLOT RELATIVE RATE VS TIME DURING AND AFTER A 1 HOUR S02 TREATMENT. 
CALL PLOTA ( 1 ,0 ,0 ,TIME(NtL) , - 1 0 . ,1 1 0 . ,1 )
CALL PLOTB (TIKE, RELRTE,CHAR,N)
CALL PLOTC (H ,15,0 ,12,A B ,20)
WRITE(6,23) AMGC02(1)
GOTO 101

10 F0RMAT(15,3F5.1,15A^)
11 FORMAT(2 0A4)
12 F0RMATil6F5.2)
20 F0RMAT(1H1,30X,15A^)
21 FORMAT(iHO,'TIME (MIN) ',5X,'METER READING',5X,'CORRECTED 

♦READING' , 5X, 'PPM C02' , 5X, 'C02 UPTAKE(MG DM-2 HR-1) ' , 5X, 
♦'RELATIVE RATE'/)

22 FORMAT(1H,F10.1,5X,F10.2,10XPF10,2 ,8X ,F10.2 ,10X ,F10.2 ,13X , 
♦F10.2)

23 F0RMAT(1H0,'PRETREATMENT PHOTOSYNTHETIC C02 UPTAKE RATE=',
♦F I0 . 5 , 'MG C02 PER DM2 PER HOUR = 100 ON RELATIVE RATE BASIS')

100 STOP 
END
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